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mssm: | Preface to the Third Edition ; e

The book entitled ‘Pharmaceutical Engineering’ was introduced by us
in 2001. Over 16 years, this book has been patronized by teachers and
students alike. This encouraged us to revise periodically and the current
edition is 3" edition. The 2™ edition of pharmaceutical engineering was
available in two volumes (I and II), in tune with the syllabi prescribed by
several universities in two semesters and on the lines of syllabus prescribed
by AICTE.

This edition is framed as per the prescribed syllabus of the Pharmacy
Council of India {vide no. 6, 7 and 8 of Bachelor of Pharmacy (B.Pharm)
course regulations 2014, which is applicable throughout India. The syl-
labus identified only 14 chapters and accordingly moedified. These are:
Industrial Processing & Basic Principles, Flow. of Fluids, Size Reduction,
Size Separation, Flow of Heat, Evaporation, Distillation, Drying, Mixing,
Filtration, Centrifugation, Materials of Construction, Corrosion and Trans-
portation of Solids.

The present attempt provides ample scope for expanding and thorough
revision of the content area, Efforts were made to present the information
in lucid manner. In this edition, objectives are included at the beginning of
the chapter and summary is appended at the end of each chapter. The for-
mat and importance of the earlier editions is maintained for the familiarity
and readability. Comments are answered. Over the years, the experience
accrued over these books made to have a fresh look at this book. Special
emphasis was maintained on the lines of expectations.

1. Application of principles
2. A number of illustrations on the lines of concept mapping
3. Comment type questions and answers

4. MCQs and key and question bank

Suggestions and criticism are welcome from teachers and students.

Hyderabad .
227 October 2018 ‘

Authors
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Pharmaceutical Engineering is concerned with the study of industrial
processes required to convert raw material into value added pharmaceu-
ticals such as drugs and excipients. It is a subject of importance both to
the industrial pharmacist and the undergraduate students. Over the years,
students of pharmacy have been feeling the need for a simple book, yet
in sufficient depth to enable them to handle industrial operations with an
understanding of the principles involved therein. This book is an attempt
to meet these twin objectives.

This book consists of 18 chapters: introduction to basic principles in
engineering, fluid flow, liquid material transport, solid conveying, heat
flow, size reduction, size separation, mixing (solids, liquids and semi-
solids), filtration, centrifugation, distillation, evaporation, crystallisation,
drying, humidification and dehumidification, corrosion, plait materials of
construction and other related aspects of pharmaceutical industry.

This book deals with unit operations and processes utilised in the pro-
duction of bulk drugs, dosage forms and biological products. There is a
proper blend of physical, chemical and engineering principles. One model
equipment has been selected for explaining all the principles and general
working though many variations and varieties of the same may be avail-
able, Hopefully this book will provide strong foundations on the subject
and for in-house training of technical personnel in the industry.

Special emphasis is laid on the following.

+ Application of principles, pﬁactice and pharmaceutical examples.
+ Ilwstrations and diagrams explaining the working of cquipment.
+ Units have been described in SI system.

+ Question bank.

Suggestions and criticism are welcome.

Davangere
15™ June, 2001 o o Authors
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PCI Syllabus of Engineering and
Division of the Chapters, Units, Pages

BP304T. PHARMACEUTICAL ENGINEERING (THEORY)
45 Hours

Scope : This course is designed to impart 2 fundamental knowledge on the
art and science of various unit operations nsed in pharmaceutical industry.

Objectives : Upon completion of the course student shall be able:

1. To know various unit operations used in Pharmaceutical industries.

2. To understand the material handling techniques.

3, To perform various processes involved in pharmaceutical manu-
facturing process.

4, To carry out various tests to prevent environmental pollution.

5. To appreciate and comprehend significance of plant layout design
for optimum use of resources.

6. To appreciate the various preventive methods used for corrosion
contro! in Pharmaceutical industries.

COURSE CONTENT

CaartEr 1—Flow of Fluids

Fluid Statics, Types of manometers, flnid dynamics, Bemouli’s theo-
rem, Reynolds number and its significance, its applications, energy losses,
measurement of rate of flow of fluids (Orifice meter, venture meter, pitot
tube and rotometer).

CuarTER 2—Size Reduction .

Objectives and mechanisms of size reductton, modes of stress applied
in size reduction, classification of size reduction, factors affecting size re-
duction, principles, construction, working, uses, merits and demerits of
equipment (hammer mill, ball mill, fluid energy mill, edge runner mill and
end runner mill), selection of a mill, laws governing size reduction (theo-
ries and energy).

CuarTEr 3—Size Separation

Objectives, applications & mechanism of size separation, official stan-
dards for powgers, sieves -sizes, modes of motion in size separation - sepa-
ration princifles, sieve analysis — testing of powder, construction, working;
uses, merité ?énd demerits of equipment for size separation (sieve shaker,
cyclone separator, air separator, bag filter and elutriation tank).
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Cuarter 4—Flow of Heat

Objectives, applications and heat transfer mechanisms, mechanism of
heat flow, conduction (Fourier’s law, heat transfer by conduction), convec-
tion, radiation, equipment — heat exchangers and heat interchangers, steam
as a heating medium, steam production — utilisation, steam traps.

CuarTER 5—Evaporation

Objectives, applications and factors influencing evaporation, dif-
ferences between evaporation and other heat processes, classification of
evaporators, principles, construction, working, uses, merits and demerits
of equipment (steam jacketed kettle, horizontal tube evaporator, climbing
film evaporator, forced circulation evaporator), muitiple effect evaporator,
economy of multiple etfect evaporator.

CuarTtER 6—Distillation

Basic principles and methodology of simple distillation, classification
of distillation methods, simple distillation, flash distillation, fractional dis-
tillation, azetropic and extractive distillation, distillation under reduced
pressure, steam distillation, molecular distillation.

.-

CHarTER 7—Drying

Objectives, applications and mechanism of drying process (theory of
drying), measurements and applications of equilibrium moisture content,
rate of drying curve, classification of drying equipment, principles, con-
struction, working, uses, merits and demerits of equipment (tray dryer,
drum dryer, spray dryer, fluidized bed dryer, vacuum dryer, freeze dryer),
factors influencing the selection of equipment.

Cuarrer 9—Filtration

Objectives, applications mechanisms of filtration, theories of filtra-
tion, factors Influencing filtration, ‘filter media and filter aids, classifica-
tion of filtration equipment, laboratory scale filtration methods, principle,
consttuction, working, uses, merits and demerits of industrial equipment
(plate & frame filter, filter leaf, rotary drum filter, meta filter & cartridge
filter, membrane filters and Seidtz filter.), factors affecting the selection of
filtration equipment. |

Cuarter 10—Centrifugation

Objectives, principle and applications of centrifugation, theory of cen-
trifugation, classification of centrifuges, laboratory centrifuges, principles,
construction, working, uses, merits and demerits of industrial equipment’

(perforated basket centrifuge, non-perforated basket centrifuge, semi con-

tinvous centrifuge and supercentrifuge).

(i)




Cuarter 11—Materials of Construction

Factors affecting the selection of materjals for phaqnaceuhcal plant
construction, classification of materials for plant construction, ferrgus met-
als, non — ferrous metals, nonmetals-inorganic, nommetals — organic.

‘CuapTER 12-—Corxrosion
Thearies of corrosion, factors influencing corrosion, types of coiro-
sion, prevention and conirol of corrosion,

CuapTER 13—Materials Handling Systems

Belt conveyors, screw conveyors, pneumatic conveyors, chain con-
veyors, bucket conveyors, selection of solid transportation equipment,

storage of solids.

(The PCI syllabus was expanded the theory part, but equipment pre-
scribed was retained as mentioned above- by the authors).
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LEARNING OBJECTIVES
After reading this chapter, the reader should be abie to:
% Appreciate the importance of engineering knowledge in dlfferent areas
of pharmaceutical and related industries.
% Describe the unit operations and unit processes with elements and steps
involved.
% Explain the specific laws and fundamental laws governing the unit
operations along with applications.
€ Understand the concept of dimensions, units and systems with special
attention to practice the interconversions of one system into other.
© Describe the steps involved in dimensional analysis for deve!op:ng the
»‘;dimensmnless equatlon and dimensionail equatlon

Pharmaceutical engineering is concemed with the study of industrial pro-
cesses in which raw materials are changed or converted into pharmaceu-
tically useful products such as drugs and excipients. A wide variety of
processes are involved in these conversions. Some of them are as follows.

1. Production of dosage forms : Conversion of drugs (chemicals as”

raw materials) into medicines (dosage forms), which are suitable
for use by the patient. E.g. conversion of diclofenac sodium into
dosage forms such as tablets, capsules, suspensions and injec-
tions.

2. Production of bull drugs : Chemlcals (raw materials) are con-
verted into drugs. ﬁ*g salicylic acid is acetylated to obtain ace-
tylsalicylic acid (aspirin). This area is known as production of
bulk drugs. Conversion of chemicals into intermediates, which in

1
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turn are used for production of drugs in commercial scale, is also
included in this area.

3. Production of antibiotics : Manufacture of drugs (antibiotics)
using microbes with the aid of precursors is another area of inter-
est to the pharmacist. This area is known as fermentation technol-
ogy. E.g. penicillin G is produced using Penicillium chrysogenum
with the aid of precursor, phenylacetic acid.

4. Production of biologicals : Extraction of drugs from animals,
plants and minerals from native raw materials info purified {(or
semi-purified) products are of interest to the pharmacist. E.g. vac-
cines, insulin, streptokinase and recombinant DNA technology
products.

Each process is developed systematically from a laboratory scale to
pilot scale and fipally to an industrial scale. In each case, process is un-
dertaken by employing a number of equipment. The areas of interest with
reference to equipment are:

- design — fabrication
— assembly . — operation
— maintenance
Similarly, each process has to be followed scrupulously in terms of:
— effectivity — efficiency
— validity — safety
— economy

Effectiveness refers to the quality of what is to be actually accom-
plished. Efficiency means accomplishing tasks with a minimum of wasted
material, time and money. In the popular management cliché, efficiency is
doing things right, while effectiveness is doing right things.

Validation is defined as a procedure that demonstrates the ability of
consistently producing a product with the established specifications under
ideal conditions.

Safety refers to the protection of products, personnel and factory. Pre-
vention of accidents and protection from fire constitute important aspects.
Sufficient care should be exercised so that human factor is removed from
the hazards by making protection a permanent and automatic.

Economy refers to the protection of factory from financial problems.
The industrial activity essentially involves the conversion of raw materials
into value added products. The steps are initiated for the optimization of
parameters for 4n operation and process, so that economy works out for the
factory as well as customer (or consumer). Standard Operating Procedures
(SOPs) are helpful to obtain a quality product coupled with economy.

4
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Therefore, a broad understanding of the basic principles involved in a

- process, knowledge about the construction, working and skills in handling

them are of vital importance. This chapter provides the basic information
and prerequisites that are necessary for understanding pharmaceutical en-
gineering.

et UNIT OPERATIONS AND UNIT PROCESSES

Normally, every process involves a series of steps. Each step is per-
formed individually. This approach is an economical way of organizing a
given task.

Unit Operations

Each chemical process frequently consists of a fewer number of dis-
tinct individual steps. Each step is called unit operation.

Each unit operation is based on one type of scientific principle. A few
examples of unit operations and underlying principles are listed below.

Drying : It is a unit operation used to remove liquid or moisture from
solids by evaporation with the aid of heat. For example, dryving process is
employed to remove excess moisture (above equilibrium moisture content)
from the wet granules in the production of tablets.

Size reduction : This is a unit operation in which drugs (vegetable
or chemical origin) are reduced to smaller pieces, coarse particles or fine
powder. This process is extensively used in the manufacture of talcum
powders and tooth powders (cosmetic industry).

DistiHlation : It is a unit operation of converting liquid into vapour by
heating and reconverting vapour again into liquid by condensing the va-
pour. This unit operation is used for obtaining essential oils from various
parts of the plants. E.g. lemon-grass oil (perfume industry).

Evaporatien : It is a unit operation which involves free escape of
vapour from the surface of 2 liquid below its boding pomt. For example,
evaporation technique is extensively used for concentrating the sugar cane
juice in the manufacture of sugar (sugar industry).

The advantage is that each unit operation is a common technique and
employed in diverse chemical and pharmaceutical industries. For exam-
ple, the operation of mass transfer is involved in humidification, evapo-
ration, distillation, extraction and drying. The unit operation of drying is
used in the following industrie§.&‘ .

(1) Pharmaceutical indﬂ@vtry": In the production of tablets, the pow-
dered mass is converted into wet mass, which is subsequently dried in or-
der to obtain free flowing dry granules.




4 O AN OCOBOOOTESCOOCCCS PHARMACEUTICAL ENGINEERING

Inn the manufacture of herbal drug extracts, a large number of plants
are used. The plant extracts are dried in order to extend the shelf life.
Otherwise, the extract may deteriorate. For example, in the preparation of
belladonna dry extract 1P, liquid extract of belladonna is dried completely.
Otherwise it gets deteriorated.

(2) Food industry : Grapes, cashew, almonds and other types of
fruits are dried to obtain dry fruits. These products have extended storage
life.

(3) Sugar industry : The crystals of sugar are dried to remove resid-
ual water, so that the sugar remains dry and free flowing.

Unit operations are based on both science and experience. The theory
and practice must be combined judiciously for achieving proficiency in
handling equipment.

Unit Processes

Unit process is defined as the one in which several unit operations are
combined in a sequence to achieve the objectives of a chemical or physical
process.

Urit process-Physical process : Consider the example of manufac-
ture of common salt. The unit operations involved are:

Transfer

Transportation of
of heat

fluids and solids

¥

Evaporation

¥
Crystallisation

Screening |« Drying |« Fittration {=

Unit process—Chemical process : Consider the production of parac-
etamol from benzene.
nitration

Benzene 3 Nitrobenzene
HNO,/H,50,, 1 h

reduction

Al/H,50,, 10 h

acetylation )
p-Aminophenot

Paracetamol = - -
acetic anhydride /
sulphuric acid
“—_:" Sequence of reactions for the production
€y of paracetamol (or acetaminophen).

In the above process, three unit processes are involved. These are
nitration, reduction and acetylation. Each unit process is in tum made of

Ch-1  PHARMACEUTICAL INDUSTRIAL PROCESSING & BASIC PRINCIPLES OO00 5

a number of unit operations. For example, in the nitration of benzene to
nitrobenzene, the unit operations involved are:

Fluid flow

Addition of
sulphuric acid

Fluid flow Heat transfer
Charging of »] Cold brine is passed
nitric acid inte to reduce the
the reactor temperature to 15 °C

v

Heat transfer F!u.i d flow
Filtration Heating to 60 °C [* ﬁgg;teigen i?]f
for 1 hour smatl quantities
¥
Drying p-| Crystallisation

These examples illustrate that unit operations are largely used to con-
duct the physical steps such as:
1. Preparation of the reactants,
2. Separation and purification of the'products,
3. Recyceling of the unconverted reactants,
4. Controlling of the energy transfer into or out of the chemlca] reac-
tOF.
Thus, several steps are carried in a sequential order to achieve a pro-
cess efficiently and economically.

Comment 1-1. What is the difference between unit operation and unit process?

g UNIT OPERATIONS — SCIENTIFIC FOUNDATIONS B

A large number of unit operations are simultaneously handled in a
chemical process. Hence, the knowledge of the elementary physical and
chemical laws (Figure 1-1) is essential for the application of scientific prin-
ciples and techniques. Some of these laws are:

Law of conservation of matter.
Law of conservation of energy.

Basic laws

Universal gas laws (Ideal gas equation).
Dalton’s law of partial pressures.

Special laws

Special laws are discussed in detail in different books mentioned in
bibliography. The basic laws are highlighted in Figure 1-1.

Basm Laws

The general laws of conservation can be applied to any process, in
engineering as:

(a) Material balance (b) Energy balance

g
t
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o y for each individual material entering or leaving a process. In a physical
‘UN"&;ﬁiAa?ONS 3 . change, balance can be written for each component in distillation.
: :1 - and chemical laws 5 i _ | Output, Distillate
¢ Governed by E D (Xpa- Xpg)
| . . I o
Basic Laws 2 ’ 2 Input, Feed > DISTILLATION
: Laws of canservation E : w F (Xea- Xeg)
. i . . & 3 .
" 3 : where X is the
J . W w i : Yy mass fraction
_ : — . ﬁ Output, Residue
_K.'.I s Material balance Energy balance- i 1 W (Xypar Xipg)
' input = output input = output . 4
KJ : for all forms of . NP
: i ; ener E €85:
A Estimated 2nergy : The overall material balance for distillation proces
N @ molal‘cronc , Considered f Feed (IF) = Distillate (D} + Residue (W)
£ (b) mole fracti;m < h 4 Component A : The material balance is—
¢ : s 2 “(a) heat i . -
jLU {b) mechanical E g FoXoy=D . Xp v W. Xy,
T g‘é% eilfcér_“-'all ; : Component B : The material balance is—
) chemica g i
\ll (e} radiation ? FoXop=D Xpp+ W. Xy .
s % . . . - . -
N . — . . . : Similarly, balanced equations can be written for each element in a
%- Figure 1-1. Scientific fOUI‘lda.tIO?Sdll‘ld unit 4 chemical reaction also.
ii\-ﬂ; operations. Basic laws are included. :
Material balance : The law of conservation of maiter states that ma- ] Tie substance : A material is called tie substance, if the material that
' terial cannot be destroyed or created, it can be changed from one form to 3 comes into the process in just one stream and leaves unchanged in only one
L another. E stream. The following examples illustrate the concept.
. In other words, the material entering a process must either accumulate : Unit operation Tie substance
P 1 or leave the process. The given input must be accounted for an output. ; Evaporation Dissolved solid
\lﬁ The principle of material balance can be applied to an equipment, or to the : Drying Bone dry material
'\U entire process or any part of it. A simple account of material balance: Burning of coal in furnace Ash
E : B ."
y A IN';U'; A of ch dOUTPU'; ¢ of unchanded : Applications : If one of the components is “tie substance’ in a reac-
A _ MOUTL oL = Amoums B anes + T aterials tion, the ynknown (other gompengnts) gan be selved. The total mumber
Radioacti ) -  d bev th of equations must bf: equal to the total number of unknown substances.
id_l» _ Radioactive process 1s an exception because 1t does not obey the ma- £ Tie substance helps in solving problems using the material balances, when
- terial balance calculations. 3 chemical reaction is not involved.
[) Advantages : The mass balance calculations can provide information i Estimation of material balance — Chemical process : In a chemical
. such as yield value (practical and theoretical) and percent recovery. Cur- - reaction, material balance can be accounted by measuring the amount of
J rently, validation of processes and equipment has beco_me_lmporta.nt in the flg all the components {constituents). Normally, the amount is expressed in
o gei“ﬁczﬂoil 0{ I{itemitlonal Organésatlon flor ]Stan(?ar(i}isatlon (IS'O)& MEfSSI . concentration units; moles/litre, molal units, mole fraction units, % w/v
N da ar;;%u a ctu ations have assumed central place i the current mdustria . and % w/w. Some of thern are reported for ready reference. -
' eveléhment. C ‘ . I E . : Do
] o . . . ; Energy balance : is the capacity to exert a fi t
\ Estimation of material balance — Physical process : In addition to distance ai’é manifests iﬁ:fﬁz :, arious f(l)jnnsty xert a force through a
overall material balance, it is also possible to write a balance expression )




8 BOOCOEOECEE OO EOOOOOCECOS PHARMACEUTICAL ENGINEERING

The unit of energy in SI system is J (Joule). The energy per unit mass is
known as specific energy, which has the unit of J/kg. Engineering process-
es involve; (a) conversion of energy from one form te another (b) transfer
of energy from place to place (c) storage of energy in various forms utiliz-
ing a working substance. The first law of thermodynamics is a statement of
conservation of energy. It expresses the fact that energy cannot be created
or destroyed, though energy can be transported from one kind to another.

The law of conservation of energy states that the energy output must be
same as the energy input in a chemical process.

The energy balance equation must include all types of energies.

% mechanical # electrical

@ radiation

® heat
# chemical

When one kind of energy is destroyed or consumed, an equal amount

of another kind must be formed.

Applications : The principle of conservation of energy is applied in a

number of instances. A few of them are mentioned here.

(1} In the study of fluid flow, Bernoulli’s thecrem is applied, which is
a special case of the faw of conservation of energy.

{2) Energy is converted from one form to another. This principle is
used in the working of a pump wherein kinetic energy is convert-
ed into pressure head for pumping the liquids.

(3) Energy losses due to friction can be accounted, while a fluid is
flowing through pipes. It is also helpful for adopting suitable
measures to reduce losses.

(4) Since efficiency and economy are nmportant parameters for any
process (chemical or physical), energy calculations and balancing
bave assumed importance. When energy is obtained from non-re-
newable sources, balancing of energy will be a critical factor.

Some Basic Concepis

Rate of a process or reaction : The rate of a reaction can be under-
stood by studying the time course changes in the concentration. In general,
rate is expressed mathematically as a differential equation.

dg _dF _ driving force

Rate of reaction= —/— = - .{5)
dt R resistance (
where O = quantity being transferred or reacted . ,\!,.
t = time i
F = driving force
R = resistance
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According to equation (5), the rate at which a system approaches equi-
librium may be expressed as the combined effect of two factors.

(a) Potential factor : It indicates the driving force necessary to make
(proceed) the reaction.

(b) Resistance factor : It indicates the capacity to impede the speed
for a given potential.

In the example of heat transfer from the hotter end of the iron rod to
the colder end, the driving foree is the difference in temperature (Af). At
the same time, iron also offers certain amount of resistance to heat flow, on
account of poor thermal conductivity.

Steady state and unsteady state : In a system, if the operating con-
ditions are varying with time, then such a systein is said to be in unsready
state or fransient state.

For example, consider a tank of cold water. A coil in which constant
pressure of steam maintained is immersed in the tank. During the heat
transfer through the coil, the operating conditions such as temperature dif-
ference between the coil and water do not remain same with time., Similar-
Iy, thermal resistance between the coil and water changes with time.

A system is said to be at steady state, if the conditions do not vary with
fime.

For example, consider water in a pipe is flowing under two conditions.
(A) Water entering the tank at constant temperature and flow rate. (B) A
jacket in which steam is maintained at constant temperature surrounds the
pipe. Condition may vary from section to section along the pipe, but at any
one cross section, it dees not vary with time.

i Comment 1-2. Explain a method Fc.::mrwéaiculating the yTélEl of a proda;::“

Comment 1-3. Which are the expressions of reactants used for evaluating
mass balance of.a chemical process? ;

Comment I-4. Tie substance is an inert substance added to a process in order
Lo account mass balance. True or false. Explain, :

" Comment 1-5. What are the principies used for accounting losses due to fric-
tion in a process?

* Comment 1-6. Differentiate between aquilibrium and steady state.

Upstream and Downstream Processes

Upstream stage in the production involves searching for and using new
materials in the process.

The term “upstrearn’ relates to raw materials (initial). For example, in
the petroleum industry, locating the underground (underwater oil) reserves,
bringing oil to the surface, supplying the raw materials to the manufac-
turers are the upstream processes. Upstream generally tefers to starting
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materials (production). In biotechnology, upstream manufacturing is to
create the environment necessary for the cell to make the target protein. It
is concerned with microscope, living cells, etc. It may be understood as
keeping materials ready for the production. In pharmaceutical production,
API and excipients may be considered as upstream process. In the study
of fluid flow, fluid entering into the measuring device is also known as
upstream process.

Downstream stage in the production involves processing the materials
collected during a reaction stage into a finished product.

The term ‘downstream’ includes the sale of products to the market
or marketable state of the materials (to the end use). These have direct
contact with the customers. For example, in the petroleum industry final
products obtained from crude oil are converted into a product fit for sell-
ing (e.g. petrol, diesel, gas, etc.) and then selling them to the customers.
Downstream is related to the finished product, therapentic proteins, antibi-
otics, hormones, enzymes, alcohol, etc. Several processes are listed below.

Downstream operations

Extraction, isolation

Sedimentation, removal of impurities
Distillation, precipitation, filtration
Crystallization

Centrifugation

Viral reduction (in biopharmaceuticals)
Polishing (chromatography)

Upstream operafions

Bacterial cell (cell bank)

Cell growth (harvest)

Nutrients (media)

Bioreactor (production)

Perfusion cell culture

Expression platforms

Assays

Finishing
The terms ‘upsiream and downstream’ are commonly applicable to

the production industries: metals, oils, gases, biopharmaceuticals and bio-
technology. In the manufacture of dosage forms, it is difficult to clearly
define a particular operation as upstream or downstream, because several
unit operations may be used in both the stages, e.g. mixing or blending,
In biotechnology, it can be demarcated as before fermentation and after
fermentation,

In the pharma industry, these terms are carefully used. For example,
benzene (raw material used for the synthesis) is upstream in the parac-
etamol manufacturing industry, For the same industry, paracetamol is
downstream. However, paracetamol {API} is upstream for the industry
manufacturmg paracetamol tablets, which are downstream !

: Quallty s J [ﬁ

Qualuy is the totality of features and characteristics of products or
services that bear on its ability to satisfy stated or implied needs.

T RHI R
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This term includes such atiributes as the identity, strength and purity
(ICH Q6A). The concept of quality has existed for many years, though
its meaning has drastically changed over a period of time. Some of these
changes are:

& Inspecting product to ensure for meeting the specifications.

& Statistical nature, sampling plans, process charts, control charts,
etc. for maintaining the quality.

% Encompasses the entire organization, not just in the production.

# Customer driven quality, i.e. quality is built into the process.

Since all functions contribute to the product quality, all share the cost
of poor quality. In 1970 and 1980s, the US industries lost market share to
foreign competition. In the auto industry, manufacturers such as Toyota
and Honda became major players. In the consumer-goods market, com-
panies such as Toshiba and Sony led the way. These foreign competitors
produced low-priced products with considerably high quality.

Quality is the suitability of either a drug substanoe or a drug product
for its intended use. -

Quality attributes (QAs) are referred as physwal chemical, biological
and microbiological properties or characteristics of a product

These are implied to the APIs as well as the dosage forms. The above
propertties are specified in the quality assurance in terms of product purity,
product potency, product stability, and drug release from a dosage form.
These properties guide the product and process development. For a tablet,
the quality attributes are:

physical attributes, degradation products,

identification, residual solvent,
assay, water content, and
content uniformity, _ microbial limits.
dissolution, ’

All proper‘ues may not have the potentxal to 1mpact Product or pro-

cess effectiveness. As the proverb says, The vital a few and the trivial
many. Therefore, a few attributes are evaluated on associated analytical
techniques. For instance, all tablets are tested for many quality attributes. .
But a few of them are critical and therefore important, if they are within
the range. For example, disintegration should not be more than 15 min and
weight variation should be within the limits. These are key attributes that
the pharmacopoeia prescribes and should be within the limits.

Critical quality attributes are defined as. properties or characteristics,
namely physical,.chemical, biological ‘or microbiological that should be
within the appropriate limit (range or distribution), in order to ensure the
desired quality.
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The CQAs assure the quality, safety and/or efficacy of the resulting
drug product. All quality attributes are not critical. For example, the odour
of a product may not be critical, because it may not affect the efficacy and
safety. The decision of criticality is decided by the severity of harm does to
the safety and efficacy. Quality can be broadly defined through machines,
materials, people, processes measurements and environment.

The term critical describes the process sicp, process condition, test
requirement or other relevant parameters that must be controlled within
predetermined criteria to ensure that the API or drug product meets the
specification for its intended use.

A product is prepared through several unit operations. Therefore, the
product CQA is trapslated into intermediate CQA and included in all unit
operations. In other words, quality is built in the process throughout the
production cycle. For example, content uniformity is a critical attribute
of the product and is verified at each stage of production, biending, gran-
ulation, drying, etc. The product attribute of content uniformity is viewed
as blend uniformity (in the intermediate steps) and translated into process
parameters, such as particle size distribution, load level and revolutions/
min, bulk density, flowability, ete. Based on the criticality, the products
are classified as high risk products, intermediate risk products and low risk
products.

For conventional products (immediate release), percent dissolution of
drug (80 %) in 40 min becomes critical. Some examples of the critical
quality attributes are:

# A sustained release product should release the drug for prolonged
period.
The aerodynamic properties for inhaled products.
Sterility tests for parenteral products. ‘
Adhesion to the skin in case of transdermal delivery systems.
2 Time to float and floating time for a floating tablet.

For example, a product contains two APIs, API-1 is present to the
tune of 80 % of weight of the tablet, while the API-2 has 1 % by weight.
Hence API-2 becomes critical for content uniformity. It is at high risk.
For achieving the critical attributes of quality, a proper knowledge of the
materials and understanding the processes are essential as per the concept
of quality by design (QbD). The material parameters (MAs) and process
parameters (PPs) are thoroughly controlted. Thus several terms are intro-
duced as eritical smpurities, critical intermediates, critical operating lmits,
critical process parameters, critical quality attributes, etc.

Process parameters are the input variables to the process that may
affect the outcome.

xiea
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A few examples of process parameters are:

Equipment material of construction,

Batch size (scale),

Quality and quantities of materials {or their ratios),
Sequence of additions/operation,

Time, temperature, pressure, pH, stirring rate ete,
Heating or cooling rate,

Specific equipment settings.

@ & ®

& & & B

In the drying operation, humidity, ambient temperature, rate of heat
transfer, moisture content, particle size distribution, etc. are process pa-
rameters as these influence the downstream processes. Further process
parameters are identified by specific terms so as to evaluate the process
effectiveness. Terms such as key process parameters and critical process
parameters are introduced.

Key process parameters (KPP} are defined as properties that influence
product quality or process eifectiveness. -

For each parameter, the limits are set and maintained throughout pro-
cess. Based on the limits, parameters may be identified as kéy or critical.
Key_ parameter is adjustable, within a narrow range and ensures operational
fiexibility. A non-key parameter has a wide range although at extrermities
could have an impact on process perfonmance. In the drying, moisture con-
tent .and particle size distribution are the key atiributes. All key parameters
are important, but a few key parameters need to be maintained within a
narrow range, as it affects the attributes (critical performance).

Critical process paramelers (CPP) are the process parameters that in-
ﬁL_lences the critical quality attributes (CQA) and that must be controlled
with a predefined limits so as to ensure its fitness for use in subsequent steps.

‘ Process parameters are adjustable parameters that are maintained with-
in a narrow range in order not to affect the product critical attributes. In the
drying of granules, moisture content is critical and it seriously affects the
compression. Thus, moisturc content is periodically analysed and ensured

to be within the critical limits and then drying is stopped. Just before start- .

ing the compression step, once again moisture content of the powder mass
18 evaluated. Based on the attribute, the time of drying is validated for a
given set of conditions. Still the moisture content needs to be analysed pe-
riodically before stopping the drying operation. The risk management and
control strategy are c@m&ered round the -eritical quality attributes, because
these should be mainizined. , '

-In each- chapter, the process parameters, material attributes and critical
quality attributes are reported. In a single unit operation itself, the attri-




ey

14 SOBGOTOOETOOGTOOOOOCOOOCOROTTOO PHARMACEUTICAL ENGINEERING

butes vary depending on the type of equipment chosen. For example, the
parameters and attributes are different to freeze drying equipment, fluid-
ized bed dryer, trays, etc. Sometimes, additional attributes may be added
for any special type of operation. For example, sterile filtration demands
additional attributes along with those observed in a non-sterile filtration.
In tablets, magnesium stearate is added to the blending of the ingredients
before compression step. The basic parameters remain same as in those
mentioned for simple solid blending (mixing).

BEEG UNITS AND INTER-CONVERSIONS b =i

For the purpose of measurement (dimensions), three systems have been
used, namely:

cgs system (centimetre-gram-second)—Also known as metric systen

fps system (foot-pound-second)—Also known as British system

mks or SI (metre-kilogram-second)—Also known as metric system

The basic quantities identified for this purpose are length, mass and
time. These are expressed in various ways in different systems.

The units mentioned in any system for expressing the physical quanti-
ties are known as fundamental units or primary units.

For example, length is expressed as centimetre in cgs system, foot in
fps system and metre in mks system. The official international system of

units is the SI system (Systeme Internationale d’Units) and commonly em-
ployed in engineering and science. The basic units in SI system are given

~in Table I-1. Primary units are the hasis for obtaining derived units.

Secondary units or derived units are the units made by the inclusion
of primary units.

For example, acceleration is a secondary unit. It is expressed as length/
time®. Alternative base units are given in B part of Appendix VIL

TR T s T TR
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TABLE 1-1
Basic Units in SI System
;Eé L Measurement/Qua}iriry. Unit Sym:bo_f _ } §

Length (L) Metre m

Mass (m) ' Kilogram kg

Time {t) Second § Or sec
Amount of substance Mole mol
Terpetature Kelvin ‘ K
Electric current Ampere | A
Luminous intensity Candela cd

Lt

e ks
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App!ications : It is essential to be conversant with all the systems and
also their inter-conversions. In pharmaceutical engineering, it is necessary
to handle a large number of physicochemical data, while selecting the right
kind of materials for a process. Most of the literature data are available in

the older systems such as cgs and fps systems. Therefore, it is necessary to
be expert in all the systems of units.

Inter Conversions

An)f quantity can be converted from one system to other by the use of
conversion factors.

Conversion factor is a pure number and simply the ratio of the magni-

tude of the unit in one system to that of the corresponding unit in the other
system.

Conversion factqrs are simply multiplication factors. For example,
the length expressegi in fps system is 10 feet. To convert it from fps to SI
system, the conversion factor is 0.3048, i.e. 1 foot = 0.3048 metre.

Hence, 10 feet=10.3048 x 10=3.048 metre

Tt is alwgys better to make a mental-pictare of a unit, which gives a
lqrge figure (1. .€. ngmber). Then the conversion factor should be applied as
direct proportionality or inverse proportionality. This can be illustrated here.

In the above example, the conversion factor is 0.3048. Metre (mks
system) has higher magnitude compared to feet (fps system). Therefore
metre has a small number compared to the corresponding number in feet’
Hence, foot has to be multiplied by the conversion factor to get metre. .

10 feet = 10 x conversion factor
=10 x (.3048 = 3.048 metre

Conversely, metre should be divided by conversion factor to obtain
feet. For example,

3.048 metre = !
0.3048
Inter-conversion between SI eystern and cgs systern 15 simple, because
both use same standards for time and temperature. Mass can be converted
from one system to the other. Some conversion factors for primary and

(Sﬁcc;r/lldlz;ry units between different systems are in Tables 1 and 2 of Appen-
ix .

Texpperature is denoted in degrees by Celsius (°C), or Fahrenheit (°F)
or Ke‘lvm (K) scale. The thermodynamic temperature scale is called the
Ran_klne'scale? in which tht temperature is denoted by degrees. Rankine.
Their relationships are gi¥en in Table 3 of Appendix VIIL. |

. Comment 1-7. Understanding the magnitude of values is | i
f ) ! S is important, whi -
plying the conversion factor. Expiain. P e ap ’

x 3.048 = 10 feet.
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Practice Problem 1-1. The unit of viscosity in the cgs system is the
poise, which is equal to 1 dy.sfcm?®. If the fluid has a viscosity of 0.20 poise,
calculate the corresponding value in SI units (Pa-s).

Solution : Data—The units are:

. dy.s
Poise = —% = _E_
cin cm.s

The viscosity in SI units and its conversion into base units may be

written as:

) . N.s kgm.s kg
Viscosity =Pas= —5 7" "3 "2~ <
m §7 .m0 s.m

The conversion factor can be determined as follows. From the conver-
sion Table of Appendix VIII, the following factors are obtained.
1 g=(1/1000)kg; 1 em= (1/100) m.

By substituting the above terms for units

g (1/1000)kg _ 100kg _ lkg

em.s  sx(1/100)m 1000m s T 10m.s = 0.1 kg/m-s

0.20 poise = 0.2 x 0.1 Pa's = 0.02 Pa-s

Practice Problem 1-2. The density of talc is reported as 2.7 g/ml..
Express the same in SI system (kg/m?).

Solution : The given unit of density is g/ml to be converted to kg/m® .
g/ml is also equal to g/cm’, From the conversion Table 1 of Appendix VIII,
the following factors are obtained.

{ g = (1/1000) kg ; 1 cm® = (1/100) m?’.

The conversion factor may be obtained as follows:

g (1/1000) kg _ 1000000 kg

cm® (/100 m® 1000 m®
1000 k
= - £ 1000 kg/m?
'ﬂ13

The conversion factor = 1000
270 g/mL = 1000 x 2.7 kg/m® = 2700 kg/m’
Frastice Froblem 1-3. In the literature, mass transfer coefficients in
- the gas phase are often reported in terms of Ib-tnol/h-fi-atm. Determine

the conversion factor by which the above must be multiplied in order to
obtain the corresponding value of kg-mol/s-m?-Pa.
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Solution : The given units
Ib . mol
h.fi? . atm

units into which converted
kg . mol

s.m”.Pa

From conversion Table 1 of Appendix VIII, the following conversion
factors can be obtained.

b =904536kg; °=0.093 m?;
h=60x60s:atm. = 1.01325 % 10° Pa,
Substituting the values in the equation gives:

Ib.mol 0.4536 kg.mol
h.fi? atn 0.093m? x 60 x 605 x1.01325 x 10° m? Pa

0.45326 kg.mol
0.093 x 3600 % 1.01325 x10° m? Pa

~ 0.4536 kg.rhol - ,
339.236 x 10° m” .s.Pa -
= 1.337"% 10® ke/m>-h-Pa.
The conversion factor for Ib/ft* h-atm. = 1.337 x 10° kg/m?-h-Pa.

Praqcﬁce Problem 1-4. The overall coefficient of heat transfer is 200
Btwh-ft>-F. Convert the same into SI units [W/m?>.K].

Solution:

The given units of 5 into units of —;

h.ft*. F m- . K

The .Btu/s tjquivaleut in SI wnits is I/s, while J/s is equal to W. There-
fore, J/s is considered in place of W for obtaining conversion factor.

Btu I
> to
h.ft>. F s.m?.K

From the conversion Tables 1 & 3 of Appendix VIII, the following -
relationships can be obtained.

I Btu=1.0551%x1037; 1 h=60x060¢s

162 =9290x102m?; 1 °F=(I/1.8) K
Substituting the above conversion factors into the above equation gives: d
Btu | 1.0551%10° 1 g
h.ft?2. F  60x60x9290x102x(1/1.8)s.m®>.K
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For example, consid i .
|  10551x10°Ix18  _ _1899.181J pie, const ‘zeq“a“‘m for Reynolds number;
J 3600 X 9.290 %10 > s.m> K 33444sm’ K R, = %p ©)
g = cm2 .
J =5.6787 J/s - m" - K where D = diameter of the pipe, m
i Since J/s = W, it can be included in the above expression to get units u = velocity of flow, m/s
5.6787 W/m2-K. Therefore, the conversion factor = 5.6787. p = density of the fluid kg/m3
o 200 Btu/h-fi?-°F = 200 x 5.6787 W/m™K = 1135.74 W/m® K. M = viscosity of the fluid, Pa-s
N Consider the units in the numerator in equation (9)
J i i DIMENSIONS—ANALYSIS m k K
L . . Dup=m><—><--§=_g
)] Dimensicnal Formulae s m3 s.m
A dimensional formula is a formula that explains the way in which f Consider the units j ) . _
i - x . th
U fumdamental units enter into the operation. : $ In the denominator in equation (9).
. . o . . nN=Pa-s
N Dimensional formula expresses the quantity in secondary units. For si Pa— 5. ) L{10)
~ example, the dimensional formula for acceleration is: ince, Pa = kg/m-s”, it can be substituted in equation (10)

[a) =1 7? (6)
= length x time™

kgxs_k_g -

m X 82 m.s

&

b . . o .
J 'Equatlon'(éy can be explained as follows. Acceleration is defined Therefore, equation (9) may be written as:
- as velocity per unit time.
) . _ kgxs . .
_ velocity 7 . R, = 5 = dimensionless number
. [al= ——— (7 mxs
N time : .
. Velocity is defined as a distance per unit time. Therefore, acceleration . Hem‘e equation (9) is considered as dimensionless equation.
o can be written as: : } . Consider another equation as a variation. For example, falling of a bod
: in time, ¢, can be expressed as: ’ 4
s fa] Distance (length) 12 ®) - 5 p as:
3 d| = N N =1- ran
time X time ; S=ut+(1/2) g an
S . . . <, . Where S= . .
e The symbol [a] means the dimensional formula of the quantity of ‘a’. vertical dlSt?nce’_length .
_ : _ u = initial velocity, distance/time
b Applications : Dimensional formulae arc used in order to convert the ¢ = time
secondary units of one system into another. In these calculations, conver- = g = acceleration due t . . .4
U sion factors are used cautiously. Then, the physical quantity is obtained in ~ “§ I on (11) ue to gravity, distance/time
another system. 1 equation , first and second terms a
LU. y : follows: re expressed separately as
Dimensionless Equations ut = velocity x time
) Dimensionless equation is defined as an equation, which consists of )
terms that have same dimensions. * _ distance (length) )
- ( o : . . . . time X time = distance (length)
b «¢' The dimensionless equations are derived from basic laws mathemati-
. ) . ‘. . . - B . B
1 cally, no matter however complicated they may be. An-equation in which  -# : g L
b all terms have same dimensions is known as dimensionally homogeneous é —gt? = istance (length) < tme? — 4
. 5 e’ €” = distance (length)

equation.
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Each term has the units of length. Equation (11) can be made dimen-
sionless by dividing with °S”.
_ut 1 gt
s 2 S
In equation (12}, the dimensions get cancelled and each term is dimen-
sionless.
The advantages of dimensionless equations are:
1. Unit of any system (cgs or fps or SI) can be used without intro-
ducing conversion factors. For example, length in either metres
or feet can be substituted in equation (1.
2. Dimentionless equations are based on theoretical principles. They
contain variables affecting the physical process.

.(12)

Dimensicnal Equations

Dimensional equaiion is defined as an equation, which contains terms
of varying dimensions as it is obtained by empirical methods.

Experimental results are correlated by empirical means. Thercfore,
dimensional consistency is ignored. Such equations are also known as
dimensionally non-homogeneous equations.

For example, the rate of heat loss (by conduction and convection) from
a horizontal pipe to the atmosphere may be written as:

L 05l -(13)
(D)™
where g, = loss of heat, Btu/h
A = pipe surface, i
At = excess of temperature of the pipe wall over that
of atmosphere, °F
D/ = diameter of the pipe, in
The quantities substituted for the terms must be expressed in the units
mentioned above. For example, 1Y), may be substituted only in inches, not
in feet. The rcasons are that the numerical coefficients such as 0.5, 1.25
and 0.25 are applicable for those units.
The disadvantage of this equation is that it has limited applications.
It is particularly useful for calculations of a system under specified condi-

L)
tions. ,.'
Dimensional Analysis 15
Dimensional analysis is an important tool to convert the empirical re-
lationships into theoretical principles on a rational basis.

R TP LT A e s R L A TR T T,
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In the pharmaceutical engineering, many physical problems have been
solved completely by theoretical and mathematical methods. On the other
hand, there. are still many situations wherein empirical relationships have
bgen estabh;hed over a period of time, since theoretical relationships have
failed to satisfy experimental results. Common examples related to these
problems are - fluid flow, heat flow and mass transfer,

Dimensional analysis assumes that there must exist a relationship
among all the factors affecting a process. This technique involves the fol-
lowing steps. .

(1) All the fact_o.rs are to be identified, which are important in the

problem. Initial stages, empirical relationship may be adequate.

(2) These factm"s are grouped together into fewer numbers and ex-
pressed as dimensionless groups.

(3) Such groups are entered into final equation.
(é_l) Such equations are correlated to the possible physical laws.
(5) A possible mathematiczal solution is obtained.
. Ip the above analysis, the first step is to consider the units for the ver-
ification of factors. For example, in the experiments on ihe fluid flow, the
factors involved are listed below. :
— pipe diameter (2), m viscosity (1), Pas
~ velocity (), m/s density (p), kg/m*
These factors are varied as one at a time. Then the results are com-

pmed.‘ It 1s.shown by dimensional analysis that these factors must appear
in a dimensionless group as shown below.

Dup

3 111.32.kg
3 Pas -
N $ m- Pa.s s.m.Pa m_s-z_kg

mBke 1 __ig

' This equation is expressed as Reyniolds number, which has no dimen-
sions. This example illustrates the success of the dimensional analysis
But heat' transfer experiments on fluids involve about I} factors. A Z{otai
of ﬁ».'e different expressions are obtained. Still dimensional analy.sis could
provide a satisfactory equation to describe the heat transfer process.

Advantages:

(1) Dimensi_ona] analysis reduces drastically the number of indepen-
dent variables that effect the problem.

(2) This analysis does not yield numerical values in the equation.

(3) This helps in constructing dimensionless (dimensionally homoge-
neous} equation.

(4) Very useful for any system of units (cgs or fps or SI).
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Disadvantages : Dimensional analysis is a difficult process, if enough
knowledge is not available about the phiysics of the situation.

! Comiment 1-8. When dimensionless equation is avaitable for a particular pro- ?
: cess, conversion factor is not required. True or false. Explain. ;
. Commnment 1-9. Dimensional equations are not useful over dimensiconless equa-
: tion. True or false. Explain. :

Summary

Pharmaceutical industrial processes are wide and varied and used in
different areas of production: dosage forms, bulk drugs, antibiotics, biolog-
ical, ete. The use of equipment and related aspects, and the unit operations
and related considerations make the products effective and econonical.
Therefore, a broad understanding of the basic principles is essential. Ev-
ery process involves several steps and each step is performed individually
using a unit operation, e.g. size reduction, evaporation, filtration, eic. All
industries employ a series of unit operations to produce products of com-
mercial vatue. A unit process may be a chemical process or physical pro-
cess. A few examples of unit processes are manufacture of common sali (a
physical process) and production of paracetamol (chemical process).

Several scientific principles are applied to evaiuate each unit operation
and ulihmartely the unit process. The principles are: mass balance (law of
cornservation of mass) and energy balance (law of conservation of energy).
Mass balance allows us to calculate percent recovery and validate the unit
operation. Energy balance is the capacity to utilize the energy by balancing
the energy; input energy = outpul energy. All the forms of energy are prop-
erly accounted. For example, for fluid flow, Bernoulli’s theorem is applied
and invalves 5 forms of energies. Apart from these principles, several spe-
cial laws such as ideal gas equation, Dalton’s law of vapour pressures, etc.
ave also appliad to describe the unit operation, e.g. distillation. While eval-
uating the parameters for balancing, the state (steady or unsteady) of the
veaciion needs to be specified. Further, the parameters are xpressed in a
preper system (mks)}. It is also necessary to translate daia of other systems
toes and fibs) infc mks system or vice versa. For this purpose, conveision
factors are identified, which have to be used cautiously.

Dimensions (measurements) are included in the formulac, which ex-
oiain the way in which fandamental units enter into the operation. f these
forinulae or equations ave dimensionless, it is ideal, e.g. Reynolds number.
This number remains the same, irrespective of the type of system (units)
used. Dimensionless equations are based on theq;‘@ilica! principles. it is
ot always possible to obtain dimensionless equatidhs. Dimenicional equa-
tion can also be obtained to describe a unit operation (e.g. heat iransfer),
but such a system is applicable to a particular system {units), i.e. under
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specified conditions. In the pharmaceutical engineering, many physical
prqblems have been solved completely by theoretical aﬁd mathematical
methods. Therefore, as a first line of investigation, dimensional analysis is
nttemp’ged. It is an important tool to convert an empirical relationship into
theoretical principles on a rational basis. Based on the analysis, a pdssible
mathematiical solution can be arrived. All reactions (physicai/chemical)
are balanced stoichiometrically, such that further calculations can be made
quantitatively for obtaining the yield of products or consumption of re-
actants. Then enly a reaction can be planned for obtaining the desired
amount of product.

Glossary of Symbols -

A Pipe surface, ft°.
D = Pipe diameter, m.
h = Viscosity, Pa-s.
F = Driving force.
g = Acceleration due to gravity, m/s%.
R = Resistance.
R = Rankine.
r = Density, kg/m?. ‘
8 = Vertical distance, m.
SI = BSysteme Iniernationale.
u = Velocity, m/s.
t = Time, s.
QUESTION BANK

Each guestion carries one mark

Mete : Encircle the alphabet which corresponds to the single best response.

. Which one of the following is an exdimple of a ‘unii process’?
A. Crystallization B. Drying

C. Flli;‘ﬂf;ﬂll _ D. Production of pemearll
Which one of the following is an example of a *unit operation’?
A. Determination of viscosity B. Drying

C. Production of tablets D. Synthesis of penicillin
3. Which one of the following is NOT a fundamental unijt?

!*-J

A. Force B. Length
C. Mass _ D. Time
4. Which one the following is NOT a derived witt?
" A. Energy - " B. Force
C. Length D. Power
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What is the conversion factor for length from FPS system to SI systemn?
A. 0.03048 B. 0.3048

C. 3.048 D. 30.48

If the fluid has the viscosity 0.20 poise, what is the corresponding valug
in SI system (Pa.s)?

A. 0.002 B. 0.02

C.02 D. 2.0

If the density of calcium carbonate is 1.5 g/mi, what is its equivalent in SI
system?

A. 15.00 kg/ce B. 150.0 kg/cc

C. 150.0 kg/m® D. 1500 kg/m®

Reynolds number is an example for:

A. dimensional equation B. dimensional formula
C. dimensioniess equation D. stoichiomelric equation

Unit process is a sequence of operations involving one of the following.
A. Chemical

B. Chemical and physical

¢. Chemical, physical, and biological

D. Physical

In a system, if the operating condilions are varying with time, such a sys-
tem is known in one of the following terms.

B. Equilibrinm state

. Unsteady state

A. Dynamic state
C. Steady state

Each guestion carries 2 marks

s 1D

l_;-,__[;.
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Highlight the importance of unit operations in pharmaceutical enygineet-
ing.

Describe the molecular concept of stoichiometry.

Give an expression to calculate the average molecular weight of a mix-
ture,

Tiow is the rate of a reaction expressed?

Distinguish between sicady state and non-steady state.

Define the tornm “dinacnsionless equation” with the help of an example.
Define dimensional equation. What are its limitations?

Define the term “dimensionless equation’. What are its advantages?
Explain the concept of material balance for a physical process using a
suitable example of 2 umt process.

Explain the term “tic substance’ along with its applications,

Each question carries 5 marks

1.

Describe *unit operation’ and ‘unit process’. Give two examples sach.

Ch-1

2.
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Explain the term ‘unit operation’. Describe the basic principles of var-

ious unit operations used in pharmaceutical and other associated indus-
tries.

Explam the term *mass balance’ and ‘energy balance’. What are ifs appli-
cations?

o _ . ..
.Give an account of unit systems and their inter-conversions.

PHARMACEUTICAL

Tie subsiance,

Material balance,
Energy balance.

INDUSTRIAL
PROCESSING AND
BASIC PRINCIPLES

Examples
Drying,
Size reduction,
Distiltation.

Speciai\\ Foundation
laws )/!\Y !
(’Ideal gas law, m
Dalton's law. Systems and

Unit
operations

Scientific

“industrial
Processing

Unit
] processes
Jr Interconversion -
Basic operaiions Physical process,
asic Chemical process.
concepts

] Dimensional formulae,

Rate of reacticn,

Steady state

Dimensionless equation,
Dimensional equation,

Dimensional analysis. |

{ Unsteady state.
1

MIND MAP OF PHARMACEUTICAL INDUSTRIAL
PROCESSING AND BASIC PRINCIPLES
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Fluid Statics

Fhiid Dynamics

Bernoulli's Theorem

Energy Losses ]
Measurement of Rate of Flow of Fluids

PURTRTESSPOSP

LEARNING OBJECTIVES
After reading this chapter, the reader should be able to:
Appreciate the importance of fluid flow and parameters relevant to the study.
Describe different types of manometers and pressure gauges 10 evaiuate :
the pressure at any point, as per the principles of fiuid sta.ncs. .
Explain the Reynolds experiment for understanding the fh{td I?ynamlcs.
Describe the proposal of the Bernoulli's theorem, its applications for en- !
ergy balancing and for evaluating the energy losses. o :
Measure the rate of flow of liquids using different methods giving impaor- ;
tance to the principles, construction and applications.

Fluid flow may be defined as the flow of substances that do not permanent-
ly resist distortion.

This definition covers the flow of liquids and gases. Ata give_n tem-
perature and pressure, a fluid possesses a define density. In case of liquids,
the density is not appreciably affected by moderate changes m pressure.
In case of gases, density is affected appreciably. by bol:h t_emperature_ and
pressure, A fluid is said to be incompressible, if a fluid is inappreciably

affected by changes in pressure, but gases can be compressed. Most of the _

liquids are incompressible.

The ierm ‘fuid’ covers liquids and those gases in which the effects due
to compressibility may be neglected.

Fluid is considered to be.a mass of a substance formed by a series Qf
layers. When an attempt is made to change its shape, the layers of ﬂm.d
slide over one another, until a new shape is attained. At the end, the fluid is
relieved off the stresses that it encountered during the flow.

26
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Fluid (Hquid or gas) is a form of matter that cannot achieve equilibri-

um under an applied shear stress, but deforms continuously or flow as long
as shear stress is applied.

Flow of fluids is observed while handling materials.

(a) Handling of liquids : Transportation of materials such as sol-
vents, solutions and suspensions is simpler, cheaper and less trou-
blesome than handling of solids in industrial operations.

(b) Handling of solids : Solids are handled in a finely divided state
in the form of suspension of fluids, so that transportation becomes
easy. This two-phase mixture is known as ‘fuidised solids’.

During the handling process, the behaviour of liquids changes tran-
siently. Such changes have profound influence on heat transfer process,

energy losses during pumping, energy changes in pumping, etc. Therefore,
fluid flow is treated independenily.

Flow of fluids is involved in a number of areas of pharmaceutical in-
dustries. Some of them are:

% Passing of reactants (liquids or gases) into the reaction system.
< Transferring of air, nutrient broth into the fermenter.
¢ Bottling of liquid medicaments into suitable containers.

Transporting of sterile air and sterile water in the production of
parenterals.

fi8

% Mixing of solids and liquids in case of suspensions.
¢ Packing of semisolids in containers.
The nature of flow influences the type of equipment used for handling,
i.e. valve, pump, pump capacity, diameter of pipe, etc. Flow characteristics
through pipes and channels are relevant. At the same time, the measure-

ment of rate of flow is necessary for the quantification of additives (reac-
lanis) into a process.

Fluid flow 1s emerged as a special branch.

Fluid mechanics is that branch of science, which deals with the hehav-
ior of fluids at rest as well as in motion.

Fluid mechanics is divided into fluid statics and fluid dynamics.
— Fluid statics deals with fluids at rest in equilibrium.
~ Fluid dynamics deals with fluids in motion.

When the fluid is Ev‘vater, it is termed as hydrostatics.
the differences between gases and fluids?

Comment 2-1. Wha
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K FLUID STATICS
Fluid statics deals with the fluids at rest in equilibrium.

The behaviour of a liquid at rest, the nature of pressure it exerts and
the variations of pressure at different layers in the liquid are some of the
relevant aspects in the pharmaceutical engineering.

The study of fiuids at rest is based on two principles.
I. Pressure at a point is the same in all directions.

2. Pressure is the same at all points in a given horizontal line in a
continuous fluid.

Pressure Difference Between Layers of Liquid

Pressure (or intensity of pressure) may be defined as the force exerted
on a unit area. Pressure may be expressed as absolute pressure (i.e. with
reference to the vacuum or absolute zero pressure). It may be expressed
with reference to the atmospheric pressure (at sea level, 760 muntlg or
1.013 x 105 Pa), using manometer. Consider a column of liguid as shown
in Figure 2-1(a). Two openings are provided to the wall of the vessel
at different heights. The rates of flow from these openings are different
(Figure 2-1a). This is due to the differences in the pressures exerted at dif-
ferent heights, This behaviour can be quantitatively expressed as follows.

Consider a stationary column of fluid as shown in Figure 2-1(b). The
pressure P, pascals is acting on the surface of the fluid. The stationary
column is maintained at constant pressure by applying pressure, P pascals
al point A.

(a) (b}

Figure 2-1. Hydrostatic pressure observed at diifererit layers of a stationary column.

Let the cross-section of the column be S metre square and is uniform
from top 1o bottom. The force (further pressure) acting on the liquid at dif-
ferent levels of the liquid column can be determined. The forces (newton)
acting on each side (horizontal components) of the point 1 are mutually
nmullified. The forces in newions acting below and above the pomt 1 are
evaluated.

e
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F_orge acting on the _ force on the surface + force exerted by
liquid at point 1 = the liquid above the point 1 ey

Substituting the force with pressure x area of cross section (S) in equa-
tion (1) gives:
Pressure at point 1 (Pressure on the surface % surface area)
* surface area = + {1ass x acceleration) --(2)

P55 = P 5+ (volume x density x acceleration due to gravity)

P_S5+ (height = area x density x acceleration due to gravity)

PSS = P S+hSpg -3

Since cross sectional surface area is same, equation (3) may be written as:

Py =P +hpg . (4)

Similarly, the pressure acting on the liquid at point 2 may be writtenas:

Py =P +i,pg -(5)

The difference in the pressure may be obtained by subtracting equation

(4) from equation (5} as: -

Py—P =P +hypg— P, -hpg
AP = thc - hl pPg
AP =(hy—h)) pg

Therefore, the pressure difference (AP pascals) between any two points
can be measured by the distance between those points in a fluid. If the den-
sity of fluid (p kilogram per metre cube) varies with variation of pressure,
an average density could be used. The variation in densities is guite negli-
gible for liquids and gases. Since the difference in the heights (Af metre)

i3 necessary for the measurement, height can be measured from the botiom
of the stationary column.

Pressure difference = height difference

Therefore, pressure is expressed in terms of height (in units) and often
referred as head.

~ Applications : The principle of fluid statics is employed in the work-
ing of manometers. In such cases, the pressure difference (AF) is measured
in terms of difference in the heights of the liquid column. It is also applied
for quantification of fluid flow as in Bernoulili’s theorem.

. A
Manometers . .

. . £
Manometers are the devices used for measuring the pressure’differ-
ence.

Wi deyz \.;u:‘
.|
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Pressure differences based on the principle of balancing the column of
liquid by the same or another column of liquids. Three different manome-
ters are available. These are:

1. Simple 2. Differential

The principles and applications of these manometers are discussed in
the following sections.

3, Inclined

Simple manometer : Simple manometer is a device which measures
pressure at a point in a fluid contained in a pipe or vessel.

This manometer is the most com- '11 :2 .
- monly used. The construction-of a sim- 1\:._ "
ple manometer is shown in Figure 2-2. 9 :
It consists of a glass U tube filled with < Liq[;u'd K
a liquid (A) of density, p 4, kilogram per . i D
metre cube. Above liquid A, the arms are 2 w2

o

filled with liquid B of density pp kilogram
per metre cube. The liquids A and B are
immiscible and the interface can be seen
clearty.

If two different pressures are applied
on the two arms, the meniscus of liquid A
will be higher in one arm than the other
{Figure 2-2). Let the pressure at point 1
is P, pascals in left hand-side of the limb_. . : .
Let the pressure at point 5 is P, pascals in the right ha11d—snde of t]'_le limb.
From the principles of fluid statics, the pressure at point 2 can be written as:

Pressure at point 2 =P, + (m + R) ppg (T
where (m + R) = distance from points 3 to 4 + distance from points 4 to 5.

Liquid A
Figure 2-2
Simple manometer.

Since, points 2 and 3 are at the same level, the pressure at point 3 may
be written as:

Pressure at point 3 =P, + (m + R) pgg ‘ -..(8)

The pressure at point 4 can be written from the right hand-side of the
limb (from P,) as:

Pressure at point 4 = P, + gmpp (9

In another manner, the pressure at point 4 can be written from point 3
(1.e. from left hand-side) as:

A
* Pressure at point4 =P +pp (m+ R) g—py Rg ol ...(10)”

Equations (9) and (10) represent the pressure at point 4 o'nlygﬁ. Hence,
these equations should be equal. This relationship may be written as:
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Pr+gppg(n+R)y—p,Rg=P,+gmp,
Py =Py =gmpp—pg(m +Ryg+p,Rg
AP = mppg —mppg —Rppg+Rp,g
‘ AP=R(p,-ppeg
The important conclusions drawn from equation (11) are:

(1) It 1s easy to measure R value (metres), i.e. the difference in the
levels of liquid A in the two limbs.

(2) The value AP pascals is independent of the value of m and also the
dimensions of the U tube. '

(11)

When wide ranges of pressure are applied, the sensitivity of liquids
employed in the measurement is important. If the pressure differences are
large, mercury (high density, liquid A) can be used as manometric liquid.
Mercury has a very low vapor pressure and hence, it is an excellent finid to
be used in a barometer. Liquids such as benzene have high vapor pressure
and hence volatile. Mercury is non-corrosive and does not react with the
fluid whose pressure is to be measured. It can be quickly adjusted with
pressure changes, owning to its low viscosity. Mercury manometers are
employed for measurements of pressure in the range of 0.5 to 17 cm using
U tube design. Normally the ‘U’ tube is mounted in a wooden stand. A
graduated scale (in mm, millimeters) is fixed in order to measure the height
(distance), the levels of mercury in the two arms. The height directly gives
the pressure. If the pressure differences are small, liquids such as alcohol,
walter (for gases) and carbon tetrachloride are used.

Applications : (1) Simple manometer helps in measuring the con-
sumption of gases in the chemical reactions. (2) Manometers are used in
conjunction with flow meters for the measurement of flow of fluids. For
example, venturi meter and orifice meter are used for the measurement of
pressure head using a manometer. Pitot tube measures the velocity head
USing a manometer.

Differential manometers : Differential manometer is a manometer
which measures the difference of pressures between any two points in a
pipe or vessel containing fluid.

Differential manometers find occasional applications. This manome-
ter is suitable for measurement of small pressure differences. It is a sen-
sitive device and useful for measuring even small gas pressures (heads).

The construction of a differential manometer is given in Figure 2-3.
The differential manometér is also knowy as two-fluid U-tube manometer.
It contains two immiscible liquids A and B having nearly same densities.
The U tube consists of enlarged chambers on both limbs. Hence, the me-

s
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niscus of the liquid in these enlarged chambers does not change apprecia-
bty with changes in the reading R.
Using the principle of simple manometers, the pressure difference (AP
pascals) can be written as:
AP=P -P,=R{p--pg . (12)
Equation (12) indicates that the smaller the difference (p-— p,), the
larger will be reading on the manometer (R meires) for a given value of AP.

Py P2

¥ 1 ¥,
— %] Liquid—_|
L C ~

6
&

-

el

- _j— tiquid A

Figure 2-3. Differential manometer.

Applications : Microimanometers based on the liquid column princi-
ple are available commercially. They measure the reading with extreme
precision and sensitivity. These are free from errors due to capiliarity and
require no calibration, apart from checking the micrometer scale.

inclined manometer @ fnclined manometer 18 a manometer which
measures the minute pressure differences between aity two points in a fluid
contained in a pipe or vessel.

thelined manoweter is 2 modification of differential manometer. This
type of manometer increases the accuracy of the pressure determinaticn
for small head. The construciion of a inclined manometer is
- 2.4, in this type. the vertical leg is enlarged so that the
movemert of meniscus i this enlargemendt is negligible within the range of
suze. But, leg containing one meniscus is inclined in such a manner that
for = amall value of reading, ‘R meniscus moves a considerable distance
4long Yie woe. THis Gistance is cqual © “R’ (vertical) divided by the sine
of tiid angie of inclination o (sin ©). By making ‘o’ small, the value of

[4

. o) . P
u’ncl{r‘ﬁed reading (R} is increased. -

s

The principles of manometers also apply to fluids in motion. The pres-
ence of the meter should minimize perturbation i fow.
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Figure 2-4. Inclined manometer.

Mercury Pressure Gauges

Normally, mercury “1I° tube is mounted in a wooden stand. A graduat-
od geale (in millimeters) is fixed in order to measure the height (distance)
ihe levels of mercury in the two arms. The height directly gives the pres:
sule.

Vacwstat : It is a useful pressure gauge, which is employed in con-
junction with an ol pump. Aacizod gauge is widely found, in research
Iaboratories. This gauge requires very large quantity of mercu:u'v. liis ex-
nensive, but the apparatus may break during usage or storage. T here would
e considerable toxic hazard. B

Pirawni or Penning gauze : This gauge 1s recommended for high vac-
uwinn applications. This gauge operates on the following principle. When
s molecules in the region of a detector are siruck by electrons from the
beated clement (the ion source), molecules become electrically chaiged.
! :hlcc tl?ese. get aftracted to_wai'ds' .the __detector site, whers these cause an
chesivie civeuit. The cuirent 1s ampiified and calibrated to indicate the pres-
sure. which 18 displayed on a meter {scale) or by means a digital readout.
Tivis gauge may be inserted divectly into the vacuun fine.

There are a few special type of mercury gauges (examples is monosiat),
b S e - et A . v i H ;
wiiich ot only indicate the pressure, buf ajss maintaii a constant pressure.
Mechanical Pressure Gauges

Aod s S ared gapenrccigg. . 3 - ~

Mechanical pressure gauges are the mechanical elements used for
measuring ihe pressure.

fir the mechanical devices, a body or elastic element detlects under
aciion of the applied pressure. Whenever, there 15 a change in pressure,
Ty T ” y i
th mechanical elements may bend, deforim or defiect. Such elements are
bovited as fransducers. These can take one form of energy from measuring
sotirce (air compressed from a cylinder) and supply energy of a different
Lind (mechanical power), thereby the pressure differences is indicated,
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The elastic deflection is mechanically magnified and operates a pointer
moving against a graduated circumferential scale. This pr inciple is illus-
trated using an example, C-shaped Bourdon gauge (Figure 2- 3).

Calibrated scale

Indicator

Adjustable
linkage

Bourden
tube

Weld or
solder
Applied pressure

Figure 2-5. Bourdon pressure gauge.

C- Shaped Bourdon gauge : It consists of a length of thin walled met-
al (bronze, phosphm bronze, stainless steel and nickel alloys) tubing (Fig-
ure 2-5). This tube is flattened to approximately an elhptlcal cross-section
and then rolled into a C shape. The arc of the gauge is in between 180 to
270°. The tube has a pressure inlet at one end and other is free end sealed.
This is called as the tip.

Under pressure, the elliptical section tends to change its shape o a
circular form. The deflection of the tip depends on the radius of the benc'i,
total length of the tube, Young’s modulus and elasticity of the tube materi-
al. Bourdon crauve has good sensitivity and repeatability. It is useful in the
range of 10° to 10° Pa.

Diaphragm pressure gauge : This gauge consists of an el‘astic steel
corrugated diaphragm, which is sensitive to pressure changes (Figure 2-6).
Under pressure, the diaphragm gets deformed elastically, whwh is trans-
mitted to a pointer (indicator) by a similar arrangement as i  the case of
Bourdon pressure gauge. However, this gauge is used to meastire relative-
ly low pressure intensities.

I ITIIT T ey .
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Bellows

MR

Figure 2-6
Diaphragm pressure gauge.

Figure 2-7
Bellows pressure gauge.

Bellow pressure gauge : This gauge consists of metallic tube having
deep circumferential corrugations, which is sensitive to pressure changes
(Figure 2-7). Due to pressure changes, the bellow expands or contracts,
thereby the pointer moves on a graduated circular dial.

Comment 2-2. Why is Aluid pressure difference termed as head and reported
in meters (height)? !

e

Comment 2-3. Why is mercury used as a preferred liquid in the manometer?

FLUID DYNAMICS
Fluid dynamics deals with the study of fluids in motion.

Study of flow properties of liquids is important for pharmacists work-
ing in the manufacture of dosage forms, such as simple liquids, gels, oint-
ments, creams and pastes. These systems change their flow behaviour,
when exposed to different stress conditions in the following situations.

(1) Manufacture of dosage forms : Materials undergo processes
such as mixing, flowing through pipes and getting filled in the
containgrs. Flow related changes influence the selection of mix»
ing equipment.

(2) Handling of drugs for administration : The syringeability of
the medicines, pouring of the liquids, extrusion of ointiment from

tubes etc. depend on the changes in flow behaviour of dosage
forms.

Thus, flow behaviour of liquids is of relevance in pharmacy. Perfor-
mance of a product depends on the net effect of all the above mentioned

processes. Therefore, flow properties are used as 1mp01tant quality control -

twols to maintain the superiority of the product and to reduce the batch to
batch variations.

-
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in general, engineering of fluid flow considers the macroscapic prop-
erties. The molecular level interactions are beyond the scope of this book
(Refer the book Physical Pharmaceutics-1I by C.V.S. Subrahmanyam, Val-

labh Prakashan).

Nature of Fiuid Flow—Reynolds Experiment

The flow of fuid through a closed channel (pipeline) can be either
viscous or turbutent. These can be observed in the classical Reynolds ex-
periment. The assembly of the apparatus for the Reynolds experiment is
shown in Figure 2-8.

A glass tube is connected to a reservoir of water as shown in Figure 2-8.
The rate of flow of water through the tube can be increased or decreased
at will through a valve. A reservoir of coloured solution is connected to
one end of the glass tube with the help of nozzle(s). Therefore, coloured
solution can be introduced into the glass tube as a fine streaimn. From this
experimental setup, the following observations may be made and conclu-

stons can he drawn.

Water

Coloured  Glass
Coloured | liquid jet  tuhe
water

{a) Laminar or viscous tlow (b) Tarbulent flow
Figure 2-8. The assembly of the apparatus of the Reynolds experiment.

(a) Laminar Flow : When the velocity of water is low, the thread of
coloured waler maintains its identity throughout the tube. By intreducing
similar jets of coloured water at different points in the cross section of the
¢lass tube, it can be noted that no part of the tube exhibits the signs of mix-
ing. [n other words, the colour streams are seei as parallel lines. The flow
of water is considered to be viscous or streamline ov laminar.

A laminar flow is one in which the fluid particles move in layers or
laminar with one layer sliding over the other. Therefore, theie is no ex-
change of finid particles from one layer to the other. Hence, transfer of
lateral momentum to the adjacent layers is not observed.

(b Trerbardent fow : When the velocity of water is increased (by in-
creasing the pressure difference, AP), the threads of coloured water dis-
appear and the entire mass of water gets uniformly coloured. It indicates
complete mixing of solution. Then, the flow of water is considered to be
irbulent.

Lk

e R
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When the flow attains a certain velocity, it no longer remains steady
and vortices or eddy currents appear. In turbulent flow, the order is lost
and motion is irregular. All the fluid particles are disturbed and get mixed
up with ecach other. Thus, there is a continuous transfer of momentum to
adjacent layers. Such a large shear stress must be overcome. In this pro-
cess, the mechanical energy is lost (degraded) and dissipated as heat. Such
a diffused flow is called turbulent flow.

The loss of energy is much smaller in laminar flow. The turbulent
irechanisms carry motion, heat or matter from one part of the fluid to an-
other part. These are absent in laminar flow. The transfer of shear stress
arising in the variations in velocities is responsibie for viscosity. Heat by
conduction and matter by diffusion are less important in turbulent flow.

(c) Q‘flical behaviour : The change over of the flow from viscous to
turbulent is a critical factor.

Critical velocity is defined as average velocity of any fluid at which
viscous flow changes into tarbulent flow.

Once critical velocity is crossed, the shear stress is so great that stream-
fine ﬂov\_f breaks down. The liquid is also given a random radial velocity
and mixing occurs due to formation of eddies.

- Reynolds number : In Reynolds experiment, the flow conditions are
alfected by four factors.

Diameter of pipe, m (D}
Average velocity, m/s (u)
Density of liquid, kg/m> (p)
Viscosity of the liquid, Pa's (1)
These factors are grouped into an expression as given below.
Dup !
n
Reynolds number is obtained by the following equation.

Reynolds number, 8, = .(13)

inertial forces

Reynolds number, R, = —;
viscous forces

mass X acceleration of liquid flowing

shear stress X area
. _The Reynoids numbe@rz,'describes the ratio of the inertia and viscous (or
[riction forces). A ‘
o "l_"he higher the Reynolds number, greater is the relative contribu-
tion of inertial effects.
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& At very low R, viscous effects predominate and the contribution
of inertial forces can be ignored.

Inertial forces are due to the mass and the velocity_of the flui.d particles
trying to diffuse the fluid particles. The viscous forc_c—: is the fn.ct:.onal force
due to the viscosity of fluid, which makes the motion of fluid in parallel
layers.

Therefore, at low velocities, the inertial forces are less when compared
to the frictional forces caused by the viscosity. The resulting ﬂm_.v will be
viscous in nature, i.e. the particles move in parallel layers. For this reason,
laminar flow is sometimes known as viscous. On the other hanFL when
inertial forces are predominant, the fluid layers break up due to the increase
in velocity, hence, turbulent flow takes place.

It is a dimensionless group, because the units of factors _mutually get
cancelled. If R, < 2100, the flow is said to be laminar and if R, > 4000,
the flow is said to be turbulent. If R, lies between 2100 to 4OQO, the flow
changes from laminar to turbulent. The region 2100 to 4000 is known.as
critical region. For design purposes, the safety practice assumes that the
furbulent flow exists at all Reynolds numbers greater than 2100.

Applications : (1) Reynolds numkber is used to pl:edict the nature of
flow (viscous or turbulent} in a particular set of exp.emmental condifions.
(2) The physical stability of suspensions (or emulsions) depends o the
rate of settling of particles (or globules). For the study o'f sedm'l_entatl?n of
particles, Stokes’ law is used. In this study, rate of sedimentation 0% par-
ticles must not be oo rapid to create turbulence. Therefore, type of ﬁpw
{whether laminar or turbulent) is important. Accordingly Stokes’ equjlthn
is modified to include Reynolds number. (3) The rate of heat transfer in
liquids also depends on the flow, whether viscous or turbuient.

Variation in the Velocity of Flow Across the Cross-Sectiion @ Wh.en
the local velocity of the fluid is plotted against distance from the wall (Fig-
ure 2-9), the following conclusions can be drawn.

Pipe wall
-
\“"-u -— Turbulent
\\.\ flow
_——Centre

—Viscous flow

T / Pipe wall

u'fu

Relative distance from
centre of pipe

. max . . . B
Figure 2-9. Dislribution of fluid velocities across the cross section of a pipe.
4% The flow of fiuid in the middie of the pipe is faster than the fluid
nearer to the wall.
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# The velocity of fluid approaches zero as the pipe-wall is ap-
proached.

% At the actual surface of the pipe-wall, the velocity of the fluid is zero.

Since variations are observed in velocity of flow across the cross sec-
tion. there should be sonie means of estimating average velocity.

% In viscous conditions, the average velocity over the whole cross
section is 0.5 times the maximum.

In turbulent flow, the average velocity over the whole cross sec-
tion is 0.8 times the maximum.

%+ Since the velocity of the fluid is zero at the wall surface, there
should be some layers in viscous flow near the pipe-wall, which
acts as a stagnant layer,

% A gradual fransition from one region to another, there exists a
boundary layer which is known as buffer layer. This buffer layer
oscillates between viscous flow and turbulent Aow.

+ Even if the flow is turbulent at the centre (of the pipe) and viscous
at the surface of the wall, a buffer layer exists.

It must be emphasized that boundary layer can never bé eliminated.
Increasing the velocity of the fluid over the surface will reduce the thick-
ness of the layer, but it will be never eliminated entirely.

Applications : (1) Though the general principles are mentioned above,
considerable variation in velocity distribution may be possible with chang-
¢s i roughness, direction, temperature or cross section of the pipe. Due to
these reasons, the shape of curves may be changed.

(2} The nature of flow of liquids in pipes determines the rate of heat
transfer. The buffer layer in turbulent flow and stagnant layer in viscous
Aow offer resistance to heat transfer. Further discussion on rate of heat
transfer is dealt in Chapter 5 ‘Flow of Heat’.

Comment 2-4. The fow of fluid in the middie of the pipe is faster than rhe fiig
presant near to the wall. Why? :
Comment 2-5. State the relationship between Reynolds number and fluid flow.

BERNQULLIS THEOREM :

A fluid in motion is subjected to several forces, which result in the
vartation of the acceleration and the energies in the flow phenomenon.
When the principle of conservation of energy is applied to the flow of flu-
ids, the resulting equation is ce%kd Bemeulli’s theorem.

Pumps generally supply &fergy for conveying liquids from one point
lo another. Consider such a pump working under isothermal conditions
between points A and B, as shown in Figure 2-10,
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Final state
Pressure _ Pg

Initial state o
2 Kinetic _“b energy " Ps6
Kinetic _Ux energy 29
etic energy = 5, ?B
Pressure energy = % Pump
Pump head, W
Fluid ; Frictional energy = F X,
flow
A
X
l Horizontal datum ‘P

Potential energy = X, Potential energy = Xg

Figure 2-10. Development of Beimoulli’s theoram.

Bernoulli’s theorem states that in a steady state ideal flow of an incomi-
pressible fluid, the total energy per unit mass, which consists of pressure
energy, kinetic energy and datum energy, at any point of the fluid is constant.

At point A, one kilogram (unit mass) of liquid is assumed to be entering.
At this point, liquid experiences mechanical energy, which can be expressed
as pressure energy, kinetic energy and potential energy, which are obtained
as follows.

Pressure energy or flow energy is an encrgy form peculiar to the flow
of fluid. The work done is the product of pressure energy and the volume.
The volume of a unit mass of the liquid is reciprocal of the density, p. For
an incompressible fluid, the density is not dependent on the pressure, so
for unit mass of fluid, the pressure energy is P/p. Since liguid is flowing
through the pipe at certain pressure, pressure energy in joules may be writ-
ten as:

Py

8P4

(1)

Pressure energy =

where P, = pressure at point A, Pa
o = acceleration due lo gravity, nvs

p, = density of the liquid, kg/m3

A Potential enerey (datum energy) of a body is defined as the energy
;v possessed by the body by virtue of its position or configuration. Potential
! energy of a body is its capacity to do work by reason of its position relative

to some centre of attraction. The point A is considered at a height of X

i

T o et £
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metres abovc—:_ th_e horizontal datuma plane. The potential energy for one
kitogram of liquid may be writien as:

Potential energy = X,

(15)

1 Kinefz'_c energy of a body is defined as the energy possessed by the
b_oa).z by virtue of its motion. Since liquid is under motion, the velocity of
liquid may be designated as u, metre per second at point A. The kinetic
energy may be expressed as:
ui
2g

The total energy at point A may be summarised b ini
. i ) : combining equa-
tions (14}, (15) and (16) as: g ged

Total energy = pressure energy + potential energy + kinetic energy

Kinetic energy = ..{16)

q £t2
4 4 x, +4

&P 4 2g

Tetal mechanical energy at point A = {17)
According to Bernoulli’s theorem the total energy at point A is con-
stant. Therefore, equation (17) is: o

Total energy at point A = P—A + X4+ 4o constant
gP4 T2

‘ ‘Af.ter the system reaches the steady state, whenever one kilogram

o‘[ liquid enters at point A, another kilogram of liquid leaves at poini B

1 hlcrefore, energy content of one kilogram liquid that is being displaced atl'
puint B may be written (Bermoulli’s theorem) as: -

(18)

P, %
gpi + 3(3 + -;’z: = constant
where Xy = height from the datum to the pipe, m

rg = velocity at peint B, m/s

g = pressure at point B, Pa

P, = density at point B, kg/m3

Total energy at point B = {19}

If there is no g.ain or loss of energy, the principle of conservation of
energy may be applied to the two points A and B.

INPUT=0OUT PUT
Total energy at point A = Total energy at point B

P uz : ' ; 7
__L4__+XA _5__A_. — Pigﬂ..‘X'B.Jr.L_tﬁ

2Py 2¢  2pp 2g - (20)
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Theoretically all kinds of energies involved in fluid flow should be ac-
counted. In the fransportation of fluid, the pump has added certain amount
of energy, which can be written as:

Energy added by the pump =+ wJ (21

During the transportation of liquid, some energy is converied to heat
due to frictional forces and it is inevitable. The energy loss may be writien as:

Loss of energy due to friction in the line =—FJ .(22)

The energy balance between points A and B can be accounted by in-
cluding equations (21) and (22) in equation (20). This complete equation
representing such energy may be written as:

2
T4 + X A _Frw= ¥ + Xp 4oL (23)
gP4 2g gP3 2g
Equation (23) is called Bernoulli s equation. Bernoulli’s theorem, al-
though derived over two ends of a system, it is applicable between any
two points in a system. Equation (23) is numerically correct. But it is not
correct theoretically, since each of the terms in equation (23) is actually

energy term and should be measured in the units of joules per unit mass. In
practice, these terms are always referred as the heights and often measured

in terms of height of a column of liguid.

Power required for the fluid to flow at a certain rate may be calculated
using equation (23), i.e. driving of the liquid. The total head against which
a pump must work is:

W
Srequired= —+ Y A
power required S Z

o

where 2 H = sum of heads, m; w = work done, J

If the work (w) is performed and energy acquired by a unit mass of
liquid is £Hg, then power required to transfer mass, 7 in time 15 given by:
2 Ham
Power = = —
t
As the volume flowing in unit time (Q) is m/pt, the power term is given
by:
Power = QY Hgp
{
4 P
ﬁ%o Applications:
(1} Bernoulli’s theorem is appiied in the measurement of the rate of
fluid flow using orifice meter and venturi meter.

T
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(2) Bemnoulli’s theorem is applied in the working of centrifugal
pumps. In these pumps, the kinetic energy is converted into pres-
sure head, which helps in pumping the liquids.

(3) 1t i:s easy to measure heights and apply them as energy terms,
which is a contribution of Bernoulli’s theorem.

Concépt of Head (Pressure Head)

The terms in Bernoulli’s equation represent enei"gy and supposed to
have the units of energy. But numerically these terms give the units of me-
tre. Therefore, energy terms can be measured in the units of metre, which
is a unit of height. Hence these terms are known as heads.

The pressure head is defined as the height of a column of liquid of
known density, which is numerically equal to pressure energy term.

The units of height can be obtained by considering the pressure energy
term, i.e. equation (14).
Py pressure

Pressure energy = = -
gpy  acceleration due to gravity x density

Consider the units for equation (14).
N1
m? (111/52 ) (kg/1113)

Pressure energy =

- N xs> xm”

_ N.s?
m? % mx kg kg

24)

But N (newton) = kg-m/s°. Substituting this term in equation (24) gives:

kg xmx s
Pressure energy = ——5—— =m.
57 x kg

Til}us, pressure energy is in metre, Le. as a height. Therefore, the height is
levmed as head in the discussion of hydraulics. Hence, pressurc cneigy is

called pressure head.
lr_l an analogous manner, there are different heads in the Bernoulli’s
cquation (18}, namely:
potential head (X) or datum head
velocity head (#%/2g) or kinetic head
pressure head (P/gr) or static head
Similarly, F is known as friction head and # is the head that is added
by the pump. In the same manner, the sum of the pressure head, the veloc-

ity. heaq and the potential head is known as total head or total energy per
unit weight of the fluid.
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ENERGY LOSSES

Bemoulli’s equation includes the term ‘loss of energy’ in the pipe. Ac-
cording o law of conservation of energy, energy balances have to be prop-
erly accounted. Therefore, it is necessary to calculate the energy losses.
Fluids experience energy losses in several ways while Aowing through a

pipe. Some of them are:
1. Friction losses
3. Enlargement losses
These are discussed in the following sections.

2. Losses in fittings
4. Contraction losses

Friction Losses
During the flow of fluids, frictional forces causec a loss in pressure
(APf-pascais). The fluid fiow can be either viscous or furbulent, which also
inflnences the losses. In general, the pressure drop (APIL) due to friction in
a fluid is: '
% directly proportional to the velocity of the fluid (1), m/s
% directly proportional to the density of the fluid (p), kg/m3
% directly proportional to the length of the pipe (L), m
@ inversely proportional to the diameter of the pipe (D), m
These relationships are proposed in Fanaing equation for calculating
the friction losses, irrespective of the nature of flow (viscous or turbulent).

2
E_”__L_E . _(25)

Fanning equation: AP, =
| D

(viscous or hrbulent}
where /= friction factor . A= pressure drop, Pa
Equation (25) considers the friction losses when the fluid is passing

through a straight pipe. The value of f'depends on:

% Nature of low of the fluid (turbulent or viscous).

# Roughness of the inner surface of the pipe. The roughness factors

for some coaditions of pipes are given below.

Roughmess factor

Condition of pipe

Simooth brass, copper or lead pipe 0.6
New steel or cast-iron pipe 1.0
Old stecel pipe 1.6

Badly rusted cast-iron pipe 2.5

The numerical values reporied in the above tab_l% cive a rough estimate
of the magnitude of the effect, which contribuied to the friction factors.
Frictional toss can be reduced by the addition of soluble, high molecular
weizht polymers in low concenirations.
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In pra(:ticg, fluids are rarely handled in viscous flow. For viscous flow,
Hagen-Poiseuille equation could be employed for calculating the pressure
drop due to friction.

Hagen-Poiseuille equation: AP = —BL;m
(viscous flow) D=

..(26)

where ™ = viscosity of the liquid, Pa-s
A]} pressure drop, Pa

I

If the viscosity (1) is known, Hagen-Poiseuille’s equation permits the
calculation of pressure drop due to friction. However, equation (26) is
nermally used to calculate the viscosity, by experimentally estimating AP.
Friction losses are permnanent, since potential and kinetic energies are con-
verted into heat, -

! osses in Fitings
‘ Nc.)rm_ally, a l'flrge number of fittings are incladed in & pipeline (Figure 2-11).
[:or a liquid passing through a straight pipe, Fanning equation is applicable
for the losses._ When fittings are introduced into a straight pipe, they cause
d}sturbtmces in the flow, which results in additional loss of energy. It is
c_l:l"hcult to specify the loss due to each type, because of varying types of
Ntiings.
L.osses in fittings may be due to
4 change in direction, e.g. elbow fittings,
+ change in the types of fittings, e.g., coupling, union, valve or meter.

E.Ibow g0 fitting
Egquivalent length: 32

Tee fitting
Equivalent length: 90

-

_ Coupling fitting .
Equivalent length: negligible

Globe valve coupling
Equivalent lengtk: 300

Figure 2-11. Friction losses in fittings of a new screwed pipe.

,
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Losses in fittings, by convention, is expressed in terms of an equiva-
lent length of straight pipe, which is given as a certain number of pipe
diameters.

Equivalent lengths for a few screwed fittings are shown in Figure 2-11,
For example, a globe valve is fitted in a pipeline having an internal diame-
ter of 50 mm. Globe valve has an equivalent length of 300. Then,

equivalent length of this fitting = 300 x 50 = 15000 mm or 15.0 m.

That means the contribution of a globe valve is equivalent to 15 metres
of a straight pipe towards the losses. This length is added to the straight
section of the pipe and substituted in the Fanning equation (25) to obtain
energy losses due to fittings.

Entargement Losses
If the cross section of the pipe enlarges gradually, the fluid adapts it-
self to the changed section without any disturbance. Therefore, there is no

loss of energy at this point.
Eddies

Ll1 — Uy

G

(b} Sudden enlargement
Loss of energy

Uy — Ly

(a} Gradual enlargement
No loss of energy

If the cross section of the pipe changes suddenly, loss of energy is
observed due to eddies. These are greater at this point than straight pipe.
Due to these distarbances, the loss of head will be cbserved. In sudden
enlargement, the velocity of flow at larger cross-section is less than the
velocily at smaller cross-section, i.e. 1y < uy. For sudden enlargement, the
loss is represented by:

i — tn
Sudden enlargement losses: AH, = £_1_2u_‘) (27
g

where AH, = loss of head due to sudden enlargement, m

Contraction Losses

If the cross section of the pipe is reduced suddenly, the fluid flow is
disturbed. Normally, the diameter of the fluid stream would be Iess than
the initial value of the diameter. This psint of minimum cross section is
known as vena contracta. The velocity of fluid at smaller cross-section will
be far greater than that at larger cross-section, i.e. 1, > g4.. Then, u; may be

" considered negligible. The losses due to additional eﬁl-jymv are obscrved

Such contraction losses can be expressed as:
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Ku%

2g

where AH,, = loss in head due to sudden contraction, m
K = constant
u, = velocity, m/s

. Sudden contraction losses: AH = .(28)

Vena contracta .
Vena contracia

Uy ——— —- Uy

(a) Gradual contraction
No loss of energy

(b} Sudden contraction

Loss of energy

The constant K depends on the relative areas of two sections. For
example, when the ratio of the areas is 0.5, K is equal to 0.3. For a round
enfrance, K vaiue for turbulent flow is about 0.04. For laminar flow, the
loss is negligible,

MEASUREMENT OF RATE OF FLOW OF FLUIDS

W]len(:?\’el’ Huids are used in a process, it is necessary to measute the
rate at wl_nch the fluid is flowing through the pipe. This is required for
optimization of process parameters in a chemical industry. Mezasuremenis
ure required for the ealculation of aunditing, e.g. town planning of water
supply) and cost of usage (e.g. cost of water used in the houses). Methods
of measurement may be classified as:

1. Direct weighing or measuring

Hydrodynamic methods

{a) Orifice meter (b) Venturi meter
(c) Pitot tube (d) Rotametel
3. Direct displacement meter

I

Some of the above mentioned meters are discussed in the leImeg
sccHons.

Direct Weighing or Measuring Meters

Th_e liquid flowing through a pipe is collected for a particular period at
wny point and weighed or measured. Thus, rate of flow can be determined.
(l'f,lises cannot be weighed. On commercial scale, it is not convenient to
weigh the liquids. Therefore, these methods are impracticable.

Oa sf;ce Meter } .

_ Prmc:pie The onﬁce meter is a thin plate containing a narrow dlld
sharp aperture. When a fluid stream is ss fluid at the orifice meter increases
compared to the velocity of the fluid in the upstream. This results in cor-
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responding decrease in the pressure head. Bemnoulli’s theorem provides
the basis for correlating the increase in the velocity head with the decrease
in the pressure head between two points. The difference in the pressure
head (AH) may be read from a manometer. If the diameter of the orifice is
small compared to the diameter of the pipe, velocity of the fluid at the point
before entering the orifice may be considered negligible. In such cases the
manometer reading directly gives the velocity of the fluid.

The velocity of the fluid at the thin constriction may be written as:

0, = Jm (29

where u, = velocity of fluid at the point of orifice meter, /s
(', = aconstant

AH = difference in head from manometer, m

The AH can be measured using a manometer, which is connected to
the pipe section between the initial stage and the orifice section. It can be
substituted in equation (29) in order to get the velocity of the liquid flowing
through the orifice. When cross-section of the pipe is known, the volume
of the licuid flowing per hour can be determined.

Construction : The orifice meter is considered to be a thin plate con-
taining a sharp aperture through which a fluid flows. Normally, orifice
plate is placed between long straight pipes, so that other fittings do not
alter the flow rate that is being measured. Although it is possible to place
orifice meter in the side or bottom, for the present discussion, the plate is
introduced into the pipe (Figure 2-12). A manometer is connected at points
A and B as shown in Figure 2-12.

Working : Orifice meter is referred to as variable head meter, ie. it
measures the variation in the pressures across a fixed constriction placed in
the path of flow consisting of a constant area.

When fluid stream is allowed to pass through the cross-section of the
orifice, the velocity of fluid at point B increases at the expense of pressure
head. As a result, the pressure at point A is higher than at point B. Ber-
noulli’s equation provides the basis for correlating the increase in velocity
head with the decrease in pressure head. The difference in pressure (AH
metres) may be read from a manometer, connected to the points A and B as
shown in Figure 2-12.

Bernoulli's equation may be applied for two points (A and B) for the

given experimental conditions, as given below:

Ji2 —ud = C,JZgAH .(30)

where v, = velocity of fluid at the point of orifice meter, m/s

NWIFATE
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u, = velocity of fluid at the point A, i.e. before orifice meter, m/s
' = aconstant

a
AH = difference in head, m

Il

_- Orifice plate

Upstream | As =

| T N Downstream

Vena contracta

3R

) ~~Mancmeter
Figure 2-12. Construction and assembly of oifice meter.

If the diameter of the orifice is 1/5th of the pipe diameter or less, u,

is small compared to u,. Then, u, term may be neglected. Then equation
(30) becomes:

u, = Co2g AH (29

. AH can be measured using a manometer. It can be substituted in equa-
U‘?n (29) in ordey to get the velocity of liquid flowing through orifice pipe.
When cross-section of the pipe is known, the volume of liquid flowing per
hour can be directly determined. i

Mgthemaﬁcal treatment : Consider a fluid flowing through a pipe at
a certain _veiocity (o). If the edge of orifice is sharp, fluid does not lose
the ve]_ocny at once, while passing through the orifice. Two points A and
B on either side of the orifice meter are chosen and Bernoulli’s equation is
applied. The Bernoulli’s equation is:

P :;2 2
Ly x A _pagotB oy MB (23)
gP 4 2g g£Pr 2g

Ip equation (23), the following assumptions may be made based on the
working of orifice meter (Figure 2-12).
(1) Letthe sgctions of pipe be horizontal, so that the heights (metres)
of tl}e poinjs A and B are same (Figure 2-12). Then, two X terms
are identical-and get cancelled. '

I
(2) [_,eF the fr%ction losses wiil not be appreciable and considered neg-
ligible. Then, F term becomes zero.
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(3) The fluid flowing through the or.iﬁce is the same. Therefore, p; is
equal to pp, and can be termed simply p. o
(4) No work is being done on the liquid or by the liquid, since no
pump is used. Therefore, w term is equal to zero.
Substituting these terms in equation (23) gives an equation, which can
be rearranged as follows.

2 2
Pg  u
Py ¥4 _ Fs ¥

gp 22  gZp 2g

1 2 2 1
2g(B gp

2o

u:_é _ui = ;a END)
E=3
2g

u% _u% == AP .(32)

From the principles of statics, (AP/gp) = AH in metres. Introducing
this term in equation (32) gives:

u% wu‘% = 2g AP

Juk —uhy = J2g.AH _ (33)

Normally, the diameter of the fluid stream woui‘d .be less than the ‘dl-
ameter of the orifice (Figure 2-8). This point of minimum cross section
is known as the vena contracta. Though the pipe is full of liquid on both
sides of the orifice, still the vera contracta exists and is surrounded by
swirling liquid. Point B is chosen at the vena contracta.

In practice, the diameter of the strcam at the vena contracta is not
known, but that of the orifice diameter is known. A con;tant, C,, is, there-
fore, included in equation (33) in order to correct the differences between
velocities at orifice and at vena contracta. Therefore, equation (33) may be
modified in terms of the velocity through the orifice (u,).

Jui —u% = C,2g.AH : ~(30)

The constant C, also includes some losses due to friction. It depends

on the construction (ratio of the orifice diameter to the pipe diameter and

position of the orifice taps) and the nature of flow of liquid (Reynolds num-
ber).
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If the diameter of the orifice is 1/5th of the pipe diameter or less, u 4
is stnall compared to u,. Then, u, term may be neglected. Then equation
(30) becomes:

1, = Co28.0AH (29

where. u#, = velocity of fluid at the point of orifice meter, m/s

C, = a constant, a coefficient related to discharge

AH = difference in head, m

AH can be measured in metre using a manometer, It can be substituted

in equation (29) to get the velocity of liquid flowing through orifice pipe.

‘When cross section of the pipe is krniown, the V74 (volume of liquid flowing
per hour) can be directly determined.

After passage through the orifice, the liquid flow gets disturbed which
need to be quite (dissipated). It occurs when of most of the excess kinetic
energy is turned into heat. The permanent loss of heat is therefore high,
ultimately reaching a differential head produced within the meter,

Applications : Equation (30) is useful to determine:

(1) wvelocity at either of the points A or B. Ratio of u , and u; can be
related to ratio of the area of the orifice to the area of the pipe,
which is normally known,

il

(2) volume of the liquid flowing per hour when 4 and cross-section
of the pipe are known.

Venturi Meter

Principle : Venturi meter consists of two tapered sections in the pipe-
line with a gradual constriction (throat) at its centre. When fluid stream is
allowed to pass through the narrow throat, the velocity of the fluid increas-
es at the venturi compared to the velocity of the upstream. This results in
corresponding decrease in the pressure head. Bernoulli’s theorem provides
the basis for correlating the increase in the velocity head with the decrease

in the pressure head between two points. The difference in the presgure
head (AZl) may be read from a manometer. If the diameter of the venturi is
small compared to the diameter of the pipe, velocity of the fluid at the point
before entering the venturi may be considered negligible. In such cases,
the manometer reading directly gives the velocity of the fluid.

The velocity of the fluid at the narrow constriction (throat) may be

written as:
u, TﬁC‘,ﬂ‘ [2g AT - o (34

where u,, = velocity 4fthe throat of the venturi, m/s -
C,, = coefficient of the venturi meter

»
AH = difference in head from manometer, m
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AH can be measured using a manometer. It can be substituted in equa-
tion (34) in order to get the velocity of the liquid flowing through the ven-
tari. When the cross section of the pipe is known, the volume of liquid
flowing per hour can be determined.

Velocity head increased
Pressure head decreased

Inlet Short Cettion
section tapered
section Thriat_of
Wﬂ i
A —»e « «—8B Downstream

Long tapered
section

Manometer
Figure 2-13. Construction of a venturi meter.

Construction : A venturi meter consists of two tapered sections msert-
ed in a pipeline (Figure 2-13). Normally, venturi meter is placed between
long straight pipes, so that other fittings will not alter the flow rate that is
being measured. The upsiream cone is normally shorter than the down
stream. The tapers are smooth and gradual. Therefore, eddies in the down
stream are absent and no power loss is observed. In addition, the cross sec-
tion of the high velocity part of the stream is well defined. A manometer is
connected at points A and B as shown in Figure 2-13.

Working : Venturi meter is referred to as variable head meter, i.e.
it measures the variable differential pressure across a fixed constriction
placed in the path of flow. In a venturi meter, the velocity of the fluid 15
increased at the throat, due to the constriction. This results in decreased
pressure in the up-stream cone. The pressure drop in the upstream cone is
utilised to measure the rate of flow using a manometer. Venturi meter near-
ly confirms the theoretical equations obtained for an orifice meter. On sim-
ilar lines of equation (30), an equation for venturi meter may be written as:

m = Cyy(28-0H

where 1, = velocity at the throat of the venturi, m/s
= velocily at point A (venturi throat), m/s

Hy
C coefficient (= 0.98)

T

.(35)

i

o 4 ¢ s
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For a well-shaped constriction (circular cross-section), the constant
(C,)-vary between 0.95 and 0.99 for turbulent flow. The value is much
Jower in laminar flow, because the kinetic energy correction is large. If
the diameter of the smaller section is one-fifth of the pipe diameter or Iess,
11_3 is considered to bs_a small compared to uﬁ. Therefore, 1542 term may be
disregarded. A simplified form of equation (35) is:

u,= C,\2g.AH -..(34)

The difference in pressure (AH) can be read in metres directly from the
manometer. Thus velocity of the flow may be measured. The value given
by the venturi meter is average velocity of the flow. The divergent section
is designed to induce a gradual return to the original velocity. This mini-
mizes the eddy formation and permits the recovery of large propertion of
the increased kinetic energy into the pressure energy. This forms the basis
for a flow measuring device, venture meter. The velocity then decreases
and the original pressure is recovered in the down stream cone.

Applications : Venturi meter is commonly used for liquids, especially
water. It can also be used for the measurement of gases.

D.isadvantages : (1} Venturi meter is expensive. (2) Ventiri meter
occupies more space. (3) The ratio of throat diameter to pipe diameter
cannot be changed.

Differe_nces between orifice and venturi meters : The differences
between orifice and venturi meters are explained in Table 2-1.

. TABLE 2-1
Differences Between Orifice Meter and Venturi Meter

Orifice meter Venturi meter

(1) | Cheap Expensive

(2) | Basy to install Fabrication is highly technical

3) Construction can be made
at home

It should be purchased from the in-
strument dealer

(4} | Head losses are more Head losses are insignificant

i Power losses are more particular-
{5) | Iy on fluid that is carried for long
periods of time

Power losses are less, hence coeffi-
ctent of discharge is high

(6) Normally used for testing pur- Used in on-line installation

poses

Not ﬁexible_, permanent %4
3

(7Y | Greater flexibility
Reading of the orifice meter is
{8) [ larger under orifice meter is larg-

cr under identical conditions

) . . . [
The reading of venturi meter is com- !
paratively smaller under identical
conditions

A
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Pitot Tube

Principle : Pitot tube consists of a sensing element with a small con-
striction compared to the size of the flow channel. When the sensing ele-
ment is inserted at the centre of the stream, the velocity of flow is increased.
This results in decreased pressure head. Tube at right angles to the flow
measures pressure head only. The tube that pointed upstream measures
pressure head and velocity head. The difference in the above readings
indicates the velocity head.

According to Bernoulli’s equation, velocity head of the fluid may be
obtained using equation (36).

2

u
= ?é ...(36)
where u = velocity of the flow at the point of insertion, m/s
AH = difference in head from manometer, m

P
Therefore, the reading (R) of the manometer measures the velocity

head in metres.

Construction : The construction of a pitot tube is shown in Figure
5-14. Pitot tube is also known as insertion meter. The size of the sensing
element is small compared to the size of the flow channel. The point of
measurement may be at the centre of the channel. One tube is perpendic-
ular to the flow direction and the other tube is connected parallel to the
direction of flow. The two tubes are connected to the legs of a manometer
or a suitable device.

Working : Two tubes are inserted into the pipe in the manner shown in
Figure 2-14. Pitot tube is used to measure the velocity head of the flow. In
this tube, the velocity of fluid is increased at the narrow constriction. This
results in decreased pressure. Tube at right angles to the flow measures
pressure head only. The tube that points upstream measures pressurc head
and velocity head. The difference in the above readings indicaies velocity
head. Therefore, the reading (R} of the manometer ineasures the velocity

head.

As seen in the Bernoulli’s equation, velocity head of the fluid (AL )
may be obtained from an equation similar to equation (29), which can be

represented as:
5
= Zg.AHp

This is the theoretical velocity. Actual velocity is given by:

w = C‘,\/zg AH ),

where €, = coefficient of pitot tube

(37)

1
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—ry
—fa-
™ Downstream

Limb 'measures pressure
and velocity heads ———

. T Limb meastres

pressure head

T Manometer

Figure 2-14. Construction and assembly of pitot tube,

Normally, pitot tube measures the velocity at one particular point, i.e
at the point of insertion. The average velocity (across the cross sectio,n of
the pipe) may be obtained by either ways.

{a) Pitot tub.e may be inserted at the centre of the pipe and it measures

thF: maximum velocity. Average velocity may be calculated from
this maximum by means of calibrated charts.

(b) Ac’{justgble pitot tube may be used to take readings from different
points in the cross section. Mean velocity may be found by graph-
ic integration. It is a difficult process.

Advantages : Pitot tube measures the velocity at one point only.

Disadvantages:

{1) The pitot tubes themselves cause more disturbance. Eddies with-
in the pressure fube disturb the readings.
(2) They do not give average velocity directly.
(3) For gases, the reading is extremely small. For gases working on
low pressure, some form of multiplying gauges must be used.
Rotameter

‘ Rotameter is a variable area meter, i.e. it measures the area of flow,
S0 a8 to produce a constant head differential.  Therefote, rotameters are

known as area meters.

I.’rinci‘p]e : Rotameter consists of a vertical, tapered and transparent
iube in which a plummet is placed. During the fluid flow through the tube
the plumimet rises and falls because of variation in flow. As ; result thej
area of the annular space between the plummet and the tube varies. ’The
head loss across the annulus is equal to the weight of the plummet. The
upper edge of the plummet is used as an index to note the reading on the
lapered tube. This value indicates the flow of the fluid. o
~ Constraction : Rotameter consists of a vertical tapered tube, which
Is mounted with a narrow end down (Figure 2-15). The tube is usual-
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ly made of glass on which a linear scale is etched. A solid plumimet is
placed in the tube, The diameter of the plummet is smaller than the narrow
end of the tube. Rotameters are available

with electric and electronic transmitters for [—J * l-]

recording. Floats of different densities are | Tapered

available, so that a 200-fold range of flow tube

can be measured accurately. Floats may be

made of lead, aluminium, glass and plastic. Reading
Working : As the flow is upward through

a tapered tube, the flow of fluid varies. The ;llﬂar:n?ét

plummet, which is surrounded by the fluid,
rises and falls depending on the rate of flow.
The greater the flow rate, the higher the
plummet rises in the tube. In rotameters, the
pressure drop is constant or nearly constant. Figure 2-15. The Construction
During the fiuid flow, the area of the of a rotameter.

annular space between the plummet and the

tube varies. Therefore, the head loss across the annulus is equal to the
weight of the plummet. The flow may be read using the upper edge of the
plummet as an index. The area is properly calibrated to the flow rate. The
reading may be transmitied for recording, integrating and controiling.

Normally, manufacturers supply the necessary data and charts along
with the meter while purchasing the mmstruments.

Uses : Rotameters are extensively used in chemical industries, such
as bulk drugs. In the fermenters, the supply of air is controlled through
rotameters. Rotameters are satisfactory both for gases and for liquids at
high and low pressures.

Advantages:

(1) Operator has a direct visual index of flow reading. It is satisfacto-
ry for manual control of processes for experimental work.

(2) It does not require the condition that straight pipes should run
before and after the meter.

Direct Displacement Meter

Disptacement meter is used for measuring domestic water supplies.
This has the advantage that the total volume of liquid that has passed can
be read directly. ’

Principle : Displacement meters are qeéd for measuring the flow rate
of fluids in small lines. In these meters, asstream of water enters the meter
and strikes the moving member (disc as in disc meters or buckets as in
current meters). The rate of rotation of the moving member is proportional

s M:as'
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1o the velocity of water passing through the meter. The displacement of
moving member 18 transmitted through a train of gears to the counting dial,
which is present in the top of the member.

Ad;vantages : The displacement meters have an advantage over ventu-
vi or orifice meters in the sense that the reading represents the total volume
of fluid that has passed. This volume divided by a definite period gives the
fiow rate.

comment 2-6. Differentiate between constant press:t:jre and constant area |
meters. :

Comment 2-7. Why are rate meters frequently used in chemicat industries?
Ccomment 2-8. What is the difference between rate meter and quantity meter? :

Comment 2-9. What should be the ideal diameter of the orifice in the mea-
surement of fiuid Alow? i

i

1

Comment 2-10, In a rotameter, the term ‘float’ indicates the lower density of :
[he_l‘;?!‘pmmet over the flowing the fluid. True or False. Explain. !

Summary

Fiuid flow is concerned with the study of flow of liquids and gases (in-
compressible). The behavior of fluids influence the heat transfer; the size
of equipment needed for handling in the manufacturing and type of pipes
required for the transportation. The fluid mechanics deals with the behav-
jor of fluid at rest as well as in motion, i.e, fluid statics and fluid dynamics.

Filuid starics deals with fluids at rest in equilibrium. The fluid at rest
exerts pressure and it varies with layers at various heights. The pressure
is expressed with reference to the atmospheric pressure employing ma-
nometers. Since pressure is exerted in terms of height, it is ofien referred
1o as head, i.e. pressure head. Three different manometers namely simple,
differential and inclined manometer are employed, depending on the level
of pressure difference io be measured. If the pressure difference is high,
mercury manometers are used. Differential manometer are suitable for the
measurement so small pressure differences. Inclined manometers are used
to measure minute pressure differences. Special type of mercury gauges
can also be used. Mechanical pressure gauges are also available, with cir-
cular dial for indicating the pressure. These manometers are employed in
conjunction with flow meters to study the fluid dynamics.

Fluid dynamics deals with the study of fluids in motion. This study
provides information on flow behaviour on the application of stress. Flow
properties are used as an important quality control tools for maintaining
the superiority of the liquid dosage forms: The macroscopic properiies
are relevant in engineering. Reynolds experiment indicates that whether
a given fluid flow is laminar (R, < 2100) or turbulent (R, > 4000). Reyn-
olds number (R,) is a dimensionless number and has application in evalu-
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ation of physical stability of suspensions and emulsions and heat transfer
in liquids. When the fluid is under motion, it experiences several types of
forces, but the net effect is evaluated, which is codified into Bernoulli’s
theorem. During the flow, the fiuid at one point experiences: pressure en-
ergy, potential energy and kinetic energy. During the flow, at a different
point, the same types of energies are experienced by the fluid. In addition,
for the flow to occur, a pump is used, which adds (gives) certain amount
of energy. Further, during the flow, the liquid looses certain energy due to
frictional forces. As per the Bernoulli’s theorem, the total energy per unit
mass at any point remains constant, under steady state ideal flow. Thus,
by accounting all the forms of energies, energy balance is obtained. Ber-
noutli’s equation (energy balancing) permits the evaluation of the loss of
energies due to friction, fitting, contraction and enlargement. Bernoull’s
theorem is applied for the measurement of the rate of flow using orifice
meter, venture meter, etc.

The flow rate of fluid is an important process parameter. Flow rate
may be expressed as volume/time, L/i1. Flow rate can be obtained by col-
lecting and weighing the liquid collected during a certain period of time.
Flow rate can be obtained using Bernoulli’s theorem and the apparatus;
orifice meter, venture meter and pitot tube. Orifice meter is a plate con-
taining a narrow and sharp aperture. Venturi meter is a tapered section
in the pipeline with a gradual constriction (throat) at the centre. In these
apparates, the velocity of the fluid at the constriction increases compared
to the velocity of the fluid in the upstream. This results in corresponding
decrease in pressure head, which is measured using a manometer. The
manometer reading directly gives the velocity (volume/time) head. Pitot
tube is used to measure the velocity head. Rotameter is a vertical tapered
and transparent tube in which a plummet is placed. The upper edge of
plummet is used to identify the reading. These are used extensively in
chemical industries and in fermenters. Displacement meter are also used
for measuring the rate of flow in domestic water supplies, particularly in
small lines. Flow is identified from a counting dial as volume. The volume
divided by the time gives the flow rate. These measurements are required
for the calculation of auditing (town planning), cost of usage and adjusting
process parameter in a chemical reaction.

Glossary of Symbels
= Constant for the orifice meter.
= Constant for the pitot tube.
= Constant for the venturi me‘ﬁ!
= Diameter of the pipe, m. ;¢
= Viscosity of the liquid, Pa-s
= Friction factor.

L = UcQ<QOQ
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g = Acceleration due to gravity, m/s?,
h; = Height of the liquid column at a point, m.
AH = Loss of head, m.
AH, = Loss of head due to sudden enlargement, m.
AH, = Loss of head due to sudden contraction, 1m.
Difference in head from manometer in pitot tube, m.
= Height difference between two points, m,
= Length of pipe, m.
= mass, kg.
= Pressure, Pa.
= Pressure on the column of a liquid, Pa.
Pressure difference due to friction, Pa.
volume flowing in unit time, ¢, L.
Reynolds number.
Density of the liquid, kg/m3.
Surface area of the liquid colimmm, m?.
Velocity of the fluid in pipes, m/s.
Energy head added by the pipe, J.
work done, J.
Height of the liquid pipe from horizontal datum, m.

T O

, : >
kgéﬁh'ocﬁj@\%::u"us h?mm
i

QUESTION BANK
Each question carries one mark
Note : Encircle the alphabet which comresponds to the single best response.
1. Which one the following is known as fluid?
A. Always expands until it fills in the container
B. Cannot be subjected to shear forces-
C. Cannot remain at rest under action of any shear forces
12. Pragtically compressible

2. Which one of the following factors is res i ictl
. ponsible for fi [or,
of a rough pipe and turbulent flow? v inetional facter, 7

A. Relative roughness
B. Reynolds number
C. Reynolds number and relative roughness
D. Size of the pipe and the discharge
3. Which one of these instruments is suit i i
_ able for
difforenicos in a finid? 1 . meRsuring mninute pressure
B. Inclined manometer
D. U-tube differential manometer

A. Diaphragm pressure gauge
C. Simple manometer
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4.

10.

Which type of head is measured using pitot-tube?
A. Kinetic velocity head B. Pressure head
C. Static velocity head D. Total head
Which one of the following is NOT covered under the definition of fluids?
A. Gases B. Liguids -
C. Solids D. Vapours
Which one of the properties is responsible for the use of mercury in ma-
nometers?
A. High surface tension
C. Low specific gravity
How many liquids are used in differential manometer?
A. Four B. One
C. Three D. Two
Which one of the following experiments is used for the study of flow of
fluids?
A. Bemoulis B. Orifice meter
C. Reynolds D. Stokes
Reynotds number is indicative of one of the foliowing.
A. Fluid flow type B. Frictional factor
C. Pumping rate D. Roughness of the pipe
Reynolds number depends on one of the following factors.
A. Roughness of the pipe B. Surface area of the pipe
C. Viscosity of the liquid D.. Volume of the liquid
Pressure at a point in a static mass of liquid depends on one of the follow-
ing factors.
A. Depth below the free liquid surface
B. Shape and size of bounding container
C. Specific weight of liquid and depth below the free liquid surface
D. Specific weight of liquid, depth below the free liquid surface and
shape and size of the bounding container
The loss of head due to sudden enlargement in a pipe depends on onc of
the following differences.
A. Diameters B. Flow rates
C. Surface areas D. Viscosities
Reynolds number may be defined as the ratio of one of the following
factors.
A. Elastie forces to pressure forces
B. Gravity forces to inertial forces
C. Inertial forces to viscous forces
D. Viscous forces to inertial forces

B. High vapour pressure
D. Low vapour pressurc
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The velocity distribution of a fluid in a pipe i . _
following types of flow. pipe is parabolic for one of the

A. Non-uniform laminar flow
C. Uniform laminar flow

B. Non-uniform turbulent flow
D. Uniform turbulent flow

In a pipe, laminar flow has a center line i
, g velocity of 0.1 m/s. What is
average velocity? v s Whatis the

AL 5 cm/s B. 10 cm/s
C. 15 .cm/s D. 20 cmv/s
What is the unit for pressure energy in hydraulics?
A. Joules B Kgxm/s
C. Metre b. Pascal

Two pipe systems are said to be i i i i
i r equivalent in their lengths, in one o
following conditions. o of the

A. Both the systems are connected in series

B. Discharge and diameter are same.

C. Friction factor and discharge are same

D. Same head loss is produced by the same discharge

In which portion of a pipe, the flow of liquid"ishigh?

A. At the actual surface of pipe wall ;
B. Central portion

C. Near the pipe wall

D. Transition region

In the flow of fluids, the inertial forces depend on one of the folowing.
A. Mass

B. Mass and velocity

C. Mass, velocity and density

D). Mass, velocity, density and viscosity

Measurement of time of flow is inportant for the determination of flow of
fluids in one of the following.

A. Displacement meter B. Orifice meter

C. R_otameter D. Venturi meter

Which of the following gives direct reading of flow of fluids?
A. Orifice meter B. Pitot tube

C. Rotameter D Venturi meter

Whlc}_: one of the following does NOT require manometer in the con-
struction of flow meters,

A. Orifice meter
C. Rotameter

B. Pitot tube
D. Venturi meter

Which ca'ne of these is having a single taper i
_ pered section for the measur
of ﬂq&né"of flnids? ement

A. Orifice meter
C. Rotameter

B. Pitot tube
D. Venturi meter
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Which one of the following uses a thin plate for the measurement of flow
of fluids?
A. Orifice meter
C. Rotameter
Displacement meter is used to measure one of the following.
A. Head loss of lquid B. Velocity of liquid
C. Volume of liquid D. Weight of liquid
The fluid flow in which the fluid particles in one layer DO NOT mix with
the fluid particles in the other layer is called as:
A. laminar flow B. layer flow
C. mixed tyﬁe D. turbulent fow
The fluid particles flowing in a fluid follow one of the following.
A. Constant velocity B. Variable velocities
C. Velocity as high as possible D. Zero velocity
Which of the following can be considered as an ideal fluid?
A. Compressible fluid B. Non-viscous fluid
C. Plastic fluid D. Viscous fiuid
Fluid is a substance which does NOT offer resistance to change one of the
following. Identify.
A. Flow B. Pressure
C. Shape D. Volume
‘Which one of the following instruments is used for measuring the speed
of a submarine moving in a deep sea? .
A. Orifice meter B. Pitot tube
C. Rotameter D. Venturi meter
Alcohol is used in manometers because of one of the following proper-
ties?
A. Clear visibility
C. Low surface tension

B. Pitot tube
D. Venturi meter

B. Low density
D. Low vapour pressurc

Each question carries 2 marks

1.
2.
3.

Corem. G

Draw a labeled diagram of pitot tube and explain the working of the same.
What is the use of a pitot tube? Write its advantages and disadvantages.

Write the Fannings equation and explain the terms. What is its impor-

tance?
Express the Hagen-Poiseuille’s relationship. What is its importance?
Explain the term ‘head’. List the different heads in the Bemnoulli’s theo-

What is meant by ‘equivalent pipe length? What are its applications?
‘What is Reynolds number? Describe its importance.

10.
1.

12,
13.
14.

15.
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List the advantages and disadvantages of rotameter.

HQW are losses of energy due to enlargement in cross section measured?
Give relevant equation and explain the terms.

Give Reynolds number and explain the symbols used therein.

What is a ‘differential head meter’? Name some devices undar this cate-
gory.

What is a pressure head? How is it calculated?

‘What are vertical head meters? Describe one such meter.

Define mechanical pressures. Give the functioning of
with a labeled diagram, & ofany one such gauge

Explain the functioning of C-shaped Bourdon gauge with a Iabeled dia-
gram.

Each question carries 5 marks

Describe the types of flow patterns exhibited by liquids in motion.

Diifferen.tiate fluid statics and fluid dynamics. Name the fluid flow meter.
which gives point velocity. ’

Write Bernoulli’s equation and explain the symbols used therein with a
labeled diagram. ' '

Describe Reynolds classic experiment elucidating di -
s cl g different types of fl
patterns, when a liquid flows through a closed channel. o ™

Explain the characteristics of different types of flow., Add a note on Reyn-
olds number,

Compare and contrast the advantages and disadvantages of pitot tube and
rotamelter. ’

‘What are the merits and demerits of venturi meter over orifice meter?

What.is the condition of hydrostatic equilibrium? Obtain the barometric
equation.

Each question carries 10 marks

Deduce relevant equations for calculation of flow rates using orifice meter.
Derive Bernoulli’s equation stating the assumptions.

Qi\{e a neat sketch of two fluid manometers and explain its working prin-
ciple.

Explain the_ working, principle and construction of venturi meter. Write
the expression for the volumetric flow rate of fluid through it.

Explain the energy losses that occur when a fluid flows through a pipe
with relevant equations,
A
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Measurement
Fiuid of pressure
Statics in layer

@

B ﬂ Measurement
ics e
Dy?ém], ; of fiuid flow

ey
perIa T
L0

Reynolds experiment,

(laminar flow or turbulent)

Liquid manometer

Simple type ®

q_«;) Differential type

m

Mercury gauges
Macleod gauges,

Pirani gauges

Meclglanical gauges
Bourdon,

Diaphragm gauges,"@)
Beliow gauges.

Varjable head meter
Orifice meter._ql,_

=} Venturi meter

\felocity head meter
Pitot tube E‘

Velocity area meter

{Energy balance)

Bernoulli theorem, Energy Energy

Rota meter C>

GConcept of head

Energy.losses in measurement
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Mechanisms of Size Reduction
Modes of Stress Applied in Size Reduction
Classification of Size Reduction Equipment
Size Reduction Equipment
Setection of a Mill
Theories of Comminution
Energy of Comminution

00 syt A -

LEARNING OBJECTIVES
i'After reading this chapter, the reader should be able to:

€ Understand the principles of the size reduction, mechanisms invalved,
modes applied and applications.

Explain the designs of industrial scale mills in terms of principles, working
and uses.

Select the size reduction eguipment more scientifically based on the prop-
erties of materials, design of mills.

Evaluate the efficiency of mills using relevant theories {Ritlinger's, Bond’s
and Kick’s) and equations.

-

&

®

@
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Size reduction is a process of reducing large solid unit masses (vegetable

or chemical substances) into small unit masses, i.e. coarse particles or fine
particles.

Normally, pharmaceutical powders are polydisperse, i.e. consisting
particles of different sizes. Polydisperse powders create considerable dif-
ficulties in the production of dosage forms. Particles of monosize (equal
size) may be ideal for pharmaceutical purposes. In practice, powders with
narrow range of size distribution can obviate the problems in processing
them further. Size reduction alone is not sufficient to obtain mono-size or
narrow size range powder. Therefore, size reduction and size separation
are combined to obtain powders of desired Size. (The fundamentat aspects
on powders, their characteristics and methods of evaluation are given in the
bock, “Textbook of Physical Pharmaceutics-IP” by C.V.S. Subrahmanyam,
Vatlabh Prakashan, Delhi).
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Size reduction process is also termed as comminution or diminution or
pulverisation. Normally, size reduction may be achieved by two methods,
namely precipitation or mechanical process.

In the precipitation method, the substance is dissolved in an appropri-
ate solvent. Subsequently, it is finely precipitated by the addition of anoth-
er solvent, which is miscible with the first, but in the later the substance is
insoluble. This method is suitable for the production of raw materials and
bulk drugs. Inorganic chemicals, such as calcium carbonate, magnesium
carbonate and yellow mercuric oxide, are prepared by precipitation meth-
od. Other methods are crystallization and drying a fine spray of solution.

In the mechanical process, the substance is subjected to mechanical
forces using grinding equipment (e.g. ball mill, roller mill, hammer mill,
etc.). In general, dry grinding or milling is used in the production of tablets
and capsules, while wet grinding is used in the preparation of suspensions,
emulsions and ointments. The method of milling is applied either in the
production of raw materials or as a part of the production cycle in the man-
ufacture of dosage forms.

Size reduction of substances offers several advantages. These are as
follows:

Content uniformity : Mixing of different ingredients can be effec-
tive, if the particle size is uniform and small. Size reduction ensures this
objective. As the size of particles is small, the number of particles per unit
weight (dose) is large. The larger the number of particles, the better is the
mixing. Thus, better content uniformity can be obtained for a given dose.
This is particularly important in formulations containing potent and low
dose drugs.

Uniform flow : Smaller particle size and controlled size distribution
promote the flow of the powder into dies during compression of tablets.
The same principles are used in the production of capsules.

Effective extraction of drugs : Smaller particles allow rapid peneira-
tion of menstruum or solvent into the tissue or cells of vegetable and ani-
mal origin (liver and pancreas). As a result, extraction or leaching of active
constituents becomes effective and complete in preparation of galenicals.
The time required for extraction can be shortened. For example, pancreas
is subjected to grinding action for the extraction of insulin.

Normally, fine powders are preferred for compound powders, while
moderately coarse powders are used for the preparation of tinctures.
Coarse powders without fines are employed it percolation process.

Effective drying : Drying of a granular mass can be rapid and effec-
tive, if the size of granules is small and uniform. Such techniques are used

) )
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in the production of tablets. Similarly drying of medicinal plant parts can
he quick and fast after size reduction.

Improved physical stability : In case of suspensions and emulsions,

‘the rate of sedimentation decreases to a large extent if particle size is small.

Improved dissolution rate : Size reduction increases surface area,
which facilitates intimate contact of solid particles and gastric or intestinal
juices. Thus, the rate of dissolution enhances. For example, size reduction
of griseofulvin led to the development of oral tablet with a dose half that
of the originally marketed product. In case of insufflations {preparations
inhaled directly into the lungs), the drug should be usually smaller than 5 um.
Micronized powder of aspirin is used in the preparation of tablets, microf-
ined aspre (analgesic and anti-inflammatory agent).

Improved rate of absorption : The smaller the particle size, the fast-
er is the absorption, because of enhanced dissolution. Chloramphenicol
has been shown to absorb faster when given with particle size of 50 um
compared to particle size of 400 pm. Keeping in view of the advantages,
pharmacopoeia specifies particle size as a quality control tool. For exam-
ple, griseofulvin (antifungal antibiotic) should have surface ayea of not less
than 1300 to 1700 m?/kg (as per IP). Ifit is less, the absorption of the drug
decreases. Sulphonamides attain their antibacterial activity at powder sizes
of about 1 pm or below. Increased antiseptic action has been demonstrated
when the particle size of calomel has been reduced.

The disadvantages of size reduction process are as follows:

(1) Drug degradation : Drug decomposition is possible due to the
heat produced during milling. Thermo-labile substances are the
most affected. The increased surface area also facilitates drug
decomposition owing to enhanced dissolution.

Cooling_ support systems are provided to decrease the heat in mill-
ing equipment. Drugs containing waxy materials become soft due

to heat generated during milling. Therefore the feed is chilled
before milling.

(2) Poor mixing ' Normally, very small particles possess strong co-

hesive forces, hence, aggregation of particles is possible. Aggre-
gation inhibits the effective blending of different additives. An
increase in surface area may promote the adsorption of air, which
may inhibit wettability of the drug during production. Therefore,
optimum particle size is desirable to improve blendingf and to
avoid poor mixing. o A

(3) Contamination : During milling and grinding, the grinding sur-

faces wear off (e.g. ceramic or iron equipment), the particles of
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which are present as impurities in the powder. Such type of mills
should be avoided, when drugs of high purity are required.

The importance of size reduction is so profound that it is psed in the
production of all dosage forms such as tablets, capsules, suspensions, emul-
sions, injections and galenicals. The principles of size reduction, construc-
tion and working of equipment are discussed in this chapter. The equip-
ment, which are used in pharmaceutical industry, are given importance.

CommentBl Why does size reductian of a powder give polydisperse parti-
' cles, not monodisperse?
Comment 3-2. Size reduction of a material e,,'?h,?,_‘:'_‘ff‘-'__s__Ft‘ﬁ?,‘,‘fﬁ?ﬂ?f?f%’ﬂﬁ;_ E)fp‘lﬁl‘ln.r

MECHANISMS OF SIZE REDUCTION .
The mechanism of size reduction may vary with the nature of materi-
al. Therefore, each drug may require a separate treatment. However, the
general mechanisms may be described in Figure 3-1.
Smalier particle and

Flaws in Crack additional surface
particie
Further
Impact impact
—_—
Uamitled Flaws develop Cleavage of particle
particle to cracks to smaller size

Smaller particles

Attrition 8 8
—

Unmilled Fdges break
particle

Figure 3-1. Mechanisims of size reduction.

The theoretical strength of a crystalline material can be calcufated
from interotomic attraciive and repulsive forces. The si‘rcpgth of nmteria—.\l
in veatity i found to be many times lggser than the theoretical vatue, This
discrepancy is explained in terms (}F‘ﬁav\!s of \fal'iD}lS kinds. Tbe stren.gtl_l of
material, therefore. depends on the' distribution of flaws and is a statistical
quantity varying within fairly wide limits.
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Particles, be it amorphous or crystalline, will have flaws to a defi-
nite degree. These constitute weak parts in the particles. When sufficient
siresses such as impact, shear and compression are applied, the weak flaws
develop into cracks, which eventually lead to cleavage (Figure 3-1a). Thus,
smaller particles are obtained with additional surface area.

When stress in the form of attrition is applied, the particle surfaces
chip and produce small particles (Figure 3-1b).

Generally drugs are easy to grind. The operation is classified as fine
grinding (#200) and superfine grinding (particles of few micrometre).
Most of the pharmaceutical operations fall into these classes, although
coarser grinding is applied to vegetable diugs before extraction.

Comment 3-3. Size reduction is not possible, if particles do not contain flaws/ |
cracks. True or false. Justify. ;

MODES OF STRESS APPLIED IN SIZE REDUCTION

Stresses of varied nature are applied to achieve size reduction. The
common modes of size reduction are explained as follows.

1. Cutting : The material is cut by means of a sharp blade(s). Tt is
useful for comminution of fibrous or waxy solids. E.g. cutter mill

2. Compression : In this mode, the material is crushed between rcil-
ers by the application of pressure. In compression, the applied
stress do not cause failure directly on the particle, but generate
distortion (form a crack tip) in a region away from the point of
primary stress application. E.g. roller mill. )

3. Impact : This involves the operation of hammers or bars at high
speeds. When a lump of material strikes the rotating hammers,
the material splits apart. This action continues until particles of
required size are obtained. E.g. hammer null.

Impact also occurs when moving particles strike against a stationary
surface. In the same way, particles moving at high speeds collide
each other and produce smaller particles. E.g. fluid energy mill.

4. Attrition : This process involves breaking down of the material
by rubbing action between two surfaces, i.e. surface phenomenon. 1t
is generally necessary for fine grinding. E.g. fluid energy miil,

Although the predominant moede with one example of equipment is
discussed above, normally more than one of these modes exhibit (o some
extent. The amount of deformation (or miliing) 1s a function of stress, i.e.
(he rate at which the stress is applied as well as the time of application of
stregs.  Thus fracture is a time dependent process. Stress application is
complicated by two processes: free crushing and packed crushing.
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@ Free crushing : Stress is applied on an unconstrained particle and
released when the failure occur.

# Packed crushing : Stress continues on the bed of particles that
is already crushed. In other words, a part of solids do not get
crushed if they are not crushed earlier. For this reason, the powder
is sieved and the coarse particles are returned to the milling again.
Then, size reduction occurs with less effort.

Different types of size reduction equipment are available, since materi-
als have their own distinctive properties. For example, a powder produced
by ball mill differs from that produced by hammer mill, even though both
powders may be screened to the same fineness. The differences may be
in terms of shape, roughness and their internal pore-structure of a particle.

27 CLASSIFICATION OF SIZE REDUCTION EQUIPMENT

A. Crushers, e.g. edge runner mill, end runner mill.
B. Grinders : (1) Impact mills, e.g. hammer mill.
(2) Rolling-compression mills, e.g. roller mill.
(3) Attrition mills, e.g. fluid energy mill.
(4) Tumbling mills, e.g. ball mill.
C. Ultrafine grinders, e.g. fluid energy mill.
D, Cutting machines, e.g. cutter mill.
Some of them are discussed individually in the following sections.

SIZE REDUCTION — EQUIPMENT Hi

The equipment described in this chapter are also used in small-scale
plants. The basic principles and working remain the same even in large-
scale operations, Other variants are also included, in brief.

General Parts of Size Reduction Equipment

The milling or grinding equipment consists of three basic components.
These are shown in Figure 3-2.

(1) A structure for feeding the material to the mill. It is called hopper.

(2) The milling chamber is the one in which actual size reduction
takes place. It consists of a rotor and a stator.

(3) Receiver (discharge chute) in which the milled product is collected.

Other Accessories .

(1) Sieves or screens are enclosegf in the milling chamber to separate
the particles by their sizes. f'%v

(2) Cyclone separator or centrifugation equipment is fitted to the
mills for separation of particles by their sizes.

Ch-3 SIZE REDUCTION 71
(3) Dust collectors are employed in Feed stock
order to collect the fine powder Feed
. . . ee
gnd dust that arise during mill- hopper
ing process.
Special Feafures Milling
(1) Cooling devices are fitted to the chamber
chamber to reduce the heat pro-
duced during milling. Receiver or

(2) A closed environment is desir- - || collector

able for milling hygroscopic
substances. For this purpose,
dehumidified air is necessary.

(3) Closed system with inert at-
mosphere (nitrogen or carbon
dioxide) is desirable for milling of drugs, which are oxidisable or
combustible. Similarly, material to be used in the production of
parenterals should be milled under sterile environment.

Though general parts of the equipment are identical, several modifica-

tions have been incorporated in order to make the process easy to handle
and to provide desired discharge.

Milled
material

Figure 3-2. General parts
of size reduction equipment.
Three basic components.

Critical Quality Attributes — Milling with Size Separation

The critical quality attributes (CQAs) along with process parameters
(PPs) are recorded in Figure 3-3. The milling (size reduction) is.consid-
ered in the context of production of tablets, wet milling or dry milling.
The upstream operation must be drying of granules and the downstream
is size separation or blending. Normally, milling and size separation are
conducted simultaneously. For a given set of conditions, the attributes re-
lated to content uniformity are critical: average size, size distribution, flow
properties and densitics,

The process parameters optimized as; feed rate, mill speed and time of
milling. These are controlled during the milling and are prefixed as stan-
dards with limits for a given set of conditions. Production control charts
are used for monitoring the standards. The above points mentioned are the
general characteristics, but a few may change depending on the mill type.

Mortar and Pestle

This is the classical and the simplest equipment for grinding. In this
method, the material is crushed by the application of attrition and pressure.
The apothecaries used an array of metal, wooden and ceramic mortars and
pestles for the production of pills. In this equipment, both mortar and pes-
tle are rotating, whereas a scraper is static. Heavy pestles provide the force
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Process parameters

@ Miil type/mechanism,

@ Blade configuration/
type/orientation,

@ Oscillation degree/
speed (rpm),

% Screen type,

& Screen size,

% Number of recycles,

@ Feed rate,

% Energy requirement,

& Environment (temp

K and RH). -/

Milling with size
separation

Material attributes

& Particle size of the feed,
v 2 Size distribution,

& Packed/loose densities,
& Particle shape,

@ Flow properties,

& Fines/oversize,

v & Electrostatic properties.

Milling with size
separation

ﬁitical quality attributes of outph

& Granule uniformity,

& Granule size of the product,
% Granule size distribution,

@ Particle shape,

& Granule flowability,

@ Granule bulk density,

# Fines/oversize;

@ Assay of granule sieve out,
@ Polymorphic form,

@ Impurity.

_/

Figure 3-3. Process parameters and critical quality atiributes for
milling in the production of tablets— Milling with size separation.

of compression, which is an efficient process for wet grinding. This equip-
ment cannot be provided with a sieve for continuous removal of fines.

Rotary Cutter Mill

Prineiple : In the cutter mill, size reduction involves successive cutting or . .

shearing the feed material with the help of sharp knives.

Construction : The construction of a cutter mill is shown in Figure 3-4.
The milting chamber consists of (wo types of Kiives, namely rotaling
knives and stationary knives. A horizontally mounted rotor disc consists
of 2 to 12 knives spaced uniformly. The casing also has several stationary
knives. The hopper is placed above it. The bottom of casing holds a screen
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that controls the size of the material. Discharge chute is attached at the
bottom of the mill.
; Feed

A Hopper

Rotating
knives

«—— Receiver

Figure 3-4. Cutter mill.

Working : The rotor disc is allowed to rotate at speeds from 200 to 900
rotations per minute. The feed material is loaded into the hopper, which
flows down by the force of gravity. During the rotation of disc, the material
comes very close between the stationary and rotating knives, thereby the
material is cut into small pieces. Smaller particles pass through the screen.
The knives 1ift the coarser particles up while rotating and promote further
size reduction. The product is collected into a receiver.

The particle size and shape are determined by the rotor size, gap be-
tween the rotating and stationary knives and opening of the sieve.

Uses : Cutter mills are used for the size reduction (finer than 80 to 100
mesh) of tough and fibrous materials, Medicinal plant parts and animal tis-
sues are normally converted into small parts. Soft materials such as roots,
peels and wood are cut before extraction. It is also used in the manufacture
of rubber, plasties, recycling of paper waste and plastic materials,

ariants : Double-runner disc mill—It consists of two-vertical discs,
caglt rotating in opposite directions. Single runner disc mill—only one
di‘%’st’}f may rotate and the other is stationary. The disc may be provided with
cutting faces, teeth or knives. Clearance between the discs may be adjusted
to obtain the desirable particle size.
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Roller Mill

Principle : The material is crushed (compressed) by the application of
stress, though attrition also influences. Stress is applied by rotating heavy

r—-——Feed

wheels, mullers or rollers.

Construction : The construc-
tion of a roller mill is shown in Fig-
ure 3-5. Roller mill consists of two
cylindrical rollers made of stone or
metal, which are mounted horizon- —
tally. Rollers can have a diameter
ranging from a few millimetres up
to a metre. Rollers are capable of
rotating on their longitudinal axes.
Generally, one of the rollers is driv-
en directly using a motor, while the
second one rans freely, The gap be- A
tween the rollers can be controlied kN
to obtain the desired particle size. '

Working : The rollers are al-
jowed to rotate. The material is fed from the hopper into the gap between
the two rollers. The material is crushed while passing through the rollers
under high pressure. The clearance (gap) between the rollers can be ad-
justed to control the degree of size reduction. The product is collected into
a receiver. )

Uses : Roller mill is used for crushing and cracking of seeds before
extraction of fixed oils. It is also used to crush soft tissue to help in the
penetration of solvent during extraction process.

Variants : Multiple smooth rollers or corrugated, ribbed, or saw-
toothed rollers can provide cutting action also.

Receiver

Figure 3-5. Roller mill.

Hammer Mill

Principle : The hammer mill operates on the principle of impact be-
tween rapidly moving hammers mounted on a rotor and the powder mate-
rial.

Construction : The construction of a hammer mill is shown in Figure
3-6. The hammer mill can be either the horizontal or the vertical shaft type.
Hammers are usually made of hardened steel, stainless steel with impact
surface made of an extremely abrasive resistant material such as haystellite

~and carbaloy. Stainless steel hammers are sufficient for pharmaceutical

purposes. : ' '

Hammers may take several shapes. ‘Two basic shapes are the stirrup
and the bar. Bar-shaped hammers are used extensively in tablet granula-
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o
Milling chamber % OO —— Hopper

Figure 3-6. Hammer mill,

tion. The hammer blades can be with flat edges or sharp edges or both on
each side. Hammers may be either rigid or swing-type. Free swinging type
has an advantage that there will be increasing clearance between Eammers
and screen, if excessive build occurs in the mill. ’

This unit is enclosed with a chamber containing a grid or removable
screen through which the material must pass. These screens are not of
woven type. Screens are prepared using metal sheet of varying thickness
with perforated holes or slots,

Working : The hammers are allowed to be in continuous motion (8000
to 15000 rotations per minute). The feed material is placed into the hop-
per, wh.ich flows vertically down and then horizontally, while hammers are
in continuous motion. These rotating hammers beat the material to yield
smaller particles. Then, these particles pass through the screen. Due to
the tangential exit, the size of the particles is considerably smaller (Figure
3-7b) than the aperture of the screen (Figure 3-7a).

/ Al
VN - s 77
¥ /o Vs
L 1’ - ,/ //
) %ﬁ ,& /// 4
High speed = ’
Q’,D Low speed e
7 7%
. e )
Thin screen, 8" Thick screen

Mesh size of ’
. c,' H the sieve ' . /Q’

é’(zfa) Influence‘ of the speed {b) Influence of the thickness of
on particle size the screen on particle size

Figure 3-7. Size reduction modes in the hammer mill,
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The screens are interchangeable, so that any grade of fineness can be
achieved. The hammers act as a centrifugal fan, so that large amount of air
is drawn through the mill. In most cases, this is sufficient to counteract the
heat generated during milling. The fineness of the product can be regulated

by altering:
& rotor speed,
% feed rate,
% clearance between hammers and grinding plates,
% number and type of hammers,
% size of the discharge opening (screen).

Uses : Fine 1o moderate grinding of powders may be obtained, depend-
ing on the speed of the hammer. The expected particle size may vary from
10 to 400 um. Non abrasive to moderately abrasive, brittle materials can
be used as feed stock. It is used to mill dry materials, wet filter press cakes,
ointments, slurries, etc. Brittle material is best fractured by impact from
blunt hammers; fibrous material is best reduced in size by cutting edges.

Advantages : (1) Hammer mill is sagy to setup (install}, dismantle and
clean up.

(2) Scale-up problems are minimum provided same type of mill is

used.

(3) Various types of feed stock can be handled using screen of differ-

ent sizes.

(4) Hammer mill occupies small space.

(5) Itis versatile, i.e. speed and screen can be changed rapidly.

(6) As itis operated in a closed environment, dust can be reduced and

explosion hazards can be prevented.

Disadvantages : (1) The screens may get clogged.

(2y Heat buildup during milling is more, therefore, product degrada-
tion is possible.

(3) Wearing of mill and screen is more with abrasive materials.

(4) Hammer mills cannot be employed to mill sticky, fibrous and hard
malterials.

Variants ; The examples of hammer mills used in pharmaceutical in-
(USiy are:

(a) Fitzpatrick comminuting machine (Fitz mill}

(b) Stokes tornado mill

Fitz mill is used for drugs, roots, herbs, glands, livers and soaps.
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Micropulveriser : Micropulveriser has been used for sugar, chemicals,
phamlaceuticals and cosmetics. The construction is almost same as shown
in Figure 3-6. The liner of the mill housing is made of multiple serrations,
which promote the breakage of particles thrown against the wall by the
rotating hammers. An air injection feeder can be used to project the feed
directly in front of the hammer tips, which are fitted with tungsten carbide
inserts. This arrangement Increases mill efficiency.

Hammer crusher and vertical inpact pulveriser work on the principle
of impact for size reduction.

Ball Mill or Pebble Mill or Tumbling Mills

Principle : The ball mill works on the principle of impact between the
rapidly moving balls and the powder material, both enclosed in a hollow
cylinder. Atlow speeds, the balls roll over each other and attrition (rubbing
action) will be the predominant mode of action. Thus, in a ball mill, impact
or attrition or both are responsible for the size reduction.

Construction : The construction of a ball mill is shown in Figure 3-8.
Ball miil consists of a hollow cylinder, which is mounted on a metallic
frame in such a way that it can be rotated on its Jongitudinal axis. The
length of the cylinder is slightly greater than its diameter. Thecylinder
is made of a metal and is uswvally lined with chrome. In pharmaceutical
industry, sometimes the cylinder is lined with rubber or porcelain.

: Metal cylinder
/ Y

Steel balls

— Feed material
Figure 3-8. Ball mill.

The cylinder contains balls that occupy 30 to 50 % of the mill volume.
The weight of the balls is kept constant. The ball size depends on the size
of the feed and the diameter of the mill. Balls are made of steel, iron or
stoneware. These act as the grinding medium.

Working : The drug to be ground is put into the cylinder of the mill in
such a quantity that it is filled to about 60 % of the volume (material to void
ratio). A fixed number of balls are introduced and the c¥l,jhder 1s closed.
The mill is allowed to rotate on its longitudinal axis.

The speed of rotation is very important. At low speeds, the balls roll
over each other and attrition will be a predominant mode of stress (Figure
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3-9A). The use of small balls (or glass pebbles) is recommended so that
the surface is the greatest. This mode of attrition is used for wet grinding,.
Tt may be useful to add surface active agents to prevent agglomeration.

At correct speed (critical speed), the centrifugal force just occurs, as
a result the balls are picked up by the mill wall and carried nearly to the
top, where they break contact with the wall and fall to the bottom. (Figure
3-9C). In this manner, impact stress is also induced and the size reduction
is made effective.

At still higher speeds, the balls are thrown out to the wall by centrif-
ugal force. Hence, grinding will not occur. The compression by the balls
‘against the wall is not sufficient for effective comminution of the substance

(Figure 3-9B).
ol o

Correct speed

High speed

l.ow speed
Figure 3-8. Modes of rolling of balls in the ball mill operations.

Uses : Fine grinding with a particle size of 100 to 5 um or less can be
obtained, particularly for bard and abrasive materials. Stainless steel balls
are preferred in the production of ophthalmic and parenteral products, as
there is a less chance of contamination due to wear. Ball mill at low speeds

is used for milling dyes, pigments and insecticides.
Advantages : Ball mill offers several advantages and is widely used.
These are:
(1) It can produce very fine powder.
(2) 1tis used for batch operation. It can be made continuous opera-
tion by including a chamber next to the cylinder. These are sepa-
© rated using sieves.
(3) Ball mill is suitable for both wet and dry grinding processes.
(4) Toxic substances can be ground, as the cylinder is a closed sys-
tem.
(5) Since the mill is a closed system, sterility can be achieved.
(6) Milling operation can be accomplished in an inert atmosphere, if
oxygen sensitive substances are to be milled.
(7) ‘Balls can be of various shapes and sizes. Rods or bars may be
used instead of balls. Rod mill is particularly useful for milling of
sticky materials.

EEL%‘\':‘\Q? TR
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Round ball  Banded batl Cube Cylinder {rods)
Commontly used balls

(8) In ball mill, installation, operation and labour costs are low.

Disadvantages : Some of the disadvantages are:
(1) The ball mill is a very noisy machine.

(2) Wear occurs from the balls as well as from the casing, which may
result in contamination of the product.

(3) Balllmil.ling_ is a slow process. The rate at which energy can be
applied is limited, because it depends on the acceleration of the
balls, which 1s influenced by the gravitational force.

(4) Soft, tacky, fibrous material cannot be milled by ball mill.

Vartants : (a) Hardinge mill : Usually, Hardinge mill consists of hol-
low cylinder with a conical central section. Different sized balls are used.
The small balls are placed near the discharge end, where they, can perform
the finest grinding. The largest balls remain in the cylindrical feed-end
with gradual decrease in size of balls. As the charge rotates, differential
centrifugal force causes the finer particles to move towards the discharge
end. In this equipment, removal of discharge can be done from the side
covers. So the mill operates simultanecusly for size reduction as well as
classification,

{(b) Continuous ball mills : In the simple type of ball mill, it is not
possible to remove fines without emptying the mill. Sieving of
powder should be done separately. In continuously operating ball
mills, series of chambers are geparated by sieves of successively
finer mesh size. The equipment is positioned under a small slope
so that the powder can pass to the next chamber.

{c) Yibrating ball milis : In vibrating ball mills, the metallic cylinder
is supported on a spring base and subjected to forced vibrations
induced by electromagnetic means.

These have several advantages:

(1) Mill is free from rotating parts,

(2) It is easy to integrate the mills by classifiers and other ancillary
system, . .

" . R ’ . N * ) i M N P

(3) Vibrating mill grinds at rates often as high as 3@'to 30 times that
of the conventional mills, :

{(4) Grinding efficiency is also high.
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Fluid Energy Mill or Jet Mill or Micronizers or Ulirafine Grinders

Prineiple : Fluid energy mill operates on the principle of impact and
attrition. In this equipment, the feedstock is suspended within a high ve-
locity air stream. Milling takes place, because of high velocity collisions
between the suspended particles.

Construction : The construction of a fluid energy mill is shown in
Figure 3-10. Fluid energy mill consists of an elliptical pipe, which has a
height of about 2 metres and diameter ranging from 20 to 200 mm. The
mill surface may be made of either soft stainless steel or tough ceramics.
Usually, mills are constructed such that the contact surfaces arc merefy
linings, which can be removed or replaced, if excessively eroded after use.

Classifier

(Cyclone separatar
ar bag filter}

Gutiet (fluid and
fine particles)

Feed {solid) inlet

Elliptical
lcop pipe
Venturi feeder

Fluid nozzles

Comypressed air

Figure 3-10. Fluid energy mill.

Grinding nozzles (usually two to six) may be placed tangential and/or
opposed to the initial flow path of a powder. Normally, compressed air of
600 kilopascals to 1.0 megapascal is used. Inert gases can be used to min-
imize or eliminate the oxidation of susceptible compounds. Venturi feeder
is provided in the path of the airflow. An outlet with a classifier (cyclone
separator or bag filter) is fitted to allow the escape of air.

Working : Powder is introduced through the inlet of venturi. The air
entering through the grinding nozzles transport the powder in the elliptical
or cireular track of the mill. In the turbulent stream of air, the suspended
particles collide with each other and break. Thus, impact and attrition forec-
es operate in size reduction. The resultant small particles (entraped by air)
are carried to outlet and removed by cyclone separator or bag filters.

The Coarser particles undgrge te-circulation in the chamber on account
of its own weight. These ,i‘[é‘—circulated- particles collide again with new
in-coming feed stock particles. The powder remains in the mill, until its
size is reduced sufficiently. Later it leaves via the screens. Hence, fluid
energy mill produeces particles with narrow size distiibution. Sometimes
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the particles, which are entrapped by the drag of gas, leave the mill and
carried out to a cyclone separator or bag collector.

Uses : Fluid energy mill is used to reduce the particle size of most of
the drugs such as antibiotics and vitamins. When strict quality control is
desirable for the purpose of better absorption (bioavaitability), this mill
is the prcfen’ed one. Moderately hard materials can be processed for size
reduction.

Advantages : (1) It has no moving parts, hence, heat is not produced
during milling. Therefore, heat-labile substances can be milled. E.g. sul-
phonamides, vitamins and antibiotics. Due to the expansion of gases under
pressure cooling effect is produced during milling.

(2) Itis arapid and an efficient method for reducing powders to 30 pm or
less.

(3} Since there is no wear of the mill, contamination is not possible.

Disadvantages : (1) Fluid energy mill is not suitable for milling of
soft, tacky and fibrous materials.

(2) The equipment is expensive, because it needs additional acces-
sories particularly fluid energy source and dust collection”equip-
ment.

. Variants : Centrifugal-impact pulverizer—In centrifugal impact pul-
verizers, a rotor is spinned to induce high centrifugal force on the feed
particles. The particles move towards the impactors, which are set at the
periphery of the rotor. On striking these impactors, the material is Torther
hurled against the outer casing where final reduction is achieved. The ma-
terial is removed from the conical discharge at the bottom.

Particle size reduction in the range of 10 to 325 meshes can be ob-
tained with this type of mill. Centrifugal impact pulverizers have been
used for the size reduction of a variety of materials ranging from soft or-
ganic molecules to hard abrasive materials. It is aiso well suited for the
size reduction of heat sensitive materials.

Colloid Mill

Principle : Colloid mill consists of two steel discs (stator and roior}
huving very smali clearance between them. One disc is retating, while the
vthiey one is stationary. When the material is passed through these discs,
they get sheared. Thus, coarse pariicles are broken down into sinail parti-
eles due to shear. .

Ceonstruction : The construction of a colloid mill is shown in Figure
3-11. The colloid mill consists of high-speed retor and stator with conical
milling surface. The milling surfaces may be smooth surfaced or rough
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surfaced. Rough surfaced mills are used for fibrous material because fibres
tend to interlock and clog smooth surfaced mills. The clearance between
rotor and stator can be adjusted from 0.05 to 0.75 mm. During milling,
the heat generated may rise the temperature up to 40 °C. Hence, cold
water circulation is provided to reduce the temperature as much as 20 °C.
The discharge pipe is also connected to hopper, so that discharge can be

recycled.
&J_p Inlet
i Serrated \ /
G rotar
)
H p———y ]
Lo / :
U.LJ Serrated stator c’_‘_lrj Outlet

e Figure 3-11. Colloid mill.

. Working : Materials for the manufacture of suspensions and emul-
' sionsaré placed in the hopper. Usually, the solids are pre-milled to prevent
L the damage of colloid mill. The solids are mixed with the liquid vehicle

before introducing into the colloid mill. The dispersion flows down and
adheres to the rotor. During the movement of rotor (3000 to 20000 rotations
N per minute), centrifugal force throws a part of the dispersion on to the sta-
A tor. Depending on the clearance, the dispersion is sheared between rotor
\Y and stator. Thus, size reduction can be achieved. The milled liquid may be
S

recycled. After achieving the desired size, the discharge is collected from
the cutlet in the periphery of the housing.

Q Normally, the size of milled particies may be smaller than the clear-
ance, because of the force of high shear. In emulsification, a clearance of

‘i.', ) 75 um may produce dispersion with an average particle size of 3 pm.

N The capacities of colloid mills range from 2 to 3 L/min for small mills

Ul to 440 L/min for the larger mills.

o Uses : Colloid mill is used for preparing coiloidal dispersions, sus-
pensions, emulsions and ointments. Particle size as small as 3 pm can be
[ obtained. Fibrous material can bg milled using rough surfaced rotor and

“stator. , ;Tzfl .
o . ; § e . - .
"x—'JJ Advantage : Coiloid mill can be sterilised. So it can be used in the

preduction of sterile products.

.3 SIZE REDU SOOOCOTVVICOCOTOOOCOBBEOOIOTOOOOOOOOE
ch-3 CTION 83

Disadvantages : (1) Colloid mill tends to incorporate air into the fin-
ished product. Therefore, the product should be allowed to rest for some
time for deaeration.

(2) Heat is generated during milling. Hence, water circulation facili-
ty around the milling chamber has to be provided.

(3) Colloid mill is not useful for dry milling,
Edge Runner Mill

Principle :'The size reduction is done by crushing (compression)
due to heavy weight of stones. Shearing force is also involved during the
movement of the stones.

Construction : The construction of an edge runner mill is shown in
Figure 3-12. It consists of two heavy rollers and may weigh several tons.
The rollers move on a bed, which is made of stone or granite. Each roller
has a central shaft and revolve on its axis. Further, the rollers are mounted
on a horizontal shaft and move around the bed.

Crank shaft -

Base—-—l-_é_._I e
Figure 3-12. Edge runner mill. ‘

Working : The material to be ground is placed on the bed. With the
help of a scrapper, it is kept in the path of the stone wheel. The stones re-
volve on their common axis, and at the same time travel round the shallow
stoqe bed. The outer part of the wheel has to travel a greater distance than
the inner, so that size reduction is achieved by shearing as well as crushing.
The material is ground for a definite period. The powder is collected and
passed through a sieve to get powder of the required size. It is a batch
process.

Uses : Edge runner mill is used for grinding tough materials to fine
i)g\vder. It is still used for plant-based products, while more sophisticated
mills are used for chemicals and drugs.

K&
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Advantages : Edge runner mill does not require attention during op-
erafion.

Disadvantages : (1) Edge runner mill occupies motre space than other
commonty used mills.

(2) Contamination of the product with roller material is possible.

(3) The miliing process is time consuming.

(4) It is not used for sticky materials.

(5) Energy consumption is guite high.

End Runner Mill

Principle : Size reduction is done by crushing (compression)'due to
heavy weight of steel pestle. Shearing stress is also involved during the
movement of mortar and pestle.

Cannected
" to motor

Material Flanged plate Beveled-cog fitting

Figure 3-13. End runner mill.

Construction : The construction of an end runner mill is shown in
Pieure 3-13. It is considered as a mechanical mortar and pestle. It consists
of a steel mortar, which is fixed to a flanged plate. Underneath the flanged
plate, a bevelled cog fitting is attached to a horizontal shaft bearing a pul-
ley. Hence, the plate with mortar can be rotated at a high speed.

The pestle is dumb-bell shaped so that balancing and efficient grind-
ing by its weight can be achieved. The bottom of pestle is. flat rather than
round. The pestle carries an arm, which is hinged. By thus arrangement,
the pestle can be raised from the mortar lo facilitate emptying and cleaning.

The narrow central portion of the pestle is longer than the band of the arm

around it. Hence, pestle can rise and fall over the maierial in the mortar,
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Working : The material to be ground is placed in the mortar. The
scraper puts the material in the path of the pestle. The mortar revolves at a
high speed. The pestle is placed in the mortar. The rotating mortar causes
the pestle to revolve. During this process, size reduction is achieved by
shearing as well as crushing. The material 15 collected and passed through
4 sieve to get the powder of desired size.

Uses : End runner mill is suitable for fine grinding,

Disadvantage : End runner mill is not suitable for drugs, which are in
unbroken or slightly broken conditions.

pin Mili

Principle : Pin mill achieves size reduction primarily on the principle
of impact, but partly by attrition. The material passes through the clearance
of pins attached to the oppositely rotating steel plates. These are a class of
high speed mills.

Construction : The construction of a pin mill is shown in Fig. 3-14.
It consists of two vertical steel plates with horizontal projections (pins)
arranged 1n concentric circles on ‘
opposing faces. The circles al-
ternate so that the pins pass each
other on rotation. The pins are
mate closely spaced towards the
periphery of the plates. These
two plates move in close spaces so
that the pins intermesh. This unit
is often attached with a vane clas- —
sifier, which facilitates the return —
of coarse particles for further size

Pins Feed

C-‘—j =

—— Steel plate

reduction.
Working : The steel plates ‘
are allowed to rotate. The feed Product

material is placed into the hopper,
which then flows down to the cen-
tre of the steel plates. When plates are in continuous motion at high speed,
centrifugal action is propelled, so that a large amount of material is thrown
towards the periphery. The material passes through the pins. The rotating
pins beat the material to vield small particles. Size reduction is provided
by impact and attrition mechanisms. The milling is move at the periphery,
heeause pins are close to each other. From the periphery, the material flows
te a separator, so that any grade of finéness can be achieved. The coarse
puiticles return to the mill for further size reduction.

Figure 3-14. Pin mill.
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Uses : Damp solids as well as dry solids can be handled using the pin
mill. Oily materials (full-fat cooked soya meal), soft and non abrasive
material can be size reduced.

Advantages : Screens and gratings are absent, thereby clog-free ac-
tion is achieved. Low milling temperature permits the size reduction of
heat sensitive material. The fineness of grinding can be varied by the use
of discs with different dispositions of pins. These mills are available at
different capacities, 20 to 4000 kg/h and at the fineness from 2.0 to 2.0 um.

Variants : Horizontal rotating pins type mill is available and also works
at high speeds, however, the principle remains the same. E.g. Mikro-ACM

pulverizer and Killoplex mill.
In summary, several size reduction equipment are described. Some

general characteristics of various types of mills are given in Table 3-1.

TABLE 3-1
General Characteristics of Various Types of Mills
Name .Gf Mod.e of Pro.duct Uses Not used for
the mill action size -
Fibrous, (animal | . . :
Cutter mill | Cutting 20 to 80 and crude vegeta- l“r}_able ma
mesh terial
ble drg)
. 3 . el
Rolter mill Qomples 20 10 200 Soft material Abla?.l ve
sion mesh material
Hanumer 1 410325 All most all Abrasive
- mpact .
mil mesh drugs material
Ballminn | Attrition& 12000200 pgie ggs Soft material
impact mesh
. ) L Moderately _
F lLlld.C]'lcl- Attl ition & | to 30 mm | hard and friable Sof_t apd sticky
gy mill impact . material
material
- P 3 1 ’ ) ick -
Edge runner | Cr usl}mg & [20to 80 Almost ali drugs S_Ucky mate
mill shearing mesh rial
Snd r : rushing 2 i ate-
El}d runner | Ci us.l_l_mD & | 20to 80 Almost all draas Stlcky mate
mill shearing mesh =" | rial
Colloid milt | Shearing 3-75 um Almost all drugs | Dry milling
Pin mill Impact 2 to 2 mim Dal.np solid, dry 4 __
solid

Open Circuit and Closed Circuit Mill 7
The size reduction process may be achieved in open circuit or closcd
circuit conditions.

- E OOOCSOCOTOTCOOTOVTCCOTOOTCOIBCOSOOCOO00
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An open-circuit miil is one in which milling operation is carried out
in one gttempt, i.e. by passing the feed material through the mill to obtain
(he desired size.

A cl_osed—circuit mill is one in which the discharge from the milling
process 1s pz{ssed through a size separation device or classifier, and the
oversize particles are returned to the grinding chamber for further size re-
duction.

The‘principle of closed circuit grinding is widely used in the pharma-
ceutical industry. It has the advantages:

{a) It provides fine and ultra-fine sizes.

(b) It eliminates dust.

(¢} It climinates overheating.

(d) It produces a product that is free from oversize or undersize.

A closed circuit with an air classifier is shown in Figure 3-15. In this
type, size reduction is combined with size classification. The working of
hammer mill is illustrated in Figure 3-15. The coarse material returning to
the mill by a classifier is known as circulating load. '

Mechanical air 1T
classifier -
Tailings \ T
Mill fi
b e [
0y Fines
Hopper
®
Mill -
Finished product—"
bin T
Elevator 3

Figure 3-15. Closad circuit milling system with hammer mil.

Dry and Wet Grinding

-The use of a product and subsequent steps mainly decide the type of
eq}ubment used. In the preparation of colloidal dispersions, suspensions,
eﬁgmsions and ointments, wet grinding offers advantages. In their pro-
duttion, wet grinding has become an integral part of the processing. For
example, mill can be also used as mixing equipment. Triple roller mill,

: -K‘.mlwa‘z‘n 2 vwnam—g‘#.ﬂn«m
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colloid mill are used for such a purpose. In such situations, producing an
excellent dispersion is the primary objective and size reduction is of sec-
ondary importance.

Wet grinding is preferred when dry grinding produces aggregation of
particles. In practice, it is found that finer size can be achieved by wet
grinding than by dry grinding. Wet grinding is used in the production of
flocculated suspensions. In wet grinding, surfactants are added to attain
particle size of 0.5 pum. The advantages of wet grinding are:

(1) it eliminates the dust hazards,

(2) wet grinding is usually done at low speed, therefore, it consumes
less power (energy),

(3} increased milling capacity, low energy consumption,

(4) easier material handing,

(5) grinding aids can be incorporated.

(6) The material contains moisture (3 and 50 %) and forms cake. The
material does not flow. Dry milling is not suitable and proves low
efficient.

(7) The product does not require drying step in downstream process.

The disadvantage is the increased wear of the grinding medinm.

Colloid and ball mills are best suited for wet grinding. If the product
undergoes physical or chemical changes in water, dry milling is recom-
mended. The fineness is limited to 100 um. All the mills reported earlier
except colloid mill can be used for dry grinding.

Comment 3-4. In a hammer mill, the size of particles is far less than the mesh
size of the screen. How is it possible? :

Comment 3-5. Fluid energy mill is better equipment than hammaer mill, far the
size reduction of thermo-labile substances. Substantiate.

" Comment 3-6. Why is ball mill not suitable for size reduction of Abrous ma-

terial?

Comment 3-7. How is it possible to prevent heat generation in a colloid mill?

Comment 3-8. Why is it essential to include a screen in the size reduction
equipment?

Cominent 3-9. Size reduction eauipment can also be used as mixing equip-
ment. Explain.

SELEGTION OF A MILL

The selection of a particular equipment for size reduction depends on
a number factors. These are related to the feed, milled product, safety and

ECOTtOIMICS.
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Factors Related to the Nature of Raw Materials

The properties of a solid determine its ability to resist size reduction
and influence the choice of equipment used for milling. Some physical
prope{ﬂes of the feed are as follows.

Hard materials : Jodine and pumice are hard and abrasive. In gen-
eral, hard materials are most difficuit to comminute. For iodine, hammer
mill or fluid energy mill is used. Size reduction process of such materials
can lead to abrasive wear of milling parts, which then cause contamination.

Fibrous materials : Glycyrrhiza, rauwolfia, ginger etc. are fibrous in
pature and cannot be crushed by pressure or impact. Fibrous materials are
tough in nature. They must be teared by a cutter. Nux vomica and ipecac-
uanha are processed in two stages to get fine powders.

Friable materials ; Sucrose and dried filter-cake are friable and tend
1o fracture along well-defined planes. Brittle substances can be easily con-
verted to smaller particles. Such materials are milled by the mechanisms
such as altrition, impact or pressure. For example, sugar is milled using
hammer and fluid energy mills. -

[Elastic materials : Synthetic gums, waxes and resins beconie soft
and plastic during milling. These low-melting substances should be mi!l
chilled before milling. Such materials are miiled using hammer mill, col-
loid mill or fluid energy mill.

Hygroscopic materials : Substances such as potassium carbonate ab-
sorb moisture rapidly. This wet mass sticks and clogs the mill. They are
prepared in a closed system such as porcelain ball mill.

Structural changes : During milling (in a ball mill) to a fine state
produces structural changes, such as changes in the crystatline form (e.g.
calcium carbonate), polymeric changes (e.g. barbiturates), liberation of
water from hydrate (e.g. sodium sulphate, Na,S0O,, 10H,0) and causing
clogging of the mill. Such changes affect the solubility and other physico-
chemical properties, which in turn influence the therapentic values.

Melting point : Solids with low melting points often become soft and
melt owing to the heat generated during milling. Such materials are chilled
before milling. Grinding to a fine state of subdivision may cause caking of
the product, if the softening point exceeds. In such cases, the materials are
cither chilled before milling or cool the mill during milling. Waxy solids
can be successfully ground with dry ice and low temperature also confers

brittie characteristics. ; i

Thermoliahility : Certain substances underge- degradation reaciions
such as hydrolysis and oxidation due to the presenée of moisture and atmo-
spheric oxygen. Such reactions proceed faster owing to the heat produced
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during milling. These should be miled in a closed system with an inert
atmosphere of carbon dioxide or nitrogen. Vitamins and antibiotics are
milled using fluid energy or ball mills.

Flammability : Almost any fine dust, such as dextrin, starch and sul-
phur, is a potential explosive mixture under certain conditions. All elec-
trical switches should be explosive proof and the mill should be properly

grounded (earthed).

Particle size of the feed : For a mill to operate satisfactorily, the feed
should be of proper size. For example, pretreatment of fibrous materials
with high pressure rollers or cutters facilitates further comminution.

Moisture content : Presence of more than 5 % water hinders the mill-
ing process and produces a sticky mass. The effect is more pronounced,
when the concentration of water is more. In general, materials with mois-
ture content below 5 % are suitable for dry grinding and from 5 to 50 % are
suitable for wet grinding.

Pretreatment : For the mill to operate satisfactorily, the feed should
be of a proper size and enter the equipment at a fairly uniform rate. There-
fore, a pretreatment step should be included. For example, fibrous material
should be treated with cutter or roller, which can facilitate further commi-
nution.

Factors Related to the Nature of Finished Product

The nature of finished (milled) product also influences the selection of

the equipment.

Particle size : If extreme size control is necessary, it may be essen-
tial to recycle the larger particles. This can be achieved by screening the
discharge material and returning the over size particles for a second time
milling. Moderately coarse or coarse powders with a minimum of fine
powder are easily obtained using a high-speed impact mill. For example,
cascara, liquorice, belladonna leaves and roots are easily broken down by

impact mill.

For example, particle size of griseofulvin is critical in the production.
Similarly the particle size is also critical in the suspension of penicillin G
procaine for intra-muscular injection to facilitate its syringeability.

Ease of sterilisation : When preparations are intended for parenteral
and ophthalmic uses, size reduction should be conducted in a sterile envi-
ronment. The equipment should be sterilisable. Ball mill and fluid energy
mill are suitable for this purpose. -

Contamination of milled materials : In case of potent drugs and low
dose products, contamination of the product should be avoided. Use of
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equipment that is free from wearing of mili parts is preferred. Flui
mill is suitable for this purpose. b - Fluidenerey

In addition to the end use of a product, subsequent processing steps
main@y det.ermine the choice of wet or dry milling. In the preparation Ef
colloidal dispersions, suspensions, emulsions and ointments, wet grindin
offers advantages in terms of size reduction of materials élimination 0%‘
dust‘hazards. Thus, wet grinding has become an integral ’part of the pro-
cessing of Fhe above dosage forms. The same mill can also be useg as
mixing equipment. E.g. triple roller mill and colloid mill.

Factors Related to Safety

_The fac_tors related to safety are explosivity, irritability and toxicity.
During njulhng, i:ipe dust of drug arises which may become flammable un—.
df:r certain conditions. Dry grinding produces the hazard of dust. Explo-
sion -hazards of non-metallic materials, such as sulphur, starch and wood
floor; are‘qften appreciable. Metal powders pose a hazard because of their
flammability. The useful precautions are:

(a) isolate the mill and make it dust proof.

(b) use of non-sparking material of construction.

Stainless steel has less sparking tendency than ordinary steel or forging.
Factors Related to the Economy ‘

Cost, power consumption, space occupied and labour costs are some
of the economic factors that determine the selection of a mill.

Cost : In processing of ore, size reduction constitutes a major portion
91" COosts. On the other hand, drug materials are expensive and processed
in relatively small quantities. The contribution of grinding to the total cost
is smaller. Hence, the choice of machine is usually made on technologi
ca} ‘rather than economic grounds. Where the particle size control is I;go;
c‘rmcal, the cost decides the type of equipmeht. In general, the cost of the
stze reduction increases, as the particle size decreascs. ’,Thcrefore, it is

economically undesirable to reduce the particle size to a finer degree than
necessary. '

THEORIES OF COMMINUTION

Mechanical Behaviour of Solids

When various modes of stress are applied on a powder, the particles

get strained. This stress-strain relationship is shown in F’igure 3-16.

% In Figure 3-15; the initial linear porti(')r_a is def}i =d by Hooke’s law

It states that stress is proportional to strain. ¢ The slope of linear

. portion represents Young’s modulus. 1t expresses the stiffness or
softness in mega-pascals.
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& If the force of impact (stress)
does not exceed the elastic
limit (region of Hooke’s law),
the material is reversibly de-
formed. When the force is
removed, the particle refurns
to original condition.  The
elastic limit is known as yield
value. The stress energy in the
deformed particle appears as
heat. Example is plastic mate-
rial such as polymer.

< The stress-strain curve starts becoming nonlinear at the yield
point. This is a measure of the resistance to permanent deformation.

Plastic
deformation

Yield point

Stress

Strain

Figure 3-16.
Stiress-strain curve for a solid.

Beyond the yield point, the region represents irreversible plastic
deformation. 1f plastic deformation 1s observed for ionger period,
the material is classified as ductile.

The area under the curve represents the fracture toughness (or
modulus of loughness). This is an approximate measure of the
imnact strength of the material. Fraciure is explained in terms of
cracks and flaws naturally present in the material. This process
oceurs suddenly. Fracture of a particle can be obtained when the
force exceeds the elastic limit.

Theories of Size Reduction

(1) According to Griffith theory, all solids contain fiaws and micro-
scopic cracks. A flaw is any structural weakness that may develop nto a
crack under strain. The weakest flaw in a particie determines its fracture
strengih, It controls the number of particles produced by fracture. The
pariictes with the weakest flaw fractures most easily and produce largest
possible pleces. In the next step, another weakest flaw fractures. This
process continues until all fiaws are fractured. The particle size produced
in this process may not be the desirable one. However, Griffith theory is
simple and explains the size reduction process reasonably.

According to Griffith theory, the amount of force to be applied depends
on the crack tength and focus of stress at the atomic bond of the crack apex.
This relationship may be mathematically expressed as:

Ye
(D

P —
é(} ¢

where 7 = tensile strength, MPa
¥ = Young’s modulus, MPa
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£ = surface energy of the wall of crack, J/m?
¢ = critical crack path required for fracture, m

" {X lu_iciar relationsl}ip (equa-tion 1) between the square of tensile strength
ot 1111_1161721 s an_d the critical height for drop weight impact suggests that the
square of tensile strength is a useful criterion of impact ﬁ'acm?e

{__12) If flaws are not present in a particle, the force of milling produces
new faws. The useful work in milling is proportional to the length of new
crack formed. The mechanism of creating new flaws in a particle is as follows

. The‘ strength of most materials is greater in compression than in t
sion. _It 1s therefore unfortunate that technical difficulties prevent ‘rheI ]21 ‘e ot
use o.I' Fellslie gtresses. The compressive siresses conumonly used in ClleCt
n_unultlon equipment do not cause failure directly, but generate, by di ?m“
tion, sufficient tensile or shear stress to form a cr:ack Hf;) ina 1‘é0i<33111 . fo y
from zl_le point of primary stress application. The rate of stress '1b b a\th' o
iz s0 high that the limiting stress energy may exceed several tin;gsp eaen

. Usually, the surface of particles is fitegular. The applied force is ini
le!y taken on the high portion of the surface. As a result -hicvh stress ;111(;
;m_:t'c—:ased temperature may be set up locally in the particl(; ”T‘he born dsnt
this .placc? become weak, which may be responsible for creaﬁn ﬂaw; Tia'
porticie 'mrﬂ_ler absorbs applied strain energy and is deformedg The .st '"?C
clll‘i}'gy recpiur;d to thend the crack to fracture is proportional t.o thé ]eli;[i?
ul the crack formed. This energy i i i
i ooy e ek 1wergy 15 supplied by the flow of the residual

. @3} Not all materials exhibit this type of brittl;: behaviour. The
sist fracture even at much larger stresses, because these are touéher "i"/l o
undergo plastic flow, which allows strain energy relaxation withou't (:r;f::i);r

]3[0]?&1ga1.'101'1. When plastic flow occurs, atoms or molecules slip over one
another and this process of deformation requires energy.

ENERGY OF COMMINUTION

Size reduction begins with the opening of small flaws that ave initial-
ly present. Based on the probability, larger particles may have numerocus
Maws and readity fracture when compared to smaller particles with f -
flaws. The supplied energy is used to: o

Increase new surface area from flaws.
Initiate flaws or cracks in the particle.
This phenomenon is observed generally in fine grinding.

o Most efficient mills utilise less than 1 % of the ¢nergy input to fracture
parlicles or create new surfaces. The rest of energy is dissipated in:

. Elastic deformation of unfractured particles.
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Transport of material within the milling chamber.

Friction between the particles.
Friction between the particles and mill.

Heat.
Vibration and noise.
ilisation are important factors to estimate the effi-
ciency of a mill for a given material. The mill efficiency can be determined
through experimentation. The energy consumed and particle reduction
achieved is compared to the values obtained under free crushing condi-
tions. The ratio of energy requirement to generate new surfaces is a param-
cter used to evaluate the mill efficiency. It is necessary initially to qualify
whether a particular mill is meant for intended purpose or not. Otherwise
the calculated mill efficiency (size reduction ratio) becomes erratic. It is
minimal at optima conditions.

# 1If grinding is desirable for obtaining fine powder, the ratio is in-

creased.
& The fluid energy mill has a size reduction ratio of up to 400, which

is exceptional.
& Normally, low retention times are sufficient in free crushing ma-

chines.
4 Ifthe speed of the mill is low, longer time of milling is necessary.

& Over-grinding (excessive fines or undersize powder) should be

avoided.
& As the milling time increases, the effectiveness of grinding reduc-

es progressively.
A number of theories have been proposed to establish a relationship
between energy input and the degree of size reduction produced.

The energy required to reduce the size of the particles is inversely pro-
portional to the size raised to some power. This may be expressed mathe-

maiically as;

e

Energy input and ut

dE _ —C :
- 7 ..(2)
where £ = amount of energy (work done) required to
produce a change, kW-h

D = size of unit mass, pm

C = constant, W-h

n = constant of _ )

Equation (2) may $e written (whenn = 1) as:

_ 4
E=Ch (dn] -.(3)
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where d; = size of the feed, um
- d,, = size of the product, um

I

In equation (3), (d,/d.) is known 1 i
; | » (d;/d, as reduction ratio. |
equation (3) is that it satisfies various laws proposed. ThZfee;?fulneSS ot
For n = 1.0, equation (3) becomes Kick’s law .
For n = 1.5, equation (3) becomes Bond’s law
For n = 2.0, equation (3) becomes Rittinger’s law

Rittinger’s Theory

According to the Rittinger’s hypothesis, energy, K required for size

reduction of unit mass is directly pr i
; Yy proportional to th W .
duced. It is expressed as: € new surface area pro-

11
E=K,| = —— :
R [dn di] (%) |

where d; = diameter of particle, um
d,, = new diameter of particle, pm
K = Rittinger’s constant, energy per unit area, kW-h /um?
£ = amount of energy (work done), kW-h . .

The constant X, de indi i

. # depends on the grinding unit employed. Th

is co-ps;uned to enlarge the surface area of one unit. It IiJs n?ost'ly apialeiltl:zll;gly
to brittle matepals undergoing fine milling. Rittinger’s theory i : -e
ticle deformation before fracture. ¥ ienores par

Bond’s Theory

According to the Bond’s theor i
_ _ 'y, the energy used in crack i
is proportional to the new crack oo on
e ack length produced. Three principles are
I, Any divided material must hav iti
e a positive energy regist i
can be zero when the particle size becomes inﬁnigt);. gister This

Tput enerey (£) = energy register of product
p gy (£) _— energy register of the feed

gxs't.he particle size decreases, the energy associated with the pow-
ler increases. In other words, energy register is inversel ;
tional to the particle size. Y ProporT

&)

For 1% statc.ad weight of homogeneous malerials, the total work
(useful for the size reduction) is inversely proportional to the
square root of the diameter of the particles of product

3. The breakage of the material is détermined by the flaw structure

w O?O:Et -slthcory states that the el?érgy used for de forming or fracturing a
dimenp‘ icles of eqqlvalent shape is proportional to the change in particles
stons. According to Bond’s theory, the equation can be written as:
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1 1
E=2Kg| —F7—=——""FT (3
\J@ >

where Kz = Bond’s work index, energy per unit mass, kW-h-vum

Bond’s work index is the work required to reduce a unit weight from
4 theoretical infinite size to 80 % passing 100 pm. According to this the-
ory, the energy used in crack propagation is proportional to the new crack
length produced. This law is useful for rough mill sizing. The work index
is useful for comparing the efficiency of milling operations.

Kick’s Theory
According to the Kick’s theory, the energy used in deforming or frae-

turing a set of particles of equivalent shape is proportional to the ratio of
the size changes. It may be expressed as:

E= KK In ~d—r- ...(6)
d.’]

where K = Kick’s constant, energy per unit mass, kW-h

The Kick’s proposal was developed on a stress-strain diagram for
cubes under compression. It assumes that the material has flaws distribut-
ed throughout its internal structure. For crushing (compression) of large
particles, Kick’s equation (equation 6) is more useful. It is applicable to
clastic materials undergoing deformation and/or brittle fracture.

The encrgy requirement does not dependent on the initial particle size,
but depends on size reduction ratio. The theory assumes that the resistance
to crushing does not change with particle size. The energy requirements
predicted by Kicks are lower than that of the Rittinger’s. Equations (1 to
6) apply precisely only under the condition that all the energy is transferred

inta surface energy.

Size reduction of a material is alone not sufficient to obtain powder of
desired size. It is followed by separation. Several equipment described
earlier also include sieves or screens as integral parts. However, size sep-
aration is discussed scparately in the following chapter.

Comment 3-10. A single theory is not sufficient to explain milling of all types
of the particles. Explain.

Iuimmary ‘

Size reduction process is also termed as comminution, di111i1111iibj1.
It is used to reduce the size of large solids, eitlier
s. either coarse or fine particles.
are pre-

pulverization or milling.
vegetable or chemical origin, nto small size
Many pharmaceutical powders are polvdisperse though monosize
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ferred. The strength of materials is explained in terms of various t f
flaws, cj'racks a1_'1d cleavage. Size reduction offers several ap licatig pE':Stlo
p'rOInlSlllg one is the enhanced drug dissolution and bioavaila{;ilit Ssu i 1:;:
size reduction, the flaws propagate into cracks. Simultaneousl 1’31(;3W ﬂrmfb
are also created and so on size reduction continues. The net rgsult i a\_’\ i
ating 11e.w Sm.'faces, imcreasing the surface area of the powder b rec;S C'l o
thfa partw}e size. Since the nature of materials are diverse sevgral uctling
of stress is applied, namely cutting, compression, impact E;nd attritilno ?S
sev(?ral 51tuat1_0ns, all the tnodes operate simultaneously, Numerous0 ]tlv "
of 51ze~.reduct10-n equipment are developed to handle ma.terials of diffe ot
properties. It is essentiai to know the properties of the materials I:nelt:m'l t
commencement of the size reduction. The hardness and fibrous brittl: oss
are 2 few parameters that govern the size reduction. All equipment HP:SS
'\udes the.necesszuy energy to break the bonds that are holdin Itjhe f’l?_
fme'rac.:t (in the feed). The materials obtained from diffex'ent%nillsp:;;l?be
1‘l' q‘lsrmct properties. For example, the powder produced by a ball l'li‘
L}rl'['e}'s from thgse produced by a hammer mill. The equipmen; avqil;ll?l
for size reduct}on are: cutter mill, roller mill, ball mill, Awd enetoc 1 'l‘e
edge rumer .ITlllI, end runner mill, hammer mill, pin miall and COHOCI% n}1“,
[n general, size reduction equipment consists of a three basic com O'mI t‘-
namely feed introduction, milling chamber and receiving chute "Ii“Jh ”;ﬂ :
tors na_mely hardness, stickiness, slipperiness, moisturc c;ntent ;11eltf3 aC".
softening .pomt, abrasiveness, ratio of feed size to product Size’ etc H}% 0]'
the selection of size reduction equipment, When stress is ap ’lied' , ?Ct
powder,.the particle gets strained. The stress-stain curve is E.:;lj::n".zmtoe11 t](ei
by elastic deformation, yield point, plastic deformation and brittl lf} Z y
tre. Base_d on these trends, several theories are proposed to ex 1;111?10-_
size z'educn‘on process. The most efficient mills utilize less thall: 1 % clyc;
1‘21.0 ciergy input to fracture. The rest of the energy is dissipated into h0 t
fretion losses, insufficiency of transmission, etc. The enerey reauir c(laa 5
reduce the size of particle is inversely propoftional to the si7zyraisc::d] ]te tlu-)
power i, The size reduction process is expressed as 1'educt_ion ratio OTi“-:
!L;hfnge obse.rv_ed after size reduction may be expressed as: increasea su]:f
l;c :;1’1 @i T(}Rulmger’f theory), lower pal:ticle size (Bond theory and Kick’s
' eory). These t_h(-_?()l ies also have basis from mechanisms of size reduction
For e,ﬁamp]e, Ritiinger’s theory describes the fracture, while Bond theor .
c\p?-anp; thfa crack propagation and crack creation, Ki,ck s theory ex Fa'ly
u.]' ¢ deforming or fracture. Further, theories have bearing on theymoge‘mi‘
niite reduction. Rittinger’s theory describes impact, Bon; thcory consi ; O
cutting and Kick’s theory explains compression. ' R
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.+, Glossary of Symbols

N

- & & &

c

cee

C e c ¢

C = Constant or coefficient.
= Critical crack path required for fracture, m.

-C
D = Size of unit mass, pm. . ‘
E = Amount of energy required to preduce a change in unit

mass, kW-h. .
= Size of the feed or initial diameter of particles, pm.
= Size of the product or new diameter of the particles, pm,

= Surface energy of the wall of crack, Tm?,

—~ Bond’s work index, energy pet unit mass, kW- h- Npm,
= Kick’s constant, XW-h.

= Rittinger’s constant, kW-h/ |.L1T12.

= Constant.

= Initial specific surface area, pm?/ um®.

= New specific surface area, |.u-n2/ pm3.

= Tensile strength, MPa.

= Young’s modulus, MPa.

A A
w a4 ¥ g PUW?"' AN L -
|

QUESTION BANK

Each guestion carries one mark
Note : Encircle the alphabet which corresponds to the single best response.
1. Size reduction CANNOT be obtained by one of the following methods.
B. Mechanical
D. Precipitation

A, Flocculation
C. Physical
2. Which is the mill preferred for wet grinding?
A.. Colloid mill B. Hammer mill
C. Roller mill D. Rotary cutter mill

3. Size reduction of potent materials is necessary for one of the following
quality control parameters, in formulation of dosage forms.

A. Content uniformity B. Friability

C. Hardness D. Poor mixing
4. Size reduction of materials has one of the following disadvantages.
B. High dissolution
D. High surface area

A. High degradation
C. High flow of materials

'S, Which orie of the following sequences is involved in the mechanisms of - ;:

size reduction?
A. Chipping and cracks
B. Chipping and flaws

ch-3

10.

11.

12.

13.

14.

15.
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C. Chipping, flaws and cracks

D. Chipping, flaws, cracks and cleavage

Which one of the following is NOT a mode of stress in size reduction?
A. Classification B. Collision

C. Compression D. Cutting

Which one of the following parameters of finished product does NOT
influence the selection of size reduction equipment?

A. Porosity B. Shape

C. Surface roughness D. Tre density

Which are the modes observed in a ball mill for size reduction?

A. Aftrition and cutting B. Compression and impact

C. Cutting and compression D. Impact and attrition

Which mill includes a screen as an integral part of the size reduction?
A. Ball mill B. Colloid mill

C. Edge runner mill D. Hammer mill

‘Which one of the following is NOT TRUE jn case of construction of
hammer mill?

A. Hammers are flat or sharp edges
B. Hammers are rigid or swing type
C. Metal sheet with holes or slots
D. Woven type of screen

Clearance between the stator and rotor is critical factor in one of the fol-
lowing size reduction mills.

A. Colloid mill B. Fluid energy mill

C. Hammer mill D. Rotary cutter mill
Which one of these is NOT a facility in colloid mill?

A. Clearance between stator and rotor

B. Dry grinding of feed

C. Recirculation of milled produst

ID. Water jacket for reducing the heat

If a given material is fibrous in nature, which mill is preferred?
A. Ball mill B. Colloid mill

C. Fluid energy mill D. Rotary cutter mill

The sterile product CANNOT be obtained by one of the following mills.
A. Colloid mill B. Cutter mill

.C. Fluid energy mill | -D. Roller mill

Which principle operates in the hammer mill?

*A. Attrition B. Crushing

C. Cutting D. Impact

s

A it ot e

L R St s o
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16.

20.

i
D

]
T

26,

In which equipment, the feed material is suspended within high velocity
of air stream?

A. Edge runner mill B. Pebble mill

C. Rotary cutter mill D. Ultra-fine grinder

Which one of the following is NOT a size reduction process?

A. Clarification B. Comminution

C. Diminution
0il sced can be reduced in size using one of the following mills?
A. Ball mill B. Fluidised energy mill

C. Hammer mill D. Roller mill

Choose the theory that explains the size reduction of large particles by
compression modes.

A. Bond’s theory
C. Kick’s theory

Choose the mill that does NOT involve shearing mechanism for size re-
duction.

A, Coiloid mill

C. End runner mill
One of the following is NOT associated with fluid energy mill.
B. Produces more fines

D. Pulverization

B. Griffith theory
D. Rittinger’s theory

B. Edge runner mill
D. Hammer mill

A, Consumes less energy
C. Produces cooling
Which one of the following is the mode(s) for size reduction by fluid
energy mill?

A. Attrition and cutting B. Attrition and compression

D. Promotes contamination

C. Impact and attrition D. Impact and compression
Continued milling causes size enlargement by one of the causes.
A. Diameter is less than 5 [un B. High cohesive forces
. Increased surface charge D. Spherical shape

in particle size reduction. one of the following statements is a/wens true.
A, Decreasing surface area

3. increasing the dust

. Enhancing of high energy molecules

D. Producing the heat

Milling of drizg powder does NOT produce one of the following.

A. Degrades the thermolabile dimgs

B. Increases the dissolution rale

C. Premotes the changes in polymorplic forms

[». Reduces the particle aggregation

Which one the following is NOT an application of size reduction of par-
ticles.

Cch-3

27.

28.
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A. Decreasing the sedimentation in suspensions

B. Improving percutaneous absorption from ointments

C. Lowering the solubility of more soluble drugs

D. Promoting lubricant function in compression

What is the operating mode of size reduction in a roller mill?
A. Attrition
C. Impact
Which of the following is a mechanism of size reduction?
A. Cutting B. Hardness

C. Pulverization D. Toughness

B. Compression
b. Tearing

Each guestion carries 2 marks

1.

13,
14.

15.
16.

Screen type of sieves gives more fine powder than the wire woven sieves.
Why?

Size reduction of vegetable matter is essential for the extraction of crude
drugs. Explain.

It is difficult to obtain uniform sized product during milling without the
use of sieves. Why?

When ball mill is used, size reduction is not obtained. Under what condi-
tion size reduction is not effective. :

How do you prevent the problems of sticking and clogging of sieves @
the size reduction?

List special precautions to be taken while thermolabile substances are
subjected to size reduction process.

The powder must contain fewer amounts of fines when it is meant for
percolation process of extraction. Why?

What are the advantages of swinging type of hammer compared to rigid
hammers?

Powders of same particle size that are obtained by different equipment
have same physicochemical characteristics. True or false. Justify.

List the areas in which size reduction equipment is used i tablet produc-
tiom.

A large number of size reduction equipment is available currently. Why
do we require so many types of mills?

The classical equipment mortar and pestle uses the mechanism of impact
in size reduction. True or False. Explain.

Fhaid energy mill is meant for wet grinding. True or false. Explain.
Reducing the size of the particles to fines leads to particle aggregation.
True or fatse., Explain. )

How does stickiness affect the procgé‘sfé of size reduction?

How does the presence of moisturc interfere with the process of size re-
duction?

Differentiate the mechanisms, attrition and impact in size reduction.
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18.
19.
20.
21.
22.

23.
24.
25.
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Differentiate dry and wet grinding.

Fine particles tend to undergo particle aggregation. Explain.

Why does wet grinding give finer sized powder than dry grinding?
Describe the conditions that favour the use of dry milling.

The strength of real materials in real terms is always less than the theoret-
ical strength. Why?

It is difficult to grind the material progressively and continuously. Explain.
Why is screen not used in fluidized energy mill?

Why is narrow size distribution achieved in fluid energy mill, though
screen is not used.

Each question carries 5 marks

1.

2.

oS A

hy

Describe five factors that influence the selection of milling equipment for
size reduction.

Explain with the help of a diagram the construction and working of a ball
mill.

Explain with the help of diagram the construction and working of a ham-
mer mill.

Describe the mechanisms of size reduction with suitable examples of
equipment.

What is ultra-fine grinder? Explain the concept of ultra-fine grinding.
Describe ‘micronizer’. Describe aseptic grinding process of antibiotics.
List the laws governing size reduction. What is work index?

How is size reduction affected in ultra-fine grinders? Describe the mech-
anism.

How is energy utilised in size reduction accounted for?

Explain the critical quality attributes for milling with an appropriate pro-
cess parameters and material attributes,

Each question carries 10 marks

1.

-

[N

Noe s

Explain the factors related to feed-material influencing size reduction.
Drescribe the construction, working, advantages and disadvantages of fiu-
id energy mill.

Describe the milling equipment with the help of a neat diagram that uses
the principle of shear and impact.

Explain the theories related to the size reduction of a powder.
Explain the advantages and disadvantages of size reduction process.
State and explain the laws governing size reduction.

Describe the mechanisms and modes of size reduction of solid drugs.

ch-3 SIZE REDUCTION

Theories of Size Reductm

Mechanisms, ]
cracks, flaws, fractures,
cleavages, edges breaking,
new flaws, etc.

Modes of stress,
cutting, impact,
compression, attrition,

Mechanical behaviour,
Griffith theory (above
yield point,

Energy of comminution,

Rittinger's, Bond's, Kick's
equations.

/

\Improved absorption.

X

SIZE

Applications A
Content uniformity,
Uniform flow,
Effective extraction of drugs,
Effective drying,

Improved physical stability,
Improved dissolution,

REDUCTION

s N

Wy “J
Rotary cutter mill @

VN
@ Roller mill

Hammer mill @

VN
col il

\/ Y
Fluid energy mill @

( Selection of Mills )

Feed-related factors
hard, fibrous, friable, elastic,
hygroscopic, thermolabile,
salvated, melting point,
particle size, moisture content

Product-related factors
particle size, contamination,
ease of sterilization.

Mill-related factors

éafety, economy, etc.-related
Rlammability, toxicity,
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Official Standards for Powders

Sieves

Modes of Motion in Size Separation
Testing of Powder — Sieve Analysis
Equipment for Size Separation .
Settling Behaviour of Solids — Methods
Elutriation Methods

Selection of Size Separation Equipment

LEARNING OBJECTIVES
After reading this chapter, the reader should be able to:

& Understand the importance of grading of powders, sieves and details
of their standards along with applications.

@ Explain the testing of powder with standard equipment.

& Explain the design of size separation equipment along with working
and uses at the industry level.

& Expiain the principles of sedimentation and elutriation in size separa-
ticn with applications.

Size separation is a unit operation that involves the separation of a mixture
of various sizes of particles into two or more portions by means of screen-
ing surfaces.

Size separation is also known as sieving, sifiing, classifying or screen-
ing. This technique is based on physical differences among the particles
such as size, shape and density.

Size reduction of a solid material never gives particles of same size,
but gives particles of varying sizes, i.e. distributes in different sizes. These
materials must be subjected to a separation technique to obtain narrow 51Ze
ranges. As fards possible size separation is included as an integral part of
the size redutfion process. When particle size distribution is to be con-
trolled for the official specifications, size separation assumes greater im-
portance and has to be handled independent of the size reduction.

104
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Screening is a method of separating particles according to size alone.
particles can be separated into individual sizes using sieves. The final por-
tion consists of a more uniform size. The material that remains on the
given screening surface is known as oversize or plus material. The mate-
rial passing through the screening surface is known as undersize or minus
material. ’

Applications
Size separation of solids has important applications.

1. Asamethod to determine particle size and size distribution, which
are useful in the production of tablets and capsules.

2. As a quality control tool for the analysis of raw materials such as
griseofulvin and aspirin.

3. To test the efficiency of a size reduction equipment or process.

4. To optimise the process conditions namely method of agitation,
time of screening, feed rate, etc.

5. To recover valuable products or byproducts.
6. To prevent environmental pollution. '

OFFICIAL STANDARDS FOR POWDERS
In general, powders are vaguely described as coarse and fine powders.
However, it is essential to identify with some guiding specifications.

Indian Pharmacopceia has prescribed standards for powders for phar-
maceutical purposes. Accordingly, degr¢e of coarseness or fineness is ¢x-

TABLE 4-1
Grades of Powders and Sieve Number alongwith
Nominal Aperture Size as per [P

Sieve through | Nominal / I%;‘:ih Nominal
hY2 Grade of which all niesh woHs mesh
: . which 40 %
No. powder particles must | aperture . aperiire
. pariicles ,
pass sice size
pass
1 | Coarse powder 10 1.7 mm 44 355 pm
Moderately ”
2 coarse powder 22 710 pm 60 250 1.1{11
Moderately
3 44 355 um 85 180 um
fine powder H H
4 | Fine powder 85 180 um — —
5 | Very fine 120 125 ym — —
powder




106 SOGEOIOTOOOICOCCCTOOOOOOSOOS  PHARMACEUTICAL ENGINEERING

pressed with reference to the nominal aperture size of sieve thyough which
powder is able to pass. The relevant grades of: powders and sieve number
along with nominal aperture size are shown in Table 4-1. The IP 1996
specifies five grades of powder.

Coarse powder : A powder is called coarse powder in which all the
particles of which pass through a sieve with nominal mes-h aperture of 1'.70
mm (No. 10 sieve) and not more than 40.0 % through a sieve with nominal
mesh aperture of 355 um (No. 44 sieve).

In a similar way, other definitions can be written for the contents of the
Table 4-1. When fineness of a powder is described by means of a number,
it is an indication that all the particles of the powder shall pass through the
sieve of which the nominal mesh aperture in pm, is equal to that number.

Normally, for compound powders, fine powders are 'preferred, while
moderately coarse powder is used for the preparation of tinctures. Coarse
powder without fines is employed in percolation process. The‘above men-
tioned terminology has applications in the production of galamc.als. A few
examples are given in Table 4-2. The pharmacopceia has prescribed upper
and lower limits for the three coarse grades of powder. For two fine grades,
the pharmacopceia has prescribed only the upper limit.

TABLE 4-2
Somte Examples of Crude Drugs and Nature of Powder Required
Ligquid extracts Useful parts Grade of powder
Ashoka stem bark coarse
Nux vomica seeds moderately coarse
Rauwolfia roots moderately coarse
Ergot sclerotia moderately fine
Ipecac root fine
Ephedra stem fine
SIEVES L !

Sieves are the simplest and sieving is the most frequently used method
for size separation.

Construction
Sieves for pharmaceutical testing are constructed from wire cloth with

square meshes, owvoven from wire of brass, bronze, stamless steel or any -

suitable materidfs. Sieves should notbe coated or plated. There must be no
reaction between the material of the sieve and the substance to be sieved.
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Types of Sieves

The primary considerations for sieves are given to the size and shape
of aperture opening. Square meshes are arranged as per the specifications.
Sieves commonly used in pharmaceutical processing include:

¢ Woven wire sieves

# Bolting cloth sieves

% Bar screens (closely spaced bars)
% Punched plates

Woven wire sieves : Wire woven sieves are general-purpose sieves and
widely used in the pharmacy practice. The types of woven wire sieves are:

2 Plain weave & Twilled weave

The nature of sieve surfaces is shown in Figure 4-1. For fine sieving,
metal wire woven sieves are used. Common examples are hand sieves,
These are included in roller mill, ball mill, ete. during milling. In case of
coarse sieves, the wire is generally given a double crimp to preserve the
alignment of the wire. :

g iy
P

(a} Piain weave sieve (b) Twillad weave sieve
Figure 4-1. The nature of sieve surfaces.

Bolting cloth sieves ; Silk, nylon and cotton are generally woven from
twisted multi-strand fibres. Nylon cloths are generally designated by their
micrometer opening and available in different grades. These are used for
the separation of fine powders. Hum-mer screen uses this type of screen.

Bar screens : Bar screens arc generally used in handling large and

heavy pieces of materials. The bars are fixed in paraliel position and held
by cross bars and spacers. Bars which taper in thickness from one end to
the other are recommended, because they tend to avoid blinding. Grizzljes
use these types of screens.

Punched plates (Perforated screens) : These are used for coarse siz-
ing. The screens are prepared by using a metal sheet of varying thickness
with perforated holes. The holes may be round, oval, square, or rectangular

- (Figure 4-2). ‘These types of screens are used in a hammer mill.

A plate with a large number of holes and a small amount of residual
metal will have a large capacity, but will wear rapidly and vice versa. In
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Figure 4-2. The configurations of punched plates or perforated screens.

general, for openings much over 25 mm in diameter, a pla't.e with round
perforations is preferred over a wire screen. The applications of screen
configurations are given in Table 4-3.
TABLE 4-3
Apptications of Various Mill Screen Configurations
of Perforated Screens

Perforation shape | Recommended nse Conuneis

Clogs more quickly; lower hole
size is limited, because of structur-

Fibrous materials
al strength.

Round holes

|
| -
| Amorphous and cry- | Skightly coarse powder than equal-

Hesringbone ! act |
stalline materials diameter round perforations.

screen (slots)

Amorphous materi- | Same grind size as of equal sized
als and shurries with | round perforation; finer slot size

Cross-slots : :
coarse particles attainable than round perforations.

Hervingbone design : Herringbone design consists of a series of slot-
ted holes repeated across the surface of the screen. These are made at an
angle of 45 degrees to the length of the screen. It is preferred for grinding
crystaliine materials and for continuous operation. If the width of the slot
is equal to the diameter of a round hole, it grinds the particles coarser tha.n
the round hole. This design should not be used for fibrous materials, as it
is possible for fibres to align themselves along the slots and pass through

| with nadequate gize reduction. N
Cross-slot screens - [n this type, openings are at right angles ¢¢f t_he path
travelled by milling mechanism. These are used for milling slutries, but

not used for fine grinding in hammer mills as it clogs readily.
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standards of Sieves, Dimensions and Notations

Common standards used for sieves are:

(a) Tyler standard sieve series (in USA)

{b} US standard sieve series (in USA)

(¢} British standard sieve series (in UK)

(d) German DIN (Deutsche Industirienormein) (in Germany and Eu-

rope)

(e) IP standard sieve series {in India)

(0 Intemational test sieve series (ISO) (World wide)

Tyler and US standards can be interchangeable, since the difference
hetween the two standards is less than the allowable tolerance in weaving

of the screens. These are also known as test sieves. Sieves used for phar-
macopeeial testing must match with the following specifications:

1. Number of sieve : Sieve number indicates the number of meshes
per linear length of 25.4 mm.

2. Nominal size of aperture : Nominal size of aperture indicates the
distance between the two adjacent wires. It represents the size of
a square aperture. 1P 1996 gives the nominal mesh aperture size
for majority of sieves in mm or in um.

3. Nominal diameter of the wire : Wire mesh sieves are made from

the wire having the specified diameter in order to give a suitable
aperture size and sufficient strength to avoid distortion of the
sieve.

4. Appreximate percentage sieving area : This standard expresses
the area of the mesh as a percentage of the total area of the sieve.
It depends on the size of the wire used for any particular sieve.
Generally, the sieving area is kept within the range of 35 t0 40 %
in order to give suitable strength to the sieve.

5. Aperture tolerance average size : Some variation in the aperture
size is unaveidable. This variation is expressed as a percentage
and is known as the aperture tolerance average. In fact, it is a
limit given by pharmacopeeia within which a particular dimension
or average aperture size can be allowed to vary and still be ac-
ceptable for the purpose for which it is used. Fine meshes cannot
be woven with the same accuracy as coarse meshes. Hence, the
aperfure tolerance average is lower for coarse sieves than the fine

sieves. '

According to 1P 2014, a sieve must conform to the specifications given
in Table 4-4.

]
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TABLE 4-4
Standards for Sieves—Specifications

g . Approximate Nominal mesh | Tolerance ave-r; |
f A.p proximaie percentage siev- aperture size age aperture size ;
poSreve number ing area (mn1} (£ nm) !

4 55 4.0 0.136

8 48 2.0 0.07

10 46 1.7 0.06

12 44 ' 1.4 0.05

16 41 1.0 0.03

— — pm pum

22 37 710 235

25 36 600 21

30 38 500 18

36 36 425 15

44 38 355 13

60 37 250 13 (9.9)

85 : 35 180 11 (7.6)

100 36 150 9.4 (6.6)

120 34 125 8.1(5.8)

150 ' 36 106 7.4 (5.2)

170 35 20 6.6 (4.6)

200 36 75 6.1 (4.1)

240 34 63 53(3.7)

300 35 53 4.8 (3.4)

350 34 45 4.8 (3.1)

Note : Figures in the brackels refer to close tolerances and those without brackets
refer to full tolerances.
Comparison of Ideal and Actual Screens

An ideal screen would sharply separates the feed mixture in such a
way that the smallest particle in the oversize would be just larger than the
largest particle in the undersize.

Such an ideal separation defines a cut diameter, D, that makes }he
point of separation between the fractions. Usually, DP'—” is .chosen t@ be

"equal to the mesh opening of the screen. ¢ g

An actual screen is the one, which does not give perfect separation
about the cut diameter.
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In an actual screen, the overlap between the smallest particle in over-
size and the largest particle in undersize is more pronounced, when particles:
@ are needle like, fibrous.,
% tend to aggregate.
@ tend to strike the screen surface endwise and pass through.
% tend to strike the screen sidewise and retained.

Commercial screens usually give poor separations than testing screens
of the same mesh opening when operated on the same equipment.

'cd"xﬁ'ment 4-1. Why are sieves designated by sieve number rather than {mesh)
aperture size?

Comment 4-2. What s the difference between nominal size of aperture and
nominal diameter of the wire?

|
|

MODES OF MOTION IN SIZE SEPARATION

Screening is a method of separating particles according to size alone.
The basic technique involved is passing the particles through a series of
sieves of uniform size. In this, the particles drop through the openings due
to gravity. Coarse particles can drop easily through large openings, but
it is difficult to screen the fine powders. This process can be hastened by
inducing some type (mode) of motion (inovement) to the particles. Size
separation is basically assisted by three methods.

I. Agitation

2. Brushing

-

3. Centrifugal force

These modes of shaking help to shake the material so that sieving will
be quick and entire sieving area can be utilised.

Agitation Separation

Sieves are agitated in a number of ways. Some of them are discussed
below.

Oscillation : The sieve is mounted in a frame that oscillates back and
lorth, 1e. reciprocal motion (Figure 4-3). It is a simple method, but the
material may roll on the surface of the sieve. The motion is parailel to the
plune of the sieve. The sieves can be slightly inclined. The reciprocating
motion is induced by means of an ordinary eccentric on a rotating shaft.

Vibration : The sieve is vibrated at high speed by means of an eccen-
tric device (Figure 4-4) either electrically or mechanically. Rapid vibra-
ton is imparted to the particles that helps the powder to pass through the
sieve. Electrically vibrated screens are particularly useful in the chemical
industry, e.g, hum-mer screen. They handle light, fine and dry materials
suceesstully. Inducing vibrations also prevents blinding of meshes.

SRR
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;% Vibraii)r
i

AN : %

Eccentric

vibrator

(a) Mechanically (b) Electrically
vibrated vibrated
Figure 4-3. Figure 4-4.

Oscillatory motion of screen. Vibrating motion of screens.

Gyration : In this method, a systen is made so that sieve is on rubber
mounting and connected to an eccentric flywheel (Figure 4-5). This gives
a votary movement of small amplitude to the sieve, which in turn gives
spinning motion to the particles that helps to pass them through the sieve.

>
. | N
Lvi N

£ A Eccentric Eccentric
(a) (b} (c)
Gyration in Gyration in Gyration at one end

and shaking at
other end

Figure 4-5. Gyratory motions of screens or sieves.

horizontal plane vertical plane

Gyratory screens are box like equipment, gither round or square, with
a series of screen cloths arranged one above another (Figure 4-5). Most gy-
ratory screens have auxiliary vibrations caused by balls bouncing against

the lower surface of the screen.

Agitation methods are not continuous methods. However, these can be
made continuous by inclination of the sieves. Separate outlets are made for
undersize and oversize particles. Normally, all the three modes of agita-
tion are used simultaneously for an efficient size separation. Rotex screen
works on this principle.

Advantages : (1) Agitation methods are iexpensive.

{2) Simple and rapid.

Disadvantages:

(1 Asilation methods have lower limit of the particle size.

(2) 1f the powder is not dried, apertures hecome clogged with parti-

cles leading (o improper sieving.

(3) During agitation, attrition (particies colliding with each other) oc-

curs causing size reduction.
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Brushing Separation Method

In this case, a brush is used to move the particles on the surface of the
sieve and t(? keep the meshes clear. The brush is rotated in the middle in the
case of a circular sieve, but spiral brush is rotated on the longitudinal axis
in case of horizontal cylindrical sieve. One example is brush sifter (Figure
4-6). This is used for size separation of greasy or sticky powders suci as
waxes and soaps.

Triangular
structure
Sieve
mesh | ——Brush
Figure 4-6. Brush sifter. .

Centrifugal Separation Method
_ In this method, a high-speed roior is fixed inside a vertical cylindrical
sieve, SO that on rotation the particles are thrown outwards by centrilugal force.
The cuiTents of'air can be generated by means of & jet of air into the equip-
ment. which helps in separating the particles. A few examples of equip-
ment that work on this principle are cyclone separator and air separator.
Advantages:
(N Centriﬁtgal methods are extremely useful in cases where conven-
tional sieving tends to block the sieves.
7 Extre il for . :
(2) ];xtrx,n‘lely useful for fine powder, because sieves have the limita-
tion of mesh size.

Comment 4-3. What is meant b inding in si i ;
- y blinding fn size separation? i -
vented? 9 paration? How is it pre

TESTING OF POWDER— SIEVE ANALYSIS
Ihe milled material is subjected (o size separation in order (o obtain
ic powde].‘ of desired size or size distribution. Size distribution analysis is
siporint in different arcas as mentioned below.
. Quality contrel tool for the analysis of raw materials.
- . . ¥, - .
Testing the efficiency ofzfélze reduction equipment or process,
* Optimising the process conditions such as method of agitation
and time of screening, )
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& Selecting the sieve system for commercial equipment.
Errors can arise if the sieves are overloaded or if insufficient time is
allowed for the particles to pass through.

Sieve Shaker Machine

Principle : The powdered drug is separated according to its particle
size using a set of sieves in a nest. These are subjected to different types of

agitation, so that size separation is rapid.

Construction : Standard sieves of different mesh numbers are avail-
able commercially as per the specifications of IP and USP. These sieves are
fixed in a mechanical shaker apparatus (Figure 4-7).

A

—‘ Sieve No.

Sieve No.

Lid
Coarsest sieve

Sieve set

Sieve No.

Finest sieve

Receiving pan

Indicator buib
Timer

Figure 4-7. Laboratory sieve shaker machine,

Working : Sieves are arranged in a nest with the coarsest at the top.
A powder sample (50 g) is placed on the coarsest sieve (Figure 4-7). This
sieve set is fixed to the mechanical shaker apparatus and shaken for
a certain period of time (20 min). The powder retained on each sieve is
weighed.

Practical considerations : Care should be taken in order to get repro-
ducible results. The type of motion influences sieving; vibratory motion is
most efficient, followed by side-tap motion, bottom-pat motion, rotary mo-
tion with tap and finally rotary motion. The type of motion and intensity of
the shaker are fixed and standardized. Shakers are commercially available.

Other factors are weight of the sample and duration of shaking. Sieves
produced by photo-etching and electro-forming techniques are used to get
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a better estimqte of the size distribution analysis with a lower limit of esti-
mation of particle diameter 50 um.

llt&dvantages : It is inexpensive, simple and rapid with reproducible
results,

Disadvantages : (1) Lower limit of particle size is 50 JLITh.

(2) If powder is not dry, apertures get clogged with particles leading
to umproper sieving. ,
(3) During shaking, attrition (particles colliding with each other) oc-

curs causing size reduction of particles. This leads to error in
estimation, :

Variants : Electromagnetic sieve shaker—1It is useful for analysing
povv_'ders gnder controlled conditions. Sonic siffer—This apparatus utilises
sonic oscillations. A mechanical pulse action is used to reduce blindin
and agglomeration in the sub-sieve sizes. ®

Alpine Airjet Sieve

' Principle :In _the Alpine airjet sieve, sieving action involves the appli-
cation of a jet of air on one side of the sieve and suction on the other side.
The material is maintained in a fluidised state on the screen by a stream of

air. Vacuum is applied below the screen, so that the undersi i
’ ersized pow
sucked thI'Ollgh the sieve. der is

. Construction : The construction of a Alpine airjet sieve is shown in
Figure 4‘—8. It consists of a metal housing into which the sieve mesh is
ﬁttec_i _Sleve cover is placed in such a way that an air-tight seal is obtained
Aslit is provided such that its upper edge is in level with the upper edgé

Coarse powder Sieve cover (air tight)

Sieve mesh - - | ~Rotating

- () slit

. - o' &
Ez_\k_‘_’__;-_o_o ~Q0a0Qqs)

Housing
+— Current of
. 1. air directed
Fines . through
rotating
stit
V Lo ‘\;, . -
acuum .
connection Connectlo?n‘,& : “Inlet for
to manometer air flow

Figure 4-8. Alpine airjet sieve.
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of the housing. Provision is made to pass airjet below the slit. Suction
line is provided below the sieve, which can be controlled with the help of

a manometer.

Working : A small amount of powder (about 10 g) is spread on the
sieve. The cover is placed in position. The slit is set into rotation by send-
ing a jet of air from below. The powder is fluidised in the upward jet of
air. The suction is adjusted until the manometer reads about 27 kPa. The
vacuum (in the interior of housing) sucks the undersized powder through
the sieve. The material is recovered.

Sieving is continued for two minutes and the residual powder is
weighed. This powder is transferred to the next sized mesh with a fine
brush. This process is continued until all fractions are collected from the
sample, by changing the sieve meshes as well as magnitude of the suction.

Uses : Alpine airjet sieve method is used for the analysis of powder
for its size distribution. This method is particularly useful in cases where
conventional sieving tends to block the sieves below about 80 pumi.

Advantages : (1) In Alpine airjet sieve, fluidisation of powder pre-
vents blocking of the mesh.

(2) It is a rapid method once the mesh is placed and gives reproduc-
ible results. _

(3) Itis very useful for fine powders.

Disadvantages : (1) The capacity of Alpine airjet sieve is limited.
Therefore, it is not useful for large-scale separations.

(2) This method is tedious, because each time only one particle size
powder is obtained.

Data Presentation

Frequently a powder is assigned by a mesh number of the screen
through which it passes or on which it retains. Tt is expressed in terms
of arithmetic or geometric mean of the two sieves, i.c. a powder passing
through a 36 mesh and retained on 44 mesh sieve is assigned an arithmetic
mean diameter of (425 + 355)/2 or 390 um. This is reported as undersize.

Data Analysis

The weight of sample retained on each sieve is considered for the anal-
ysis. The data are analysed for notital, log-norinal, cumulative percent
Frequbney dighiibution and probability curves. Along with these, different
mﬁﬁcmmicai expressions are also used such as average particle diameter,
geolnetric mean weight diameter, etc. For further analysis refer the book.
“Texthook of Physical Pharmaceutics-1" by C.V.S. Subrahmanyam, Val-
labh Prakashan, Delhi.
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Comment 4-4. The sensitivity of the sieve shaker is 50 pm. Explain. |

. . . . - . i
chpment {1—5. Al_pine airjet sieve equipment is used for standardization, while -
__Nlrndustnal equipment is used for the separation of sizes, Justify.

EQUIPMENT FOR SI1ZE SEPARATION

A wifie variety of equipment have been developed differing in the scale
of operation, ruggedness, method of movement of material and material of
construction. Some factors to be considered are:

(a) wear of the sieves

(b} blinding

{c) machine noise
General Classification of Screening Equipment

The screening or sieving machines may be divided into different classes.

(1) Grizzles : For coarse materials above 50 mm ~— large lumps.

(2) Revolving screens : Separation above 13 mm — trommels.

(3) Shaking screens : Separation from 13 mm downwards to fines.

(4) Vibrating screens : Coarse size (13 mm) o fines. 4

{5) Oscillating sereens : For fine particles

(0) Fluidised systems : For very fine powders.

A few equipment are described below.
Critical Quality Attributes—Size Separation

The critical quality attributes (CQAs) along with process parameters
(PPs) are recorded {Figure 4-9). The size reduction is considered in the
context of production of tablets, after wet milling or dry milling. The up-
stream operation must be drying of granules and the downstream is size
separation or blending. Milling and size separation are more commoniy
conducted simultaneously. For a given set of conditions, the attributes re-
lated to_content uniformity are critical: average size, size distribution, flow
properties and densities.

The process parameters optimized as: feed rate, screen size and time of
screening. These are controlled during the size separation and are prefixed
as standards with limits for a given set of conditions. Production control
charts are used for monitoring the standards. The above are the general
characteristics, but a few may change depending on the screen type.

Shaking Screen

Principle : Particles of different sizes are separated by passing them
through a sieve, which oscillates to and fro contdinuously.
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Process parameters

% Screen type,

& Screen size,

« Feed rate (screen time),
& Mgitation mode,

Material attributes

% Particle size,

@ Size distribution,

@ Packed/loose densities,
# Particle shape,

4 Flow properties,
@ Moisture content.

% Environment
{temp and RH)

Manufacturing
process step

Size separation

Gitical quality attributes of output\
« Granule size,

« Size distribution,

¢ Loose/packed densities,

% Flow properties,

% Fines/oversize,

= Assay of granule sieve out,

\ < Impurities. /

Figure 4-9. Process parameters and CQAs for size separation as an inde-
pendent operation in the production of tablets — Dry granules size separation.

Construction : The construction of a shaking screen is shown in
Figure 4-10. Shaking screen consists of metal frame to which a screen is
fixed at the bottom. The screen cloth may be riveted directly or fitted using
a removable bolted frame. The metal frame can be arranged horizontall;y
or in inclined position. It is suspended by means of hanger rods, so t]_aat it
can move freely. The side of the metal frame is connected to an ordinary

Metal frame

o 1 —
-J’t.fj Eccentiicon'a = o m |
(.é rotating shaft oo Dischatge

Figure 4-10. Shaking screen in inclined position.
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cccentric on a rotating shaft. The entire frame can experience reciprocating
motion.

Working : The screen is allowed to shake in a reciprocating motion.
The feed (material to be screened} is introduced on to the screen from a
side. Therefore, fine particles get screened off initially. The remaining
material moves forward during the motion of the frame and gets separated.
Thus, the desired size particles can be obtained from the material.

The advantage of shaking screen requires low head-room and low power
requirement.

The disadvantage are, shaking screen requires high cost of mainte-
nance of screens and supporting structures. Its capacity is low.

Variants : The shaking screen system may be vibrated to keep the
particles moving and preventing blinding. It is used when large capacity
and high efficiency 1s desired.

Rotex Screen

Principle : Rotex screen works on oscillating agitation (back and
forth) by means of an eccentric mechanism. Further, vibrations are caused
by balls bouncing against the lower surface of the screen cloth, This rapid
motion helps the particles to roll on the surface of the screen and separate out.

Construction : The construction of a Rotex screen is shown in Fig-
ure 4-11. The screen is slightly inclined at 5 degrees. A coarser support-
ing screen is placed below a coarse screen (Figure 4-11a). Between the
screens, wooden blocks are placed at different intervals. Between the
wooden blocks, a number of rubber balls are placed. This two-sieve sys-
tem represents one unit. Several such units are arranged in the desending
order, i.e. sieve of larger opening at the top and smaller one at the bottom
(Figure 4-11b).

If more number of sieve sizes are desired, n screens are arranged in a
similar manner to obtain (i + 1) fractions. This assembly is supported on
siiding contacts at the lower end. The upper end of screen system is con-
nected to an eccentric pin on a Aywheel.

Working : The screen system is allowed to agitate with the help of
cceentric, The shaking motion of the screen causes balls to fly between the
screens. As they strike the inclined sides of the wooden blocks, the balls
deflect upward and strike the underside of the screening cloth and thus
prevent the blocking of the mesh (Figure 4-11a). The feed is introduced

4t the elevated end of the sereen. The material passes through the upper

screen V_and‘ reaches the next screen. -This process continues until all the
material is separated into fractions. The fractions are collected separately
at the outlet point.

T e TR
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Screen of certain size

'----._~_\_________

Wooden —, Single
DO’Q/O/ESR"” sosen

Supporting screen
(Coarser than above screen)

(a) Unit sieve system
Feed

Coarsest screen

Eccentric bearing
i Sliding hearing
acmedor

Fine screen

Wooden blocks Rubber balls

Fire  Coarse
size  size

Figure 4-11. Rotex screen.

{b) Assembly

Uses : Rotex screen is used for handling a variety of chemicals usually
dry materials. Granular matrices and powdered foods are also size sepa-
rated by Rotex screen. Therefore, these are used extensively as standard
equipment in many chemical and processing plants for handling fine sep-
arations.

Cyclone Separator
Principle : In cyclone separator, centrifugal force is used to separate
the solids from fluids. The separation process depends not only on the
particle size, but also on the density of particles. Depending on the fluid
velocity, the cyclone separator can be used to separate all types of particles.
It is also possible to allow fine parti-
cles to be carried by the fluid.
Construction @ The cons-truc-
tion of a cyclone separator is shown
in Figure 4-12. It consists of a short
vertical, cylindrical vessel with a
conical base. The upper part of the
veusel i§ fitted with a tangential inlet.
The outlet (solid outlet) is arranged
at the base. Fluid outlet is provided
at the centre of the top portion, which
extends inwardly into the separator.

Tangential
inlet__p.ﬁ

Solids outlet

Figure 4-12. Cyclone separator.
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Such an arrangement prevents the air short-circuiting directly from the in-
let to the outlet of the fluid.

Working : The solids to be separated are suspended in a stream of gas
tusually air). Such a feed 1s introduced tangentially at a very high velocity,
so that rotary movement takes place within the vessel. The centrifugal
tforce and vortexing throws the solids to the walls. As the speed of air di-
minishes, the particles fall to the conical base and are discharged through
the solid outlet, The fluid (air) can escape from the central outlet at the top.

Uses : (1) Cyclone separator is used to separate the solids from gases.

(2) Itis also used for size separation of solids in liguids.

(3) It is used for separating the heavy or coarse fraction from fine
dust.

Variants : Cyclone separators are also used for size separation of sol-
ids suspended in a liquid such as water. Such separators are known as wer
or liguid cvelone. One such apparatus used for this purpose is Dorrelone.

Air Separator

Principle In air separator, B /Feed inlet
centrifuigal force is used to separate
solids., The air environment is ob-
{ained by means of rotating disc and ‘1
ad To i - ; o -~ N\ Retating disc
blades. To improve the separation, f g O

stationary blades are used. By con-
rotling these blades and the speed
of the rotation, it is possible to vary
the size at which separation occurs.

t{_EI_'

Rotating blades

Construetion : The construc-
tion of an air separator is shown in
Figure 4-13. 1t consists of a cylin-
drical vessel with a conical base,
The feed inlet is fitted to the upper
part of the vessel. The rotating disc
and rotating blades are attached to
the central shaft to produce air environment. At the base of the vessel, two
outlets are provided; one for fine particles and the other for heavy particles.

Qutlet far

Outlet for heavy particles

fine particles
Figure 4-13. Air separator.

Warking : The disc and blades are allowed to rotate by means cof a
maotor. These produce a current ot air as shown by the arrows. The sample
powder is intraduced through the feed inlet. The feed falls on the rotating
disc. The fine particles are picked up and carried into space, where air
velocity is sufficiently reduced. The fine pariicles are dropped and are
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u;_ﬂtimately collected at the outiet meant for the fine particles. The heavy
.-narticles, which fall downward, are removed at the outlet meant for heavy

particles.

([} Uses: Air separators are often attached to the ball _miH or hammer mill
to separate and return over sized particles for further size reduction.

‘)Bag it f fines (or dust) fi the
o inciple : In a bag filter, size separation of fines (or dust) from
\;Lmillezir;)r::fl;l:r is achievid in two steps. In the_ﬁrst step, th‘e mlllecll powder
{[Jis passed through a bag filter (cloth) ‘by applying the suction on the oppo-

site side of the feed entry. This facilitates the separation. In the next step,
{lipressure is applied in order to shake the bags 50 that powder adhering to the
bag falls off, which is collected from the conical base. o
v Construction : The construction of a bag filter is shown in Figure
.. 4-14. It consists of a number of bags made of cotton or wool fabric. These
("u"lare suspended in a sheet metal container.

Discharge
Low speed Damper

(ﬂ, chaft manifold \
s . 2 / @@
W
| -~
b ey
‘. Hv
W

Metal casing.____

\ Filter bags——T
\

=
<
~

=

=

U
iy isch Product

U'L Essgif?nrl%e discharged

Ql“’ (a) Filtering period (b) Shaking period

Figure 4-14. Bag filter.

A hopper is arranged at the bottom of the filter to receive tb_@‘feed. At
.1y the top of the metal container, a provision-is made for the' exbghst. Adja-
NI cent to this, a bell crank lever arrangement is made to bring the filters to
U normal atmospheric conditions.

A
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Working : The working of the bag filter consists of two steps. In the
first step, the feed is separated from air by passing it through the cloth bags.
In the subsequent step, the bags are shaken to collect the fines that are ad-
hered to the bags. These two steps follow in succession and are controlled
at different intervals with the help of a bell crank lever arrangeinent.

Bell crank lever arrangement : In this mechanism, a shaft with a cam
is allowed to rotate at a low speed. During rotation, the cam can either
press the bell crank lever or does not come into contact. Depending on
this mechanism, the damper changes its position. The damper is a useful
mechanism, which allows the two steps to occur as shown below.

Movement of damper

Step Mechanism Contact between Contact between
bags and suction | bags and atmosphere !

Filtering | Cam does not press
period the bell crank lever opens closes
(Figure 4-14a)

Shaking | Cam presses the bell

period crank lever (Figure closes opens s
4-14b)

These changes occur at intervals of a few minutes.

Filtering period : The exhaust fan positioned at the top keeps the bags
under less pressure than atmospheric pressure. The gas containing fine
particles (or dust) enters the hopper, as shown with arrows in Figure 4-14a,
and passes up. The gas feed passes through the fabric of bag. During this
process, the fines (or dust) are retained in the bags, while the gas reaches
the top of the casing. Because of air, the bag remains taut during filtering
operation,

Shaking period : Since vacuum is cut off in the chamber, air from out-
side enters the casing and passes through the bags. This results in violent
shaking of the bags, so that the dust and fine particles are displaced from
the bags and fall into the conical base. These are then removed at intervals.

Such devices are entirely automatic in their action and can be designed
lo affect very large filtering surface per unit floor space,

Uses : Bag filters are used along with other size separation equipment,
¢.g. a cyclone separator. Bag filters are used to remove the fines from
cyclone discharge. Bag filter is connected to the discharge end of the flu-
idized energy mill. : : :

Advantages : (1) Bag filter is extremely useful for reinoving fines,
which cannot be separated by other methods.

T ey e e oot s RS it oo
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(2) These can be used even to remove dust. The ordinary household
vacuum cleaner is a simple bag filter.

Disadvantage : Bag filter is not size separation equipment as such,

Scrubbers

Principle : Scrubbers are used to remove solid particles or liquid drop-
lets from gases. These utilise water to scrub the particles (droplets) by
countercurrent contact. The principles of inertial impact and absorption
are responsible for separation.

Construction : The construction of a water scrubber is shown in
Figure 4-15. It consists of a cylindrical shell with a conical bottom. [t has
the provision to allow the gas to enter tangeniially. Provisions are made
to introduce water at the top and water outlet at the bottom. A series of
deflectors is mounted on the top of the stationary vanes, which are in tumn
supported by annular shelves. Air outlet is provided at the top.

Dust free“EE-—-—— Cylindrical body
gas
rﬁﬁ-ﬁj‘lm— Entrainment
Water -> seperator

i i iﬂ'ﬂm:l—-—Vanes

Shelves —

—— Deflection cone

ge—
Dust
laden
gas
Water with

suspended dust
Figure 4-15. Scrubber-dust washer.

Working : The gas carrying the suspended particles enters tangential-
Iy at the bottom and passes upwards. At the same time, curtains of water
fall from the deflector cones. The gas passes through the sheets of liquid
(towards the center of the tower). The gas changes the direction and passes
through the vanes. Thus, several contacts permit the higher entrainment of
droplets. The water moves out from the top of separator. This equipment
combines the action of cyclone (entrainment separator) for separation of
entrained droplets of water. Finally the gas leaves the dust washer.

Variants : Venturi scrubber is a variant in which a venturi tube 1s
placed in the line. The gas flows through the tube at high velocity. From
the upstream of venturi throat, the scrubbing liquid is introduced at low

pressure.
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'Fhe_gas collides with the liquid, so that the sheet of liquid is disrupted
and 111qu1_d.particles are rapidly formed. The velocity of gas decrcaséjs at
the d:vgrgmg section, and small particles (in the gas) are wetted by the
finely divided liquid droplets. Then, particles coalesce. The discharze of
scrubber goes to a cyclone separator where coalesced particles are rem;vcd
[rom the gas stream,

Comment 4-6, What is the use of two screen-set in Rotex screen? ¢
Conunent 4-7 __.I_n_ _wlj_ag y\(ayjrsr air separator different from sieve shaker? i

SETTLING BEHAVIOUR OF SOLIDS — METHODS
Setiling is a process of sedimenting the particles of different sizes.

. Se_ttling is achieved by gravity or centrifugal force. Gravity sedimen-
tation is described using water (or liquid) as a medium. Dry sieving ma
lcad to difficulties with some materials. Wet sieving is efficient tha .
equivalent dry process. B e

Size Separation by Settling

Princ_iple : When powder is admitted horizontally into a small water
tonk, particles start to settle. A similar situation is observed whe’n the
powder‘is placed in a flowing stream of water (Figure 4-16). T\;fo particles
h:fve different settling rates. These are placed in a upward flowing stream
ol water and the velocity of water is adjusted to lie between the settling
rates of the particles. In the first stage, the particles gain acceleration frm:
7ero to terminal velocity. In the second stage, the particle maintains the
tglmmal velocity. The slower settling particle is carried along with the
liquid, while the faster settling particle moves downward against the water
stream. After travelling a certain distance, the slower settling particle also
moves downwards. Thus, separation of particles is achievecﬁ The fluid is

recovered and sometimes reused.
L 3

Powder—e T~ Water
\ ~ flowing out
\ o
[Y t ol ~
\ t ~
\ L )
Faster Slower
setting setting
particles particles

Figure 4-16. Simple hydraulic separation — Continuous sedimentation tank.

» Tl}i_s;attgng rate of pz.nggt]eg!les depends on particle size, particle shape

:) Fm[it)jcn icle benm:[y. Settl'mg methods do not give separation of particles
1e size, but gives a mixture of sizes with an average diameter of one

[raction. At another place, a different fraction of particles is obtained.
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The principle of settling of particles is used for size separation in the
following conditions. |
& When the particles are too small to use a screen effectively.
& When large particles (high amount) of material is to be handled.

Applications : Powder is deliberately suspended in fluid to obtain sep-
aration of the particles. Dust particles are removed from water stream and
gases to eliminate contamination. Solids are removed from liguid waste

by this method.

Disadvantages : It is a batch process. Discrete particle frfs}ctions can-
not be collected, as sample may contain particles of different diameters.

Free Settling .

Free settling implies that particles settle independently, without any
interference of other particies in the fluid.

Free settling is achieved, when the concentration qf parti_cl_es is low
and the volume of fluid is high. The effect of the walls is negligible. The
particles settle under the influence of gravity. As the particle moves dowr},
the fluid offers a greater frictional resistance. When the resisting fprce 18
exactly equal to the force of gravity, a condition is reached at which Fhe
acceleration of particle becomes zero. From this time opwards, thg sgtthng
of particle follows a constant velocity. These condithns are S}mllar to
the laminar flow. This velocity is called terminal settling vef’ocuy. This
velocity can be obtained from Stokes equation. For describing the ﬂpw
pattern of the fluids, Reynolds number is also utilised. The Stekes equation
is given below. |
D’ (p=p) g )

181
where L7 = Terminal settling velocity, m3/s
D = Diameter of the particles, m?
p, = Density of the particle, kg/m3
0 = Density of fluid, kg/m?
g = Acceleration due to gravity, m/s*
T = Viscosity of the medium, Pa.s

As per equation (1), terminal settling velocity for different flow pat-
terns can be described as follows.

# Laminar region—terminal velocity is equal to square of the parti-

 cle diameter. ' C S

% Turbulent region—terminal velocity is almost proportional to the
particle diameter.

J=

Il
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Whatever is the condition, the settling velocity is so slow and the size
of particle is so small that it is impracticable to produce size separation.
However, sedimentation usually involves settling velocities below the erit-
ical value. Hydraulic classification process may involve particles of one
material, but of different sizes, two or more materials of different specific
gravities, but of same size.

Hindered Settling

Hindered settling implies that light particles are pushed by heavier par-
ticles, on account of particle-particle collisions.

When the concentration of solids is.high, particles are close to each
other and collide continuously. Stokes law is not applicable in this case.
The settling velocities are lower in the hindered settling due to variety of
reasons.

% There is an appreciable displacement of fluid opposite to the di-
rection of motion of solid particle, due to high concentration of
solids.

4« The available effective cross section of liq‘uid is restricted.

For hindered settling, settling velocities are predicted for the concen-
tration of uniform spheres. When the size distribution of particles is wide,
particles are irregular in shape or when flocculation of fine particles is ob-
served, it is more difficult to predict settling velocities.

Settling — Clarifiers and Thickeners

In a suspension, if the solids remain as an individual particle of a few
micrometers (< 5.0 m in diameter), the gravity settling rate will be very
low due to Brownian motion. In fine suspensions, the particles may forin
agglomerates and these settle at reasonable rates. Agglomeration can be
promoted by adding flocculating agents, namely ions, polymers (ionic and
nonionic), alumina, sodium silicate, etc. Further, flocculated Suspensions
are used as dosage forms. These preparations are known as thickeners.
The settling behaviour of the floc solids is different from that of denger solids.

Flocs : The material to be seitled is in the form of flocs {aggregates).
Further, aggregates have high porosities and retain considerable amount
of water within them. The fAocs are assumed to be uniform in size and
shape, so that they settle at uniform velocitics under conditions of hindered
sctiling in the initial stages. The flocs upon settling, get compressed to a
certain extent by subsequent settling of flocs. The sedimentation of flocs is
hindered by the other solids to a certain extent. .

The sedimentation behavigur can be studied using glass cylinder

" {Figuse 4-17). Several stages in‘the settling of flocculated suspensions are

described below, using the stage ‘b’ tube.

N
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# Initially the dispersion is uniform (Tube “a’ of Figure 14-17).
After sometime, a layer of clear water is observed at the top (A
portion of tube b).

% Coarse particles settle at first to the bottom. It is represented by
zone D.

& The next settled solids form a transition zone, 1.e., zone C.

# The boundary between the layers C and D 1s usually obscure (not
visible) and is marked by vertical channels through which water
is escaping from the lower layer which is under compression.

& There upon a zone of partly thickened material above.
# Then a zone of B of the material at original concentration.

A A A
B
17114 ¢ JETN
r ¥ A~ T
o2 B L X
TN E [t e 111§
(2 o) () (d) () (0

Figure 4-17. Typical slurry settling tests-Batch process — Thickeners.

As settling continues, the clear zone increases and the zone B decreas-
es (Tube d). Subsequently zone B disappears (Tube ¢). The zone C gets
compressed on the accumulation of solids above. This results in disap-
pearance of transition zone (Tube ¢). This further compresses the zone D.
Compression breaks the floc structures, the void liquid gets expelled to the
zone above. After a particular stage, sedimentation stops. :

Slurries vary in their settling rates and the relative heights of different
zones, during settling. The experimental studies of settling rate for dif-
ferent initial heights and concentrations are needed for the design of the
thickner.

Classification Methods

Classification methods of a powder are the particle separation methods
based on the principle of settling rate of particles into different fractions of
narrow particle size range.

Classification method is not a size separation method as obtained using
sieves. Even the mixture contains materials of different densities, and siz-
es, classification is possible into coarser fraction containing heavier com-
ponents and finer fraction richer in lighter component. If separation takes
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place based on differential densities, devices are known as soiting classi-
fication. The principle involved is sink-and-float or differential settling
Differential seitling methods utilise the differences in terminal velocities;
that can exist between substances of different densities.

The construction of hydraulic classifier is shown in Figure 4-18. In
this type, the sorting columns have same diameter, but water streams are
entered at different velocities from the bottom of each column. The size of
the particles of each vessel is increased, partly because the amount of ligquid
to be handled increases and partly to reduce in stages the surface velocity
of fluid flowing from one vessel to another vessel.

Fead Slimes
4 N N A |
Sorting
column
) —f— g — . - ~--Water
u.l" Water +[_l— Water |_|_
Coarse Medium Fiie
product product product

Figure 4-18. Hydraulic classifier.

Applications : Hydraulic classifiers (fluid classifier) are useful in the
lower size ranges. Sedimentation tests are applied to light kaolin in order
{o limit the coarseness of-the powder. Light kaolin must consist of fine
particles. Further, therapeutic activity depends on the adsorption proper-
ties, which are related to surface area. Similarly, chalk is often subjected to
wel-grinding followed by sedimentation or elutriation with water.

Disadvantages : Classification methods do not give accurately sized
]31‘0d11ct§ as screens do. These methods are used to convert dilute slurry of
h.ne particles into a clarified liquid or a concentrated suspension. These are
S‘lll'l])‘le methods and applicable only for batch processes. Discreet particle
fractions cannot be collected.

Double Cone Classifier

Principle : The particles in the powder are separated by regulating the
hydraulic water supply and the height of inner cone by hand wheel.
. .Construction : The construction of a double cone classifier is shown
in Figure 4-19. Tt consists of two cones of different sizes placed one inside
the other. Both cones are pointed downwards. Provision is made at the
bottom for the entry of water. In the upper top portion, feed inlet is ar-
ranged. A mixing port is introduced at the centre of the inside cone.
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Hand wheel

Feed

Outer cone

Coarse particles
Figure 4-19. Double cone classifier.

Working : The feed of powder is introduced into the inner cone. Wa-
ter is introduced through the cone and moves upward direction. The mix-
ing port is allowed to rotate. The feed is forced towards the periphery of
outer cone (centrifugal effect). Such a mechanism allows the effective
interaction of particles and water. The particles under settling impact the
uprising water stream. The fine particles are carried upward and escape
through the peripheral lounder. The coarse particles settle into the chamber
and drawn off at different intervals.

Uses : Wet and dry sizing can be done using the double cone classifier.
Corrosive and abrasive materials can also be handled.

Advantages : The cost of installation is cheap. Operation of the
equipment is easy.

Disadvantage : The solubility of solid in the fluids must be low.

Comment 4-8 What are the differences between sieving and classification
methods in case of size separation? :

ELUTRIATION METHODS

Elutriation is a method of separation of particles in a powder based
on the low density of fine particles and high density of the coarse particles
using fluid flow.

Elutriation and sedimentation are different in one respect (Fig. 4-20).
lni'case of sedimentation,. particles move in the direction of gravitalional
frce, while in elutriation. some particles move against the gravitational

force. The arrows are vectors, showing direction and magnitude of particle

movement. In sedimentation, fluid is stationary and particles settle based
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on the particle velocity. In clutriation, fluid flows in opposite direction of
the settling movement. The upward velocity of fluid is less than the set-
tling velocity of the particles. Hence, time is an important factor. In prac-
tice, particles can be seen to rise with the fluid and then to move outwards
to the tube-wall, where the velocity is lower and these start to fall.

(b)
Figure 4-20. Comparison of {a) sedimentation and (b) elutriation.
Uses : Elutriation technique is applicable to insoluble solids such as
kaolin or chalk, which are subjected to wet grinding followed by sedimen-
tation or elutriation. .

Advantages : Elutriation process is a continuous process. Separation
of size fraction is quick as compared to other methods. The apparatus is
more compact than that are used in sedimentation methods. Depending
on the number of fractions required, the same number of tubes of different
area of cross-section can be connected.

Disadvantages : The suspension (or solids) should be diluted, which
may not be desirable in certain cases,

Siatic Tank Method

The construction of elutriating tank is shown in Figure 4-21. The dry
powder or paste made by levigation is kept in an elutriating tank. It is

A

Very fine particles

Fine particles

Medium sized particles

.

Coarse particles

Figure 4-21. Elutriating tank — Siatic method.
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mixed with a large quantity of water. The solid particles are distributed
uniformly in the liquid during stirring. Then the particles are allowed to
settle. Depending on the density, the solid particles may either settle down
or remain suspended in water. Samples are withdrawn at different heights
through the outlets. The powders are dried and thus various size fractions

are collected.

Single Separation With Mobite Liquid

In this elutriating process, the particles are suspended in a moving flu-
id, generally water. The apparatus consists of a vertical column of glass
tube (or cylinder) with an inlet near the bottom for introducing the suspen-
sion (Figure 4-22). An outlet is provided at the top for the overflow of fluid
of fine particles.

= Fluid and fine
particles

Suspension -
of solids

& Coarse
particles

Figure 4-22. Elutriation — Simple separation.

The feed is introduced from the bottom. The movement of particles
is as follows. Generally, fluid is allowed to flow upward direction, while
particles move downwards due to gravitational force, depending on the
experimental conditions.

% Ifthe upward velocity of the fluid is less than the settling velocity
of the particles, sedimentation occurs.

# Conversely, if the settling velocity of the particle is less than the
upward fluid velocity, particle moves upwards with the fluid flow.

Thus, the fluid llow (velocity) contributes significantly for the separa-
tion of particles. Therefore, in elutriation, powder is divided into different
size fractions. A single column will give single separation into two frac-
lions.

Separation as Multiple Fractions “ '
Several vertical liquid columns may be arrangetfiin series (Figure 4-23).
Each subsequent tube must have an increasing area of cross section. In

such a case. each colurmn will give the separation of only two fractions.
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— Over flow
with very fine
particles

Suspension
of solids

v

Coarse Medium size Fine particles
particles  particles

Figure 4-23. Elutriation — Multiple fraction separation

The velocity of the fluid decreases in successive tubes, as the area of cross

section increases. Thus, several fractions are separated, collected and

dried.

“Comment 4-9. What are the differences between sedimentation and elutria- |
tiort methods in the size separation?

" Comment 4-10. Water soluble substances can be separated into different siz-
es by elutriation method. True or false. Justify. . ;

SELECTION OF SIZE SEPARATION EQUIPMENT /

Selection of specific size separation is the pharmacopoeial require-
ment. The most efficient method should be selected based on the particle
properties.

4 [Ifparticles are already present in snspension as obtained from col-
leidal miil (water) or fluid energy mill (air), then separation can
be achieved by elutriation and cyclone separation. In these cases,
separation is the most important, because oversize material is re-
turned to the mill.

% As many pharmaceutical solids are water soluble, separation must
be restricted to the use of air {(cyclone separator or air separator)
or sieve methods.

The final choice of the equipment depends on the feed material, nature
of finished product, facilities available and costs in terms of procurement
and maintenance,

Summary

Size separation is an operation involving the separation of a mixture
of particles into two or more portions by means of screening surfaces. The
other nomenclatures are sieving, sifting, classifying and screening. Pow-
ders are cither collected from natural sources or processed in the [aborato-
ry. Irrespective of the sources, the powders exist as a polydisperse form.
The pharmaceutical industry prefers powders of monodisperse or at least
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' within the narrow size distribution. The differences in the sizes may influ-
ence mechanical work, surface reactivity, taste, mixing, filtration, conduc-
- tivity, etc. For the purpose of reproducibility, raw materials, intermediates

. and finished products are evaluated for the size distribution as the methods
' of quality control and quality assurance. It is necessary to calculate the

. specific surface of the drug which influences the bioavailability. Given
‘.’ such an importance, the Indian Pharmacopoeia has attempted to define the

.. powders from coarse to fine and known as standards.. For explaining the
N2 designations, standards of sieves are also prescribed, namely nominal mesh

. aperture size, sieve number, etc. Several types of sieves are fabricated as

' per the compendia specifications and commercially available as standard
., Sieves,

' Size separation operation is handled in two ways: standardisation of
¢ particle size and the second is the separation of sizes on industrial scale.
i Separate equipment are developed for the above two purposes. Sieve sl}ak-
(jer and Alpine jet sieves are the first category. Several industrial scale sieve

designs are available, namely shaking screen and Rotex screen. These are
«J’ mechanical shakers and also included different modes of motion: name-
ly agitation, brushing, and centrifugation to aid separation. A continuous
! imonitoring of the particle size distribution can gnarantee a (Eonstant Prod—
uct quality. Size separation is also designed based on fluid velocity of
.i iparticles under the influence of centrifugal force. Cyclone separator and
air separator belong to this category. Sedimentation and settling behaviour
( Jyof particles are taken advantage and utilized for size separation. These are
krirown as classifiers and thickners. Further, elutriation methods are also
\_Jlexplored for size separation, but the ultimate purpose is different. Based
on these developments, the final choice of equipment depends on the feed

 Jimaterial, nature of finished product, facilitates available, in addition to cost

~ considerations.

wGlossary of Symbols

9 p = Density of fluid, kg/m®.
1 = Viscosity of the medium, Pa.s.
) p, = Density of the particle, kg/m>.

D = Diameter of the particles, m°.

. . 3

y g = Acceleration due {o gravity, m/s”.
{J = Terminal settling velocity, m’/s.
o)
) . @!
J ¥ v
!

S 1
s
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QUESTION BANK
Each question carries one mark
Note : Encircle the alphabet which corresponds to the single best response.
1. Size classification is also known in one of the following terms.
A. Size analysis B. Size distribution
D. Size separation
2. Size separation is NOT based on one of the following properties.
A, Particle density

C. Particle size

C. Size reduction

B. Particle shape
D. Particle texture

3. Which one of the screens is used for size separation of big and heavy
particles?
A. Bar screens B. Bolting cloth sieves
D. Woven wire screens
4.  Which one of the screens is attached to the hum-mur screens?
B. Cloth sieves

D. Woven wire screens

C. Punched plate screens

A. Bar screens

C. Punched screens
5. Which one of the following indicates the nominal size of aperture?

A, Area of mesh as percentage -

B. Distance between two adjacent wires

C. Number of meshes per linear length

D. Wire having specified diameter that gives suitable aperture

6. During size separation, movement of particles can be enhanced by one of
the following modes.

A. Agitation B. Attrition
C. Gravitation D. Mixing

7. Brushing method hastens the movement of one of the following materi-
als.

B. Dry materials
D. Sticky materials

A. Coarse materials

C. Light materials
8. Flywheel is used to enhance the motion of particles by one of the follow-

ing modes.

A, Brushing mode

C. Gyration mode

B. Centrifugal mode
D. Oscillation mode
9. Which equipment is used for sieve analysis?
A. Alpine airjet sieve B. Cyclone separator
C. Rotex screen D. Shaking screen
10. Fluidised staté is NOT used in one of the following eqhipment.
A. Air separator o B. AIp&ne sieve .

C. Cyclone separator D. Rotex screen
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11,

13.

14,

16.

Which is the disadvantage of the sieve shaker method?

A. Altrition B. Capacity limited

C. Expensive equipment D. Tedious

In cyclone separator, the separation depends on:

A. Density and shape B. Shape and surface area

C. Size and density D. Surface texture and size

In air separator, centrifugal force for circulation of air is applied by one of
the following ways.

A. Applying vacuum B. Atomizing air

C. Pumping D. Rotating blades

Which is the term used to describe the materials that remains on the given
screening surface?

B. Minus material

D. Plus material

A Medium size material
C. Neutral material
Which one of the following aids in sizc separation of sieve shaker ma-
chine?

A. Agitation B. Brushing

C. Centrifugzal force D. Shearing force

Which is the disadvantage of Alpine airjet sieve method?

A. Mesh gets blocked

B. Method does not give reproducible results

€. Not suitable for fine powder

D. Method is tedious

Which are the following forces used in cyclone separator for size separa-
tion of particles?

A. Adhesive forces B. Centrifugal forces

C. Cohesive forces D. Shearing forces

A screen that sharply separates the feed mixture is called:

A. Actual screen B. ldeal screen

C. Real screen D. Virtual screen

Choose one of the following statements does NOT suit to sieve shaker.
A. Aperlures get clogged

B. Attrifion causing size reduction

C. Lower limit of particle size is 50 ym

D. Method is tedius

Choose the equipment n which filtering period and shaking period are
alternatively observed.
A. Alr separation

C. Cyclone filter

B. Bag filter
D. Borrclone

ch-%
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What is the process used for separating the light and heavy particles using
a vertically directed stream of liquid?

A Centrifugation B. Elutriation
C. Filtration D. Levigation

Each question carries 2 marks

1.

Pl A T

wom

t0.
1l
12.

13.
14.
15.
16.

Name the standards of screens used in pharmaceutical practice.
What are standard sieves?

Differentiate ideal and actual screens.

List the specifications and standards for sieves.

What are various grades of coarse powders? Define them.
Give the classification of fine powders with definitions.

What are the advantages of expressing sicves by a sieve number over the
nominal size of aperture?

What are the uses of screen analysis? How is it expressed?

List the methods of sieve analysis used for testing the powders. Give
their relative advantages.

What is the difference between free settling and hindered settling?

State the term “elutriation’. Explain its applications and advantages.
What is the difference between static and moving liguid methods of elu-
triation?

Suggest the use of hydraulic classifiers in the size separation.

Suggest the methods of size separation in wet materials.

Suggest a method of size separation of corrosive materials,

What is the difference between sifting and shifting?

Each guestion carries 5 marks

I.

2.
3
4

Lh

6.

Explain the working of a cyclone separator and ils usefulness.

Describe the method of size separation using the Rotex shaker screen,
Explain various grades of powders official in pharmacopaoeia.

G_ive details about the various standards fixed by the pharmacopezia for
sieves.

Describe the specifications of standard sieves as per 1P.

Explain the concept of settling behaviour using water with a suitable ex-
ample.

Explain the behaviour of sluity setting of thickeners with a suitable dia-
gram.

Describe the principle, construction and working of a double cone classi-
fier with the hdlp of suitable diagram.
Explain lhe%qethods of size separation using water.

Explain the methods of separation of particles in a powder using air as a
medium.
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_, i1. Explain the principles of sedimentation of particles using liquid as a me-
dium.
I ; ; icati . ketch
- 12. Explain the specific uses and applications of a scrubber. Draw the s
_ of the equipment. S, -
«  13. List the critical quality attributes for size scparation operation and high- g B ;
light their importance in the performance of the product. = .
- _ 5 Flow of Heat

“~ Each question carries 10 marks é
C 1. Describe one industrial method for size separation of a powder and its S |
= applications. g —

L
o Mechanisms of Heat Flow
\'J Conduction
. Convection
] Radiation

Equipment—Heat Exchangers and Heat Interchanges

u; Steamn as a Heating Medium

Steam Production—Utilization
\J Steam Traps
. LEARNING OBJECTIVES
. After reading this chapter, the reader should be able to:
\J) € Appreciate the concept of heat flow and associated parameters.
o ® Understand the mechanisms of heat flow with general principles.
'\l‘ © Explain the application of Fourier law in the conduction of heat through
— . — : the metal wall, composite walls and cylindrical pipe, including the ap-
b roxlﬁmllaal Stfaerards for Sieves Sieving Equipment plication of thermal conductivity coefficient.
Ngminzrl Zizséegfeasgljerture Vigfatmd screens, e.g. shaker screen, & Describe the flow of heat and heat transfer coefficient through the
| . . Lt otex . .
N Nominal diameter of wire, Centrifugal force aided, e.g. cyclone metal'wall by forced convection and natura‘l c‘onvectlon. .
‘ Approximate sfeving area, separator, air separator, % Explain the process of heat transfer by radiation and the evaluation of
\,“ Aperture tolerance average _-| | Agitation screen, e.g. bag filter, energy transfer in black body and grey body.
size. - Liquid aid'zdvde-g- Scr}ub.l]aers, @ Describe the heat transfer equipment and types with construction,
L -7 Settling aided, e.g. clarifier .
N T Classification method, e.g. double W?rkl.ng and uses. - - . .
. - SIZE cone classifier, @ Highlight the use of steam with its characteristics with special reference
*@.U‘ ,J” SEPARATION Elutriation method, e.g. static tank, to the type and nature of steam is used as a heating medium.
- single separator. @ Explain the steam production, steam utilization along the use of steam
‘\_LL Official Powders straps, foam separators for obtaining heating efficiency. o
B Coarse powder (10/44)}, Powder Analysis — Testing ) ) ) _ )
U Moderately coarse powder (22/60), for standards Flow of heat is considered as a unit operation in which heat energy is trans-
Moderately fine powder (44/85), Sieve shaker, ferred from a region of hlgher temperature to ategion of lower temperature.
¢y Fine powder (85), ] Alpine airjet sieve.

L very fine powder (120). Heat is a form of ex vgy According to the prlnmples of them1odynam~
1y ics, whenever a physical or chemical transformation occurs, heat flows into
~ MINDMAP OF SIZE SEPARTION OPERATION or leaves the system.
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A number of sources of heat is used for industrial scale Opgrati(m&
Steam and electric power are the chief sources to transfgr heat_. It. is essen.
tial to convey steam without any losses to t‘he apparz_itu_s in which it 15 Used,
The study of heat transfer processes helps in designing the plant efficiently

and economically.

Applications , - |

A few areas of relevance to pharmaceutical engineering are enumer.
ated here.

Evaporation : Heat is supplied in order to convert a liqui_d (vehicle)
into a vapour, which is subsequently removed. This process is used for
preparing vegetable extracts. A construction similar to shell—and—tu!ge heat
exchanger is employed in evaporators. The heat flow ¢an be quantified so
as to estimate the efficiency of the process.

Distillation : Heat is supplied to a liquid mixture for converting the
liquid into vapour so that the individual vapour components are cpndensed
at another place. In case ol steam distillation, steam will be in direct con-

tact with the material,

Drying : In the production of tablets, heat is passed through a f:arrier
oas over a bed of wet solid mass for achieving drying. In_case of spray
flrying, heat is supplied to the solutions and sqspensions (as in case of pro-
duction of milk products).

Crystallisation : Saturated solution is heated to bring about super-sat-
uration, which promotes the crystallisation of drugs. On t_hfa other hand,
removal of heat (cooling) from a saturated solution also facilitates crystal-
lisation, as in case of purification of bulk drugs.

Sterilization : For the sterilization of pharmaceuticals, autoclgyes are
used with steam as a heating mediwm. Dry heat is used for the sterilization
of glass apparatus and other containers.

In addition, a number of other processes, such as boiling, exsiccation,
sublimation and fusion, also use heat.

In a laboratory setup, number of cquipment involving heat are used.
E.g. air-ovens, incubators, dryers and refrigerators. On indLlstl'lgl scale,
eq‘{lipment are used for applying heat, removing heat and preyentmg hffat
loss. Heat transfer in many systems occurs as a steady state, 1.¢. tempera-
ture docs not change with time at any point of the process. .Unstezfdy state
2 150 commonty observed when warming or cooling is desirabie, in which
thermal capacity is important. Analysis of unsteady state is a complex pro-
cess. The basic principles involved in heat transfer are understood properly
for the maintenance and efficient working of the equipment.
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MECHANISMS OF HEAT FLLOW

5

Heat flows from a region of high temperature to a region of low tem-
perature. Heat may flow by one or more of the three basic mechanisms.

conduction

Conduction is a process in which heat flow in a body is achieved by
ihe transfer of the momentum of individual atoms or molecules without
mixing.

For example, flow of heat through the metal shell of a boiler takes
place by conduction as far as solid wall or shell is considered. No mixing
iy involved. Conduction is limited to solids and fluids whose movement 15
restricted. The flow of heat depends on the transfer of vibrational energy
from one molecule to another, and in case of metals, the movement of free
clectrons, such that no appreciable displace of matter oceur, Conduction in
ihe bulk of fluids is normally overshadowed by convection, but it assumes
great importance at fluid boundaries.

Convection

Convection is a process in which heat flow is achieved by actual mix-
ing of warmer portions with cooler portions of the same material.

For example, heating of water by a hot surface (coil type water heater)
is mainly by convection. Convection is restricted to the flow of heat in
Nuids (i.e. liquids and gases). Convection currents of air are set up almost
daily in the atmosphere. These are responsible for winds, Tand and sea
hreezes, ocean currents, etc. Buoyancy forces are induced by variations in
the density of the fluid caused by differences in temperature.

Radiation

Radiation is a energy transfer process in which heat flows through
space by means of electromagnetic waves.

For example, a black surface absorbs most of the radiation received by
it Simultaneously the absorbed energy is quantitatively transferred into
heat. Fused quartz transmits all the radiation that strikes it, while a pol-
ished opaque surface or mirror will reflect most of the radiation that strikes
it. Solar water heaters, solar cookers, microwave ovens, microwave cook-
ers, sonicator baths, ete. are a few examples in which radiation is utilized
for producing heat. Radiation is rare in solids, but examples are found
among glasses and plastics.

in general, these mechanisms may operate simulianeously. For exam,,»-;-.‘
ple, in ovens hot air is circulated by fan, so as to transfer heat by forced
convection. Simultaneously, heat is transferred by conduction from thé
shelf to the material in contact. Heat also radiates from hot walls of the oven.
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CONDUCTION

Heat can flow only when there is a temperature gradi.ent, i.e. heat flowg
from a hiot surface to a cold surface. The rate of conduction through solids

can be studied easily, since it is the sole phenomenon. The basic law of

heat transfer by conduction can be written in the form of a rate equation
as follows:
Rate = M (1)
resistance
The driving force is the temperature drop across the solid surfaces,
The greater the temperature drop, the greater will be the rate of heat flow.

The flow of heat will also depend on the conductivity of the materials
through which it is flowing. For example, condu_ction of ‘heat is faster
through an iron rod than through a wooden lo_g. This factor 1s 1'eprese!1ted
by the term resistance, which can be quantitatively expressed by Fourler’s
law.

thickness of the surface (m)

mean proportionality constant (W/m.K)

Resistance =

L
fey A

Fquation (2) for resistance can be obtained from the Fourier’s law.

Fourier’s Law—Conduction of Heat through a Metal Waii

Fouriers faw states that the rate of heat flow through a uniform ma-
terial is proportional to the area and the temperature drop and inversely
proportional to the length of the path of flow.

The Fourier’s law may be mathematically expressed as:

area (mz) x temperature difference (A¢)

Rate of heat flow o<

thickness ()
AN
G o —
) ky o AAL 3)
or 7

where £,, = mean proportionality constant, Wim-K.

. Derivation : Fourier’s.law can be applied to 2 m_(;tal wall through
which the conduction of heat is taking place (Figure 5-1). .-The character-
istics are as follows,

Area of the wall = 4, m”
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Thickness of the wall = L, m

Face of the wall (HH) is maintained at a uniform,
definite and higher temperature = ¢,, K
Face of the wall {CC) ismaintained at a lower,
, but uniform temperature = £,, K
The heat flow will be at right angles to the plane 4 and is assumed to be
in a steady state. Consider a thin section of thickness dL at an intermediate
point in the wall. This section is parallel to the plane, 4. For this section,
Fourier’s law may be applied as given below,
d —k.A.dt
E% T dL ()
where @ = heat transferred, J
0 = time, s
k = proportionality constant, W/m-K
t = temperature, K
The constant, £, is a function of temperature, but independent of length.
The “minus’ sign indicates the decrease in temperature in the direction,of
fow. In equation {4), (dt/dL) represents the temperature gradient. For a
steady state heat transfer, equation (4} changes to:

d0 —k.A.dr
— =Constant =g = ————

a8 dL +(3)
where ¢ = rate of heat transfer, J/s (or W)
Direction of
heat flow
¢ dl_H___ Higher temperature

S side (t,)

Lower |2

temperature i A

side (t,} /
—_——]

¢ H

fet— L]

Figure 5-1. Heal iransfer through a metal wall by conduction.

The temperature difference in the interimediate section is not known.

But temperatures ai the two faces of the wall are known: The area, 4, may

vary with L, but is independent of temperature. By separating the vari-
ables, equaiion (5} can be written as:

By et

Lops




144 SCOCOCOOLBICTTOCCOCOVDOVOCCHOG PHARMACEUTICAL ENGINEERING

L
D52 kit -(6)
Integrating equation (6) between the limits
L =0whent¢=¢ and
L = L (total thickness) when 1 = 1,,
L dL &y 4
ives: — = =17 =—|  Fdt
gives: 4|, 1 " Kt ’[12
9L _
g k,, (t; —ty) =k, At w7
Rearranging equation (7) gives:
~fc.A.dt
= - (3
q i (3

where k,, = mean proportionality constant, WmK

In steady state heat transfer, ‘g’ remains constant. In equation 3), t.he
term *Af” indicates the driving force. Equation (3) may be rearranged to obtain:
At
9=TF777 1
1= Lik,. A

Comparing the above equation with rate expression [equation (1}] in-
dicates that:
L

k,.A

FL
Fourier’s law is thus used to define the resistance in quantitative terms.

()

Resistance =

Applications : Thermal conductivity is the reciprocal of thermal re-
sistance. Thermal conductivity of a solid is expressed in terms of k as per
equation (3).

The coefficient of thermal conductivity is the quantity of heat that flows
across a unit surface area in unit time, when the temperature drop is unity.

The coefficient of thermal conductivity depends upon the material with
which the body is made and upon its temperature. Thermal conductivities
of some substances are given in Table 5-1. From Table 5-1, the following
conclusions can be drawn.

# Thermal conduetivities of figuidgand gases are very smatl com-
pared to most of the solids. In Eé?efher words, the resistance offered
by liquids and gases is high as Tar as the conduction is concerned.

4 Metals have high conductivity, although values vary widely.

ft:ss
k3 4
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4+ Nonmetallic solids normally have low conductivities than met-
als. Carbon is an exception. Its relatively high conductivity and
chemical inertness permits its wide use in heat exchangers.

TABLE 5-1
Thermal Conductivities of Some Metals

Muaterials Thermal conductivity, W/m-K
—d({:l;;’er 379.0
Silver 410.0
Steel 43.0
Aluminium 249
Stamless steel 17.0
Carbon {graphite) 138.4
Glass (borosilicate) 1.0
Building bricks 0.69
Water - 0.62
Air 0.03 B

# For the porous materials of metals, the overall conductiviiies lies
between that of the homogenous solid and the air that permeates
the structure.

% High resistant values lead to their wide use as heat insulators.

B

In case of steam jacketed vessels, the kettle (inner surface) must
have good conductivity so that maximum amount of heat passes
from the steam to the contents. The high thermal conductivity of
copper suggests that it is a suitable material for the construction
of the kettle. At the same time, the metal used for jacket (outer
surface) must have minimum conductivity to prevent loss of heat
by conduction and radiation. The low thermal conductivity of
iron suggests that it would be suitable material for the consiruc-
tion of the jacket. Such materials should be resistant to solvent or
chemical action of liguid.

For the construction of evaperators and tubular heat exchangers ther-
mal conductivity values are helpful. Thermal conductivity Is very sensitive
to changes in chemical composition and temperature and, therefore, the
above values cannot be applied to all situations. The materials and their
uscruiness with respect to thermal conductivities are discussed in Chapter 12.

Compound Resistance in Series

Consider a flat wall constructed of a series of layers as in Figure 5-2.
The characteristics are:
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;-:' Thicknesses of the three layers =Ly, L, and L3, m
- Conductivities of materials of which layers are made
~ =y, by and iy, W/m'K
. Area of the entire wall = 4, m?2
. Temperature drop across three layers = Az, Af,, and Az, K
i Resistances of the three layers = R, R, and R,
U For the above descriptions, the total temperature drop may be written as;
o Driving force, At= Az, + AL, + At -(8)
- The rate of flow of heat through several resistances in series is exactly
J analogous to the current flowing through several electrical resistances in

series. Therefore, the overall resistance (R) is equal to the sum of individ-
¢y ual resistances.

R=R;+R,+R, {9

'\_J . Direction of heat flow
o c H
L-'“ y Higher

Lower temperature
I\Jj - temperature Ry = side

s side ne —

‘._l) -
J S

c H
Figure 5-2. Flow of heat through several resistances arranged in series.
According to Fourier’s law, individual resistances are described by
equation (2). These are incorporated in equation (9) to get:
L L
N S
kl A ffz A )7(3 A

. Since entire heat must pass through the resistances in series, heat g can
‘L be written as:

. q=q1 T q; 743
&

c

R=

...(10
0 (10)

(11)
Using the principles of conduction, the rate of heat transfer, ¢, may be
{ | expressed as: . :

‘ s A

4= R1+R2+R3

I (12)
A

s
(I
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The contributions of temperature drops to the total temperature and
mdividual resistances to the total resistance can be expressed mathemat-
jcally as:

At Aty tAr Al RIR| R, IRy

Heat Flow through A Cylinder—Conduction

In a heat exchanger, hot fluid or steam is passed through the circular
pipe. The hot fluid transfers the heat to the inner surface of the pipe wall.
Further heat transfer takes place by conduction through the pipe wall. Con-
duction is complicated because the area changes over which heat is trans-

ferred. The rate of heat transfer by conduction through a cylinder may be
obtained as follows. :

(13)

Consider a hollow cylinder as shown in Figure 5-3. The heat is flow-
ing from inside to outside the cylinder. Consider a very thin cylinder at
the centre of the pipe. The following characteristics may be enumerated.

Low
temperature
{t;)

Figure 5-3. Flow of heat through thick-walled cylinder.
Mean thermal conductivity of material of cylinder = ks
Temperature of the inside surface (higher) = ., K
Temperature of the outside surface (lower) = I, K
Radius of the thin cylinder =, m
Thickness of the thin section = dr, m
Radius of the inner wall = 7, m

W/m-K

Radius of the outer wall = 75, M
Length of the hollow cylinder = ¥, m
The heat flow (in watts) is considered as parallel and the rate of heat
transfer (g) can be written as:
A
} dt . et
qg= —-k;(ijU’N) A {14)

where 277V is the area of the heating surface, i.e. the interior of the cylin-
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der. The mean surface area (4,,) may be written as circumference muit.
plied by length of cylinder.
Considering the variables such as radius and temperature, equation
(14) is rearranged to obtain:
dr  —2mNk
g
Integrating equation (15) within the limits of
r=r,, when =1 and r='r2, when f=1,,

e _ 2 gy, 2
?

B far
1 F g f g

gives:

2nN km (tl - [2)
In(m /1)

.A16)

Inp,—inr = (5, —1) : ¢=

Equation (16) can be used to calculate the rate of heat flow through a
thick walled cylinder.
It is desirable to express the rate of heat flow in a more convenient
form (similar to flat wall) as shown below.
coefficient x area x temperature difference
77 length of the metal layer

- km 'Am -(tl — t2)
B L
By equating the right hand-side terms in equations (16) and (17), the
area (of surface) term may be obtained as:

A 2aN

A _ SN
L In(m/n)
Since L is the thickness, it is related to thickness of the tube, i.c.
{ry — #) of the cylinder. This value is substituted for L and rearranged to
obtain 4 ,, (mean area of a cylinder).
_2-N (m — 1)
(/i)

A . area may be considered as Zmr, N. From equation (18}, mean ra-

dius, r,,. may be written as:

(17

.(18)

(. —1)
2.3031log (1 /1)

_ 2o

o= (19
e In(min)
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In equation (19), the term, r, , is called logarithmic mean radius. Log-
arithmic mean is less convenient than the arithmetic mean. The arithmetic
mean is sufficiently accurate, if the tube is thin walled. This relationship
is explained below.

# The arithmetic mean radius gives the result within 10 % of that
obtained by equation (16). Logarithmic mean radius is used, if
the value of #,/r; < 3.20 (thick wall).

4 The arithmetic mean diameter gives the results within 1 % of that
obtained by equation (16). Logarithmic mean radius is used, if
the value of r,/rr) < 1.5 (thin wall).

For most cases in practice, arithmetic mean radius is sufficiently accu-
rate, if the cylinder is thin-walled. For thick walled tube, logarithmic mean
radius has to be used.

Conduction Through Fluids

Conduction in liquids is usually small and this presents a considerable
obstacle for heat transfer. Conductance in fluids is because of eddies setup
by the changes in density with temperature, which is observed in the boil-
ing of liquids (as in case of evaporation and distillation of liguids). .

Conduction through fluids rarely occurs in practice, except when heat
flows through thin films. In these cases, the thickness of the film is not
exactly known. Therefore, equations described earlier cannot be applied.
This difficulty can be overcome by the use of surface coefficient, which
will be discussed later. If a body of fluid is large, both convection and
conduction may prevail. This complicates the data analysis and fails to
provide accurate predictions.

Comment 5—1AII metals having ng&”é’iécmcm condu&i&/ity also wilrlmhia;;féwf
good thermal conductivity, Explain. :

' Comment 5-2. What is the difference between log mean radius and arithmetic :
mean radius in conduction of heat? ;

CONVECTION

Convection is a process in which heat flow is achieved by actual mix-
ing of warmer portions with cooler portions of the same material.

The heat transfer in ftuid occurs on account of actual mixing of its layers.

Forced convection : It is defined as & heat transfer convection process
in which mixing of fluid may be obtained by the use of a stirrer or agitator
or pumping the fluid for recirculation. For example, in forced circulation
evaporators, the evaporating liquid is forced through the tubes under pres-
sure. Therefore forced convection is observed.
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Natural convection : is defined as a heat transfer convection process re distribution across a cqlurr}n of fluid that is being heated (or _cooled) is
. in which mixing of fluid may be accomplished by the currents set up, when related to fche velocity distribution across the same colwnn of fluid.
S body of fluid is heated. For example, in pan evaporator, convection cur. Consider a case of heat flowing from a hot fluid through a metal wall
. rents are set up in the evaporating liquid. into a cold fluid. At a specific point, the variation of temperature on each
o n general, fluid flow may be described as either laminar or turbuleny, 5id§ of the metz.ll wall is depigted in Figure 5-4. Several important facts are
(i)  These create problems in the estimations. Some of them are as follows, evident from Figure 5-4, as listed below.
When heat is passed through the tube, stagnant films determine the rate of c
() heat transfer. i
% When fluid exhibits viscous flow, the veloeity is zero at the actual i
o surface of the wall. It means that the layer of fluid adjacent to the _ ! :
- wall acts as a stagnant film. . Cold Fluid | M ot g i .
U # A comparatively stagnant film can be observed even in turbulent (Turbutenty || F{|  (Turbulent) -
_ flow. At the centre, the fluid is in turbulent flow, while at the ! ’{;; ' Cay ;
Ll surface the fluid exhibits viscous flow. A film of buffer layer os- E g i .
. cillates between these types of flow. | ’, :
L % Sometimes, scales are deposited on the surface of the metal wall !
o and heat must be conducted through the scales. c t -
% When steam gives up latent heat, water will condense on the sur- c 1@ i B -
s face of the vessel (or tube). Again the heat must be conducted R Trerr—— ‘
through this water film. Figure 5-4. Temperature gradients in forced convection, while
ol For heat transfer in a tube, heat must pass through the stagnant film by heat is flowing from & bot fiuid to a cold fluid through a metal wall.
conduction. Hence, conductivity of these films is important. Normally, Metal wall : The characteristics are as follows:

! thermal conductivities of fluids are low. The conductivity of the stagnant
film will be still less. For example, the thermal conductivity of water is
!l less. A film of water has a resistance of about 500 times and that of air film
_ is about 13,000 times greater than a copper sheet of the same thickness.
\JJ' Thus, the resistance offered by these films (though it is thin) is large for the
heat flow. Beyond these films, the turbulence brings about rapid equaliza-
J tion of temperature.

(1) Dotted lines HH and CC represent the boundaries of the films in
viscous flow on the hot and cold sides, respectively, on each side
of the metal wall.

(2) The temperature gradient through the line ¢ o4 18 caused by the !
flow of heat purely by conduction through the metal whose ther- :
mal conductivity is known.

(3) Metal wall thickness is L.

i Therefore, the resistance offered by the boundary film is of importance o o
J in the flow of heat, particularly in the evaporation process. Hot fluid side : The characteristics are as follows.
I Forced Convection-Temperature Variation-Individual (1} To the right of HH, the fluid is in turbulent flow on the hot side.
Heat Transfer Coefficients (2) t,is the maximum temperature in the hot flaid.
J Forced convection is a heat transfer convection process in which mix- (3) ¢, is the temperature at the boundary on the hot side (turbulent and .
i ing of a fluid may be obtained by the use of a stirrer or agitator or pumping viscous flow junction). 3
W' the fluid for recirculation. (4) 1. 1s the temperature at the actual interface (between fluid and solid
\ﬂg Forced convection is obtained in some types of tube evaporators, ‘ Sm face). . 4
¢ ¢ -wherein the evaporating liquid is forced thlough the tubes under. pressure.. |- (5) Curve ittt 1epresents the temper: atule or adient fron the bulk of £y
) In a heat transfer process, the overall coefficient depends upon many the hot fluidto the metal wall. This is caused by the flow of heat ' ]
variables. It is necessary to break them into individual parts. The tempera- in forced convection. s
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(6) t, is the average temperature on the hot fluid side represented by
the line MM. In general, for heat transfer calculation, average
temperature is important, This can be obtained by taking its tem-
perature after mixing.

Cold fluid side ; The characteristics are as follows.
(1) To the left of CC, the fluid is in turbulent flow on the cold side.
(2) f/- is the minimum temperature on the cold fluid.

(3) 1, is the temperature at the boundary on the cold side (viscous and
turbulent flow junction).

(4) t,is the temperature at the actual interface (between fluid and solid).

(5) Curve i, 1, t represents the temperature gradient from the metal
wall to the bulk of the cold fluid. This is caused by the flow of
heat in forced convection.

(6) t, is the average temperature on the cold fiuid side represented
by the line NN. In general, for heat transfer calculation average
temperature is important. This can be obtained by taking its tem-
perature after mixing.

Surface or film coefficients : In forced convection, the stagnant filns
(HH and CC) are of great importance in determining the rate of heat trans-
fer. Though these films are thin, the resistance offered by them is large.
Beyond these films, the turbulence brings about rapid equalization of tem-
perature.

Film coefficient is the quantity of heat flowing through unit area of the
stagnant film per unit drop in temperature.

It is the conductive capacity of the stagnant film for the transfer of heat.

It is difficult to determine the thermal resistances of fluid films, since
thicknesses of the films cannot be known precisely. The thickness of the
film depends not only on viscosity of the fluid, but also on the fluid circula-
tion level (forced convection). Hence, the resistance offered by these films
caunot be individually calculated. Therefore, indirect method of computa-
tion of surface coefficients is employed.

Let g4 watt {joules per second) of heat is flowing from hot fluid to cold
one. Same heat must pass through stagnant fluid film on the hot side,
through the metal wall and through the stagnant film on the cold side. Let

the following be the characteristcs.

Area of the thetal wall on the hot'side = 4, m*

Area of the metal wall on the cold side = 4,, m?
Average area of the metal wall=4 , m>
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Surface or film coefficient on the hot side : On the hot side, the surface
coefficient, /2, is defined as:
Film coefficient on amount of heat flowing (W)

the hot side (W/m~.K) area (m3) x difference in temperature (K)

-9
A (=)
From equations (20) and (7), it can be seen that surface coefficient (/1)

is analogous to the term, &/L for a metal wall. Since L/kA is the resistance
term for metal wall, the term:

I L (20)

1 . .
And, 7 is known as thermal resistance on hot side.
1441
The thermal resistance is due to the combined effect of the viscous
film HH and the turbulent core. This resistance caused the difference in
temperature, ¢, - f,.

Surface or film coefficient on the cold side : Tilm coefficient on the
cold side can be written on similar lines as: '

e

amount of heat flowing

Film coefficient on the cold side = : :
area x difference in temnperature

h, = cl

2= —-—Az (g —12) L(21)

and, 1s known as thermal resistance on cold side.

Iz Az

Overall coefficient : In the over all heat transfer, three resistance
terms are involved in series.

is the resistance on the hot fluid side.

l?} A]
is the resistance of the metal wall.
TH
is the resistance on the cold fluid side.
fiy 4y

Applying the rinciple of compound resistance in series, the overall
heat transfer may be written as:
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At (2) thin walled tubes with larger diameter
-~ 9= 7 7 i ~(22) (b) thin walled plates
+ +
A4 kA, mhA

In these cases, area 4 can be used for 4

1» 4, and A4, since errors will
be negligible. In such cases,

o If both numerator and denominator of th(;: right side of equation (22) ‘ Uy = U, =U, 29)
ipli ation (23) is obtained. . o
© are multiplied by 4, equ ( )A When /1, is very small compared to 42 and (L/k), (1/h;) will be larger. o
g= ijl 4 y -(23) Therefore, these two terms in the denominator are disregarded. Then e
o 1 1 = P
(g - 1 4+ — Ul = hl ..(30) .
Wk Ay A 5 ) Thus, rate of heat flow from one fluid to another through the retaining : :
- Then, the overall heat transfer coefficient U, (W/m~-K) is defined by wall can be simplified. Hence, numerical value of surface coefficients can AR
. . 24) be predicted easily. L !
U equation ( ! i
U, = 1 (24) Factors influencing film coefficients : Several factors influence the L :
il . T L4 A4 surface film coefficients, However, the factors that are widely applied in I
N kA4, A practice are a few with reference to the processing conditions. These are:
(G

If equation (24) is compared with equation (23), it is apparent that: # Thermal conductivity of the liquid

o _ .(25) # Specific heat of the film ‘
= 7= G A, ® Densi iqui .
; nsity of the liquid
Equation (25) states that _ . T 1'buiy f‘th i
U overall heat transfer coefficient % u' ence of the flui
Rate of heat transfer = area of the heating surface < tem-  __(26) 4 Thickness of the film
.
\_,,I

perature drop If the films are thin, their resistances will be reduced. This can be

L For a tubular wall : The above derivation (equation 24) is based on a.chi_eved by incr.cas‘ing the speed of the steam on one side and the speed of
Y the metal wall of thickness, L. This relationship may be extended to a tu- liquid on other side.
W bular metal wall. The heat coefficients may be written in terms of dla-meter Fluids in Natural Convection

(metre), since area is proportional to the corresponding tube dlame.t.i' Thef Natural convection is defined as a heat transfer convection process in
U overall heat transfer coefficient for a tubular metal wall may be wri en' as: which a fluid is heated, the currents set up cause mixing of fluid.

1 The mechanism of natural convec- )
\.l) Up= 1 LDy Dy ~27) tion is depicted in Figure 5-5. Consider
T I * kD, * by Dy a case of single horizontal ¢ylinder. A |
U _ i ient than the other large volume of fluid is present sur- '
h In some cases, one particular area is more cqnvement han o . rounding the cylinder, When & fluid is -:%
! Suppose fiy >> hy, the (D)/D,,) becomes small in comparison to (1/7;). in contact with a hot surface, the fluid =
1 Similarly,gresistance of the tube wall is also small 'm compgnson with that is immediately a djacent to the tube g
- (17h). Hence, ratios (D\/D,, ) and (D/D,) have very little significance and absorbs heat. The temperature of this
o can be disregarded. Then, equation (27) becomes: part of the fluid increases, which in turn
W 1 decreases the density. As a result, the . ol
(0 U, = T L1 -(28) fluid rises from the surface and is re- At, Deg K AT
bt hf + T + - placed by the cold fluid. This process Figua; e 5-5. M echanism of heat '
Y (I 2 continues thereby _effectmg the mixing transfer in natural convection,
Equation (28} can be used in cases of: of hot and cold fluids.

o e

7
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Fluid circulation caused by changes in the densities due to temperature
differences in the fluid is termed as natural convection.

Fluid circulation also changes with:
# geometry of the system, i.e. size and arrangement of heating surface,
# shape of the vessel in which the fluid is enclosed.

The physical properties of the system are individually evaluated at the
mean film temperature. Generally, hot bodies lose heat to their surround-
ings both by radiation.and by convection. At lower temperature ranges,
convection is more predominant, while radiation is important at higher
temperature ranges. In practice, liquid film coefficients may vary from 10
to 200 depending on the arrangement of apparatus and the viscosity of the
liquids.

Application : Natural convection is ocbserved when extracts are evap-
orated in open pans.

Changes in Fluids during Heat Transfer

In heat transfer by convection, two liquids are involved. The hot liquid
gives heat, while the cold liquid receives it. Each liquid undergoes changes
during heat transfer. Steam condenses to give heat, while the cold liquid
boils.

Hot liquid—condensing of vapour : Steam gives its heat of vaporisa-
tion during condensation. This heat is transferred to the cold liquid through
a metal wall.

In a heater, steam is passed through the tubes or outside the tubes. In
each case, the metal surface of the tube gets heated up. While transmitting
heat to a metal surface, the saturated vapour condenses into two distinet
forms based on the nature of wetting of the metal surface. These are as
follows.

Film tvpe condensation : In this type, the condensed liquid wets the
surface on which it is condensing and forms a continuous film of conden-
sate.

If condensation is occurring on the outside surface of a horizontal met-
al tube (a very common case), this film of condensate drops off beneath the
tube. If the tube is vertical, then it runs down the whole length and drops
off from the edge. Generally, smooth and clean surfaces tend to form film
type. For film type condensation the film coefficients are low. Equations

have been proposed for heat transter calcylations.

Drop-wise condensation : In this tny’" the condensed liquid collects as
drops that may range from microscopic size up to drops that are seen with
the naked eye.
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If the condensed liquid does not wet the surface, the drops grow and
then fall off the surface, leaving an apparent bare area on which new drops
form. Normally, oily or greasy surfaces tend to induce drop-wise conden-
sution. The coefficients for drop-wise condensation may be double or more
than double _that of film type under identical conditions. It is difficuli to
estimate the coefficients of heat transfer for drop-wise condensation.

In general, the film coefficient between condensing vapour and metal
wall increases with increasing temperature of vapour, Film coefficients
decrease with increasing temperature drop. When steam is employed as
a source of heat, it is necessary to remove non-condensable gases. Oth-
er-wise, they reduce the film coefficients, because of their accumulation.

Cold liquid-hoiling of liquids : When heat is supplied to a liquid
it boils and the vapour pressure increases. This process continues untii
the vapour pressure is equal to the atmospheric pressure. At this stage
he temperature of the liguid remains constant, which is known as boi]inf;
point. Generally, heat is supplied to a liquid through & heater by passimng steamc.’

Consider a horizontal tube, which is immersed in a pool of pure lig-
uid. Steam is passed through the tube. The heat transfer depends on the
differences in temperatures on each side of the tube wall. The relationship
between temperature differences and heat transfer coefficients in liquids
(boiling outside the horizontal tube) is shown in Figure 5-6. Ar may be
defined as:

At = tpbe wall temperature-saturated temperature of
liquid {= vapour pressure in spaces)

Cold fuid Hot fluid

Heating
surface Cold fluid Vapour
| P . !
() o Tl
) ot D
| 1 1 ' ) 1
(d) () "

Figqre 5-6. Effect of temperature difference on the be-
haviour of a liquid boiling outside the  horizontal tube.

The following conclusions may be drawn from Figure 5-6.

(1) If Aris very small, the rate of heat transfer (g/4) is not much.
Henee, liquid doesn’t boil.
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(2) If At is increased, the rate of heat transfer (g/4) will be increased,
because heat transfer coefficient increases rapidly. The mecha-
nism is as follows. The heated liquid at the wall forms bubbles of
vapour and gets detached from the surface. These vapour bubbles
rise through the liquid. This type of boiling is called nucleate
boiling. The cold fluid now wets the tube wall. Thus bubbles
produce a series of currents, which have a stirring effect.

(3) If At is increased further, the surface temperature increases con-
tinuously up to a point, where the heat transfer coefficient reaches
a maximum. This temperature is known as critical Af. At this

stage, the bubbles begin to coalesce into a continuous film of va- -

pour, which insulates the tube.

(4) Beyond critical Az, further increase in A¢ leads to lowering of heat
transfer coefficients rapidly. The continuous film of vapour insu-
lates the tube, thereby the effective At fails to increase. Thus rate
of heat transfer is decreased.

For some organic liquids, the heat transfer coefficient may decrease
rather slowly after critical Az. Therefore, maximum heat flux may occur
at higher At than the maximum coefficient. The factors influencing heat
transfer in boiling of liquids are:

% roughness of the tube
@ type of roughness
# tendency of liquid to wet the tube
4« difference in densities between bubble and liquid
There is no equation which can establish a relationship between co-

efficient and other factors. This is due to the diverse nature of apparatus
(shape and size) and varying speeds of circulation.

Modes of Feed—Heat Transfer

Heat transfer by convection is involved between two liquids. The dif-
ferences in the modes of feeding largely determine the efficiency of a heat
Process.

Parallel heat flow—Variation in temperature : Heat transfer across
a metal surface from a hot fluid to a cold fluid depends on the temperature

gradient (Af). Generally, it is assumed to be constant for all parts of heating
surface.

When the hot fluid and the cold fluid enter }he apparatus from the same

-end, the flow is parallel to each other. This airangement is known. as par-

allel flow. i ‘

Consider a heat interchanger. The temperature of the hot fluid inside a
pipe decreases from 77 to T, by transferring heat to a cold fiuid outside the
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Figure 5-7. Temperature difference in parallel-current heat flow. o

pipe. {&s a result, the cold fluid temperature is increased from #, to £,. This
condition is represented in Figure 5-7. ! 2

The temperature-drop at the left-end is much greater than at the right-
e_nd. It means that heat transfer is faster at left-side than that of the right-
s[de.- These changes, as occurring in a small section of the pipe, can be
considered for the whole length of the pipe. Mathematically, heat tr;ﬂsfer in
parallel flow of liquids can be written as: ’

dq =U A At “(31)

_Equatif)n (31) is based on two assumptions. (a) The overall coefficient
(L‘J) is COllSlldF':l'ed constant throughout the equipment. (b) The specific heat
ol'each fluid is considered constant. Integrating equation (31) gives:
_ AfI - Al'z
~ha -62)
n —_—
Aty
where L = length of pipe. m ; a = area of the pipe, m?

Comparing equation (32) with the general equation of heat transfer
{cquation 25) gives :

|

_ Atl — Afz
Al = 7 (33)
In —
Aty

‘Thus logarithmic mean temperature difference (Az,) is used. The total

heating surface (4) is equal to aL. Heat transfer equation in parallel flow
heat exchanger is: ’

- g =UdAr, : - (D

The logarithmic mean temperature difference is used to account vary-

- ing temperature drop in parallel flow. If the temperature drop is nearly
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equal (Af) = Alp), then arithmetic average temperature (At,,) can be used,
which is a general expression for heat transfer.
In parallel heat flow, the heating obtained per unit surface area is much
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Initially steam cools down to the condensing temperature as indicated
by AB (Figure 5-9). Then condensation occurs at constant temperature
(section BC), and may further be allowed to cool (section CD). Here large

less effective at the fluid exit point compared to it at the point of entrance
of the apparatus. .

Counter-current heat flow—temperature gl‘ﬂfllEl’lf : Wl_lei? the hot
fluid is passed through one end of the apparatus .whlle cold ﬂ}mc(ij1 1s p?ssed
through the other end, fluids by pass each other in the op}Josrte irections,
This arrangement is known as counter-current or counter-flow. .

The temperature gradients for the counter-current ﬁgw are shothlL in
Figure 5-8. From the Figare 5-8, it can be concluded that the teﬁm_acra c1ire
drop along the length of the apparatus 1s nearly cgnstant. In qtbe1 hwords,
amount of heat transfer per unit area 1s substantially same at both ends.
The heating surface is nearly constant throughout the apparatus,

7

Hop & .
S

CO!d f[de

Temperature

iz

Figure 5-8. Temperature difference in counter-current heat flow.

Distance

In counter-current heat flow, the exit temperature of the hot fiuid is
considerably Jess than the exit temperature of the cold fluid. Hence a lfnge
proportion of the heat content of the hot fiuid can be extracted for a given
entrance temperature of the cold fluid.

If At = At,, temperature {Ar) can be A
taken as arithmetic average.
At + Al B Steam c
A= rl—zf—— SC Sl \D
The heat transfer equation for count- g Cold f14
er-current heat flow can be written as: E F -
g = UAN ...(36) s
Consider a case, where steam is
hansferrma 1t heat t0 2 colder body.

Let the pressure difference in steam be Distance T
constant. The temperature difference Figure 5-9. Temperature difiers

: " o

Tl - , s in counter-current heat ﬂgw in whic
when steam is in a heat exchanger 15 o sod 88 the heafing medium.
shown in Figure 5-9.

errors would be introduced, if AF and DE are taken for A¢; and As,, re-
spectively. Separate heat transfer calculations must be done for the three
sections in Figure 5-9 and then are added.

cﬁ;ﬁrﬁént 5-3. Dimensional analysis is a useful tooi for u?iaérstanding heaﬂ
flow of heat, Explain, i

Commaent 5-4. In forced convection, the heat transfer is due te molecular dif-
fusion and eddies. True or false, Explain.

Comment 5-5. Differentiate between film coefficients and overail heat transfer

¢
i
coefficients. g

RADIATION

Radiation is an energy transfer process in which heat is transferred
through space by means of electromagnetic waves.

Thermal Radiation
Heat transfer by radiation is known as thermal radiation.
Radiation is effective across perfect vacuum and also through layers of air.

All solid bodies radiate energy when their temperatures are above the
absolute zero. A solid surface emits radiant energy continuously and dis-
ributes over all wavelengths (i.e. from zero to infinity), although a major
portion is concentrated within a relatively narrow range of wavelengths.

Heat transfer (thermal energy) is predominant as the temperature of
the body increases. The amount and kind of thermal energy radiated in-
creases rapidly with temperature. Thermal radiation usually occurs simul-
tancously with heat transter by conveetion and conduction.

Various Forms of Emitters

Various forms of emitters used for the supply of radiant energy are
given below:

Ruadiation source Wavelength Applications
IR lamp (1000 °C) 1um High intensity radiation.
Ceramic rods and panels Pharmaceutical purposes, ther-
heated by gas or electric- 2to4 um

molabile substances,

ity (500 1 300 °C).

"
Acf{@antages : The radiation source corresponding to wavelengths
from 0.8 10 400 mum is used for the thermal radiation. For imost cases of in-
dustrial interest, the range is narrowed from 0.8 to 25 um. Radiant energy
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penetrates a short distance (1 to 2 pum) into materials. The heating effect
occurs below the surface. For example, a film of solution can be dried by
radiant heat, whereas surface skin retards the drying process in case of
convection methods. Radiation assumes greater relevance at very high or
very low temperatures and under circumstances in which other methods of
heat transmission is suppressed.

Fundamental Concepts
Thermal radiation obeys same laws of light, namely-—
(2) it travels in a straight line
(b) it may be reflected from the surface
Suppose a cold substance is placed in the sight of a hot body inside
an enclosed space. The cold body intercept the radiation emitted by the
hot body. The fraction of radiations falling on the body may be reflected,
which is known as reflectivity, p. The fraction that is absorbed is known as
absorptivity, o. The fraction that is transmitted is known as transmissivity,
7. The sum of these fractions must be unity or:
a+prt=1
The following are a few observations.
& Most of the industrial solids are opaque and hence transmissivity
is negligible. :
# The absorptivity and reflectivity depends on the nature of surface
and temperature. )
& If a body absorbs all the incident radiations and its reflectivity is
nil, then such a body is known as black body.
% Absorbed radiation is transferred into heat .
& A pood absorber of heat (black body) is a good emitter of radiation.
& All real bodies do reflect a part of the incident radiation, but less
than that of a black body.
% When the reflected radiation falls on other absorptive body, heat
transfer takes place.
In practice, reflected and transmitted radiations usually fall on other
absorptive bodies.

Black Body .
Black body is defined as a body that radiates maximum possible
amount of energy at a given temperature.

All solid bodies radiate energy at a temperature above the absolute
zero, however, not at the same rate. For the purpose of heat transter, a
theoretic substance is proposed and designated as black body.
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No physical substance is a perfect black body., The black matte sur-
face approaches a black body, when visible light (rays) alone is considered.
Light coloured substances deviate widely from it. Black surfaces are better
emitters of heat radiation than polished surfaces, Further the term *black’
is nothing to do with the colour of the body. Similarly it has nothing to do
with the amount of energy it radiates.

In theory, a black body is considered to be an enclosed space with a
small (negligible) opening. The temperature in the enclosed space should
be constant and uniform, because the amount of energy escaping through a
small opening is negligible. In practice, a convenient black body is made
from a tube of carbon. Both the ends are plugged, with a small hole at the
centre of one end. When viewed through this small hole, the inside en-
closed space (fornace) is considered as a black body, provided the tempera-
ture is uniform. Similarly all objects within the furnace (enclosed space)
can be considered as black bodies.

A good absorber of heat is a good emitter too. Conversely a poor ab-
sorber is a poor emitter.

Rate of Radiation
The exchange of radiation is based on two laws.
1. Kirchoff’s law
2. Stefan Boltzmann law
Kirchoff’s law : It states that the ratio of emissive powder to the ab-
sorptive power is the same for all bodies that are in thermal equilibrium.

Thg- necessary condition is the equilibrium of temperatures between
the bodies. For a black body, absorptivity, a = 1, is the highest. In other
words, the black body emits maximum amount of radiation.

Stefen Boltzmann law : This law states that the rate of energy emit-
ted from a black body is proportional to the fourth powder of the absolute
temperature, T.

Normally, hot bodies emit radiation. Stefan-Boltzmann law gives the
total amount of radiation emitted by a black body.

qg= bAT
where g = energy radiated per second, W (or J/s)
" A = area of radiating surface, m?
Tﬁl absolute temperature of the radjating surface, K
& & constant, W/m2-K*

According to equation (37), the rate of heating depends upon the tem-
perature and surface area of the emitter. At the saine time, it also depends

-(37)
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upon the absorption capacity of the material to be heated. There is no
thermal equilibrium between the two bodies. Equation (37) permits the
calculation of energy at each state (T or T,) for each body {black body and
real body). The differences give the energy radiated.

For a black body, the value of & is 5.67 x 1078 W/m? K*. Actual bod-
ies do not radiate as much as the black body. Therefore, equation (37) is
madified for the acrual bodies.

g = ebAT ...(38)

where ¢ is equal to the emissivity of the actual body. Emissivity may be
expressed at the same temperature as:

energy emitted by actual body

Emissivity, £ = (39

energy emitted by black body

As per equation (39), emissivity is one for a black body. For actual
bodies, € is less than one, because a fraction of the radiation is absorbed,
which appears as heat. The fraction of energy absorbed is denoted by ab-
sorptivity, o (other fractions are either reflected or transmutted).

A good absorber of heat is also a good emitter at a given temperature.
If emissivity is equal to absorptivity (g = o), then a substance is considered
as a black body. Since emissivity of a black body is 1, the absorptivity must
be one. Therefore, the black body absorbs all the radiation falling on it.

Grey Body

Absorption of energy by a substance depends on its properties. Fair-
ly high amount of energy will be absorbed by dark coloured, opaque and
rough surface bodies. Least energy is absorbed by light coloured, transpar-
ent and smooth surfaced substances.

At a given temperature, the value of o var-
ies somewhat with the waveiength of the radia-
tion falling on it. This complicates the solving
of problems in practice. Therefore, the concept
of grey body has been introduced.

Cold body (Btack}
surface area, A
Temperature, T,

A grev bodv is defined as that bedy whose
absorptivity is constant at all wavelengths of ra- o
diation, at a given temperature.

Consider a smali cold body (real body} with
a surface area of 4 and temperature of Tz 18 com-
pletely surrounded by a hot black body at tem-
perature I (Figure 5-10). The amount of heat
transferred in such a process is expressed by the  Figure 5-10. Heat trans-
Stefan law, which may be written as: fer through radiation

|
Hot black body
Temperature, T,
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g=0b4 (T -T,"% ..(40)
Equation (40) assumes that all the heat radiated by a cooler body also
falls on the hotter body.
Comment 5-6. Heat transfer is not possible in vacuum. Why?
comment 5-7. Rusted iron rod has increased emissivity than polished iron
rod. Explain. ;

Commer_ytﬁjﬁ_.m Differentiate between ‘black body’ and ‘grey body’.

EQUIPMENT

Heat Exchangers and Heat Interchangers

Most of the chemical and pharmaceutical industries employ a variety
of heat transfer equipment. The materials to be heated may be liquids or
gases and occasionally solids (which is a separate case by itself). The heat-
ing media may be a hot fluid or condensed steam. Some of the processes,
which involve the heat transfer encountered in pharmacy are:

& preparation of starch paste (steam jacketed kettles) for granulation
crystallization '

% evaporation

& distillation

in industrial processes, heat energy is transferred by various methods.
The principles, construction and working of equipment used for the trans-
fer of heat energy are as follows:

He:at exchangers : Heat exchangers are the devices used for transfer-
ring heat from one fluid (hot gas or steam) to another fluid (liquid) through
a metal wall.

Heat interchangers : Heat interchangers are the devices used for
transferring heat from one lquid to another or from one gas to another gas
through a metal wall.

The classification given above is vague and many times used inter-
changeably. Therefore, it is appropriate to call them as heat transfer equip-
ment. Some of them are discussed in the following sections.

Heaters or Heat Exchangers
Hear exchangers are the devices used for transferring heat from one
fluid (hot gas or steam) to another fluid {liquid} through a metal wall.
Some heat transfer (or heaters) equipme]{lt are:
(1) tubular heater (shell-and-tube heater) ) ;i:
(2) wmultipass heater : :
(3) two pass floating head heater
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o In heat exchangers, the film coefficients on the steam side are usuafly
.. much larger than the film coefficients on the cold liquid side. Therefore
' the overall heat transfer coefficients will be nearer to the cold liquid sida
.-, (because it is smaller of the two coefficients). Hence, heat transfer be.
U comes less. The efficiency can be improved by passing the liquid at 4
. high velocity. As a result, the thickness and resistance of the liquid film
' decrease. Normally, the space outside the tubes is large, but steam velocity
.1 is low. Still heat exchangers are useful, because of the high values of the
o steam film coefficients.

W Tubular heater (Shell-and-tube heater) : Shell-and-tube heater i
O the simplest form of a tubular heater. It is a single-pass tubular heater.

Construction : The construction of a simple tubular heater is shown in
Figure 5-11. Tubular heater consists of a bundle of parallel. tubes, which
are relatively thin walled. The ends of these tubes are expanded into two
tube sheets, B and B,. The bundle of tubes is enclosed in a cylindrical
shell or casing, C, to which the tube-sheets are fitted. Many heaters have
a cast iron shell,

C Ccc ccC

b §team
lﬁegt inlet Outlet hot
Distribution ! Vent, K (vﬂuld
chamber, 0, 5 J |—| F t I
i Q lif n Bl 2
] /1 A Side cover
D Side " | «
: cover I 9 E,
Yy
"\U T :-J‘ Distribution
i

&

E, //:. S
gq}rh /(2 \ |*|G W chamber, D,

: Condensate
Inlet cold Casing
fluid Tubes Utet

Figure 5-11. Construction of single-pass tubular heater.

=

&

Two distribution chambers, D; and D, are provided at each end of
the casing C. Fluid inlet is provided to the distribution chamber D,. The
heated fluid outlet is provided to the distribution chamber D,. Two covers,
£, and £, are provided to close the distribution chambers from the sides.
Steam or other vapour is introduced by a connection, F. Provisions are

made for the escape of non-condensable vapour X and condensed vapour
to drain at G,

€ & & €

Working : Steam or any vapour is introduced through a steam inlet
into the space surrounding the tubes. The steam flows down the tubes. In
|7 this process, the tubes get heated rapidly due to high values of steam film

coefficients. The condensed vapour drains through condensate outlet at (.

-

s
f—
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N On_(;ondensablc gases, if any, escape through the vent X provided at the
1op of the casing.

The fluid to be heated is pumped through the cold fluid inlet / into
aistributing chamber D,. The fluid flows up through the tubes. The steam |
nd fluid are physically separated, but are in thermal contact through the RN
;hin tube walls. The fluid in the tubes get heated due to heat transfer by Pl
conduction through the metal wall, followed by stagnant layer and finally ‘- SR
by convection. The total heat transfer is effected by single pass of flu- B E o
id. Thus, the heated fluid reaches the distributing chamber D, and leaves Py
through the hot fluid outlet, 7.

In the sheet-and-tube heater, the cross sectional area of the tubes is
iarger. Hence, the velocity of the fluid inside the tubes is low.

Advantage : In single-pass tubular heater, large heating surface can be
packed into a small volume. N

I
Disadvantages : (1} The velocity of fluid flowing in these tubes is low, E : i
pecause of large cross-sectional area or larger surface. ‘ : !

(2) The expansion of the tubes and shell takes place due to differences
in temperatures. This may lead to the loosening of the tube sheets
or buckle the tubes,

Multipass heater : In a multi-pass heater, the velocity of fluid can be
increased. As aresult, heat transfer coefficient also increases. As the name
indicates, the liquid to be heated is passed through the tubes several times
before leaving the equipment. This facilitates the effective heat transfer.
Therefore, multipass tubular heaters are superior to the single-pass shell-
and-tube heaters,

Construction : The construction of a multipass heater is same as tubular
heater mentioned above, however, with some modifications (Figure 5-12).

Tubular multipass heater consists of a bundle of parallel tubes. The
¢nds of these tubes are expanded into twe tube sheets, The tubes bundle is
wrapped in a cylindrical casing. Two distribution chambers are provided
at each end of the casing. Since the heater is multipass, the same liquid
has to flow through several tubes back and forth. In order to facilitate
this process, distribution chambers are partitioned by means of baffles and
their arrangements are different in the two chambers (Figure 5-12). The
entrance and exit points of the fluid are arranged in the same distribution
chamber (right side).

Working : Steam is introduced through the connection into '&E’;!ﬁ space
surrounding the tubes. As the steam flows down; the tubes g‘e(_f heated.
The condensed vapour is drained. Non-condensable gases, if any, escape
through the vent provided at the top of the casing.
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(a) When viewed from the side
Qutlet hot fluid
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H E G
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Tnlet cold fluid

Left-side distribution chamber  Right-side distribution chamber
(partitions F and D are (Partition E is below the page}
below the page)

(b) When viewed from the front
Figure 5-12. Construction of a multipass heater. In this figure, the
meodifications of distribution chambers and partitions are shown.

The fluid to be heated is pumped at high velocities into the right distri-
bution chamber through the compartment, A. High velocity facilitates the
effective heat transfer. In this construction, fluid is directed to enter only a
fraction of the tubes by means of baffles placed in the distribution chamber.

The liquid enters compartment A and flows to the left into compart-
ment B, back to the right to compartment, and so on in the same sequence
of alphabetical order. During this process, fluid in the tubes get heated,
due to heat transfer by conduction through the metal wall, followed by a
stagnant layer and finally by convection. The net result is enhanced rate
of heat transfer. Thus, the fluid passes back and forth through the several
tubes and then leaves the equipment at L.

If the fluid is to be introduced at high veloeities, pumping should be
effective, which increases the cost of the power, though the cost of heater
is low. Too low a velocity saves power for pumping, but needs a very large
heater. Therefore, a balanced aplproach should be worked out based on
economy. 4t

o

Advantages : Multipass cohbtruction decreases the cross section of the
fluid path, thereby increases the fluid velocity. Thus, multipass tubular
heaters are superior to the single-pass shell-and-tube heaters.

SOOCOC PHARMACEUTICAL ENGINEERING
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Disadvantages : (1) The fabrication of a multipass heater is more com-
plicated- (2) The pressure-drop through the apparatus is increased, because
of enhanced velocity of fluid flow. (3) More number of exit and entrance
points increase the friction losses. This increases the cost of pumping of
fluid.

Floating-head two-pass heater : In floating-head two-pass heater, the
ends of the tubes are structurally independent of the shell.

Construction : The construction of a two-pass floating head heater is

shown in Figure 5-13. Its construction is the same as tubular heater with

some modifications.
Steam

Floating : Outlet
head inlet Vent hot fluid
¥ 4
i1
/'t—l
T
- .
P
‘.I._I artition
Tubes  Caging Inlet
Condensate cold fluid
outlet

Figure 5-13. Construction of a two-pass floating head heater.

Two-pass floating head heater consists of a bundle of parallel tubes.
These are enclosed in a shell (casing). The right-side of the distribution
chamber is partitioned and fluid inlet and outlet are connected to the samne
chamber. The partition is such that both have equal number of tubes. On
left-side, the distribution chamber is not connected to the casing. It is
structurally independent, which is known as floating head. The other end
of the tubes is embedded into the floating head. Steam or other vapour is
introduced through inlet provided to the shell. Provisions are made for the
escape of non-condensed vapour and an exit for the condensate.

Working : Steam is introduced through the inlet (Figure 5-13). As
the steam flows down the tubes, they get heated. The condensed vapour
escape through the bottom of the shell. Non-condensable gases, if any,
escape through the vent at the top of the shell.

The fluid to be heated is introduced into the distribution chamber on
right-side of the heater. The fluid flows through few tubes present i that
part of the partition. The fluid reaches the floating head and changes di-
rection. Now it passes back to the next part of the partition chamber on
right-side. Therefore, the fluid flows twice through the tubes, i.e. two pass.
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() During this process, fluid in the tubes get heated, due to heat transfer by
conduction through the metal wall, folowed by a stagnant layer and finally
(J) by convection. Then the fluid leaves the outlet provided in the shell.
Advantages : In a shell-and-tube heat exchanger, tubes and shell may
o get expanded due to differences in temperature. Similarly contractions
Cy are also possible when heater is switched off. It leads to loosening of tube

sheets or buckles the tubes. Therefore, constructing the tubes independent
<) of'the shell can prevent these effects. Such an arrangement is floating head.
Heat Interchangers

Heat interchangers are the devices used for transferring heat from one
liquid to another or from one gas to another gas through a metal wall,

c C

In heat interchangers, the heating medium is a hot liquid. The liquid to

) be heated is the cold liquid. In this case, the film coefficients both outside

and inside the tubes are nearly of same magnitude. The value of the overall

et heat transfer coefficient, U, will be near that of the smaller of the two film
coefficients. Hence, heat transfer is not efficient.

-

The film coefficients can be enhanced by increasing the velocity of
flow. From the point of construction, it is difficult to increase the velocity
of the hot fluid outside the tubes. However, surface area of contact can be
increased, by introducing baffles in the construction. The increased surface
area of contact enhances the coefficient. Thus the rate of heat transfer is
enhanced. These principles are illustrated using different heat interchangers.

c &

-

Baffles : Baffles consist of circular discs of sheet metal with one side
cut away. These are perforated to receive tubes. To minimize leakage, the
clearance between the baffles, shell and tubes should be small. The baffles

. are supported by one or more guide rods, which are fastened between the
tube sheets by sct-screws,

=

€

-

-

Working : Baftles are placed outside the tubes. These increase the
velocity of liquid outside the tubes. Baffles make the liquid flow more or
less right angles to the tubes, which creates more turbulence. This helps in
reducing the resistance to heat transfer outside the tubes. Therefore, baffles
W constitute an important part in the heat transfer.

<

A The construction of a liquid-to-liquid heat interchanger illustrates the
principle of introducing the baffies into the equipment.

(b Liquid-to-liquid interchanger : The basic construction and working

. of any heat transfer equipment more of less remains the same. Only a few

Uf modifications are included. th.'@

117 Construction : The construction'of a liquid-to-liquid heat 1nterchanger
is shown in Figure 5-14. Normally, tube sheets, spacer rods and baffles are

O
N
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assembled first and then tubes are installed. The most important parts in
the construction of the heat interchanger are the baffles.

Appropriate size of tube sheets is chosen for the fabrication. One or
more guide rods are fixed to the tube sheets by means-of set-screws. Baffles
consist of circular discs of a metal sheet, with one side cut away. Baffles
are placed at appropriate places using guide rods. The baffles are arranged
with appropriate spacing using short sections of the same tubing as shown
in Figure 5-14. Baffles have perforations through which tubes are inserted.
The ends of tubes are expanded into the tube sheets. The above assembly
is enclosed in a shell.

The shell has a provision for introducing the heating medium, hot flu-
id. The outlet for the fluid is at right-side top.

On each side of the tubes, two distribution chambers are provided.
Left-side chamber contains an inlet for fluid to be heated. The outlet for
the hot fluid (that is heated) is provided at the centre of the right-side dis-
tribution chamber.

Qutlet hot Inlet hot
Inlet cold  liquid Baffles liquid
liquid + * / ‘ P
T JL M
I T/ T ]
N
\*i ' I ! I I —I-—-n Outlet
\Lr_j:zﬂ"ﬂ_'! J | I | ﬂJ heated
R . S s s s liquid
N
AN L=, NN vﬁﬂl
Tube \
sheet . -deBaf‘Fles SpacerTUJes +
roud]s tubes Drain

Figure 5-14. Construction of liquid-to-fiquid heat intgrohanger.

Working : The hot fluid (heating medium) is pumped from the left-side
top of the shell. The fluid flows outside the tubes and moves down directly
to the bottom. Then, it changes the direction and rises again. This process
is continued till it eaves the heater. Baffles increase the velocity of the lig-
uid outside the tubes. Baffles also allow the fluid to flow more or less right
angles to the tube, which creates more turbulence. These help in reducing
the resistance to heat transfer outside the tubes. Baffles lengthen the path
and decrease the cross-section of path of the cold fluid. The path of travel

- 1is as shown in Figure 5-14. The baffles get heated and provide greater sur-

face area for heat transfer. Simultaneously, during the flow, the tubes also

get healed. As a result, the film coefficient inside the tube also increases.




. PHARMACEUTICAL ENGINEERING
172 RGO OOTTCOOTOOTOCOOOTH

The liquid to be heated is pumped through the inlet provided on left-
side distribution chamber. The liquid passes through ﬂ}e tubes and gets
heated. The flow of liquid is single-pass. The heated liquid is collected
from the right-hand side distribution chamber.

Advantages : In a liquid-to-liquid interchanger, heat transfer 1s rapid

as the liquid:

(1) passes at high velocity outside the tubes.

(2} flows more or less at right angles t0 the tubes.

Double-pipe heat interchanger : Ina liquid-to-liquid heat interc_hang-
er, the fluid to be heated is passed only once thrc?ugh _'fhe rube_:s before 1t gets
discharged, i.e. single pass. The heat transfer in this case 1s not efficient.
When a few tubes per pass are desirable, double pipe heat interchanger 1s
employed. . ‘

Construction : The construction of a double-pipe heat interchanger 1s

shown in Figure 5-15. In this, two pipes are used: one is inserted in the

other. The inside pipe {or tube) is used for the pumping of cold liquid_ to foe
he circulation of the hot liquid.

heated. The outer pipe acts as a jacket fort
Alf jacketed sections are inter-connected.

Inlet hot
liquid
Pipe for *
hot liquid
|
| -

. Outlet cold liguid
S turned hot

LFr'" ]
1

T - . ~— .

| -
Inlet cold —»[" = =
liquid —-—
q M

Outlet hot liquid
turned cold

Figure 5-15. Construction of double-pipe heat interchanger.

Normally, the number of pipe sections is few. Th_e length of t}qe plp.e
is also less. Glass tube, standard iron pipe and gl‘aphﬂe CO“Sth“O;;S Ec’;e
available. Standard metal pipes are assembled with standard return bends.

4

Return
bends

rn
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A proper number of such pipes are connected in parallel and stacked verti-
cally. The pipes may have longitudinal fins on its outer surface.

Working : The hot liquid (heating medium) is pumped into the jacketed
section. The hot fluid is circulated through the annular spaces between
them and carried from one section to the next section. Finally it leaves the
jacket. In this process the pipes get heated, while the hot fluid looses its
temperature.,

The lquid to be heated 1s pumped through the inlet provided at right
side. The liquid gets heated up and flows through the bent tubes into the
next section of the pipe. The liquid further gets heated. The same liquid
continues to flow and finally leaves the interchanger through the exit point
on the right side.

Useg : Double pipe heat interchanger is useful when not more than 0.9
to 1.4 m* square of surface is required.

Scraped-Surface Heat Exchanger

Principle : In this type of liguid-liquid heat exchanger, a spring-loaded
scraper blade is included for enhancing the overall heat transfer coeffi-
cients. The scraper blade rotates at a certain speed and scrap the inside
liquid surface layer of the inner tube, which is otherwise stagnant. This
perimits the replacement of existing liquid layers by a new portion of liquid.
Thus exchange of heat is effective.

Construction : The construction of a scraped-surface heat exchanger is
given in Figure 5-16. It consists of a double pipe construction: one is kept
inside the other. The common sizes are 6 inches inside pipe and 8 inches
outside pipe. In the inner tube, two or more spring-loaded scraper blades
are attached longitudinally to a central shaft. The shaft is connected to a
motor for allowing the blade to rotate. The other end of the blade reach-
cs closer to the inner pipe wall. These double pipe units are commonly
connected in series and arranged in double stands. Often, the system: can
employ jacket arrangement for maintaining temperature.

Steam, hot or cold fluid

Inner pipe
@ Quter pipe
. Scraper blades
' Central shaft
% »':.' Fluid to Be heated
“; Figure 5-16. Scraped-surface heat exchanger.

Working : The heating medium (steam, hot or cold water) is passed
through the outer tube. The viscous fluid to be heated is passed through the
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U inner tube at low velocity. Heat transfer takes place through the circulateg
. surface by conduction and convection. The portion of liquid adjacent to
Nl the inner surface of the inner tube is stagnant. The shaft is allowed to ro.
_tate at a certain speed and scrape the inside surface of the inner tube. Any
W liquid that was previously on this surface is scraped and replaced by other
liquid at that temperature. This permits the effective transfer of heat, but at
L unsteady state condition,
s Uses : Scraped-surface exchangers are particularly suitable for heat
transfer (cooling) in crystallization. Heat transfer is effective even with
¢ || severe fouling, solvent extraction, high velocity fluids. This is possible
because of spring-loaded scraped blade mechanism. These are used in the
b production of food products and other heat sensitive liquids (using high
vacuum). Itis used in paraffin wax plants.

S Finned Tubes

js The general heat transfer rate (g) equation in a heat exchanger is:
g = UA At

\L: where U = overall heat transfer coefiicient, W/m>.K

‘,‘P. A = area of the heating surface, m?
il At = difference in temperature on both sides of the tube, K
b Consider the case of a heat exchanger in which air is present outside

the tubes and steam is inside the tubes. Air gets heated due to heat trans-
{1}y fer through the tube wall. The heat transfer coefficient on the steam side
surface is very high, while it is extremely low on air-side. As a result, the
{UJ' overall coefficient, U, approximates that of the lower side, i.e. air-side.

{1l Afr Fins
&

lFHIIIIIHIIIHIII
a8 Steam—sp- Tub
N, ube
ERRRARRARRR RN
i, (a) Rectangular fins

Fins Tuhe cross section

b

(b} Longitudinal fins

0 AWA-AANAwi

(c) Spiral fins

i

B

Flgure 5-17. Variations in the arrangements of fins on tubes in a heat interchanger.
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since. U is decreased, the only way to increase ¢ is to increase the surface
aren torm, A, on the air-side,

As metals generally have high thermal conductivity, the teinperature
of the metal surface approximates to that of steam. Surface area of contact
s enhanced by ﬁxmg fins on outside of the tubes, without putting more
qumber of tubes in the heater.

Construction . A variety of fins are used as shown in Figure 5-17. Fins
may be placed on the inner wall as well as on the outside of the tubes.
RLLtdﬂnglal discs of a metal may be placed at right angles to the tubes
(Figure 5- 17a). Longitudinal fins are also employed (Figure 5-17b). Spiral
fins may be attached to the tubes (Figure 5-17c).

Uses : Fins greatly reduce the size of the apparatus. They also increase
the surface area of contact. This in tum enhances the rate of Leat transfer
in a heat exchanger. In double-pipe heat interchanger, fins are employed.

Heat insulation : The distribution of steam through the pipe can be re-
duced using heat insulators. The pipes should be lagged, i.e. covered with
a layer of porous, poor conducting material such as kieselguhr, asbestos
and glass wool. : .

Alternatively, several layers of aluminium foil can be applied for ef-

lective insulation. The surface of the foil prevents the radiation losses and
air hdpped between the layers minimizes convection losses.

Comment '5-9. What are the efficient technlques in enhancmg the heat trans- |
Fer i in heat exchangers? :

STEAM AS A HEATING MEDIUM oA

Steamn is a vapour of water. Steam does not obey laws of perfect gases,
until it is perfectly dry. Superheated steam (vapour) behaves more or less
like a perfect gas. Steam has a high latent heat of condensation per unit
weight and is therefore, very effective as a heating medinm. Hence, steam
is used on industrial scale. The temperature of the steam depends on the
pressure. As the pressure increases the saturation temperature increases
and vice versa, which results in higher sensible heat. When steam is usex
as heat medium, it is at saturation temperature, the heat given up will be
its latent heat and a part of heat condenses. The temperature remains un-
changed, i.e. saturation temperature remains same. When all the steam is
condensed, temperature begins to fall and sensible heat starts liberating.

Charaqterlstlcs of Steam

It cvel]elal gases and vapour are very bad conductoxs of heat and give
up thei heat very slowly. Liquids give up their heat much more quickly.
Steam has several characteristics which makes it suitable as an important
heating medium in pharmaceutical industry.
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& Steam should be as dry as possible thereby heat losses can be
minimized.

# Since the latent heat is the useful heat, steam should be used at the
lowest pressure that will give a suitable temperatuse gradient.

% Steam should be pumped in its saturation temperature. Super-

heated steam should not be used.

Steam should be replaced continuously so that the operation pro-

ceeds uninterrupted.

& Super-heating gives higher temperature, though it has little val-
ue in plant process. Super-heating prevents the condensation in
steam lines.

#

Steps are taken during the production of steam, so that their character-
istics are maintained.

Uses : Many pharmaceutical processes, namely evaporation, refrig-
eration, transportation, distillation, drying etc. require heating and hence
steam can be used. Apart from these, several other uses are given below.

& During the manufacture of creams, the product is maintained at a
temperature at 60 to 70 °C.

& During the manufacture of solutions, temperature of 80 to 90 °C
is maintained for solubilisation of preservatives.

% Superheated steam is used to run steam engines economically.

& Steam is used for sterilization of pharmaceutical products.

Advantages of steam : Steam is having many advantages which have

economic and technical considerations as mentioned below.
1. Raw material is water and available in large quantities.

Steam is easy to generate, distribute and control.
It is generally cheaper than the electricity.
it is clean, odourless and tasteless. Accidental contamination of
the product is less likely to be serious.
1t has high heat content (latent heat), which can quickly heat the
materials.
6. Heat is given up at constant temperature, which is useful in con-

trolling heating processes and in sterilization.

oW

Lh

Disadvaniages : Steam presents potential safety problems and neces-
sitates the use of high strength pipes. This is particularly true in case of
S(CHI PISSIUISS uto three times higher than atmospleric pressure.

Heat Content of Steam

The flow of heat in the transformation of ice to steam js shown in
Figure 5-18.
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Sensible hieat : Sensible heat is the heat that is utilized to increase the
emperature of one kg of water from the freezing point (0 °C) to the tem-
perature of formation of steam (100 °C), i.e. saturation temperature.

Sensible heat is also known as liquid heat. Sensible heat may be cal-
culated using the following equation.

Sensible heat = mass of water x specific heat capacity
x temperature rise

B =mSAT
:1kg><4.2><(100-_0)=420k1

For water, specific heat capacity = 4.2 kl/kg.K, i.e. for one kg of water.
The § value varies slightly with changes in the pressure and temperature.

(A1)

One kg of ice-cold
water, 0 °C, at
atmaospheric pressure
in a closed chamber

Heat is supplied N

Sensible heat,
temperature
increases

One kg of liguid
water, 100 °C, at
atmospheric pressure

Heat is supplied
Latent heat of -
vapourisation

¥

Heat is supplied

Sensible heat,
temperature
increases

Superheated steam above
saturation temperature
{> 100 °C}, at atmospheric
pressure

One kg of water
vapour at 100 °C, at
atmospheric pressure

Figure 5-18. Sequence of events that occur,
while heating the ice cold water to produce steam.

Latent heat of steam : Latent heat of steam 1is the heat required to
convert one kg of liguid water at its boiling point (100 °C) or saturation
temperature to one kg of water vapour, without changing the temperature.

Latent heat is known as enthalpy. The unit of heat is k¥/kg. Latent heat
of steam is calculated using equation (42) at atmospheric pressure.

Latent heat of steam = mass of water x latent heat of vapourization

O=mL ..-{42)

For water, L is 2.26 = 10° J/kg. If the steam is fully dry, then :

Latent heat of steam, O = 1 x 2.26 x 10° =2.26 Ml/kg

When steam is condensed {gas to liguid), the latent heat is released,
which is utilized for heating. The value of 0 depends uon the pressure. It
decreascs with increase in pressure. The value of £ depends on tempera-
ture and pressure. If the steam also contains liquid walter, then the fraction

ot dryness of steam must also be included in the equation (42). 1f the dry-
ness fraction of wet steam is ¢, then:
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Q= mgL {43y
Applications ; Latent heat is the major portion of the total heat. Itig

the useful heat. Steam should be used at a lowest pressure that will gjve
suitable temperature gradient. At critical pressure, the latent heat of va.

pourization is zero.

Wet steam : Wet steam is the steam in which liquid water is also pres-
ent in a definite proportion.

Wet steam means that the evaporation of water is not complete and the
whole of the latent heat has not been absorbed. Wet steam 1s expressed in
percent of fraction, i.e. wetness fraction. Itis mathematically expressed as:
mass of liquid water in

(moisture) in vapour
total mass of water

Wetness fraction = (44
Saturated steam : It is the steam at a temperature of boiling point of
water (100 °C) at that pressure.

Application : Saturated steam should be used in heating the equipment.

Dry saturated steam : It is the steam that contains latent heat of en-
ergy of vapourization, i.e. full vapour. Liquid water is absent in the steam,
At this state, the heat of vapourization is maximuom, i.e. maximum heat
content. The heat content is 2.26 MJ/kg. This steam is ideal for heating
and sterilization. When heat is added to steam-water (wet steam) mixture,
water is completely converted into steam.

Dry steam : Dry steam is the steam in which water is completely absent.

Dry fraction : It is the weight fraction of dry steam in a steam/water
mixture. For example, if dry fraction is 0.5, only half of water has been
converted into steam. The dryness fraction governs the latent heat con-
tent of the steam. At 0.5 fraction, the latent heat is half (2.26/2), i.e. 1.13
MJkg. Itis the maximum when the dryness is one. Dryness is called the

guality of steam.

Total heat of steam or enthalpy : It is the amount of heat absorbed
by water from freezing point (0 °C) to saturation temperature (100 °C) plus
the heat absorbed during evaporation.

Heat of steam (saturated steam) = latent heat + sensible heat

Hg=L+h ...(45)

-Superheated steam : It is the steam-that is heated further even afler
complete conversion of water into vapour. When water is heated, the heat
is utilized as latent heat and liquid water vapourizes. This process con-
tinues until liquid water is completely converted into vapour. When all
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water is completely vapourized, further heating cannot be utilized as latent
peat. Hence, such heat enters as a sensible heat. As a result, the tempera-
jure of vapour rises, but pressure remains same. Such a steam is known
as superheated steam. That temperature is known as superheated steam
wmperature. Under these conditions, the volume of steam increases. In
actual practice, the superheated steam is produced in a separate apparatus
known as super-heater, so that it is out of contact with water from which it
was formed.

Total heat content = heat content of the saturated steam — heat content
of superheated steam

Htota! = HS + Hsup -..(46)

Applications : Superheated steam is of little value, when steam is re-
quired as source of heat, Superheated steam is used to improve the econ-
omy of steam engines. A slight degrec of superheat is of advantage to
prevent condensation in the steam lines and is easily obtained by throttling
so as to have a pressure in the boiler slightly higher than that of the steam
mains. ’

Exhaust steam : Exhaust steam is often available as a byproduct from
power plants. Exhaust steam usually has a saturation temperature ranging
from 215 to 230 °F. Hence, it is useful for heating, only when the required
delivery temperature is about 200 °F.

Process steam : This steam gives a temperature of 200 °F.

' ‘Specifie vo?ume of steam : It is the volume occupied by the steam per
unit mass at a given temperature and pressure.

It is expressed in 1n3/kg. It is the reciprocal of density of steam, kg/m®
The volume occupied by one kg of steam is known as specific =volume:
of steam. The specific volume of the steam decreases as the pressure in-
creases, i.e. the molecules need less energy to expand and fill the available
volume. At critical pressure, the steam occupies same volume as of water.

Steam table : Steam table lists different properties of steam and their

va]ugs at different temperatures and pressures. Some of these properties
are given below.

1. Pressure 2. Saturation temperature

3. Dryness fraction 4. Sensible heat

5. Latent heat 6. Superheat

7. Total heat 8. Specific volume of

9. Entropy ‘ !Bu"
. ¥

There are two_ important steam tables, one in terms of absolute pres-
sure and the other is in terms of temperature.
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STEAM PRODUCTION — UTILIZATION g

In a remote boiler house, steam generator is installeq for producing

the steam. Then it is supplied elsewhere in t'he plant to equ:pment. Hencl;e,

high strength pipes are employed. The pipes of lagged ‘(ms.ulated with

bad-conducting material) to avoid heat 1055. and 0011dc?n§at1011 in the_ pipes.

Steam is produced at high pressure. It provides the driving forc.:e for .d1str1-

bution of steam. Expansion of high pressure steam to a low p1e_55ure Z0ne

at the plant will help to dry the steam. Steam generators are operated under
the close supervision of a qualified and competent person.

Advantages of Steam Boiler .
1. High pressure steam can be used to drive a turbine for generating

electric power. _
Low pressure exhaust steam is used for process-heating.

Central generation is more economical. _
More steam is stored in a boiler, if high pressure is applied.

5. High pressure steam means high temperature.

PP

Attachinents of Steam to Process Equipment |

The construction of equipment (vessel) with the facility.of supp‘lymg
steam is shown in Figure 5-19. The vessel is constructed using a‘sgltablc
crade (strong) stainless steel with an acceptab!e thermal ccin(il.uitlxllty. [Z
must be resistant to corrosion and be easily _cleane(-i and sterilised. The
outer surface of the jacket is made with maten'al having poor thermal con-
ductivity, so that heat loss to the environment is reduced.

Temp Control Stirrer
gauge

Lid
Pressure
gauge

valve / /

Steam —»[ X1 ()|

inlet L /

Reducing Safety

~ Alr vent

Jacket

valve Product
vaive vessel
Temperature/ Homogenizer
probe

" Steam

Product trap

outlet
Figure 5-18. Procgss vessel with steam attachments and controls,
?

5 p,

Steam is generat{e‘ﬂ at high pressure and temperature (6-8 = 10 PS
and 160 to 170 °C}, and suitably delivered to equipment at about ].5—.3.t
% 107 Pa and temperature of 110-135 °C. This usually gives a suificien
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emperature gradient to heat the product at the required rate, but reduces
the chances of localised overheating.

Steam may be operated manually in small scale. In large equipment,
it is controlled automatically via a control panel and electronic signal from
a pressure gauge.

# Areduced valve is used to reduce and control/adjust the pressure
at the desired level.

% The panel is continuously monitored the product temperature
through a probe.

4 When the control valve opens, steam enters the jacket and the
product starts to heat up,

# The pressure and temperature gauges allow the monitoring and
recording of stearn properties.

# A safety valve is positioned before the control valve. It is set to
open and direct steam from the installation, if the pressure reaches
a value excess to that of the safe operating pressure of the system.

Working : When steam first enters the jacket surrounding the product,
it contacts the cooler surface, condenses and releases latent heat, which
is then transferred through various layers to the product. On condensing,
steam contracts to a small volume and creates an area of lower pressure
within the jacket into which more steam will then flow. Steam will there-
fore continue to enter the jacket to maimain the desired pressure until the
product temperature reaches the steam temperature and no further conden-
sation occurs. The stirrer helps in ensuring the product evenly heated. The
product motion reduces the thickness of the boundary layer adjacent to the
surface, speeds up the heating process and mixes the components of the
product.

STEAM TRAPS

Steam trap is a device used for minimising the amount of air and con-
densate present in a jacket, when steam is used a heating medium.

Steam trap is attached to the apparatus (equipment), so that maximum
heating efficiency is achieved. Generally at least two traps are installed to
a jacketed vessel.

{(a) One trap is attached at the bottom of the jacket for removing the
condensate during the heating process.

(b) Second trap is attached at the top of the jacket on the opposite side
to the steam entry. The air initially present in the jacket is flushed
out (vent).

A
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Reasons for using Steam Traps
L Condensate has to be removed from the jacket for the following reasong,
i & Tf the condensate is allowed to build up, it will gradually reduce
W the area over which steam can condense. Therefore, heating pro-
cess is progressively slowed down.

@ If the condensate completely fills the jacket, then heating stops,

NIk Air has to be removed from the jacket for the following reason. If the
steam is contaminated with air, the steam temperature decreases, less than

W} the (water) boiling point at any operating pressure.

oo Simple drainage pipe connecting the jacket would be meffective in
U removing the condensate and air, as it will not allow the steam to escape,
L which would be both wasteful and potentially dangerous. Condensate as
i/ well as air can be removed using a suitably designed steam trap, while
U retaining the steam in the jacket.

Types of Steam Traps

Float type mechanical steam trap : The construction of a floating
., type mechanical steam trap is shown in Figure 5-20. The principle of
" steam trap is as follows. The condensate settles at the bottom of the jacket,
, as it is denser than water. Then it enters into the trap. After sufficient ac-
L cumulation, the condensate makes the ball (floating) to float. It resuits in
., raised position making the outlet to open and allowing the condensate to

G drain through the outlet.

\U'J ) Steam in
s
i
s
. A,_,._..o_.__‘O*—— Floating ball
W = =3 ~—t+—Condensate
PRI
&
\h} Condensate out
Figure 5-20. Float type mechanical steam trap.
J Disadvantage : Float type mechanical steam trap does not allow air to
.., escape, as the condensate is 1n contact with the trap outlet.
W Bucket sieam trap : g construct:on of a bucket steam trap is shown
] in Figure 5-21. It functions based on the weight of the bucket.

The bucket steam trap remains floating in its initial position. Once
{|) sufficient quantity of condensate is available inside, the bucket moves
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Water outlete—— Floating bucket

| =TT Baffle inlet pipe
/L :lg
'-; Water and

steam inlet

Valve — |

Figure 5-21. Bucket steam trap.
down making the value to open. Then the condensate is blown out through
the outiet emptying the bucket. Again the bucket moves up reaching its
floating position and then the valves closes. Thus, it is an intermittent
discharge.

Balanced pressure thermostatic steam trap : Thermostatic devices
work on the principle that condensate can lose sensible heat 1esulting in
lower temperature than the steam. One example of this type is the ‘bal-
anced pressure thermostatic steam trap’.

The construction of a ‘balanced pressure thermostatic steam tra’p; is
shown in Figure 5-22. The trap is usually constructed using a material with
good thermal conductivity, for example, copper. The opening and closing
of this trap 1s based on the changes in temperature (or pressures). The trap
contains a capsule in the form of bellows. It contains a liquid, which is
having a boiling point a few degrees less than that of water, The mecha-
nism of its functioning is shown in Figure 5-23,

Capsute
L bellows

—*I— Condensate

and
steam inlet

Valve — -
mechanism

Condensate outlet
Figure 5-22. Balanced pressure thermcstatic steam trap.

% Closing of trap : When the capsule is surrounded by steam, the
liquid in the capsule boils causing the bellows to expand. Hence,

the outlet is closed. Steam gets accumulated over a period of time
and soon it gets condensed.
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Steam enters the trap

Steam condensate Steam outside

Liquid phase Liguid boils

N

Bellows contracts Bellows expands

Outlet opens /

\1 Qutlet cioses

Condensate
leaves

Figure 5-23. Mechanism of function of balanced pressure thermostatic steam frap,
» Opening of trap : When condensate enters the trap, it will lose
sensible heat resulting in decreased temperature. The condensate
cools the capsule and the liquid in the capsule ceases to boil. The
bellows contract. Thus the outlet is opened. Condensate gets

drained off.
As the temperature of the steam increases. the pressure also increases,
which bas an effect on ihe bellow and controls the valve. Hence, this trap

is known as balanced pressuire steam trap.

The condensate released from the trap also possesses significant
amount of heat energy. Tt may be fed back to the steam boiler or used for

other manufacturing plants or air conditioning systems.

Advantages : Air vent from the jacket is achieved. Otherwise air tends
to collect at the bottom of the jacket.

Disadvantages - 1t is less robust than float type mechanical steam trap
and bucket steam trap.

Entrainment

Entrainment is a term used to describe the loss of liquid frothing or
‘blowirg over’ during evaporation.

In evaporation, the condensate is usually a pure solvent. In certain
types of evaporators, the condensate also contains active principles of
small proportion. B.g. liquid extrzct ol cascara and liquiorice (coloured).
This is possible, because particles of the liquid have been carried over me-
chanically with the vapour. During rapid boiling, the particles are aligned
vertically in the solvent and carried away with the vapour.

When vacuum evaporation is employed, entrainment is very trou-
blesome, because of the high velocity of the expanded vapour. In these

systems, entrainment scparators are designed to allow the free passage of

vapour, but obstruct the passage of liquid particles.
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special separators are attached to the equipment, e.g. cyclone separa-
wor, 10 this, the vapour is introduced tangentially to its periphery, causing
4 circular motion of vapour. The centrifugal force caused the suspended
Jraplets €0 be deposited. The separation of vapour from foaming liquid
ofien presents difficulties. Loss of product may be serious in spite of the
use of entrainment separators.

Foams and Prevention

Feam is possible, when the lHquid is colioidal in nature or surfactants
are present. For a liquid having a tendency to froth, complete separation
ot liguid particles appears to be impossible in vacuum evaporation. Along
the foam, certain amount of liquid particles appears. Thus entrainment i:
mevitable, The objective is to keep this loss to a minimum. Antifoaming
agents are often effective. Other means is to include steam jet impinge-
ment of foam. i

Cor::]n?:;r:d?i-rl‘g.s\gl:;;s the difference between steam trap and drainagé pip"e‘
Summary

Heat flow is a unit process and used in unit operations, such as evapo-
ration, distillation, drying, crystallization and sterilization. The prinéiples
of thermodynamics are applied to explain the flow of heat that enters or
leaves the system, whether the system undergoes a physical transformation
orachemical reaction. The flow ofheat occurs from a hot fluid (steam, heat
source) (o a cold fluid (the place to interest). This process is achieved’at an
industry scale. Heat flows by different mechanisms: conduction (throush
mct:_l] shell of a boiler), convection (mixing of warmer portions and cooiber
portions as in boiling) and radiation (by imeans of electromagnetic waves,
.2, solar water heater). Though mechanisms are described separately, seyv-
eral of these operate simultaneously. ) ’

Heat can flow by conduction, when there is a temperature gradient
across the metal shell. The direction of heat flow is from a hot surface to
« wold surface. The heat flow depends on the conductivity of the material
(fncml). The conduction of heat through a metal wall is explained by Fou-
ncr} iaw. The rate of flow is directly proportional to area and temperature
sradient and inversely proportional to the thickness of the meal wall. The
greater the temperature gradient, the greater will be the rate of heat flow.
l_ he L?_utcome of the Fourier’s law is the coeificient of resistance (propor-
tonality constant) or coeflicient of thermal conductivity, Metals have high
R mCIen_tS of thermal conductivity, These principles are applied in the
construction of evaporators and tubular heat exchangers, i.¢. metal having
high thermal coetficient is considered, normally copper. The same law is
alse extended to obtain compound-resistance in series, heat fliow through
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dﬁcylindrical pipes. Conduction also occurs in fluids, except when heat flowg
i“u.}'hrough the thin films.
Heat flow by convection is achieved by actual mixing layers of lig.
{[Juids. Convection fluid flow and their nature (laminar or turbulent) decide
the behavior of heat flow. This type of transfer may be forced convection
{(as in forced evaporators) or natural convection (as in pan evaporator), |p
forced convection, a stirrer or agitator or pumping is used for recirculation,
([iThe heat transfer in a tube, heat must pass through the stagnant film by
conduction. Normally, thermal conductivities of fluids are low. In a forced
«Jiconvection type, heat transfer process is evaluated considering the stagnant
film coefficients and overall heat transfer coefficients. Natural convection
'[liis observed when extracts are evaporated in pans. In natural convection,
the hot liquid (steam) gives the heat, while the cold liquid receives heat
ii(boiling). The film coefficients decrease with increasing the temperature
drop. If steam is the heating medium, the steam condenses on the surface
{['of the metal tube drop-wise and ultimately may form continuous firm. The
coefficients for drop-wise condensation are double or mere than double
"\U,’that of the film coefficients. In hot fluid-to-cold fluid type, the maximum
heat flux is observed at higher temperature differences. When hot fluid-to-
Ucold fluid system, heat transfer may be achieved depending on the mode of
introducing the feed: parallel or counter-current to the flow of cold finid.
Uin parallel mode, the overall heat transfer coefficient ({/) is related to the
logarithmic mean temperature difference. In the counter-current, the over-
[all heat transfer coefficient is related to the average temperature difference,
_ ".These principles help in design the process of heat transfer.

= Radiation is an energy transfer process in which heat is transferred
-ithrough space by means of electromagnetic waves. Thermal radiation
\'l'usually occurs sinultaneously with heat transfer by convection and con-
- pduction. The rate of radiation is explained by Stefan-Boltzmann law and
~the amount radiation emitted by a black body is quantified. The thermal
1 nenergy by radiation increases rapidly with temperature. A black body ab-

sorbs all the radiation falling on it. At the same time, it radiates maximum
wpossibie amount of energy at a given temperature. A grey body is defined

as that body whose absorptivity is constant at all wavelengths of radiation
Jpata given lemperature,

. Most of the chemical and pharmaceutical industries employ a variety
«of heat transfer equipment. In the working, the heating medium is not
' nﬁUid (condensed steam) and other side, material is present (liquid, gases or
iilsolids). Based on the working, two types of equipment are referred: heat

exchanger and heat interchangers. Heater or heat exchangers are: tubular
{Uheater, multipass heater and floating-head heater. In these, the heat transfer

(ﬂbecomes less, Hence efficiency is improved by passing the liquid at a high
|

)]
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velocity. These are useful, because of high values of steam film coeffi-
cients. Hfaat interchangers are: liquid-to-liquid interchanger and double
pipe heat mte_rchanger and scraped film heater. In heat interchangers, the
heat transfer is from a hot liquid to a cold liquid or a hot gas-to-cold gas
(hrough metal wall. The heat transfer is not efficient, but velocity can be
increased, which is difficult. Hence, surface area of contact is increased.
Buffles are placed on the tubes.

Steam is water in the vapour state. Steam has a high latent heat of con-
dJensation per unit weight. Therefore, steam is an effective heating medium
on industrial scale. It is economical and cheaper than that of electricity.
Normally saturated steam is used for heating the equipment, Steam is pro-
duced in a steam boiler at high pressure, which becomes the driving force
for the distribution of steam. High pressure increases the temperature and
also the sensible heat. The low pressure exhaust steam is used for process
heating.  Process vessels are made of stainless steel with an acceptable
thermal conductivity. The outer surface of the jacket is made with material
having poor thermal conductivity. Steam is delivered to the process vesscl
through lagged pipes to the steam inlet. The steam after entering the jacket
condenses and releases the latent heat for transfer. After condensing, -the
steam contracts to a small volume and creates an area of low pressure v;rith—
in the jacket into which more steam will then flow. Steam traps are fitted
1o the process vessel, so that condensate is removed at the bottom and ajr
is removed from the top of the jacket. Entrainment separators are included
10 obstiuct the passage of liquid particies. Froth, if any, is removed by
ndd?ng antifoaming agents. Thus the heat flow becomes cffective to the
cquipment.

Glossary of Symbols
A = Area of the heating surface, m2.
A, = Mean area of a cylinder, m2.
b = Stefan Boiltzmann’s constant, W/m2-K%.
h = Sensible heat, k).
Surface coefficient on the hot side, W/mZ-K.
Surface coefficient on the cold side, W/m?2-K.
Mean proportionality constant, W/m-K.,
Thickness of the heating surface, m.
Latent heat of vapourization, J/kg.
= Mass of water, kg.
Length of the hollow cylinder, m.
Rate of heat transfer, W (J/s).
Dryness fraction of wet steam.
= Latent heat of steam, J/kg.
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Radius of the thin cylinder for heat transies, m.
¢ = Logarithmic niean radius, m.

s = Specific heat capacity, kJ/kg.K.

T = Absolute temperature, K.

-

t, = Temperature at the hot surface, K.
t, = Temperature at the cold surface, K
AT = Temperature rise, K. ‘
At = Arithmetic average temperature difference, K.
At = Temperature difference, K. ' .
U, = Overall heat transfer coefficient on hot Slfl_le. W/m“-?K.-
U, = Overall heat sransfer coefficient on cold side, Wim K.
o = Absorptivity.
p = Reflectivity.
T Transmissivity.
£ Emissivity.
QUESTION BANK

Each guestion carries one mark

Note : Encitcle the alphabet which corresponds (o

the single best response.

= e aed dor one of the f ino
i. In the heat interchanger, finned tubes are Uses for one of the following

1.
purposes.
A Increasing the surface area
. Introducing the cold fluid

B. Introducing steam
D. Reducing the size of apparatus
is expressed as:

2. The generai equation for heat transfer rate, ¢.
AL AAIY B, U/ANI
C. Udr 0. UAlAs
3. For heat insulation, one of the following is used.

B, Copper foils
D. lron fehlings
hes are arranged i one of the

A Aluminum wire
C. Glass wool

4 In double pipe heat cxchanger, the two tu
following ways.

B. Concentric

D. Series

A Coaxial

. Paralicl
: o~ [T Npt

Which hear interchanger consists of bent tubes!

1. Floating head two pass heater

A. Double pipe heat exchanger
(' Muli pass heater 0. Tubular heater
ypes of heat flow.

6. Fourier's law is applicable to one of the following ty
B. Convection

D. Radiation

L

A. Conduction
C. Emission

Ch-5

7.
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Flow of heat is NOT applicable generally in one of the following unit
operations.

A. Centrifugation
C. Drying

B Crystallization

D. Refrigeration

In microwave oven, the heat flows in one of the foilowing mechanisims.
A. Conduction B. Convection

C. Diffusion D, Radiation

In convection process for a liquid in a tube, one of the following offers
great resistance.

. Central layer of liguid

. Liquid layer adhered to the metal wall

. Metal wall

oOw >

. Stagnant liquid layer between viscous and turbulent flow

In forced convection, the rate of heat transfer is increased by metal with:
. high thermal conductivity

. Metal with high thermal conductivity and mixing of fluid

. higl thermal conductivity, mixing of fluid and low viscous fluid -

. high thermal conductivity, mixing of fluid, high viscous fluid and more
area of heating surface

0w

Which one of the following bodies radiates maximum amount of energy
at a given temperature?

A. Black body
C. Light grey body

3. Grey body

D. Polished black body

Heat exchangers are NOT used in oune of the following unit eperations.
A. Crystallisation B. Drving
C. Evaporation 2. Size separation
Which heater ts a highly efficient heat interchanger?

A. Double pipe heater B. Multi pass heater
C. Tubular heater D. Two pass floating head heater
Loosening of tube sheets is a serious disadvantage in many heat exchang-
ers EXCEPT:

A. Double pipe heater B. Floating head heater
C. Multi pass heater D. Tubular heater

What is the purpose of baffles in a heat exchanger?

~,

A. Allowing a single pass N g,'
B. Increasing the cross-section of path Y
C. Increasing the path of travel )
D). Reducing turbulence
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16. Which medium is the most effective for thermal radiation? 26. Thermal conductivity and resistance of metals are related in the followin S ,
W A. Air B, Insulated with cotton pljopc?rt10na11ty. g c !
C. Vacuum D. Water A. Direct B. Exponential T
il 17. Ablack body satisfics one of the following conditions. ' C. Inverse D. Logarithmical T
U A. Absorbs less energy than it receives 27 X‘/hwj ;’;;}‘13 following is correct according to Stefan-Boltzmann law? ;
' B. Absorbs cnergy, it receives 4 g B. g=bdT? 1
(«U, C. Radiates all the energy it receives _ 28 \%h?c; iﬁe of the followi D. = bAT? . :
D. Radiates less energy than it receives =a { ng statements is NOT true with respect to fins in i
] 18. In the calculation of heat transfer by convection through parallel flow 2 hea}t transfer equipment? i
- feed, one of the following is used to represent the variation in tempera- A ans ?nhance the rate of heat transfer ‘i
w twre. B. F?ns mcrease the surface area of contact u
A. Arithmetic mean B. Geometric mean C.F f‘ls reduce the efficiency of heat exchanger o t
{3 C. Logarithmic mean D. Log-logarithmic mean 2 a‘hl;;isor edu(;elihe size O.f the apparatus %
" 19. Which type of steam is NOT suitable for heat transfer? : =7 A Exha:set zt the following types of steam is used as a heating medium? || i
W A. Dry steam B. Steam at saturated temperature C‘ Superheat:(;u:te B. Saturated steam B }
i C. Steam at low pressure D. Super heated steam 30 Which one of the f:llllz; _ _D- V'Ve.t steam ‘ ‘ ; :
20. Which type of mean radius is used in the caleulation of heat flow, when " team trap? wing mechanisms is involved in the bucket type of :
(JL heat flows through a thin walled circular pipe? A. Electric current o . . 4
A. Arithmetic B. Geometric C T tconnectivity  B. Mechanical force
: . s . Temperature differences D. Weight basi i
U_L,' C. Harmonic D. Logarithmic 31. Which one of the followi ) . K $ |
- 21. Which one of the following has high thermal conductivity? radiation? owing equipment is an example of heat transfer by
Y A. Copper B. Glass A. Hot air oven B. Incubator
Al C. Stainless steel D. Steel . C. Microwave Oven D. Refrigerator
! 22, D_rgp-wise clzondensation of steam is possible in one of the following con- 32. Hot air -is circulated (through a fan) in the hot air oven. What are the
i ditions of pipes. mechanisms operating in this heat transfer process? .
A. Clean surface B. Greasy surface A. Conduction and forced convection
U) C. Rough surface D. Smooth surface B. Conduction and natural convection
23. The surface film coefficient decreases by reducing the film thickness, C. Conduction, forced convection and radiétion
{0 which is achieved by: D. Forced convection and radiation
) A. decreasing the turbulence B. increasing fluid flow 33. What is NOT the driving force for the heat transfer in 2 cireular oine?
i C. increasing the mass of flow D. increasing the viscosity A. Length B. Surface area pipe’ ]
. 24. Forced convection is applied in one of the following operations. C. Temperature difference D. Thickness -
i A. Centrifugation B. Crystallisation 34, Heat transfer from a metal wall does NOT involve one of the followin
s C. Distillation D. Evaporation mechanisms. g 7
~ 25. According to Fourier’s law, conduction of heat through a metal wall is: A, COT?dU_Ction B. Convection
L A. Inversely proportional to temperature difference s C. messmn ‘ D. Radi_atiox;, ']
_ B. proportional to area of metal wall 35, z:il:cr one }c:f tl;e following is equivalent (in S;,E;L'mi'ts - pressure, kPa) to
\.U} C. proportional to thickness of wall ‘ A 13 mosphere: ;
Wb D). proportional to weight of metal wall C 101 g 1381 . 1
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Which one of the following is responsible for the heat transfer by naturaj
convection?
A. Agitation

C. Material of construction
What are the heat transfer mechanisms involved when the liquid is at low
temperature and at high temperatures? .

A. Convection and conduction B. Convection and radiation

C. Radiation and conduction D. Radiation and convection

The efficiency of a heat exchanger can be improved by passing the cold
liquid at a high velocity. How does it improve?

A Thick film and high resistance

B. Thick filin and less resistance

C. Thin film and high resistance

D. Thin film and less resistance

The disadvantage of muitipass heater is:

A. friction losses are high

B. heat transfer rate is low

C. steam cannot be used

D. velocity of the fiuid flowing is low
for arranging baffles in a liquid-to-liquid interchanger is NOT

B. Density of vapour
D. Surface area

The reason
true.

A. Tncrease the velocity of flow of cutside liquid
B. Enhance multipass of cold fluid

C. Enhance the surface area of contact

D. Create more turbulence

Each question carries 2 marks

I.

3

LX)

e

Describe the types of condensation for saturated vapour free from
noti-condensible gases.

Give characteristics of drop-wise and film types condensation.
Drop-wise or film type condensation gives superior value of overall heat
transfer coefficient and why?

L ist the characteristics of heal iransfer by radiation.

What are *Grey bodies’? How do they radiate heat?

Give the final eguation for heat transfer by conduction through resistances
in series and explain the terms.

What are ‘overall heat transfer coefficient’ and “individual film coelfi-
cient™? ¢ . 7

Explain {lje terms *Black body” and *Grey body’.

Sate the relationship between individual film coefficients and overall
heat transfer coefficient.
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Defiine conductivity with a suitable example

Statz and explain Stefan Boltzmann's law of heat radiation.

State and explain Fourier’s law of heat transmission with equation.
Explain ‘nucleate boiling” and *film boiling”.

Befine radiaiion. Explain Stefan Boltzmann’s law,

Wirtie the final equation for heat transfer by conduction through resistanc-
es in parallel and explain the terms.

What is meant by overall heat transfer coefficient? What is ils signifi-
cance?

Differeatiate between a heat interchanger and heat exchanger.

Write the differences between steam trap and drainage pipe in handling
steam effectively,

Describe the term “entraimment’. How is it prevented?

Deseribe the possible reasons for toaming,

Describe the advantages and disadvantages of steam boiler.

List four characteristics of steam. :

List the advantages and disadvantages of two each of super heated steam.
Exjplain the terms “dry saturated stearmn’ and ‘superheaied steam’.
Explain the role of stagnant {ilm in the Jow of heat in liquids.

ach guestion carries 5 marks

I.

!J

(WX}

Compare and conirast heat transmission following counter-cumrent and
paraliel-current feed technigues with relevant eguations.

Derive an equation for heat transfer by conduction through compound
resistances in series.

Draw a neat and labelled diagram o7 a shell-and-tube heat exchanger and
explain its construction.

Describe finned tube heat exchanger and its specific advantages.
Describe the conduction of heat through a circular pipe. Give suitable
cquations for rate of heat transfer and explain terins,

Prescribe the conduction of heat tlwough compound resistances in series.
Derive an expresston for deternmining the logarithmic mean temperature
difference.

Describe liquid heat interchangers. What are its advantages?

Expiain the working of any one heat exchanger with a labelled diagram.
Explain the construction and working of ‘Lralanced pressure steam trap.
Describe the coustruction of a pharmaceutical process vessel with ditfer-
ent steam conirols. ' ‘

Explain the term ‘steam trap’ giving a suitable example.

Describe steam as an ideal heating medium.
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Each question carries 16 marks
1. With the help of a neat diagram, explain the concept of film and overa|)
heat transfer coefficients in forced convection. Deduce relevant mathe.
matical equations.
2. Derive an g¢quation for heat transmission through a circular pipe from
Fourier’s law.

3. Describe the construction, operation, advantages and disadvantages of 5
multipass heater.

Characteristics,
Heat content of steam,
Production and utilization,

Steam lraps.

FLOW OF HEAT
Heat
exchanger

Mechanisms
\
m%] Tubular heater,

Multipass heater,

onduction

Fouriers law,

@ : Thermal
Floatin Heat 2T
head hgater, ‘ coefficients.
h J

Film coefficents

r’Liquid-liquid heat interchanger, h

Doubie pipe heat
¢ intgrchangr,
@ Scrafifed surface heat
.

intei‘cbanger. y.

Black body,
Grey body,
Stefan-

-Boltzmann
equation.

Radiation
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gF 3? Evaporation
=

Factors Influencing Evaporation
Classification of Evaporators
Equipment

Theory

Multiple Effect Evaporator

BB TR T Py e

LEARNING OBJECTIVES -
After reading this chapter, the reader should be able to:
Appreciate the principles of evaporation with applications.

Understand the theory describing evaporation with a view to evaluate
the capacity and efficiency,

@
ko
€ Explain the designs of different industrial evaporators along with work-
&

.

ing and uses.
> _Select a suitable evaporalor based on the properties of the

Evaporation is a process of vaporising large quantities of volatile liquid to
get a concentrated product,

Equipment used for the evaporation are known as evaporators. Heat
is supplied to the evaporator, which transmits it to the evaporating liquid
so as to provide latent heat of vaporisation. Steam is normally used as a
source of hear. Evaporation is a surface phenomenon, i.e. mass transfer
takes place from the surface. Thus no boiling occurs. In practice, surface
evaporation is slow. Therefore, the practical definition of evaporation is
the removal of solvent from the solution by boiling the liquor in a suitable
vessel and withdrawing the vapour, leaving a concentrated liquid residue
in the vessel.

Either solutions or suspensions can be subjected to evaporation. The
only condition is that the liquid must be volatile, while the solute must be
nonvolatile. Since heat is supplied, the constituents should be thermo-
stable. In most of the operations, the liquid is water with a low solid con-
tent. The liquid to be evaporated may be less viscous than water or it may

195
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be so viscous that it will hardly Aow. At the end of the process, the concen-
trate will be so viscous that further evaporation will be drastically reduced,

Evaporation some times ogverlap with other heat processes, though
some ‘distinctions can be drawn. These are given in Table 6-1. Although
the purpose of evaporation is to obtain a concentrated product, the solvent
vapour is sometimes valuable, so recovery is essential. This prevents the
environmental pollution, fire hazards and at the same time makes the pro-
cess economical.

TABLE 6-1
Distinguishing Features of Evaporation with other Heat Proecesses
o =
- 5. No. Evaporation Other heat process
1 The residue is a concentrated | Drying : the residue is solid.
liquid.
Evaporating liquid is only one | Distifiation : Evaporating liquid
2 component in most of the cases, | is a combination of two or maore
components,
3 No attempt is made to separate | Distillation : It is compulsory to
the mixture of vapour, even if any. | separate each component.
The purpose of evaporation is to | Crystallization : The purpose of
4 get a concentrated liquid only, | concentrating the solution is to get
) but not to get crystals as it hap- | crystals.
pens in some situations.
Applications

Manufacture of bulk drugs : Evaporation process is used in pharma-
cy practice, pharmaceutical industries, chemisal industries, etc.

Manufactare of biological products : Evaporation is used in the
manufacture of biological products such as insulin, biochemical products
(example is penicillin} and plant products. Preparation of blood products
such as blood plasma and serum involves evaporation. Enzymes, hor-
mones and aniibiotics are prepared.

Miscellaneous : Water containing minerals is subjected to evaporation
to get demineralised waier afier condensation. The water s0 obtained is
used for human consumption and for special processes. This is some sort
of evaporation though the process is generaily called distillation.

Comment &1 |s the evaporation 2 surface phenomenocn or bulk phenome-
neni Grplain,
Comment &-2. The objeciive of the evaporation is tc obtain crystals. True«\‘;-'r’

false. Explain. 1%

Comment 6-3. What way is drying be differen! from evaporation? '
Comment 6-4. Evaporation and distillation are similar. True or falsa, Expiain.
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FACTORS INFLUENCING EVAPORATION

The rate of evaporation depends on several factors. The relationship
may be expressed mathematically as:

=2 6w
- A1)

where A = mass of vapour formed per unit time (Rate}, me/s
S = surface area of the liquid exposed, m?
= atmospheric pressure, kP’a
maximum vapout pressure at the temperature of air, kPa
= pressure due to the vapour of the liquid, actually present in
the air, kPa :
K = constant, m/s

Il

P
b
bl

In general mass transfer also depends on the temperature.

Temperature
The higher the temnperature, the greater the value of' b and hence great-
er will be the evaporation. -

At a given temperature, some molecules possess higher kinetjc- en-
ergy than average, while others have lower than average kinetic energy.
Fast moving molecules escape from the surface of the liquid into vapour,
while slow moving ones remain behind. When temperature of the ligquid is
raised, more molecules acquire sufficient kinetic energy and escape from
the surface to vapour siate. This is the situation below the boiling point of
the liguid.

Below boiling point, vapour is formed from the surface only. At boil-
ing point, vapour is formed throughout the body of the liquid as well as
from surface. The vapour pressure of a liquid is lowered when a substance
is dissolved in it and consequently the boiling point of the liquid increases.

Normally, glycosides and alkaloids decompose at high temperature.
Hormones, enzymes and antibiotics are even more heat-sensitive. These
products require special techniques to prevent decomposition during evap-
oration. For example, malt extract is prepared by evaporation under re-
duced pressure to avoid loss of enzymes. Antibiotics are concentrated by
frecze-drying.

Vapour Pressure

Rate of evaporation is directly proportional to the vapour pressure of
the iquid. The lower the p value in equation (1), the greater the evap-
oration. Lower the external pressure, the lower the boiling point of the
liquid and hence greater will be the rate of evaporation. This condition is
achieved by applying vacuum.
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I Cy . . o
W The nature of Hquid is also important for rate of evaporation. Liquids
., with low boiling points evaporate quickly because of high vapour pres.
Y sures at lower temperatures.

W If the outer atmosphere is dry, the value of 5" will be low and hence
greater the evaporation. If the vapour of the liquid is removed as soon as it
i([; is formed (under reduced pressure or vacuum), the space above the liquid
does not become saturated with the vapour. Hence, evaporation proceeds
(| faster.

i Surface Area

-~ From equation (1), it is clear that the greater the surface area of the

W liquid, the greater will be the evaporation. For this reason, evaporation is
conducted in evaporators with larger heating surface area.

& Moisture Content of the Feed

J Some drug constituents undergo hydrolysis readily in presence of
moisture at high temperatares. To prevent decomposition, the material is

I exposed to lower temperature initially, then exposed to higher temperature
for final concentration. For example, dry extract of belladonna is prepared

‘\IL in this manner.

. Type of Product Required

U Type of product required some times decides the apparatus for evap-
Uy oration. Open pan produces liquid or dry concentrate. Film evaporator
yields liquid concentrate. Spray dryer produces dry products with good
I solubility. Vacuum evaporator gives porous product suitable for conver-
sion to granules, for example, preparation of granular exiract of cascara for

U tablet making.

. Time of Evaporation
£ If the time of exposure is longer, greater will be the evaporation, pro-
- vided the constituents are thermostable. Exposure of a drug to a relatively
W high temperature for a short period of time may be less destructive of active
it principles than a lower temperature with long exposure period. For this
“~ reason, film evaporators are used.

{J Film and Deposits
B When vegetable extracts are concentrated in steam pan, a film may be

U formed on the surface and/or precipitated matter may deposit on the heat-
ing surface. Film reduces the evaporating surface and precipitated matter ¢

(Il : . : Y
L hinders the transfer of heat. To avoid these problems, efficient stirring 1‘;5”%5‘ )
0 necessary. |

.'"Hs

\Ib"!
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Economic Factors

Economies of labour, fuel, floor space and materials are of primary
considerations. The recovery of solvents and the utilization of waste heat
are also important as they involve considerable reduction of costs.

For evaporation, heat is necessary to provide the latent heat of vapori-
sation. Hence, rate of evaporation is controlled by rate of heat transfer.
Therefore, evaporator is designed to give maximum heat transfer to the
liquid.

Zio CLASSIFICATION OF EVAPORATORS
I. Evaporators with heating medium in jacket
Example: Steam jacketed kettle (evaporating pan)
II. Vapour heated evaporators with tubular heating surfaces
(A) Evaporators with tubes placed horizontally
Examples : Horizontal tube evaporator
(B) Evaporators with tubes placed vertically
(i) Evaporators with short tubes

(a) Single effect evaporators
Examples : Short tube vertical evaporator (Standard
vertical tube evaporator)
Short tube vertical evaporator with propeller
Basket type evaporator
(b) Multiple effect evaporator
Example : Triple effect evaporator
(i1} Evaporators with long tubes
(a) Evaporators with natural circulation
Examples : Climbing film evaporator (Rising film
evaporator)
Falling film evaporator
(b) Evaporators with forced circulation
Example : Forced circulation evaporator

Critical Quality Attributes - Evaporation

The critical quality attributes (CQAs) along with process parameters
(PPs) for evaporation are recorded in Figure 6:1. Evaporation involves
concentrating the feed and is considered in the context of obtaining flu-
id extracts or API crystals, The upstream process (before evaporation)
is either distillation or extraction and downstream operation is drying or
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packing the product for the storage or crystallization. The critical quality
attributes are: the nature of residue (chemical; liquid/solid, assay/purity)

and flow properties.
Process parameters \ /_ Material attributes \
o Feed viscosity,

4 Evaporator type,
= Size of evazporator, 7 # Feed temperature,
@ Scaling property,

Heating/cooling program,
% Nature of slurry/feed,

Energy reguirement
(cost of operation) = Volatility of the liquid
> Application of pressure/ (boiling poinz),

@ Heat stabitity/susceptibility

vacuum, ¥
# Rate of heat transfer 4« Proportion of the components,
# Solid components,

&

(temp gradient),

& Heating s_;urfa_ce area = Vapour pressure of the liguid,
KEVH}?OYB?OH time, / 2 Moisture content. _/
. Manufacturi
Evaporation andractunng

process step

Y
Critical quality attributes of outplh
© Product temperature,
# Residue (liguid/solid),
< Parcent of selids,
< Appearance,
& Purity {Assay) of the component,
- Moisture content,
¢ Particle size distribution,
“ Flow properties,

\ Microbial load/product ster'ility./

Figure 6-1. Process parameters and critical quality
attributes for evaporation for obtaining solid residue.

The process parameters optimized are: rate of heat transfer and con-
sequent mass transfer rate, though both decide the time of evaporation.
Suitable devices are applied to make the process efficient. The material at-
tributes primarily are the volatility or partial vapour pressure of the solvent.

EQUIPMENT
olGam Jackeicd Hetiic or Kvagerating Fan

Principle : Steam is supplied to a jacketed kettle (evaporating pan) in
which aqueous extract is placed. Steam gives out heat to the kettle. The
heat is transferred to the aqueous extract by conduction and convection.
The temperature raises and the escaping tendency of the solvent molecules

3
t
%
l

join
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inlo Vapour increases. Stirring further enhances the vaporisation of solvent
InOiQCU[‘ES.

Construction : The construction of a steam jacketed kettle 1s shown in
6-2. It is a hemispherical structure consisting of an inner pan called

Figure 62 ;
Ii is enveloped with an outer pan called jackel. The two pans are

kerle.

d to enclose a space through which steam is passed.
Solvent vapour

~

Kettle™ Jacket
Solution or
Condansate “‘ suspensicn
Concentrated
product

Figure 6-2. Steam jacketed kettle.

For smaller quantities, kettle is made up of a single sheet of metal.
IFor larger capacities, several sheets are welded. Though several metals
are used as a material of construction, for practical purposes the following
are used. Copper is an excellent materiai for the kettle. because of its good
conductivity. If acidic materials are evaporated, some quantity of copper
would dissolve. For such preparations, tinned copper is used. Iron is used
for the construction of the jacket, because it has rinimum conductivity.
To prevent rusting of the jacket, the iron is either tinned or enamelled on
inner surface.

An inlet for the stzam and an outlet (vent) for noncondensed gases are
provided near the top of the jacket. Condensate Ieaves the jacket through
the outiet provided at the bottom. The kettle is provided with one outlet for
product discharge at its bottom.

Working : Aqueous extract to be evaporated is placed in the kettle.
Steam is supplied through the inlet. Steam gives out its heat to the contents
and the condensate leaves through the outlet. The contents must be stirred
manually for smaller volumes and mechanicaily for larger volumes. Me-
chanical stirrer is not shown in Figurel6-2. The vate of evaporation is fast
in the initial stages and decreases ggi‘i&iually as the liquid gets concentrated.

L . i
Any room where evaporation is carried by this apparatus must have
good ventilation to remove the vapour, Otherwise, the room is quickly

BRI Bl Gl
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filled with a dense fog of condensed vapour and water falls from the roor
and runs down the walls. Fans fitted over the pan not only remove the
vapour and prevent condensation in the room, but also accelerate the rate
of evaporation by quickly removing saturated air from the surface of the
liquid.

The kettle may be fixed or made to tilt. A kettle of capacity upto abouyt
90 L may be made to tilt. But above this capacity, the weight of the pan
along with its contents becomes too great to tilt. Hence, the bottom outlet
is used to collect the concentrated product.

Uses : Evaporating pan is suitable for concentrating aqueous and ther-
mostable liquors, e.g. liquorice extract.

Advantages : (1) Evaporating pan is constructed both for small scale
and large scale operations. ‘

(2) It is simple in construction and easy to operate, ciean and main-
tain.

{3) Its cost of installation and maintenance is low,

(4) Wide variety of materials can be used for construction such as
copper, stainless steel and aluminium.

(5) Stirring of the contents and removal of the product is easy.

Disadvantages : (1) In evaporating pans, heat economy is less. Hence,
cost per unit material production is more.

(2) It is not suitable for heat sensitive materials due to long time of*

EXpOsure.
(3} The heating area decreases as the product gets more concentrated.
(4) As it is open type, vapour passes info the atmosphere, which can
lead to saturation of the atmosphere, slowing evaporation as well
as causing discomfort.

(5) Boiling point of water cannot be reduced, since reduced pressure
cannot be created in open type evaporator.

Horizontal Tube Evaporator

Principle : In horizontal tube evaporator, steam is passed through the
horizontal tubes, which are immersed in a pool of liquid to be evaporated.
Heat transfer takes place through the tubes and the liquid outside the tubes
gets heated. The solvent evaporates and escapes from the top of the evap-
orator. The concentrated liquid is collected from the bottom.

Construction : The construction of a horizontal tube evaporator is
shown in Figure 6-3. It consists of a large cylindrical body with conical or
dome-shaped top and bottom. It is made up of cast iron or plate steel. An

g
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average size of the body ranges from 1.8 to 2.4 m diameter and from 2.4
10 3.6 m height.

The lower part of the body consists of a steam compartment with an
inlet for steam at one end and a vent for noncondensed gases on the other
end. A condensate outlet is provided at the bottom of the steam compart-
ment. In the steam compartment, 6-8 stainless steel horizontal tubes are
placed. The tubes are cut long enough so that they project about 25.0 mm
beyond the tube sheet on both ends. The width of steam compartment is
ysually half the diameter of the body.

At one convenient point, an inlet for feed is provided (Figure 6-3).
One outlet for vapour is placed at the top of the dome. Another outlet for
thick liquid is placed at the centre of the conical bottom of the body,

Sotvent vapour

Vapour,

1 (‘ _ Body
Feed inlet 1 /
\ I: 'd /

Vet~

S Horizontal tubes

-4~ Steam

Condensate Condensate

Concentrated
product

Figure 6-3. Construction of a herizontal tube evaporator.

Working : The feed is introduced into the evaporator until the steam
compartment is satisfactorily immersed. Steam is introduced into the
steam compartment. The horizontal tubes receive heat from the steam and
conduct it to the liquid due to temperature gradient. Steam condensate
passes through the corresponding outlet. The feed absorbs heat and solvent
gets evaporated. The vapour then escapes through the outlet placed at the
top. This process is continued unitil a thick liquid is formed, which can be
collected from the bottom outlet.

Uses : Horizontal tube evaporator is the best suited for non-viscous
sclutions that do not deposit scales or crystals om evaporation, e.g. cascara -
extract. : : _ ' Sy

Advantage : The cost per square metre of heating surface is usually

“less in horizontal tube evaporator.

i e e e g
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Vertical Tube Evaporator (Short Tube Evaporator)

Principle : In standard vertical tube evaporator, hiquid s passed
through the vertical tubes and the steam is supplied from outside the tubeg,
Heat transfer takes place through the tubes and the liquid inside the tubes
gets heated. The solvent evaporaies and the vapour escapes from the top,
The concentrated liquid is collected from the bottom.

Construction : The construction of a standard vertical fube evapo-
rator is shown in Figure 6-4. It consists of a large cylindrical body made
up of cast iron with dome shaped top and bottom (Figure 6-4). Inside the
body, calandria is fitted at the bottom. Calandria consists of a number of
vertical tubes, whose diameter ranges from 0.05 to 0.075 m and length of
1.2 m. About 100 such tubes are fitted in a body measuring 2.5 151 0r niore
diameter. Inlets are provided for steam and feed. Outlets are provided for
vapour, concentrated product, non-condensed gases and condensate.

- Vapour outlet

Feed inlet—

Vent <«—

— J-— Steam

inlet

CaLandria—;t-J 'L J’
Steam  -a— ;\g\k\ /A }é /A

condensate

S~

Concentrated liguid cutlet

Figure 8-4. Construction of a short tube evaporator.

Working : Steam is introduced outside the tubes. The condensate i3
passed through the corresponding outlet and non-condensed gases cscape
through the vent. The feed is introduced in such a way as to maintain the
liguid Jevei slightly above the top of the tubes. The liquid inside the iethes
is heated By the steam and begins to boil. As the fiquid boils, it Spowts up
tilrc:Ll.OIf}jiic tubes and returns ithrough the central down-take. it sets up
a circulation of hot liquid, which enhances the rate of heat transfer. The
vapour escapes through the top outlet. Sieam is supplied until required
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concentration of the product is obtained. Finally, the product can be with-
Jrawn from the bottom outlet.

Uses : Vertical tube evaporator is used in the manufacture of Cascara
oxtract, sugar, salt and caustic soda.

Advantages : (1) In vertical tube evaporator, tubes increase the heat-
ing surface nearly 10 to 15 times when compared with steam jack-
eted kettle.

(2) Vigorous circulation enhances the rate of heat transfer.

{3) It can be connected to a condenser and receiver, which further
increases rate of evaporation. Such attachment is also suitable for
volatile solvents.

{4) A number of units can be joined to obtain more efficient effect (mul-
tiple effect evaporators which work for this effect are discussed later).

Bisadvaniages : The liquid is maintained above the level of the calan-
dria. Henee, the upper layers of the liquid need a long time for getting
heated. This problem can be minimised by removing concentrated liquid
slowly at the bettom. :

The evaporator is complicated, hence, installation cost increases. .

Cleaning and mainienance is difficult when compared with steam jack-
cied kettle.

During operation, the pressure inside the evaporator increases. In
large evaporators, where the liquid depth may be of the order of 2.0 metres.
the pressure increases to 25.0 kilopascals, Jeading to elevation of the boil-
ing noint by 5 or 6 °C. This reduces the effective temperature gradient and
may affect heat sensitive materials.

Variants : Short tube vertical evaporator with propeller : In short
iube vertical evaporator, circulation depends completely on boiling. Steam
is supplied into the calandria to induce boiling. When steam supply is
stopped, automatically boiling stops. As a result the particles (it any) settle
Jown. These particles act as nuclei which grow as crystals. Therefore, this
cvaporator is sometimes used as a crystallizing evaporator. If such crystal-
lization is undesirable, the problem can be avoided by installing a propeller
iin the central portion close to the bottom. By increasing the revolutions
per minute of the propeller, the capacity of the evaporator can be doubled.

[/ses : Since mild steel or cast iron is used, the evaporator suits well for
clear liquids and crystallizing solutions. Non corrosive liquids and mild
scaling solutions can also be handled. _

Advantages : Heat transfer coefficients are high due to high tempera-
ture gradient values. It requires low head-room. Cleaning and mainte-
nance is easy. ltis relatively inexpensive.
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Disadvantages : Heat transfer is poor at low Af values. It requires high
floor space and is more in weight. Relatively more liquid is retained. Rate
of heat transfer further decreases due to high viscosity liquids. Since body
is large, mild steel or cast iron are used for its construction to make it less
expensive.

Basket type evaporator : The basket type of evaporator has a conical
bottom and some times a flat bottom. In this type, boiling is quite violent,
Hence, the spouting of the liquid leads to entrainment. This problem can be
avoided by placing a deflector over the tubes. In this case, the down-take
is annular instead of being central. The advantage of this type is that entire
heating element is a single unit. The complete unit can be removed for
repairs. In addition, the deflector prevents entrainment losses completely.

Climbing Film Evaporator (Rising Fiim Evaporator)

Principle : In climbing film evaporator, tubes are heated externally by
steam. The preheated feed enters from the bottom and flows up through
the heated tubes. The liquid gets heated rapidly due to enhanced overall
coefficient of the preheated feed. The liquid near the wall becomes vapour
and forms small bubbles. These tend to fuse to larger bubbles, which travel
up in the tubes along with entrapped slug. The liquid films are blown up
from the top of the tubes and strikes entrainment separator (deflector) kept
above. This throws the liquid concentrate down into the lower part from
where it is withdrawn.

Construction : The construction of a climbing film evaporator is
shown in Figure 6-5. In this evaporator, the heating unit consists of steam
jacketed tubes. Here, the tubes (long and narrow) are held between two
plates. An entrainment separator is placed at the top to the vapour head.
The evaporator carries steam inlet, vent outlet and condensate outlet. The
feed inlet is from the bottom of the steam compartment.

Working : The preheated liquid feed (to be evaporated) is introduced
from the bottom of the unit. The height of the liquid column is maintained
low, L.e. 0.6 or 1.2 m above the bottom tube sheet, Steam enters into the
spaces outside the tubes through the inlet. Heat is transferred to the li-
quor through the walls of the tubes. The liquid becomes vapour and forms
smailer bubbles, which tend to fuse to larger bubbles. These are of the
width of the tubes, thereby the bubbles trap a part of the liquid (slug) on its
way up in the tubes. As more vapour is formed, the slug of liquid is blown
up in the tubes facilitating the liquid to spread as a film over the walls. This
fitm of liqui? continues to vaporise rapidly. Finally, the mixture of liquid
concentratetand vapour eject at a-high velocity from the top of the tubes.

¢ .
The é‘frgtrainment separator not only prevents entrainment, but also acts

as a foam breaker. The vapour leaves from the top, while concentrate is
collected from the bottom,
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Deftector  Vapour head Vapour

Cyclome
separator
Steam—» }
AN
Vent - Pipe for }
Condensate + recirculation

Feed v
Concentrated product

Figure 6-5. Construction of a climbing film evaporator.

Uses : Using climbing filin evaporator, thermolabile substances such
as insulin, liver extracts and vitamins can be concentrated. Clear liquids,
foaming liquids and corrosive solutions in large quantities can be operated.
Deposit of scales can be removed quickly by increasing the feed rate or
reducing the stearn rate so that the product is unsaturated for a short time.

Advantages : (1) In a climbing film evaporator, large area for heat
transfer is provided employing long and narrow tubes.

(2) Since liquid flows at a high velocity, the resistance for heat trans-
fer at the boundary layers is reduced. As a result, the heat transfer
is enhanced.

(3) The time of contact between the liquor and the heating surface is
very short. The liquid is in the heater for one second, while its res-
idence time is 20 seconds in the evaporator. Hence it is suitable
for heat sensitive materials. '

(4) Unlike short tube evaporator, the tubes are not submerged. So
there is no elevation of boiling point due to hydrostatic head.

(5). 1t is suitable for foam-forming liguids, because foam can be bro-
ken by an entrainment separator.

(6) It requires low hold up and small floor space.
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Disadvantages : (1) Climbing film evaporator is expensive, construg.
tion is quite complicated.

(2) Itis difficult to clean and maintain.
(3) Large head space is required.

(4) It is not advisable for very viscous liguids, salting Hquids and .

scaling liquids.

(5) If feed rate is high, the liquor may be concentrated insufficiently,
If feed rate is low, film cannot be maintained. Dry patches may
form on the tube walls.

Falling Film Evaporator

Principle : In a falling film evaporator, feed enters from the top and
fAows down the walls of the tubes. The liquid gets heated rapidly due to
heat transfer from steam. The liquid boils and becomes vapour, which
forms small bubbles. They tend to fuse to form layers of bubbles, which
travel down the tubes. Concentration takes place during this downward
journey. Vapour and liquid are separated at the bottom.

Construction : The construction of a falling film evaporator is shown
in Figure 6-6. It resembles climbing film evaporator, but is inverted. In
this evaporator, the heating unit consists of steam jacketed tubes. The feed
inlet is from the top of the steam compartment. The other provisions are
steam inlet, vent and condensate outlet remain same. The outlet for the
product is provided at the bottom and is connected to a cyclone separator,

Liquid ——:»If'_\ _} :, |

inlet
- Vent

Steam —&~
inlet

Conderisate
liguid -=—

Liguid ¢
concentrate
Figure 6-6. Falling film evaporator.

G
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working : Steam is supplied into the steam compartment. Feed enters
from the top of the tubes. The temperatare of the boiling liquid is same as
ihat of the vapour head. The feed flows down the walls of the tubes. The
jiquid gets heated rapidly. The liquid boils and becomes vapour, which -
forms smaller bubbles. These tend to fuse to form layers of bubbles, which
ravel down the tubes. Concentration takes place during this downward

journey. Vapour and liquid are separated in the cyclone separator.

Uses : Falling filim evaporator is used to separate volatile and non-
voletile materials, when the feed is of high viscosity. It is used for the
concentration of yeast extract, manufacture of gelatin, extracts of tea and
coffee. It is also useful for concentrating the heat sensitive materials such
as truit juices.

Advantages : (1) Falling film evaporator is suitable for high viscous

lHquids, because the flow of vapour film is assisted by gravity.

(2) The liquid hold-up is less and hold-up time is very small.,

(3) The liquid is not overheated during passage and heat transfer co-

efficients are high even at low boiling temperature.

(4) Highly acidic and corrosive feeds can be concentrated using im-

pervious graphite tubes and rubber lined vapour heads.

Disadvantages : Easy distribution of feed to the individual tubes may
be accomplished using a perforated plate above the tubes or using spray
nozzles. Hence, it is not suitable for suspensions, as the solids clog the
perforated plate. Tt is not suitable for salting or scaling liquids. The feed
distribution in the tubes is poor. For continuous supply, the liquid may be
recirculated or the ratio of feed to evaporation is kept high.

Forced Circulation Evaporator

Principle : In forced circulation evaporator, liquid is circulated
(hrough the tubes at high pressures by means of a pump. Hence, boiting
dous not take place because boiling point is elevated. Forced circulation of
the liquid also creates some form of agitation. When the liquid leaves the
tubes and enters the vapcur head, pressure falls suddenly. This leads to the
flashing of super heated liquor. Thus evaporation is effected.

Construction : The construction of a forced circulaiion evaporator s
shown in Figure 6-7. The steam jacketed tubes are held between two tube
sheets. The tube measures 0.1 m inside diameter and 2.5 m long. The part
of the tubes projects into the vapour head (flash chamber), which consists
of a deflector. The vapour head 1s connected to a return pipe, which runs
downwards and enters into the inlet of a pump.

Working : Steam is introduced into calandria. Pump sends the iquid
to the tubes with a positive velocity. As the liquid moves up through the
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—=Vapour

Vapour head

Cyclone
separator

Steam-—»

Heating
tubes .
— Return pipe

Gases-
Condensatoq—

—J— Product

-a—Feed

Pump
Figure 6-7. Forced circulation evaporator.

tubes, it gets heated and begins to boil. As a result, the vapour and liquid
mixture rushes out of the tubes at a high velocity. This mixture sirikes the
deflector, which throws the liquid downward. This results in an effective
separation of liquid and vapour. The vapour enters the cyclone separator
and Ieaves_the equipment. The concentrated liquid returns to the pump for
further evaporation, Finally the concentrated product is collected.

Uses : If evaporation is conducted under reduced pressure, forced cir-
culation evaporator is suitable for thermolabile sabstances. This method

is used for the concentration of insulin and liver extracts. It is well suited.

for crystallizing operations where crystals are to be suspended at all times.
Advantages : (1) In forced circulation evaporator, the heat transfer
coefficient is high due to rapid liquid movement.

(2) Salting, scaling and fouling are not possible due to forced circula-
tion.

(3) This evaporator is suitable for thermolabile substances because of

rapid evaporation.
(4) It is suitable for high viscous preparations because pumping
mechanism is used. o

Disadvantages : In forced c1rculatxon evaporatox the nold-wp{of 11qu1d

js high. The equipment is expensive, because power (pump) is required for
circulating the liquid.

COOBOOCOOOOC3G . PHARMACEUTICAL ENGINEERING

ch-6 EVAPORATION 00000000000000000000000006000000000000 211

Commem 6-5. Heat sensitive products cannot be concentrated by pan evapo-
I rator? True or false, Explain.

i ! comment 6-6. Explain the basis for selecting copper and steel, respectively,
as materials of construction for kettle and jacket of an evaporating pan?

Comment 6-7. What is the modification done in the heating companment to
increase.the rate of evaporation?

comment 6-8. What is the function of a deflector in an evaporator of climbing
film/forced circulation type?

Comment 6-9. Climbing film evaporator is suitable for high viscosity liquids?

True or false. Explain.

THEORY

In an evaporator heat is transferred to the evaporatmg liquid so as to
provide latent heat of vaporisation. Generally, steam is used as a source of
heat. Several heat exchangers have been discussed in Chapter 5 ‘Flow of
Heat’. Normally, tube and shell heat exchangers are used for heat transfer.

The amount of heat, which must be transferred through the walls of a
calandria, varies with the nature of the liquid to be evaporated. The liquids
used in pharmacy practice are water and hydroalcoholic solutions with Tow
solid content. In case of bulk drgs, organic solvents are also used.

Evaporator Capacity

The total amount of heat required can be obtained by considering a
simple diagram of an evaporator as shown in Figure 6-8.

Vapour V, vy, h,

Feed F X hy —f

—=— Steam S, f

H=— Condensate C, hc

!

Product L, X, h,
Figure 6-8. Evaporator system with its parameters.

Feed and steam are admitted into the evaporator. By consuming heat,
the feed -undergoes evaporation to.form vapour, which will be allowed to-
escape. The concentrated product will be collected at its bottom. Simul-
taneously steam looses its heat energy and undergoes condensation, the
condensate of which will be removed.
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& Let F kg be the feed per hour to the evaporator, whose solid ¢cop.
tent is X (weight fraction} and enthalpy is &g J/kg.

2 Let L kg be the product collected per hour from an evaporatgr,
whose solute composition is X, (weight fraction) and enthalpy i
h; Jikg.

& Let ¥ kg be the vapour liberated per hour from an evaporator,
whose solute composition is y (weight fraction) and enthalpy ig
fy Jikg. In most evaporators, the vapour is pure water as there is
no entrainment and therefore y is zero.

Material Balancing

The material balance can be obtained from total material entering and
total material leaving. It can be represented by an gquation for the evapo-
ration process.

Feed (kg) = product collected (kg) + vapour liberated (kg)
F=L+T D

Equation (1) can also be written for material balancing in terms of

mass x weight fraction for the solute as:

Energy Balancing

Steam is supplied for evaporation. Let S kg be the steam supplied per
hour witl: an enthalpy of k¢ Jkg. Let C kg be the condensate removed
having an enthalpy of /1~ J/kg. The heat balance can be obtained fro‘m total
heat entering and total heat feaving. It can be represented by equation (3).

Heat entering (J) = Heat leaving (I} (3
Equation (3) can also be written as:

i Heat in thick liquor (product) + heat
Heat in feed + _ 4 vapour + heat in condensate -+ A4}
heat in steam  peq¢ Jost by radiation

Loss of heat by radiation is less and can be neglected. The equation (4)
can also be written in terms of mass x enthalpy as:
Flip+ S:’IS=L!1L+ Vi, + Che ..{5}

Temperature difference is the difference between the saturation tem-
perature of the steam and the boiling point of the liquid. Generally, a tem-
‘]G[ﬂ[m‘f; difforonee of 20 w 30 °C is sufficient for rapid evaporation of
solution. But in practice, the feed may have the temperature fess than boil-
ing point of the liguid. The steam may be superheated and the copdensgte
may get cooled. All these factors influence evaporator calculation with
respect to mass balance.
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|mpr0Ving Heat Transfer Coefficients
Evaporator is considered as a heat exchanger. Like any heat exchang-
or. heat 18 transferred from steam to the product. The general equation for
peal transfer can be expressed by equation (6)
O = UdAt ..{6)

where O = rate of heat transfer, W
I/ = overall heat transfer coefficient, Wim? K
A = heating surface area, m?
Af = temperature difference, K

Equation (6) can be used to determine the Q.

tHeating surface (A in equation 6) must be large. For this purpose more
number of tubes are mounted in parallel to form a unit known as calandria,
The overall heat transfer coefficient, I/, can be regarded as follows.

« Fluid film coefficient on steam side — always relatively higher.

4% Thermal resistance of the metal wall — neglected because it is small.

% Fluid film coefficient on the liquid side — low,-major determinant

in heat transfer. .

The overall coefficient (U/) is approximately nearer to the lowest sur-

ree coefficient of the film. Any factor that improves the coefficient on the

hoiling side increases the overall coefficient almost proportionally. Some
of the factors affecting these coefficients are:

Boiling liguid side—surface
coefficient can be increased

Sream side — film coefficients
can be increased

increasing the velocity by pumping the

Temperature drop should be large liquid

High temperature at which con- | decreasing the viscosity by feeding hot
densation takes place liquid

Amount of non-condensed gas in

. cleaning of the heating surface
stecam should be minimum.

Pumping liquids at high velocities (forced circulation) through the
iubes has beneficial effect. Such high velocities tend to decrease the thick-
ness of the viscous film and the buffer layer.

Overall coefficients may be seriously lowered because of—

% corrosion of the surfaces.
% deposition of solid material from the evaporating liquid.
# The presence of nongofdensable gases i the heating steam (air).

Efforts should be made to pfevent the above effects. Forced circulation is

an important measure, i.e. increase the velocity of liquid flow to increase
the capacity of the evaporator.
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MULTIPLE EFFECT EVAPORATOR

£a!

Vertical tube evaporator discussed carlier is a single effect evapora.
tor (Figure 6-4). Such evaporators are connected in several ways so ag
to achieve large scale evaporation as well as greater economy. Although
multiple effect evaporators are not used in the pharmagel.ltl.cal industry, the
principles are of interest and should be understood. Thisis 111usuat§d using
an example of triple effect evaporator with a parallel feed mechanism.

Advantages:

(1) Itis suitable for large scale and for continuous operation.
(2) It is highly economieal when compared with single effect.
(3) About 5 evaporators can be attached.

Construction : The construction of a multiple effect evaporator is
shown in Figure 6-9 using 3 evaporators, i.e. triple effect evaporator. The
other aspects of construction of vertical tube evaporator remain same as
mentioned earlier. A perusal to Figure 6-9 indicates that the vapour from
first evaporator serves as a heating medium for the 2nd evaporator. Sim-
tlarly, vapour from 27 evaporator serves as a heating medium for the 3™
evaporator. Last evaporator is connected to a vacuum pump.

Product Product Condensate
Figure 6-8, Triple effect evaporator with parallel feed arrangements.

Working : Parallel feed arrangement is used in this example.

Parallel feed : In this method, a hot saturated solution of the feed is
directly fed to each of the three effects (evaporation) in parallel without
transferring the material from one effect to the other. The parallel feed ar-
rangement is commonly used in the concentration of salt solutions, where

the solute crystallizes on concentration’ without increasing the viscosity:

Operations : In the beginning, the equipment is at room temperature
and atmospheric pressure. The liquid feed is introduced to all the three
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cvaporators up to the level of the upper tube sheets. The following opera-
ijons are attempted to achieve the effects as specified below.

1. The vent valves V|, ¥, and V5 are kept open and all other valves
.are closed (not shown in Figure 6-8).

2. Now a high vacuurn is created in the liquid chambers of evaporators.

3. The steam valve §, and condensate valve CI are opened. Steam
is supplied. Steam first replaces cold air in the steam space of
15! evaporator. When all the cold air is removed, the valve, Vi is
closed.

4. The supply of steam is continued until the desired pressure P, is
created in the steam space of 1% evaporator. At this pressure, the
temperature of the steam is #,.

5. Steam gives its temperature to the liquid feed in the 1! evaporator
and gets condensed. Condensate is removed through the valve C.

6. Due to heat transfer, the liquid temperature increases and reaches
the boiling point. During this process, vapour will be generated
from the liquid feed. o

7. So formed vapour displaces air in the upper part of 15 evapérétor.
Moreover, the vapour also displaces the air in the steam space of
the 27 evaporator.

8. After complete displacement of air by vapour in the steam com-
partment of 2nd evaporator, the valve V, is closed.

9. The vapour of 1% evaporator transmits its heat to the liquid of 29
evaporator and gets condensed. Condensate is removed through
the valve C,. These steps continue in the 3rd evaporator also.

As the liquid in the 1% evaporator gains temperature, the difference
in temperatures between the liquid and steam decreases, hence, the rate of
condensation decreases. As a result, the pressure in the vapour space of
1*" evaporator gradually increases to Fy by increasing temperature 1o 1,
which is the boiling point of the liquid in 15 evaporator, and decreasing the
lemperature difference (f, — #;).

A similar change takes place in the 2nd evaporator and the liquid reach-
¢s the boiling point. Similarly, the process will be repeated in 3rd evapo-
rator. Finally three evaporators (or effects as they are called) come to a
steady state with the liquid boiling in all the three bodies.

_ As boiling proceeds, liqguid Iﬁ\’el_in 1st evaporator comes down. Feed
is introduced through the feed valve to maintain the liquid level constant.
Similarly evaporation of liquid takes place in 2°¢ and 3™ evaporators. To
maintain liquid levels constant, feed valves F, and F; are used for 27d and

1
|
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3'd evaporators, respectively. This process is continued until the liquid iy
all the evaporators reaches the desired viscosity.

Now the product valves are opened to collect the thick liquid. Thus i
this evaporator, there is a continuous supply of feed, continuous supply of
steam and continuous withdrawal of liquid from all the three evaporators,
Hence, evaporator works continuously with all the temperatures and pres-
sures in balance.

The evaporator can also be fed by forward feed method, backward
feed method and mixed feed method. In the forward feed method, the
mother liquor is introduced into 1% then transferred to 2°d and then to 30
In the backward feed method, the mother liquor is introduced into the 3"
evaporator, then transferred to 20d and then transferred to 155 In mixed
feed method, the mother liquor is introduced into ond evaporator then trans-
ferred to 37 evaporator and then transferred to 1% evaporator.

Economy of Multiple Effect Evaporator

The economy of an evaporator is the quantity of vapour produced per
unit steam admitted. It is calculated by considering the following assump-
tions.

Feed is admitted at its boiling point. Thercfore, it does not require
any more heat to raise its temperature. Hence, the supplied steam gets
condensed to give heat of condensation. This heat will then be transferred
completely to the liquid. The heat transferred now serves as latent heat of
vaporisation, i.e. Hquid undergoes vaporisation by receiving heat. Loss of
heat by any means is negligible.

The economy of an evaporator may be expressed as:

total mass of vapour produced
total mass of steam supplied

Economy of an evaporator =

In single effect evaperator, steam produces vapour only once. Hence,

N unitz of vapour produced
N units of steam supplied

Economy of asingle
effect evaporator —

[n multiple effect evaporator, one unit of steam produces vapour many
times, depending on the number of evaporators connected. Hence,

Econonly of multiple N units of vapour produced _

| GIToct Gvaporator 1 ynits of steam supplied

o i
]
i ?
i;

, Therefore, economy of multiple effect evaporator is N times the econ-
" omy of the single effect evaporator. However, such a great economy 18
approximately true as it depends on many factors such as temperature of
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the feed, temperature range in the evaporator, ratio of weight of feed to the
product and pressure difference.

Comment 6-10. The economy of multiple-effect evaporator is higher than that |
of the single-effect evaporator. Justify. |

summary -

Evaporation is a process of vapourizing large quantities of volatile lig-
uid to obtain a product of a concentrated fluid. The feed is a solution or a
suspension which is obtained from extraction or bulk drug production. If
(he volatile liquid is water, it can be left into atmosphere. If the liquid is an
organic solvent, then solvents 1s removed in a closed process, so as to en-
«ure cconomy and environmental safety. Evaporation is a surface phenom-
cnon and boiling does not vecur. Thus evaporation is a slow and often the
solvent is removed by boiling the liquid. This step has become an opera-
tional necessity. The latent heat of vapourization is provided and normally
steam is used as a source of heat. Evaporation is a downstream operation
and the next operation is usually crystallization or drying. Evaporation
unit operation is essential in the manufacture of bulk drugs, manufacture of
hiolegical products, etc. Several factors are considered in order to increase
the rate of evaporation. A few factors are; temperature, vapour pressure,
surince area, moisture content of the feed, type of product reguired, time
of evaporation, etc. The rate of evaporation is controlled by the rate heat
transfer.

Steam jacketed kettle with an open pan is a simple form of equip-
ment. It is suitable for concentrating aqueous and thermostable liguors.
This procedure is not economical, Horizontal tube evaporator uses the heat
exchanger. In general, evaporator is a cylindrical body with a conical (or
dome) shaped top and bottom. Heat transfer takes place through the tubes,
liquid outside the tubes gets heated and the vapour leaves the evaporator
from the top. The concentrated liquid is collected from the boitom. Hor-
izontal tube evaporator is suitable for non-viscous solutions that do not
deposit scales. The veriical tube evaporator is used in the manufacture of
sugar, salt, caustic soda and cascara extract, The heating mode remains
the same except the vertically placed tubes. The liquid inside the tubes
get heated and the vapour leaves the evaporator from the top. A cyclone
separator is included for separation of the vapour and liquid concentrate.
Chmbing film evaporator, the preheated feed enters from the bottom and
fiows up through the heated tubes, In this process, the liquid near the wall
aets vapourized and forms small bubbles. These tend to fuse into large
bubbles, which travel up on the walls along with entrapped slug. The lig-
uid filins are blown up from the top of the tubes and strikes entrained sep-
arator (deflector) kept above. The liquid concentrate is thrown down into

-
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U the lower part from where the product is withdrawn. In the fal]ing film
.. evaporators, the feed enters from the top. The concentra'te_ls collected
Y from the bottom. For this separation, a cyclone separator is included. 'It
11 is used for the concentration of yeast extract and manu{t‘acture_of g_g:]atm_
0 Forced circulation evaporator is used for the concentration of insulin and
. liver extracts. Forced circulation of the lHquid also promotes some form
U of agitation, When the liquid leaves the tubes and enters the vapour _hea!d,
i\, pressure falls suddenty. This leads to the flashing of supe.rheated liquid,
\" The velocity of liquid flow is increased to increase the capacity of thf: evap-
|7 orator. A cyclone separator is included. In sevF:ral situations, mu1t1ple-ef_
w fect evaporator is employed, because of its fairly h:gh economy. in thég
.+ case, the vapour of first evaporator serves as a heating medium for the 2
-/ evaporator. Similarly, the vapour of 27 evaporator serves as a heating
i+, medium for the 3™ evaporator. Last evaporator is connected to a vacuum
. pump. Thus economy is achieved. The critical attributes of quality for the
i3 evaporation are: temperature of the feed, temperat!.lre of the evaporator,
ratio of weight of feed to product and the pressure difference.

(h Glossary of Symbois -
b = Maximum vapour pressure at the temperature of air, kPa.
¥ B = Pressure due to the vapour of the liquid actually present

I in the air, kPa.
G

C = Amount of condensate removed, kg.
I F = Amount of feed, kg.
A he = Enthalpy of the condensate, J/kg.
J hy = Enthalpy of the feed, J’kg.
' h; = Enthalpy of the product concentrate, J/kg.
W hg = Enthalpy of the steam, J/kg.
hy, = Enthalpy of the vapour, J’kg.
i K = Constant. m/s.
I. = Mass of product collected from evaporagor, kg.
W M = Mass of vapour formed per unit time, m/s.
‘ p = Atmospheric pressure, kPa.
U-LII’ Q = Rate of heat transfer, W.
. S = Amount of steam introduced, kg.
L S = Surface area of the liquid exposed, m*.
I At = Temperature difference. °K.
W XF = Solid content in the feed (weight fraction).
(o . XL = Solute composition in the product (weight fraction).
w gtg:] U = Overall heat transfer coefficient, Wim? K. '
i ; V = Amount of vapour liberated, kg. .
y = Solute composition in vapour, (weight fraction).
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QUESTION BANK.
Each question carries one mark
Note : Encircle the alphabet which corresponds to the single best response.
1. Which one of the following conditions is correct for evaporation?
A. Constituents must be thermolabile
B. Liquid must be viscous
C. Solvent must be non-volatile
D. Solvent must be volatile
In climbing film evaporator, the problem in evaporation is:
A. boiling point of liquid

| ]

B. droplet formation

D. film formation

3. Which is the factor that does NOT influence the rate of evaporation?
A. Ditference in vapour pressure
B. Melting point of solids
C. Surface area of the evaporator
D. Viscosity of the solution _

4. Which condition of evaporation is used for the production of malt extract?
A. Atmospheric pressure ’

C. entrainment of liquid

B. High pressure
D. Reduced pressure

5. Dry extract of belladona is prepared by exposing the material to one of the
following conditions.

A. First to higher temperature and then to lower temperature
B. First to lower temperature and then to higher temperature
C. Higher temperature
D. Lower temperature
¢. Which type of equipment gives porous on evaporation?
A. Filin evaporator
C. Open pan evaporator
7. Calendria consists of a number of:
A. baffles B. jackets
C. outlets D. tubular surfaces
8. Which is the operation subsequent to evaporation?
A. Crystallisation B. Distillation
C. Drying D. Extraction
9. Steam side film coefficients are increased by one of the following methods.
. A. Condensing liquid at low temperature
B. Decreasing the velocity of liquid
C. Non-condensed gas in steam should be minimum
D. Temperature drop should be small

C. Nommal pressure

B. Multiple effect evaporator
D. Vacuum evaporator
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10.

12.

14.

16.

The cost per square metre of heating surface is usually high in one of the
evaporators.

A. Horizontal tube ¢vaporator
C. Steam jacketed kettle
Which evaporator is used to concentraie insulin, Hiver exiract and vig.
mins?

A. Climbing film evaporator B. Falling film evaporator

C. Horizontal tube evaporator D. Vertical tube evaporator

In climbing film evaporator, what is the purpose of the entrainment sep.
arator?

A. Allowing the heat to transfer B. Allowing the vapour to escape
C. Breaking the foam D. Pulling the liquid up

In equation, Q = UAAt, U is overall heat transter coefficient and its unitg
are:

A Wim? x K B. W/n x K?

C. m* = KIW D. m x K7W

What is the source of heat in most of the evaporators?

A. Coal B. Hot water

C. Oil bath D. Steam

In which type of evaporator, the formation of vapour film is assisted by
gravity?

A. Climbing filim evaporator B. Falling film evaporator

C. Horizontal film evaporator D. Multiple effect evaporator
From the following, select the one that forms scales in an evaporator.

A. Benzoic acid B. Calcium sulphate

. Salicylic acid D. Sodium chloride

Pick a suitable evaporator also helps in growing of coarse crysials.

A. Forced circulation evaporator ~ B. Long tube vertical evaporator
C. Multiple effect evaporator D. Short tube vertical evaporator
Triple effect evaporator uses one of the following types of gvaporator?
A. Chimbing film evaporator B. Falling film evaporator

C. Horizontal tube evaporator D. Vertical tube evaporator

Which one of the following is more heat sensitive during evaporation?
A. Alkaloids B. Glycosides

C. Hormones D. Volatile oils

Which type of evaporator s suitable for 1‘nem*.b53bﬂe substances and
highly viscous preparations? e

A. Forced circulation evaporator  B. Horizontal tube evaporator

C. Short tube vertical evaporator  D. Steam jacketed kettle

B. Falling film evaporator
D. Vertical tube evaporator
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Which one of the following factors increases the efficiency of evaporator?
A. High moisture content B. High velocity flow

€. High viscosity of liquid D. High volume of liquid

For calculation of mass transfer, which one of these aspects is essential?
A. Condensate must also be collected

B. Electrical heating

C. Feed temperature must be higher than steam

D. Steam heating

Select the preferable evaporator suitable for corrosive liquid that gives a
crystalline product.

A. Falling film evaporator
C. Horizontal film evaporator D. Vertical tube evaporator

Normally evaporation process is carried out at one of the following exper-
imental conditions.

A. Above the boiling temperature

B. At the boiling temperature

C. Below the boiling temperature

D. Room temperature ’ ;
What is the purpose of a deflector in a forced circulation evaporator?
A. Creates large surface area

B. Forced circulation evaporator

B. Facilitates pumping of liquid

C. Promotes separation of liquid and vapour

D. Provides heat io the evaporator

Preheated feed enters into one of the following evaporators?
A. Evaporating pan B. Falling film type

C. Horizontal tube P. Rising film type

In Wthh method, the feed enters the last effect and moves from 39 to 1%
and 249

A. Backward feed
C. Mixed feed

B. Forward feed
D. Parallel feced

question carries 2 marks

Explain the term Evaporator capacity,

Define evaporation in terms of capacity and economy as applied to evap-
oration practice.

Explain the construction of calandria. Give its uses.

question carries 5 marks

Elaborate the concept of multiple cffect evaporation. What specific ad-
vantages does it offer?

Describe the construction and working of film evaporator of any one type.
Explain the construction and working of a forced circulation evaporator.
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Each question carries 10 marks
1

How do film evaporator function? Elaborate the answer with a ney
sketch of one such evaporator, List the merits and demerits of film evap-

orator system.

Classify evaporators, Describe construction and working of a film evap.
orator.

Explain the terms ‘multiple effect evaporati_on’ and ‘evaporator capacity’,
How many effects generally go into a multiple effect evaporator?

What do you understand by ‘multiple effect evaporator’? Describe one
such evaporator. How do you feed such evaporator?

o0
J’%"
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Factors Influencing SO
Feed: Moisture content, : : LR i
Product: Type required, co !
Condition; Temperature, ' :

vapour pressure, ; :

surface area, : |
time of evaporation, :
films and deposits, : :
Others. Economic factors. !

EVAPORATION P
Evaporator-Equipment ~———_ | Process Evaluation H
i
. @' Evaporator capacity, '
Evaporating pan, Material balancing, :
v fmproving heat transfer,
Horizontal tube Energy balancing,
F evaporator, - Evaporator efficiency.
p v
Vertical tube F
evaporator,
v P ’
P Climbing film ;
evaporator, 3
F F :
Falling film v
evaporator, P
\Y
Forced circulation
evaporator,
P
- v
Multiple F
effect
Qvaporator. P P y

MINDMAP OF EVAPORATION UNIT OPERATION




Theory
General Equipment for Distillation
Classification of Distillation Methods
Simple Distillation

Flash Distiilation

Fractiona! Distillation

Azeotropic and Extractive Distillation
Distillation under Reduced Pressure
Steam Distillation

Molecular Distillation

Destructive Distillation

Compression Distillation

LEARNING OBJECTIVES
After reading this chapter, the reader should be able o:
Appreciate the principles of distillation with applications.
Understand the basic laws governing the behaviour of liguids.
Explain the basic necessities for arranging distillation apparatus hased on
the properties of materials. :
Explain the designs of distillation equipment of various types with working

and uses. ‘ i.
Select a suitable distillation method based on the properlies qf thematerna)s

4 e e

Distillation is defined as the separation of the components of a 1iquiq mix-
ture by a process involving vaporization and subsequent condensaiion at

another place.

The distiflation process involves two steps; (a) converting a liguid into

vapour phase and (b) transfeiring the vapour to another place and recover-
ing the liquid by condensation. The feed ligquid is known as distitland. The

condensed liquid is known as distillate or condensate.

If one component is volatile and others are non-volatile, it is po‘ss_ible
to separate volatile components from non-volatile components by d1st11-1a—
tion. In such cases, distillation is considered as a separation or purification

224
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method. When heat is supplied to a mixture, 2 more volatile liguid evapo-
rates readily than the less volatile liquid. As a result, the condensed liquid
consists of a high proportion of highly volatile liquid and less amount of
less-volatile liquid. Therefore, distillation is said to be partial separation
method. The extent of separation is governed by the properties of the com-
ponents involved and the physical arrangements used for distillation.

In practice, it is difficult to distinguish three processes, namely evap-
oration, distillation and drying. Only working definitions help in differen-
tiating them.

1. Distillation operation is used when condensed vapour is required
as a product.

2. Evaporation operation is used when the concentrated liquid resi-
due is needed as a prodoct. The temperature of the liquid is main-
tained below its boiling point. Further vapour is not condensed,
unless recovery is essential.

3. Drying operation is used when dried solid residue is required as a
product. i

Appiications =
Separation of volatile oils : Volatile oils are separated from cloves,
unise seeds and eucalypiug leaves by the method of steam distillation.

Purification of organic solvents : Normally, simple distillation meth-
od is used for the purification of liquids having single component as a ma-
jor fraction. Simple distillation method is also used for determining the
hoiling range of a liguid as per 1P, 1996, as a method to decide the purity.
Absolute alcahol (100 % ethanol) can be obtained by azeotropic distillation.

Manufacture of official preparations : Spirii of nitrous ether and
aromatic spirit of ammonia are prepared by simple distillation. Distilled
water and water for injection are prepared as per the specifications of phar-
macepeeia by simple and compression distillation methods.

Refining of petroleum products : In the petroleum industry, the crude
oil is refined into different fractions using flash distillation. Each fraction
is a multicomponent system. E.g. petroleum ether 60 and 80,

Recovery of solvents : Solvents are used for extraction of drugs from
plant paris and synthetic reaction mixtures. These solvents must be re-
covered, in order to prevent environmental contamination. The recovered
solven! may be 1'ecyc‘ed for further use.

Quatity controf methods : Distillation method is used for detérmin-
ing alcoho! content in liquid dosage forms such as elixirs, as per IP, 1996,
Azeotropic distillation method is used for the determination of water con-
lent in a substance using toluene according to IP, 1996.
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Separation of drugs obtained from plant and animal sources : Drygg
of natural origin (such as plants) are normally extracted using maceratigy
or percolation methods. The menstruum (solvent) used for extraction is
distilled off and the active constituents are separated. For example, vitamiy,
A is separated from fish liver oil using the method of molecular distillation,

Purification of drugs obtained from chemical process : Many
chemical processes involve the conversion of raw materials into products,
The products are separated from the reaction mixture and purified using the
methods of distillation.

In order to handle distillation effectively and economically, it is nee-
essary to understand the theory behind this process. Several variables are
involved in the process, which are often interrelated. Theory includes the
understanding of different factors influencing the distillation process. The
laws of conservation of matter and conservation of energy have to be ap-
plied. This chapter deals with the theory, methods and types of equipment
involved in the distillation process.

"Comment 7-1. Is the distillation a separation process or an extraction Aﬁ;;}
cessr Explain.

R THEORY BRNRNERR e e
Distillation is a process of separating and purifying the components
in a liquid mixture. The primary data required to solve any distillation
problem are vapour-liquid equilibriumn relationship. Distillation method
depends on the relative volatilities of the components.present in the mix-
ture. Some of these aspects are discussed below.

‘When two liquids are mixed together, they may be miscible with each
other in all proportions. Such miscible liquids are known as binary mix-
tures of liquids.

Examples of binary mixtures are ethyl alcohol and water, water and
acetone, benzene and carbon tetrachloride. It is essential to understand
theories of ideal and real solutions (non-ideal).

Ideal Sclutions

Ideal solution is defined as the one in which there is no change in the
properties of the components other than dilution, when they are mixed to
form a solution.

Heat is neither absorbed nor evolved during mixing. The final vol-
ume of the solution represents the additive property of the individual con-
stituents. Examplé is methanol and water, which have similar properties.
Ideal solution theory provides a model system to which real or non-ideal
solutions can be compared, Ideal solutions are characterised by one of the
important physicochemical properties of liquids namely vapour pressure.
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Raoult’s Law
Raoult’s law expresses a quantitative relationship between the concen-
iration and vapour pressure.

Raoult’s law states that the partial vapour pressure of each volatile con-
stituent is equal to the vapour pressure of the pure constituent multiplied by
its mole fraction in the solution at a given temperature.

Since the solution is homogeneous by definition, the relative numbers
of components on the surface reflect the numbers of these components in
ihe whole of solution. These numbers can be expressed on mole fraction
scale. Thus Raoult’s law is appropriately suited o describe an ideal solu-
tion.

Consider a mixture of miscible liquids 4 and B. In this mixture:

Let partial vapour pressure exerted by 4 = p , kPa.
Let partial vapour pressure exerted by B = pp kPa.
Let vapour pressure exerted by the pure component, 4 = p / kPa.
Let vapour pressure exerted by the pure component, B = pg kPa.
Let mole fraction concentration of liquid, 4 = X, .-

Let mole fraction concentration of liquid, B = X,
Raoult’s law may be mathematically expressed as:

Partial vapour pres- vapour pressur mole fraction of
sure of a liquid = of pureliquid * the liquid-
py = pPAX, (D)
pg = P°BXg ~(2)

A mixture of ethylene chloride and benzene obeys Raoult’s law. When
two ligquids are mixed, the vapour pressure of each one is reduced by the
presence of other to the extent of dilution of each phase.

Ideal solution is defined as the one that obeys Raoult’s law. Raoulit’s
law is obeyed by only a few solutions of hquid n liquids. These solutions
are also known as ‘perfect’ solutions. The components of these solutions
have a similar structure. Examples are benzene and toluene, rn-hexane and
n-heptane, ethyl bromide and ethyl iodide. The individual components do
net have interaction of any kind or complete uniformity of attractive forces
is observed.

Dalton’s Law

Dalton s law of p.fzfrtial vapour pressures states that the total pressure
exerted by a mixture *ro(-_'f ideal gases may be considered as sum of the partial
vapour pressure exerted by each gas, if alone were present and occupied
the total volume.

|
|

i
i
i
i
i
i
s
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Dalton’s law is mathematically expressed as:
Total vapour pressure = partiat pressure of A + partial pressure of B

P=p, by A3
Substituting equations (1) and (2) in equation (3} gives
P=pf X+ pg Xp ()

Their properties are additive, i.e. the total vapour pressure of the mix-
ture is the weighted average of the vapour pressures of pure individual
constitgents. This behaviour is shown in Figure 7-1a. The following con-
clusions can be drawn from Figure 7-la.

The partial pressure of the component varies linearly from zero to
full vapour pressure as the mole fraction varies from zero to one.
The total pressure exeried by the system at a particular composi-
tion is equal to the sum of the partial pressures of its components,

il

L3

Applications : According to an ideal solution, the compenent having
relatively greater vapour pressure will be distilled first. This principle is
used in simple distillation.

]

Yapour pressure, kPa
Vapour pressure, kPa
Vapour pressure, kPa

0% A Composition 160% A 0% A Composition 100% A 0% A Composition 100% A
100% B 0% B 100% B 0% B 100% B 0% B

(a} |deal curve- {b} Positive deviation {c) Negative deviation

Raocuit's Law from Raoult's law from Raoult's law

Figure 7-1. Vapour-composition diagrams for different lquid-liquid systems.
Real Solutions

Most systems show varying degree of deviation from Raoult’s law, de-
pending on the nature of the lquids and the temperature. These sclutions
are known as real solutions.

Deviations are observed because solute-solute, solvent-solute and sol-
vent-solvent interactions are unequal. Examples include carbon tetrachlo-
ride and cyclohexane. and chloroform and acetone. Mutual interactions
lead to either lowering or enhancing of the vapour pressure of the mixture
with respect to ideal behaviour.

These are described as follows.

Positive deviation : In some liguid systems, the vapour pressure is
greater than the sum of the partial pressures of the individual components.
Such systems are said to exhibit positive deviation from Raowult’s law.
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Examples include carbon tetrachloride and cyclohexane, benzene and
othano!. The typical behaviour of such a system is shown in Fig. 7-1b.
This type of behaviour occurs when the components differ in their polarity,
tength of hydrocarbon chain and degree of association. The degree of de-
viation from Raoult’s law decreases as the temperature increases, since the
differences in the nature of components are reduced at higher temperatures.
Conversely a decrease in temperature may lead to a decrease in miscibility
of two components and phase separation.

Negative deviation : In some liquid systems, the vapour pressure is
Jower than that of the sum of the partial pressures of the individual com-
ponents. Such systems are said to exhibit negative deviation from Raoult’s
leow.

Examples include chloroform and acetone, pyridine and acetic acid,
water and nitric acid. The typical behaviour of such a system is shown
in Figure 7-I¢. This type of behaviour occurs, when interactions such as
hydrogen bonding, salt formation and hydration occur between the com-
ponents of a solution. As a result, the vapour pressure of each component
is lowered with respect to the behaviour of an ideal solution. The total
vapour pressure curve shows a minimum in the curve (Figure 7-1c). -

Raoult’s law does not apply over the entire concentration range in a
non-ideal solution. If one liquid is present in high concentrations, it is
considered as a sokvent. The other liquid is very dilute. Hence, Raoult’s
taw is valid for that composition, though the liquid pair behaves non-ideal

Mmanner.

Applications : The differences in the behaviour of a mixture influ-
ence the method of distillation. The areas include fractional distillation
of intermediates and drugs, purification of alcoho! and other organic sol-
vents. Complete separation of the components of a mixture by fractional
distiflation may not be achieved if large positive or negative deviations
from Raoult’s law are observed. Such solutions form so-called azeotropic
mixtures. Therefore, the principles of real solutions are important in dis-

tillation.

Volatility

The volatility of any substance in a solution may be defined as the
equilibrium partial pressure of the substance in the vapour phase divided
by the mole fraction of the substance in the solution.

For example, a substance A in a liquid mixture has partial pressurc {
», and its concentration in the mixture is X, on mole fraction scale. Theys
volatility of 4 (v ) may be mathematically expressed as: ;

Yolatility of component 4,
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W ¥4~ mole fraction of A in solution X 4

partial vapour pressureof 4 py

B (5)
s The volatility of a material in the pure state is equal to the vapoyr
' pressure of the material.

i Relative Volatility

. Counsider a liquid mixture containing two components 4 and B, I
([l such a case, the volatility of one component is expressed in terms of the
_second. Relative volatility may be defined as:

I

volatility of component 4 Y4
volatility of component B vg

Relative volatility, o = --(6)

€:_3

I Relative volatility is commonly expressed with the higher of the two

volatilities in the numerator. This means that the relative volatility should
&.U} never have a numerical value less than 1.0.

Since, v = p/X (equation 5), it may be substituted in equation (6)
Ii:
i o Pal X4 paXy4
o= = (7
i re!Xp ppXp
i According to Dalton’s law, the partial vapour pressures of 4 and B may
\.~ be expressed as:
o =Y, P (8
- pp=Yy. P A9)
([iwhere ¥ "; = mole fraction 4 in the vapour state
Y, = mole fraction B in the vapour state
Ui B
P
Ul Relative volatility may also be expressed by substituting equations (8)
and (9) in Equation (7) gives:

W Y,P.Xp Y,P.Xg

“BT yp X, Yy P.X,
Equation (10) often gives the definition of relative volatility.
Using equation (10}, the value of relative volatility can be calculated
(| directly from the vapour-liquid equilibrium data. For example, a mixture

~ of methyl alcohol and water is having a total vapour pressure of 101.31 kPa
1 54(760 mmHg). This liquid contains 0.40 mole fraction of methyl alcohol

= total pressure of the vapour, kPa

-.(10)

L

" and the equilibriuth vapour contains 0.729 mole fraction. The data may

Y . a .
"Lliibe written as:

X,=04; 7,=0729; Xg=06, Y;=0271.
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Relati latility = —o0 > 060 -_ 4.035
elative volatility = 0271%040 %

Sometimes, relative volatility may change with concentration espe-
cially if the binary solution does not obey Raoult’s law. However, mixtures
obeying Raoult’s law show only a slight change in relative volatility with
concentration variation.

o GENERAL EQUIPMENT FOR DISTILLATION

The construction of equipment for the distillation has been described
using several figures in subsequent sections. The general equipment, either
for laboratory use or for industrial scale, consists of three parts.

Still

It is a vaporizing chamber and used to place the material to be distilled.
The size of the still should be such that only one-half to two-thirds full of
liquid is filled. Ifthe still is too large, superheating dnd some times decom-
position of liquid may occur. The still is heated by a suitable means (e.g.
steam) for the vaporisation of the volatile constituents. The temperature at
which the liquid boils is of considerable importance. Therefore, provision
is made to place the thermometer in the still. A condenser is attached to the
still using appropriate joints.

On laboratory scale, round bottom flasks made of glass are used so
that the progress of the distillation can be noticed. At the same time, the
feed can be added as and when required. Stills are made of stainless steel,
copper or suitable material to provide efficient heat transfer. Tn these stills,
an observation window is provided.

Some liquids have a tendency to bump or froth, which promotes the
carrying of liquid with vapour. To prevent this, a trap is inserted between
distillation flask and condenser,

Condenser

Condenser helps in condensing the vapour. Condenser is a heat ex-
changer. It is kept cold by circulating water through water jacket. The
boiling peint and volatility of a substance are the main factors governing
the choice of the condenser. The main points in the construction of a con-
denser are as follows.

1. The condenser must be easy to clean.,
‘2. The cooling surface must be large enough, because rate of con-
densation is proportional to the area of the condensing surface, ;

3. The condensing surface must be reasonably a good conductor of
heat, because rate of condensation is proportional to the rate at
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which the surface is cooled. For this reason, metal condenser is
preferred over glass, if snitable.

4. The film of condensed liquid is a bad conductor and must be re-
moved quickly in order to avoid serious impairment of the effi-
ciency of condenser. For this reason, condenser is always placed
in an inclined position.

5. The warm water in contact with the condensing surface must be
quickly carried away and its place should be taken by fresh cold
water. The cooling water is arranged to move on the counter-cur-
rent principle, i.e. its direction of flow is oppesite to that of the
flow of vapour to be condensed.

The condenser is connected to the receiver through a suitable adapter.
Adapter may be employed where the receiver cannot be conveniently sup-
ported at the end of the condenser. Some times, the adapter has a provision
to connect to the vacuurn pump as in case of vacuum distillation. Condens-
er is placed in an upright or oblique position. Different types of condensers
are used (Figure 7-2). Three classes of condensers are described below.

1. Single-surface condensers . Exampies are Liebig condenser (Fig-
ure 7-2a), spiral (glass-worm condenser) (Figure 7-2b}.

2. Double-surface condensers : The efficiency of the condensation
increases. (Figure 7-2¢).

r\lapour i

/ !

(Vapour

Jacket — \_—'- -
Water -,
outtet B
Water—»_\ o L Water
inlet
e

Liquid out. l Liqluid

Plain condenser Spiral (glass-worm)
Liebig condenser

(a) Single surface condensers (b) Double surface condenser

_ Figure 7-2. Different types o{ ,;.idonclensers.
3. Multi-tubular condensers : These &fe usually made of metal and

used for [arge scale work. In the preparation of distilled water and
water for injection, multi-tubular condensers are used.
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The basic differences in the construction show variations in the effi-
ciency of the condensation. Water-cooled condensers are not suitable for
liquids, which boil above 130 °C. In such cases, air condenser may be
used in place of water condenser. Air condenser is a straight tube with suf-
ficient length (1-2 m long), which is passed through the bung of the flask.
The vapour rises in the air-cocled tube and gets condensed.

Receiver

1t is used to collect the distillate. It may be a simple flask (Figure 7-3a
& b) or modified flasks such as Florentine receivers (Fig. 7-3¢ & d). Some

(a) Conical flask as receiver

\ Condenser outlet
Yy - Globules of oil

a and water

(b) Flat bottom round flask as receiver

Mechanically

Aqueous 4/ emulsified
averflow layers of oil
returned and water {c) Florentine receiver
to still for oils heavier than
water
0il layer withdrawn
e Trom time fo time
k\&mdenser cutlet
Globules of
\g ail and water
2 Aqueous
[ overflow
) = . ;gt;l{irisfd (d) Florentine receiver
2\1,[3: %{?ﬁfrn ¢ for oils lighter than
toa receivae'zr ™ Mechanically water
amulsified
layer of oil
I and water

Figure 7-3. Different tvpes of receivers.




&

€& & &

e e

234 COODOTOCOIVCOTOLOTOTOO0COTOCOC PHARMACEUTICAL ENGINEERING

times, the receiver is immersed in an ice-bath or any other freezing mix-
ture. This minimizes loss of volatilization., Florentine receivers are used
for the separation of oil and water. These are two types.

Type 1 : These are used for the separation of oil heavier than water.
Type 11 : These are used for the separation of oil lighter than water.
The receiver used for oil heavier than water has two taps (Figure 7-3c).

The tap fitted near the bottom of vessel is used for collecting oil, while the
tap fitted near the top of the vessel for water to overflow.

The receiver used for oil lighter than water is fitted with siphon at the
bottom, which works when it gets filled with water (Figure 7-3d), while the
tap fitted near the top is an outlet for the flow of oil.

Some times, the receiver is immersed in an ice-bath or any other freez-
ing mixture. This minimizes loss due to volatilization.

i Comment 7-3. What is the importance of the Florentine receiver?

CLASSIFICATION OF DISTILLATION METHODS i
Simple distillation

Flash distillation

Fractional distillation

Azeotropic and extractive distiilation

Distillation under reduced pressure

Steam distillation

Molecular distillation

Destructive distillation

¢ Compression distillation

& & & & & & @ @

Some of these methods are discussed in the following sections both on
laboratory scale and industrial scale along with the specific theories.

Critical Quality Attributes - Distillation

The CQAs, process parameters (PPs) and material attributes (MAs)
are recorded in Figure 7-4. The distillation is considered as a separation of
components of liquid mixture or purification as is observed in the produc-
tion of bulk drugs, process chemistry and biopharmaceutical products. The
upsiream operation is extraction and downstream operation is packing. For
a given set of conditions, the critical attribute is the purity (assay) of the
product.

. : - o (A . - .- .
The process parameters optimized for the disfillation are: heating/cool-
ing program. These are controlled during the distillation and are prefixed
as standards with limits for a given set of conditions. Production control
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charts are used for monitoring the standards. The above mentioned are the
eeneral characteristics, but a few may change depending on the method of
distillation.

( Process parameters \ -
179

Material attributes’
@ Feed temperature,

v [ © Quantity of materals,

@ Heat stability/heat sensitivity,
@ Nature of feed/sturry,

@ Volatility of the components,
@ Boailing point of liquid,.

@ Proportion of the components,
@ Vapour pressure of the liguids,
@ Mol wt of the components,

QDensity differences. )

Manufacturing
process step

= Distillation type, size,

¢ Heating/cooling program,
¢ Feed flow rate,

& Cost of the operation,

% Vapour-liquid equilibrium,
@ Column/condenser hold up,
¢ Liguid holdup, ) k4

@ Distillation time,
{Pressure/vacuum application,

Distillation

Critical quality attributes of output .
@ Assay of the component (purity), ‘
@ Refractive index,

& Impurities,

& Density,

‘@ Product temperature,

2 Yield.

Figur.‘e‘7—4. Process parameters and critical quality attributes
for distillation in the separation of products from mixture.,

ST SIMPLE DISTILLATION
Simple distillation is a process of converting a single constituent from
a liquid (or mixture) into its vapour, transferring the vapour to another
place and recovering the liquid by condensing the vapour, usually by al-
fowing 1t to come In contact with a cold surface.
This process is known differential distillation, as distillation is based

on the differences in volatilities and vapour pressures of the components in
the mixture. This method requires simple apparatus.

- Principle : Liquid boils when its vapour pressure is equal to atmo-
spheric pressure. Simple distillation is conducted at its boiling point. The
higher the relative volatility of a liquid, the better is the separation by sim-
ple distillation: Heat is supplied to the liquid s& that it boils. - The resulting
vapour is transferred to a different place and condénsed. If the liquid of
interest is volatile and remaining components are nonvolatile, then simple
distillation is a useful means of purification and separation of liquids.
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Appiications :

(1) Simple distillation is used for the preparation of distilled water
and water for injection.

(2) Volatile and aromatic waters arc prepared.

(3) Organic solvents are purified.

(4) A few official compounds are prepared by distillation. E.g. spirit
of nitrous ether and aromatic spirit of ammonia.

(5) Non-volatile solids are separated from volatile lquids.

Laboratory Scale Apparatus for Distillation

Assembling of apparatus : The construction of a simple distillation
apparatus is shown in Figure 7-5. It consists of a distillation flask with
s side-arm sloping downwards. Condenser is fitted into the side arm by
means of a cork. The condenser is usually water condenser, t.e. jacketed
for circulation of water. The condenser is connected to a receiver flask us-
ing an adapter. On a laboratory scale, the whole apparatus is made of glass,

Thermometer

1

Figure 7-5. Apparatus for simpie distillation {on laboratory scale).

Procedurs : In the laboratory scale, the liquid to be distilled is filled
into the flask to one-haif to two-third of its volume. Bumping is avoided
by adding small pieces of porcelain or porous pot before distillation. A
thermometer is inserted into the cork and fixed o the flask. The thermom-
eter bulb must be just below the level of the side arm. Water is circulated
through the jacket of the condenser as shown in Figure 7-5.

The contents are heated gradually. The liquid begins to boil after some
(me. The vapour begins to rise up and passes down the side arm into the

condenser. The temperature rises rapidly and reaches a constant value.
The temperature of the distillate is noted down, which is equal to the boil-

ing point of the lquid.

P

G
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The vapour is condensed and collected into the receiver. The flame
is adjusted so that the distillate is collected at the rate of one to two drops
per second. Distillation should be continued until a small volume of liquid
remains in the flask.

Large Scale Equipment for Simple Distillation

Construction : A simple still as shown in Figure 7-6 is used for large-
scale distillation. It is made up of stainless steel, copper or any other suit-
able material. A still of this kind has a limited heating surface and func-
tions perfectly with volatile solvents, but is not useful for concentrating
dilute solutions. Specially designed stills suited to one product or a group
of products are used for frequent and continuous use.

A thermometer is fixed to the still to note the temperature of the boiling
liquid. An observation window (sight glass) in the hood is helpful to the
operator to see the progress of the distillation and the level of the contents
:0 be distilled. The still is connected to a condenser and then to a receiver.
The still is heated using steam. Therefore, a steam inlet at the bottom of the
still and an outlet for removing the condensed steam are provided.

/Condenser

Sight glass
-

o

= +— Water
circulation

Steam

Receiver

Figure 7-56. Equipment for simple distillation on large scale operation.

Working : A liguid to be distilled is filled into the still to one-half to
two-third of its volume. Bumping is avoided by adding small pieces of
porcelain or porous pot before distillation. A thermnometer is inserted into
the still, Water is circulated through the jacket of the condenser as shown
in Figure 7-6.

Steam is passed through the inlet. The contents are heated gradually.
The liquid begins to boil after some time. The vapour begins to rise up
and passes into the condenser. The temperature rises rapidly and reaches
p constant'\éﬂne. The temperature 1s noted down, which is equal to the
boiling pojint of the liquid.

¢ . . .

The vapour is coudensed and collected into the receiver. The passage

of stearn is regulated so that the distillate is collected af a slower rate (a few
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[ ) .
& drops per second). Distillation should be continued until 2 small volume

®0f liquid remains in the still
. Water stills are used for producing distilled water including water for
(llinjection on a continuous basis. '

. Preparation of Purified Water (BP) and Water for

ul:’Injectian {BP) By Distillation

Iy The principle involved in the preparation of water for inj t?ct_ion by dis-
' tillation is same as that of the simple distillation. However, 1t 1s a special

{/[ycase for the following reasons.

(1) Gases dissolved in the raw water must be removed. These should

W not be allowed to contaminate the distillate. Such gases ir}clude
carbon dioxide. Ammonia is the most important gas to be avoided.
4 (2) The carryover of soluble materials in the droplets must be avoid-

N ed, particularly if the product is required for use as water for in-

5 jection.
Entrapment of liquid droplets by the vapour must be prevented.
For this purpose, baffles are included in the path of the vapour
U between boiler and condenser.

(4) Contamination of the distillate by pyrogen frem feed water must
U be avoided. .

(5) The residue of solids must not be concentrated to a point where

W 3

¢ hydrolysis occurs. Otherwise, the distillate may be contaminated
‘ by volatile material produced during hydro_lyms.. For example,
€ * hydrolysis of chlorides produces hydrochloric acid.

[i; Constraction : The arrangement of an apparatus for t}}e cgntinuous
‘ production of distilled water or water for injectioq is shown in Figure 7-7.
U_‘i:;,The distillation apparatus consists of a boiler, which may be made of cast

"iron. Baffles and condenser tubes are made up of stainless steel or monel
(,imetal. The top of the condenser jacket is open, so that gases from water
" can escape into atmosphere. The condenser tubes are vertical and open at

{/[yboth ends, as shown in Figure 7-7.

, Working : Water (feed) enters at the base of the still and rises in the
U jacket, which contains a number of tubes. In the condenser tubes, the con-
densed liquid descends. The rising feed water gets heated on account of
{l condensate in the tubes. The rate of flow is adjusted in such a way_that the
. water gets heated to 90-95 °C, before it enters the boiler. The dissolved
U gases in water escape to the atmosphere. The heated water then enters t}'le
boiler, in which steam is circulated under pressure through a copper coil.
Qﬁ'The steam that is obtained by feed water cannot escape except through the
_condenser tubes, whose upper ends are protruded into the boiler head. The

)
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descending steam is condensed into distilled water, which flows from the
tower ends of the tubes.

Baffles Escape of gases
\ [
T/
O/ -] [a]e}
Heating RINIE]
coils Constant
e W level device
" 4
¥
4 41 overflow of
excess water
Multitubular
condenser
| | ~“— Water

‘ / inlet

.d/].

Distillate

Figure 7-7. Construction of a distiflation unit for the preparation of water for injection.

Advantages : This process is economical as the amount of steam used
in coils is reduced on account of preheating of feed water by counter-cur-
rent flow of the condensate. This also facilitates the escape of dissolved
gases without any additional effort,

' Comment 7-4. What are the precautions taken while assembiing the appara- |
tus for simple distillation? " !

FLASH DISTILLATION o

Flash distillation is defined as a process in which the entire liquid mix-

ture is suddenly vaporized (flash) by passing the feed from a high pressure
zone to a low pressure zone.

Flash distillation is also known as equilibrium distillation, i.e. sepa-
ration is attempted when the liquid and vapour phases are in equilibrium.
This method is fregpently carried out as a continuous process and does not

~ involve rectiﬁca’gf n.

Principle : When a hot liquid mixture is allowed to enter from a
high-pressure zone into a low-pressure zone, the entire liquid mixture is
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suddenly vaporised. This process is known as Slash vaporisation. During
this process the chamber gets cooled. The individual vapour phase mol-
ecules of high beiling fraction get condensed, while low boiling fraction
remains as vapour. This process requires certain amount of time. There-
fore, the liquid and vapour are kept in intimate contact until equilibrium is
achieved. The liquid fraction is collected separately. The vapour is sepa-
rated from the liquid and further allowed to condense.

Uses : Flash distillation is used for separating components, which boil
at widely different temperatures. It is widely used in petroleum industry
for refining crude oil.

Advantages : Flash distillation is a continuous process. It is used for
obtaining multi-component systems of narrow boiling range, especially in
oil refinery. Examples are petroleum ether 60, 80, etc.

Disadvantages : Flash distillation is not effective in separating com-
ponents of comparable volatility. It is not suitable for two component sys-
tems. Itis not an efficient distillation when nearly pure components are re-
quired, because the condensed vapour and residual liquid are far from pure.

Equipment

Construction : The construction of a flash distillation apparatus is
shown in Figure 7-8. It consists of a pump, which is connected to a feed
reservoir. Pumyp helps in pumping the feed into the heating chamber which
contains a suitable heating mechanism. The other end of the pipe is direct-
ly introduced into the vapour-liquid separator through a reducing valve.
The vapour outlet is provided at the top of the separator and liquid outlet is
provided at the botton.

Vapour 0
condenser
Pump D/<; — Vapour
Pressire separator
reducing
valve
Feed —=

/
Ity

0——|—|—\~.
L

Heater

Figure 7-2. Apparatus for fiash distillation.

Working : The feed is pumped through a heater at a certain pressure.
The liguid gets heated, which enters the vapour-liquid separator through a
pressure-reducing valve. Due to the drop in pressure, the hot liquid flashes,

Liquid
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which further enhances the vaporisation process. The sudden vaporisation
induces cooling. The individual vapour phase molecules of high boiling
paint fraction g?:t condensed, while low boiling point fraction remains as
\apot. The mixture is allowed for a sufficient time, so that vapour and
tiquid portions separate and achieve equilibrium. The vapour is separated

rough a pipe from above and lquid is collected from the bottom of the

separator.

By continuously feeding into the still, it is pessible to obtain contin-
aous fash distillation. The operating conditions can be adjusted in such
1 way that the amount of feed exactly equals the amount of material re-
moved. Therefore, vapour and liquid concentrations at any point remain
constant in the unit.

FRACTIONAL DISTILLATICN S

Fractional distillation is a process in which vaporisation of liquid mix-
{ure gives rise to a mixture of constituents from which the desired one is
scparated in pure form. ]

This method is also known as rectification, because a part of the va-
pour is condensed and returned as a liquid. This method is used to separate
miscible volatile liguids, whose boiling points are close, by means of a
lractionating column.

Fractional distillation is different from simple distillation. In simple
distiltation, vapour is directly passed through the condenser. In fractional
distillation the vapour must pass through a fractionating column in which
partial condensation of vapour is allowed to occur. In simple distillation,
condensate is collected directly into the receiver, while in fractional distil-
lation. condensation takes place in the fractionating column, so that a part
of the condensing vapour returng to the still.

Principle : From the operational point of view, fractional distiilation
is a mass transfer process involving counter-current diffusion of the com-
penents at each equilibrium stage.

When a liquid mixture is distilled, the partial condensation of the va-
pour is allowed to occur in a fractionating column. In the column, ascend-
ing vapour from the still is ailowed to come in contact with the condensing
vapour returning to the still. This results in enrichment of the vapour with
the more volatile component. By condensing the vapour and reheating
the Kquid repeatedly, equilibriurn between lquid and vapour is set up at
each stage, which ultimately resulis in the separation of a more, Polatile
component. ' a’b'i" '

Applications : Fractional distillation is used for the separatioﬁ of mis-
cible liquids such as acetone and water, chloroform and benzene.
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Disadvantage : Fractional distillation cannot be used to separate mis.
cible lquids, which form azeotropic mixtures.

Theory : According to the principles of colligative properties, whep
a substance is dissolved in a liquid, the vapour pressure of solvent is low.
ered. When two miscible liquids are mixed, each may be considered ag
a solution of one in the other. The vapour pressure of each component ig
lowered. The pressure exerted by each one is known as partial pressure,

According to Dalton’s law, the total pressure exerted by a gaseous
mixture is the sum of the individual partial pressures of the component
gases. If A and B are two miscible liquids and, p, and pp represent their
partial pressures, respectively, then Dalton’s law may be mathematically

expressed as:
Total pressure = p, + pp

Like other gas laws, Dalton’s law holds strictly good only when the
partial pressures are not too high. Dalton’s law is important because it
permits the estimation of total vapour pressure, which should be equal to
atmospheric pressure 5o as to reach the boiling point. At boiling point, the
vaporization is maximumni.

Based on the boiling point behaviour, the binary mixtures are classi-
fied into three classes,

Boiling Point—Composition Curves of Mixtures

Since repeated vaporisation and condensation processes are involved
simultaneously, the composition of liquid and vapour phases change con-
tinuously. Hence, boiling point-compeosition curves are helpful in predict-
ing wlhether the separation is possible or not, if possible, whether it is easy
or difficult. These are helpful in designing the equipment for fractional
distillation.

Boiling point—composition curves are constructed as follows:

(1) Mixtures of liquid A and liquid B are prepared in different propor-
tions. .

(2} Boiling point of each mixture is determined.

(3) Liquid composition of each component is analysed at its boiling
point.

(4) Vapour composition of each component is analysed at its boiling
point.

_ (5) The boiling points are plotted on y-axis against composition of the

‘mixture (x-axis). The resulting plot is shown in Figure 7-9.

(6) The upper curve represents the vapour phase composition.

(7} The lower curve represents the liquid phase composition.
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(8) The different areas correspond to the existence of liquid, vapour
and liquid plus vapour phases.

The curves represent the equilibrium condition. Therefore, they are

nelpful in drawing conclusions regarding the composition of components
4t any given temperature,

Fractionatl Distillation-Type | Miscible Liquids
(for {deal Solutions)

Fractional distillation is suitable for a system when the boiling point
of the mixture is always intermediate between those of pure components.
There is neither a maximum nor a minimum in the composition curves as
shown in Figure 7-9. These systems are known as zeotropic mixtures. E.g.

include benzene and toluene, carbon tetrachloride and cyclohexane, and
water and methanol.

The usefulness of Figure 7-9 in the design of fractional distillation is
iltustrated in Figure 7-14.

Vapour + Liquid

Vapour
| -Liquid ’
curve

o) T
=) -
2 P o
5 ! ! ]
=% 1 I [}
= : 1 I
11

1 ] ]

] =

i . i
oeate X X 100% A

100% B Compaosition .0% B

Figure 7-9. Boiling point-composition diagram of miscible liquids.

Fractional Distiltation—Azeotropic Mixtures

Manylliquid mixtures cannot be separated completely into DUre compo-
nents by simple distillation, because the volatilities of the components are
cqual. Such a mixture is known as an azeotrope (Greek: boil unchanged).

Azeotropic solution is a solution which distils unchanged at a constant
{emperature.

. Such solutions are also known as constant boiling mixtures. An exapi-
ple of this type is 89.43 mol % mixture of ethanol and water at atmosplfﬁc
pressure. This mixture has a relative volatility of 1.0, further purification

cannot be obtained by conventional distillation. These solutions deviate
from the Raoult’s law to a large extent.

i
!
i
i
{
|
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Minimum boiling peint azeotropic selutions—Type 1T sokufiony
(non-ideal solutions) : Systern that exhibits a minimum value in the hyj).
ing point-composition curve is shown in Figure 7-10. Such a systen jq
known as azeofropic mixture with & maximum vapour pressure or Min;.
mum boiling point. Examples include chloroform and acetone, pyridine
and acetic acid, and water and nitric acid.

Vapour
curves ™,

Liquid

Boiling point temperature, °{

curves curves
100% C Composition 0% C
0% D 100% D

Figure 7-10. Boiling point-composition curves of a constant
boiling azeotropic mixture having minimum boiling point.

The azeotropic mixture has a lower boiling point than that of the com-
ponent with the least boiling point. At the minimum boiling point tempera-
ture, the liquid composition remains constant and is equal to the vapour
composition (arising from stch a liquid system). This is indicated by the
point T, at the trough (Figure 7-10).

All mixtures of compositions lying between C and T (trough) can be
separated by continuous fractional distiltation. In this process. pure liguid
C'is recovered from the still and a mixture with constant composition (as of
7) is obtained as a distillate from the condenser. Ina simiiiar way, all mix-
tures of compesitions lying between 7 and D can be separated by continu-
ous fractional distillation. In this process, pure liquid D is recovered from
the still and mixture with constant composition (as of ) as condensate.

Since vapour gives constant composition of mixture, liguid curve (i.e.
liquid present in the stilt} should be considered for the analysis {Figure 7-10}.

Consider a hypothetical case (Figure 7-10) in which the mixture ¢on-
tains more of D than C, which is represented by M. 1f the mixture is dis-
(ilfcd, the Yapour has a composition fx., When this vapour is condensed.
the liquid composition is represented by M), which is richer in £ than C.
When this liquid is redistilled, thé{vapour has composition of x;. When
this vapour is condensed, the liquid has the composition of A,. Thus on
repeated distillation (fractional distitlation), the liquid D will be in pure
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form and remains in still. Similar arguments can be proposed for fractional
Jistillation of component C by considering left-side curves to 7 (trough).

viaximum boeiling peint azeotropic selutions—Type III solutions
(mm-idenl soluﬁ(_pr_is) : System i{hat exhibits a maximum value in the boil-
e [n,;n1--c0111]:»051t10n diagram is _shown in Figure 17-11. Such a system
s known as azeotropic mixture with a minimum vapour pressure or max-
um botling point. Examples include benzene and ethanol, water and
etha nol.

The azeotropic mixture has a higher boiling point than that of the
somponcnt with the higher boiling point. At the maximum boiling point
jemperature, the liquid composition remains constant and is equal to the
\apaur composition (arising from such a liquid system). This is indicated
by coincidence at the peak, P (Figure 7-11).

Vapour

curves P Vapour

curves

5
)
=
o
E;..L _____
£
s L
o Liquid v,
5 curve L
s 1 1A
= Liguid 2
% curve
[=a]
0% A Composition 100% A
1000/0 B OOJD B

Figure 7-11. Boiling point-composition curves of a constant
hailing azeotropic mixture having maximum boiling point.

All mixtures of compositions lying between £ (peak) and 4 give pure
liquid A as distillate and a mixture of 4 and B with constant composition
in the still. In a similar way, all mixtures of compositions lying between
## and P give pure B as distillate and a mixture of 4 and B with constant
composition in the stili.

Consider a hypothetical case (Figure 7-11) in which the mixture con-
1ins more of 4 than B, which is represented by L. If this mixture is dis-
(itied, the composition of vapour v 1s richer in 4 and poorer in 8. At this
state, the liquid residue in the distiliation flask will be richer in B and poor-
erin A. The vapour at v is condensed, the liquid composition is represented
by L. If this liquid is distilled, the compositien of vapour v, is further rich-
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er in A and poorer in B. Thus on repeated distillations (i.te. fractional dis-
titlation), the liquid 4 in pure form can be obtained as a distillate. By the
residue remained in the still is always the mixture of 4 al}d B of constany
composition. Similar arguments can be proposed for fractional distillatigy
of component B by considering left-side curves to P.

General Method for Fractional Distillation

Construction : The assembly of apparatus for fractional distillatigy
on a laboratory scale is shown in Figure 7-12. Qn a large _SCal_F:, the con.
struction of equipment for fractional distillation is shown in Figure 7-13
The fractionating column is inserted between the still and tl_le condenser. A
provision is made for the supply of heat (usually a steam (.3011) at the bottom
of the column. At the top of column, a condenser is provided. The colump
has a large area for providing sufficient flow conditions. The_ broken lines
across the column represent the contacting devices.

Thermometer

Fractionating _||
column

Miscible
liquids

Figure 7-12. Assembly of apparatus for fractional distillation {on laboratory scale).

Working : The mixture to be distilled is fed to the boiler anq hea?ed
usually by steam. The sequence of events occurring in the f:ractlonatmg
column can be illustrated using the following general example (Figure 7-13).

Consider a mixture of two miscible liquids 4 and B containing 2'() %
of A and 80 % B. Liquid A (More Volatile Component, MVC) is ha\.fm“g &
lower boiling point than B (Less Volatilg £omponent, LVC). These liguids

do not produce constant boiling point pxture. The boilifg point compo-

sition curves of this mixture are shown in Figure 7-14, which is S]_]Tlll‘fil‘
to Figure 7-9, but written several times so as to represent the steps (i.e. In
fractions) in fractional distiliation.

ch-7  DISTILLATION

Candenser
—— Divider

Vapour Reflux  product

Liquid -—— Fractionating
column

Feed inlet — a : o
Steam inlet —— Boiler _ .
0 H | ;

Outlet ‘ - =

Figure 7-13. Fractional distillation apparatus for large scale operation.. -

To condenser |

Vapour of pure A formed from
liquid containing only 8% A

Condensed vapour
containing 98% A

Vapour containing 98% A formed
from liquid containing only 90% A

3rd condensation and
partial revapourisation

Condensed vapour

containing £9% A

Vapour containing 90% A formed
from liquid containing only 60% A

2nd condensation and
partial revapourisation

Condensed vapour
containing 60% A

Vapeur containing 60% A formed
from liguid containing only 20% A

1st condensation and
partial revapourisation

Liquid containing 20% A

Initial vapourisation
from distillation flask

From dis1.:i liation flask

Figure 7-14. Sequence of boiling point—composition diagrams
to illustrate the fractional distiilation of a mixture of components.
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(1) Whenthe boiling point of the mixture is reached, the vapout-com.
position curves are drawn as shown by lowest pair of curves (Fig-
ure 7-14). These curves indicate that the vapour contains 60 % of A

(2) When this vapour is condensed, the resulting liquid is again heat.
ed to boiling point, this vapour gives the composition containing
90 % of A (second pair of curves from the bottom).

(3) This vapour impinging on a cool surface and gets condensed,
This fraction is revaporised by heating to its boiling point. This
boiling point curve of this distillate indicates 98 % of A (Third
pair of curves from the bottom).

(4) This fraction of vapour impinges on a cooling surface. This gives
fourth pair of curves. Now this vapour contains higher {imore thag
98 %) proportion of A, i.e. vapour of pure compounent.

(5} The vapour moves to a condenser at the top of the column and
gets condensed.

Thus, repetition of these processes vield pure A as shown in the curves
in Figure 7-14. The proportion of B in the ascending vapour becomes
progressively smaller and entirely eliminated at its upper most point. The
liquid B trickles downward to the distillation flask being further freed from
liquid A on its downward jowrney.

Once distillation is commenced, the size of the flame is adjusted so
that liquid passes over at a rate of one drop pef every two ot three seconds.
Once the low boiling point fraction has passed over, distillation should be
stopped. The liquid available in the still is pure B. It can be coliected as
such or purified further by simple distillation (keeping the fractionating
column assembly).

The above process forms the basis of the continuous method of frac-
tional distillation. Distillation is coutinued until alt the MVC has been
distilled off from the top as the product and the LVC is left in the still as a
separate product.

Efficiency of the Fractional Distiliation

The efficiency of separation of a mixture may be expressed in several ways.

Length of the fractionating columa : A state of dynamic equilibrium
is required for the separation. A maximum degree of separation of the
components is obtained along the length of the colunm.

Reflux ratio : Reflux ratio is the guotient of the amount of liquid re-
turning through the column to the amount collected into the recetver durng
the same interval of time. A column operating under total reflux will not
yield distillate. The reflux ratio should be high. It is controlied by means
of a suitable still.
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Heat input : Heat input to the still should be controlled. If it is too
jittle, the packing is insufficiently wetted. If it is too high, velocity may
he too great for equilibrium to be attained. The size of the flame should
e adjusted so that liquid passes over at a rate of onte drop for every two or
three seconds.

Colume temperature : Tor a column operating at a temperature
4bove 60 °C, heat Joss should be prevented by insulation. Examples are
asbestos cord and silver vacuum jacket. For temperature above 100 °C,
(e column is surrounded by a heating jacket, which is generally adjusted
(o the temperature of the vapour that emerges frem the top of the column.
ileat loss will cause excessive condensation within the column, which may
result in flooding. It will also disturb the steady state temperature gradient
slong the column. ‘

Other experimental conditions necessary for good separation are:

(1) There should be a comparatively large amount of liquid continu-
ously returning through the column.

(2} Thorough mixing of liquid and vapour. _

{3) A large active surface of contact between liquid and vapour.

Fractionating Columns

Generally, it is necessary to conduct distillation several times by ap-
propriate means in order to separate a mixture of miscible liquids. This can
be avoided by emploving fractionating column for a reasonably complete
separation. In fractional distillation, special type of still-heads are required
su that condensation and revaporisation are affected continuously. These
are known as fiaclionating columns.

A fractionating column is essentially a long vertical tube in which the
vapour passes upward and gets partially condensed. The condensate flows
Jdown the column and is returned eventually to the flask. The columns are
constructed so as to offer the following advantages simuitancously.

(1) It cffers a large cooling surface for the vapour to condense.

(2) An obstruction to the ascending vapour allows easy condensation.
The obstruction also retards the downward flow of liquid, which
is a high boiling component.

Fractionating columns can be divided into two groups.

Packed columns : In this type, some form of packing is used in the
column to affect the necessary liquid/vapour contact. The packing may
consi‘gg;'of single turn helices {spirals) of wire of glass, glass rings, cylin-
dricabé‘glass beads, stainless steel rings etc. The height of packing is equiv-
alent to one theoretical plate. A few types of fractionating columns are
shown in Figure 7-15.




Construction : Packed column con-
sists of a tower containing a packing
that becomes wetted with a film of lig-
uid, which is brought into contact with
the vapour in the intervening spaces.

The same type of fractionating
columns can be obtained in various
lengths.

(a) A long fractiopating column
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is necessary when the boil-
ing points of the constituents

are lying fairly close together. é -.

(b) A short fractionating column F:]ear dR_ad fnd
is necessary when the boil- N3P 7‘5;5 S’F;’ﬁ
i i i Figure 7-15. Different types
E}%fgroézt;s?gggilc; nstituents of fractionating columns.
i .

YA

dib,

Applications : Packing must be uniform so as to obtain proper chan-
nels. If packing is irregular, mass transfer becomes less effective. Packed
columns are mainly used in laboratories. Example is Widmer column.

(Figure 7-16).

S

Plate C. I'?l IT‘ I_;I
Plate B. ]?l |—+—| r;l '::

| — Liguid from plate
above

ST R L

F— Weir

g e £

Plate A.

|— Liquid
down comer

Bubble cap column

Figure 7-16.
Widmer column.

Figure 7-17. Construction of bubble
cap column for fractional distillation.

Piate columus : Many forms of plates are used in the fractionating

" columns. These can be divided into two types, which are commonly used

in pharmacy.

(a) Bubble-cap plates (b) Turbo grid plates
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Bubble cap column is used in large distillation equipment (Figure 7-17).

Construction : The column consists of a number of plates mounted one
above the other (Figure 7-17). The plates have a weir leading to a down-
comer. Caps are present on each plate, which allow the vapour to escape
py bubbling through the liquid.

Working . Ascending vapour from the still passes through the bub-
ble-caps on plate A and the rising vapour will be richer in the more volatile
component. This vapour passes through the liquid on plate B and partially
condensed. The heat of condensation partially vaporizes the liquid. The
process of condensation and vaporisation will be repeated at plate C and so
on all the way up the column. Each bubble-cap plate has the same effect
as a separate still.

Advantages : The bubble cap plate is effective over a wide range of
vapour-liquid proportions and velocities. There is an excellent
contact as the vapour bubbles through the liquid.

Disadvantages : (1) A layer of liquid on each plate results in consider-
able hold-up of liquid over the entire column. -

(2} The need to force the vapour out of the caps through the, liquid
leads to a large pressure drop through the column.

(3) The column does not drain even after completion of distillation.

(4) The structure is complicated making construction and mainte-
nance expensive,

g AZEOTROPIC AND EXTRACTIVE DISTILLATION e

Azeotropic solutions (or constant boiling solutions) cannot be com-
pletely separated by fractional distillation, because either the vapour or the
liquid in the still has a mixture of components. The principle of azeotropic
distillation and extractive distillation lies in the addition of a new substance
to the mixture so as to increase the relative volatility of one of the two key
components and thus making separation relatively easy. Azeotropic terna-
ry mixtures with minimum boiling point (or maximum vapour pressure)
are pharmaceutically important,

Azeotropic distillation is a distillation method in which azeotropic
mixture is broken by the addition of a third substance, which forms a new
azgotrope with one of the components.

The relative volatility of the liquid mixture can be changed by adding
a third §1t1bstance. For example, benzene is added to the azeotropic mixture
of watar and ethyl alcohol. Benzene breaks the mixture of water-ethys}
alcohol*and forms a new azeotrope between benzene and cthyl alcohol.
The volatility of the water (more polar liquid) is enhanced. Un distillation,
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water distills at 65.85 °C leaving alcohol and benzene behiqd.. The boiling
point of this binary mixture is 63.2 °C and benzene gets distilled leaving
pure alcoho! behind. It can be distilled off at 78.3 ¢C. The benzene can be
recveled. Thus, using fractional distillation method, absolute alcohol cap
be i’)repared.

When glycerin is added to the above mixture, the vapour pressure of
water is Jowered. Practically pure ethanol can be obtained from the frac.
tlonating tower.

In extractive distillation, the third substance added to the azeotropic
mixture is relatively nonvolatile liquid compared to the components to be
separated.

The third component is withdrawn at the base of the fractionating column,

Example is separation of toluene from para’.fﬁn hydrocarbons'of ap-
proximately same molecular weights. The separation of toluene and iso-oc¢-
tane (example for hydrocarbon) is difficult. In the presence -()f phenol, the
relative volatility of iso-octane increases, therefore, separation of tolugne
is relatively casy. In another example, furfural is added for the separation
of butadiene from its mixture containing butane and butene.

Applications : The liquor from fermentation process is 4 common
source of ethano! and contains approximately 8 to 10 %. Absolute aic:ohol
can be prepared by azeotropic distillation. Petroleum refineries and distill-
eries use these types of distillation.

" Comment 7-5. Azeotroplcdlstlllatlon is used to separate individual compo-
\ nents into pure state. True or false. Explain. o

DISTILLATION UNDER REDUCED PRESSURE 3]
Distillation under reduced pressure may be defined as a distillation
process in which the liquid is distitled at a temperature lower than its boil-
ing point by the application of vacuum.
Vacuum pumps and suction pumps are used to reduce the pressure
on the liquid surface. Distillation under reduced pressure is based on the
principle ef simple distillation with some modifications.

Principle : Liguid boils when vapour pressure is equal to the atmo-
spheric pressure, i.e. pressure on its surface. If the external pressure 1s
reduecd by aﬂ}]ying vacuum, the boiling Point of liquid deCrez.lse-S. There-
fore, the liquid boils at a lower temperature. This principle 1s_zllgst1'21ted
using an example of water. Water boils at 100 °C at an atmospheric pres-
sure of 101.31 kPa (760 mmHg). At 40 °C, the vapour pressure of water
is approximately 9.33 kPa (70 mmHg). Hence, the external pressure is
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reduced to 9.33 kPa (70 mmHg) where water boils at 40 °C. The net result

i3 an increase in the rate of mass transfer into vapour.

The important factor in evaporation is:

vapour pressure of evaporating liquid
extemal pressure

According to this formula, if water is allowed to evaporate at 40 °C
and at 9.33 kPa (70 mmHg) pressure, the mass of vapour fonmed in unit
time is approximately 11 times, L.e. ratio 760/70 for water.

Mass of vapour formed, o<

Applications : Distillation under reduced pressure is essential and
finds a number of applications. '

Preverting degradation of active constituenls : During extraction, con-
centration and processing at higher temperatures, the active constituents
may undergo decomposition (inactivation). A few examples are given be-
low. Hence extraction and concentration should be done at a lower tem-
perature {=55 °C) under reduced pressure.

Category Reaction ‘Examples
Enzymes Inactivation malt extract, pancreatin .
YVitaming Oxidation thiamine, ascorbic acid
Glycosides Hydrolysis anthraquinones
Alkaloids Racemization hyocyamine to atropine
Tannins Precipitation phlobatanins to phlobaphenes

) Changing physical form : In the preparation of Cascara sagrada tab-
lets, granular extract is suitable. Drying at the atmospheric pressure yields
A dense, compact residue, which is not desirable. In the initial stage, the
liquid extract is concentrated under atmospheric pressure or under partial-
ly reduced pressure, until the residue has the consistency of treacle. The
pressure is then quickly reduced, where upon the treacly semi-solid sweils
up due to sudden evolution of water vapour. This produces a light porous
mass, which can readily be passed through a sieve to form a granular powder.

Disadvantages : In vacuum distillation, persistent foaming occurs.
This may be overcome by adding capryl alcohol to the liquid or by inseit-
g a fine air capillary tube in the second neck of the Claisen flask. The
stream of air is drawn in and breaks the rising foam. The above method is
not suitable for the preparation of sewmisolid or solid extracts.

Smal! Scale Apparatus—Distillation Under Reduced Pressure

Assembling of apparatus : It consists of a doubléfeck distillation
flask known as Claisen flask (Figure 7-18). Thick walled glass apparatus
with interchangeable standard glass joints are used for vacuum distillation.

e
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In one of the necks of the Claisen flask, a thepnome_ter ‘is fitted. T:he second
neck prevents splashing of the violently agitated hqu_id. Bumpl_ng occurg
readily during vacuum distillation. Placing a fine capillary tabe in the sec.

ond neck of the flask can prevent bumping. The capillary tube is dipped iy - -

the boiling liquid, so that a stream of air bubbles is drawn out. Water baty,
or oil bath is used for heating.

Finch cock

e L AL

v 3 f I Condenser
Capillary . .

tube

Receiver
istiltation
Figure 7-18. Assembly of apparatus for disti
un%er reduced pressure (on laboratory scale).
The Claisen flask is connected to a receiver thrm%gh a condenlser. Vac-
uum pump is attached through an adapter to the receiver. A smal vacgulm
gauge (manometer) should be inserted between the pump and the receiver.

Procedure : The liquid to be distilled is filled one-half to t'wo.—thud
volume of the flask. Small pieces of porcelain are ad(.ied to the liguid for
facilitating distillation and prevent bumping. The capillary mlbedand ther-
mometer are kept in place in the flask (Figure 7-18). The require }’acutil]]cli
is applied. The contents are heated gradually. The temperature r:;arso 3 d
liquid gets vaporised rapidly due to vacaum. The vapour passes g
the condenser. The condensate is collected in the receiver. The tem_per‘a-
ture is noted down, which would be less than the boiling point of the liquid.

When a large volume of a liquid is to be distilled under reduced Eres-
sure, it is more convenient to distil comparatively small volumes at a time.

Large Scale Apparatus Using Vacuum Stills for
Distillation Under Reduced Pressure

Construction : The general construction of a large scale equipment
for distillation under reduced pressure is shown in Figure 7-19. The vac-
uum jacketed still is generally made of stainless steel, copper or any othf:r
material, which can withstand a high vacuum. An observation window 1n
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the hood is helpful to see the progress of the distillation and also the level
of the liquid contents. The still is fitted with a drainpipe at the bottom and
an air vent. The still is connected to a condenser. A thermometer is incor-

orated in the still. Vacuum pump through vacuum gauge is connected as
shown in Figure 7-19.

Thermometer

r Sight glass

ST D N

Steam/

A Y conmpay o n

Exhaust

Twin vacuum receiver
Figure 7-19. Assembly of apparatus for distillation

under reduced pressure {on industrial scale).
Working : The still is filled with the liquid to be distilled through an
attachment of a pipe with a tap. The other end of the pipe is connected to
a reservoir of liquid, so that it can be filled at a controlled flow rate. Vac-
uum is created by means of a vacuum pump. Using the steam, the liguid
is gradually heated. The temperature rises and the liquid gets vaporised

rapidly due to vacuum. The vapour passes through the condenser and the
condensate is collected into a receiver.

Normally two receivers are fitted with suitable arrangement of cocks,
so that they can be used alternatively, the distillate being collected from
one, while the other is connected to the stili under vacuum, Therefore dis-
lillation need not be stopped.

Distillation is stopped while the contents of the flask are sufficiently
fluid to run off through the drain pipe at the bottom. When spongy pow-
dery mass is desired, the still can be provided with a stirring arrangement,
which also hastens vaporization. According to the requirements, the ca-
pacity may be a few litres to thousands of litres.

“Comment 7-6. Should the distillation bs carried 6ULa tatmospheric pressure or |
can it be carried out at attered pressuyre? o 26 . !
Comment 7-7. Suggest the methods to avoid foaming during vatuum distil- i

i 3
lation? 5

; Comment 7-8. Vacuum distillation is suitable for the purification of vitamins. I’
§

. Trg_e__gr false. Explain.
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R STEAM DISTILLATION - g

Sream distillation is a method of distillation carried with the aid of
steam and is used for the separation of high-boiling substances from
non-volatile impurities.

High-boiling liquids cannot be purified by simple distillation, since the
constituents in the mixture tend to decompose at higher temperatures, Ip
such cases, steam distillation is employed. Steam distillation is used for
the separation of immiscible liquids.

For substances, which are insoluble in water and not decomposed by
heat, steam distillation provides an alternative to distillation under reduced
pressure. Steam distillation is the most commaon examnple of differential
distillation.

Principle : A mixture of immiscible liquids begins to boil when the
sum of their vapour pressures is equal to the atmospheric pressure. In case
of a mixture of water and tirpentine, mixture boils below the boiling point
of pure water, though the turpentine boils at a much higher temperature
than that of water.

For example, the boiling point of turpentine is about 160 °C. Butwhen
it is mixed with water and heated, the mixture boils at about 95.6 °C. At
this temperature, the vapour pressure of water is 86.245 kPa (647 mmlg)
and that of turpentine is 15.06 kPa (113 mmHg). The sum of the vapour
pressures is 101.31 kPa (760 mmHg) which is normal atmospheric pres-
sure. Thus, high boiling substances may be distilled at a temperature much
below its boiling point, when water (steam) is used.

For volatile substances, which are miscible with water, steam distilla-
tion involves the same principle as fractional distillation.

Applications : (1) Steam distillation is used for the separation of im-

miscible liquids. E.g. toluene and water.

(2) Thismethod is used for extracting most of the volatile oils such as

clove, anise and eucalyptus.

(3) It is useful in purification of liquid with high boiling point, e.g.

essential oil of almond.

(4) Camphor is distilled by this method.

(53) Aromatic waters are prepared by this method.
~ Advantages : Volatile oils can be separated at a lower temperature
in eeam distitiation, withoyt any decomposition and 105s of aroma. Ifa
substance has low volatility, it can be satisfactorily distilled, provided its
molecular weight is considerably higher than water.

isadvantages : Steamn distillation is not suitable when immiscible
liquid and water react with each other.
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Apparatus Usead for Laboratory Scale

Assembly of apparatus : The assembly of apparatus for steam distil
[ation on laboratory scale is shown in Figure 7-20. It consists of a mctaslll' :
spoan cain’ ﬁtted with a cork having two holes. Through one of the hol .,
. long m.be is passed so as to reach almost the bottom of the steamn e ot
stor. This tube acts as a safety tube, so that in case the pressure insi%ent?r—
steam generator becomes too much, water will be forced out of it and t]le
pressure will be relieved. Moreover, when steam starts comine out i o
(he safety tube, 1t indicates that the steam can is almost empt - Thromnl;
anather hole, a bent tube is passed. The other end of the bent fﬁbe is o
ngcl_ed to tlhe'"iﬂasl‘c containing non-aqueous liquid (for example, crude gg:::
P 5 VOl [ "hi ;
htﬂ ],;i‘t(\) ﬁlfglf 312.,12 at:;;r.ough a rubber bung. This tube should reach almost

Safety t — :
afety tube Bent tube/ Delivery tube
/

P

Condenser

Adaptor

Steam — ==
[of: [ I s

e
Flask containing
‘ non-aqueous liquid

Figure 7-20. Assembly of apparatus for steam distillation {on faboratory scale).

- T'hrough the other hole of the rubber bung, a delivery tube is inserted
which connects the flask and the condenser. The condenser is connected

to a receiver flask using an adaptor isi
or. Provisions are nmade to
oA T 3 a heat the steam

. Plsff)ce;!ure : .The non-aqueous liguid is placed in the flask. A small
L]l;Idl'lEII y of water is added to it. Steam can is filled with water. The steam
t_{:;l\:-l ator and the flask are heated simultaneously, so that a uniform flow
1:111’ §1ea.m passes through the boiling mixture. The mixture gets heated

.u:] bécgm C&ll;ii'les the volatile oil and passes into the condenser, which ié
vooled by cold water. The condensed immisci iquid i ’ i
: : scible I
covled by ¢ quid is collected into
Distillation is continued until all the non-aqueous liquid has been dis-

't
‘:lfllg'di. In the recetver, water and organic liquid'form two separate layers
which can be easily separated using a separating flask. ’

_ For volatile s.ubstances, which are miscible with water, distiliation
with steam would involve the same principle of fractional distillation,
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Equipment Used on industrial Scale

Construction : Steam distillation unit is diagrammatically shown i,
... Figure 7-21. Tt consists of a jacketed still with a perforated plate which,
D forms a false bottom. Mankoles are provided at the top and side fo;
., charging and discharging. A Florentine receiver is placed between the stj|]
J and condenser. The condenser is cooled by circulating cold water.

U)
k..JJ = Water
o
. Perforated ———2"7V . ______
KJJ plate
Florentine

gl Steam I receiver

Figure 7-21. Assembly of apparatus for steam distillation {on industrial scale),
.l Working : The material from which the volatile oil has to be extracted

is placed in the still above the perforated plate. Steam is admitted to the
(J jacket of the still. The water and material present in the still are heated to
. boiling. Simultaneously steam is also injected below the materials through
{J a steam pipe from the jacket. The steam caries the volatile oil and gets
condensed in the condenser, which is cooled by cold water. The conden-
(_Js sate is collected into the Florentine receiver. Most volatile oils are Hghter
than water and well separated from the distillate as an upper layer and re-
(‘' moved from the upper spout. The water can run off from the spout on the
lefi and retuims to the still.

W' Some volatile oils are heavier than water in which case the geparation
is reversed. Oil is collected from the lower spout.

Variants : (1) For volatile substances, which are miscible with water,
distillation method combines the principles of the steam and frac-
tional distillations.

(2) If the specific gravity of the oil is near 1.0, then separation does
not take place. In such cases, it may be necessary 10 co]legt the whok

. of the distillate. Fuft_h@}:l-'it is extracted with an (volatile) organic
solvent. The solvent stipuld be distilled off to get the volatile oil.

~'I Comment 7-9. For a substance having high molecutar weight and low volatility,
i

cccec

e

steam distillation is a better separation technique. True or false, Justify. .
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MOLECULAR DiSTILLATION B j
Molecular distillation is defined as a distillation process in which each
molecule in the vapour phase travels mean free path and gets condensed
individually without intermolecular collisions on application of vacuum.

Cl

Motecular distillation is based on the principle of the simple distilla-~
yion with some modifications. This is also called evaporative distiliation

o short path distillation.

Principle : The substances to be distilled in molecular distillation have
very low vapour pressures. Examples are viscous liquids, oils, greases,
waxy materials and high molecular weight substances. These boil at very
hieh temperatures. In order to decrease the boiling point of the liquids,
hi;v,h vacuumm must be applied.

The vapour pressure above the liquid is much lower than that of the
saturated vapour in equilibrivi. At very low pressure, the distance be-
iween the evaporating surface and the condenser is approximately equal to
1he mean free path of the vapour molecules. Molecules leaving the surface
of the liguid are more likely hit the condenser surface than to collide with
other molecules. Little or no re-condensation takes place at the surface of
the liquid. ‘

Applications : Molecular distillation is used for the purification and
separation of chemicals of low vapour pressure.

(1) Purification of chemicals such as tricresyl phosphate, dibutyl

phthalate and dimethyl phthalate. .

(2) More frequently used in the refining of fixed oils.

(3) Vitamin A is separated from fish liver oil. Vitamin E is concen-

trated by this method from fish liver oils and other vegetable oils.

{4) Free fatty acids are distilled at 100 °C. Steroids can be obtained

between 100 °C and 200 °C, while triglycerides can be obtained
from 200 °C onwards. Proteins and gums will remain as non-
volatile residues. Thus, the above niixiure can be separaied Dy
molecular distillation.

Theory : The mean fiee path of a molecule is defined as the average
distance through which a molecule can move without coming into collision
with another.

The mean path (A} can be expressed mathematically as:

3
A=M,/— e _ (1)
| PP o
where p = vapour pressure, kPa; p = density, kg/m3
T = viscosity, Pa-s; A = mean path length, m

I
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For example, mean path (heavy molecules) of buiyl phthalate is abouy
30 mm and of olive eil is 20 mm when measured at a pressure of 0.1 pascal

The characteristics of the substance influence the method of distilla-
tion. According to equation {11):

(a) Liquids having low viscosity and density possess long mean path.
Distillation is simple.

(b) Substances having high pressures possess low mean free path.

The mean frce path can be increased by decressing the viscosity (1)),
which can be obtained at high temperature and low pressure. Thus, non-
volatile substances may become volatile and distillation is possible.

Tt is necessary to design the equipment based on the requirement of the
molecular distillation. Some of them are as follows.

(1} The evaporating surface must be close to the condensing surface.
‘This ensures the molecules to come in contact with the condenser
as soon as they leave the evaporating surface. For this reason, this
process is also known as short path distiliation.

(2) The meoelecular collisions should be minintized because they
change the direction of the path of molecules. In other words,
intermolecular distances should be fairly high. It can be achieved
under very higl vacuum, usually of the order of 0.1 to 1.0 pascals,

(3} The liquid surface area must be as large as possible so that the
vapour is evolved from the surface only, but not by boiling. Thus
this process is also called evaporative distillation.

Based on the method of formation of the liquid fitm, apparatus may be
divided into two types.

Falling Film Molecular St or Wiped Film Molecular Still

Principle : In this method, vaporisation occurs from a film of Hiquid
fowing down a heated surface under high vacuum. The vapour (mole-
cules) travels a shoit distance and strikes the condenser nearby. Each mol-
ecuie is condensed individually. The distillate is subsequently collected.

Consiruction : The construction of 2 wiped film molecular still is
shown in Figure 7-22. The vessel has a diameter of one metre. The walls
of the vesse! are provided with suitable means of heating (jacket). Wipers
are provided adjacent to the vessel wall. Wipers are connected to a rotating
fiead H’\l‘mlgh 310101, The condensers ate arranged wery close 1o the wall
(evaporating surface) as shown irt Figure 7-22. Vacuum pusmp is connected
to a large diameter pipe at the cenire of the vessel. Provisions are made
tfor collecting the distillate and the undistilled liguid residue at the bottom.

ch-
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2D LFeed
Rotor : ’\”

i

[ — Wiper

Condenser I_

— Jacket

Residue4 4, o
Praduct '!7Vacuum pump
connection
Figure 7-22. Wiped film molecular stil.

Working : The vessel is heated by suitable means. Vacuum is applied
at the centre of the vessel and wipers are allowed to rotate. The feed is
cntered through the inlet of the vessel. As the liquid flows down the walls,
it is spread to form a film by PTFE (polytetrafluoroethylene) wipers, which
are moving at a rate of 3 m/s. The velocity of the film is 1.5 m/s. Since
(he surface is already heated, the liquid film evaporates directly. The va-
pour (molecules) travels its mean free path and strikes the condenser. The
condensate is collected into a vessel. The residue (undistilled or mean fiee
path rot traveiled) is cellected from the bottom of the vessel and re-circu-
lated through the feed port for further distillation. Capacity is about 1000 L/h.

Cenirifugal Molecular Siiil

Principle : In this method, liquid feed is introduced into a vessel,
which is rotated at very high speed (centrifuga! action). On account of
heating, vaporisation occurs from a film of liquid on the sides of the vessel.
The vapour (molecules) travels a short distance and geis condensed on the
adjacent condenser. Each molecule 1s condensed individually. The distil-
late i3 subsequently collected.

Construction : The construction of a centrifugal molecular still is
shown in Figure 7-23. It consists of a bucket-shaped vessel having a diam-
ater of about | to 1.5 m. 1t is rotated at high speed using a motor. Radiant
hoaters are provided externally to heat the fluid in the bucket. Condensers
are arranged very close to the evaporating surface. Vacuum pump is con-
necied to the entire vessel at the top. Provisions are made for introducing
ihe feed into the centre of the bucket, for receiving the product and residue
for re-circulation.
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pump
U . . | connection
U' Condenser \ﬁ /
Ll' Heater 1 i Bucket
o 1 &> v
3 T F\eed Pmdﬁcthesidue

Figure 7-23. Centrifugal molecular still.

L Working : Vacuum is applied at the centre of the vessel. The bucket
; |.‘:‘.haped vessel is allowed to rotate at high speed. The feed is introduced
L“from the centre of the vessel. Due to centrifugal action of the rotating
- bucket, liquid moves outward over the surface of the vessel and forms a
Uﬁlm. Since, the radiant heaters heat the surface, the liquid evaporates di-
.- rectly from the film. The vapour (molecules) travels its mean free path
Uénd strikes the condenser. The condensate is collected into another vessel.

The residue is collected from the bottom of the vessel and is re-circulated
uﬂlrough the feed port for further distillation.

() Disadvantages : Construction and operation are more complicated
~compared to falling filin molecular still.

Comment 7-10. There anorelatlon:shlpbetween mean free path and the as- l

sembly of apparatus for molecular distiliation? True or false, Justify. i

DESTRUCTIVE DISTILLATION N

Destructive distillation is a distillation method in which the distillate
{_Js decomposition products of the constituents of the organic matter burnt
in the absence of air.

\J This process is also known as dry distillation. 1t is not useful in labo-

(- jatory practice, but one of the most important industrial processes for ob-

“aining many valuable products from wood, coal, and animal matter. It
;;involves the heating of dry organic matter in a suitable vesset in the ab-
~Sence of air, until all volatile substances are driven off. The distillate is

Ljhe mixture decomposition products. Wood distillation industry and coal
Carbonisation industry provide many useful materials.
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COMPRESSICON DISTILLATION

Compression distillation method was developed to meet the needs of
Navy and Army for fresh water, which is obtained from sea-water. The
product obtained is quite pure and pyrogen-free. Therefore, it meets the
requirements of the pharmaceutical industry. It is economical from the
standpoint of consumption of fuel and water.

The feed water is heated in an evaporator for boiling. The vapour pro-
duced in the tubes is separated from entrained distilland in a separator. The
vapour is then conveyed to a compressor, which compresses it and raises
its temperature to about 118 °C. It then flows to the steam chest wherte it
is condensed on the outer surface of the tube. During condensation, heat
is released which is allowed for heating of the fresh feed in the tubes to the
boiling point. The vapour is condensed and drained off as distillate.

Summary
Distillation is a separation of the components of a liquid mixture by a
process involving vapourization and subsequent condensation at another
place. The feed consists of a mixture of liquids and the products are sepa-
rated as pure liquids. The distillation involves two steps: vapourization of
liquids which requires the supply of héat and the condensation of the indi-
vidual vapour molecules to become pure liquid which requires the removal
of heat. Hence, two different heat exchangers are applied. The principles
of vapourization of liquids can be understood from the theories of solutions,
namely ideal solutions and real solutions. The theories of liquid-liquid
solution such as Raoult’s law and Dalton’s law are applied for developing
the distillation method in a simple manner. Volatility and relative volatility
principles are used for predicting the separation of liquids. The assembly
of distillation apparatus consists of distillation still-vapouring chamber,
condenser and receiver. Thus simple distillation method is used for the
preparation of distilled water and water for injection. Deviations from the
Raoult’s law are exhibited by a few liquid-liquid systems and hence the
simple distillation is modified into a fractional distillation. In this method,
the condenser is modified into a fractionating column in which equilibri-
um of vapour-liquid phases are obtained in several stages (times). In this
process, one component becomes progressively purified and collected in a
pure form. The other part remains as a liquid mixture (azeotropic liquids
or constant boiling liquids). The phase diagrams of vapour-liquid (boiling
point-composition curves) are useful. Based on the needs, different designs
of fractionating columns are used and the efficiency of fractional distillation
&i:.“s evaluated. Anocther modification is the azeotfopic distillation in which a

“‘hew azeotropic solution is developed in order to obtain one of the liquids

into a pure form. Thus several methods are developed which are having
relative advantages in the separation.
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Equilibrium distillation methed is used for separation of liquid sys.
tems having narrow boiling range. In this method, the entire liquids (bot,
components) are vapourzed at once (flash) and equilibrium is allowed tq
occur at a particular temperature, such that one part of liquid is condenseq,
Distillation under reduced pressure permits the vapourization of the lig-
uid at the temperature lower than its boiling point. Simultaneously, the
amount of vapour formed is 10 times higher under vacuum compared to
normal atmospheric pressure. This method is used for the separation of
thermosensitive products such as enzymes, vitamins, glycosides, alkaloids,
tannins, etc. Steam distillation allows the easy vapourization of liquid,
which are otherwise having high boiling points, with the aid of steam. For
example, turpentine liquid is having high boiling point of 160 °C. When
steam is mixed with the turpentine, the liquid-mixture boils at 95.6 °C.
Then vapourization of turpentine becomes easy aund the immiscible liquid
is collected separately. Steam distillation is used to separate/purify the lig-
uids, such as clove oil. eucalyptus oil, almond oil, campheor, etc. Molecular
distillation is a method in which each molecule of vapour phase travels
mean path and gets condensed individually, before undergoing molecular
collisions. In this method, condensation is handled with care. Normally,
vapour molecules individually travel and get condensed. Even in simple
distillation, collisions occur before condensation, but its impact is not sig-
nificant. In this case, if vapour phase molecules collide, these turn into
liquid and reach the distillation still (rather than getting condensed}. Since
the liquids have high boiling points (low vapour pressure), once again large
amount of heat is supplied for vaporization. The separation is achieved (by
lowering the boiling point} by applying vacuum. Further the condenser
is placed very close to the liquid surface such that as soon as the liquid
is vapourized, the short free path is travelled and gets condensed. Thus,
molecular distillation permits the separation of liquids, namely free fatty
acids, vitamin A and fixed oils.

Glossary of Symbols
P = Tectal vapour pressure of the mixture, kPa.
P Partial vapour pressure of a liquid, kPa.
p° Vapour pressure exerted by pure solvent, kPa.
v Volatility of the component, kPa.
X = Mole fraction of component m liquid state.

'

Y = Mole fraction of component in gascous state.
Relative volatility.
p = Density, kg/mg.

1 = Viscosity, Pa.s.

ch-7
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QUESTION BANK

Ench question carries one mark

Nofe !
l.

0.

Encircle the alphabet which corresponds to the single best response.
Distillation operation involves one of the following steps.

A, Vapourisation

B. Vapourisation and condensation

C. Vapourisation, condensation and crystallisation

D. Vapourisation, condensation, crystailisation and drying

Separation of liquid by distillation is based on one of the following prin-
ciples?

B. Miscibility

D. Viscosity

A. Boiling point
C. Vapour pressure
Absolute alcohol is prepared by one of the following methods.
A. Azeotropic distillation B. Simple distillation

C. Steam distillation D. Vacuumni distillation
One of ithe following theories is NOT applicable to distillation.
A. Graham’s law of diffusion

B. Law of conservation of energy

C. Law of conservation of matter

D. Raoult’s law

Distillation does NOT involve in one of the following processes.
A. Evaporation B. Extraction
C. Purification

Raoult’s law is applicable to one of the following type of distillation pro-
cesses.

A, Flash distillation

C. Molecular distillation
Which part in the distillation apparatus represents heat exchanger?
A, Adopter B. Condenser

C. Receiver D. Sull

Which law satisfies the batch type distillation of a binary system for sep-
aration?

D. Separation

B. Fractional distillation
D. Simple distillation

B. Raouit’s law

D. Stokes law

Which one of the methods is also known asdifferential distillation?
" B. Mbkecular distillation

D. Steam distillation

A. Dalton’s law
C. Rayleigh’s law

A Azeotropic distillation
C. Simple distillation
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
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Which is the distiliation known as dry distillation?
B. Destructive distillation
C. Evaporative distillation D. Steam distillation

Which one of the following methods is used for the distillation of cam;
phor?

A. Compressive distillation

A. Azeotropic distillation B. Evaporative distillation
D. Steam distillation
Steain distillation is NOT suitable when:

A. aromatic water is required to be prepared

B. boiling point of liquid is high

C. Fractional distillation

C. immiscible liquid and water do not react with each other
D. immiscible liquid and water react with each other
Which type of liquid evaporates first in the distillation?

A. Immiscible liquid B. Less volatile liquid
D. Non-volatile liquid
Which liquid {substance) distils first among the following?
A. Benzene B. Glycerine

C. Phenol D. Toluene

Which substance is added for the separation of butadiene from a mixture
of butane containing butane?

C. More volatiie liquid

B. Ethanol
D. Glycerine

A, Benzene
C. Furfural

Which type of distillation is used for the preparation of aromatic spirit of
© ammonia?

A. Flash distillation
C. Molecular distillation

B. Fractional distillation
D. Simple distillation

Vacuum pump is attached to one of the following parts of the distillation
apparatus?

A. Adopter

C. Receiver

B. Condenser

D. Still

The condenser used for the distillation has one of the following character-
istics?

A. Easy to clean B. Large surface area

D. Positioned upright

Water for injection is prepared using one of the following distillation
methods? 7
A. Flash distillation
C. Simple distillation

C. Positioned inclined

' B. Fractional distillation
D. Stean distillation

27.

29.
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Complete separation of individual components is NOT possible in one of
the distillation methods?

A. Azeotropic distillation B. Flash distillation

C. Steam distillation D. Vacuum distillation

Which one of the following liquid systems is involved in azeotropic dis-
tillation?

A, Four component systern B. One component system

C. Three component systermn D. Two component system

Malt extract is prepared by adopting one of the following distillation
methods?

A. Molecular distillation B. Simple distillation
C. Steam distillation D. Vacuum distillation

Claisen flask for distillation consists of one of the following number of
necks?

A. Four B. One

C. Three b. Two

Which type of distillation is known as evaporative distillation?
A. Flash distillation B. Fractional distillation
C. Molecular distillation D. Simple distillation

Which one of the following distillation methods is known as cquiIi'b’rium
distillation?

A_ Flash distillation B. Fractional distillation

C. Molecular distillation D. Simple distillation

In distillation apparatus, condenser functions as one of the following.

A. Energy exchanger B. Heat exchanger

C. Liquid exchanger D. Material exchanger

Generally condenser is placed in inclined position for one of the follow-
ing reasons?

A. Collect the condensate easily

B. Fast condensation

C. Remove the film of condensead liquid

D. Use of gravity principle effectively

Better separation of liquid can be achieved by steam distillation, if one of
the conditions is satisfied.

A. Relative volatility of liquid is higher

B. Relative volatility of liquid is lower

. Volatility of liquid is higher than steam

D. Volatility of liquid is lower than steam

The liquid is allowed to pass suddenly, from a z@@@: of high pressure to a.
zone of low pressure in one of the following digtitlation methods.

A. Flash distillation B. Fractiondl distillation

C. Molecular distillation D. Vacuum distillation
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If the external pressure is reduced by applying vacuum, boiling poin of
liquid follows one of the following conditions.
B. Decreases and increases

[». Remain unchanged

A. Decreases
C. Increases
Molecular distiltation is used for the purification of one of the following
substances.

A. Carbohydrates B. Fats

C. Proteins D. Volatile oiis

The process of distillation of solution conraining thermolabile substances
is achieved by:

A. Destructive distillation B. Fractional distiliation
C. Simpte distillation D. Vacuum distillation
Mean frec path is associated with:

A. azeotropic distillation B. destructive distillation
C. motecular distiilation D. steam distillation

Equilibrium distillation is also known as:

A. azerotropic distillation B. flash distillation
C. molecular distillation D. steam distillation
Falling filin molecular still is:
A distillation apparatus B. dryer

C. evaporator D. fitter

Which distiliation method is used for the separation of high boiling sub-
stances from non-volatile impurities?

A, Rectification distillation B. Simple distillation

(. Steam distillation D. Vacuum distillation

Florentine receiver is used to separate the liquids based on:

A density B. molecular weight

C. sedimentation raie D. volatility

A mixture of acetone and methanol can be separated by one of the follow-
ing distillation methods.

A. Fractional B. Simple

C. Steam D. Vacuum

In sicam distillaifon, the sum of vapour pressure of the volatile compo-
nent and water is related to atmospheric pressure in one of the ways.

A, Equal B. Exacily half

C. Less D.
Steam d]st;rl;}_ﬁ,dn 15 used for the separat'lon of:

i B. Fatty acids

D). Petroleum fractions

more

A, Esseniia[ﬁé‘ls
C. Mineral acids
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gach question carries 2 marks
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Describe Raoult’s law. What is its significance?

what are constant boiling mixtures? How are they separated?

What is meant by constant boiling mixtures? Give two examples.

Name the materials commoniy used in packing of fractionating colwmnns.
List the requisite characteristics that a packing material should possess.
Differentiate between plate towers and packed towers.

Describe the construction of any one fractionating column.

Distinguish between drying and distillation. Explain differential distilla-
fron.

Distinguish between ‘stripping section” and ‘rectifying section’ of a recti-
fying column.

Name the characteristics of a packing material for use in fractionating
columns.

Name different types of rectifying columns.

Define distillation. Mention two applications of it as per IP.
Differentiate between differential distillation and rectification.

Define ‘ideal plate” and ‘refative volatility’, '

Define ‘fiash distillation’. List applications.

Each question carries 3 marks

o

8.

Explain with reievant procedure the separation of an azeotropic mixture.
What is meant by steam distillation? What are its special advantages?
Describe the principles and applications of steam distillation.

What are constant boiling mixtures? Draw typical boiling diagrams for
constant boiling mixtures.

Describe the construction of bubble cap column. What are its advantag-
es?

Describe a bubble cap rectifying column. What are the specific draw-
backs of bubble cap cohunns?

Describe one fractionating column of your choice. List its advantages
and disadvantages.

Describe the construction and working of a distillation apparatus for the
preparation of distitled water.

Exzch guestion carries 10 marks

i

2.

Explain the principle and procedure of molecular distillation. What are
its applications?

Distinguish between plate columns and packed towers, Describe the
types of packing for rectifying columns. How is absolute alcohof made?
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(" Industrial Scale Equipment ) |
Simple distillation, -
e.g. water for injection, PRI
Fractional distillation, N
~ e.g. acetone and waeter, 5 @ 1
(Theories of Solutions Flash distillation, =l g D .
- - e.g. petroleum ether 80 from petroleum, " 3 II'I
Volatility, ,v-/’ﬂ Azeotropic distillation, < ; B y g
REoUITs law, e.g. ethanol from molasses, 8 L .
Dalton's low, Vacuum distillation, ) S
. - e.g. pancreatin from liver extract, Bl 43 i ‘
Reat selutions. Steam distillation, |
22K e.g. clove oil from crude, - e |
Positive deviations Eﬂ Molecular distiltation, Theor_y of .Drylng |
PR ’ e.g. vitamin E from fish oil Classification of Drying Equipment .
— . e . R :
I@I Negative deviations, 4 Pestructive distillation, Equipment
= e.g. coaltar carbonization Selection of the Drying Equipment i
- : T Compression distillation, ‘ !
Boiling point- H N !
Composition j e.g. community water frorn sea water, S T T - — |
\Surves. i ™ d : LEARNING OBJECTIVES L |
. After reading this chapter, the reader should be able to: i Lo
» @ Appreciate the principles of drying with applications. . '
Apparatus-Modification ) - @ Expfain the concepts involved in terms of mechanisms, moisture éon-
for Distillation ) tent, drying rate, drying curves. E
. + @ Describe different designs of industrial scale drying equipment along
- Applications h Simple distillation, : with working and usgs. ' .
Purified water, istilied F R e - Select 2 suitable drying equipment for materials of given propertie
water, water for injection, .
Separation-Drugs, e . L
?f: ; artil :300”5’ g Dectructive distmation"@% {).rymg is defmed as the ren-lov_al of small amounts of water or other licuid
Purification-Drugs, from a material by the application of heat.
etroleurm products, - e . . ] B . R
Mgnufacture%f official —Fw Drying is a downstream operation and corpmonly utilized in the last
preparations, g Equilibrium distiliation, stage of the process and thus has considerable importance. Drying means
Quality CO”;‘P' methods, complete dryness or a condition known as air-dry or maintaining an ac-
\Recovery of solvents. Simple distiliation, % ceptable level. The liquid can be organic such as chloroform, ethanol, and

@ Molecular diofiiation. is{;pm}:amiy Thf;slc SOl\lfﬁl.]TS BTe Present on account of Ig)fﬂl*llf:sis, filtration
_ ana extraction. The solvent evaporation is necessary for the preparation

Iﬁﬁ%’—*"-' _ of the API. The feed may be a solution or a suspension. Drying is also
w applied for removal of small quantities of water or liquid from gases, as in
I case of drying of gases. But this is not described in this chapter. The liquid

medium may be removed from the solids mechanically by a filter press or

Steam disfillation,

L) Vacuum distillation, ccntrifuge or thermally by vaporisation. ‘It_is chc?aper 1o remove liquid by
( mechanically than thermally. Therefore, it is advisable to reduce the liquid
A , M°'§-°‘i!ﬁrf (& as much as possible before subjecting to the drying process. The material
”}# \ e - / 1o be treated is a solid and liquid is present in traces. However, methods
such as spray drying are available in which solutions and suspensions can
MINDMAP OF DISTILLATION be processed for drying in one operation itself,
271
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Drying is defined as the removal of all or most of the liquid by supply-
ing heat to cause thermal vapourization.

Drying is a physical separation unlike filtration which 1s a mechap;.
cal separation. Drying and evaporation are distinguishable by the relative
guantities of liquid removed from the solid. In evaporation, the prodycy
obtained is either concenfrated solution or suspension or wet slurry, |
drying, dry solid is the product. In evaporation, water is removed at jig
boiling point, but in drying, vapour is removed at a temperature below g
boiling point.

The liquid o be vaporised may remain:

# on the surface of the solid, as in drying of salt crystals,

% entirely inside the solid, as in solvent removal from a sheet of
polymer,

% partly outside and partly inside, as in case of solvent removal from
pharmaceutical powders.

Drying is possible when the environment is unsaturated with the water
vapour. Hence, humidity in the enviromment is an important determinant
for drying of the solids. Though several methods are available, thermai
methods and freeze drying technique (nonthermal method) are included
here. This chapter deals with the theoretical pr mmples and equipment em-
ployed for drying.

Heat Transfer Mechanisms
Most of the equipment design used heat as a form of energy for drying.
All mechanisms of heat transfer can be considered {Chapter 5).

% Conduction : It is explained by Fourier’s equation. The tempera-
ture gradient is the driving force for heat transfer. Modeling can
be attempted by considering one direction.

% Convection : It involves the molecular scale transfer of kinetic
energy and augmented by macroscopic movement of fluid trans-
fer. Such a heat transfer is a complex machanism, though empir-
ically terms, natural or forced convection and expressed by the
film cocfficients.

% Thermal radiation : In this case, radiant energy is emitted by a
niedium by virtue of its temperature. The wavelength of thermal
radiation falls between 0.1 and 100 pm, which includes portion of
ultraviolet, visible and infrared spectra. The heat transfer rate is

explained by Stefen Boltzmann equation. {

¥, r"-
ik

Applications Iy
L

The presence of water or organic solvent affects the downstream process-
ing (compression of tablet mass or stability of API) and safety operations.

g e
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preparation of bulk drugs : In the preparation of bulk drugs, drying
is the final stage of processing. A few examples are:

# dried aluminium hydroxide
& spray dried lactose
# powdered extracts
Drying step is essential after certain operations such as crystallization
and filtration.

Preservation of drug products : Drying is necessary in order to avoid
Jeterioration. A few examples are:

Crude drugs of animal and vegetable — chemical decomposition
origin

Blood products, skin, tissue

Synthetic and semisynthetic drugs

— inicrobial growth
— chemical decomposition
Effervescent tablets — chemical decomposition

{aspirin, penicillins)

Improved characteristics : Drying produces malerials cf spherical

shape, uniforin size, free flowing and enhanced solubility.

Some specific areas of importance are:

(1} Granules are dried to improve the fluidity and compr ession char-
acteristics. These are essential for the production of tablets and
capsules.

(2) Viscous and sticky materials are not free flowing. Drying modi-
fies these characteristics. e.g. male fern extract, malt extract and
oleoresin.

Improved handling : Removal of moisture makes the material light
in weight and reduces the bulk. Thus cost of transportation will be less and
storage will be efficient. If moisture is present, size reduction of drugs is
difficult. Drying reduces the meisture content.

Comment 8 I Drymg ol"sohds preven[c deterloranon ofdrugs Justn‘y

THEORY OF DRYING
In 2 wet solid mass, water may be present as bound water and unbound
warter. .
" Bound water (moisture) is the minimum water (moisture) held by the

material that exerts an equilibrium vapour pressure less than the pure water
at the same temperature.
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Unbound water (moisture) is the amount of water (moisture) held by
the material that exerts an equilibrium vapour pressure equal to that of pure
water af the same temperature.

During drying process, water is easily lost, but the resulting solid ig
not completely free from water molecules. This is known as air-dry. Eas.
ily removable water is the unbound water at the defined environmenta]
conditions. After removal of water completely, the material is said to be
‘hone-dry’.

Unbound water exists largely in the voids of the solid. Thus, in a
non-hygroscopic material, all the liquid is unbound water. In a hygroscop-
ic material, the unbound meisture is the liquid in excess of the equilib-
rium moisture content, corresponding to saturation humidity. Substances
containing bound water are often called hygroscopic substances. The dis-
tinction between bound and unbound water depends on the material itself.
These are described in Figure 8-1.

Hygrescopic materials Vapour pressure

of wet solids is
less than the

water vapour pressure

of pure water

Water in: Contains [ Round | Condition
-fine capillaries » -
-celi and fibre walls
-physical interaction

Vapour pressure

Non-hygroscopic

" . - of wet solids is

materials Contains _ | Unbeund _Cfﬂ_chhﬂ,_ equal to vapour

Water in void water pressure of pure
spaces water

Figure 8-1. Differences of bound and unbound water.

Heat must be transferred to the material to be dried in order to §upp1y
the latent heat required for vaporisation of the moisture. Water diffuses

through the material to the surface and subsequently evaporates into the air-

~ stream. Thus drying involves both heat transfer and mass transfer opera-
tions simultaneously.

Theory can be discussed in three heads namely mechanisms of drying,
| equilibrium relationships and rate relationships.
"Mechanisms of Drying Process

Into the dryer, warm air stream is introduced to provide the latent heat.
This heat is taken up by the material and the moisture evaporates. D_I’Y-
ing involves both heat transfer and mass thereby making the analysis a
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2. Mass transfer involves the transfer of moisture to the surface of
the solids and subsequently vapourisation from the surface info
surroundings.

3. Transfer of the released vapour away from the pharmaceutical
material and out of drying equipment.

The recovery of solvent is not normally attempted. Various theories
are proposed to explain the movement of moisture.

(1) Diffusion theory

(2) Capillarity theory

(3) Pressure gradient theory

(4) Gravity flow theory

{(5) Vapourisation and condensation mechanisms

A few of these theories are explained in the following sections.

Diffusion theory : Diffusion theory assumes that the effect of capil-
larity, gravitational, and friction forces are too small. In diffusion theory,
the rate of flow of water is proportional to moisture- gradient. According to
this theory, moisture movement may be as follows. Lo

%+ Water diffuses through the solid to the surface and subsequently
evaporates into the surroundings.

# Evaporation of water occurs at an intermediate zone, much below
the solid surface, then vapours diffuse through the solid into air.

Due to limitations in predicting the drying rate over a range of mois-
ture gradients, this theory is not much applicable.

Limitarions : Diffusivity decreases as the moisture content and tem-
perature decreases, while increases with pressure.

Capillarity theory : Capillarity theory is applicable to porous granu-
lar solids. Porous material contains a network of inter-connected pores and
channels, which are not circular or straight. At the surfage, the ¢ross-sec-
tion of these capillaries forms various sizes of pores. As the drying starts,
ameniscus is formed in the capillary and exerts a force. This is the driving
force for the movement of water through pores towards the surface. The
curvature of the meniscus depends on the pore diameter and determines
the strength of capillary force. The capillary force is greater in small pores
compared to the large pores. Therefore, small pores pull more water from

the farger pores and thus large pores get emptied first. Afr enters into the
_emptied pores and the moisture content is relatively hi gher near the surface.

_ ) ) d o Capillary theory holds good only for frée water in the bed. This type
1. Heat transfer takes place from the heating medium to the solid of movement of liquid takes place in the granules (pores) as well as in the

material. spaces between the granules (void spaces). As the pore diameter is con-

complex process transfer processes simultaneously. Drying is a three step {
process:

=
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siderably smaller inside a granule than the _surrounding gl‘an]lle'g,’ liquid
surrounding the granules can be removed initially. Then pore liquid insiqe
a granule is vapourized. Diffusion theory is applicable to hygroscopic my.
terial.

Pressure gradient theory : Pressure gradient theory is app_licable to
drying of solids by the application of radiation (not ext_en_aal 1_1eatmg)_ Ra-
diation is a source for generating internal heat. The radiation interacts with
the polarized molecules and ions of the materiat. This field aligns the mol.
ecules in order, which are otherwise randomly oriented. When the field ig
reversed, the molecules return to the original orientation. In this process, it
gives up'random kinetic energy (or heat) to the inside surface of the solids
itself. Therefore, liquid inside the solids is vapourised. As a result, vapour
pressure gradient is developed which is the driving force for the movemen
of vapour to the surface.

This type of drying mechanism is applicable to radiation drying, pro-
vided such rays penetrate deep inside the solid mass.

Equilibrium Relatienships

Air of constant temperarure and humidity is passed over the v»_'e.t sglid,
After a long exposure, equilibrium is reached. On attaining equt?lbrmm,
further exposure wil not alter moisture content in the solid. At t_hls stage,
vapour pressure of the wet solids is equal to that of the{ surrounding atmo-
spherc. Hence there is no driving force for mass transter.

Equilibrium moisture content (EMC) : It is the amount of water
present in the solid which exerts a vapour pressure equal to the vapour
pressure of the atmosphere surrounding it.

The moisture {content) which is more difficult to remove in }?ractice
is the equilibrium moisture content. This moisture content 1s retained by
the solid under steady state conditions. This water (or quuu;l) does not va-
pourize and does not produce Vapour pressure. From that point, full vapour
pressure cannot be developed. Equilibrium moisture content in a wet mass
is shown below.

Vapour pressure of wet mass =
Vapour presstre of atmosphere

Amount of

At equitibrium water = EMC

Wet mass

The characteristics of air such as temperature and humidity are main-
tained constant. Depending on these conditions, the solids may absorb or
lose moisture.
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(a) When air (of constant temperature and humidity) is continuously
passed over the solid containing moisture more than EMC, then
solid loses water continuously till EMIC is reached. This phenom-
enon is known as desorption.

(b) When air (of constant temperature and humidity) is continuously
passed over the solid containing moisture less than EMC, then
solid adsorbs water continuously till EMC is reached. This phe-
nomenon is known as sorption.

The behaviour of desorption and sorption is shown below. From the
above observations it is clear that, material can be dried up to EMC but not
helow it
Moisture in the solid < EMC of solid

Moisture in the solid > EMC of solid

Meisture Moisture

Wet

Desorption mass Sorption

At a given temperature and humidity of air

.

Measurement of EMC : The EMC of a material can be determined
as follows. The solid samples are placed in a series of closed chambers
such as desiceators. Each chamber consists of solution (desiccant), which
maintains a fixed retative humidity in the enclosed air spaces. In other
words, the solid samples are exposed to several humidity conditions, The
exposure is continued until the material attains a constant weight (equilib-
rium conditions), The difference in the final and initial weights gives the
moisture content. The moisture content is measured twice; before keep-
ing the material into the storage bin and while taking out the material for
processing the next step (compression). During storage, the material may
lose/gain moisture. Many materials have inherent properties of gaining
thygroscopic) or loosing (efflorescent) of moisture even during storage.

Equilibrium moisture curve is drawn by taking relative humidity (%)
on x-axis and moisture content on y-axis (Figwre 8-2).

Application of EMC : The EMC curve penmits the selection of the ex-
perimenial conditions to be used for drying the product. Drying should be
stopped when the moisture content reaches the level of the EMC under the
exposed conditions. Over drying can be avoided, because over-dried solid
quickly regains the moisture from the ambjpnt conditions.

If the moisture content is o be redﬁgﬁéd, the relative humidity of the
ambient air must be reduced as a first step. This can be done mechani-
cally on a large scale using an air-conditioning system. On a small scale,
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- Bentonite

20 - » Starch

» Methylcellulose,

10 15 cps

Bl

*

A}// Ethycellulose

200 40 60 80 100
Relative humidity-percent B
Figure 8-2. EMC curves for materials.
desiccators are employed. Some materials, such as tablet granules, have
superior compaction properties with a small amount (1-2 %) of residual
moisture content.

Factors affecting EMC : EMC values vary depending on a number of
factors.

Moisture content-percent

Nature of material:

(i) Nonporous insoluble solids have an EMC of practically zero. e.g.
tale and zinc oxide.

(2) For fibrous or colloidal organic substances,‘_the EMC values are
high and variable. For example, cotton fabric has high EMC (10
to 15 %) under normal atmospheric conditzons.

(3) For porous solids, the EMC values are much higher and variable.
The water may be held in fine capillaries that have no access to the
surface. The dissolved solid may reduce the vapour pressure and
water may be molecularly bound.

Nature of air:
(1) For air of zero humidity, EMC of all materials is zero.
(2) As the temperature of air increases, the EMC of solid decreases.

EMC of solids is a constant for a given temperature and humidity of
air. If the equilibrium curves (Figure 8-2) are continued up to 100 % RE,
the moisture content so obtained (EMC with saturated air) is the least mois-
fure at which the material can exert a vapour pressure as h;gh‘as that exert-
ed by liquid water at the same temperature, If the material is unstable to
moisture at the EMC levels, then drying is deliberately conducted below

EMC under room conditions. Based on these properties, the storage con-

ditions are specified after drying. The storage conditions are not leca}
for some products, e.g. lactose granules. Moisture is avoided in case o
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ascorbic acid granulation. If an antacid formulation is stored at 65 % RH
for sufficient period, the formulation absorb moisture and becomes sticky.
This leads to poor low and poses difficulties in compression of tablets.

Free moisture content (FMC) : Free moisture content (FMC) is the
amount of water that is free (easy) to evaporate from the solid surface.

Under the conditions of saturation humidity (100 % RH), the EMC
is the minimum moisture content. Under these conditions the water must
be bound water which is minimum at that temperature. The remaining is
unbound for which the FMC for a given condition can be written as:

Free moisture content (FMC) = total water content — equilibrium

moisture content (EMC)

The distinction between free and equilibrium moisture depends on the
drying conditions.

Rate Relationships

Rate re]ationships can be studied by considering a simple model, which
mimic the conditions of a dryer, i.e. static bed dryer. In this model, wet slab
of material of sufficiently high moisture content to be dried is placed.in a
tray whose bottom and sides are insulated. The air is blown over the /solid
under constant drying conditions (air velocity, temperature, humidity and
pressure. The superficial water diffuses through the surrounding stationary
air film and is carried away rapidly by the moving air stream.

During drying, the surface temperature falls to the wet-bulb tempera-
ture that corresponds to the temperature and humidity of air.

The rate of transfer of water vapour from the surface into air is:

kg
N= E‘;: wi pra) (1)
where p .= partial pressure of water vapour at the surface, mPa
Pyyg = partial pressure of water vapowr in thg air, mPa
N = moles of vapour transferred per unit area in unit time
R = Ideal gas constant, kJ/kmol. K
T = absolute temperature, K

kg = mass transfer coefficient, mol per unit area
The kg mass transfer coefficient is a function of:
- temperature . @l.
- air velocity oy
- angle of air incident !

The mass of liquid per unit time (w) is expressed by rewriting equation
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(1) as:
M,, X 4
w= —R}:—— kg (pwi _pwa) (2)

where M, = molecular weight of water vapour (18 g/mol)

High velocity or angle of incidence diminishes the thickness of the
stationary air layer in contact with the liquid surface, thereby lowering the
diffusional resistance.

The rate of evaporation may also be expressed in terms of heat transfer
across the laminar film from the drying gases as:

O=hA(T,-T) A3)

where @ = rate of heat transfer, I/s

}h = heat transfer coefficient, Vs.m>.K
A4 = area of surface, m2

T, = temperature of drying air, K

T. = temperature of the surface, K

5
Equation (3) refers across the laminar flow from drying gases to the
surface. The heat transfer coefficient is also a function of air velocity and
the angle of impingement.
Actually mass transfer rate (w) occurred due to the latent heat of evap-
orization {A) is:
hA
ES N (T,— 1) Y
When these conditions pertaining to drying, the surface temperature, T
(though consider as equal to the wet-bulb temperature), is normally much
lower than the temperature of drying gases. The observation is applicable
to drying of thermolabile substances. If solids are present in the surface,
the rate of evaporation is modified, then the overall effect depends on the
structure of the solids and the moisture content.

Periodically the slab is weighed. The difference in the weights of two
successive periods gives the loss of meisture content, i.e. amount dried.
The moisture prescnt in the solid can be expressed on a wet weight or dry
weight basis. Then the following calculations are made:

mass of water in sample (kg) | Od
>

0 ) : =
Yo LOT on drying (LOD) total mass of wet sample (kg)
A mass of water in sample (k
% Moisture content (MC) = - ple (kg) x 100

mass of the dry sample (kg)
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weight of water in sample (kg)
time (h) x weight of the dry solid (kg)

Drying rate =

Drying rate is plotted against the midpoints of the time period. Simi-
Jarly midpoints of the moisture content values can be plotted.

From the data obtained by the above experiment, a graph is plotted by
\aking FMC on x-axis and drying rate on y-axis. The curve so obtained
(Figure 8-3) is called drying rate curve. It represents different changes
during drying as explained below.

A Critical
C _~~ moisture

content

Second critical

Diying rate, Kg.H,0/(h}{Kg.dry soiid)

! Constant! ;
o | rate : point
= lpenod P
= ! I First e .
B! b falling Equilibrium moisture
£ : : rate centent -
| y period .
| ] |
| i E }
P I

- Second falling
Moisture content rate period

Figure 8-3. FMC curve.

(1) The time corresponding (o AB represents the initial adjustment
period. During this period, the solids absorb heat and the temperature
increases. At the same time, the moisture begins to evaporate and thus
tends to cool the drying solid. After some time, the temperature stabilises
(heating and cooling rates become equal). This temperature is equal to the
wet bulb temperature of the drying air and is referred by the point B. A'B
represents a drying period when the sample is taken from reactor at high
lemperature to a dryer at a low temperature.

Het air Evaporation
;r;l}ﬂst[ment At equitibrium, rate
neriod of heating = rate of
: &7 working
Temperature Temperature
increases decreases

(2) The time comresponding to BC represents the constant rate period.
The temperature remains constant and rate of drying is constant.. The mois-
ture evaporating from the surface is replaced by the water diffusing from
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the interior of the solid. The rate of diffusion is equal to the rate of evapo.
ration. This is similar to the evaporation of p.lain water surface (saturated
surface). At this stage the temperature is similar to wet bulb temper;%tu.re'
When all other variables are kept constant, the constant drying rate is in.
dependent of the material being dried. As- the water is frefaly removed,
particle size of the solids influences the drying rate. The mg:j&tmﬁ cqntent
at the end of constant rate {(point C) is referred to as the eriticel moisture
content (CMC).

Critical moisture content is a point below which the movement of
moisture from the interior is no longer sufficient to sat'urate the s‘urface.
For any material, critical moisture content decreases with decreasing the
particle size (increase in surface area).

Hot air Evaporation

Constant
rate
period

Rate of evaporation
‘f- = rate of diffusion

Diffusion

(3) The time correspending to CD represents the first falling rate period
(or unsaturated surface drying). During this_ per_1od, the s_urface water is no
longer replaced at a rate fast enough to maintain a continuous film on the
surface. Dry spots begin to appear and the rate of dwm_g begins to_ fall off.
For first-falling rate period, the temperature of the solid surface is apgvc
the wet-bulb temperature. The point D is rcfe_n'ed to as the second critical
point. At this point, the film of surface water is completely evaporated.

Hot air Evaporation

Dyy spot

First falling .5

Rate of evaporation
rate period

= rate of diffusion

Diffusion

(4) The time corresponding to DE represents the second ﬁzl_lfng rate
period. During this period, the rate of drying falls even more rapidly than
the first falling rate. During this period, the rate of drying is depen'dent on
the rate of diffusion of vapour of moisture to the surface oif the solid. The
rate of drying jgflargely independent of the conditions outside the bed, but
markedly affgaeted by the particle size. During the‘per:o.d, the surface tem-
perature approgches the temperature of dry air. Point E is referred to as the
equilibrivim moisture content.
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Hot air

t \

Rate of drying o< rate
of diffusion of water
r..] vapour

Second falling
rate period

Bt
R

(5) Beyond E, the drying rate is equal to zero. Therefore, tempera-
ture and moisture content remain constant. Beyond, E, continued drying is
waste of time and energy.

The drying process is related to wet-bulb and dry-bulb temperatures.
Drying (migration of liquid) largely occurs during the constant-rate peri-
od and first falling-rate period. As drying continues, crystallization also
occurs to a certain extent, though it is not the objective. If the ingredients
are water soluble, then segregation of the soluble ingredients occur during
drying. Therefore, blending is essential after drying (dry blending). The
curves may have different shapes for different levels of moisture, If the
drying is carried above the level of CMC, only constant rate period ocours.
If the drying is started for the material whose initial moisture content is less
than CMC, then falling rate period occurs. '

The falling rate periods put together gives necarly a linear plot and
hence possible to model the drying process. A simplified equation is:

M
In L
My
first order rate constant, h~! .
M = moisture content at initial period, kg (g)
M, = moisture content (mass) at any time ¢, kg (g)

A plot is drawn by taking In (M,/ M) on y axis and time on x axis. A
straight line is obtained with a negative slope, — k. This model permiis the
evaluation of drying process in a tray dryer and impact of process param-
eters (bed thickness and drying temperature). Drying can be attempted at
different temperatures and a relationship can be drawn between In k ve, 1/
(a pattern similar to Arrhenius plot for drug loss against temperature), i.e.
moisture loss against temperature.

=—jt—-0.2

where k& =

Comment 8-2. How is desorption different from sorption® :
Comment 8-3. How is the ending of first falling drying rate period identified? |
Comment B-4. EMC values of all the substances remain same. True or false. ‘

Explain. :

CLASSIFICATION OF DRYING EQUIPMENT L
The classification based on the method of solids handling is more suit-

able when special attention is given to the nature of material to be dried.
Dryers are classified as given in Table 8-1.
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TABLE 8-1
Classification of Dryers—Mechanism, Examples,
Advantages and Disadvantages

: : Disadvan-1
Type of dryer and mechanisin Examples Advantages ey

,‘ tages
Static Bed Dryer Tray dryer | Attritionisnot | Onlya
Systems in which there is no rel- and freeze | observed fraction of
ative movement among the solid | dryer the solid
particles being dried, although particles
there may be bulk motion of the is directly
entire drying mass. exposed
Moving Bed Dryer Drusm The entire Attrition is
Systems in which the drying par- dryer material is possible
ticles are partially separated so continuously
that they flow over each other exposed to heat

source
Fluidised Bed Dryer Fluidised | Solid-gas con- | Attrition

Systems in which the solid par- | bed dryer | tactis excellent, | of particles
ticles are partially suspended in uniform drying | takes place
an upward moving heated gas

system

Paneumatic Dryer Spray Efficient and Atirition
Systems in which drying particles | dryer rapid drying of particles
are entrained and conveyed at a takes place

high velocity gas stream

As per the principal mole of operation (regulatory guidance docu-
ment), dryers are classified as follows.

Direct heating dryers ; These allow intimate contact between the ma-
terial being dried and the heat energy source (heated gas). The same gas is
allowed to transport the vapour released from the material. E.g. tray dryer
and fluidized bed dryer.

Indirect heating dryers : In this type, energy 1is transferred from the
source (heated liquid) to the material being dried through a conducting
wall. E.g. vacuum dryer and drum dryer. Indirect dryer would also be
needed when a imaterial requires absolute sterility, for example, sterile solid
for injection or reconstitution with sterile water.

Radiant heating dryers ¢ In this type, radiation is absorbed by the
solvent being targeted for removal, e.g. microwave dryer and Iﬁ dryer.

The classification of dryer is given in Table 8-2. In the formulation
manufacture, continuous dryer is rarely used, tray dryer and drum dryer
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are useful. The cost of the drying is high. In a tray dryer, heat is directly
applied to the material, via a streamn of hot gas. An indirect dryer, however,
transfers the heat through the shell to the material, e.g. rotary d;um dlyer:
For exampie, some household items need to be safe for being around chil—.
dren.

TABLE 8-2
Classification of Dryers Based on the Scale of Drying

 Batch type dryer Continuous dryer

Tray dryer Prom dryer

Vacuum dryer Spray dryer
Fluid bed dryer
Agitated batch dryer
Tumbling dryer

Freeze dryer

Critical GQuality Attributes — Drying _

The critical quality attributes (CQAs) and process parameters (PPs)
are recorded in Figure 8-4. The drying operation is considered for the
production of tablets. The upstream operation must be granulation and the
downstr'eam operation is dry blending with lubricants (for compression).
Fer a given set of conditions, the following attributes are considered as
critical.

Moisture content — compression requirement

Flow properties — content uniformity

Bull/tapped densities — size of tablet, flow, content uniformity
Residual solvent — impurity profile

Yield — production economy (viability)

The CQAS have two reasons—i(a) facilitate the downsiream operation
an.d (b) achieve the final product CQAs. The process parameters are opti-
mized and these are related to economy as:

load size, time of drying, drying rate

These are controlled during the unit operation and are prefixed as stan-
dards with limits for a given set of conditions. Production control charts
can be used for monitoring the parameters. The above are general attri-
butes, _but change depends on the drying equipment type, as the principles
of drying varies, such as vacuum application, fluidization, static or mov-
ing, etc. Further removal of water or hydro-alcohol and nature of solids
are considered. The environment (temperature and relative humidity) are
maintained for production and storage.
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/ Process parameters \

@ Dryer type, _
© Inlet air flow, volume, temp, dew ¥
@

Material attributes
Initial moisture content

@ Granule flowability,
@ Granule bulk density.
i

point (heating rate),
@ Filter properties and size,
¢ Exhaust air temp and flow,
@ Load size, load position
(static/moving), Y
% Product temperature, ’
& Time of drying and cooling time,

%nvironment (temp and RH)/

Manufacturing

Drying process step

Critical quality attributes of output
& Moisture content, :
@ Granule flowability,
& Granule bulk/tapped density,
e Granule strength,
& Particle size,
© Particle size distribution,
% Residual solvent,
. Yield.

Figuré 8-4. Process parameters and critical quality attributes
for drying operation in the product development of tablets.

EQUIPMENT
Tray Dryer
Principle : In tray dryer, hot air is continuously circulated. Forced
convection heating takes place to remove moisture from the solids spread

in trays. Simultaneously, the moist air is removed partially.

Construction : The construction of a tray dryer is shown in Figure §-5.
It consists of a rectangular chamber whose walls are insulated. Trays are
placed inside the heating chamber. The number of trays may vary with
the size of the dryer. Dryers of laboratory size may contain a minimum of
three trays, whereas dryers of industry size may contain more than 20 trays.
Each tray is rectangular or square and about 1.2 to 2.4 m? in area. Trabyk.,ﬂf are
usually loaded from 10.0 to 100.0 millimetres deep. The distance bettveen
the bottom of upper tray and (upper) surface of the substance loaded in the
subsequent tray must be 40.0 mm.

JETRRR

Alternately the trays can be placed in trucks on wheels, which can be
rolled into and out of chamber, Two such trucks can be arranged inside
dryer. Dryer is fitted with a fan for circulating air over the trays, Elec-
trically heated elements are provided inside (rather than outside) 'to heat
the air (steam also can be used as it is cheaper). The thermal efficienc
is improved using finned tubes. Air temperature is thermostatically con)-f
trolted between 40 and 120 °C. The heat is controlled marmnually by setting
dampers and a common operating position gives 90 % recirculation and 10
% bleed-off. Heat blank is placed in such a position so as to prevent the
radiant heat reaching the solids. In the corner of the chamber, vanes (not
shown in Figure 8-5) are placed to direct air in the expected path.

— ——
il : Trays
Heater L : [ )
h e —
L |
-~ - . Alr
l ‘i) ™ outlet
{ﬂ\ir _,_E | | — — —_— : ‘
intet | — Fan
1
I Fan
L screen

Figure 8-5. Tray dryer.

Working : Wet solid is loaded into trays. Trays are placed in the cham-
ber. Fresh air is introduced through inlet, which passes through the heaters
and gets heated up. The hot air is circulated by means of fans at 2 to 5 m/s
Turbulent flow lowers the partial vapour pressure in the atmosphere an&
also reduces the thickness of the air boundary layer. The water is picked
up by air. As water evaporates from the surface; the water diffuses from the
interior of th_e solid by capillary action. These events occur in a single pass
of air. The time of contact is short and the artiount of water picked up in a
single pass 1s small. Moist air is discharged through outlet. ‘Thus constant
temperature and uniform airflow over the material can be maintained for
achieving uniform drying.

In case of wet granules (as in tablets and capsules) drying is continued

until the desired moisture content is obtained. At the end of drying, trays
(trucks) are pulled out of the chamber and taken to a tray dumping station.

‘ Uses Sticky materials, plastic substances, granular mass or crystal-
line materials, precipitates and pastes can be dried in a tray dryer. Crude
drugs, chemicals, powders, tablet granules or parts of equipment are dried.
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Advantages:

(1) Ia tray dryer, handling of materials (loading and unloading) can
be done without losses.

(2) Tray dryer is operated batch-wise. Batch drying is used exten-
sively in the manufacture of pharmaceuticals for the following
reasons.

(a) Each batch of material can be handled as a separate entity.

(b) The batch sizes in the pharmaceutical industry are relatively
small (250 kg or less per batch) compared with the chemical
industry (1000 kg or more per hour).

(c) The same equipment is readily adjusted for use in drying a
wide variety of materials.

(d) Valuable products can be handled efficiently.

(3) Temperature can be adjusted to meet the conditions of thermosen-
sitve materials.

Disadvantages : Tray dryer requires more labour to load and unload.
Hence, cost increases. The process is time consuming. The dusty solid are
- not dried in a tray dryer. The design needs careful consideration to avoid
non-uniform distribution of hot air over the trays. A variation of &7 % in
temperature is found from location to location.

variants : Tray dryer may be operated under vacuum, often with indi-
rect heating. This is done in special vacuum tray dryers for drying vitamins
and other heat-sensitive products. In case of drying of granules, air can be
passed downwards through the material laid on mesh trays. This facility
reduces the drying time to 1 h or less. The tray dryer has become less pop-
ular, as more efficient and reproducible dryers are available, e.g. fluid bed
dryer and vacuum dryver.

Tunnel dryver : In this type, trucks are loaded with wet material at one
end of the tunnel. The tunnel comprised of a number of units, each of
which is electro-statically controlled. The solids get dried and the product
is discharged at the other end of the tunnel.

Drum Dryer or Roller Dryer (or Film Drum Dryer)

Principle : In drum dryer, a heated hollow metal drum rotates on its
longitudinal axis, which is partially dipped in the solution to be dried. The
solution is carried as a film on the surface of the dryer and dried to form a
layer; on account of steam heated drum. A suitable knife scraps the dried
material, while the drum is rotating. Mechanism is simple evaporation and
no boiling is obtained.

Construction : The construction of a drum dryer is shown in Figure
8-6. Tt consists of a horizontally mounted hotlow steel drum or chrome

H
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plated steel of 0.6 to 3.0 m diameter and 0.6 to 4.0 m length, whose exter-
nal surface is smoothly polished. These reduce contamination. Below the
drum, feed pan is placed in such a way that the drum dips partially into the
feed. On one side of the drum a spreader is placed and on the other side
a doctor’s knife is placed to scrap the dried material. A storage bin (or

conveyor) is placed connecting the knife to collect the material, ¢

_—m=_-Dried film

Heated
drum

Boctor
= knife

Figure 8-6. Drum dryer.

Working : Steam is passed inside the drum. Heat transfer coefficient
of the drum metal is high. Drying capacity is directly proportional to the
surface area of the drum. Heat is transferred by conduction to the material
Simultanecusly drum is rotated at a rate of 1-10 revolutions per rninute'
The liquid material present in the feed pan adheres as a thin layer to th(;:
external surface of the drum during its rotation. The material is completel
dried during its journey in slightly less than one rotation (i.e. from one sidz
to another side of the drum). The dried material is scrapped by the doctor’s
knife, which then falls into a storage bin. The time of contact of the materi-
al with hot metal is 6 to 15 seconds only. Therefore, processing conditions
such as film thickness, steam temperature are closely controlled.

The following parameters are closely controlled and monitored,

-3

Speed of drum dryer,
% Temperature of the feed,
% Filim thickness,
# Steam temperature of the drum.

Uses : Drum dryer is used for drying solutions, slurries, suspensions
ele. Th_e products dried are milk produets, starch products, ferrous sa]tS’
suspensions of zinc oxide, suspension of kaolin, yeast, pigments, malt ex:
tracts, antibiotics, glandular extracts, insecticides, DDT, calcium and bar-
{um carbonates.

Advantages: #'I:QI

(1) Indrum dryer, dryingtime is less, only a few seconds. Therefore
heat sensitive materials can be dried. :
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(2) Drum dryer occupies less space, as it is compact when compared
to spray dryer. .

(3) As a thin film of liquid is formed on the large heating surface,
rates of heat transfer and mass transfer are high.

(4) 'The product obtained is completely dried and is in the final form,

(5) 1t is used for continuous drying/processing.

Disadvantages:

(1) The initial purchase cost and the maintenance cost of drum dryer
are higher than spray dryer. Maintenance cost of a drum dryer is
higher than spray dryer.

(2) Skilled operators are essential to control feed rate, film thickness,
speed of rotation and temperature.

(3) It is not suitable for solutions of salts with less solubility.

(4) The heat treatment is higher than in spray drying. The S_olid prod-
uct is less attractive. The liquid reaches the boiling point and the
solid attain the drum temperature.

Variants : A vacuum drum dryer encloses both drum am_i feed lipe in_ a
vacuum chamber to facilitate drying of heat sensitive materials. It is suit-
able for drying of drugs susceptible to oxidation and to recover solvents.

In a large scale, instead of one drum, two drums are set in parallel,
rotating in opposite directions with a common feed inlet. The feed can be
introduced on to the drum either by spraying it on the top or by introducing
from the bottom. ‘

Spray Dryer

Principle : In spray dryer, the fluid to be dried is atomized into fine
droplets, which are thrown rfadially into a moving stream of hot gas. The
heating medium (hot air) is in contact with the material (direct drying). The
temperature of the droplets is immediately increased and ﬁi“l(‘, droplets get
dried instantaneously in the form of spherical particles. Drying tak;s place
by simple evaporation rather than boiling. This process completes in a few
seconds before the droplets reach the wall of the dryer.

Construction : The construction of a spray dryer is shown in Figure 8-7.
It consists of a large cylindrical drying chamber with a short conical bot-
tom, made up of stainless steel (diameter of the drying chamber ranges
from 2.5 to 9.0 m and height is 25.0 m or more}. An inlet for hot air is
placed in the roof of the chamber. Another inlet carrying spray—disk at-
omizer i$ set in the roof (shown in Figure 8-7). The spray disk atomizer is
about 300 m in diameter and rotates at a speed of 3,000 to 50,000 revolu-
tions per minute. Bottom of the dryer is connected to a cyclone separator.

.and the internal pressure escapess ¢
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Tangential air inlet

___Liquid feed Vapour

— Cyclone
separator

Dry product

Figure 8-7. Spray dryer.

Working : Drying of the material in spray dryer involves 3 stages.
(1) Atomization of the liquid.
(2) Mixing of droplets.
{3) Drying of the liquid droplets.
{(4) Recovery of the dried product.

Atomization of the liquid to form liquid droplets : The feed is intro-
duced through the atomizer either by gravity or by using suitable pump
to form fine droplets. The properties of the final product depend on the
droplet form, hence, the selection of the type of atomizer is important. At-
omizer of any type; pneumatic atomizer, pressure nozzle and spinning disc
atomizer may be used.

The rate of feed is adjusted in such a way that the droplets should be
completely dried before reaching the walls of the drying chamber. At the
same time, the product should not be over heated.

Drying of the liquid droplets : Fine droplets are dried in the drying
chamber by supplying hot air through the inlet.

The surface of the liquid drop is dried immediately o form a tough
shell. Further, the liquid inside must escape by diffusing through the shell
at a particular rate. At the same time, heat transfer from outside to inside
takes place at a rate greater than liquid diffusion rate. As a result, heat
inside mounts up which allows the liquid to evaporate at a faster rate. This
tendency of a liquid leads to rise in the internal pressure, which causes the
droplets to swell. The shell’s thickness decreases where as permeability for
vapour increases. If the shell is ne’ither elastic nor permeable, it ruptures

The temperature of air is adj fléted in such a way that the droplets should
be completely dried before reaching the walls of the drying chamber, At
the same time, the product should not be over heated.
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Recovery of the dried product : Centrifugal force of atomizer driveg
the droplets to follow helical path. Particles are dried during their journey
and finally fall at the conical bottom.

All these processes are completed in a few seconds. Particle size of
the final product ranges from 2 to 500 pm. Particle size depends on sotid
content in the feed, liquid viscosity, feed rate and disc speed. Spray dryers
of maximum size have got evaporating capacity up to 2000 kg/h.

Uses : Spray dryers are used compulsorily, if:

(1) the product is a better form than that obtained by any other dryer,

(2) the quantity of the material to be dried is large, and

(3) the product is thermolabile, hygroscopic or undergoes chemical

decomposition.

A few products that are dried using spray dryer are:

acacia ctiric acid hormones soaps
adrenaliine coffee extract lactose sodium phosphate
bacitracin detergents methyl cetlulose | starch
bariuin sulphate | dextran milk sulphur
blood eXtracts pancreatin vaccines
borax ferrous sulphate penicillin vitamins
boric acid fruit juices pepsin yeast
calcium sulphate | gelatin plasma
chloramphenicol | hexamine serum

succmarte

Advantages:

(1) Spray drying is a continuous process and drying is very rapid.
Drying completes within 3 to 30 seconds.

(?) Labour costs are tow as it combines the function of an evaporator,
a crystllizer, a dryer, a size reduction unit and a classifier.

(3} By using suitable atomizer, the product of uniform and controlla-
ble size can be obtained. Free flowing product of uniform spheres
is formed which is very convenient for tabletting process.

{(#) Fine droplets formed provide large surface area for heat and mass
transfer. Product shows excellent solubslity.
(5} Either the solution or suspension or thin paste can be dried in one
4 S(ep 10 get the inal product ready for package.
éf",';{;‘éi) It is suitable for the drying of sterile products.
{7) Reconstituted product appears more or less similar to the fresh
material.

AT
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(8) Globules of an emulsion can be dried with the dispersed phase in-
side and layer of the continuous phase outside. On reconstitution,
the emulsion will be formed.

Disadvantages:

(1) Spray dryer is very bulky (height of 25.0 m and diameter of 9.0
m). The capital and running costs are high. If the scale of opera-
tion is high, then the method becomes the cheapest.

(2) Such a huge equipment is not always easy to operate.

(3} The thermal etficiency is low, as much heat is [ost in the dis-
charged gases.

Variants:

(1) Spray dryer can be constructed in such a way as to suit sterile
products.

(2) 1t can be operated under closed conditions to recover solvents.

(3) It can be operated under oxygen free environment.

(4) It can be constructed in such a way that the flow of liquid and gas
may be co-current, counter current or a combination of botii in the
same unit.

(5) The same equipment can be used for spray congealing.

(6) It is useful for encapsulation (coating) of solid and liquid particles.

Fluidised Bed Dryer (FBD)

Principle : In fluidised bed dryer, hot air (gas) is passed at high pres-
sure through a perforated bottomn of the container containing granules to be
dried. The granules are lifted from the bottom and suspended in the stream
of air. This condition is called fluidized state. The hot gas is surrounding
every granule to completely dry them. Thus, materials or granules are uni-
formly dried.

Construction : Two types of bed dryers are available, vertical fluid
bed dryer and horizontal fluid bed dryer.

The construction of a vertical fluidised bed dryer is shown in Figure 8-8.
The dryer is made up of stainless steel or plastic. A detachable bowl is
placed at the bottom of the dryer, which is used for charging and discharg-
ing. The bowl has a perforated bottom with a wire mesh support for plac-
ing materials to be dried. A fan is mounted in the upper part for circulating

hot air. Fresh air inlet, prefilier and heat exchanger are connected serially

to heat the air'to the required témperatures. The temperature of hot air and.

exit air are monitored. Bag filters are placed above the drying bowl for the
recovery of fines.
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Figure 8-8. Fiuidised bed dryer.
i) Working : The wet granules to be dried are placed in the detachabie
bowl on the top of retaining screen. The bowl is pushed into the dryer.
. [[Fresh air is allowed to pass through a prefilter, which subsequently gets
heated by passing through a heat exchanger. The hot air flows through
Jihe bottormn of the bowl. Simultaneously fan is aliowed to rotate. The air
velocity is gradually increased.

N When the velocity of the air is greater than settling velocity of gran-
ules, the granules remain partially suspended in the gas stream. After some
i iime, a point of pressure is reached at which frictional drag on the particles
.is equal to the force of gravity. The granules rise in the container because
\be high velocity gas (1.5 to 7.5 metres per minute) and later fall back in a
. random boiling motion, This condition is said to be ﬂma’zsed state. The
U*as surrounds every granule to completely dry them. The air leaves the
dryer by passing through the bag filier. The entrained particles remain
'\Jadheled to the inside surface of the bags. Periodically the bags are shaken
| fo remove the entrained particles.

Intense mixing between granules and hot gas provides uniform condi-

|*:0ns of temperature, composition and particle size distribution. Drying is

achicved at constant rate and falling rate period is very short. Any attempt
(o mcreasd the air velocity may result in entramment

Th@%emdence time for drying is about 40 minutes. The d1ymg rate is
(10 to 20 ‘times higher than those obtained during tray dryer. The process
d_oaI ameters are established experimentally.
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- Maximum, minimum, and optimal air velocities.
Air temperature,

- Drying time,

- Tendency to cake and channel.

The material is left for some time in the dryer for reaching ambient
temperature. The bowl is taken out for discharging. The end product is
free flowing.

Uses : Fluidised bed dryer is popularly used for drying of granules in
the production of tablets. Fluidised bed dryer can be used for three oper-

ations such as mixing, granulation and drying. It is modified for coating
of granules.

Advantages:

(1) Fluidised bed dryer requires less time to complete drying, i.e. 20
to 40 min compared to 24 h of tray dryer. Handling time is also
short. Itis I5 times faster than the tray dryer.

(2) It is available in different sizes with the drymg capamty ranging
from 5 to 200 kg/h.

(3) The drying containers are mobile, making handling simple and
reducing labour costs,

(4) The thermal efficiency is 2 to 6 times than tray dryer.

(5) Itis also used for mixing the ingredients and its mixing efficiency
is also high.

{6) Hot spots are not observed in the dryer, because of its excellent
mixing and drying capacities.

(7) Higher drying temperatures can be used that are not possible in
tray dryer and truck dryer.

(8) It facilitates the drying of thermolabile substances, since the con-
tact time for drying is short.

(9) It can be used either as batch type or continuous type.

(10) It has a high output from a small floor space.

{(11) The free movement of individual particles eliminates the risk of
soluble material migrating as may occur in static beds.

Disadvantages : Many organic powders develop electrostatic charges
during drying. To avoid this, efficient electrical earthing of the dryer is es-
sential. The turbulence of the fluidised state of granules may cause attrition
of some materials resulting in the production of fines. But using a suitable
binding agent this problem can be solved. Fine particles may become en-
trained and must be collected by bag filters. -

Variants : Plug flow dryer : It is a rectangular fluid bed dryer having
different compartments for fluidisation. The material is made to move from
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inlet through different compartments to outlet. Different drying conditions
can be maintained in the compartments. Often the last compartment ig
fluidised with cold gas to cool the solids before discharge.

Vacuum Dryer

Principle : In vacuum dryer, material is dried by the application of
vacuum. When vacuum is created, the pressure is lowered so that water
boils at a lower temperature. Hence, water evaporates faster. The heat
transfer becomes efficient, i.e. rate of drying enhances substantially.

»
— -2 L Condenser
Steam — = -
parc\lr::g:er Connection to
] s S — vacuum pump
—— Condensate
receiver

Figure 8-9. Vacuum dryer.

Construction : The construction of a vacuum dryer is shown in Figure
8-9. It is made of a cast iron heavy-jacketed vessel. It is so strong that
it can withstand high vacuum within the oven and steam pressure in the
jacket. The enclosed space (approximately 1.5 metre cube) is divided into
a number of portions by means of 20 hollow shelves, which are part of the
jacket. These shelves provide larger surface area (about 45 to 50 m ) for
conduction of heat. Over the shelves, metal trays are placed for keeping
the material. Fhe oven door can be locked tightly to give an air tight seal.
The oven is connected to a vacuum pump (blowers or steain jets). Vacuum
levels range from just under ambient to 20 mgHg by placing condenser in
between.

Working : The material to be dried is spread on trays. The trays are
placed on the shelves. Door is closed firmly. Pressure is decreased up to
30 to 60 kPa by means of a vacuum pump. Door is closed firmly. Steam
or hot air is supplied into the hollow space of jacket and shelves. Heat
transfer by conduction takes place. At this vacuum, evaporation of water
from the material takes place at 25-30 °C, on account of lowering of boil-
ing point. Drying times arc longer, usually of the order of L2 10 43 b Water
vapour passes into the condenser where condensation tak 25 place.

At the end of the drying, vacuum line is dasconnected The material is
collected from the trays.
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Uses : Vacuum dryer can be used for drying of the following;
(1} Heat sensitive materials, which underge decomposition.
(2) Dusty and hygroscopic materials.

{3} Drugs containing toxic solvents.
closed containers.

(4) Feed containing valuable solvents. These are recovered by con-
densation.

(5) Drugs which are required as porous end products.
(6) Friable dry extracts.

These can be separated into

Advantages:

(1) Vacuum dryer provides large surface area for heat transfer,

(2) Handling of the material, trays and equipment is easy.

(3) Itis easy for switching over to the next materials. :

(4) Hot water of desired temperatures can be supplied. Electricaily
heated hollow shelves can be used.

(3) Exclusion of oxygen environment is possible, l _

(6) Vacuum permits the removal of residual solvent to the exiremely
low levels.

(7} When low product temperature is desirable, then vacuum drying
is cost affective.

Disadvantages:

(1} In vacuum dryer, heat transfer coefficients are low.

(2) It has a limited capacity and used for batch process.

(3) Itis more expensive than tray dryer. Labour and running cosis are
also high. Vacuum connection and accessories are required which
adds to the cost.

{(4) Sometimes, there is a danger of over heating as the material is in
contact with steam heated surface for longer peried.

Variants : Double cone tumbling dryer is an alternative to tray dryer,
as the drying time is reduced. For drying of granules, the timeis 2to 3.5 1.
Vacuum can be applied and hence it is an alternative to the vacuuin dryer,
Heat is supplied to the charge by contact with the heated shell. Operations
such as mixing, granulation and drying can be done in the same equipment.

Freeze Dryer
Freeze drying is also known as lyophz!z:ataon Le. system is made sol-
vent loving for removing the same.
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& Principle : In freeze drying, water is removed from the frozen state
|hy sublimation, i.e. direct change of water from solid into vapour without

Lgonversion to a liquid phase. Solid-liquid-vapour equilibrium phase dia-
 [fram of water is useful to decide the experimental conditions. The drying
LI;s achieved by subjecting the material to temperatore and pressures below
y |”lje triple point (in practice, below eutectic temperature is essential). Under
“Jhese conditions, any heat transferred is used as latent heat and ice sublimes
. mirect]y into vapour state. The water vapour is removed from the system
Koy condensation in a cold trap maintained at a temperature lower than the
U‘j}‘ozen material,

Construction : The construction of a freeze dryer is shown in Figure
/J-10. It consists of:
) (1) Drying chamber in which trays are loaded.
Uy (2) Heat supply in the form of radiation source, heating coils.
! (3) Vapour condensing or adsorption system.

(4) Vacuum pump or steam ejector or both.

LU! Heat transfer
Erozen fluid manifold  To vacuum

\_U, substance + 4
LU! = Isolation
y valve
'\;_JJ Door I '

. e S
A Al ~
di' ——Refrigerant

Heated

- shelves \

| Chamber Condenser

Figure 8-10. Schematic diagram of freeze dryer.

i
W The chamber for vacuum drying is generally designed for batch apera-
tion. It consists of shelves for keeping the material. The distance between
\':hbliming surface and condenser must be less than the mean path of mol-
teules. This increases the rate of drying. The condenser consists of a
“relatively large surface cooled by solid carbon dioxide slurred with acetone
- ethanol. The temperature of the condenser must be much lower than the
aporating surface of frozen substance. In order to maintain this condi-

k:‘Z’!‘)on, the condenser surface is cleaned repeatedly. {

. (1) Preparation and pretreatment
(2) Prefreezing to solidify water

. . . . . [ .
Working : The working of freeze dryer consists of the follqwing steps.

(3) Primary drying (sublimation of ice under vacuum)

(4) Secondary drying (removal of residual moisture under high vacuum)
(5) Packing

Preparation and pretreatment : The volume of solution introduced into
the container is limited by its capacity. Satisfactory freeze drying beyond
a certain limit of depth of liquid is not possible. Therefore pretreatment
is essential. The solution is pre-concentrated under normal vacuum tray
drying. This reduces the actual drying by 8 to 10 times. The final product
becomes more porous. Liquid or solid desiccants are also used for this
purpose.

Prefreezing to solidify water . Vials, ampoules or bottles in which
the aqueous solution is packed are frozen in cold shelves (about —50 °C).
During this stage, cabinet is maintained at low temperature and atmospher-
ic pressure. The normal cooling rate is about 1 to 3 K/min so that large ice
crystals with relatively large holes are formed on sublimation of ice. This
is also responsible for giving a porous product,

Primary drying (sublimation of ice under vacuuni) ; In this step, the
material to be dried is spread as much large surface ag possible for’sub-
Jimation, The temperature and pressure should be below the triple point
of water, i.e. 0.0098 °C and 0.533 kPa, (4.58 mmHg) for the sublimation
when water alone is present. ’

When a solution of solid is dried, the depression of freezing point of
water occurs. Hence, it is essential that the temperature be brought below
the eutectic point. The pressure and temperature at which the frozen solid
vaporises without conversion to a liquid is referred to as the eutectic point.
Depending on the drug substance dissolved in water, the eutectic point is
determined. The usnal range is from —10 °C to 30 °C. The condition of 1
to € °C below eutectic point is sufficient.

Vacuum is applied to the tune of qbout 3mmHg (0.4 kPa) on the frozen
sample. The temperature is linearly increased to about 30 °C 1 a span of
2 h.

Heat (about 2900 kJ/kg) is supplied which transfers as latent heat and
tee sublimes directly into vapour state. The heat controls the movements
of ice layer inwards. It has to be controlled in such a manner so as to get
highest possible water vapour at ice surface without melting the material.
As soon as vapour molecules are formed, these are removed. The overall
driving force is the temperature difference (also vapour pressure differ-

“ence) between evaporating surface and condenser. .

As the drying proceeds, thickness of the frozen layer decreases and the
thickness of partially dried solids increases. Primary drying stage removes
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easily removable moisture. During this stage, about 98 to 99 % water is
removed. Still traces of moisture is present in the sample.

Secondary drying (Removal of residual moisture under high vacuum)-
During this stage, traces of moisture is removed. The temperature of the
solid is raised to as high as 50 to 60 °C, but pressure is lowered below thag
is used in primary drying (50 mmHg). The rate of drying is very low and
it takes about 10 to 20 h.

Packing : After vacuum is replaced by inert gas, the bottles and vialg
are closed.

Uses : Freeze dryer is most commonly used in the production of dos-
age forms, such as injections, solutions and suspensions. It is used for
drying of a number of products.

& Blood plasma and its fractionated products.
& Bacterial and viral cultures.

& Fluman tissue (arteries and corneal tissue).
& Antibiotics and plant extracts.

& Steroids, vitamins and enzymes.

Several other products such as food items (prawns, mushrooms, meat
and poultry products), coffee and tea concentrates and citrus fruit juices
are dried.

Advantages : The entire operation is carried out well below the freez-
ing point. This offers several advantages.

(1) Thenmolabile materials (heat sensitive materials) can be dried.

(2) The product retains its bulk volume. It is porous and uniform.

The reconsiitution of the material is easy.

(3) Denaturation doecs not occur.

(4) Migration of salts and other solutes does not take place.

(5) Loss of volatile material is less.

(6) Moisture level can be kept as low as possible without decomposi-

tion.

(7y Material can be dried in its final container such as single dose and

multiple dose vials.

(8) Sterility can be maintained.

(9) The final product can be stored at ambient temperature, if well

sealed by providing inert atmosphere.

Disadvantages:

(1) The product is prone to oxidation, due to high porosity and large
surface area. Therefore, the product should be packed in vacuum
or using inert gas or in a container impervious to gases.

P
§
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(2) Equipment and runming costs are high.

(3) Tt is difficult to adopt the method for selutions containing non-
aqueous solvents,

(4) The period of drying is high (rarely less than 10 h). Time canmnot
be shortened.

infra Red Dryer

Inftra red heating is used to dry wet granules. It was discontimed for
ihe following reasons. Infra red radiation is absorbed very quickly and
does not penetrate deep into the wet mass. As a result, the surface layer
gets dried quickly. Further exposure of the radiation leads to overheating
of surface layer rather than drying deeper layers of solids. Such effects
may decompose the product. Hence, infrared drying has a serious disad-

vanfage.

Microwave Dryer

Microwave drying is also known as dielectric drying. Water or solvent
with dissolved salts behaves like a dielectric material.

Principle : In microwave drying, microwave radiation (energy) is
passed through the solids to be dried. The material absorbs the radiations
and experiences enhanced molecular vibrations, which interact with neigh-
bouring molecules. This results in the generation of heat and the centre of
the granule gets heated, water gets vapourized and moves outwards to the
surface. The mechanism is diffusion of vapour phase. Hot air is used to
rapidly sweep the moisture vapour from the drying chamber. Thus rapid
drying is achieved by the theory of pressure gradient principle.

Construction : The industrial microwave dryer is a static bed con-
tinuous type (Figure 8-11). Dryver is constructed as stand-alone cabinet.
Microwaves are produced by a electronic device known as magnetron.
Several such units are used depending on the size of the unit and mass
of wel material to be dried. High voitage supply is provided so that large
amount of heat is produced. Hence, cooling facility is required 1o reduce
the heat. In many applications, pulsed (on/off) controller is used to prevent
the damage of the product from excessive heat generation.

Working : The material to be dried is placed on conveyor belt and al-
lowed to move into the drying chamber. Oscillating electric field of 915 or
2450 MHz is applied. The microwave energy interacts with the polarized
molecules and ions of the material. As the field reverses polarity, it relaxes
and allows the molecules to return to their random orientation. In this pro-
cess, the stored potentig] energy is released as kinetic energy or heat. This
interaction of alternating fields with ions causes billiard ball like collisions
with unjonized molecules. This impact energy is also converted into heat.
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Figure 8-11. Microwave drying equipment.

The heat generated inside the material makes the moisture to get va-
pourized and subsequently diffused to the surface of the solid. This process
is quite rapid compared liquid diffusion (slow), Thus rapid mass transter is
achieved. Completion of drying can be indicated by loss of dielectric con-
stant and its loss of tangent (falling rate pertod) loss factor. The metal parts
and racks do not absorb heat. Hence, conduction and convection rmecha-
nisms of heat transfer do not occur. The moisture alone is removed. The
microwave type gives drying uniformity and efficiency in energy trans-
fer. The hot air is directed to the powder bed to be dried by way of wave

guards. The first order relationship was obtained between drying rate and

power input in microwave fluid-bed process.
Uses : Microwave drying can be used for the drying of pharmaceuti-
cals at low ambient temperature. At low pressure (7 to 14. kPa or | to 20 mm

Hg) and moderate temperature (30 to 40 °C), thermolabile substances can
be dried. Examples are: vitamins, enzymes, proteins and flavours.

Advantages:

{1) Microwave treatment can also be used in the last stages of hot air
drying, particularly at second falling rate period. Thus last traces
of moisture can be removed.

{2) The total drying rate period is reduced by 50 % compared to tray dryer.

(3) Energy utilization is efficient (70 % saving), because the wall of
the dryer, the conveyor, the frays donot get heated by microwave
radiation,
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(4) The generation of dust can be reduced using wa single pot process.
(5) . Microwave drying technique is superior dryer over conductive
drying or jacketed bowl.

(6) It is easily cleanable.

Disadvantages : Initial capital investment is high and a number of
accessories are required.

Variants : In some dryers, heat energy also can be passed through
jacketed vessel. Moisture can be removed via vacuum or hot air fluidiza-
tion. Combination dryer with mild vacuum fluidized bed or vibrational
capabilities are also used as one pot process.

comment 8-5. Arrange the dryers in the ascending order of drying tlmes tah» i
en for a given material: drum dryer, tray dryer, spray dryer, fluid bed dryer
freeze dryer. Explain.

Comment 8-6. Drying rate is lesser in a static bed dryer compared to a movmg |
bed dryer. True or false. Explain,

Comment 8-7. Tray dryer can be used for drying of thermo!ablle products, True
or false. Expfain. :

s

SELECTION OF DRYING EQUIPMENT

Drying requires facilities, equipment, utilities, human labour and time.
Thus economic pressure compels the selection of right kind of equipment
with less cychng time. The selection of equipment is based on the aspects
described in the classification of drying equipment. The nature of drying
problem dictates the type of clryer selection. The list containing character-
istics and selection of dryer is given in Table 8-3.

(a) Feed Qualities

The feed physical characteristics, such as corrosiveness, toxicity, flam-
mability, particle size, abrasiveness and initial moisture content, are im-
portant. The feed may be slurry, coarse, crystalline or sheet type.

# If the material is abrasive, a static bed dryer {s preferred over agi-
tated dryer.

% If the material is thermolabile or oxidizable, vacuum dryer is pre-
ferred over compartment tray dryer.

% If the solid is wet and available in large quantities, then fluidized
bed dryer is preferred.

% If the material is Obtained from a biojogical source and stable i in
" dry state'for prolgmfged period, freeze dryer is preferred.

Quantity of feed to be qhandled per hour decides the nature of opera-
tion, whether continuous or batch type. The process before and after the

:
4
N3

1
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drying operations (e.g. filtration, grinding and conveying) are also need 1
be considerad.

TABLE 8-3

Characteristics and Selection of Drying Equipment

. Factor relation

Characteristics

Selection of drying egzu@

Slurry Drum dryer
Coarse Tray dryer
Crystalline Tray dryer
Granular Tray dyer, fluidized bed dryer
Sheet type Tray dryer
Abrasive Tray dryer
Material Thermosensitive Vacuum dyer
Hygroscopic type Spray dryer
Wet mass Fluidized bed, tray dryer
Thin paste Spray dryer
Sticky material Tray dyer
Biopharmaceuticals Lyophilizer, microwave dryer
Friable dry extractive Vacuum dryer
Porous product Spray dyer, vacuum dryer
Flufly product lyophilizer
Product Free flowing Spray dryer
Sterile product Spray dryer
Spherical product Spray dryer
Solvent recovery Low vacuum dryer
Process Toxic solvents Vacuum dryer

High dusty

Low vacuum dryer

{b) Product Qualities

Shrinkage, contamination, uniformity or final moisture content, de-
cornposition of products, over-drying, state of subdivision, product tem-
perature and bulk density, are considered, while selecting the equipment
for drying.

% If the product is of biological origin, it is required to be reconsti-
tuted before use and be ‘dentical to that of the orginal form, then
lyophilization is preferred.

# 1f the product need to be porous and requires quick dissolution,
then spray drying is preferred.
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& If the product is heat sensitive, then lyophilization technique or
vacuum drying is a preferred method.

Type of moisture content (bound, unbound or both}, permissible final
moisture content, drying temperature and drying type, are a few aspects
(hat need to be considered.

(c) Recovery Problems
pust recovery and solvent recovery are the aspects to be considered.

« [f the solvent is valuable, recovery of solvent is also essential.
Therefore, low vacuum dryer is preferred.

(d) Facilities Available at Site

Space, temperature, humidity and cleanliness of air (need for asepsis),
available source of heat, (fuel, steam. electric power), permissible noise,
vibration, dust or heat loses, source of feed (wet or dry), exhaust gas out-
10z, etc. are a few aspects to be considered. The scale of operation is an
important factor.

(e} Economic Considerations

Value of the material, initial and maintenance costs of the dryer, labour
charge, etc. are a few aspects to be considered.

As far as drying operation is concemed, adiabatic dryer are less ex-
pensive than non-adiabatic dryers, but have disadvantages of low thermal
officiency and producing high dust. The final choice of a dryer for a partic-
ufar material depends on the detailed considerations ot a variety of factors
45 mentioned above.

Summary

Drying is a process of removal of small amounts of water or other
liquids from a material by the application of heat. In drying, thermal va-
pourization takes place and the final product becomes dry. Drying is a
downstream operation and the next step would be packing (bulk drugs)
or further processing (for tablets). Drugs in solid state are stable, easy
1o handle and possesses improved characteristics, such as uniform size,
spherical shape and good flow. Hence, drying is an essential step in the
preparation of bulk drug and in some formulations, Drying is achieved by
the mechanisms such as diffusion, capillarity, pressure gradient, gravity
flow (porous solids) and vaporuization-condensation. Among these, diffu-
sion and capillarity theories are frequently observed and pressure gradient
theory is applicable when the heating medium is radiation. The materials
undergo sorption/desorption steps and equilibrium relationships are im-
poriant, which depend on the nature of material and moisture content of
the environment in a dryer. Air of constant temperature and humidity is
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passed over the wet solid. After a long exposure, equilibrium is YEaChéi
The equilibrium moisture content (EMC) is the lowest amount of wate,
that a solid can retain. The drying rate curves are established for each ma
terial and the process is tracked for identifying the stages of drying, gyg]
as constant drying rate period, first falling drying rate period and secoy
falling drying rate period and finally EMC. The drying of the materig] i&"
continued until the desired level of moisture content is attained, In tablets'i
production, moisture content of solid will be higher than EMC. In case of:
preservation and storage, the EMC stage will be reached.

Industrial scale equipment with different designs are developed to meet*
the varied needs of solid materials. The drying time may vary from a fey
minutes to several hours. Tray dryer is used in the production of tablets. Ip.
this type, the material is loaded into trays and pushed inside a rectangular
chamber. Hot air is continuously circulated and the moist air is removed
partially. The drying is stopped when the desired moisture content that is
suitable for compression is present in the solid. Drying time is longer (5 to
6 h) and thermolabile drugs may decompose. Drum roller dryer is used in
the production of antibiotics, glandular extracts, yeast, malt, pigments, ete,
The moving metal drum carries the solution, forms a liquid film, which
gets heated. Thus moisture is removed (vapourized) and the dried solid
is collected. In a spray dryer, the flnid feed liquid is atomized into fine
droplets and allowed to enter into moving stream of hot air (in the drying
chamber). The fine droplets instantaneously get dried and form spherical
particles. This process completes in a few seconds. A fluidized bed dryer
(FBD) is used in tablet production and allows the material to dry in 30 to
40 minutes. In FBD, the solids are suspended in the blowing hot air (gas).
The hot gas surrounding granules dries the solid rapidly. Vacuum dryer is
used if the materials (drugs) are heat sensitive. Vacuum is created in the
dryer such that water vapour is removed from the solid at a lower tempera-
ture, as the boiling point of liquid is lowered. Freeze dryer (lyophilizer)
removes water from the solid by sublimation. For this purpose, low tem-
perature and high vacuum conditions are created such that liquid water
in the frozen state directly gets vapourized (below triple point of water).
This technique is used for drying blood products, antibiotics, enzymes, and
bacterial and viral cultures. Infra red dryer and microwave dryer are a few
other techniques. The choice of a dryer depends on the material character-
istics of feed, product quality, recovery problems and available facilities in-
cluding economic considerations. The critical attributes of quality for the
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clossary of Symbols
Pai = partial pressure of water vapour at the surface, mPa.
Pus = partial pressure of water vapour in the air, mPa.
N = number of moles of vapour transferred per unit area in unit time.
R = Ideal gas constant, kJ/kmol.K.
T = absolute temperature, K.

kg = mass {ransfer coefficient.
M,, = molecular weight of water vapour (18 g/mol).
() = rate of heat transfer, J/s.
h = heat transfer coefficient, J/s.m2.K.
A = area of surface, m?.
T, = temperature of drying air, K.
T, = temperature of the surface, K.
k = first order rate constant, ™1,

M, = moisture content at initial period, kg (g).

M, = moisture content (mass) at any time t, kg (g).
QUESTION BANK
Each question carries one mark o

Note : Encircle the alphabet which corresponds to the single best response.
1. Drying is essential afier one of the following unit operations.

A. Crystallisation B. Evaporation

C. Mixing D. Size reduction
2. For flxing the effective drying conditions, which processing factor is es-
sential?
A. Height B. Humidity
C. Pressure D. Velocity of air flow

3. At a given temperature and humidity, if the moisture content of a maiterial
is greater than equilibrium moisture content, then the following process
takes place.

A. Absorption
C. Desorption

B. Adsorption
D. Sorption
4. Fluidised bed dryer has one of the following advantages?
A. Attrition is not observed
B. Entire material is continuously exposed to heat source
C. Fluffy mass is formed
D. Humidity can be increased ‘ . )
5. Which one of the fdlldwihg dryérs is known és lyophiliser‘? -
A. Fluidised bed dryer B. Freeze dryer
C. Spray dryer . Vacuum dryer
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6. Talc has equilibrium moisture content (EMC) of practically
A. high B. one
C. variable
7. Which equipment is used for drying of methyl cellulose?
B. Spray dryer
P. Vacuum dryer

D. zero

A, Drum dryer

C. Tray dryer
8. Migration of salts and soiutes does NOT occur in one of the following

equipment for drying.

A, Freeze dryer B. Spray dryer

C. Tray dryer D. Vacuum dryer

9. Which one of the following types of product is having equilibrivm mois-
ture content (EMC) of practically zero?
B. Non-porous and soluble

D. Porous and seluble

A. Non-porous and insoluble
C. Porous and insoluble
10. Which product is NOT dried by spray dryer?
A. Bacterial and viral cultures B. Fruit juice
C. Lactose
11. Hot spots are forined during one of the following periods?
B. First falling period
D. Second falling period

D. Serum

A. Constant rate period
C. Initial readjustment peried
12. Drying process takes long time in one of the following equipiment.
A. Drum dryer B. Fluidised bed dryer
C. Spray dryer D. Tray dryer
13. The product becomes porous, when the following equipment for drying is
used.
A. Drum dryer B. Fluidised bed dryer
C. Spray dryer D. Tray dryer
4. Thermolabile substances CANNOT be dried using one the following
equipment.
A, Dram dryer B. Lyophilizer
C. Spray dryer D. Tray dryer
Drving is different from evaporation in one of the following ways.

—
A

A. Liquid removed is low
B. Temperature applied is high
C. Quantity of product formed is high
D. Time 1'eq1111'ed is less .
16. In drying process, the final product is in tlgi%.:form of:
B. solid
D. solvent concentrate

A. slurry
C. solution

b1 s A b A
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Which condition is highly critical attribute for drying operation?

A. Moisture B. Pressure

C. Temperature D. Volume

Which one of these is non-thermal drying?

A. Fluidised bed drying B. Microwave drying

C. Spray drying D. Vacuum drying

Eutectic point is an important factor for one of the following drying pro-
cesses?

A. Drum drying B. Fluidised bed drying
C. Freeze drying D. Tray drying

High vacuum is applied in one of the following drying processes?

A. Drum drying B. Freeze drying

C. Spray drying D. Tray drying

Low temperature drying is obtained in one the following drying process-
es?

A. Drum drying B. Fluidised bed drying

C. Lyophilization D. Tray drying

Fluidised bed dryer can be utilised for the following operations.

A. Drying

B. Mixing and granulation

C. Mixing, granulation and drying

D. Mixing, granulation, coating and drying

Attrition is a major disadvantage with one of the following.

A, Fluidised bed drying B. Revolving drum drying

C. Spray drying D. Tray drying

In fluidised bed drying, removal of moisture involves one the following
mechanisms.

A. High amount of diffusion B. High capillary action

C. High interfacial contact D. High osmotic pressure

Drying takes place when moisture content in the air is:

A. higher than equilibrium moisture content (EMC)

B. higher than total moisture content

C. lower than critical moisture content

D. lower than the EMC

Bone dry product means:

A. granular form of bones B. powder from bones

C. product with bound moisture  D. product with no moisture

Plug flow dryer is a variant of: ‘

A. Vacuum dryer B. Fluid bed dryer

C. Tray dryer D. Freeze dryer
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28. Which one of the following is an example of pneumatic dryer?
A. Drum dryer B. Fluidised bed dryer
C. Freeze dryer D. Spray dryer
29. In drying curve, initial adjustment period involves one of the following
PIoCesses.
A. Surface water is no longer replaced at a rate fast enough from the
bulk.
B. Temperature and rate of drying remains constant.
C. Temperature increases and subsequently decreases.
D. Temperature remain constant.
30. *Boiling bed’ term is connected with one of the following dryers.

A, Drum dryer B. Fluidised bed dryer
C. Spray dryer D. Tray dryer
31. Inwhich dryer, final container such as single dose and multi dose vials are

dried?
A. Fluidised bed dryer B. Freeze dryer
C. Tray dryer D. Vacuum dryer

32. In adrying process, once the material reaches equilibrium moisture con-
tent, the rate of drying proceeds one of the following,.

A. Constant B. High
C. Low D. Zero
33. For drying blood ptasma the following technique is used.
A. Fluidised bed drying B. Freeze drying
C. Spray drying D. Vacuum drying
34. Choose the equipment that carries out four unit-operations: mixing, gran-
ulation, coating and drying.
A. Fluidised bed dryer B. Freeze dryer
C. Spary dryer D. Vacuum dryer
35. Which one of the following is an example of static bed dryer?
A. Drum dryer B. Fluidised bed dryer
C. Spray dryer D. Tray dryer
36. The use of IR dryer is discontinued for one of the following reactions.
A. Diffusion of meisture is poor
B. Environment and labor safety is less
C. Equipment is batch type
D. Excessive heat is produced

.37. In which step of the freeze drying, most of the w;!ter is removed during

drying? . ) ng
A, Prefreezing B. Pretreatment

C. Primary drying D. Secondary drying
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38. Hollow shelves are included in the design of a vacuum dryer, for provid-
ing increased surface area. What is its purpose?

A. Conduction of heat B. Placing material to be dried
C. Applying vacuum D. Removal of moisture

39. In a spray dryer, the particle size is closely controlled by one of the fol-
lowing parts of the dryer.

A. Atomizer B. Cyclone separator
C. Drying chamber D. Fluid bed
40. In a fluidized bed dryer, a prefilter is included for filtering one of the fol-

lowing

A, Alr B. Coarsec particles

C. Fines D. Moisture o
41. Spray drying and freeze drying differ predominantly in one of the follow- ‘ | :

mg. .

A. Decreasing the drying time B. Improving the dissolution
C. Decreasing the bulk density D. Protecting from degradation
42, Identify the limitation of the freeze drying.
A. Decreasing the solubility
B. Increasing the potential for oxidation
C. Increasing the product stability
D. Making the product hygroscopic
43. One of the following precautions is taken in handling fluid bed drying.
A. Allowing conduction for drying
B. Causing segregation of particles
C. Ensuring electrical earthing
D. Preventing the formation of dust
44. Microwave drying is NOT associated with one of the following.
A, Attrition and dust formation are not possible
B. Convention and conduction are heat transfer mechanisms
C. Radiation is used for heat transfer
D. Use of vacuum is low
45. During drying, solute migration cdn be promoted by:
A.. decreasing the viscosity of the granulating fluid
B. fluidizing the powder bed
C. increasing the granule size
D. making a static bed for drying
46." Which one of the following types of dryer produces economy?
A. Fluidized
C. Tray

B. Microwave
D. Vacunm
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47.

48.

49,

50.

Identify the dryer which has the least thermal efiiciency.
A. Fluidized bed B. Microwave

C. Spray D. Tray
Beyond the equilibrium moisture content, the drying rate is equal to:
A. One B. Three
C. Two D. Zero

Which one the following mechanisms operate in a tray dryer?

A. Fluidized bed drying B. Moving bed drying

C. Pneumatic drying D. Static bed drying

Why is a low flow rate of air maintained in a rotary dryer?

A. Carry away the evaporated water

B. Evaporate the water

C. Promote heat transfer

D. Support the vacuum

How does the heat transfer occur in the indirect heat continuous dyer?
B. Conduction

C. Convection D. Radiation

Identify the method of introducing the feed into the spray dryer.

A. Atomizing B. Pouring

C. Self picking D. Spreading

Which is the dryer used in the manufacture of soft gelatin capsules.
A. Fluid bed drver B. Microwave dryer

C. Truck dryer D. Vacuum dryer

A Circulation

Each question carries 2 marks

L.

I I R RS

Give suitable dryers.
(i) Granular free flowing solids
(i) Wet bricks before sending to kilns
(iii) Sticky pastes
{iv) Food products like Horlicks.
Defing critical moisture content and equilibrium moisture content.
Define bound moisture and free moisture content.
Mention the factors affecting <onstant drying rate.
Classify dryers giving suitable examples.
List the critical conditions for drying of various substances.
Define dly'mg. Give 1ts hnportance m the formulation of dosage forms.
Explain how agitator dryers are useful to dry pasty and sludgy matesials.

How do you obtain the rate of drying curve for a given drying operation?
Give its applications.

SRR
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What is the difference between humidity and moisture?

The nonporous solid have low EMC compared to porous solids. Explain.
Labour costs are low in a spray dryer compared to other dryers. Why?
Suggest a dryer that can be used in oxygen free environment and explain
the conditions.

4. Why does the product develop electrostatic charges during drying. How
can it be prevented?

5. Why are heat transfer coefficients low in vacuum drying?

1

16. Suggest a method of drying in which containers (product) can be directly
used. Explain the procedure.

7. Suggest a drying method, which permits the handling of product at ambi-
ent conditions.

18. Give the equipment which produces overheating during drying with rea-
sons.

19. Which is the dryer used for multiple operations: spray dryer or fluidized
bed dryer? Give the operations.

50. For the removal of solvent from solids, drying is a preferred method than
filtration or evaporation. True or false. Explain.

21. Why is environment {humidity and temperature) controlled during ‘dry-
ing?

22, Suggest a non-thermal method of drying. Which is faster: thermal or
non-thermal? Explain.

23. How web bulb and dry bulb temiperatures are relevant to the drying oper-
ation? Explain.

24, Suggest a suitable modification of batch type tray dryer to a continuous
dryer.

25, Suggest a suitable modification in a drum dryer of indirect heating can
function for direct heating.

26. Is it necessary to use always air in a spray dryer? Explain.

27 What are the advantages of vacuum dryer over tray dryer? Explain.

28. Why is vacuum avoided in microwave drying of granules?

29. What is meant by pressure gradient in tray dryer? How is it achieved?

Each question carries 3 marks

1. Recommend a suitable dryer for drying the following substances and sub-
stantiate your answer with at least two reasons.

{A) Liver extracts (B) Granular solids

(C) Pasty materials (D) Granules of heat sensitive drugs
(E) Vitamih B complex granules  (F) Colloidal sclution

Descrilqé&g{he drying rate curve for a nonporous granular solid.

3. Dcscribe‘ﬂthe principle with the help of a labeled diagram of fluidised bed
dryer.

I~
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4. List the pharmaceutical applications of freeze drying process. Give s2.

lient features of the process.

5. Describe the construction and working of a fluidized bed dryer,

6. Explain the principle of spray drying with suitable labeled diagram,

7. Describe the drying rate curve. Explain its applications.

8. Explain the principle and working of drum dryer.

9. Compare spray drying with drying in a vacuum shell dryer.
10. Explain the factors to be considered in the selection of a suitable dryer,
11. Explain the operation and applications of fluidised bed dryer.
12. Describe the function of drum dryer and its uses.
13. Describe the rate of drying curve for a crude fibrous drug.

14. Explain the principle of freeze drying. What are its applications in phar-
macy?
15. Cormpare the operations of spray dryer and tray dryer.
16. Describe the concept of spray dryer. What are its advantages? Compare
the spray drying with other methods of drying.
Each question carries 10 marks

1. Explain the construction and operational details of freeze dryer. Describe
its applications in pharmacy.

2. Describe the concept of spray drying. Describe the specific advantages of

spray dried product over drum dried material. Also list the pharmaceuti-
cal applications. ‘

3. How do you classify dryers? Describe in detail the constant rate and
falling rate periods. Add a note on critical moisture content.

4. For drying of milk, we can use either drum dryers or spray dryers. Which
dryer will you prefer and why? Discuss drum dryers in detail.

5. Discuss the construction, working, advantages and disadvantages of

spray dryer.
6. Explain the theory behind drying and rate of drying with suitable graphs.
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- Bound/unbound water.
production of tablets, Sorption/desorption, Diffusion theory,
preparation of drugs, Equilibrium moisture Capillary theory,

preservation of drugs, content (EMC), Pressure gradient theory,
improving characteristics, | | Free MC, Gravity fiow theory,
improving handiing. Critical MC,‘ Vapourisation and
T Loss on drying. condensation.
F ;
Applications tmportant ( Theories
terms {Mechanisms)

t f. 1
DRYING UNIT OPERATION

¥ ]
Drying Equipment Selection of Drying
Equipment
“T Tray dryer,
Y ary Feed Qualities
Corrosiveness, toxicity, | |
- flammability, '
Drum dryer, == initial moisture content .-
T a2 Product qualities
Spray dryer, porosity,
heat sensitivity, =

¥

Vacuum ) biclogical.
dyer, [E5

Recovery problems

Fluidized @ valuable solvent
bed dryer,

i

Facilities Available
Freeze space, temp., ]
dryer humidity,

Microwave EEI Economic factors
: —!

dryer. material costs,

maintenance costs.

¥

¥

MINDMAP OF DRYING UNIT OPERATION
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Section 1 : Mixing of Solids

Section IT : Mixing of Liquids
Section I : Mixing of Immiscible Liquids
Section 1V : Mixing of Semisolids

Sectmn I__M]XINGOF SOLIDS - R -

InterparticlémlnteractionS-Segregation
Mechanism of Mixing in Solids

Mixing Process—Steps

Degree of Mixing and Statistical Evaluation
Faciors Influencing Mixing N
Classification of Egquipment for Solids Mixing
Equipment

Selection of Solid Mixing Equipment

LEARNING OBJECTIVES
After reading this ¢hapter, the reader should be able to: o
Understanding the principles of solid-solid mixing with applications.
Explain the steps involved in mixing process. ) o
Describe mechanisms of mixing, degree of mixing and statistical eval-
uation. ) .
Assess the factors influencing solid-solid mixing. -
Describe the designs of industrial scale solid-solid mixing equipment

along with working and uses. R |

®® e e

Mixing is defined as a process that tends to result in a randomization of
dissimilar particles within a system.

Mixing is an operation in which two or more i11g1'qdiellts in separate
or roughly mixed condition are treated so that each pgu-tu:la _of any one in-
gredient is adjacent to a particle of each of the other ingredients as necarly
as possible.
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The term mix means to put together in one mass or assemblage with
more or less thorough diffusion of the constituent elements among one
another. The term blending means to mix smoothly and inseparably to-
octher. During blending a minimum energy is imparted to the bed. These
erms are commoniy used interchangeably in the industry. Some of the
mixing operations in the dispensing practice are spatulation, trituration,
wmbling and geometric dilution. However, industrial pharmaceutical mix-
ing involves large-scale equipment. A major complication in the intimate
mixing of particles is the segregation of particulate solids that results from
gravitational effect on the agitated bed. Mixing can also be achieved by
milling and kneading.

The diverse characteristics of particles, such as size, shape, volume,
surface area, density, porosity, flow and charge, contribute to the solid mix-
ing. It is difficult to predict the inter-particle interactions, particularly in
solids. Therefore, some empirical correlations are possible. In practice,
optimum mixing is considered satisfactory. Depending on their flow prop-
crties, solids are divided into two classes; cohesive and noncohesive, Non-
cohesive materials such as grain, dry sand and plastic chips readily flow
out of a bint or silo. Cohesive materials such as wet clay are characterised
by their resistance to flow through openings of the containers.

There are significant differences between solid mixing and liquid mix-
ing. These are given below.

Liguid mixing Solid mixing

Flow currents are responsible for transport- | Flow currents are not possible.
ing unmixed material to the mixing zone
adjacent to impeller.

Product often consists of two or
more easily identifiable phases.

Truly homogeneous liquid phase can be
observed.

Small sample size is sufficient to study Large sample size is required,

degree of mixing.

Mixing requires low power. Mixing requires high power.

Applications

Mixing is one of the most common phannmaceutical operations. It is
involved in the preparation of many types of formulations. Mixing is also
an intermediate stage in the production of several dosage forms.

% Wet mixing in the granulation step in the production of table@’and

capsules. i
# Dry mixing of several ingredients ready for direct compression as
in tablets.
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% Dry blending of powders in capsules, dry syrups and compoygng ;
powders (insufflations).

% Production of pellets for capsules.

In the manufacture of tablets, normally a number of additives are add-' :

ed. Therefore mixing of powders becomes an essential part of the procesg
When the dose of the active substance is high (e.g. paracetamol tablets)
mixing is not a problem. But in case of potent drugs and low dosc? drugs,
high amounts of adjuvants (e.g. lactose) are added. Th'erefo‘re, mixing is
considered as a critical factor. Otherwise, content uniformity of tabletg
does not confirm to the pharmacoposial specifications. Similarly weight
variation increases.

Mixing of cohesive materials is even more difficult d'ue to formation of
aggregates and lumps. Wet mixing is also encountered in p_harmacy as an
individual operation or as a subsequent step after dry blending. In several
situations, these operations are carried out in a vessel and by some mixing
element. Hence, this seciion describes some aspects of theoretical consid-
erations and equipment for dry as well as wet mixing. )

B

" Comment 9.1. Differentiate mixing and agitation. '

& INTERPARTICLE INTERACTIONS — SEGREGATION @

The particle characteristics such as size, size distribution, shape and
surface influence the interparticle interactions in a powder bed.

Inertial Forces

Inertial forces tend to hold neighbouring particles in a fixed relative
position. These are van der Waals, electrostatic and surface forces. A spe-
cial mention of surface forces is relevant.

Surface (or interface) forees : The cohesive forces prevent ipti?natc
mixing owing to interaction of their surfaces (or interfaces). Frictional
forces also resist the movement of particles so that they tend to form lumps.
These depend on surface area, surface roughness, surface po_la_rity, surface
charge and adsorbed substances such as moisture, During mixing, the par-
ticles develop surface charges. Surface charges produce partlf;le—pfi_rt}cle
repulsions, which make random mixing impossible. For effective mixing,
surface to surface interactions should be minimal, which can be achieved
by surface treatment.

Segregation occurs due to the following reasons.
(1) Poor flow properties of the powder bed inside a blender.

(2) Wide differences in particle sizes in a dry mixture.
(3) Differences in the mobilities of individual ingredients.
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(4) Differences in particle density and shape to a lesser extent.

(5) Transporting stage, pouring the powder from one container to an-
other (hopper or drums), or emptying the container.

(6) Dusting stage, fine particles become air borne and separate from
the bulk of the powder.

Segregation may occur even after the mixing.

Gravitational Forces

Gravitational forces tend to improve the movement of two adjacent
particles or groups of particles. Tumbling action promotes the inter-partic-
ulate movement due to gravitational forces.

Motion of particles can result from direct contact with the mixer sur-
face or/and from contact with one another. These processes accelerate the
movement of translational and rotational modes of single particle or aroups
of particles. When particle-particle collisions occur, exchange (transfer) of
momemntum is achieved. Continuous exchange or distribution of momen-
tum between translational and rotational modes is necessary for effective
mixing. The efficiency of momentum transfer depends on:

(1) Elasticity of the collisions--If collisions are elastic, effective
transter of momentum does not take place. The loss due to inclas-
ticity should be minimal.

(2) Coefficient of friction—Particles with high coefficient of friction
will be likely to exchange rotational momentum more readily.

(3) Surface area of contact—The larger the surface area of contact,
greater the exchange of momentum.

{4) Surface roughness—The surface ‘roughness’ of the particles in-
volved in collisions determines the distribution of the transferred
momentum between translational and rotational modes.

(5) Centrifugal forces—These act on rotating aggregates to break
them into smaller units and aid in mixing process,

. MECHANISMS OF MIXING IN SOLIDS

Segregation of particles occurs due to a number of reasons. Mixing
can prevent it. The principal mechanisms in solid-solid mixing are:

Convective Mixing

Convective mixing is achieved by the inversion of the powder bed ug-
ing blades or paddles or screw element. = - , 1t

. , . - ¢y

A large mass of material moves from one part to another, Convecfive
mixing is referred to as macromixing. This is observed in ribbon and plan-
etary mixers (paddle or plow). . ’
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Shear Mixing

In this type, the forces of attraction are broken down so that each panj.
cle moves on its own between regions of different composition and paralic|
to their surfaces.

In a particulate mass, the forces of attraction are predominating, which
make the layers slip over one another. Such types of attraction forcey
are predominant among same type of particles. Shear forces reduce these
atiractions and reduce the scale of segregation. This is achieved by hieh
intensity mixers {rotor mixers).

Diffusive Mixing

It involves the random motion of particles within the powder bed.
thereby particles change their positions relative to one another. This oceurs
on account of free flowing particles in an expanded bed.

Diffusive mixing occurs at the interfaces of dissimilar regions. Diffu-
sion is sometimes referred to as micromixing.

The motion of particles to achieve random distribution assunes that no
other factor influences the distribution. Vertical or axial motion is observed
as in case of rotational blender, e.g. V cone blender (tumble) and double
cone blender. This is rarely the case. Instead, a pumber of properties of
the powders influence the approach to randomness. Flow characteristics
of powders iargely determine the ease with which the primary particles can
be mixed.

MIXING PROCESS — STEPS
In ihe solid-solid mixing operation four steps are involved. These aye:
i. Expansion of the bed of solids.
2. Application of three-dimensional shear forces to the powder bed.
3. Mix long enough to permit true randomization of particles.
4 Maintain randomization (no segregation after mixing).

When dry materials are loaded into a mixer, they form a static bed.
This bed expands sufficiently when mixing is initiated. Therefore, there
should be enough void space in the mixer after it is charged with the in-
gredients.

The shear force produces movement of particles. This is accompanied
by expansion of powder bed. The stress induces the movement of parti-
cles in three directions. This turbulent movement of particles can achieve
randomization, If the forces are inadequate, particle agglomerates move
together leading to poor mixing. % :r"

- . - ¢ - . - .
Mixing is expected to produce ran‘ﬁ"?om distribution of particles. It de-

pends on the probability that an event happens in a given time. The law of

mixing appears to follow a first order.
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M=A(1-e&" (D)
where M = degree of mixing after time t
7 = time, min
4 & k = constants

The constants 4 and & depend on the mixer geometry, physical charac-
(cristics of the powders and proportion of the material being mixed.

Initially the rate of mixing is rapid. At a later stage the rate decreases.
since the rate process is first order (asymptotic), perfect mixing is not at-
jainable, i.e. it takes infinite time. Empirically the best mixing time would
e 30 to 35 min. Once the desired mixture has been achieved, the process
<hould be stopped.

Once mixing is stopped, the blend should exist in static equilibrium.
Sybsequent handling of the mixture should be so as not to disturb the static
eyuilibrium,.

DEGREE OF MIXING AND STATISTICAL EVALUATION

Degree of mixing is also known as degree of homogeneity. After mix-
ing, the best possible degree of mixing can be achieved provided each par-
ticle moves freely to every spot of the equipment. It requires the movement
of particles in three directions. The degree of mixing must be considered
for the purpose of economics. Time of mixing should be long enough to
abtain an acceptable randomisation.

ideal Mixing or Perfect Mixing

As illustrated by equation (1), the mixing process will never yield an
iddeal or perfecr mixiure. Ideal degree of mixing is represented schemati-
cally in Figure 9-1a by a chessboard with black and white squares repre-
senling two components (equal quantities). It indicates that each particle
of one component is lying nearly adjacent to a particle of another compo-
nent. In practice, degree of mixing is indicated by its standard deviation.

(g} Two components
before mixing

{b) Perfect mix (c) Randomized mix

Figure 9-1. Types of binary mixtures.
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Acceptable Mixing
Since perfect mixing cannot be achieved, other alternatives for obtajy,.
ing an acceptable mix must be considered.

Random mixing : It is indicated by random distribution of particleg
as shown in Figure 9-1c. Random mixing means same ratio of componeng
in the entire mixture. Artificial randomization in the Figure 9-1c is baseq
on random numbers in statistical tables. However, it should be noted that
the use of random motion to achieve random distribution assumes that ng
- other factor influences the distribution. This is rarely the case. Instead g
number of properties of the powders being mixed influence this approach
to randomness.

=

C

=

&

Ordered mixing : Ordered mixing is described as the use of mechani-
cal, adhesional and coating forces. Ordered units in the mix should be such
. that ordered unit will be the smallest possible sample to the mix. It will be
nearly identical in composition to all other ordered units in the mix.

=

Ordered mixing probably yields the closest situation of the perfect

mix. This can be achieved by a number of ways.
W [ ] ]
e s G5 A
b Combine-1 [~
: — A== B : ':B; .
It ) B =~ Combine-2
X Divide-1 Az
X e
J - \ ] B
Ala .
& By
i 'A"'
K.I.L‘ Divide-2 | "29)
! Bza
Ui:. ] = Combine-3
' A N
— 1bj
I _B' __ —
“.i By
_A' B ]
i1y 2
U BN Azt
LB =
d) i B
. Divide-3
:'*-iD w e - Figure 9-2. Ordered mechanical mixing.

.{'| (1) Mechanical means of ordered mixing : The mass of each ingre-
dient is divided and recombined a mumber of times in the powdered bed
4] (Figure 9-2). The smaller the units, the more uniform the mix. Since no

chy
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purticulate adhesion is present, segregation of the mix easily takes place on
further handling.

(2) Adhesion means of ordered mixing : These forces of particles
may create ordered units of nearly identical composition depending on the
pracess (Figure 9-3a). Partial solubilisation or the use of a binding agent
Juring wet granulation approximates the same effect as shown in Figure 9-3a,

0 O
O O Adhesion
O —_—
O 0 Solubitisation 0
) '
Adhesion
_—
Binding agent
. Ordered-unit agglo-
(a) Adhesion merate or granule
= Coating
Coating
Particle
Ordered-unit single
coated particle
Coating
Coating
—_—
Particle

Ordered-unit ¢ingle
(b) Coating coatedparticle
Figure 9-3. Ordered mixing based on the principles of (a) adhesion and (b) coating.

(3) Coating means of ordered mixing : Particles in an assemblage
may also be coated with other ingredients to give an ordered mix either as
individual or coated particle agglomerates (Figure 9-3b).

Ideally, the degree of mixing begins rapidly up to a particular level

and slows down gradually. Uniforrqji degree of mixing can be resuited by

_continuing mixing for some morg gime, The practical definition of mixing. .
uniformity is selected to relate as ¢losely as possible'to the desired proper-

ties of the mix. The sampling technique largely determines the validity and
interpretation of the derived mix.
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Siatistical Parameters

The analysis of samples before and after mixing provides information
about the degree of mixing. Solid mixing with some kind of tracer mate-
rial is used for easy analysis. Some important methods of analysis are the
particle size distribution and the assay procedures for different ingredients
in the sample.

Arithmetic mean : The mean (assay value or size distribution analy-
sis) value of a group of random samples is a measure of the central tenden-
cy of the batch population. The arithmetic mean is expressed as:

Fi

Arithmetic mean, =y = Ril (2

L
i

Taking a number of samples (), the true mean, y, is estimated. Mean
may be attributed to concentration of a component or particle size of a
component,

Standard deviation : The spread of dispersion of individual samples
is important, because it is impracticable to obtain the same true mean tor

the same product mix obtained by another lot or by another mixer. There-
fore, standard deviation is used. It is expressed as:

Standard deviation, o=

Variance, which is a square term of standard deviation, can also be
used for characterisation of pewder mix. Standard deviation is applicable
for a specific material and a specific mixer. The arithmetic mean and stan-
dard deviation are applicable, when the two components are alike in par-
ticle size, shape and density. The only distinguishable feature is a neutral
property, such as colour.

Mixing of pharmaceutical powders should be continucd until the
amount of the active drug that is required in a dose is within % 3 SD units
of that found by assay in a representative number of sample doses. To
achieve this objective, n should be large. It indicates that the samples are
normally distributed around the mean content and 99.7 % of the samples
will fall within the limits, p = 0.5 + 3¢, where p is the proportion of one
component. The theoretical deviation dependq on the differpnces i the

size, shape and density and these prcvcm the formation of | fl1;d0111 mixing.

Relative standard deviation : One may follow the ll]]X}HU oper atlon
in a given process by plotting the standard deviations as a function of time.
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The relative standard deviation (RSD) should replace the standard devia-
fion as a measure of sample uniformity, which is expressed as:
Percent relative standard _ standard deviation ()

deviation (RSD) = mean (3) x100 . (4)

Equation (4) is useful for comparing the efficiency of two or more
mixing operations or different sample sizes or different compositions.

Mixing Indices

The selection of a mixer depends on the mixing index or degree of
mixing. The above mentioned statistical parameters are-useful for evaluat-
ing the mixing indices.

Mixing index involves the comparison of standard deviation of sample
of a mixture under study with the estimated standard deviation of a com-
pletely random mixture.

Mixing index is expressed by Lacey. Two of them are:

standard deviation of
random blend « SR

Mixing index, M = —=
IXULE INCEX standard deviation of & )
the sample blend
s Gg -0
Mixing index, M= — ..(6)

Go ~OR
where o, = standard deviation of unmixed powder.

The ratio will be less than 1. The higher the M value, the greater the
homogeneity. Equations (5) and (6) are used to determine homogeneity in
a mixture depending on the objectives at hand. The selection of a partic-
ular equation is e¢ssential when the mechanism of mixing is being investi-
gated. Practical use of results can be achieved by using statistical analysis.

The differences may indicate poor or inadequate sampling, inappropri-
ate mixing operation, improper handling of the powder sample, unsuitabili-
ty of the mixer, operational conditions, etc.

Before mixing has begun, the material in the mixer exists in two lay-
ers, one of which contains no tracer material and one of which is tracer
only. Under these conditions, the standard deviation at zero time (Op) may
be expressed as:

Gy = Nall—a) _ (T

where a = overall fraction of tracer in the mixture.
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Statistical Evaluation

i Mixer selection depends on the degree of mixing of the powder iy
the final product. The procedure involves sampling and analysis. The

(Ijsequence of steps involved in the evaluation of the-degree of mixing or
degree of homogeneity is given in the Table 9-1.

(Wl . TABLE 9-1

, Statistical Evaluation Procedure for the Blending

dl or Mixing of Powders

., Objectives

1. To compare the efficiency of two or more mixing operations.

2. To compare the efficiency of two or more equipment.

3. To follow the mixing process with time.

n 4. To optimise processing parameters. .

5. To investigate the mechanism of mixing in a given piece of equipment.
LIl; Sample size guidelines | (¢) Random sampling, (#) Number of samples

Required — 30; Ideal — 100;
Economical sampling — 20 {preferred).

e

c & €

U.L" Number of samples

Sample size | approximately a unit dose of the final product.

"\..UJ!
r Sample collection
;

a. At different intervals when the blend is in motion.
. After blending is completed (preferred).

Sampling methods b. Thief probing (preferred)

b
a. Scooping
Nl a. Returning the sample to the bulk, for example,

after completion of particle size analysis (non-de-
.I\

U L structive evaluation).
Sample utilization .
b. Mot returning the sample to the bulk, for example,

\_|_) due to solubilisation for assay procedure (destruc-
tive methed).

i Statistical analysis
. ¥ Determination of arithmetic mean and standard deviation of the randomly
\-Ul mixed sample (standard).
.. % Determination of arithmetic mean and standard deviation of the unmixed
(Il blend of sample (initial stage).

% Determination of arithmetic mean and standard deviation of the sample after
(_U' blending (test sample).

4 Comparing mean values (sample) with target value (true mean).
J e If they are comparable, standard deviation should be calculated (indicates

uniformity of the sample). High standard deviation indicates less uniformity.

(]} # Determiration of mixing indices.

® Scattering of sample about mean or standard deviation (plot of standard de-
() viation vs, time).

% Accuracy and precision assessments of these estimates.
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The objectives have been specified in the Table 9-1. The sampling
technique largely determines the validity and interpretation of the derived mix.

Criteria of sampling : While sampling a bed of powder, there should
be assurance that the bed is sampled uniformly. It is assumed that the pow-
der bed consists of a number of zones. Within each zone the composition is
uniform, but among zones, the composition is different, Therefore, method
of sampling is very important. For this purpose, two concepts are import-
ant.

Scale of segregation : It is a function of size of the zone. It assumes
that zones are having uniform bed, but differing in composition. Good
mixing should yield more number of zones with small size. Then the sam-
ple reflects the true character of the powder bed.

Intensity of segregation : It is a function of composition differences
among zones. Generally the process of mixing tends to reduce the intensity
of segregation.

Sample size guidelines : The number of samples required should be
not less than 20, preferably 30 and more ideally 100. Analysis of these
samples is time consuming and tedious. Therefore, economic consider-
ations suggest 20 samples.

Random sampling is the method of choice for studies. Sample size
in most cases, should approximate the unit dose size of the final product. ’

Coliection of samples : Some golden rules of sampling are:

1. A powder should be sampled when it is in motion.

2. The whole of the stream of powder should be taken for many short
increments of time in preference to a part of the stream taken for
the whole time.

3. After completion of the mixing also, samples should be taken.

' Sometimes, powder sample cannot be sampled from a moving stream,
DECANSG:
(1) configuration of the mixer — for example the shape of the bowl
does not lend itself to dumping.

(2) size of the batch — large volumes are not conducive to routine
transfer from the blender to drum or larger collectors,

(3) possibility of mixture segregation biasing the sample,
Therefore, it is always preferable to collect the sample once mixing is
coinpleted. v .

Method of collecting saler%les : Samples should be collected at select-
ed points or serially as the powder is discharged from the mixer. Two types
of sampling methods are adopted.
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(1) Scoop sampling of the bulk mixture
(2) Thief probing of the bulk mixture

Scoop sample - This method has some drawbacks. (A) Surface layer
sample may represent segregated mixture. (B) Samples cannot be takep
from the bottom and middle of the blender or container.

Thief probe : This method has some drawbacks. (i) During sampling,
some compaction takes place around the thief. (ii) As the thief is inserted
in the powder bed, it carries material from the surface of the mixture down
into the mixture.

Thief probe is preferred over the scoop, because samples can be taken
from deep within the powder bed and a fair degree of random sampling can
be achieved.

Sample utilization : If the method of analysis is non-destructive, for
example, particle size analysis, the sample can be returned to the mixture
after analysis. If the method is destructive, for example assay, the sample
cannot be returned.

Analysis of data : Several statistical parameters and mixing indices
are calculated. The comparison of the mean value of the sample under
analysis and the target value. If the mean value of the sample under analy-
sis is on or near the target value, calculation of the standard deviation (and
or variance) will give an indication of the uniformity of the sampte. Other
details are given in Table 9-1.

Comment 9.3, Write the differences in the sampling methods of powders:
scoop sampling and thief prabing. :
Comment 9-4. Write the relationship between the efficiency of mixing and the ;
volume of the material filled in the mixer. ‘

FACTORS INFLUENCING MIXING :

Particle and powder characteristics influence the mixing process. Ag-
gregation inhibits proper mixing. Therefore, higher shearing forces are
applied. Hence, correct mixing of one component does not imply good
mixing of other components. Therefore, adding dye to the mixture is often
misleading. The dye may not aggregate, but active substance may aggre-
gate.

A single factor can in no way be considered as a unique indication of
mixing. However, flow properties of the components is the most irnportant

consideration which i¢ again fnfluenced by a umber of factors.

Nature of the surface : Rough surface of one of the components does
not induce satisfactory mixing. This can be due to the entry of active sub-
stance into the pores of the other ingredients. Adding a substance, which

E
{
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will be adsorbed on rough surfaced particles, can decrease aggregation
c.g. the addition of aerosil (colloidal silicon dioxide) to zinc oxide. Thus,
a strongly aggregating zinc oxide becomes a fine dusting powder, whicﬂ
can be mixed easily.

Density of the particles : It is of minor importance. Demixing is
sccelerated when the density of the smaller particles is higher or when the
mixing process is stopped abruptly. This is due to the fact that dense mate-
rial always moves downward and settles at the bottom.

Particle size : It is easy to mix two powders having approximately the
same particle size. The variation of particle size can lead to separation
because the small particles move downward through the spaces betweer:
the bigger particles. As the particle size increases, flow properties also
increase due to the influence of gravitational force on the size. Beyond a
particular point, flow property decreases. The powders with a mean par-
ticle size of less than 100 pm are free flowing, which facilitates mixing.

Partic]e _shape : The ideal particle is spherical in shape for the purpose
of uniform muxing. The irregular shapes can become inferlocked and there
are less chances of separation of particles once these are mixed together.

-Particle charge : Some particles exert attractive forces due to electro-
static charges on them. This can lead to separation or segregation.

Propertion of materials : The best resulis can be obtained if two
powders are mixed in equal proportion by weight and by volume. If there
is a large difference in'the proportion of two powders, mixing is always
domne in the ascending order of their weights.

The fundamental aspects of the particles and powders are discussed
in the Textbook of Physical Pharmaceutics-II by C.V.8. Subrahmanyam
(Vallabh Prakashan, Delhi).

CLASSIFICATION OF EQUIPMENT FOR SOLIDS MIXING
Based on the flow properties of the powders, appropriaie mixer should
be selected.

Free flowing solids — V cone blender
— Double cone blender

Cohesive solids — Planetary mixer

— Sigma blender

' Based on the scale of mixing, mixing equipment may be classified as
given in Table 9-2.




Qﬂ 330 TOVTCTTTOCOVOCEOTOTOOIOCTCOCE  PHARMACEUTICAL ENGINEERING Ch=2  MIXING ©00CGOCOOOOIOTCOOGOTOCTOODVGODBOOBOOCCOOCHOCG 331
(b TABLE_ 9.-2 ) / Process parameters\
. Classification of Mixing Equipment — @ Type and shape of blender, Material attributes
1 . ; ) : y
k.i L S.No. | Nature of mixer Examples Mechanism of mixing | z ::g:g;:g E;T;r'( size) T e Powder uniformity,
N Batch e ) . i . ’ ’ @ Particle size distribution,
o Small stzage Mortar and pestie Trituration Z g‘l):r?;:’; ?:?r?lzd (rpm), & Powder flawablility,
Nl Tumbling mixers or | Double cone blender, | Tumbling action, dif- @ Intensifier bar (on/off) v z Efe‘"zg:;;?:tlikc/ t?opp:gtiiinmy'
cylindrical  ixers | V cone mixers with- | fusion holding time, prop -
) 2 | without mixing blade | out baffles @ Discharge method,
~ Cube blender L Dru[*n-to-hopper transfer,
J Tumbling mixer with | V cone blender with a | Tumbling action shear- @nv1ronment (temp and Rw
h a mixing blade mixing blade ing with blade and con- b i i Manufacturing i
gy 3 Double cone blender | vection ry solid mixing rocess ste
et with a mixing blade {Preblending) proces p.
WU Static mixers Ribbon blender Stationary  shell and
4 Sigma blender rotating blade, convec- - : .
i_U}; Planetary paddle tion and shearing CI:'!'I.Ilcal qyahty attributes of output
TR o ey o,
N iz ixers Fluidised mixer expansion Wil gases, : ; ’
e 3 ized mixer diffusive and pneumatic & Bulk/ tapped.denmty, ; !
I # Flow properties, ;
-:\‘!y Continuous type @ Asslay {API and preservative, if present), 5
. Large scale Barrel type Rotating shell with ro- & Moisture content,
NI Zigzag type tating blade, shear and % Impurities,
convection Densification/aeration.

_ Critical Quality Attributes — Preblending of Solids
-1 and Final Blending

The critical quality attributes (CAQs) along with process parameters
(PPs) are recorded in Figure 9-4. Preblending of solids is considered for
., the production of tablets (capsules). The upstream operation may be a size

Figure 9-4. Process garameters and critical quality attributes
for preblending operation of solids in production of tablets.
Further, solid mixing with lubricant is another important operation, a
step before compression (Figure 9-3). For this purpose, a lubricant is added
for good flowability and blend uniformity, which are critical. As such the

Y reduction (sizing and/or blending) and the downstream operation is granu-
;1 lation, As per these conditions, the critical attributes are related to content
4 i‘ v

uniformity, as given below.

process development remains the same, except including magnesium stea-
rate and monitoring moisture content (for compression). Normally mixing,
may be an open operation (sigma mixer and planetary mixer) or closed

e . . operation (V cone blender and double cone blender). The environment
§ - & Mixing unifonnity

Qp (temperature and relative humidity) are maintained in the production area.
4 Flow properties

ol % Bulk/tapped densities Critical Parameters
. % Assay : The key parameters are:
L The process parameters are: fill volume, speed of mixer and time ; 1. Rotating frequency, proper mixing time .
4 of hixing. These are control_]ed durmg Fhe unit operation and prefixed i 2. Equipment size, mixer volume (fill ratio) X

q,(s’unhstandards with limits for given conditions. Production charts can be , 3. Scheduling and surse oo , A
al’ used for monitoring the parameters. The above are gencral attributes, but i : ‘ :
= change depending on the mixer type used and the mechanisms of mixing. i 4. Segregation
@ |
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The rpm and time are frequently standardized and quote.d. The ¢
tating speed is critical. In addition, the other issues are material handling

(feed and discharge).

Process parameters \

¢ Blender type, / Material attributes N\
@ Order of addition, ) o Granuie uniformity,
= Blender fill volume (load size),

i . . # Granule size distribution,
« Rotation speed (if variable), k 4 & Granule flowablility,

pm, & Granule bulk density,

¢ Blending time, @ Assay of granule sieve out,
Intensifier bar (on/off) Y ® Magnesium stearate,
holding time, 2 Specific surface area,

& Discharge methed, @ Electrostatic properties. /
@ Drum-to-hopper transfer,

ﬁnvimnment (temp and RH).

@

@

Manufacturing

Solid blending
process siep

and lubrication

Critical quality attributes of output

4 Blend assay,

@ Blend uniformity,

# Blend flowability,

% Blend bulk density,

= Blend compressibility/compactibility,
: Densification/aeration.

Figure 9-5. Process parameters and critical quality attributes
for final blending operation of solids in production of tablets.
Mixing time : Mixing more time is not necessarily better. The optimal

mix time must be determined experimentally. It is a tedious procedure and
1'eq-uires several samples for analysis. The scale up parameters such as
geometric ratio and keeping Froude number a constant are df:Slrable. Nor-
mally the time of mixing is 10-20 min. The kinetic study gives hpw 101?g
to mix and how well to mix (equilibrium). In general, the mixing time will
be shorter, the quality is higher and this results in less rework.

Rotation speed : Rotation speed (rpm) must be usual_ly an optimum
valug, If the specd is 100 low, there would be ng agitation, but at low

speeds avalanching flow can occur. At high speed; eentrifugat force throws

‘all tlic material to the perimeter. In both cases, ftlending is not efficient.-

. e -
Hence, vpm should be optimum. The Froude numbg is the relevant scaling
parameter. Excessive mixing can promote segregation.

. i s A e
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Fill volume : Most solid mixers have working volumes equal to 50 %
of their total volume. In ribbon or paddie blender, the material is filled to
iust above its shaft. In tumblers and V-blenders, the material must be only
partially filled. If a mixer is overfilled, it is difficult for the solids to move
by the agitator and mixing will be poor at best. The scaling parameters for
mixing are given in Table 9-3.

TABLE 9-3
Scaling up the Parameters for Mixing

Workr‘ng capacity, L Typical rpm Bypical amount, kg '
20-50 25-30 8-30
250 22-28 80-150
500 12-18 200-300
2000 8-12 800-1200

Rotational velocity is the key blending parameter

Rotation tip speed (100 m/min) and momentum (mass x velocity) stay
same during scale up -

As mass increases, blender rpm decreases.

Scheduling and surge : The mixing process consists of loading di-
rectly into a mixer, mixing for the correct time, and then dumping directly
into packages or processing further. Normally some type of elevation of
work-platform is required so that the material is shifted initially on to the
platform and then the mixer is charged. The discharge is collected directly
into the storage bags.

Blend unifermity analysis (BUA) : For an acceptable mixing, the
variables are identified. In order to set them at optinmum levels, blending is
evaluated through a set of tests.

A mixer that promotes the randomness in mixing should be selected. It
should also prevent the conditions responsible for segregation. Therefore,
optimization of operational conditions is eritical,

Mixing Equipment—Criteria

1. The powder bed may expand sufficiently, therefore, equipment
should never be filled for more than about 60 % so as to leave
sufficient mixing volume.

2. The particles should be subjected to movement in three directions.

3. The shearing force should be sufficient to prevent aggregation. .
Appropriate mixing mechanism should be selected and allowed
to continue for optimum time.
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o 4. There should be no centrifugal effect, so that the powder does ngt
0 get separated according to their weights.
~ 5. The forces should not cause breakage of the particles, which may
9 bring about demixing due to differences in particle size.
6. The mixing process should be stopped abruptly, because slow or
iy diminishing forces in one direction might cause demixing. There-
fore handling of powder blend after mixing is equally important.
.3 Some mixing equipment are discussed below.

{ll Tumblers os Cylindrical Blenders with No Mixing Blade

, This is a general class of equipment meant for blending of dry pow-

‘I ders. The equipment consists of a container of one of the several geometric

. forms. The equipment is mounted so that it can be rotated about an axis. It

Nl does not have packing glands (seals) round the shaft. Cubes or hexagonal

., cylinders may be rotated in any axis depending on the manufacture (Figure

b 9-6). A cylindrical vessel is not suitable for mixing since one-dimensional
movement would be obtained.

N
e

: @

D 270
B {a) Cylindrical blender (b) Cube biender
) Figure 9-6. Tumbler blenders without agitator biade.

. Edge of 27 degrees is good for mixing. Special rollers are available
kLUJ011 which any vessel can be placed at the optimal condition. These are
- very handy since the vessel can be used every where in the process. When
Umixed, cohesive powders tend to ball up and aggregate. Therefore, tumbler
w’type is not suitable.

The efficiency of a tumbling mixer highly depends on the speed of
_jbrotation. 1t should be critical.

(1) Slow rotation — No intense tumbling, no cascade motion. Not

b enough shear rates is applied.
(2) Rapid rotation — Sufficient centrifisgal action to hold the powdf.:r
U to the sides of the mixer, more dusting and segregation of fines is
possible.

J Therefore, the rate of rotation should be optimal, which depends on the
‘;_;.Lsize, shape of the tumbler and the nature of material to b&hixed. Common
range is 30 to 100 rpm. oy

J Neither cylindrical nor cube mixers are used to a gre'at‘extent in the in-
dustry. For simple blending of dry mixers, V cone and double cone blend-

W
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crs without baffles are used. The tumbling motion is accentuated by means
of baffles or simply by virtue of the shape of the container.

Twin Shiell Blender or V Cone Blender

The construction of a twin shell blender is shown in Figure 9-7. Itis
made of eithgr stainless steel or transparent plastic. Smaller models take a
charge of 20 kg and rotate at 35 rotations per minute, while larger ones take
a charge of about 1 tonne and rotate at 15 rotations per minute. The mate-
rial 1 [oaded through either of the shell hatches. Emptying of the blend is
normally done through an apex port.

Apex port
Shell h
atch Shaft
/ drive
Direction _ G - L, i
of rotation \:/ o ﬁa);:]:t}:g rr:

Figure 8-7. V cone blender. Rotating shell hatch without baffles,

The material (to be blended) is loaded approximately 50 to 60 % of
iis total volume. As the blender rotates, the material undergoes tumbling
motien. When the V is inverted, the material splits into two portions. ’Thi:
process of dividing and recombining continuously yields ordered mixing
by mechanical means. Tumbler mixer operates primarily by diffusive mi>:
ingz. Hence these mixes are suitable to materials of free flowing and gran-
ular nature and mild forces are sufficient for mixing. The powder mass is
converted shock-wise, so that no demixing due to density differences will
occur. It is rotated so that the material is alternatively is collected in the
bottom of the V.

BIender speed is the key for mixing efficiency. At high speeds, more
dusting or segregaticn of fines is possible, while at low speeds, not enough
shear may be applied. :

Advantages:

(1) TIf fragile granules are to be blended, twin shell blender is suitable
because of minimum attrition. '

(2) They handle large capacities.

(3} Easy to clean, load and unload.

(4) This equipment requires minimum maintenance.

Disadvantages:

(1) Twin shell blender needs high headspace for installation.

(2) lItis not suitable for fine particulate system ér ingredients of large

differences in the particle size distribution, because not enough
shear is applied.




PO OOOEO MACEUTICAL ENGINEERING
33 OO COSGOOCC PHAR

(3) If powders are free flowing, serial dilution is required for the ad-
dition of low dose active ingredients.

Double Cone Blender shell Shaft
The construction of a double cone y_\ drive

blender is shown in Figure 9-8. It is l /ﬁ

usually charged and discharged through —G—F '

the same port. It is an efficient design \—/

for mixing powders of different densi-
ties. The rate of rotation should be op-
timum depending on the size and shape _
of the tumbler, nature of material to be mixed. Commonly the range is 30
to 100 revolutions per minute. The method remains same as that of the
V-cone blender.

The advantages and disadvantages for double cone blender are same as
given in Twin shell blender (or V cone blender).

Tumbling Blenders with Agitator Mixing Blade

The V-cone blender and double cone blender with agitator blade (baf-
fles) are shown in Figures 9-9 and 9-10, respectively. The gpneral con-
struction and working is same as mentioned above. The agitator blgde
rotates, lifts and distributes the material in an irreguler manner. Qonvectwe
and shear mixing occur as well as some fine-scale diffusive mixing occurs.
Agitator blades are added which have several advantages.

Shell Agitator blades

Figure 9-8. Double cone biender.
Rotating shell without baffles.

Blender shaft drive

Agitator shaft drive
Figure 9-9. V cone blender. Rotating shell with rotating baffles.

Shell Agitator blades
Blender shaft
drive
£ ¥ %
—o—¢ X% /
Agitator
shaft drive

Figure 9-10. Double cone blender. Rotating shell with rotating baffles.

Advantages:
(1) Baffles are useful for both wet and dry mixing.

a1 |

(2) Wide range of shearing force can be applied with agitator biades
permitting the intirate mixing of very fine as well as coarse powders,

(3) Serial dilution is not needed when incorporating low-dose active
ingredients.

Disadvantages:
(1) Attrition is large, size reduction of friable particles results.

(2) Scale-up can prove a problem, because general principles of scale
up do not work.

(3) Cleaning may be a problem, because the agitator assembly must
be removed and the packing should be replaced for a product
changeover.

(4) Potential packing (sealing) problems.
Ribbon Blender

Principle : The mechanism of mixing is shear. Shear is transferred to
the powder bed by moving blades (ribbon shaped) in a fixed (non-movable)
shell. High shear rates are effective in breaking lumps and aggregate§.
Cenvective mixing also occurs as the powder bed is lifted and allowed to
cascade to the bottom of the container. An equilibrium state of mixing can
be achieved.

Construction : The construction of a ribbon blender is shown in Figure
9-11. It consists of a non-movable horizontal cylindrical trough usually
opens at the top. Itis fitted with two helical blades, which are mounted on a
drive shaft through the long axis of the trough. The blades have both right
and left hand twists. The driver shaft is connected to a fixed speed drive.
Ribbon blender is top loading with a bottom discharge spout. The trough
can be closed with a Hd.

Lid Helical blades
A} yd Trough

.
%@K%@%im

Discharge spout

Side view

Figure 9-11. Ribbon mixer. Stationary shell and rotating blades.
- Waorking : T,'iﬁbugh the fixed speed drive; ribbons are allowed to ro-
tate. One bladesmfioves the solids slowly in one direction and the other
moves them quickly in opposite direction. Different powders are intro-
duced from the top of the trough. The body is covered because consid-




., may evaporate during wet granulation,

E & & & &

cccc

A

338 OVOOLTGOOOVROTOCOOOOOTOVOOG0GO PHARMACEUTICAL ENGINEER)

erable dust may be evolved during dry blending and granulating mediuny

The agitator blade rotates, lifts and distributes the material in an irreg
ular manner. Convective and shear mixing oceur as well as some fine-scale
diffusive mixing occurs. The counteracting blades set up high shear apg
are effective in breaking up lumps or aggregates. Helical blades move
the powders from one end to another as shown in Figure 9-11. The fina}
. stage of mix represents an equilibrium state. The operating conditions of g
given mixer can markedly effect the steady state and thus the quality of the
mixing. The blend is discharged through discharge spout or by inverting
the ribbon blender.

Uses : Ribbon blender is used to mix finely divided solids, wet solid
mass, sticky and plastic solids.. Uniform size and density material can be
easily mixed. It is used for liquid-solid and solid-solid mixing.

Advantages : High shear can be applied using perforated baffies,
which bring about rubbing and breaking of aggregates. Headroom require-
ment is less. It can also be used as continuous blender by feeding material
at one end and discharging at the other end.

Disadvantages : (1) It is a poor mixer, because movement of particles

is two-dimensional.

(2) Shearing action is less than in planetary mixer.

(3) Dead spots (areas that remain unmixed) are observed in the mixer,

though they are minimum.

(4) Itis having fixed speed drive.

Sigma Blade Mixer

Principle : The mechanism of mixing is shearing. The inter-meshing
of sigma shaped blades creates high shear and kneading actions. Convec-
tive mixing is achieved by cascading the material.

Construction : The construction of a sigma blade biender is shown
in Figure 9-12. It consists of double trough shaped stationary bowl. Two

sigma (indicating the shape of the Greek letter) shaped blades are fitted
Intermeshing blade design ;E\ Blades
] H /
! | m—]
Direction ——— [ :[—| i / k)5
of rotation /_’ ‘_\ ] L
o
_ | .

Cross-section Top view Mixing trough

Figure 9-12. Sigma blade mixer. Stationary shell and rotating blades.

& &

ch-9 MIXING OOWOOWW)%W@QO%WOO 339

horizoﬂt?‘lly in each. trough of the bow!l. These are comnnected to a fixed
speed drive. The mixer is loaded from the top and unloaded by tilting the
entire bowl by means of a rack-and-pinion drive.

Working : Different powders are introduced from the top of the trough.
The body is covered b.ecause cpnsiderable dust may be evolved during dry
plending and granulating solution may evaporate during wet granulation.

Through the fixed speed drive, the sigma blades are allowed to rotate
The blades move at different speeds, one usually about twice the speed 01"
other, resulting in lateral pulling of the material, They turn towards each
other so that the powders move from the sides to the centre of the bowl
The material further moves downwards over the point and then sheareci
petween the blades and the wall of the trough. Thus cascading action (con-
vective) as wgll as shear action can be achieved, The perforated blades
help in breaking lumps and aggregates. Thus high shear forces are set
up. The final stage of mix represents an equilibrium state. The operating
conditions o? a;l given mixer can markedly effect the steady state and thus
the quality of the mixing. By means of a rack-and-nini i i
[me?l ooty the blons k-and-pinion drive the bowl is

Uses : Sigma blade mixer is commonly used for mixing of dou/gh in-
gredients in the baking industry. It is used in wet granulation process in the
manufacture of tablets, pill masses and ointments. It is primarily used for
liquid-solid mixing, although it can be used for solid-solid mixing

Advantages:

(1} Sigma blade mixer creates a minimum dead space during mixing

(2) It has close tolerances between the blades and the side-walls as
well as bottom of the mixer sheil.

Disadvantage : Sigma blade mixer works at a fixed speed.

Planetary Mixer

Principle : In a planetary thiXer, the blade tears the mass apart and
shear is app_]ied between a moving blade and a stationary wall. The mixin
arm moves m two ways, around its own axis and around the central axis sf
that it reaches every spot of the vessel. The plates in the blade are slo,ed
5o that the powder makes an upward movement. Therefore tumbling (cgn-
vective) motion is also obtained. ’

. Construction : The construction of a planetary mixer is shown in
Figure 9-13. Tt consigtd of a vertical cylindrical shell, which can bo re.

-moved either by lowexing it bencath the blade of raising the blade above

the bowl. ' The mixing blade is mounted from the top of the bowl. The
mixing shaft is driven by a plang:tary gear train, as indicated in the Fig-




ure 9-13. It rotates around the ring gear,
which further rotates round the mixer
blade. It is normally built with a variable
speed drive.

Working : In the planetary mixer,
the agitator has a planetary motion. It Beater
rotates on its own and around the central ~ °F Pl3de
axis so that it reaches all parts of the ves-
sel. Beater is shaped to pass with close b
clearance over the side and bottom of the
mixing bowl. Therefore, literally there
are no dead spaces in the mixing bowl.
The biade tears the mass apart and shear is applied between the moving
blade and the stationary wall. The plates in the blade are sloped so that the
powder makes an upward movement. Therefore, tumbling (convective)
motion is also obtained. Since it is a variable speed driven, initially the
blade moves slowly for premixing and finally at increased speed for active
mixing. Thus high shear can be applied for mixing.

Emptying the bowl may be done by hand (scooping) or by dumping
mechanism.

Uses : Planetary mixer produces precise blends in addition to breaking
down of agglomerates rapidly. Low speeds are used for dry blending and

faster speeds for the kneading action required in wet granulation. Steam
jacketed bowls are used in the manufacture of sustained release products
and ointments.

Advantages : Speed of the rotation can be varied at will, so it is ad-
vantageous over sigma blade or ribbon type blenders. This is more useful
for wet granulation process. There are no packing glands in contact with

the product.

Planetary
gear

I 3
Shell or how| 3
Figure 9-13. Planetary mixer,

Disadvantages:

(1) Mechanical heat is built up within the powder mix.
(2) It requires high power.

(3) It has limited size and is useful for batch work only.

Air Mixer or Fluidized Mixer

Principle : The air movement is used for mixing powders. The pow-
ders are mixed in a stationary cylindrical vessel. Air is admitted at its base

at an angle. This gives tumbling action and spiral movements to the pow-
der. Thus mixing is achieved.

The construction and working of an air mixer or fluidised mixer re-
mains same as shown in fluidised bed dryer in the Chapter § Drying.

A b i RS
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Advantages : z_ﬁ\i_r m_ixqr shortens the mixing time. It is useful as a
(hrough—.output. Mixing 1s mtimate and efficient. It is also used for wet
granulation in tablets. With additional attachments, this equipment is use-

ful for mlxin'g, wet massing and drying in the wet granulation method
This method is also used for coating with some modifications ‘

Barrel Type Continuous Mixer

princ.iple : In a barrel type continuous mixer, the rotating shell k.
ihe material }mder tumbling motion. The presence of baﬂ’-le{é furth e
hances the mixing action. When the material approach the mid-point erf ;I]l-
shell, another set of baffles causes part of the material to move t% 'g he
direction 9f inlet end, allowing the remaining part to move forw;v ;l SS t 1?
a mechanism provides intense mixing of ingredients. This rocesrs : }cl'c
ues up to discharge end, where another set of bafﬂes,: guidelihe matggil;lutlc;

the discharge port. The blended material at an equililbe
) uil
from the discharge end. quilibrium state overflows

Counstruction : The construction of a barrel type mixer is shown i
Figure 9-14. It resembles a large cement mixer. Baffles are fitted to tlm
inner sur.face of th? shell. The shell is fixed to a shaft, which is allowed ;e
rotate using electric power. Side openings are provi:ied on each sid ()
charging and discharging of materials. ach side for

Direction of

material flow Material inlet

Mixer shell

Mixer baffles

Mixed-material
discharge

Figure 8-14. Barrel type continuous mixer.

Working : The mixer is allowed to rotate. Along with it the baffle
also rotate. The ingredients are introduced into the shell throuch the ;
fet. They begin moving towards the opposite end of the blenc;ger d? ‘11_
tumbling action. Baffles further enhance the mixing. As the materi 118 o
proaches the mid-point of the mixer shell, the bafﬂes. are so OSiti(l);;:gdap_
cause the feedback of part of the material in the direction of {‘Jhe inlet ¢ 'dO
The ;110vements are shown.in Figure 9-14 using arrow markings. The ffe,{,'d-
back action continues up to the discharge enéi, whefe anotheré;e't of bafg ‘
guides the material to the discharge port. The overflow of material caus::
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the blended solids to discharge. Since charging and discharging are simy;:
taneously done, the process becomes continuous. ‘

Zigzag Continuous Blender
Principle : Zigzag continuous blender is a rotating shell type havin

several V shaped blenders connected in series. The material undergoeg ‘-
tumbling motion. When the V section is inverted, the material splits intq
two portions; one-half of material moves backward (into the preceding sec. -

tion), while another-half of material moves forward. Due to inclined axig

of the shell towards the discharged end, the material gets discharged. Ag -

the first V section clears the charge, a fresh feed enters. Thus, it is used for
continuous blending of solids.

Construction : The construction of a zigzag continuous blender ig
shown in Figure 9-15. The shell takes the shape of several V shaped blend-
ers connected in series. A chamber for charging is attached to one end of
the shell. The other end allows the discharge of material. The shel] is
inclined towards the discharge end.

Inlet hopper-ingredients
metered in

YJFT Rotating shell

v Discharge

Charge _}— /
T'7 180° rotation

360° rotation
Figure 9-15. Zigzag continuous blender.

Working : A single pre-weighed charge is introduced into the charge
chamber. As the shell rotates, at one particular angle a metered material
enters the V-shaped section by gravity (Figure 9-15). With each rotation,
one-half of the blend material moves downward back to the preceding leg
and another-half of the material moves forward to the next leg of the blend-
er. In each rotation, a part of the material moves towards the discharge end.

ol R ey i i ¢ A

As the first charge clears the first V section, which may take only a few

minutes, the next charge is added. The uniformity of blending depends on
-. the flow properties of the ingredients. S ‘

Automatic Processing of Blending
In-line mixing system is useful to blend active substances and ex-
cipients without modifying their physical properties, without cross-con-
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tamination, ensuring safety to operators and environment.

transfer system (PTS) performs the activities of transferring
discharging products automatically using vacuum and pressur,e
conditions. In a continuous type, delivering the excipients an
the products are often critical than the choice of mixing equi
pneumatic transfer uses air to suspend the particles in the mo
pending on the concentration of solids, air-
ered as dense or dilute phase. The in-line s
mix hygroscopic, oxygen sensitive or expl
to have the flexibility of blending powders
ratios (1:10,000) and different properties. -
' Comment 9-5. Dead spots are objectionable

Comment 9-6. Can one equipment be y
of materials?

The powder
mixing and
under inert
d removing
pment. The
ving air. De-
aided transfer may be consid-
ystem unit should be useful to
osive powders. The unit needs
with large differences in blend

lender. True or faise. Explain, |
sed for the mixing of different types

: Comment 9-7. Fluidized air is used for conveying

: . . drying and si i
. Can it be used in mixing of powdersp Explain. Ying siz€ reduction. !

B SELECTION OF SOLID MIXING EQUIPMENT R

‘ ' ) it

An ideal mixer or blender must achieve the specified qualif:y of the
ﬁl?al pr-orfluct In a very short time using a stable and repeatable process
with mintmum residual product in the machine and cleanability. Selecting,

a rlgl.l[ kind of _equipmept is attempted after thorough analysis. The factors
considered while selecting the mixing equipment are given below.

Material Characteristics

Process Setup Requirements
Blending accuracy, blending time
Flexibility of batch volume
Product contamination risk

Requirement for complete product discharge
Operating efficiency

Cleaning between batches
Capital Costs, Operating Costs,
Plant Layout Considerations
Thg specialty products and individual drugs are produced in smaller
quantities. In such cases, scale down production is important.
Material Characteristics

. Dry powder blending is achieved by ribbon and fumbli T
adhesive mixtures are blended with'mult)i/—sha et o blendersg

ti-shaft blenders, wet granulation
viscosity and miscibility determine
characteristics are given in Table 9-6.

requires planetary mixer. The density,
the selection of equipment. Some of the
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TABLE 9-6
Material Properties and Selection of Blenders
Material type Blender selection —g

Non-cohesive blend (free flowing, | Twin shell blender, bin blender ribbon
powders, granules, some slurries). blender.

Cohesive blend (non free flowing, | Twin shell blender (high sheat), pad-
lumpy, Granules, some slurries). die mixer.

Ordered mix (drug << excipient).

Tumbling mixer, cone mixer.

Process Setup Requirements

Batch size must be optimal : The mixer design of big size may not
give homogeneous mixing. If the volume is large, then the mixing time
may be extended. The intended process whether a batch type or continuous
type is decided. The extent of segregation after mixing and size reduction
(during mixing) is considered.

Blending accuracy, blending time : Rotation speed is an optimal val-
ue. If the speed is too low, there would be no agitation, but at low speeds,
avalanching flow can occur. At high speed, centrifugal force throws all
the material to the perimeter. Some powders required gentle mixing, the
design parameters influencing are cross contamination and operating pres-
sures. Excessive mixing can promote segregation. Size is considered
keeping in mind the optimal working volume, fill level and restdence time.
The optimal working volume is nearly 50 to 70 % of the maximum. The
Froude number is a relevant scaling parameter.

Flexibility of batch volume : A blending system is expected to mix
a wide number of powders. Similarly, handling of different batch sizes
and also different blend ratios is essential. The equipment should readily
integrate with upstream/downstream equipment, because labour costs are
continuously increasing. Further, batch size, viscosity, vacuum capability.
temperature, contact and scalability are a few considerations.

Product contamination risk : The chances of cross-contamination
need to be considered. If the product is potent, then cleaning consider-
ations should be given.

Requirement for complete product discharge : In case of discharge.
the blender empties fully and smoothly with no residual content. Smooth

internal finish is necessary.
Power COIlsu:nPtian : Power consumption or energy cfficiency is a

vital factor. The choice of agitator determines the efficiency.

. ik
Cleaning between batches : In sdﬁme situations, frequent cleaning.

may be essential, particularly when potent products are handled. The facil-
ities such as CIP (clean-in-place) is need to be provided.
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Capital Cosis, Operating Costs

The number c_>f components needed to perform a particular task -
fluence the costs, initial costs and rising costs for cleaning, maintenance
product loss and safety. ‘ ' ’

plant Layout Considerations

Not only the space required for installation of mixer, but also the ac-
cessories that are meant for loading, discharging and connecting to the
downstream operations should be considered. The mixing vessel may be
fixed at one place (double cone blender) or transported to a different place
for loading and discharging.

Summary

Mixing of sclids means randomization of dissimilar particles within a
system. Mixing is an unit operation and solid mixing is not an easy task
because solid particles are available in diverse nature, size, shape volume’
surface area, density, porosity, flow, charge, etc. Mixing of cohe;sive par:
ticles is sttll a difficult task. Solid mixing is not simple compared to lig-
_uid mixing. Mixing can also be wet mixing or dry mixing. Mixing is an
important unit cperation in the formulation of tablets, capsules, dr;:p'ow~
ders', msu_fﬂatlons, etc. Segregation is opposite to mixing. The mixing of
parﬂcleg is an interplay of inerfial and gravitational forces. The principal
mechanisms of solid-solid mixing are: convective mixing, shear mixing
and diffusive mixing. The mixing of solids involves a number of steps an(;
expected to attain random mixing. Once the mixing is stopped, the blend
should exist in static equilibrium. The degree of mixing is alsc; knowh as
degree of homogeneily. Mixing process is indicated by several terms such
as ideal mixing (or perfect mixing), acceptable mixing (random mixing
and order mixing), etc. Acceptable mixing is considered as adequate, but it
should be expressed clearly using statistical parameters, such as aritl;mctic
mean, standard deviation, relative standard deviation (RSD), mixing index
ete. The selection of mixing equipment depends on several factors includ—’
ing appropriate sampling methods.

The mixing equipment should produce the desired characteristics and
at the same time, should not cause segregation of particles. Some of the
equipment are tumblers with no mixing blade. These are used at a labo-
ratory level. Twin-shell blender is made up stainless steel and can take
ch_arge of 20 kg of the feed and operates at a speed of 35 rotations per
minute (rpm). Similarly double cone blender is also used with 80 1o 100
p. [6 s routinedy used for mixing in tablet/capsule production.  Ribbon
biender works on the mechanisim of shear and is suitable to wet mixing
as well as dry mixing. The blender is fitted with helical blades and has
right-hand and left-hand twists. The powder is lifted up and allowed to
cascade to the bottom in the cylindrical trough. Mixing is continued until
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equilibrium condition is achieved (as measured by mixi_ng inde_x). It is
also useful for liquid-solid mixing. Sigma blade mixer is used in grany.
lation process in which mixing as well as granulation can be achle_:v_ed_ In
this type, two horizontally fitted sigma shaped blades allow-r thg mixing, It
has minimum dead spots. Planetary mixer is a vertical cylindrical shell in
which the blade works from a planetary gear, i.e. it moves around its own
axis and also around the central axis. The plates of the blade are sloped so
that powder makes upward movement and tumbling motion is achieyed. It
has a distinct advantage of variable speed and no dead spots. In air mix-
er, tumbling action is achieved, because air admitted from .the l?a§c at an
angle lifts the solids up and allowed to fall. This allows splld-@1x1ng, wet
mass mixing and also coating of granules. Barrel type mixer is used for a
continuous process. Inside walls of the bairel is fitted with baffles. Shel]
is fitted with a shaft which is allowed to rotate. The side openings on botl
sides served as inlet and outlet, respectively, for feed entry and product dis-
charge. Zigzag blender is also used for continuous mixing. The 11_1aterial
undergoes tumbling, while material moving from the feed enters into *V
sections’ and ‘inverted V sections’ continuously. The flow properties of the
materials decide the overall mixing uniformity.

Glossary of Symbols {Section-I)

= Constant.

Overall fraction of tracer in the mixture.
Time, min.

Constant.

Degree of mixing or mixing index at time, t.
Number of samples.

Relative standard deviation.

Standard deviation.

G, = Standard deviation of unmixed powder.

= Standard deviation of random blend.

y = Arithmetic mean (particle size or concentration).
True mean of the standard.

y; = The vaiue of a given sample.
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=
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QUESTION BANK
Each guestion carries cne mark
Note : Encircle the alphabet which corresponds to the single best response.
1. Which of the following produces randonqi\-';;!ation during mixing unit oper-
T ation? - ‘ A o
B. Dissimilar forces
D. Dissimilar particles

A. Dissimilar charges
C. Dissimilar ions

Cch-9
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Which of the following arrangements involved in a static mixer?
A. Shell and blade are stationary

B. Shell and biade rotate

C. Shell is stationary and blade rotates

D. Shell rotates and blade is stationary

In which type of mixer, the trough is stationary?

A. Barrel mixer B. Double cone blender

C. Ribbon mixer D. Zigzag mixer

Which of the following forces aids the tumbling action for promoting
inter-particle movement?

A. Electrostatic force
C. Surface force

B. Gravitational force

D. Van der Walls force

Which one of the following rates (kinetic orders) is observed in the mix-
ing of solids?

A. First order
C. Second order

B. Pseudo-first order
D. Zero order

Which type of particle-particle interactions is experienced on account of
surface charges produced during mixing of solids?

A. Attractions B. Coilisions -

C. Diffusion D. Repulsions

Which one of the following is NOT an example for inertial forces?

A. Electrostatic forces B. London forces

C. Surface forces D. Van der Waals forces

In dispensing, which one of the following terms is NOT used for mixing?
A. Sizing B. Spatulation

C. Trituration D. Tumbling

Solid mixing does NOT differ {rom liquid mixing in one of the following
ways.

A. flow currents are not possible

B. homogeneity of components

C. large sample is required for analysis

D. mixing requires high power

Mixing of ingredients is a problem when

A. amount of active constituent is low

B. dose of drug is high

C. materials are non-cohesive

D. shape of components are similar

Uneven mixing leads to one of the following problems in tablets manu-

© facture? - :

B. Disintegration time fluctuates
D. Poor flow of granules

A. Content uniformity variation
C. Friability problems

o
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12.

13,

14.

15.

i6.

18.

20.

21

Practically one of the following mixing patterns is closer to the real siny-
ation?

A. Ideal mixing B. Ordered mixing

C. Perfect mixing D. Random mixing

Which mixing equipment produces tumbling as the only mechanism ip
solid-solid mixing?

A, Fluidised mixer B. Ribbon blender

C. Sigma blender D. V-cone blender

Name the mechanism in which adjacent particles (in a powder bed) are
transferred to another location.

A. Convective mixing B. Diffusive mixing

C. Negative mixing D. Positive mixing

Convective mixing is also termed as:

A, diffusive mixing B. macro-mixing

C. micro-mixing D. shear mixing

The statistical parameter ‘standard deviation’ is one of the indicators for
mixing of powders.

A. Mixing indices B. Scattering of particles

C. Segregation of particles D. Uniformity of mixing

Which type of action is required for wet granulation, when planetary mix-
er is used?

A. Agitatory action B. Blending action

C. Kneading action D. Shearing action

What is the shape of mixing element present in Zig-zag mixer?

A. Cube shape 'B. Double cone shape

C. Sigma shape D. V-shape

Degree of mixing is also known as:

A. index of homogeneity B. extent of mixing

C. ordered mixing D. random mixing

The major mechanism of mixing in sigma blade is:

A. convective mixing B. diffusive mixing

C. shearing D. tumbling

The segregation, the process of moving smaller particles into voids be-
tween larger particles and reaching the bottom of powder, is known as:

A. Elutriation B. Fluidization

C. Percolation D. Trajectory

When compared to spherical particles, non-spherical particles behave in
cne of the following ways.

A. Decreases the ratio of surface area to weight

B. Exhibits increased flowability

C. Segregates easily

D. Shows cohesive effects
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23.

The index of mixing of powder is NOT associated with one of the follow-
INg Processcs.

A, Decreasing segregation

B. Depends on amount of carrier particles
C. Increasing the flow

D. Mixing for more time

Each question carries 2 marks

1.

L

e

i3.
i4,

15,
ie.
17.

List four applications of solid mixing.
Differentiate the mixing processes of solids and liquids

List two examples each for cohesive powders and non-cohesive powders
with their nature.

List four properties of cohesive powders considered for powder mixing.

List the mechanisms of solid mixing with two examples of mixing equip-
ment for each.

What are the differences between random mixing and acceptable mixing?

List the evaluation methods of solid mixing along with statistical param-
eters for their analysis.

Suggest two solid mixing equipment each for batch type and contlnuous
type. :
Differentiate blades and baffles in solid mixing equipment.

Explain the differences in mixing mechanisms with solid mixing equip-
ment with a blade and without a blade.

What is meant by dead spots in the solid mixing equipment? How can
they be prevented?

What are the advantages of variable speed blade in a solid mixing equip-
ment? '
Alir mixer is not suitable for solid mixing. True or false. Justify.

Two-blade equipment is better than one-blade equipment for solid mix-
ing. Explain.

Jacketed bowel is necessary for solid blendmg True or false. Justify.
Why are dead spots not formed in a planetary mixer?

It is not necessary to purchase complicated and expensive equipment for
liquid mixing. Explain.

Each guestion carries 53 marks

i

Vo b

Explain the reasons for powder segregation in solid mixing and suggest
remedial measures.

Describe the steps invelved in solid mixing along with its kinetics.
Exphm the phenomenon of ordered mixing with models.
Wlam the criteria for handling the equxpment for solid mixing.

Describe the situation which warrant mixing and suggest the equipment
with reasons.
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Factors Influencing
Particle surface,
Density of particle,
Particle size,

Particle shape,

Particle charge,
Proportion of materials.

\(

SOLID-SOLID MIXING

@atch type - Mixing equipment\

Cube biender, 1@

@ Cylindrical blender,

V cone blender, @

O Double cone blender,
Ribban blender,

@. Sigma blade blender,
Planetary mixer,

Fluidized air mixer.

/:rheories of Mixing (sm

Particle interaction-segregation,
Mechanism of mixing,
convective, shear, diffusive,
Mixing process step,
Degree of mixing - ideat, perfect,
accepiable, random, order,
Statistical parameters mixing index,

\Statlstlcal evaluation.

4 Continuous type - Mixing
equipment

Barre] mixer,
o

NS

\f\/\

Zigzag mixer. NN
N

MINDMAP OF SOLID-SOLID MIXING UNIT OPERATION

i
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_ Section IL_MIXING OF LIQUIDS

Mechanisms of Liquid Mixing

Mixing Vessels or Tanks

Liguid Mixing Devices — Flow Pattern
Liguid Mixing Equipment

) R LEARNING OBJECTIVES

After reading this chapter, the reader should be able to:

Appreciate the applications of liquid mixing.

Understand the mechanisms involved in the figuid mixing.

Explain the designs of mixing vats, mixing devices and flow patterns,

Describe the designs of industrial scale liquid mixing squipment alorig with
_.working and uses,

RO

NN

Agitation refers to the induced motion of a material in a specified way,
usually in a circulatory pattern inside a container. ‘

Mixing refers to the random distribution into or through one another of
iwo or more separate phases.

Liquid-liquid mixing is considered as a simple operation compared to
that of solid-liquid mixing. It involves the formation of a homogeneous
system. Similar to solid-solid mixing, fluid (or liquid) mixing also in-
volves the application of shear. Agitation and mixing are not synonymous.

Mixing of miscible liquids and solid-liquid can be achieved by a low
level of shear mixer. The blending application is related mostly to pump-
ing, i.¢. sending the components around the mixing vessel. An axial move-
ment of fluid is sufficient. The nature of liquids mainly determines the case
of mixing. According to theories of solutions, liquid mixtures are classificgd
as follows.

{1) Miscible liquids : These are miscibie in all proportions. For ex-
ample, ethyl alcohol and water are miscible in all proportions.
These liquids can be mixed easily by employing the mechanisms

of bulk transport and shear. Cosmetics (after-shave lotions) and
ehixirs, belong to this class.

(2) Partially miscible liquids : These are miscible in one another at
one pariicular proportion. Their miscibility depends on tempera-
ture atil pressure.  For example, p-cresol and water are miscible

in a certain proportion. Mixing poses certain difficulties in the
preparation of disinfectant solutions.
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(3) Immiscible liquids : As the name indicates, these are not mis-
cible. For example, vegetable oils and water are not miscible
or their miscibility is very low. Normally, they form emulsions.
Mixing of these liquids is very difficult. A homogeneous disper-
sion may be obtained by adding emulsifying agents, Mixing them
requires high shear.

The mixing of immiscible liquids is discussed as a separate section. In
pharmacy, one of the liquids most commonly used is water. A number of
solid and liguid ingredients are added in the formulation of dosage forms.
Based on the shear stress-shear rate relationship, fluids are classified as
Newtonian and non-Newtonian systems. The general flow characteristics
of the fluids have been discussed in the Fextbook of Physical Pharmaceu-
tics-1I, by C.V.S. Subrahmanyam (Vallabh Prakashan, Delhi).

Applications of Liquid Mixing

Liquid mixing promotes heat transfer between liquid and a heating
source. This step is essential in the erystallization of drug substances. Uni-
form heat transfer in the solution yields crystals of same size. For example
agitated batch crystallizer works on this principle.

Liquid mixing process is essential in the manufacture of a munber of
dosage forms. Some of them are listed below.

Preparations Phases mixing Examples
Suspensions Solid-liquid Calamine lotion
Emulisions Liquid-liquid (immiscible) Benzyl benzoate emulsion
Solutions Soluble sclid-liquid B Complex elixir

Alcohol-water (elixir)
Solutions Soluble liguid-liquid Chloroform-water

(preservative)
Aerosols Liquid-gas Salbutameol inhaler

 Comment 9-8. The nature of miscibility of liquids shouid be known for select-
ing the mixing eqqi_;?fnent. True or false. Justify._ i

MECHANISMS OF LIQUID MIXING B

The mechanisms of liquid mixing can be studied under four classes.

They are:

< Bulk transport 4 Turbulent mixing

% Laminar mixing # Molecular diffusion
Bulk Transport

Bulk transport is defined as the movement of a large portion of a mate-
rial from one location to another location in a given system.
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For this purpose, mixing devices such as rotating blades and paddles
are used, which moves the material in different directions.

Turbulent Mixing

Turbulent mixing is defined as mixing due to turbulent flow, which
results in random fluctuation of the fluid velocity at any given point within
the system.

In the turbulent flow, fluid velocity at a given point fluctuates contin-
nously in three directions, x, y and z. However, the liquid moves in one
direction depending on the dominant component. In general, the liquid has
different velocities at different locations at the same time.

Turbulent flow is a highly effective mechanism for mixing. Turbulent
fow can be seen as a composite of eddies of various sizes. An eddy is
defined as a portion of fluid moving as a unit in a direction. Large eddies
1end to break up forming eddies of smaller size, until they are no longer dis-
tinguishable. An additional characteristic of turbulent flow is its intensity,
which is related to the velocities with which eddies move.

Laminar Mixing

Laminar mixing is the mixing of two dlssmnlar liquids through lami-
nar flow, i.e. the applied shear stretches the interface between thems

In this mechanism, layers fold back upon themselves. Thus the num-
ber of layers increases. Hence, the interfacial area between them also in-
creases exponentially with time. Mixing may also result in simple stretch-
ing of the fluid layers without any significant folding action. This is also
suitable for liquids, which require moderate nixing.

Molecular Diffusion

Molecular diffusion is the mixing at molecular level in which mole-
cutes diffuse due to thermal motion.

Molecular diffusion is explained by the Fick’s law, which depends on
the concentration gradient at different regions. The concentration gradient
decreases with time and it reaches zero when mixing is completed, i.e.
cquilibrium condition. When molecular diffusion and laminar flow occur
simultaneously, molecular diffusion reduces the sharp discontinuities at the
interface between the two layers.

Simultaneously more than one mechanism may operate during mixing.

MIXING VESSELS OR TANKS .
The mixing apparatus consists of a container (tank) and a mixing de-
vice. These are assembled and used for a batch process. The ggneral con-

struction of the mixing tank or container is shown m Figure 9-1¢ along with

other accessories required for mixing. A mixing device is ceflied 1mpeller
which is mounted with the help of a shaft. The shaft is driven by a motor.
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Figure 9-16. Mixing vessel or tank.

The tank is made up of stainless steel. The top of the tank may be open
or closed. It is constructed with tank diameter to liquid height ratio of 1:1.
The size of the tank depends on the nature of the agitation method. The
tank bottom is rounded (not flat) to eliminate sharp corners or regions into
which fluid would penetrate. It also carries an outlet, coils, jackets, tem-
perature measuring device etc. wherever necessary. Turbines agitator op-
erate in the 20-120 rpm range, which is low shearing and low initial costs.

Baffles : Containers can be either baffled or unbaffled. Baffled con-
tainers are those in which metal strips (baffles) are placed vertically to the
internal surface. When bulk transport is important in mixing, baffles are
used. These are particularly desirable in the initial stages of mixing wher
segregation is present on a large scale. Baffles facilitate intermingling of
the liquids even from remote regions of the mixer.

In most of the cases four baffles are sufficient. Even one or two baffles
provide a strong effect on mixing. The width of the baffle may be from
1/10th to 1/18th of the tank diameter. If solids are present in the liquid
to be mixed, the baffles are fixed with a gap of about 25 mm between the
baffle and the tank surface.

The above discussion includes containers in which the liquids move.
In some cases, the container itself moves to mix the liquids, e.g. shaker

‘mixer. Oscillatory movement is applicable on a small scale whereas rotary -
movement is applicable on a-large scale. Shaker mixers are rarely used in

pharmacy.
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R LIQUID MIXING DEVICES — FLOW PATTERN

Mixing devices are used to supply energy to the system so long as to
bring about reasonably rapid mixing. It is necessary to justify the economy
_of the equipment through trails.

@ A multipurpose mixing device can give the necessary shear rate
depending on the material.

# A low shear mixer used for solids can as well be used for liquid
mixing.

Normally, liquid mixing is batch process, particularly in the produc-
tion of liquid dosage form. It is also possible to change the formulation
ingredients, so as to use the existing mixer, rather than purchasing new
liquid mixing equipment., Convenience and cost of equipment is consid-
ered. Flow cwirents are responsible for transporting unmixed materials to
the mixing zone. '

Pitch is defined as the distance the impeller would move through the
fluid per revolution, if slippage does not occur.

Mixing devices are technically called as impellers. Tmpellers are clas-
sified on the basis of the shape and pitch of the blades that are attached to
the central shaft. Three main types of impellers are used namely, propel-
lers, turbines and paddles. These are discussed below.

Propellers

A propeller normally contains a number of blades (Figure 9-17). A
three bladed design is the most common for liquids. The marine type pro-
peller is similar to the blades of a table fan or a ceiling fan.

Shaft @ st
wiste
/ " blade

Z 11 2 G

Figure 9-17. Prapedler type of iixing devices. A three bladed design.

Propellers may be either right or left handed, depending on the direc-
tion of slant of their blades. Four bladed or toothed or similar design pro-
pellers are used for special purposes. In a deep tank, push-pull propeller
is used in which two or more propellers may be attached to the same shaft.
These work in opposite directions to create a zone of high turbulence. The
size of the propeller is small, i.e. the ratio of diameters between propeller
and container of 20 is sufficient for low viscous liquids. I—Ioweve%@for large
tanks the maximum size of 0.5 m propeller is used. Small proqtlers tum
at full motor speed up to 8000 rotations per minute. )
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Propellers are available come in different diameters ranging from a
few inches to 3 ft depending on the manufacturers. The impetlers made of
cast construction are available at low costs. Propellers with 300-400 rpm
are used for low speeds and at high speeds, the rotation is 1750 rpm. This
parameter depends on the viscosity of the material. Since impellers pro-
duce shear and pump differently, it is important to make sure that the size,
speed and power are checked before purchasing. The other information
are: viscosity, density, vessel configuration and the desired process are also
considered.

The propeller produces axial (longitudinal) movement of the liquid.
The flow currents leaving the propeller continue through the liquid inagiv-
en direction unti! deflected by the floor or wall of the tank. For large batch
size over 500 gallons, marine propelier mixer is not an optimal choice.
Turbines are a better choice.

Uses : Propellers are used when high mixing capacity is needed. These -

are effective in handling liguids having a maximum viscosity of about 2.0
pascals-second and slurries up to 10 % solids of fine mesh size. They can
be used upto 3.5 m? (or 3500 L). Effective gas-liquid dispersion is possi-
ble at the laboratory scale. Multivitamin elixir, disinfectant solutions are
manufactured vsing propellers.

Disadvantage : Propellers are not normally effective with liquids of
viscosity greater than 5 pascal-second, e.g. glycerin and castor oil.

Turbines
A turbine consists of a circular disc to which a number of short blades
are attached. (Figure 9-18a). The diameter of the turbine ranges from 30-
50 % of the diameter of the vessel. It rotates at a lower speed than propeller
(50-200 rotations per minute). Different forms of turbines are shiown in
Figure 9-18. The blades may be straight, curved, pitched or vertical. For
these reasons. turbine mixers are considered as versatile. The parameters
of the turbines are:
% Impeller diameter,
% Rotation speed,
+« Blade angle,
% Number of blades,
% Blade shape. ,
These are cxtcnsively studied. When impellers are not the best choice,
turbines are chosen. These can hgm’ile Jarge volume up to 1000 gallons. A

flat bladed turbine produces radialand tangential flow, but as speed increas-
es, radial flow dominates. A pitched blade turbine produces axial flow.

ch-9 MIXING 357
Circular

disc Shaft

Side view

Top view
{a) General assembly of blade disk turbine

or flat bladed turbine.
&

Vertical curved

blade turbine

(b) Various types of blades.
Figure 9-18. Turbine impeller (or mixing element).

Pitched btade
turbine

Open straight
blade turbine

Near the impeller, the zone of rapid currents, high turbulence and in-
tense shear is observed. The shear produced by turbines can be further
enhanced using a diffuser ring. A diffuser ring is a stationary perforated or
slotted ring, which surrounds the turbine. It increases shear forces. The
liquid passes through the perforations reducing rotational swirling and vor-
texing.

Uses : Turbines are effective for high viscous solutions with a very
wide range of viscosities upto 7,00 pascal-seconds. E.g. syrups, liquid
paraffin and glycerin. In low viscosity materials of large volumes, turbines
generate strong currents (intense shear) which spread throughout the tank
destroying stagnant pockets. They can handle slurries with 60 % solids.
Turbines are suitable for liquids of large volume and high viscosity, if the
tank is baffled.

Advantages : Turbines give greater shearing forces than propellers,
though the pumping rate is less. Therefore, turbines are suitable for emul-
sification.

Paddles ,

A paddle consists of a hub centrally with two long flat blades attached
to it vertically (Figure 9-19).

Paddles with two blades or four blades-are conmmon. Sometimes, the
blades are pitched to increase the axial flow. In some paddles, the blades
are dished or hemispherical in shape and have a large surface area in rela-
tion to the tank in which they are used. Because of this shape, paddles pass
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i close to the tank walls and effectively mix viscous liquids, avoiding dead
] spots and deposited solids.

W Shaﬁ\m /Flat blade \
| |

v | © m—
o Hub ~
e (2) Side view {b) Top view
'\.U} Figure 9-19. Paddle type of agitator or impeller.
& Paddle with upper-blade and lower-blade is suitable for mixing
W of miscible liquids with low viscosities. A tangential flow pattern
predominates.
NI % As the operating speed increases, the ratio of radial to tangential
Al flow increases.
D % (ate paddle is similar for mixing of liquids of high viscosities,
l 4 Stationary blade inter-meshing with the moving element suppress
swirling in mixing.
b 4« Anchor paddle with low clearance between pan and blade is use-

ful for working across the heat transfer surfaces.

] A shaft carrying hub-blades rotates at a low speed of the order of 100
rotaticns per minute. They push the liquid radially and tangentially with
Il almost no axial motion unless the blades are pitched. In deep tanks several
. paddles are attached one above the other on the same shaft. At very low
U speeds it gives mild agitation in an unbaffled tank, where as for higher
speeds baffles are necessary. Otherwise, the liguid is swirled around the

U vessel with little mixing.

U Uses : Paddles are used in the manufacture of antacid suspensions (al-
" uminium hydroxide gel and magnesium hydroxide), agar and pectin related
4! purgatives, antidiareohcal mixmurgs such as hismuth-kaotin,
Advantage : Vortex formation is not possible with paddle impellers
il because of low speed mixing,
) Disadvantage : Mixing of the suspension is poor, therefore, baffied
' tanks are required.
) Flow Pattern During Mixing
Liquids are mixed usually by unpejlers, which produce shear forces
U for inducing necessary flow pattern iﬁfthe‘”contair_:er._ Mixing takes place
" due to the'resultant effect of three ¢offiponents acting on the liquid. Thésé
W are radial component, longitudinal component and tangential component
W (Figure 9-20}.

()

3

(a) Tangential or  (b) Radial flow (¢) Axial or longitudinal

circufar flow {top view) flow (side view)
4 .
(top view) Tangentiai flow (circular flow)
Strip of
_~ liguid in
a vessel
Radjial
flow .i',.
or

1

: Shaft axis

p -
Longitudinal flow (axial)

(d) Different componenis of flow at a horizontal

/

Figure 9-20. Diagrammatic representation of a cylindrical tank
with tangential, radial and axial flow. Each diagram represents
one type of flow (a, b, and c). In usual situations, one or more
or a combination of these flow patterns occur simultaneously (d).

Tangential component (or circular) : It acts in a direction tangent
to the circle of rotatien around the impeller shaft (Figure 9-20a). If shaft
is placed vertically and centrally, tangential flow follows a circular path
around the shaft and creates a vortex in the liquid.

Radial component : It acts in a direction vertical to the impeller shaft
(Figure 9-20b). Excessive radial flow takes the material to the container
wall, then material falls to the bottomn and rotate as a rmass beneath the

impeller.

Axial component (or longitudinal or vertical) : It acts in a direction
parallel to the impeller shaft (Figure 9-20¢). Inadequate longitudinal com-
ponent causes the liquid and solid to rotate in layers without mixing. Ad-
equate longitudinal pattern is best used to generate strong vertical currents
particularly when suspending solids are present in a liquid.

A satisfactory flow pattern depends on the correct balancing of these
components. The radial flow gives rise to axial flow by reaction at the wall

- of the tank. The tangential flow. do.not change or maedify into any other

form of mevement. Normally, tangential flow is minimized by placing the
impeller to an off centre position. This configuration destroys the symme-
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try of the mixer or modifies the flow pattern by means of baffles attacheq
to the walls of the tank. These reduce, but do not eliminate the tangential
flow. Baffles do not modify the radial and axial flow.

TABLE $-7
Flow Patterns of Impellers
: Impeller type Flow component j
Propellers axial
Turbines axial or tangential or both
Paddles radial and tangential not axial

Paddles with pitch radial, tangential and axial

These may occur either in single or in various combinations. A satis-
factory flow pattern depends on the balance of the components. The flow
patterns of different impellers are given in Table 9-7. Axial flow designs
produce high pumping flow rates (i.c. turbulence) than the radial flow.

Vortex Formation
A strong circulatory flow pattern sometimes manifests into formation
of a vortex near the impeller shaft (Figure 9-21).

Vortex can be formed when: .

& The shaft is mounted vertically in the centre (J'j
of the tank, i.e. symmetry. Such a mounting
tend to induce tangential flow.

& Blades in the turbines are arranged perpen-
dicular to the central shaft.

2 At high impeller speeds.

4 Inunbaffled tanks.

Disadvantages : Vortex formation reduces the
mixing intensity by reducing the velocity of the im-
pelier relative to the surrounding fluid. When vortex
reaches the impeller, air from surface of the liquid is
drawn. This is an undesirable sitnation, because air bubbles are difficult
to remove. The entrapped air causes oxidation of the substances in certain
cases. The air bubbles in the ffuid can create uneven loading of the impel-
ler blades.

Prevention of vortex formation : Vortex formation can be preventcd
by any one of the following methods (Figure 9-22).

(1) Impeller should be mounted in any one of the positions to avoid
symmetry (Figure 9-22.1). At the same time, it should be deep in the liquid.

Figure 9-21. Vor-
tex formation with a
furbine type impel-
ler (Similar pattern
is observed with
propelier type aiso}.
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When the prope}ler is placed off centrally, a small amount of tangential
flow is induced. This discharge stream will offset the swirl induced by its
rotation (Figure 9-22.1a).

j.\_ similar effect can be observed by placing the propellar in an inclined
position (Figure 9-22.1b).

i  Propeller shaft

7

(a) Off center

(b) Inclined

1. Positions of propellers with flow pattern in a vessel to prevent voriex.

(c) Side entry .

N
. s
»Op
S
(i) Centrally placed propeller (i1) Centrally placed propeller

in a baffled tank, side view in a baffied tank, top view
2, Arrangement of baffles and flow pattern in a vessel to prevent vortex.

O )
i ~
(a) Propeller in an unbafiled tank (b) Turbine in a baffled tank

3. Arrangement of push-pull mechanism with
flow patterns in a tank fo prevent vortex

Figure 9-22. Positions of impellers with flow pattern in a
{ vessel 10 prevent vortex formation and.gas entrapment.

;’q"' In side entering propeller, swirl is seldom a problem. This geometry

4 . . - - .
provides a.bafﬂmg effect and results in circulation of material from the top
to bottom in a vessel (Figure 9-22.1¢). The disadvantage for this position is
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leakage, therefore, the packing round the shaft must be secured. Side entry
is also a source of contamination, which is difficult to clean.

{2) Baffled containers should be used (Figure 9-22.2i). In sucha case,
impeller can be mounted vertically at the center.

(3) Two or more impellers (propeller or turbine, but not paddle) are
mounted on same shaft in a tank where greater depth is desired. This Sys-
tem is known as push-pull mechanism. With such an arrangement each
impeller acts as a separate mixer. Two types of flow are produced from im.
pellers. The bottom impeller is placed about one impeller diameter above
the bottom of the tank (Figure 9-22.32 and b). It creates a zone of high
turbulence.

(4) Tanks other than cylindrical shape are used to prevent vortex for-
mation. However, such shapes may lead to the the formation of dead spots,
Return Flow with Draft Tubes

Draft tubes are placed to control the direction and velocity of the flow
to the impeller.

The return flow to an impeller of any type appreaches from all direc.
tions, because it is not under the control of solid surface. Draft tubes can
contiol it. These are mounted around the propeller {Figure 9-23a). In
case of turbines, draft tubes are mounted immediately above the impeller

(Figure 9-23b).
“ . Baffles ]
ke

YL braft

el
¢ * (il | tube
T )

{a) Propeller {b) Turbine

Figure 9-23. Flow pattern of liquid in a baffled tank with draft tubes.

Uses : Draft tubes are fitted to equipment used in the manufacture of
certain emulsions. When solid particles tend to float on the surface of the
liquid, they are dispersed using draft tubes. Airjet mixers for continuous
mixing of liquids employ draft tubes.

Disadvantage : Draft tubes add to the fluid friction in the system.

_These teduce the rate of flow. 'S¢ Thiesé are used only, when required.

Comment 9-9. Explain the differences among the movements, radiai, axial |
and tangential. i

1
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B LIQUID MIXING EQUIPMENT LLEEEE
The following factors influence the mixing of liquids in tanks. These
also help in selecting the equipment.
(A} Material Related Factors

Properties of liguids : Physical properties of the materials to be mixed.
Examples are density, viscosity (Newtonian and non-Newtonian) and mis-
cibility (intermolecular attractions).

(B) Equipment Related Factors

Shape of the impeller : Straight, vertical, curved or pitched.

Position of the impeller : Central, off-center, side entry, vertical inclined,
ete.

Shape and size of the container : Cylindrical or other geometric forms.
Presence or absence of baffles.

Cost of equipment and its maintenance
(C) Process Related Factors
Speed of rotation of the impeller
Time required for mixing
Amount of power that can be expended
Ease of operation
Batch size

The general mixing apparatus are discussed earlier. These are used
for batch operations, which involve assembling of different parts. 1t is
also possible to develop continuous mixing equipment. Some of them are
discussed below.

Critical Quality Attributes — Liquid Mixing

The CQAs along with process parameters (PPs) are recorded in Figure
9-24. The liquid mixing is considered in the context of production of lig-
uid solutiong. The upstrear Operaﬁon must be the dis‘pensing ('wei'ghi'ng
of raw materials) and the downstream operation is bottling (filling). Thus
in the preparation of liquids, mixing is the only step and it is critical. The
CQAs became critical and should be attained in this step only. The critical
attributes are: assay, viscosity and microbial load.

The process parameters are several and optimization is a laborious
process. Thus liquid mixing is a complex process and always attempted for

a bagoél{ process. The parameters are: impeller speed and. time of mixing.
Thegg are controlled during mixing using standards with limits. The above -

are normally universal parameters, though changes are adopted depending
on the type of mixing system used.
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Process parameters \ ¥

& Tank shape, size i
& Tank jacket temperature,
@ Impeller shape and location, v
@ Homogenization features, //Material attributes
& Product temperature © Appearance

& Homogenization method, o Vi}:::iosity .

% Heating/cooling, 2 Density 4

« Order of addition, & Miscibilit
% Feed speed, components, k iscibitity.

& Impetler speed (rpm), A
& Mixing duration, .
& Power expended far air
5 Envi y Figure 9-25. Vertical tank with centrally locat-
wnwronment {temp and Ry : ed airjet and draft ube. Mechanism of mixing.

Draft tubes serve to confine the expanding bubbles and entrained lig-
_ uids to the central portion. This results in a more efficient lifting action
: by the bubbles. The liquid mixture flows down from the periphery of the

// | Tank

\l/ [~ Draft tubes

Inlet —_—

Manufacturing

Liquid mixing process step

'2 vessel. The overgll (;irculation brings liquids from all parts of the vessel to
Critical quality attributes of output ; the region of the jet ftself. Thus mixing js achieved. p
3 Appearance, ‘ Uses : LiqL}ids o_f.low ‘viscosity, non-foaming, non-reactive with gas
s pH, density, are mixed by using airjet mixer. :
: éfscangs](gPI and preservative, if present}), ; Jet Mixer o
s Particle size distribution (suspension), ! Principle : The liquids to be mixed are pumped separately into 2 jet
Polymorphic form (suspension), i mixer at different velocities. The high velocity fluid has a lower static
Impurities, “ pressure than surrounding liquid (higher static pressure). During mixing,
Microbiat limits. the slow moving liquid will be drawn into the high velocity jet. This in-
Figure 9-24. CQAs and process parameters for liquid creases the volume ofthejet and decrea'ses .VelopiFy, which causes the jet to
mixing in the production of liquid oral preparations. : expand. Thus shear is developed and aids in mixing.
Airjet Mixer Vy’or_king :.The constrpcticm of a J:et mixer is shown in Figure 9-26.
Two liquids are introduced into the mixing tank at different velocities. One ’
Principle : When compressed air jets are passed from the boitom of Nominal bound
a vessel, air bubbles are formed in the liquid phase. The buoyancy of the i of the jet v
bubbles lifts the liquids, which are confined to the central portion due to the Entraining fluid ;
presence of draft tubes. The liquids flow down from the periphery of the Jet diameter g
vessel and enter the bottom due to suction effect. Thus mixing is achieved. [
Working : The assembly of an airjet mixer is shown in Figure 9-25. -j = e

The liguid is placed in the vessel. Draft tubes are placed surrounding air
jet as shown in Figure 0-25. Compressed air or a suitable gas 1s atlowed _
to pass at high pressure from the inlet pro_vide_d at the potFom of the tank. : velocity
This causes buoyancy of the bubbles, which lifts the liquids from bottom distribution

to the top of the vessel. Figure 9-26. Mechanism of mixing in submerged circular jet mixer.

Censtant
velocity core




cccececeecEceEeEEeEEEEEEECE

366 OUOTOCOCOIVOCVNCITIOOVOTOCOICC  PHARMACEUTICAL ENGINEERING

liquid is pumped through a small nozzle at uniform high velogity. The
second liquid enters the tank at a low velocity. The fast moving liquig
impinges on the slow moving liquid at high velocity. As the jet moveg
away from the orifice, the area of its influence decreases. The core of the
jet is surrounded by an expanding turbulent jet, in which the radial velocity
decreases with distance from the center-line of the jet,

When a rapidly moving liquid comes in contact with slow moving (or
almost stationary) liquid, high velocity gradient will be developed at the
boundary. As a result, strong shear stresses exist at the boundary, which
induce mixing in two ways.

(1)} The stresses tear off portions of the fast moving stream and send it
off into the slower moving areas as vortexes or eddies. The shear
stresses tear off eddies and generates considerable turbulence,
which contributes to the mixing action.

{(2) When a slow moving liquid enters the jet, the volume of jet in-
creases and velocity decreases. This decreasing velocity causes
the jet to expand. Thus shear develops which aids in mixing.

Enough time and space must be provided for the stream to blend thor-
oughly into the mass of fluid by the mechanism of entrainment.

Advantage : The power required for pumping is often sufficient to
accomplish the mixing operation.

Flow Mixer or Line Mixer or Pipe Mixer

The constructions of a baffled pipe mixer and a chamber mixer are
shown in Figure 9-27a and b, respectively. Liquids to be mixed are passed
through the pipe. Mixing takes place mainly through bulk transport in the
direction of flow. Placing certain devices, such as vanes, baffles, screws,
grids and a combination of them, enhances the mixing efficiency. Little
additional power supplied to pump the liquid itself accomplishes mixing.

Baffles Pipe

/

ol o~ T T~
IRV
(2)

Feed - —»-(utlet

Feed

(b)
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For an effective mixing, controlling the feed rate is essential. Suitable
metering devices are employed. If input rate is difficult to control and fluc-
tuations in the added proportions of the liquids are unavoidable, continuous
mixing equipment of tank type is preferable, because hold-up of the liquids
and back flow or recirculation is possible.

Uses : When large volume of liquids are to be mixed, flow mixers are used.
(a) Baffled pipe mixer with little back flow.
(b) Chamber mixer with flow induced recirculation and hold up.

Comment 9:i0. Pipe mixergugi:éﬁas:éaufor mixingwcraberation onfynfr_ueorfélrse—
Expiain,

Summary

Liquid-liquid mixing is a simple operation and homogeneous system
can be easily achieved. Agitation induces the motion of liquids in a spec-
ified way. If the nature of liquid (to be mixed) is known, then mixing can
be planned with ease. Liquid mixing promotes the heat transfer, crystalli-
zation, etc. The manufacture of liquid orals and parenterals involves mix-
ing of liquids and solids to obtain solutions. The mechanisms of mixing
are bulk transport, turbulent mixing, laminar mixing and molecular diffu-
sion. Among these, bulk transport and turbulent mixing are the frequently
operating mechanisms. Simultaneously more than one mechanism may
operate. The mixing apparatus consists of a container (tank) and a mix-
ing device. These are assembled for obtaining mixing. Variations in the
designs of containers are observed, such as jacketed and container with
baffles. The mixing devices are: propellers, turbines, paddles, etc. These
give different flow movement such as tangential, radial and axial. Mixing
involves combination movements. The flow patterns sometimes manifest
into formation of vortex near the impeller shaft. The remedial measures are
taken into prevent the formation of vortex. The equipment used for mixing
of the liguids include, airjet mixer, jet mixer and flow mixer. Airjet mixer
is batch type, while the latter two are continuous mixecs.

QUESTION BANK
Each question carries one mark
Note : Encircle the alphabet which corresponds to the single best response.
1. When paddle is used for mixing of liquids, the flow pattern of a fluid is:
A, axial and tangential B. axial or tangential
. C. radial and tangential D. radial or tangemi;-'a'l
2. Which of these is NOT a mechanism for liquid mixingﬂ! T
A. Bulk transport mixing B. Laminar mixing

C. Shear mixing D. Turbulent mixing
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3. Which is the example of solid-liquid mixing?
A. Aluminum hydroxide gel B. B. complex elixir
C. Cod liver oil emulsion D. Ephedrine syrup
4. Baffles are fixed to the mixing vessel in order to promote:
A. Bulk transpott mixing B. Laminar mixing
C. Shear mixing D. Turbulent mixing
Which one of the following mixing elements is used for mixing of solidg
in liquids (suspension}?
A. Anchor B. Paddle
) D. Twrbine mixer

Lh

C. Propeller mixer

Each question carries 2 marks
1. Classy liquids based on their miscibility. Give one example in each case.

2. Enumerate the applications of liquid mixing.

3. Describe the mechanisms of liquid mixing

4. Tow are pipe mixers advantageous in liquid mixing?

5. What is meant by vortex? How is it prevented?

6. List the different impellers and indicate their flow pattern.

Each guestion carries 5 marks
1. Give the characteristics of a mixing impeller.
2 Describe the construction and working of agitator mixer with a suitable
diagram.

3. Describe the turbine mixer with flow pattern.

4. Suggest a suitable mixer and its operation for mixing of viscous liquids.

5. Draw a neat-labeled diagram of mixing tank with accessories for efficient
liquid mixing. _

6. Describe the principle, working and advantages of a jet mixer.

7. What are flow components for liquids? Explain their role during mixing.

8  What are the reasons for vortex formation? What are the drawhacks of
vortex? Suggest remedial measures for the preventing vortex formation.

9. Describe the liquid mixing step with critical quality attributes and process
parameters.
Each question carries 10 marks
I. Describe the devices used for liquid mixing.
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 Section II—MIXING OF IMMISCIBLE LIQUIDS
Equipment

7 ' LEARNING OBJECTIVES

After reading this chapter, the reader should be able to:
& Describe the designs of industrial scale equipment for mixing of immiscible
liquids along with working and uses.

2 ':}Z'",:;é:
Mixing of immiscible liquids is carried in pharmacy mainly in the manu-
facturing of emulsions. Along with immiscible liquids, surfactants (emul-
sifier) are added for producing of emulsions of adequate stability. Stabi-
rizers are added further to increase the viscosity, so that stability is further
increased. These components are added to the individual liquids based on
their solubility. Such liquids are thoroughly sheared to obtain the desired
(particle size) emulsion. The equipment used for the preparation of an
cmulsion is known as emulsifier. Generally a fine emulsion can.be ob-
snined and, therefore, equipment is also known as fhomogenizer.
Fine emulsion is prepared in two stages. In the first siage, coarse
emulsion is prepared by using one of the following.
@ wedge wood % porcelain mortar and pestle
@ mechanical blender ® milk-shake -mixer
# hand homogenizer % propeller in a baffled tank.
The equipment can be applicable to scaled up production size batches.
The variables in the production are:
+ Formulation type
% Equipment type
« Method of addition
The critical parameter for the emulsion process 1s the temperature.
% It is required to melt/dissolve the solids into liquid phase.
@ Temperature is also a key during emulsification/dispersion
% Cooling is attempted to bring the temperature of emulsion to the
ambient condition.

If no previous experience is available, then the following sequence of
steps is used. .
1. Melt all solid compenents of oil phase at 70 °C.
2. Bring the aqueous phase to 70 °C.
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o) 3. Maintaining at 70 °C through the dispersion step (shearing).

4. Cool to 40 °C slowly and packing.
O The jacketed kettle is used for mixing and steam is used as the heatin
s medium. If the viscosity of the emulsion is over 10,000 cps, scarped-syy.
" face agitator is desirable, in order to remove the liquid that may become too
hot or cold. Designs are available that combine these mixers with g high
shear rotor/stator mixer. This enables a single vessel to work within the
entire viscosity range.

Uy

Sometimes, the above equipment directly gives fine emulsion. Other.
{|l; wise, coarse emulsion is subjected to homogenization in the second st

to get fine emulsion by using one of the following. e

(s # Silverson emulsifier
% Colloid mill
¢ # Rapisonic homogenizer
1 Hence, these equipment are also known as homogenizers.
| & EQUIPMENT

b Factors Influencing the Selection of an Emulsifier
i Quantity of emulsion to be prepared : Batch wise or continuous

operation.

W Flow properties of liquids : Newtonian, plastic, pseudoplastic or dilatant.

- Temperature maintenance : Mixing will be effective at high tem-
¥ peratures provided the material is stable.

1 Desired rate of cooling : If elevated temperatures are applied.

Wy ) . ) :
Some equipment used for the preparation of emulsions are described
(|| below. '
_ Silverson Mixer—Emulsifier

-/ Principle : Silverson mixer-emulsifier produces intense shearing force
1 and turbulence by the use of high-speed rotors. This turbulence causes the
L*J-""’liquids to pass through fine interstices formed by closely placed perforated
ip,metal sheets. Circulation of material takes place through the head by the
W suction produced in the inlet at the bottom of the head. Circulation of
1, the material ensures rapid breakdown of the dispersed liquid into smaller
W globules.

b Construction : The construction of a Silverson emulsifier is shown
in the Figure 9-28. [t consists of long supporting columns connected to a

([[ymotor which give support to thehead. The central portion contains a shaft,
one end of which is connecteq fo the motor and the other-end is-connected

QDtO the head. The head carries turbine blades. The blades are surrounded by
a mesh, which is further enclosed by a cover having openings.

D
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Central —" H

rotating T Turbine blade

shaf

Xy Circular mesh
h?nﬂzo"%" ul

1t —~Shaft,

Perforations Circular

covering
of the head

Immiscible
liguids

tﬁj\ Emulsifying
head
Figure 9-28. Silverson emulsifier.

Working : The emulsifier head is placed in the vessel containing im-
miscible liquids (or coarse emulsion) in such a way that it should get ¢om-
pletely dipped in the liquid. When the motor is started, the central rotating
shaft rotates the head, which in turn rotates turbine blades at a very high
speed. This creates a pressure difference. As a result, liquids are sucked
into the head from the center of the base and subjected to intense mixing
action. Centrifugal forces expel the contents of the head with great force
through the mesh and onto the cover (Figure 9-28b). As a result a fine
enmision emerges through the openings of the outer cover. The intake
and expulsion of the mixture set up a pattern of circulation to ensure rapid
breakdown of the bigger globules into smaller globules.

Uses : Silverson mixer is used for the preparation of emulsions and
creams of fine particle size. ' ‘
Advantages : (1) Silverson mixer is availahlg in different sizes 10 hane
dle the liquids ranging from a few millilitres to several thousand liires,
(2} It can be used for batch operations. It is also used for continuous
operation by incorporating into a pipeline, through which the im-
miscible liquids flow.

Disadvantage : Occasionally, there is a chance of clogging of pores
of the mesh.

Cotloid Mill ,

Principle : Colloid mill is based on the principle that the coarse emul- -
sion is intensely sheared in a narrow space between the fast maving rotor
and stator for a short period to get a very fine emulsion.
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Colloid mill is a mixer as well as milling equipment because size rg.
duction is also simultancously involved. The construction, working, ad.-
vantages and disadvantages are discussed in the Chapter 3, Size Reduction

Ultrascnic Emulsifiers—Rapisonic Homogenizer

Principle : When a liquid is
subjected to ultrasonic vibrations,
alternate regions of compression
and rarefaction are produced in
the liquid. Cavities are formed
in the regions of rarefaction,
which subsequently collapse in
the regions of compression. This
results in the generation of great
forces for emulsification.

Pump\

Jet of

Coustruction The con-
struction of a Rapisonic homog-
enizer is shown in Figure 9-29.
It consists of a pump driven by
a motor. It is connected with an
inlet tube and outlet tube for the
discharge of a fine emulsion. The
homogenizer head consists of a
flat jet for liquid inlet. Facing the
jet, a thin blade is present with edges facing each other, This blade vibrates
at its natural frequency of about 30 kilohertz.

Vibrating
btade

Immiscible
liguids

Figure 9-29. Rapisonic homogenizer,

Working : Coarse emulsion is pumped into Rapisonic homogenizer
through one end of a tube. A powerful stream of liquid is forced through
the jet. Liquid impinges on the blade causing it to vibrate. The streaming
liquid deflects on either side alternatively with the result that osciilations
above the sonic range are produced in the liquid. During this process, the
emulsion experiences alternate regions of compression and rarefaction. In
the regions of rarefaction, cavities are formed. Because of external pres-
sure, the cavities collapse violently afterwards. Thus sufficient turbulence
is created which is capable of causing dispersion of phases. Thus a coarse
emulsion is converied into a fine emuision.

Advantages:

(1) Rapisonic homogenizer can be used either for batch process by
placing it in a tank or for continuous process by keeping ina pipe-
line. In a pipeline, the time of exposure is less for a given sample
of liguid in one pass. So, mixing may be incomplete. To ensure
complete mixing, liquids must be recirculated.
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(2) It has the capacity to produce dispersed globules of one micron size.

(3) As this method is highly efficient to decrease globule size, re-
duced concentration of emulgents is sufficient.

(4) Its capacity of mixing liquids ranges from 20 to 500 L/min.

(5) In Rapisonic homogenizer, heat is not generated during mixing
unlikke colloid mill. Hence this is suitable for thermolabile sub-
stances.

Disadvantage : Rapisonic homogenizer is useful only with liguids of
low viscosity.

sSummary

The mixing of immiscible liquids involves two steps: formation of
coarse emulsion initially and formation of fine emulsion finally. Each step
requires separate equipment. The general terms, emulsifier or homogeniz-
ers, are used for the mixing of immiscible liquids. The formation of fine
emulsions is obtained using Silverson mixer-emulsifier, colloid mill and
ultrasonic homogenizer. Silverson emulsifier consists of high speed rotors
which produce intense shearing force and turbulence. Further liquids pass’
through fine interstices formed by closely placed perforated metal sheets.
Circulation of the material repeatedly ensures rapid breakdown of the dis-
persed liquid into smaller globules. Silverson mixer is used for the prepa-
ration of creams and emulsions. In ultrasonic emulsifier, ultrasonic vibra-
tions are created, i.¢. alternate regions of compression and rarefaction in
the liquid. Cavities subsequently collapse into the regions of compression.
This resulis in the generation of greater forces for emulsification. Thus fine
emulsions can be achieved.
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Sectmn IV_MIXING OF SEMISOLIDS ™™
E:ijuipmént
AT LEARNING OBJECTIVES P

After reading this chapter, the reader should be able to:

3 Describe the designs of industral scale equipment for mixing of semi-
N SOlldS along with working and uses.

I I
u B A £ Ny

&‘t&ww:m

Semisolid dosage forms include ointments, pastes, creams and jellies.
While mixing such dosage forms, the material must be brought to the ag-
itator or the agitator must move the material throughout the mixer. The
mixing action includes combination of low speed shear, smearing, wiping,
folding, stretching and compressing. A large amount of mechanical energy
is applied to the material by moving parts. Sometimes, a part of the sup-
plied energy appears as heat. The forces required for efficient mixing are
high and consumption of power is alsc high. Hence, the equ_ipmeut must be
riggedly constructed to tolerate these forces. Mixing equipment are also
used for preparing tooth-pastes, pill masses and wet mass for granulation,

Some semisolids exhibit dilatant property, i.e. viscosity increases with
increase in shear rates. Therefore, mixing must be done at lower speeds.
The speed must be changed accordingly to thixotropic, plastic and pseuda-
plastic materials.

Anchor Agitator {mixer)

Anchor mixer is an agitator (mixing device) which has anchor shape
{Figure 9-30a). The agitator moves slowly and preduces low c_apability.
It is useful for dispersion and emulsification without over shearing, aera-
tion and heat transfer problems. The anchor agitator works up ta 50 rpm
and the sole function is to rotate the contents in a radial direction without

i

s/

(a@) Anchor agitator.

- {c). Counter rotation ‘
agitator.

‘ (b) Scrapéd -surface
agitator,

Figure 8-30. Mixing devices for semisolid preparations.
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producmg any significant shear. It functions at variable speeds. When the
anchor agitator is built very close to the walls of the vessel, they are known
as swept-surface agitator (Figure 9-30b).

scraped-Surface Agitator

Flexible or movable blades are attached to the anchor, which is known
as scraped-surface agitator. The flat blades are made of plastic, nylon and
Teflon. The blades actuaily contact the inner walls of the vessel and scrap
the liquid. This type has a distinct advantage High viscosity materials do
not flow away from the surface of the mixing vessel, unless the agitator is
close pr ox1r11ty to the wall. The foIlowmg procedurp 1s adopted for semi-
solid mixing.

@ Initially heat is supplied to the mixing vessel for maintaining at 40
and 80 °C.

# In the heat transfer process, the temperature at the sidewail is
higher than the desired temperature in the batch (bulk). The pro-
longed higher temperature may have deleterious effects:

— the drug may get decomposed

— the excipients may get decomposed.

— the product may actually stick to the side may burn at hlgh
heat.

% After mixing, the batch of immiscible liquids or semisolids is
brought to the lower temperature. This also has disadvantages.

& The viscosity of the layer on the sidewall becomes high and virtu-
ally it is difficult to remove the liquid.

@ The layer on the sidewall acts as an insulator, thereby reduces the
effective heat transfer. Once this condition occurs, it is difficuit to
reverse.

Normally the layer of liquid residing on the wall for longer periods
became too hot or too cold. This causes the problem of bust on or fiveze

on. This pl‘(’lblém ¢an be avorded by et'nptying scrapec{—surface agitation.
Several designs of scraper blades are available.

1. Blades are arranged in rows.

2. Biades are fixed on both sides of an anchor.

3. Blades overlap making the anchor to complete revelution.

4

Blades are allowed to revolve in opposite directions. This pre-
vents the buildup of product on the following edge

Springs are included so as tg force the blade againsi the wall.

Liquid is forced to flow onto the blade to bring it close to the wall
by a suitable design.
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Counter-Rotation Agitator
The counter-rotating agitator consists of a set of cross-bars that pro
vide excellent blending. (Figure 9-30c).

1. Designs use the same motor, but turn on a pinion gears betweey,
two opposing bevel gears to provide rotation in opposite direc.
tions.

2. Designs have separate motors and their driving shafts, proving
greater degree of flexibility.

A hallow shaft drive the anchor agitator and an additional shaft focateq
inside the hallow shaft drives the inner cross bars.

SOUSEOSE EQUIPMENT EUTER
Classification of Equipment
Agitator mixers : Examples are sigma mixer and planetary mixer.
Shear mixers : Examples are triple roller mill and colloidal mill.

Sigma blade mixer and planetary mixer are described in the solid-solid
mixing. Colloidal mill is discussed in the Chapter 3 “Size Reduction’. Tri-
ple roller mill is discussed here. :

Selection of Mixing Equipment for Semisolids
(1) Physical properties of the materials - density, viscosity and misci-
bility.

(2) Economic considerations regarding processing - time required for

mixing and power consumption.
(3) The cost of equipment and its maintenance.

Critical Quality Attributes - Semisolid Mixing

The CQAs, process parameters (PPs) and material attributes (MAs) are
recorded in Figure 9-31. The semisolid mixing is considered in the context
of production of ointments and pastes. The upsiream operation must be the
solubilization of ingredients into individual phases and the downstream op-
eration is the packing into a suitable containers. Thus, semnisolid mixing is
the only step that imparts the desired quality attributes (Figure 9-3 1). The
critical attributes are; assay, viscoclasticity and particle size distribution.
Among these critical quality attributes, a few may be high risk or interme-
diate or low risk. Accordingly the high risk attributes are incorporated in

the rsk management avstems and controlled strategy is applied.

The process parameters are several and optimization is a faborious
process. Thus semisolid mixing is a complex process and always attempt-
ed for batch process. The parameters are: rate of shearing, temperature
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srogran, using mixing duration, etc. These are controlled during mixing
1 standards with limits. The above are normally universal parameters,
(hough changes are based on possible on the type of mixing system used.

/ Process parameters \

% Tank type, tank size,
w Tank jacket temperature,

# Homogenization method, ¥

2 Product temperature, - N

& Order of addition, Material attributes
w Impeller and location, @ Appearance,

2 Viscosity,
@ Density,

2 Viscosity,
@ Miscibility,

# Heating/cooling program,
w Feed speed,

& Rate of shearing (speed),
& Mixing duration, Y
# De-aeration,

# Power consumption,

KEnvironment (temp and RW

Semisolid mixing

Manufacturing
process step '

Critical quality attributes of output
# Appearance, pH, density,

Assay {(API and preservative, if present),
Viscosity,

Particle size and its distribution,
Polymorphic form,

Impurities,

Microbial limits.

[O

G o8 %

Figure 8-31. CQAs and process parameters for semisolid mixing in the production.

Triple Rolier Mill

Principle : The differential speed and the narrow space between the
rollers develop high shear over the material. This shear causes crushing of
aggregates, particles and also distributes the drug uniformly through out
the semisolid base.

Construction : The construction of a triple roller mill is shown in Fig-
ure 9-32. 1t consists of three parallel rollers of equal diameters. These are
made up of hard abrasion resistant materia!,d’c.!)rmally stainless steel. The
rollers are mounted in a rigid framework Wdfizontally.” The pressure and
gap between the rollers are independently adjustable. A hopper is arranged
between the first two rollers. A scrapper is aitached to the last roller.
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S Eeed)Hopper
- A \ X Discharge

Low Medium High I ¥ |
speed speed speed
Figure 9-32. Triple roller mill.

Working : The gap between the last two rollers is adjusted to be legg
than the gap between the first two rollers. The rollers are rotated at differ.
ent speeds. In practice, the first roller (receiving-roller) rotates at a s}owa
speed compared to the second roller. Similarly second roller speed is less
than that of third roller (discharge roller).

The feed is passed through the gap between the first and second rollers,
The aggregates and particles are crushed and then abraded by the rubbing
action of the rollers, which is developed due to different speeds of rota-
tion. A film of appreciable thickness of the feed is produced. The materia)
passes from slow rotating to fast rotating roller. Between second and third
roller, the gap is small and produces a thinner film of feed. The speed of
the third roller is increased to compensate the reduction of cross sectional
area. In the thinning film, more crushing and more abrasion are developed.

Finally the scrapper removes the material completely from the last
roller which can be collected immediately into the receiver or transported
through a suitable conveyor.

Advantage : Triple roller mill is suitable for continuous processes.
Extremely uniform dispersion is obtained.

Summary

The manufacture of ointments, pastes, creams and jellies involves the
mixing of solids, liquids and semisolid ingredients. The mass.is }llighlyQ
viscous and mixing is a difficult task and ofien includes a comblnanon} of
low speed shear, smearing, wiping, folding, stretching and compression.
In most of the situations, heat is supplied, so that mixing is facilitated in
the molten state. Triple roller mill consists of three rollers, which rotate
in different speeds, different temperatures, at different directions and the
clearance between the rollers is narrow. This arrangement causes shear
which crushes the drug uniformity throughout the semisolid base.
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QUESTION BANK
Each guestion carries one mark
Note : Encircle the alphabet which corresponds to the single best response,
1. ‘Which one of these is NOT a factor influencing the selection of a emulsifier?
A. Conductivity of liquids
B. Quantity of emulsion to be prepared
C. Rheological properties of liquids
D. Temperature maintenance
2. Select one of these as a suitable mixing elemeant for emulsification.

A. Marine type propeller B. Paddles
C. Simple propeller D. Turbines
3. Silverson mixer is preferentially used for the preparation oft
A. elixir B. emulsion
C. mouth wash D. syrup

4. Mixing must be done at lower speed for semisolids, as some of them may
exhibit one of the following rheological behaviour,

A. Dilatant flow B. Plastic flow
C. Pseudoplastic flow D. Thixotropy
5. Rapisonic homogeniser is usefitl only with liguids of:
A. high viscosity
C. low viscosity

B. intermediate viscosity
D. very high viscosity
6. The mechanism of mixing in Silverson mixer is:
A. Convective mixing B. Laminar mixing
C. Molecular diffusion D. Turbulent mixing
7. Mixing of semisolids is carried out using one of the following equipraent.
A. Double cone mixer B. Fluidised bed mixer
C. Planetary mixer D. Cube mixer
8. Identify the statement NOT applicable to colioid mill.
A. Colloid mill is not used for sterile products
B. Colloid mill is not used to process dry materials
C. Raise of the temperature can be reduced by cold water jacket
-D. Rotor and stator may be smooth surfaced or rough surfaced
9. Which of the following mixers has shearing as a mechanism of mixing?
A. Planetary mixer B. Propeller mixer
: D. Triplgﬁuer mill 7
10.  Which one of the following mills generates hgat during mixing?
A. Colloid mill
C. Silverson mixer

C. Sigma mixer

B. Rapisonic homogenizer
D. Triple roller mill
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4. Describe the event ‘burn” on or ‘freeze’ on with relevant reasons for the

Which one of the following is considered as critical guality attribute f{)r
same.

the product outcome from mixing of immiscible liquids?

A. Assay B. Particle size distribution

C. Viscosity D. Water washability

Which of the following is NOT used for mixing immiscible liquids?

A. Colleid mill B. Rapisonic homogenizer

C. Silverson mixer D. Triple roller mitl

Silverson entulsifier shears the material through one of the following ac.
tions?

A Centrifugal B. Suction

C. Turbine D. Ultrasonic vibrations

Which one of the following is NOT a suitable equipment for mixing of
semisolids?

A. Colloid mill B. Hammer mill

C. Roller mill D. Sigma mixer

Which one of the following sets is closely related to mixing of semisol-
ids?

A. Buik transport, turbulent mixing, taminar mixing and moelecular diffusion
B. Conveciive mixing, shear mixing, diffusive mixing and micro-mixing

Each question cayries 5 marks

1. Describe the construction and working of the Silverson emulsifier with
the help of a neat diagram.

Describe the construction and working of the rapisonic homogenizer.

LRI

}i\{rite the principle of a mixer suitable for mixing of solids and semisol-
ids.

4. Describe the semisolid mixing process step with critical quality attributes
and process parameters.

3. Explgip the z.advantages aud disadvantages of anchor blade in the semisol-
1d mixing with relevant modifications.

6. Expl_ain the; gemisolid mixing in terms of process parameters and critical
quality attributes.

C. Newtonian, plastic, compression and rarefaction
D. Smearing, folding, stretching and compressing e
Identify WRONG feature of a roller mill. 1
A. Gap between first two rollers is less than the last two rollers
B. Rollers are rotated at different speeds

C. Rollers are made of a hard abrasion-resistant material

B !

D. Scrapper is placed close to the last voller

Planetary mixer is used for mixing of one of the following systems?
A. Immiscibie liquids B. Miscible liquids

C. Semi-solids D. Solid-gas

Identify the WRONG disadvantage of semisolids mixing eqmpmcnr
A. Dead spots are formed in ribbon blender

B. Planetary mixer is for batch operation

C'. Sigma mixer works at a fixed speed

D. Triple roller mili is not used for continuous process

Sl AR RS T,
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Suggest, § \milila’bh, mixing equipment for semisolids.

List théfactors influencing the selection of an emuldsifier.

Describe the differences in mixing of immiscibie liquids and semisolid
liquids.
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Mechanisms of Filtrattion

Theories of Filtration

Factors Influencing Filtration

Filter Media and Filter Aids
Classification of Filiration Equipment
Laboratory Scale Filtration — Methods
industrial Equipment

Selection of Filtration Equipment
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LEARNING OBJECTIVES

‘- After reading this chapter, the reader should be able to:

% Understand the process of filtration with relevant mechanisms of sep-
aration and applications, 3

& Explain the theories of filtration illustrating the principles for developing
the equations.

& Review the factors influencing the filtration including filter aids and filter
media for applications in the production.

% Highlight the classification of filtration equipment.

@

@

i

Describe the principle, construction, working and uses of different types
of equipment. E

Select filtration equipment for obtaining desirable product.
Filtration may be defined as a process of separation of solids from a fluid
(liquid or gas) by passing the same through a porous medium that retains
the solids, but allows the fluid to pass through.

The suspension to be filtered is known as sfurry. The porous medium
used to retain the solids is known as filter medium. The accumulated sol-
ids on the fiiter are referred to as filter cake, while the clear liquid passing
through the filter is filtrate.

- Process of Filtra&i’-z;n e . : S :
PR - . P . . .- . . . N . .
A typical ﬁltrﬁgion .operation is shown in Figure 10-1. " The pores.of ~

the filter medium are smaller than the size of particles to be separated.
Filter medium (e.g. filter paper or muslin cloth) is placed on a support (a
382
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Upstream

Feled

Slurry ——

Fi ltrate\b Downstream

Figure 10-1. Principle of filtration.

mesh). When slurry (feed) is passed over the filter medium, the fluid flows
throu_gh }he ﬁ?ter medlum by virtue of a pressure difference across the filter
Gravity 1s acting on the liquid column. Therefore, solids are trapped on the
surface of the filter medium.

Once the preliminary layer of particles is deposited, further filtration
is brought about wherein the filter medium serves onrly as a support. , The
filter will work efficiently only after an initial deposit. In an industrial
scal_e, large quantities of suspensions are mechanically handled. After a
particular point of time, the resistance offered by the filter cake is so high
that virtually filtration is stopped. For this reason, a positive pressure is ap-
plied on the filter cake (upstream) or negative pressure (suction) is applied
below the filter medium (downstream).

Clarification

- Clarification is a separation process of solid from the lignid, when
solids are present in very low concentration, i.e. not exceeding 1 % w/v

i Clayiﬁcation is generally employed when contaminating material is
finely divided, amorphous or colloidal in nature. The solids tend to piug
the filter medium. In such cases, filter aids are wsed, Sevoral omher Progessn
es havu}g similar mechanism are: discolouration, decantation, collation,
expression, ete. Clarification of solutions is intended to-
#* El.iminate unwanted solids (contarninants) present in small quan-
fities.
& Removal of foreign organic particles (size < 0.3 um) for parenter-
- al use,
% Removal of microorganisms from solutions to prepare sterile
- products, o ’
¢ Remove bioburden from the effluents. -

~ For clarification thick media is used for separation. Pore size is an
mportanft parameter. ;




384 OO‘)OOOOOO{)OOOOOO«'X)(X}OOOOW PHARMACEUTICAL ENGINEER|NG

Applications

Production of sterile products : Air is filtered through HEPA filters
(high efficiency particulate air filters) or 1aminar air—beqch to obtain sterjle
air, which maintains good environment prior to and during manufacture of
sterile products.

A solution is passed through a bacteria proof filter in order to ob-
tain sterile solution, particularly when heat sterilisation is not suitable og
account of thermolabile nature of the contents. In case of sterile prod-
ucts, particles as small as 0.2 um should be removed, which includes the
bio-burden of fungi, bacteria, etc.

Sirnilar facilities are required for the production of antibiotics by fer-
mentation, recombinant technologies of biological products and vaccines.

FProduction of bulk druags : Solids of intermediates and finished prod-
ucts are separated from the reaction mixture by filtration technique. By this
method, impurities can be removed.

Production of liquid oral formulatiens : Filtration is an essential
step in the production of liguid oral solutions for obtaining clear solutions
(clarification).

(a) Dewaxing of oils. Waxes are removed from oil b.y ﬁl‘tration under

reduced temperature as an atiemnpt for decontamimation.

(b) Removing suspended oils from aqueous solutions. E.g. aromatic

waters, syrups, elixirs, eye drops, etc.

(c) Removir.lg of undesirable solids, which il}te.rtjere with the trans-

parency of the liquids. E.g. honey and fruit juices.

(d) Clarifying the potable water.

Effiuent and waste water treatment : Waste solids must be separated
from the waste liquid prios to its disposal. Sometimes, the soluble compo-
nents are precipitated and then separated by filtration.

" Comment 10-1. Ciarification is Faster for given nature of feed. Explain.
i MECHANISMS OF FILTRATION i

The mechanism whereby particles are retained by a filter is significant
only in the initial stages of filtration. Some of the mechanisms are:

Straining : Similar to sieving, i.e. the particles of larger size cannot
L} L]
pass through the smaller pore size of the filter medium. |

W 4
Impingement : Solids having the momentum move along the paﬂ‘{; of
streamline flow and strike (impinge) the filter medium. Thus, the solids are
retained on the filter medium,

[P SR
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Entanglement ; Particles become entwined (entangled) in the mass of
fibres (of cloth with a fine hairy surface or porous felt) due to smaller size
of particles than the pore size. Thus the solids are retained within the filter
medium.

Attractive forces : Solids are retained on the filter mediwm as a result
of attractive forces between particles and filter medium, as in case of elec-
trostatic precipitation.

In practice, filtration may combine various mechanisms.

Types of Filtration
Based on the mechanism, two types of filtration are broadly identified.

Surface filtration (Screen filtration) : It is a screening action by
which pores or holes of the medium prevent the passage of solids.

The mechanisms, straining and impingement are responsible for sur-
face filtration. For this purpose, plates with holes or woven sieves are used
(Figure 10-2). Iis efficiency is defined in terms of mean or maximum pore size.

Depth filtration : In this process, slurry peﬁetra'tes to a point where
the diameter of solid particles is greater than that of the tortuous void or
chammel.

Depth filtration is aided by the mechanism entanglement. The con-
taminants move through the fibre matrix and eventually will collide with
fibres and separate from the medium. The solids are retained with a gradi-
ent density structure by physical restriction or by adsorption properties of
the medium {Figure 10-2). It is extensively used for the removal of small
amounts of contaminants from relatively large volumes of liquids (clarifi-
cation). These are also used for prefiltering pharmaceutical solutions, e.g.
ceramic filters and sintered (bed) filters.

Particles
Screen

\ O S 8 Q &> Screen filter with direct
:%Ell:l:%:%:‘ passage of the carrier

molecules

ago(op0owSa  Depth filter : Greater

%% %%%%%% thickness and more

(gﬁo% W, e RCOGB|ag tortuous liquid pathway
Figure 10-2. Types of filiration.

Depth filtration promotes high dirt-load capacity of contaminants.
Depth filters are utilized for coarse particle removal, polishing the filtrate.
The particles retained are a few hundred times smaller than the dimensions
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&

| of the passage through the medium. Such filters are not absolute and neeq
||, to be designed specially for an absolute particle diameter, closely related to

the pore size, so that sharp division between particles which pass the filtey

1t and those that are retained can be defined.

A special case of depth filtration is the sheet filtration, in which the
{[slurry is passed through a series of pads mounted endwise to the flow of

1

{{) ded in cellulose.
qr The differences between surface and depth filtrations are given ip
U Table 10-1.

&

fluids. The pads commonly consist of a mixture of asbestos fibres embed-

TABLE 10-1
Differences Between Surface and Depth Filération

Wt  Surface filtration

Depth filtration _ w—i

The size of the particles retained is
slightly higher than the mean pore size
of the medium.

The size of the particles retained is
much smaller than the pores through
which fluid passes.

Mechanical strength of the filter medi-
um is less, unless it is made of stain-
less steel.

Mechanical strength is high.

It has low capacity.

It has high capacity.

The size of the particles retained is
more predictable.

‘The size of the particles retained is

less predictable.

Fquipment is expensive because it
should tequire ancillary equipment ; Cheaper because ancillary equipment
such as edge clamps, which should | is not required.

have much finer tolerances.

S

. Examples are ceramic filters and sin-
Example is cellulose membrane filter. tered (bed) filters.

10

JJ

Cake filtration : This filter consists of a coarse woven cloth through

|y which a concentrated suspension of rigid particles is passed so that they
bridge the holes and form a bed.

o The concentration of suspended solids is usually 3 to 20 %. The cloth
|, Or septum is only a support and actual filtration takes place by the solids
L/ deposited as a cake. In cake filtration, filter aids arc added to the slury
.1, and allowed to pass through the filter bed. These solids are responsible
i for the formation of cake. These penetrate the septum (pores of medium)
and form an effective cake. This requires a certain time, until which the

‘ ““-) initial filtrate would be cloudy and iience is recycled for effective filtratione £
.. The physical properties of cake (filter aids) decides the efféctiveness dff

b filtration. In cake filtration, washing and partial drying or dewatering often
.. are integral parts of the processes. The solids, the filtrate or both may be

@
W
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wanted. The cloth may be ineffective when the holes are likely to be much
larger than the particles to be removed. The particles will be held back,
while ligquid passes through the small interstices. E.g. filter cake made
from diatomite (100 pm). This cake can remove submicrometer colloidal
particles with high efficiency.

e s THEORIES OF FILTRATION i Hi

£nenie

The theories of filtration are essentially related to two aspects namely:

# Flow of liquid through a porous media — cake filtration and clari-
fication.
% Retaining solids — clarification, depth filter.

The flow of a liquid through a filter follows the basic rules that govern
the flow of any liquid through the medium offering resistance. The rate of
flow may be expressed as:

_ driving force

Rate = ————
resistance ( I)

The rate of filtration may be expressed as volume (litres) per unit time
{dv/dt). The driving force is the pressure differential between the upstream
and downstream of the filter. The resistance is not constant. It increases
with an increase in the deposition of solids on the filter medium. Therefore
filtration is not a steady state.

The rate of flow will be greatest at the beginning of the filtration pro-
cess, since the resistarice is minimum. Once the filter cake is formed, its
surface acts as filter medium and solids continuously deposit adding to the
thickness of the cake. The resistance to flow is related to several factors
(Figure 10-3).

Resistance to _ pressure upstream - pressure downstream
movement length of capillaries

-(2)
Surface area

Power or granule bed visualized
as a bundle of capillaries

Upstream
pressure, P,

Downstream
pressure, P,

- L o-
Velocity Flow rate : m3/unit time
Figure 10-3. Filtration process-parameters.
Poiseuille’s Equation =~ - . .. . . -
Poiseuille considered that filtration is similar to the streamline flow of
a liguid under pressure through capillaries. Poiseuille’s equation is:
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AP
V= _8L1'| (3
where F = rate of flow, i.e. volume of liguid flowing in vnit time,
m/s (1/s)
AP = pressure difference across the filter, Pa
+ = radius of the capillary in the filter bed, m
L = thickness of the filter cake (capillary length), m

1 = viscosity of the filtrate, Pa's

If the cake is composed of a bulky mass of particles and the liquid
flows through the interstices (comrespond to a multiplicity of capillary
tubes), then the flow of liquids through these may be expressed by Poi-
seuille’s equation.

Darcy’s Equation

Darcy’s law assumes that the capillaries found in the filter are highly
irregular and nonuniform. Therefore, if the length of a capillary is taken
as the thickness of the bed, a correction factor for radius is applied so that
the rate equation is closely approximated and simplified. The factors in-
fluencing the rate of filtration has been incorporated into an equation by
Darcy, whicl is:

V KAAP 4
L ( )
where K = permeability coefficient of the cake, m?
A = surface area of the porous bed (filter medium), m?®

Other terms are same as shown in equation (3). The term K depends
on the characteristics of the cake, such as porosity, specific surface area and
compressibility.

Permeabilirv may be defined quantitatively as the flow rate of a liquid
of’ unit viscosity across a unit area of cake having unit thickness under a
pressure gradient of unity.

This medel relates not only to filter beds or cakes but also applies to
other types of depth filter. Equation (4) is valid for liquids fiowing through
sand, glass beads and various porous media. Darcy’s equation is further
modified by including characteristics of K by Kozeny-Carman.

Kozeny-Carman Equation

Poiseuille’s equation is made applicable to porous bed, based on a
capillary type structure by including additional parameters. The resultant
equation for filtration is Kozeny-Carman equation.

P R AN
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A AP &
ns? KL (1-g)?
= porosity of the cake (bed)
specific surface area of the particles comprising the cale,
m2/m?

K = Kozeny constant

..(5)

where &
S

Other terms are same as shown in equations (3) and (4). The Kozeny
constant is usually taken as 5. The effect of compressibility of the cake
on flow rate can be appreciated from equation (1), since the flow rate is
proportional to £3/(1-€)*. A 10 % change in porosity can produce almost
3-fold change in V.

Limitations of Kozeny Carman equation : Kozeny Carman equation
does not take into account of the tact that the depth of the granular bed is
lesser than the actual path traversed by the fluid. The actual path is not
straight throughout the bed, but it is sinuous or tortuous.

Retaining Solids - Clarification

For clarification (depth filter and cake filter), high permeability and
filtration rate are expected, but it opposes particle retention. Both are de-
sirable and a balance must be made. Sintered or loose articles provide
accurate control of particle size, specific surface and porosity. Analysis
of permeability of clarification can as well be applied to general filtration.
Since particle size distribution is wide, exireme sizes and shapes offer diffi-
culties, if fibrous filter medium is used. Thus permeability as well as solid
retention are evaluated and both are expected to be high.

FACTORS INFLUENCING FILTRATION
A simple straining process does not provide a complete description o
how particles are removed from a suspension. The particles are exposed
to a number of forces including gravity or electrical ficlds. Some of the
factors influencing the filtration are:
(1} Properties of the liquids—density, viscosity and corrosiveness.
(2) Properties of the solids—particle shape, particle size, particle
charge, density, particle size distribution, rigidity or compressibil-
ity of the solid under pressure and tendency of particle to floccu-
late or adhere together.
(3) Proportion of solids in the shurry—rate at which the filter cake is
formed, especially in the eqsr;}& stages of the filtration. _
(4) Objectives—whether the sofids or the liquid or both are to be col-
lected. )
(5) Temperature of the suspension.
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?Surface Area of the Fitter Medium
i According to equation (5), rate of flow of filtrate flowing through the
filter is inversely proportional to the specific surface of the filter bed. On
{{Uthe other hand, if the surface area of the filter medium is considered, the
rate of filtration is directly proportional to the surface area of the filter me.
{dium (equation 4). Hence, the rate can be increased either using a larger
filter or connecting a number of small units in parallel. For example, plate
{{iand frame filter press works on the principle of connecting the units iy
. parailel. Pleating the filter paper or using a pleated funnel increases the
Weffective surface area for filtration.

| Pressure Drop Across the Filter Medium

According to equation (5}, rate of filtration is directly proportional to
(|| the overall pressure drop across filter medium and filter cake. The pressure
drop can be achieved in a number of ways:

{w Gravity (filter) : A simple method of obtaining a pressure difference
_is maintaining a head of slurry above the filter medium. The pressure de-
'\iL‘BveIoped depends on the density of the slurry. As a rough guide, a head of

.10 m of water creates a pressure difference of 100 kilopascals.

L Applying pressure (filter) : The most common method of obtaining

o[ pressure difference is applying pressure on the surface of the slurry, i.e.
“pumping the slurry onto the filter.

¢}  The pressure difference obtained by this method is greater than that is
achieved by reduced pressure. Industrial plant may be operated at pressure
{Lap to 1500 kilopascals. However, in the early stages of filtration, pressure
difference should be less. This is to prevent the pores of the filter medium
{ jrom clogging or plugging, which subsequently increases resistance to the
flow. Pressure filters can be used for batch type operation and continuous
{[sressure filters are not common and expensive.

... Reducing pressure (vacusm filter) : The pressure underneath the fil-
‘Lder medium may be reduced below atmospheric pressure by connecting
. the filtrate receiver to a vacuum pump. This creates a pressure differential
‘dcicross the filter. This factor has limited applications, because the pressure
,difference of about 100 kilopascals may be achieved. Reduction of pres-
ds'ure lowers the boiling point of liquids so that it is possible for the filtrate to
.hoil in the receiver. Apart from the loss of liquid, the vapour may damage
Lhe vacuum pump.

1, Advantage of this method is safety. If a part of the equipment fails, it

will collapse and not explode. Therefore, this method is commonly applied

{[ 2 a laboratory, where the apparatus is usually made of glass. However, in
the industrial scale, the plant is usually constructed with a metal that is able
{([» withstand high pressure.

Ch-10 FILTRATION  SO000000000000000000000000000000G000G000 391

Centrifugal force : Centrifugal force could replace the gravitational
force and is used to increase the rate of filtration. The principle behind
centrifugation is discussed separately in the chapter 11.

Viscosity of Filtrate

According to equation (5), rate of filtration is inversely proportional
to the viscosity of the fluid. The viscosity of the liquid, not the slurry is
important, since the resistance to flow occurs as the filtrate flows through
the filter cake.

Raising the temperature of the liquid, which lowers the viscosity, may
increase the rate of filtration. This is not practicable, if thermolabile ma-
terials are involved or if filtrate is volatile. Another alternative to decrease
the viscosity is to dilute the filtrate. In this case, it is important to ensure
that by doubling the volumes, the rate must be more than double, which
should indicate the advantage.

In brief, surface area and pressure differences are the two factors,
which are applied, in industrial practice. According to equation (5), other
factors such as porosity also influences the rate of filtration. These are
discussed below with filter aids.

;"Enmment 10-2. What are the faciors related to the feed relevant For the fltration?

Comment i0-3. What are the differences between pressure filtration and vac-
‘ uum filtration?

£ C FILTER MEDIA AND FILTER AIDS S LHLEEE
Filter Media

The filter medium acts as a mechanical support for the filter cake and
is also responsible for the collection of solids.

Characteristics : Filter medium should have the following character-
istics. '

(1) It should have sufficient mechanical strength.

(2) It mustbe inert, for example, it should not show chemical or phys-
ical interaction.

(3) It should not abserb dissolved material.

(4) It should allow maximum passage of liquid, while retaining the
solids. It means that it must offer low resistance to flow. The
resistance offered by the filter medium is not significant in large
scale operations and can be neglected. . !

~ The magnitude of the resistance of the Alter metlium will change due
to the layers of solids deposited earlier, which may block the pores or may
form bridges over the entrances of the channels. Therefore, the pressure
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should be kept low at the beginning to avoid the plugging of the pores. The
usual procedure is to filter at constant rate by increasing the pressure as
necessary. When normal working pressure is reached, it is maintained. On
continued filtration, the thickness of the cake further builds up and hence
the rate of filtration decreases. When the rate is uneconomical, filtration is
stopped. The filter cake is removed and filtration is restarted.

Materials : The following materials are used as filter media.

(1) Woven materials such as felt or cloth : Woven material is made
of wool, cotton, silk, glass, metal or synthetic fibres (rayon and
nylon. Synthetic fibres have greater chemical resistance than
wool and coiton, which are affected by alkali and acid, respec-
tively. The choice of the fibre depends on the chemical reactivity
with the slurry.

(2} Perforated sheet metal : For example stainless steel plates have
pores which act as channels as in case of metafilter {edge filter).

(3} Prefabricated porous solid unit : Porous solids prefabricated into
a single unit are being increasingly used for its convenience and
effectiveness. Sintered glass, sintered metal, earthenware and po-
rous plastics are some of the materials used for the fabrication.
Terylene is useful filter medium for acid filtration.

(4) Membrane filter media : Cartridge units are economical and
available in pore size of 100 pm to even less than 0.2 pm. These
can be used either as surface cartridges or depth type cartridges.
(a) Surface type cariridges : These are comrugated and resin

_treated papers. These are used in hydraulic lines. Ceram-
ic cartridges are advantageous in cleaning for reuse by back
flushing or firing. Porcelain filter candles are used for sterile
filtration.

(b) Depth type cartridges : These are made of cotton, asbestos or
cellulose. These are disposable items, since cleaning is not
feasible.

(5) Bed of granular solid butilt up on a supporting medinm : In some
processes, a bed of graded solids may be formed to reduce the
resistance to the flow. Typical examples of granular solids are
gravel, sand, asbestos, paper pulp and keiselgulr. The choice of

solids depends on the size of the solids in the process. These are
obtained using filter aids.

Filter Aids

Filter aid forms a surface deposit which screens out the solids and also
prevents the plugging of the supperting filter medium.

3
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Justification : The objective of the filter aid is to prevent the medium
from becoming blocked aad to form an open, porous cake, hence, reducing
the resistance to flow of the filtrate.

(a) Usually, low resistance is offered by the filter medium itself. But

as the layers of solid built up, the resistance will be increased.
The cake may become impervious by blocking of the pore in the
medium. Flow rate is inversely proportional to the resistance of
the solid cake.

{(b) Slimy or gelatinous material and highly compressible substances

form impermeable cakes. The filter medium gets plugged and the
flow of filtrate stops.

Characteristics : The important characteristics of the filter aids are:

(a) Chemically inert to the liquid being filtered and free from impuri-
ties.

{(b) Low specific gravity, so that filter aids remain suspended in liquid.

(¢) Porous rather than dense, so that cake can be pervious.

(d) Recoverable. o

Disadvantages : The filter aids remove the coloured substances by ab-
sorbing them. Sometimes active principles such as alkaloids are adsorbed
on the filter aid. Rarely, filter aids are a source of contaminants such as
soluble iron salts, which can provoke degradation of sensitive ingredients.
Liquid retained in the pores of the filter cake is lost in the manufacturing

process.
Examples of filter aids are:
Charcoal Asbestos

Fullers earth

Keiselguhr Tale
Paper pulp Bentonite
Activated charcoal is used for removal of organic and inorganic im-
purities. Kieselguhr is a successful filter aid and as little as 0.1 % can be
added to the shurry. The rate of filtration is increased by 5 times or more, at
the above concentration, though the siurty contains 20 % solids.

Handling of filter aids : Filter aids are mostly used for clarification
processes, i.e. where solids are discarded. Different flow rates can be
achieved depending on the grade of the aids.

% Low flow rate (fine solids)-—Fine grade filter aids—mainly in-
tended for clarity.
4 Fast flow rate (coarse solids)—coarse grade filter aids—accept-
able filtrate. ’ o '

The filter aid can be employed in either one or both ways.
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(1) Firstly, a pre-coat is formed over the medium. For this Purpose, 3

suspension of the filter aid is filtered to give a coating up to (.5 kg

per metre square.

(2) Secondly, a small proportion of filter aid (0.1 to 0.5 % of igtq)
batch weight} is purposely added to the slurry. So the filter cake
has a porous structure and filtration can be efficient. The filter aid,
of 1 to 2 parts per each part of contaminant is mixed in the feeq
tank. This slurry is recirculated through the filter until a clegay
filtrate is obtained. TFiltration then proceeds to completion. The
body mix method minimizes equipment requirements and crosg
contamination potentials.

filtration?

Comment 10-4. Why coagulants are added to the slurry before proceedﬁanror
Comment 10-5. Filter aids increase the rate of filtration by many times com-

tion? Explain
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pared to the flter medium. Explain.
Comment 1G-6. Is there any relevance of amount of filker aids used in fltra-

CLASSIFICATION OF FILTRATION EQUIPMENT =9
Equipment are classified based on the application of external force.
(1) Pressure filters—Plate and frame filter press and metafilter.

(2) Vacuum filters—Filter leaf.

(3) Centrifugal filters—These are discussed in the centrifugation
chapter.

Classification based on the operation of the filtration.

(a) Continuous filtration—Discharge and filtrate are separated steadi-
ly and uninterrupted,

(b) Discontinuous filtration—-Discharge of filtered solids is intermit- -

tent. Filtrate is removed continuously. The operation should be
stopped to collect the solids.
Classification based on the nature of filtration.

(a) Cake filiers—Remove large amounts of solids (sludge or crystals).
(b) Clarifying filters—Remove small amounts of solids.

(c) Cross-flow filters—Feed of suspension flows under pressure at a
fairly high velocity across the fiiter medium.

These classifications methods help in selecting filtration equipment.

LABORATORY SCALE FILTRATION — METHODS w

For laboratory work on filtration, paper, porcelain and sintered glass

. (or sintered metal) are employed.
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Filter Paper and‘ Funnet

Filter paper of different purities, porosities and textures are available.
A majority of pharmaceutical operations use white filter paper. Paper of
poor quality may contain impurities such as chlorides, ircn, ash on ignition
and soluble impurities. However, the commercial grades are washed with
hydrochloric acid and hydrofluoric acid followed by water. Funnel is used
for supporting the filter paper. The funnels are made of glass, porcelain or
plastic.

Buchner Funnel and Filter Paper

Ordinary Buchner funnel consists of a cylindrical porcelain funnel car-
rying a fixed, flat and perforated plate. It is fitted to the neck of the thick
water filtering flask (Buchner flask or suction flask), by means of a rubber
stopper (or rubber cone). This assembly is attached to a safety bottle and the
latter is attached to the rubber (pressure) tubing to a filter pump (Figure 10-4),

Residue

Buchrer funnel
(porcelain}

Perforated bottom
Rubber stoppef

Buchner flask

Fittrate

Safety bottle

Filter pump

Beaker
Figure 10-4. Laboratory method of filtration using Buchner flask and funnel.

A filter paper is selected, trinumed to the size and is placed in the Buchner
funnel. It covers the entire perforated plate. The diameter should be slightly
less than the inside diameter of the fimnel. The filter paper is moistened with a
few drops of clear supernatant liquid. Much of the supernatant liquid is poured
initially into the funnel and filtered. Then, the bulk of the residual sluiy is
transferred. This procedure is often quicker than initially bringing all the solids
into suspension and pouring it directly into the filter. !

The filtration of very finely divided suspendedfsplids is often very tedious,
as the filter paper pores get clogged. In such cases, a suitable filter aid is added
to the suspension to overcome the probiem.
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Sintered Glass Filter

Sintered glass filter is a glass funnel in which porous disc is fitteq -
Sinter is a (German name for a porous mineral precipitated in crystatling
form from mineral water. The glass is made by sintering a bed of granuleg
of borosilicate glass in situ. This is then fitted into the funnel (Figure 10-5),
Such an assembly can be fitied to the filtration unit. Sintered glass filters

are available in a wide variety of porosities and specifications for quality, .

The porosities of these filters are indicated by numbers.
Grade 3, 4 — used for clarification of non-sterile solutions.
Grade 5 — used for sterile filtration, eye drops, etc.

Porous disk

N | Glass
N

funnel

(c) Sintered glass filter for

(a) and (b) COrdinary sintered
on-line use

glass filters
Figure 10-5. Laboratory method of filtration using sintered filters.

Uses : Sintered glass filters are used for sterile filtration for pharma-
ceutical solutions containing thermolabile substances and gases including
air. These can be used to filter corrosive liguids and solutions containing
oxidising substances. These can be repeatedly steamed or hot sterilised.

Advantages : Sintered glass filters are easily cleaned by passing a
streamn of water through the filter in the reverse direction. These do not
yield fibres or impart alkali to filtrate. Adsorption of components of filtrate
is low. Liquid retention through this filter is also low. '

Disadvantages : Sintered glass filters are expensive and fragile. Hence,
these cannot be built in large sizes. These offer smaller surface area for
filtration. Micro-organisms tend to grow on the filter, if left in contact for

more than 18 hours.

Seitz Filter

Seitz filter consists of a pad of compressed asbestos as a filtering me-
dium (Figure 10-6). Typical Seitz filter pads are about 2 mm thick and
offered in a range of size, down to well below one micrometer diameter.
The finest pore size gives alimost perfect filtration and retaing small viruses.
For industrial t.E'S;é, somewhat thicker pads are made to be fitted into spe-
cially made platé and frame filter press. The mechanism is similar to-depth
filtration.
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i Filter pad

: best

' (asbestos} |ﬁ: From

i | o Blead reservolr
valve

L e e

(@) (b) ()
Negative pressure Positive pressure Positive pressure
use use ‘use

Figure 10-6. Fibrous pad type Seitz filters.

Uses : Seitz filters are useful for sterile filtration (Seitz EK asbestos
pad). Finest pads give almost perfect filtration of small volumes. Viscous
solutions can also be filtered. These are used for air filtration. Surface
charging and electrostatic attractions have significant influence in remov-
ing particles. If the air is dry, these have greater the influence of filtration.

Ad‘.’antages : Pads are expensive and filtration is rapid with fewer
tendencies to clog. These are better than ceramic and Sintered glass filters
for viscous solutions.

Disadvantages : Seitz filters are pliable and fragile when wet and
must be supported on a perforated metal, plastic or galls disc. A new pad
must be used for each filtration in order to avoid residues of previous fil-
tration. Fibrous pads are not suitable for sterilising products containing
alcohol or oil.

Membrane Filter

. Pl.'inciple : Membrane filter acts like a sieve and the particulate matter
is retained on the surface of the membrane.

Construction : Membrane filters are made using cellulose acetate,
cellulose nitrate or mixed cellulose esters. Membrane filters are supported
on a rigid base of perforated metal, plastic or coarse sintered glass (as in
case of fibrous pad filters). These have got high retention characteristics
due to pore size, high dielectric constant and surface sensitivity. These are
available with different pore sizes.

Pore size, mm
0.010 10 0.10
0.03 to 0.65
08,1.2,3.0t05.0

Utitiny
remove virus particles from air and water.

remove bacteria.

particle sizing and purifying aerosol, radioactivity.
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L If the solution to be filtered contains a considerable quantity of sys-
. pended solids, preliminary filtration through a suitable depth filter avoids
i clogging of the membranes.
) Uses : Disc membranes with nutrient broth are used for studying the
~ growth of micro-organisms and colony counts. Membrane filters can be
(W autoclaved and used for sterile filtration.

Advantages : Membrane filtration is rapid. Adsorption is negligible

([ and is not prone to fibre contamination or do not impart alkali to the fil-

trate. These are available as disposable items and hence cross-contami-

U nation is prevented. Bacterizl growth on the membranes is not observed,

even though prolonged filtration takes place. In order to prevent curling,

{l the membranes are packed in holders or packed between thick filter pads.

Pre-sterilised hermetically sealed packs (with ethylene oxide or ionising
L radiations) are supplied.

i Disadvantages : The most refined grades are expensive and mostly
& used for laboratory tests, such as collecting micro-organisms for micro-
U scopic examination. Membrane filters are brittle when dry and can be
Y stored indefinitely in the dry state, but are fairly tough when wet. Filters
L may get clogged. Ordinary types are less resistant to solvents such as chlo-

* roform, polyethylene glycols, certain alcohols, dimethylformamide, esters
and ketoses.

. HPESS INDUSTRIAL EQUIPMENT JUHREER
W In the bulk drug industry, solid is the desired product. Its size, physical

.. properties and purity are important. These factors should be considered,
L while selecting the equipment a1}d operating conditions. Some of them are:

Wl Materials related:
(a) Properties of the fluid--viscosity.

&

(b) Nature of the solids—particle size, shape, size distribution and
i packing characteristics.
L (c) Conceniration of solids in suspension.
Al (d) Quantity of material to be handled.

(¢) Whether it is necessary to wash the filtered solids
() Whether any form of pretreatment will be helpful

=

Equipment and process related:

&

(a) Flow rate.

() . (b) It should bg Absolute in the sense, the limit to size of particles
_ ‘passing thm%agh’_the filter should be known. IR
Wb (¢) It should be sterilisable by heat, radiation or gas {e.g. ethylene

oxide and formaldehyde.)

e €
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(d) Independently checking the efficiency of filter. It should be eco-
- nomical.

Different forms of equipment are employed for filtration. Some of
them are discussed below. :

Critical Quality Attributes (CQAs) — Filtration

The CQAs along with process parameters (PPs) are recorded in Figure
10-7. The filtration is considered in the context of production of solutions.
The upstream operation must be liquid-solid and/or liquid-liquid mixing
and the downstream operation is bottling (filling) of the preparation. For
a given set of conditions, the attributes critical in this step are: clarity {ap-
pearance}, assay and microbial load. The clarity is evaluated by several
ways as mentioned in Figure 10-7. The content uniformity does not be-
come a problem, because the preparation is homogenous.

The process parameters optimized are: integrity test of the filter, the
pressure difference and filtration period. These are controlied during the
filtration and prefixed as standards with limits. Colour comparators are
used. The above are general characteristics, but a few may change depend-
ing on the type of filter used. o

Further filtration of sterile preparation is a special case of filtration
and therefore the above attributes are applicable and a few special features

@il‘cer type, size, \

& Integrity tests (pre- and post-),

o @ Slurry (% solids),
£ © Pump and other features, ¥ @ Nature of feed stock | -
E| ® Filter AP value, {coarse/fine), &
5| # Membrane filter capacity, @ Appearance, =
S| @ Filtration speed, | @ Conductivity, "
& | @ Filtration period (duration), & Solution viscosity, =]
gl Secondary filter and features, Y |- ©PH, . g
& Solution viscosity, = Turbidity, 8
{En\n’ronment (temp and RH)j * Density. ya
- i - Manufacturing
Filtration non-sterile process step
=
=
2e o
£ 3 ® Appearance, conductivity, pH,
=] _— . . -
3 % @ Turbidity, density, viscosity,
= @ Assay (AP] and preservative, if present),
2 5| @ Leachables or extractives (impurities),
E £ | ® Microbial limits " :
: % 2-Yield.

Figure 10-7. CQAs and process parameters for non-
sterile filiration in the production of liquid preparations.
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/w Filter type, size, \ -
.| @ Integrity tests (pre- and post-), ® Raw Ftatengis “
S| = pump and other features, ¥ (quality and quan 1t_y), =
=l @ Feedstock {coarse/fine), | &
| 2 Fitter AP value, . . . P9
E . . @ Solution viscostty, 3.
©| = Membrane filter capacity, o
Bl s % Appearance, ~
&| « Filtration speed, & Conductivit &
ﬁ # Filtration period {duration), e pH ¥e 5.
Si % Secondary filter and features, ¥ pH. =
& | ¢ Solution viscosit = Turbidity, g
Ye = Density. e

&Environment (temp and RIU

- . " Manufacturing
@pmcess step
Critical quality attributes of cutput \

- Appearance, conductivity, pH,

& Turbidity, density, viscosity,

@ Stream componeitt assay (AP and preservative, if present),
@ Sterility testing, @ Foreign organic matter,

@ Stability (impurities),

Leachables or extractives (impurities),
. Micrabial limits, @ Yield.

Figure 10-8. CQAs and process parametors for

sterile filtration in the production of parenteral liquids.
related to sterility are added (Figure 10-8). Sterile filtration can be con-
sidered as critical and directly affects the product quality. In addition to
the filtration equipment, other accessorics such as vent filter, sterile hold
vessels, etc. must satisfy the sterility, because filtration alone is not equiv-
alent to sterilization. A few critical attributes are foreign organic matter.
sterility testing, ete. The above are general characteristics, but a few may
change depending on the filtration equipment used.

Plate and Frame Filter Press

Principle : The mechanism is surface filtration. The slurry enters the
frame by pressure and flows through the filter medium. The filtrate is col-
lected on the plates and sent to the outlet. A number of frames and plates
are used so that surface area increases and consequently large volumes of
shury can be processed simultancously with or without washing.

Construction : The construction of a plate and frame filter press is
shown in Pigure 10-9. The filter press 18 made of two fypes of units, platgs
and frames. These are usually made of aluminium alloy. Sometimes, thése
are also lacquered for protection against corrosive chemicals and fade
suitable for steamm sterilisation.

emineniii]
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Fr{tme contains an open space inside wherein the slurry reservoir is
maintained for filtration and an inlet fo receive the slurry. It is indicated
by two dots in the description (Figure 10-9). The plate has a studded or
grooved surface to support the filter cloth and an outlet. 1t is indicated by
cne dot in the description (Figure 10-9). The filter medium (usually clotl;)
is interposed between plate and frame.

Filter madium

Slurry inlet
Through channel
b O/DCIDEIEIBE
oD aoDam
noooopooQ
222822588
4 Po 806 Gaon ™
4 DoGO oG OUaen
dle t GG D0 00an
Handle to S a
rest on rod a_fﬁ S

(a)

'

Solids collect
in frames

Clear filtrate
outlet
[ Plate

Movable head

Frame D

I
|

Side rails

Material Filter cloth
anters
under
pressure

(d)
(a) Frame—Maintains the slurry reservoir, inlet (eye) for slurry.
(b) Filter medium.

{c} Plate along with section—supporis the filter medium,
receiving the filtrate and outlet {(eye).

{d) Assembly of plate and frame filter press.
Figure 10-8. Piate and frame filter press.

. F rames of different thicknesses are available. It is selected based on
the thickness of the cake formed during filtration, Optimum thickness of
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L’ the frame should be chosen. Plate, filter medium, frame, filter medium ang
plate are arranged in the sequence and clamped to a supporting strucyre,
T ds normally described by dots as 1.2.1.2.1 so on. A number of plateg
. and frames are employed so that filtration area is as large as necessary. [y
K:L’ other words, a number of filiration units are operated in parallel. Channels
. Tor the slurry inlet and filtrate outlet can be arranged by fitting eyes to the
il plates and frames, these join together to form a channel.

o In some types, only one inlet channel is formed, while each plate ig
" having individual outlets controlled by valves.

i Working : The working of the frame and plate press can be described in
. two steps, namely filtration, operation and washing operation (if desirable).

b Filtration operation : The working of a plate and frame press is shown
1~ in Figure 10-10. Slurry enters the frame (marked by 2 dots) from the feed
* channel and passes through the filter medium on to the surface of the plate
||y (marked by 1 dot). The solids form a filter cake and remain in the frame,
’ The thickness of the cake is half of the frame thickness, because on each
i|;; side of the frame filtration occurs. Thus, two filter cakes are fqrmed, which
~ meet eventually in the centre of the frame. In general, there will bf: an opti-
I; nrum thickness of filter cake for any slurry, depending on the solid content
in the slurry and the resistance of the filter cake.

Ll‘.. Slurry > »

& BIKINIAIN

o AV VA Y (Y

QL Plate ( ‘lk }{ j t N e
AP
Uy $ ‘l' X\¢ & Filtrate
U) Fitter medium Frame :

i
(filter cloth) :
\ﬂ) Figure 10-10. Plate and frame filter press, principle of operation {filtering}.

The filtrate drains between the projections on the surface of the plate

Y and escapes from the outlet. As filtration proceeds, the resistance of the

I, cake increases and the filiration rate decreases. At a certain point, it is

& preferable to stop the process rather than continuing at very low flow rates.
. The press is emptied and the cycle is restarted.

- R 4

- Washing operation : If it is necessary to wash the filter cake, the' ordg.-%a
‘ {|[y nary plate and frame press is unsatisfactory. Two cakes are bml_t up in the
frame meeting eventuaily in the middle. This means that flow is brought
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virtually to a stand still. Hence, water wash using the same channels of
the filtrate is very inefficient, if not impossible. A modification of the plate
and frame press is used. For this pumpose, an additional channel is includ-
ed (Figure 10-11). These wash plates are identified by three dots. In half
he wash plate, there is a connection from the wash water channel to the
surface of the plate.

Through
Handle te Slurry channels Wash water

rest on rod i”l,Et / \ inlet \
O RS EEES) O

-]
ooooooooonno

i)

Plate (1 dot) \ Frame (2 dots) Wash plate (3 dots}) ’
Filtrate outlet Filter Outlet for

(Also wash outlet) medium emptying
Figure 10-11. Plate and frame filter press with water wash facility.

The sequence of arrangement of plates and frames can be represented
by dots as 1.2.3.2.1.2.3.2.1.2.3.2.1 so on (between ! and 1, 2.3.2 must be
arranged). Such an arrangement is shown in Figure 10-12(a) and (b) for
the operations of filtration and water washing, respectively.

The procedure for washing the press is shown in Figure 10-12. The
steps are as follows.

(1) Filtration proceeds in the ordinary way until the frames are filled
with cake,

(2) To wash the filter cake, the outlets of the washing plates (three
dots) are closed.

(3) Wash water is pumped into the washing channel. The water en-
ters through the inlets on to the surface of the waﬁhin,g (t};{mg ﬂqtj)
plates.

{(4) Water passes through the filter cloth and enters frame {two dots)
which contains the cake. Then water washes the cake, passes
through the filter cloth and enters the plate (one dot) down the
surface.

(5) Finally washed water escapes through the outlet of that plate.

Thus with the help of special washing plates, it is possible for the
wash-water to flow over the entire surface of washing (three dots) plate, so
that the flow resistance of the cake is equal to ail points. Hence, the entire
cake is washed with equal efficiency.
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Slurry »
¥ ¥ \L '
IBIRINIEIE

e A \Vi|=d s
deum 00 | Vi RO

A b

Frar/ne Filter medium

(2 dots) (cloth)

{a) Principles of filtration eperation using the
three types of plate and frame.

Water for > -
washing
¥ 4
Ve tt 1 \V/ M / ™Wash plata
Plate — f .\‘ ( "4
doty | ¢ I N YWY
Wash outlet
] 1 (filtrate)
/ channel
Frame Frame medium
(2 dots} (cloth)

{b) Principles of cake washing using three types of plate and frame.
Figure 10-12. Plate and frame filter press. Principles of filtration and washing.

I should be noted that water-wash is efficient only if the frames are
full with filter cake. If the solids do not fill the frame completely, the wash
water causes the cake to break (on the washing plate side of the frame), then
washing will be less effective. Hence, it is essential to allow the frames
become completely filled with the cake. This helps not only in emptying
the frames but also helps in washing the cake correctly.

Special provisions : (1) Any possible contamination can be observed
by passing the filirate through a glass tube or sight glass from the outlet on
each plate. This permits the inspection of quality of the filtrate. The filtrate
goes through the control valve to an outlet channel.

(2) The filtration process from each plate can be seen. In the event of

a broken cloth, the faulty plate can be isolated and filtration can be
continued with one plate less.

PR
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Uses : Filter sheets composed of asbestos and cellulose are capable of
retaining bacteria, so that sterile filtrate can be obtained, provided that the
whale flter press and filter medium have been previously sterilized, Usu-
atly steam 18 passed through the assembtled unit for sterilization.

Examptes include collection of precipitated antitoxin, removal of pre-
cipitated proteins from insulin liquors and removal of cell broth from the
rermentation medium.

Heating/cooling coils are incorporated in the press so as to make it
suitable for the filtration of viscous liquids.

Advantages:

(1) Construction of filter press is very simple and a variety of materi-
als can be used.

% Cast iron for handling common substances.

& Bronze for smaller units.

& Stainless steel is used thereby contamination can be avoided.
# Hard rubber or plastics where metal must be avoided.

% Wood for lightness though it must be kept wet.

(2) Itprovides alarge filtering area in a relatively small floor space. It
is versatile, the capacity being variable according to the thickness
of frames and the number used. Surface area can be increased by
employing chambers up to 60.

(3) The sturdy construction permits the use of considerable pressure
difference. About 2000 kilopascals can be normally used.

(4) Efficient washing of the cake is possible.

(5) Operation and maintenance is straight forward, because there are
no moving parts, filter cloths are easily renewable. Since al joints
are external, a plate can be disconnected if any leaks are visible.
Thus contamination of the filtrate can be avoided.

(6) 1t produces dry cake in the form of slab.

Disadvantages:

(1) It is a batch filter, so there is a good deal of *down-time’, which is
non-productive.

(2) The filter press is an expensive filter. The emptying time, the la-
bour involved and the wear and tear of the cloth resulting in high
costs.

(3) Operation is critical, as the frames should be full, otherwise wash-
ing is inefficient and the c.:;iiq‘e is difficult to remove.

(4) The filter press is used for slurries containing less than 5 % solids.
So high costs make it imperative that this filter press is used for
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expensive materials. Examples include the collection of precipi
dit tated antitoxin and removal of precipitated proteins fiom insulin
= liquors.

([;Chamber Press
- Principle : The mechanism is surface filtration. The slurry entery the
) frame by pressure and flows through the filter cloth. The filtrate is col|egy.
.., €d on the plates and sent to outlet. A number of head plates are used, so thy
kl.bthe surface area can be increases and consequently large volumes of slurry
...can be processed simultaneously.
W . .
Construction : The construction of a chamber press is shown in Figure
{{[,10-13. It consists of a heavy fixed head plate made cast-iron. It is mounteg
on a suitable frame. Extending from the head plate, two horizontal barg
(/ysupport on both ends. The bars support the plates by lugs. At the centre of
each press plate, a hole is provided for introducing the feed. The holes of
([;all plates are connected on the head of press. Over each press plate, a sheet
of filter cloth with a hole cut in the centre and is placed. The filter cloth is
)y fastened by means of rings called ‘grommets’ and either screwed together
or locked. These draw down the cloth, so that it is shaped round the plate.
(i All such piates are arranged and a ‘heavy follower plate’ is placed behind
and tightened. The cloth serves as a gasket between the adjacent plates.

(‘L”J F Plate of Filter
cﬁiﬁnel chamber  cloth
\l.‘./ Follower \ l//
plate EE;::,:E
Al (me)
v [

&

[n]
-
=1}
=3
=3
[£]
—

2 Filtrate

port

(a) Cast iron plate of (b} Principle of filtration.
chamber press.

Figure 10-13. Chamber filter.

Working : The feed (slurry) is pumped through the hole connected at
¢y the centre. The slurry passes through the cloth, runs down the corrugations
on the face of the plates and escapes through the holes cored in the bottom
I;of each plate. The filtrate passes through the outlet. The external outlet
usually discharges into an open launder.

W The space between the plates (formed by the raised edges) is the vol-
ume available for the formation cake. When sufficient cake is accumulated
(Jin the chamber, the closing screw is released. The plates are dismantled
@and the cake 1s discharged. Then, the plates are reassembled.

Rl

@

R ——
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Uses : Chamber filter is used for clarification of syrups and filtrating
of injection solutions.

Advantages : Chamber filter provides large filtering area in a rela-
sively small floor space. A number of head plates can be increased or de-
creased as per the needs. Operation and maintenance are straight-forward,
hecause there are no moving parts. Filter cloths is easily renewable.

Disadvantages : Chamber press is not adaptable for washing the cake.
The wear of the cloth is severe. The filtrate is usually not clear from the
sraces of fine particles.

Variants : In some equipment of chamber type, the feed may be intro-
duced from 2 channel along the sides of the plates, instead of through the
centre. The discharge connections may uaite in a closed pipe.

Filier Leaf

Principle : Filter leaf is an apparatus consisting of a longitudinal
drainage screen covered with a filter cloth. The mechanism is surface fil-
wration and acts as sieve or strainer. Vacuum or pressure can be applied to
increase the rate of filtration.

Construction : The general arrangement of a filter leaf is shown in
Figure 10-14. It consists of a narrow frame enclosing a drainage screen or
grooved plate. The frame may be of any shape, circular, square or rectan-
cular. The whole unit is covered with filter cloth, The outlet for the filtrate
connects to the interior of the frame through suction.

Filtrate Filtrate
To suction I
Frame @'D Frame
[; Drainage screen
Drainage Hi| = ]
canal T [§ -L— Filker cloth
T [] ~—Filter 4
Filter [lfi=.]___cake 5
cloth . i! {e

(a) Filter leaf
Figure 10-14. Assembly of' filter leaf.

(b) Filter leaf during filiration

Working : The filter leaf is immersed; hj‘l the sharry. Vacuum system is
connected to the filtrate outlet. The sluiTy ‘passes through the filter cloth.
Finally filtrate enters the drainage canal and goes through the outlet into
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arée threaded so that a channel is formed on the edges. It contains a grooved
drainage colunm on which a series of metal rings are packed. These rings
are usually made of stainless steel and have dimensions of about 15.0 mm
internal diameter and 22.0 mm external diameter.

Ouitet

removal of cake.
Uses : The filter leaf is satisfactory, if the solid content of the slurry i |
not too high, about 5 %, i.e. dilute suspensions. .'
Advantages : (1) Filter leaf is a versatile piece of equipment. Filtgp
leaf is probably the simplest form of filter used for batch processes, )
(2) A number of units can be connected in parallel to increase the -
surface area for filtration.
(3) Pressure difference can be obtained either with vacuum or using -

Ring Raised
projection

pressure up to the order of 800 kilopascals. (TEOrdooved
(4) Labour costs for operating the filter leaf are fairly moderate. Ring End cap
(5) The efficiency of washing is high.
(6) Slurry can be filtered from any vessel. Simply immersing the . - (a) Surface view of a ring. (b) Assembly of rings on column.

filter in a vessel of water can wash the cake. .
Figure 10-16. Metafilter,

Variants : Sweetland filter—A variation is to enclose the filter leaf in
a special vessel into which the slurry is pumped under pressure. In this
form, a number of leaves are connected to a common outlet to provide a
large area for filtration. A typical example of this kind is the Sweetland
filter shown in Figure 10-15. The vessel is cylindrical and filter leaves are
arranged so that they are supported by the upper part. The lower part can
be swung away. This permits the cake to be discharged by compressed air Working : The working principle of a metafilter is shown in Figure
while removing the filter leaves from the vessel. 10-17. These filters are placed in a vessel and may be operated by pump-
3 Filtrate ing the slurry under pressure or occasionally by the application of reduced
4 H—_o pressure to the outlet side. The slurry passes through the channels formed

Each metal ring has a number of semicircular projections (0.8 mm
in thickness) on one side of the surface as shown in Fi'gure [10-16a. The
projections are arranged the same way up. These rings are tightenécf on the
drainage column with a nut. Therefore, metafilter is also known as edge
filrers.

1wl B A deb R b

i Lt

u :
Slurry -+ -/ \< Filter leaf : on the edges b;tween the 1'_ings. The clear liquid rises up and collected
entry ~— e I el B ol from the outlet into the receiver. Metafilter functions as a strainer (surface
pressure - s i filtration).
applied oL 4 )
_‘#' 1 #—1 urry i Pores Filtrate Pgres !
Cake Cak z channet channel channe
Cylindrical ! \ / \
vessel - s
Figure 10-15. Sweetland filter. i . N
i q4 P s 4
Metafilter s . -~
Principle : Metafilter functions as a strainer (surface filiration) for the 1 _g —L . | |- 2
separation of particles. In this method, metal rings contain semicircular : v " P 2
projections, which are arranged as a nest to form channels on the edges. N —k & L e
, . ' . N H SN
This chaphel offers resistance (strainer) to the flow of sohids (coarse part- ; R “
H eI

cles). The clear liquid is collected into a receiver from the top. . ;
: Grooved rod

Construction ; The construction and assembly of a metafilter is shown

. . . . . . i 10-17. i i i
in Figure 10-16. The metafilter consists of a series of metal rings. These Figure 10-17. Mechanism of filtration through metafilter.
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For the separation of fine particles, a bed of suitable material sycly as
kieselguhr is first built up. The pack of rings serves essentially as a base op
which the true filter medium is supported.

Uses : Metafilter can be used for:
« clarification of syrups
% filtration of injection sohitions
% clarification of insulin liquors
% filtration of viscous liquids can be achieved by applying pressure

Advantages:

(1) Metafilter can be used under high pressures, without any danger
of bursting the filter medium.

(2) Running costs are low, as separate filter medium is not used. The
volume of residual held up in the filter is less.

(3) It can be constructed from a material that can provide excellent
resistance to corrosion and avoid contamination of sensitive prod-
ucts.

(4) Ttis an extremely versatile filter. It can be used for the filtration
of very fine particles using filter aids. Large particles can be sep-
arated by building up of a bed of same particles.

(5) Removal of cake is carried out effectively, by simply back-flush-
ing with water.

(6) Change over from one batch to another or one product to another
is easy.

(7} Sterile products can be handled.

Cartridge Filter

Principle : Cartridge filter is a thin porous membrane in which pre-fil-
ter and membrane filter are combined into a single unit. The filtration
action is mainly sieve-like and the particles are retained on the surface.

Construction : The construction of a cartridge filter is shown in Figure
10-18a. Cartridge filter has a cylindrical configuration made with dispos-
able or changeable filter media. These are made of either plastic or met-
al. It consists two membrane filters (sieve-like) made of polypropylene:
a prefilter and an actual filter for filtration. A protective layer surrounds
them. The cartridges are housed in a holder. A number of cartridges can be
placed in the same housing. The housing is closed with a lid. The housing
has provisio#s for sluiry inlet and filtrate outlet.

Workifg : The slurry is pumped into the cartridge holder. It passes
through caftridge filter unit by the mechanism of straining. The clear liquid
passes to the centre and moves up to collect through the outlet.

iy

Cartridge — Cartridge (@) Filter assembly.
holder
,-MM Filtrate outlet
End cap
Discharge Metal seal
cake - Polypropylene — L Metal sea
protective layer ]
- Prefilter T -— v
/ Membrane T ~— =
s . filter (0.2 pm) 3
(b) Cartridge filter unit. —
Inner — (] T
support
PRort core End cap
Non-fibrous metal seal
support net

Figure 10-18. Cartridge filter.

Uses : Cartridge filter is particularly useful for the preparation of par-
ticulate free solutions for parenteral and ophthalmic uses. This filter holder
will process 1000 to 15000 L of sterile solution per hour.

Advantages : (1) Stainless steel construction permits autoclaving for
sterile operations.

(2) Cartridges with self-cleaning devices are advantageous,

(3) Rapid disassembling as well as reusing of filter media is possible.

(4) Cartridges are not brittle, when they are drv.

(3) They are used as in-line continyous filtration, which reducgs han-
dling of solutions. It minimizes the chances of contamination.

Disadvantages : (1) Cost of disposable elements offsets the labour
saving in terms of assembly and cleaning of cartridge clarifier.

(2) A number of manufacturers provide the components, which are
generally not interchangeable between suppliers.

Drum Filter’

Principle : Rotary drum filter functions dn the principle of filtering the
sturry through sieve-like mechanism on a rotating.drum surface, under the
conditions of vacuum. In addition, compression, drying (using hot air) and
removing the filter cake (using a knife) are possible.
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Construction : The construction of a rotary drum filter is shown iy
Figure 10-19. It consists of a metal cylinder mounted horizontally, The
drum may be up to 3 metres in diameter and 3.5 metres in length and gjveg
a surface area of 33 metre square. The curved surface is a perforated plate,
which supports a filter cloth. The drum is radially partitioned dividing the
annular space into separate compartments. Each of it is connected by an
internal pipe to the centre of the drum through a rotating valve.

Working : The drum is rotated at a speed less than one revolution per
minute. The drum just enters the shury in the trough (Figure 10-19). Asiy
dips, vacuum is applied in this segment so that the solid is build up on the
surface. The liquid passes through the filter cloth into an internal pipe and

valve. Finally the filtrate reaches the coliecting tank.

As the drum leaves the shurry section, it enters the drainage zone. Here
excess of the liquid is drawn inside. Special cake compression rollers may
be included at this stage, so that the cake is consolidated by the compres-
sion. This improves the efficiency of washing and drying process.

% Vacuum is applied to carry the slurry along with the drum

4% Drainage zone

% Water washing arrangement
Drving zone - dry air supply
Cake removal zone
Washing zone

-

B

Drying zone

Water—
Drainage Cake removat
zone zone

Connections to
rotating valve
Slurry trough

Pick-up zone
Figure 10-19. Drum filter.

As the drum leaves the drainage zone, it enters the water wash section.
Water is spraycd on the cake. A separate system of vacuum is applied on
the panel in order to suck tho wash liquid and air through the cake of solids.
Wash ]1qu1d 15 drawn through the hlter into a separate col\ectmg tank.

Then the cake enters the drying zone, where hot air 1s,biown on the
cake. The cake may have the moisture content fess than one percent. Fi-
nally the cake is removed using a doctor knife and discharged.

LN it bl e s
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All these steps are completed in one rotation of the drum. Now the
Jrum is ready to receive a fresh lot of slurry.

Uses : Drum filter is used for continuous operation and is utilised to
filter slurries containing high proportion of solids up to 15 to 30 %. In
the production of penicillins, the extract is separated from mycelium (cell
mass) by drum filters. These are used for collecting calcium carbonate,
starch and magnesium carbonate.

Advantages : (1) Cake is removed simultaneously during operation.
Therefore, suitable for use with concentrated slurries.

(2) 'The labour costs are very low on account of automatic and contin-
uous operation of the rotary filter.

(3) The filter has large surface area.

{(4) The speed of rotation can be varied and the cake thickness can be
controlled. For example, if the solids form an impenetrable cake,
the thickness may be limited to less than 5 mm. On the other
hand, if the solids are coarse and form a porous ca.ke the thickness
of 100 mm or more, can be obtained.

Disadvantages : (1) Rotary drum filter is expensive equipment with
complex functioning. It contains moving parts and also requires a number
of accessories such as vacuum pumps, vacuum receivers and traps.

(2) The cake tends to crack due to the air drawn through by the vacu-
um system. This makes washing and drying processes inefficient.

(3) The rotary filter is suitable only for straightforward slurries. It is
less satisfactory, if the solids form an impermeable cake or it is
difficult to remove the cake adequately.

Variants : String discharge rorary filter : It is especially used for fil-
tering the fermentation liquor in the manufacture of antibiotics, where the
mould is difficult to filter by ordinary methods, because it forms a felt-like
cake. A number of loops of string are kept on the drum surface, which pass
round the drum. The cake is formed on the strings. These strings lift filter
cake off the filter medium and is thus removed.

Streamline Filter

Principle : Streamline filter consists of a column of filter elements
held tightly together, so that the slurry (to be filtered) enters from the sides
of the column and passes through very narrow channels between the el-
ements. These filters employ paper dises. The filter acts as a strainer to
retain solids.

Assembly : The assembly of a streamline filter is shown in Figure 10-20.
It consists of specially treated filter paper discs arranged in the form of a
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compressed pack on an upright rod or spigot (meaning peg for a hole iy, a
cask). In assembling the filter, the two parts of the filter can be Unscrewed,
The required quantity of rings are placed on the spigot portion and the
two parts are then screwed together to give a compact stack of the filter
clements. The extent of compression on the disc may be varied depend.-
ing on the size of the particles to be removed. For small scale filtration,
ebonite material made spigots are used. The spigot is hollow and grooves
run down the length. From hollow centre of the spigot, vacuum is applied,

Bulk of liquor
to be filled

Filter in -~

small beaker

Solids collected
on surface

Figure 10-20. Small streamlme fliter assembly.

Working : The streamline filter is immersed in the liquid to be filtered.
From the hollow centre of the spigot, vacuum is applied. The roughness
of the paper surfaces offer narrow passage ways through which the clear
liquid flows. Further, liquid also passes between the surfaces of the paper
disks. The entire solid residue is left at the edge and the width of the pack.
It is governed solely by the need for the mechanical strength in withstand-
ing the pressure used in forcing the liquid through the pack. The clear
liquid passes along the grooves, sucked through the hollow centre of the
spigot and the filtrate passes to the receiver. After the last quantity of liquid
is filtered, wash water may be used, if necessary.

Cleaning of the streamline filter is attempted by connecting the spigot
to the water tap. Then water is passed in opposite direction. The residue
is washed away from the edges of the stack. If solid residue is required,
air may be blown, so that the solid is peeled off, which may be collected.

Uses : Streamline filter removes suspended matter, traces of fines and
even submicron size colloidal matter from lager volumes of the slurry. The
two parts of the spigots are screwed tightly and fine precipitates can be
separated for achieving high grade polishing. Oily, aqueous and aldoholic
solutions which-do not soften the fibre of the pack can be also bﬁzﬁltered
Heat resistant porcelain filter is used for strongly acidic or hot strong alka-
line liquids.
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Advantages : Instead of vacuum, pressure may be applied. In this
case, the container (in which the assembly is immersed) must be sealed and
should be able to withstand the pressure applied. Spigots can be construct-
o using a variety of materials, namely ebonite, porcelain etc.

pressure Sand fFilter

Principle : The type is depth filtration and the mechanism is impinge-
ment and entanglement of solids on account of low pressure differential.
The slury enters the sand bed and the clear liquid is collected from the
bottom outlet,

Construction : The construction of a standard pressure sand filter is
given in Figure 10-21. It is a closed system and consists of a cylindri-
cal tank with a bottom containing a number of brass strainers. These are
mounted on a false bottom or connecied to a manifold embedded in con-
crete. The strainers have narrow slots sawed in them. A layer of moderate-
ly coarse gravel is placed on the top. Above this, 6 to 12 m depth sand layer
is placed, which acts as a filter medium. Baffles are arranged at the point
of feed inlet, in order to prevent the disturbance of sand by direct stream.
Provision is made at the bottom for collecting the filtrate. .

Feed water

{

Baffle

et ]
; S s Cylindrical
Sand S e tank
Gravel —{iLss2zz22523s
25 543 =28 = - Strainers
5 Bry EoZ Ez
Filtrate —[— I— False
pottom

Figure 10-21. Pressure sand filter.

Working : The feed is introduced from the top at pressure through
the baffle. The feed is passed smoothly at a uniform rate onto the sand
medium. Filtration is achieved by straining mechanism through the sand
medium. Then, the feed is passed through strainer, so that further filtration
takes place and particles are retained. The precipitate is discarded. The
filtrate is collected from the bottom. .

‘When the precipitate clogs the sand (indicated by reduced filtration rate),
back washing permits the regeneration of the filter bed. During this oper-
ation, water moves up through the sand bed and moves out from the inlet.




416 OISO GO OOOOOOCOTE PHARMACEUTICAL ENGINEERING

Uses : Pressure sand filter is used for filtration of boiler feed or water
for similar purposes. Sand filters are mainly used when the solids are little
and large volume of feed is to be handled. Such operations can be aChle\fed
at minimum cost. Pressure sand filters are applicable only to the separation
of precipitates that can be removed from the sand.

Disadvantages : (1) Feed containing precipitates that are gelatinous or
form a coat on the sand cannot be filtered through the sand filter, because
back washing does not permit regeneration.

(2) If the feed contains finely divided solids, sand filter cannot be

used for filtration.

(3) Sand filter cannot remove bacteria. In such cases, coagulants such
as ferrous sulphate or aluminium sulphate, are added to the feed
before filtration. The alkalinity of normal water permits the for-
mation of flocs. These adsorb finely divided suspended matter
and even bacteria. The flocs though fine are removed by the sand
filter.

Variants : In open type sand filter, large concrete boxes are used.
These filters use gravity filtration (hydrostatic head filter). This filter and
accessories are extremely simple and the costs are low. The filtration rate
is low and labour charges are high. This filter occupies more floor space.

Commenth-? What is meant by ﬁéshing 6!’ the cake? When is it essential?
Comment 10-8. Is it possible to obtain the sterite liquid by filcration? Explain |
Comment 10-9. Vacuum fltration is suitable for sterile preparations. True or
E false. Justif_y. :

SELECTION OF FILTRATION EQUIPMENT CEGE

A number of product related factors should be considered, while se-
lecting the filtration equipment. A few of these are mentioned below.

Properties of the Slurry

Viscosity of the shury is an important factor. 1f the viscosiFy of the
slurry is high, then elevated pressures or vacuum must be used. High oper-
ating pressurc requires equipment with sufficient strength and appropriate
safe operating procedures. Often it is necessary to heat the slurry. In su_ch
cases, steam heated jackets are to be fitted to the equipment. The equip-
ment seals must be used to withstand the elevated temperatures.

T nature Of solids, namely particls size, staps, size distribution, and
packing arrangements should also be considered. These should be absolute
in the sense, the limit to size the particles passing through the filter should
be known. For the same purpose, filters are designated by number, namely
pore size, etc.

[
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Concentration of Solids in Suspension

A large load necessitates the use of pre-filter, where the cake can be
continuously removed during filtration. If the solids are about 5 %, filter
leaf can be used and scale of operation is small. If the solids are to be tune
of 25 to 35 %, rotary drum filter or frame and filter press may be used.

Quantity of Material to be Handled

The volume of shurry to be filtered, filtration rate and the time needed
for filtration dictate the size and type of equipment.

Degree of Filtration Required

Based on the degree of filtration required, the pore size of membrane
or the filter grade is chosen. If sterilify is required, then the equipment
should itself be capable of being sterilised by heat, radiation and gas (ex-
amples are, ethylene oxide, formaldehyde, etc.). Similarly contamination
must be prevented after the product is passed through the filter. Membrans
filters are suitable for such purposes, if the scale of operation of small. For
large scale operations, cartridge filter is preferred. -

Interacticn of Components of Filter and Slurry

The components of the filter may leach into the filtrate, degrade the
components of the filtrate and adsorb the components of the filtered prod-
uct. These factors influence the efficiency of the filiration process and
quality of the filtered product.

e

Economic factors are equally important and need to be considered,
while selecting the filtration equipment.

% Purchase, production and maintenance costs must be minimum.

< Washing the cake, dismantling, cleaning and assembling of the
equipment must be easy.

& Corrosion of filter parts must be minimun:.

The final choice of filtration equipment for a particular material de-
pends en the detailed consideration of a variety of factors as mentioned
above.

Comment 10-10. IF the slurry contains 25 % solids or more, what is the type of
filtration equipment employed? Why? ;

Summary

£iltration Is a process of :ieparation of solids from a fluid (slurry) by
passing through a porous medium. If the slurry cotnains solids of low
concentratin (<1.0 % w/v)$ the filtration is known as clarification. The
solids are retained on the filter medium. The mecahnisms for filtration
are: straining, impingement, entanglement and attractive forces. These are
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broadly known as surface filtration (straining a.nd.impingemcnt) and depth
filtration (entanglement and attractive forces). Filtration is routinely ugeq
in the manufacture of sterile products, liquid orals, bulk drugs and alse j;,
waste water treatment.

In filtation operation, the liquid flows through the filter medium. Ty,
driving force for the flow is the pressure gradi_ent. The rate of flow wil]
be greater at the beginning of the filtration, since the resis!:ance 10 flow
through the filter medium is minimum. Once a filter cake is formed, it5
surface also acts as filter medium and the solids continuously add to the
thickness of the cake. Poiseulle’s equation considered the filtration as sim.
ilar to the streamline flow of a lqiuid under pressure through capillaries (of
filter medium). Darcy’s equation asswmed that the capillaries are highly
irregular and nonuniform in size. Therefore, the_raFlius is corrected and
rate equation is approximated. The filtration is mn_mcked as permeability
of liquid. Kozeny-Carman equation proposed the influence of compregs-
ibility of the cake on the flow rate. This is aplicable to depth filtration,
Based on these theories, several factors are ideintified: surface area of the
filter miedium, pressure-drop across the filter medium (applying pressure,
reducing pressure and centrigual force) and visocisty of the slurry. These
factors such as surface area and pressure-differences are applied in the in-
dustrial practice. The magnitude of the resistance of the filter medium will
change due to the layer of solids deposited earlier, which may block the
pores or may form bridges over the entrance of the chanmels. In order to

 keep a low pressure-drop, avoid the plugging of pores, filier aids are added

to the shurry.

Filtration equipment are classified based on the application of external
forces: pressure filters, vacuum filters and centriugal filters. Based on the
nature of filtration, equipment are also categoried as cake filter, clarifying
filter and cross-flow filter. Bases on the operations, equipment are divided
as batch type and continuous type. The selection of industrial equipment
is based several considerations: material-related, equipment-related and

process-related.

Plate and frame filter press is a frequently used filter, wherein the size
of operation can be e¢xpanded by including more number of plates and
frames. Washing facility is also provided. The entire filter press including
the filter medium can be sterilized using steam. The press is used to collect
precipitated antitoxin, removal of precipitated proteins from insulin liquor
and removal of cell-broth from the fermentation medium. Chamber press
works on the principle of surface filtration. Surface area can be increased
by adding the number of plates in the chamber. Normally, it is used for
clarification of syrups and filtering injection solutions. Filter leaf operates
on the principle of surface filtration. It is useful for clarifying dilute sus-
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ensions (5 % w/v). More number of units can be connected in parallel.
Metaﬁlter works on surface filtration and used for clarification of syrups.
viscous liquids also can be filtered by applying pressure. Cartridge filter
works on the principle of surface filiration and is uvsed for clarification of
pm-ente‘ral and ophthalmic preparations. Itis also used in on-line continous
filiration. Rotary drum filter functions on surface filtration and is used for
continuous process, in the production of penicillin, wherein the mycelium
is separated. Streamline filter works on surface filiration and used for clar-
ifying the dispersions. Pressure sand filter is a depth filter and used when
the solids are little and large volume of feed is to be handed. Keeping in
view of the diverse applications, it is necesary to understand the construc-
tion and working of the industrial equipment. Itis also important to select
the filtration equipment to suit the specific needs of a product.

Glossary of Symbols

A = Surface area of the porous bed (filter medium), m?,

g = Porosity of the cake,

n = Viscosity of the filtrate, Pa-s. -

K = Constant in Kozeny-Carman equation.

K 2 .
L

Permeability coefficient in Darcy’s equation, m?.
Thickness of the cake (cdpillary length), m.
AP Pressure difference across the filter, Pa.

r = Radius of the capillary, m.

S = Specific area of the particles comprising the cake in

Kozeny-Carman equation, m?/m?.

V = Rate of filtration, i.e. volume of liquid flowing

in unit time, m3/s.

QUESTION BANK
Each question carries ene mark ‘

Note : Encircle the alphabet which corresponds to the single best response.

1. Filtration is a unit operation that is commonly used for collecting;
A, filtrate
C. precipitate

B. particulate matter
D. slurry

In clarification process, which is the factor more important?
A. Depth of the media
C. Surface area of filter

SN

B. Pore size of the filter media
D. Volume of slurry
3. Who has proposed that the ffltration process is similar to the streamline
flow of a liquid under pres{?{;‘ire through capillaries?
"~ A. Carman L B. Darcy

C. Kozeny D. Poiseuiili
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4.

10.

il

The fluid Aows through the filter medium by virtue of:
A. potential difference across the filter

B. pressure difference across the filter

C. temperature difference across the filter

D. volume difference across the filter

Filter aids are mainly used when:

A. liquid is required as product

B. filter medium is not available

C. solid and liquid are required as products

D. solid is required as product

O what aspect of pressure does the filter leal work?
A. Atmospheric pressure B. Negative pressure
C. Normal pressure
Which one of the following is NOT a mechanism of filtration?

A. Entanglement B. Impact

C. lmpingement D. Straining

Cellulose membrane filter is an example for which type of filtration?

A. Cake filtration B. Decantation filtration

C. Depth filtration ). Screen filtration

Wwhiich of the following acts as a mechanical support for the filter cake and
is also responsible for the collection of solids?

A, Feed B. Filter aid

C. Filter medium D. Funnel

The cfficiency of filtration increases if:

A. compressibility of solids is high

B. fitter aid is added to the shury

C. filter medium is used

D. size distribution of solids is wide in shury

Which is the eperation that is next to filtration?

A. Centrifugation of filtrate B. Distillation of filtrate

C. Drying of solids . Washing of filter cake

One of the following equations is used for explaining the thecry of filira-
tion?

A. Darcy’s equalion

. Stokes equation

D. Pressure is zero

B. Stefan-Boltzmann cquation

D. PDalton’s equation
For sterile filtration, one the following techniques is used.

A. Cake filtration B. Depth filtration
C. Electrostatic filtration D. Surface filtration

.
1
3
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i4.

17.

18.

22.

24,

Which one of the following is NOT an example for filter aid?
A. Activated charcoal B. Bentonite

C. Kaolin D. Tale

Which ene of the following is NOT a characteristic of filter aid?
A. Chemically active
C. Recoverable
Wl;ich one of the following mechanisms is involved in case of meta fil-
ter?

A. Cake filtration B. Depth filtration

C. Surface filtration D. Zig zag filtration

In the ﬁlt.er press ope_ration, the plates, frames and washing plates are
arranged in the follow;Ang sequence (1 represents plate, 2 represents frame
and 3 represents washing plate).

A 1.23.1.1.23.1 B. 1232232

C. 123212321 D. 1.23.12.13.1

Which is the filter used for clarification of syrups?

A. Drum filter B. Filter leaf -

C. Meta filter D. Plate and frame -

Which one of the following types of filters is suitable for separation of
mycelium from a penicillin broth?

A. Cartridge filter B. Leaf filter

C. Membrane filter D. Rotary drum filter
Which is the filter made of polypropylene?

A. Cartridge filter B. Meta filter

C. Rotary dium filter D. Plate and frame filter
The pores in the stainless steel plates act as channels in one of the follow-
ing filters?

A. Cartridge filter B. Drum filter

C. Leaf filter D. Meta filter

Which is the filter known as edge filter?

A, Cartridge filter B. Filter leaf

C. Filter press D. Meta filter

Apart from filtration, candle filter is used in which of the following pro-
cesses?

A. Decolouration of liquid B. Disinfection process
C. Fermentation process D.  Sterilisation of liquid
Which one of the following filters is used for a batch type?
A. Drum filter B. Filter leaf

C. Filter press D. Sweetland filter

B. Porous
D. Removes coloured substance




e

S

e

e

427 TTOVCOCOOCOOCOOTOOTOOCOCOCCOOC PHARMACEUTICAL ENGINEERlN‘G;

25.

26.

27.

28.

29.

30.

31.

7Y
e

2
3
4.
3.
6.
7.

8¢

In the plate and frame filter press, which is the mechanism involved in the
filtration? :
A. Cale filiration B. Depth filiration

C. Electrostatic filtration D. Surface filtration

Filtration is also known as clarification, when slurry contains not exceed-
ing certain percent w/v solids.

A 0.01 B. 0.1

C. 1.0 D. 10.0

‘Which of the following mechanisms is involved in *depth filtration™?
A, Electrostatic filtration B. Entanglement

C. Impingement D. Straining

In filter press, heating/cooling coils are incorporated in the press, which
are suitable for filtration of one of the following formulations?

A, Antibiotic solution B. Injection solution
C. Ophthalmic solution D. Syrups
Sweetland filter is a variant of:

A. cartridge filter B. drum filter

C. filter leaf D. meta filter

Which one of the filters consists of pre-filter and final filter?
A. Cartridge filter B. Meta filter

C. Rotary drug filter D. Sweetland filter
Which one of the following filters represents a pressure filter?
A, Centrifugal filter B. Frame and plate filter
C. Metafilter D. Rotary drum filter
The porous medium used to retain the solids is known as:

A. filter aid B. filter cake

C. filter medium D. slurry

Each question carries 2 marks
1.

List the factors influencing the rate of filtration.

Write Kozeny-Carman equation and give its significance.

List the functions of filter aids.

Give the principle of filtration process.

Differentiate between pressure filtration and vacuum filtration.
List the properties of filier aids,

Distinguish filtration and clarification,

What are filter aids? Give two examples.

£ B
étt Differentiate surface filtration and depth filtration.

10.

What is meant by the word ‘sinter’? List the uses and advantages of sin-
tered glass filter,

e
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I

12,
13.

i4.
15.
16.
17.

18.
19.

‘What is the mechanism of fillration in membrane filter? What are its
advantages and disadvantages of membrane filters?

Give a neat labelled diagram of pressure sand filter, What are its uses?

Why depth filtration is necessary for the separation, while other methods
arc available?

Explain the mechanism by which filter aids improve the rate of filtration.
What is the difference between depth filtration and cake filtration?
What are the conditions in which pressure sand filter is used? Why?

Explain the method of washing the residue with a suitable example of
filtration equipment.

What is meant by “back washing’? How is it achieved in filtration?

Suggest a method of filtration using vacuum. Explain its role in the filira-
tion.

LEach question carries 5 marks

Explain the mechanisms of filiration.

What are filter aids? Name the filter aids commonly used in pharmacy
practice. -

Describe the construction and working of a rotary continuous filter.
I - . ‘
Describe the construction and working of leaf filters.

Describe the construction and working of a preferred filter suitable for
filtration of viscous liquids.

Describe the assembly and working of streamline filter with a neat dia-
gram,

Explain any five factors affecting the selection of filtration equipment.

Each question carries 1¢ marks

L.

2,

Explain the construction, working, advantages and disadvantages of filter
press.

Explain the theories of filtration giving the principle, mechanism and fac-
tors affecting the process.

With a neat diagram, describe the constigrion angd working of a suitable
industrial filter for handling of high solid containing slurries.

With a neat diagram, describe the construction and working of an indus-
trial filter suitable for clarification of syrups.

With a neat labelled diagram, desecribe the construction and working of a
chamber press.
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FILTRATION

Theories of Filtration

Classification
of Filtration
Surface filtration,
Depth filtration,
Cake filtration,

Mechanisms
Straining,
Impingement,
Entanglement,
Attractive forces.

/" Classification - Based on
External Force

Paiseulle's equation,

_ waPrt
T Blm

Darcy's equation,

KAAP
Lm

Kozeny Carman equation
Jo A s e
T ns? KL (1)

Factors Influencing
Surface area of filter
medium,
Pressure drop across
the filter medium,
Gravity,
applying pressure,
reducing pressure,
centrifugat force,

&,

Pressure filter, é@
—--_\_\\\___—--—-_

Vacuum filter,

Centrifugal filter. @

Cake filter,

Classification filtration

¥
\?: Clarifying filter,

_ Créss-ﬂow filter. )

\ L

Fiate and
frame press,

Vg v .
Industrial Equipment

~

)

/-@-\ Chamber press,

Filter leaf,

T TTT
TR
1hitie
iy eat

-

Cartridge filter, Iﬂj:.ﬁ.

Meta filter,

Drum filter,

Viscosity of filter.

Pressure sand filter.
A vy

Selection of Equipment
Properties of slurry,
Concentration of solids in slurry,
Quantity of material to be handled,
Degree of filtration required,
Interaction of components.

MINDMAP OF FILTRATION OPERATION — KN'CF)WLEDGE BASE

CHAPTER

Theory of Centrifugation
Classification of Centrifuges
L.aboratory Centrifuges
Industrial Equipment

LEARNING OBJECTIVES
After reading this chapter, the reader should be ablg to:
% Understand the process of centrifugation as a separation operation with
distinct applications. ‘
% Explain the theory of centrifugation for idenlifying the factors for production.
@ Highlight the classification of centrifuges based on the principles of
separation and scale of operation.
@ Explain the principle, construction, working and uses of equipment of
. industrial scale.

Cenzrifugation is a unit operation employed for separating the constituents
present in a dispersion with the aid of centrifugal force.

Centrifugal force provides the driving force for the separation. It re-
places gravitation forces operating during the sedumentation. Centrifuga-
tion is particularly useful when separation by ordinary filtration is difficult,
for example, separating highly viscous mixtures and colloidal dispersions
(particle size < 5 pum), in which difference in the densities is less. Centrif-
ugal separation is faster compared to filtration (gravity). The degree of
separation if high, because the forces applied are of high order of magni-
tude. In short, centrifugation provides a convenient analytical method of
separating either two inumniscible liquids or a solid {rom a liquid {biochem-
ical or microbiological). The equipment used for the separation are known
as cenwrifiges.

Process of Centrifugation

The centrifuge consists of essentially a container in which a mixture
of solid and liquid or two liquids is placed and rotated at high speeds. The

425
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W mixture is separated into its constituent parts by the action of centrify,.
i gal force on their densities. A solid or liquid of higher specific gravity is
thrown outward with greater force. Therefore, it is retained at the bottop,
.. of the container leaving a clear supernatant layer of pure liquid.

i

The speed of a centrifuge is commonly expressed in terms of the nyp,.
‘U./\ ber of rotations per minute of the rotor.

Applications

Production of bulk drugs : Centrifugation technique is used to sepa-
q|', rate crystalline drugs such as aspirin from the mother liquor. Free flowing
product resuits due to the removal of traces of mother liquor and avoidance

3] of effervescence.

A1
|

. Production of biological products : Most of the proteinaceous drugg
{[) and macromolecules are present as colloidal dispersion in water. By nor-
_ mal separation methods, it is difficult to produce them in large scale. Cen-
i) trifugal methods are used for the separation of these constituents from wa-
. ter. Insulin can be obtained in pure form by selectively precipitating other
L fractions of proteins and subsequently separating them by ultracentrifuga-
tion. Centrifugation is employed for separating the blood cells from blood.
L Bicpharmaceutical analysis of drugs : Drugs present in the blood,
i tissue fluids and urine are normally presemt in the form of colloidal dis-
~ persions. Centrifugation is used for separating the drugs. This miethod is
A, essential for the evaluation of pharmacokinetic parameters and bioequiv-

alence studies.

il Evaluation of suspensions and emulsions : Centrifugation method is
used as a rapid empirical test parameter for the evaluation of suspensions
Jl) and emulsions. Normally, creaming is slow process in emulsions. This
process can be hastened by inducing stress condition (using a centrifuge).
At A stable emulsion should not show any signs of separation even after cen-
_ trifuging at 2000-3000 rotations per minute at room temperature.
' Determination of molecular weight of colleids : Determmnation of
I molecular weight of a polymer is not possible by usual methods. Ultra-
= centrifugation methods are used for determination of molecular weight of
A serum albumin, insulin and methylcellulose. Centrifugation (ultra-centrif-
~ ugation) is also used for ascertaining the degree of homogeneity of the
s sample. For example, insulin is a monodisperse protein composed of two
polypeptide chains, whereas gelatin is found to be polydisperse protein
W with fractions of molecular weight 10,000 to 1,00,000.

This chapter deals with the principles of centriﬁlg‘%ﬁion, equipment
(| used and examples of the use of the methods in pharmacy ‘practice on com-
mercial scale.

.t

b
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Corﬁment 11-1. What is the relationship between sedimentation force and cen- !
wifugal force?
comment -2, Physical stability of the emulsion can be evaluated with the aid
of centrifugation. True or false. Justify.

Comment 11-3. What is the use of centrifuge in

ioequivalence studies?

THEORY OF CENTRIFUGATICN

In a colloidal dispersion, the dispersed phase may be either a solid
or a liquid. Particles having a size above 5 pm sediment at the bottom
due to gravitation force. In such cases, separation of solids is possible by
simple filtration. If particles are of the order of 5 um or less, they undergo
Brownian motion. Hence, they do not sediment under gravity. Therefore,
a stronger force, centrifugat force is applied in order to separate them. The
sedimentation also depends on the densities of the dispersed phase and dis-
persion medium. If the difference in the densities of these phases is less,
again separation is difficult. By applying centrifugal force, it is possible 1o
facilitate (increase the rate of sedimentation) the separation process.

Centrifugal Effect or Relative Centrifugal Force (RCF)
The centrifugal operation is described by equations including the grav-
itational constant. The derivation is as follows.

Consider a bedy of mass m kg rotating in a
circular path of radius » metres at a velocity of v v
metre per minute (Figure 11-1), The force act-
ing on the body in a radial direction is given by: F

Force acting in radial direction,

2
= mv (1 Figure 11-1.
i Principle of centrifugation.

where /= centrifugal force, N
The same body 18 experiencing gravitational force (newton). It can be
expressed as:
Gravitation force, G =mg .(2)
where g = acceleration due to gravity, m/s”

The centrifugal effect is expressed as a ratio of centrifugal force to
gravitational force. In other words, centrifugal effect is a force, which is a
number of times greater than the gravitation force.

Separating power of a centrifuge is expressed as a ratio of the centrif-

ugal force to the gravitation acceleration. This ratic may have a value as
high as 104,
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The centrifugal effect can be expressed as:

force acting in radial direction  F

Centrifugal effect, C = — =
= ’ gravitational force G

# The centrifugal sedimentation of very small particles requires

“high centrifugal effect. For this purpose, equipment of a small di-

ameter is used, but operated at very high speed, e.g. tubular bowl
cenfrifuge.

But v = 27rn, where n = speed of rotation (revolutions per second of
centrifuge). Substituting this in equation (3) yields LA
2

The centrifuge is comparable to a pressure vessel. Therefore, it must
be handled with the same care as that of a high-pressure autoclave.

] 2
_ (2'1'5;'13)2 _ an’ 1% n? _4nTrn

: cgmment 1]-4:_é'ij‘g';"é‘égimgz:réhtrifuge which E;H méive high centrifugal effect.

{4y

o .
8r & g

Since 25 =d, where d = diameter of the rotation. Substituting the value 7 CLASSIFICATION OF CENTRIFUGES !
in equation {(4) gives: . ' Centrifuges are classified based on their mechanisms of separation. |
C= _22"_:"_7_ A5) Sedimentation Centrifuge
8 Sedimentation centrifige is a centrifuge that produces sedimentation

The gravitational constant has a value of 9.807 m/s?, so that equation
(5) can be simplified as:
_ 2 ST cn .
Centrifugal effect =2.013 n” d () The efficiency depends on the velocity of rotation to which the mixture
is subjected. E.g. horizontal continuous centrifige, supercentrifuge and
conical disc centrifuge. .

’

of solids based on the difference in the densities of two or more phases of
the mixture.

In equation (6), # is expressed in 5! and 4 is in metres
The measurement of 4 is made from the free surface of liquid (or {rom

1he-tip of thg tube) to thcf, centre ‘of a centrifuge and should be mentioned . Ultracentrifugation : When extremely fine solid matter is to be sep-
while reporting the centrifugal effect. R arated from a liquid for example in colloidal research, ultracentrifuge is
From equations (5) and (6), it can be inferred that used. In this instrument, a relatively small rotor is operated at speeds ex-

& Centrifugal effect o< diameter. ' ceading 1,00,000 roiations per minute and with forces up to one million

% Centrifugal effect o< (speed of 1'otation)2. times gravity.
Equation (5) helps in the selection of the type of centrifuge and other
experimental conditions.

% 1fitis required to increase the centrifugal effect, it is of greater ad- Uses:
vantage to use a cenirifuge of the same size (tubular with a length’ .
to diameter ratio varies from 4 to 8) at a higher speed rather than
using a larger centrifuge at the same speed of rotation.

& Ttisalways better to use the smallest size of centrifuge that has the

Centrifuges have replaced the gravity separators to a considerable ex-
tent in production operations because of their effectiveness in separation.

{1} Suspensions containing low concentration of solids can be sepa-
rated quickly.

(2} Lanolin is recovered from the wool by scouring process.

appropriate capacity, since the centrifuge (equipment) is subject- . (3} Clive and fish liver oils are purified by removing dirt and water.
ed to considerable stress i operation, largely due to the pressure  ° (4) The liquiddiquid phases are separated in the extraction of drugs
of the fluid on the walls. It can be shown that the pressure is - 4 for example, manufacture of antibiotics ’

directly proportional to the square of the speed and the diame- i , L )
ter. This principle is useful for the separation of two liquids as in - % (5) Bacterial enzymes are prepared by removing bacteria.

emulsions. e {6} Blood plasma is separated from whole blood.
% The centrifuge is designed to suit the required purpose. 1f a large ; (7) Starchis go_];kcted after washing and purification stages.
amount of material is to be proces d trifugal effect : , . . . .
ount of material 15 processed and a low centrifugal ¢ {(8) In the mastifacture of insulin, liquor is clarified so as to remove

is sufficient to separate, then it is economical to use a large centri-

. the precipitated proteins.
fuge operating at a low speed. preeip proteins




S GG I G S G G GO

cee

€

430 COCGOCOOBBOVOVTOOTOCREGOGCGO PHARMACEUTICAL ENGINEERNG

Advantages:
(D) ‘ Centrifuges are compact and occupy a very small space,

(2) The separating efficiency is very high, so that the particlesy
deposited very rapidly. It is suitable, if the sediment is 3 ﬂmd
deposit or sludge.

(3) Two immiscible liquids are easily separated on a continuous p;;
cess.

(4) By controlling the speed of rotation and rate of flow, coarse pam-
cles are separated, while finer particles remain in the suspension,

Disadvantages:

(1) The construction of sedimentation centrifuges is complicated.

(2) Tts capacity is limited.

Filtration Centrifuge

Filtration centrifuge is a centrifuge in which solids pass are retained

by porous medium allowing liquid to rush out due to centrifugal effect.
In this type the container contains a porous wall through which the

liquid phase may pass and on which the solid phase is retained. E.g. are

perforated basket centrifuge and semi-continuous centrifuge. The solids
that form a porous cake can be separated in the filtration centrifuge. Nor-

mally perforated wall such as canvas or metal cloth is covered with a filter :

mediumn.

Uses:

(1) When solid recovery is the primary goal, centrifugation must be
considered as an alternative to simple filtration.

(2) It is also vused for removing unwanted solids from a liquid. For
example, precipitated proteins are removed frorn insulin,
Advantages:

(1) Tt can handle slurries with a high proportion of solids and even
those having paste like consistency.

(2) The final product has very low moisture content.
{3) The dissolved solids are separated from the cake.

Disadvantages:

(1) The entire cycle is complicated resulting in considerable labour
costs.

 (2) Itisa batch process or semi-continuous type.

(3) The solids may form a hard cake, due to the centnfugal che
which is difficult to remove,
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Ciassification Based on Scale of Usage
Laboratory : Horizontal spinning arm type
scale Angle centrifnge (45 to 50 angle)
High speed centrifuge (10,000 rotations per minute)
Ultracentrifuge (85,000 rotations per minute)
Commercizal scale
Batch type

Semi-continuous scale
Continuous centrifuge

: Perforated basket centrifuge
: Short-cycle batch centrifuge
Supercentrifuge

I Comment 11-5. How is sedimentation centrafugatlon different from Ritration ;‘

centrifugation?

Comment i1-6. Filtration centrifuge is a modification of filtration equipment.

i True or false. Justify.
E omment 11-7. What is the major limitation of a filtratien centrifuge over ffter?
L.

: LABORATORY CENTRIFUGES LR

Centrlfuges separate two substances of different densities by the appli-
cation of centrifugal forces which may be several times that of the gravity.
Centrifuges used for the laboratory work are described in the following
sections.

Harizontal Arm Type Centrifuge

The construction of a simple manually driven laboratory centrifuge is
shown in Figure 11-2. It consists of a rotating head carrying two or four
freely swinging metal buckets. Glass centrifuge tubes are filled with the
material to be separated and placed into the metal buckets. The head is
driven manually using crank. When head starts rotating, the metal buckets
start swinging outwards and finally reach the horizontal position at maxi-
mum working speed. During this process, the particles (which are normal-
ly denser than the liquid) sediment along the side {length) of the tube and

Remﬂvablﬁ Ud—t—él_;

{entrifuge head

Lifting handles
for lid

=== L
L= Position of
centrifuge tube
Position of when running
centrifuge

tube at rest

Figure 11-2. Horizontal arm centrifuge- Manually driven.

i
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finally reaches the bottom of the tube. The contents of centrifuge tubes
(either suspension or emulsion) undergo separation based on their deng; :
ties. Once the crank is stopped, rotating head along with buckets reach
the resting position. Then, centrifuge tubes are removed and decanted 1q
collect supernatant liquid (low density phase). The sediment mass (high
density phase) can then be collected. .

This centrifuge is used for small volumes. This is also known as low
speed centrifuge. The RCF obtained in small centrifuges is at 2000 g, af
approximately 5000 rotations per minute.
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Angle Centrifuge

The construction of a anglé centrifuge is shown in Figure 11-3. It con-
sists of electrically driven head carrying metal buckets. The unique feature
of this centrifuge is that metal buckets (carrying centrifuge tubes) are held
at 45 to 50° to the vertical axes, at resting as well as rotating position. This
centrifuge is operated at high speed so as to get RCF 0f 10,000 g.

During centrifugation, the high density particles have only a short path
to travel to reach the sides of the tube. The particles present in the liquid
should sediment rapidly and should not adhere to the sides of the tube.

i e Bk b o e, b ol S0

3
rotor ®
LN‘I 8= 45°C
Motor 4

{a) Centrifuge motor drive. {b) Position during swinging.

Figure 11-3. Electrically driven angle centrifuge.

= e, INDUSTRIAL EQUIPMENT et ]
Centrifuges of different types are available to meet the specific re-

quirements of the slurry and the end product. In addition, experimental
conditions are established by considering the factors affecting the process.

2 Dengities of the materials to be separated

bt 14 Lot RaA b st 58

ane

% Nature of slurry
% Flow of feed or slurry

% Centrifuge dimensions

% Bottle (centrifuge) size

4 Centrifugation time

ST BT R b o

Critical Quality Attributes (CQAs) - Centrifugation
The CQAs, process parameters (PPs) and material attributes are re-
corded in Figure 11-4, The centrifugation is a separation process (alter-

S, L e ISR AR i e
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native to filtration), but it is rarely used in the formulation development
of solutions. Centrifugation is considered in the context of production of
pulk drugs, process chemistry and biopharmaceutical products. In all these
cases, the solid is important output. The upstream operation must be ex-
traction of liquid-liquid or solid-liquid type and downstream operation is
drying of solids. For a given set of conditions, the attributes critical to the
steps are: assay, moisture content and flow properties.

The process parameters are: density differences, g-number, rpm and
duration of centrifugation. These are prefixed as standards with limits and
attempted to control in the production. The above are general characteris-
tics, but a few may change depending on the type of centrifuge used (filtra-
tion type or sedimentation type).

Process parameters \

@ Centrifuge type, size,

& Bowl capacity,

& Flow of slurry,

# Temperature,

& g-number (centrifugal effect),
% Bowl tip speed (diameter of

Material attributes

& Nature of feed/slurry,
@ Particles {coarse/fine),
% Proportioh of salids,
Solution viscosity, . -

@

rotation, rpm), ] @ Density differences,
# Duration of centrifugation, 4 @ Dsmolarity,
% Pellet characterization, © Appearance.
& Washing with buffer,
(Environment (temp and RHV
. Centrifugation Manufacturing

process step

Critical quality attributes of ouiputi

% Cake formation (loose/hard),
& Content uniformity, assay,

& Moisture content,

# Particle size distribution,

@ Bulk/tapped densities,

# Flow properties of solids,

# Microbial load.

Figure 11-4. CQAs and process parameiers for cen-
trifugal separation in the production of bulk drugs.

Some pharmaceutically important centrifuges are explained below.

P

Perforated Basket Centrifuge o

In this centrifuge, a basket is mounted above a driving shaft. Suéh
an arrangement is described as under-driven. Conversely, if the basket is
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suspended from a shaft, it is described as over-driven. These are used for
batch processes. An under-driven bowl centrifuge is described belovy,

Principle : Perforated basket (bowl) centrifuge is a filtration centri.
fuge. The separation is through a perforated wall based on the difference
in the densities of solid and liquid phases. The bowl! contains a perforat.
ed side-wall. During centrifugation, the lignid phase passes through the
perforated wall, while solid phase is retained in the bowl. The solid i
removed after cutting the sediment by a blade when the centrifuge stops.

Construction : The construction of a under-driven perforated basket
centrifuse is shown in Figure 11-5. It consists of a basket, made of stee]
(sometimes covered with vulcanite or lead) or copper or monel or any other
suitable metal. The basket materiai of constriction should be such that it
offers the greatest resistance to corrosipn. The basket may have a diameter
of 0.90 m and a capacity of 0.085 m”. The diameter of the perforations
should be selected based on the size of crystals to be separated. In case,
the size of perforations is bigger than that of the particles, a filter cloth is

employed.

Interlocking switch Cover
/i —- Stationary
£ casing >
ilt ]
Qofhr i Perforated
A ] basket
Mounting _
shaft
: — Liquid
Qﬁ?‘_} W outlet

Motor
Figure 11-5. Construction of perforated basket centrifuge.

The basket is suspended on vertical shaft and 1s driven by a motor us-
ing suitable power systems such as belt pulleys, water turbines and electric
motors. The basket may require about 5 kilowatt power for starting and
2 kilowatt power for running. Soraetimes, steel hoops are nsed r:_:xtemali'y
to strengthen the basket. Surrounding the basket, a casing (stationary) is
provided which collects the filirate and discharges it at the outlet.

Working : The material (feed) is kept in the basket when the baske‘t is
stationary. The amount of material should be optimum, otherwise, durlpg
centrifugation it puts a great strain on the basket. The loading of material
must be done to give even distribution. Power 1s applied to rotaie the bas-
ket and maximum speed must be attained quickly. The basket runs at 1000
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rotations per minute. The power required for running is smal} compared to
the power required for starting and bringing it to the full speed.

During centrifugation, the liquid passes through the perforated wall,
while the solid phase retains in the basket. The liquid leaves the basket and
is collected at the outlet. The cake is then spun to dry as much as possi-
ble. Sometimes higher speeds are used so that the cake will be completely
dried. After a definite period of time, the power is turned off. By applying
a brake the centrifuge is stopped. The basket is brought to rest. The solid
cake is cut using a blade and then unloaded manually.

Uses:

(1) Perforated basket centrifuge is extensively used for separating
crystalline drugs (such as aspirin) from the mother liquor. Free
flowing product can be obtained because mother liquor is re-
moved completely.

(2) It is also used for removing unwanted solids from a liquid. For
example, precipitated proteins are removed from insulin.

(3) Sugar crystals are separated using perforated basket centrifuge.
Advantages: o
(1) The centrifuge is very compact and it occupies very little floor space.

(2) It can handle slurries with a high proportion of solids and even
those having paste like consistency.

(3) The final product has very low moisture content.

(4) In this method, the dissolved solids are separated from the cake.

(5) The process is rapid.

Disadvantages:

(1)} The entire cycle is complicated resulting in considerable labour costs.

(2) Itis a batch process.

(3) Ifthe machine is adapted for prolonged operation, therg is consig-
erable wear and tear of the equipment. On prolonged operation,

the solids may form hard cake, due to the centrifugal force, which
is difficult to remove simultaneously.

Variants : For the separation of fine crystals, the perforations of 3 mm
in diameter are sufficient. But for finely ground materials, the basket is
lined with fine meshed gauze or with a cloth supported on a coarser gauge.

Non-perforated Basket Centrifuge

Principle : This is a sedimentation centrifuge. The separation is based ¢/

on the difference in the densities of solid and liquid phases without a po-
rous barrter. The bow! contains a non-perforated side-wall. During cen-
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trifugation, solid phase is retained on the sides of the basket, while thé
liquid remains at the top, which is removed by a skimming tube, '

Construction : The construction of a under-driven non-perforateg -

basket centrifuge is shown in Figure 11-6. It consists of a basket, which
may be made of steel or anry other suitable metal. The basket is suspended
on vertical shaft and is driven by a motor using a suitable power system,

Working : The suspension is fed continuously into the basket. During
centrifugation, solid phase is retained on the sides of the basket, while lig-
uid remains on the top. The liquid is removed over a weir or through a
skimming tube (Figure 11-6). When a suitable depth of solids has been
deposited on the walls of the basket, the operation is stopped. The solids
are then scraped off by hand or using a scraper blade.

Uses : Non-perforated basket centrifuge is useful when the deposited
solids offer high resistance to the flow of liquid.

FeFd
Skiming
tube
k L )- — Solid

Shaft

| Liquid

3--

€

Motor
Figure 11-6. Construction of non-perforated basket centrifuge.

Variants : When a mixture of liquids is to be separated, the denser
liquid is collected near the walls and the lighter liquid forms an inner layer.
Overflow weirs are arranged so that the two constituents are continuously

removed.

Semi-continuous Centrifuge or Short Cycle Automatic
Batch Centrifuge

Principle : Semi-continuous centrifuge is a filiration centrifuge. The
separation 1s through a perforated wall baseéc on the difference in the den-
sities of solid and liquid phases. The bow%ﬁpbntains a perforated side-wall.
During centrifugation, the liquid phase passes through the petforated wall,
while solid phase retains in the bowl. The solid is washed and removed
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by cutting the sediment using a blade. It is a short cycle automatic batch
centrifuge.

Construction : The construction of a semi-continuous centrifuge is
shown in Figure 11-7. It consists of a vertical perforated basket, which
is supported from a horizontal shaft driven by a motor. From the open
side of the basket, provisions are made at the centre to introduce feed and
wash pipe through horizontal tubes. A feeler (not shown) rides over the
feed, which is connected to diaphragm valve through air supply. The fecler
conirols the thickness of the feed. Hydraulic cylinder attachment is made
in such a manner that the discharge chute enters from the sides of basket
when discharge of crystals is desirable. ’

Y )

Filter o
wedium

Knife

Basket

Discharge
assembly

Dry crystals
Figure 11-7. Construction of semi-continuous centrifuge.

Worlking : The perforated basket is allowed to rotate and slurry is
introduced from the side pipe. During centrifugation, the slurry passes
through the perforated wall. The solids are retained in the basket, while
filtrate leaves the basket, which is collected at outlet. Further, the cake is
washed with water. The wash escapes from the basket through the filtrate
outlet.

After achieving the desired thickness (50 to 70 mm), the feeler cuts off
the air supply to a diaphragm valve that antomatically shuts off the entry
of slurry. The hydraulic cylinder is acmated, which lifts the knife along
with the discharge chute. The knife does not-cut the cake completely down
to the screen, but leaves a layer of crystals that acts as a filter medium for
further separation in the next cycle. The residual crystals may be given a
brief wash before starting the next cycle.

Ea
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w Through a timer and air supply mechanisins, diaphragm va}ves con-

0 trols all steps. Therefore, the entire cycle is semiautomatic. The discharged
- crystals may contain 2 to 4 % of moisture.

5] Advantages : Short-cycle automatic batch centrifuge is used when
_ solids can be drained fast from the bowl.

Disadvantage : During discharge, considerable breakage of crystals
b, is possible. Many moving parts are involved making the construction and
functioning more complicated.

U Horizontal Continuous Centrifuge
(L Principle : This is a sedimentation c_:entrifu‘ge. _The separat_ion is based
-~ on the difference in the densities of solid and liquid phases without a po-
;) Tous barrier. When slurry is introduced through the shaft of the screw ele-
L ment into conical bowl, sedimentation of solids takes place due to centrif-
([, ugal action. The solids are lifted up by the screw element, while the liquid
phase is continuously drained.

E Construction : The construction of a horizontal continuous centri-
fuge is shown in Figure 11-8. It consists of a cylindrical or conigal bowl
{[} mounted horizontally and capable of rotating at 50 to 65 revolutions per
second. The bowl has a diameter of about 0.5 m. Within the bowl, a screw
conveyor is placed which rotates in the same direction as the bowl, but at

a slightly slower speed.

T Screw conveyor
L . G:_ Inlet :
il
iy 1 Salids outlet
Liguid outlet
¢ Figure 11-8. Construction of the horizontal continuous centrifuge.
Jf Working : The bowl and the screw conveyor are allowed to rotate

\MJ and is discharged continuously. The solids are
where they get dried.

using suitable power supply. The slurry is introduced through the shaft
i/, as shown in Figure 11-8. The liquid moves into the wider portion of the
bow!. Sedimentation of solids takes place due to centrifugal action. Tllc

(l; solids are lifted by the screw element, while the liquid phase is continu-
ously drained. The solid material is carried towgﬁ‘gs outlet by the conveyor
onveyed to a dry ‘beach’

* the top 6f the bowl, and modified
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Uses : Horizontal continuous centrifuge is used when a high propor-
tion of solids is present in the shurry.

Advantages : (1) Continuous horizontal centrifuge is very flexible in
operation. .
(2) Itis capable of handling solids as large as 10 to 15 mm or as small
as'a few microns.

(3) It can be used for slurries with concentrations ranging from 0.5 to
50 %.

Variants : The conical form as shown in Figure 11-8 is in common
use, but some materials are difficult to convey when dry, for example, if
the material is soft and compressible. In such cases, a cylindrical bowl is
used with a short conical section near the outlet. As a result, the solid is
submerged in the liquid for most of the time and is separated only when it
is near the discharge point.

Supercentrifuge

Sharples supercentrifuge is a continuous centrifuge used for separating
two immiscible liquid phases. S

Principle : Supercentrifuge is a sedimentation centrifuge. Thé‘s'epa—
ration is based on the difference in the densities between two immiscible
lquids. Centrifugation is done in the bowl of small centrifuge. During
centrifugation, the heavier liquid is thrown against the wall, while the light-
er liquid remains as an inner lay- Motor
er. The two layers are simulta- :
neously separated using modified
Weirs.

Construction : The con-
struction of a supercentrifuge is phase
shown in Figure 11-9, It consists Heavy
of a long hollow cylindrical bow! phase
of small diameter. It is suspend-
ed from a flexible spindle at the
top and guided at the bottom by
loose-fit bushing. It can be ro-
tated on its..longitudinal axis.
Provision is made at the bottom
for the feed inlet using pressure
system. Two liquid outlets are
provided at different heights at. .

Light ___~7

Air space

Rotating
bowl

weirs, are attached.

Figure 11-9.
Construction of supercentrifuge.
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Working : The centrifuge is allowed to rotate on its longitudinal axig
at a high speed, usually about 2000 revolutions per minute with the help of
drive-assembly. The feed is introduced from the bottom of the centrifuge
using a pressure system. During centrifugation, two liquid phases separate
based on the difference in their densities. The heavier liquid is thrown
against the wall, while the lighter liquid forms an inner layer. Both liquids
rise to the top of the vertical bowl.

The liquid-liquid interface (the so-called neutral zone) is maintained
by an hydraulic balance. These two layers are simultaneously removed as
two liguids separately from different heights through modified weirs (as
shown in Figure 11-9). Thus the supercentrifuge can work for continuous
separation of immiscible liquid phases.

Use : Supercentrifuge is used for separating liquid phases of emulsions
in foods and pharmaceuticals.

Variants : Tubular bowl centrifuge : It is used to separate solids and
liquids, when the solid content is low. Itisa cylindrical bowl and other
facilities remain the same. During centrifugation, clear liquid overflows
from the weir at the top, solids are deposited on the wall and are removed
at intervals, if necessary. Capacity of this centrifuge is limited.

Conical Disc Centrifuge or De Laval Clarifier

As it is a clarifier, solids or immiscible liquids are present in low con-
centration in the feed. Complete clarification of the feed is possible by
centrifugal means.

Principle : It is a sedimentation centrifuge. The separation is based
on the difference in the densities between the phases under the influence
of centrifugal force. In this, a number of cone-shaped plates are attached
to a central shaft (which has the provision for feed) at different elevations.
During centrifugation, the dense solids are thrown outwards to the under-
side of the cone shaped casing, while the lighter clarified liquid passes over
the bow! and recovered from the top of the cone.

Constraction : The construction of a conical disc centrifuge is shown
in Figure 11-10. It consists of a shallow form of bowl containing a series of
conical discs attached to the centre shaft at different elevations. The discs
are made up of a thin sheet of metal or plastic separated by narrow spaces.
Matching holes in the discs (about half way between the axis and the wall
of the bowl) form channels through which the liquid passes. A concentric

tube is placed surounding the central drive shaft.
Working : Centrifuge is allowed to rotate. Low speed and short time

of centrifugation is sufficient to give high degree of clarification. The feed
is introduced through the concentric tube surrounding the shafi. The feed
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Enlet

/

——Heavier liquid

Lighter liguid

Conical
discs

Heavier/
tiguid + -
solids

Motor

Figure 11-10. Construction of the cenical disc centrifuge.
flows down and enters into the spaces between the discs (shown by the
arrows). During centrifugation, the liquid flows info the channels (holes at
the centre of the disc) and upward past the discs. These substances move
along the surfaces of the discs to the limits of the inner and outer layers.

The solids and heavy liquids are thrown outward and move underside of
the discs.

_ Then the solids deposit at the bottom of the cone, which is removed
1{1termlttcnt1y. The lighter liquid moves to the upper side of the discs. The
liguid raises to the top and escapes from the outlet.

Uses:

(1) Two immiscib_le l‘iqu‘ids. can be easily separated by a continuous
process after liquid/liquid extraction as in case of manufacture of
antibiotics.

(2) Suspensions containing low concentration of solids can be sepa-
rated quickly. Solids that are gelatinous or slimy can be separated
by disc cone centrifuge. Such substances may plug the filter in
other methods.

(3) Starch is collected after washing and purification stages.

(4) In the manufacture of insulin, the liquor is clarified to remove the
precipitated proteins.

(5) CGancentration of one fluid phase is possible as in the separation of
cream from milk, concentration of rubber latex, removing solids
froni lubricating oils, inks and beverages.
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Advantages:

(1) Conical disc centrifuges are compact occupying a very small space.

(2) The separating efficiency is very high, so that the particles are
deposited very rapidly. It is suitable, if the sediment is a fluid
deposit or sludge.

(3) By controlling the speed of rotation and rate of flow, particles are
separated into two size fractions.

Disadvantages:

(1) The construction of a conical disc centrifuge is complicated.
{2) Its capacity is limited.

(3) It is not suitable if the sediment of solids forms a hard cake.

-l Comment 11-8. Centrifugal separation is a batch process. True of false. Justify.

Comment 11-9. How can the centrifugal effect be effectively applied for separation?

Comment 11-10. Suggest a centrifuge when a large volume of material needs
to be handled?

Summary

Centrifugation is a separation technique with the aid of centrifugal
force. Centrifugation technique is used to separate crystalline drugs from
mother liquor, proteineous drugs and macromolecules present in colloidal
dispersions, separation of drugs from blood, tissue and urine. It is also
used for evaluation of the physical stability of suspensions and emulsions
and the determination of molecular weight. Normally, sedimentation pro-
cess also gives the separation which involves gravitational force. In cen-
trifugation, the gravitational force is replaced by centrifugal force. Cen-
trifugation is particularly useful when separation by filtration is difficult.
The equipment used for this purpose are known as centrifuges. The speed
of the centrifugation is expressed by rpm or G and is critical for the separa-
tion. Centrifuges are classified as sedimentation centrifuges and filtration
centrifuges. In the sedimentation centrifuge, the difference in the densities
of the two phases is the deciding factor. In filtration centrifuge, a porous
medium is used through which the liquid gets separated from the solid.
Normally, a perforated wall such as canvas or metal cloth is covered with
a filter medium.

Colloidal particles are difficult to sediment, because gravitation force
is not adequate. A stronger force such a centrifugal force is necessary for
the separation. Such a parameter is known as separating power. The the-
ory of centrifugation is based ori the particle size and its influence for sep-

“aration. The centrifugal effect is expressed as a ratio of centrifugal force'

to gravitating force. The centrifugal effect is directly proportional to the
diameter and square of speed of rotation. For obtaining increased centrifu-

o Tl i i e e
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gal effect, the size should be smaller and the speed must be higher. Based
on these principles, the size of the centrifuge, i.e. diameter of the centrifuge
tubes is chosen. Thus, the theory permits the selection of right dimensions
of centrifuge. The factors affecting the centrifugation are: the nature of
slurry, flow of shurry, centrifuge dimensions. In addition, time of centrifu-
gation is.a process parameter, particularly for batch type centrifuges.

Industrial centrifuges are available in different designs, each meets a
specific requirement of the slurry and end product. A bowl or basket is
used in which the sharry gets separated into two different phases. These
equipment are driven by a suitable motor. Some the industrial centrifug-
es are: perforated basket centrifuge, non-perforated basket centrifuge,
short-cycle autornatic batch cenirifuge, continuous horizontal centrifuge,
supercentrifuge and conical disc centrifuge. For continuous centrifugation,
a screw conveyor would be ideal or a tall cylindrical bow] with narrow
diameter is usefil.

Glossary of Symbols

= Centrifugal effect, m/s2. -
= Diameter of the rotation, m. '
= Centrifugal force, N.
= Gravitaticn force, N.

g = Acceleration due to gravity, m/s.

m = Mass of the body, kg.

n = Speed of the rotation, revolutions per second.

r = Radius from the centre to the moving body in a circular path, m.

v = Velocity of the moving body, m/s.

RCF = Relative centrifugal force.

QUESTION BANK
Each question carries one mark

Note : Encircle the alphabet which corresponds to the single best response.

1. If the amount of materials to be processed is huge and a low centrifugal
effect is sufficient, then one of the following is economical to use.
A. Large centrifuge operating at high speed
B. Large centrifuge operating at low speed
C. Small centrifuge operating at high speed
D. Small centrifuge operating at low speed
2. Which istthe principle difference (in the properties) that influences cen-
. trifuggtion? | S . : .
" A. Densities
C. Particle sizes

B. Interfacial tensions
D. Viscosities
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Advantages: -
(1) Conical disc centrifuges are compact occupying a very small space:!
(2) The separating efficiency ig very high,_ so that tpe part_‘ic]es are-
deposited very rapidly. It is suitable, if the sediment is a fluid -
deposit or sludge. "
(3) By controlling the speed of rotation and rate of flow, particles ar¢ ;
separatéd into two size fractions. :

Disadvantages: .
(1) The construction of a conical disc centrifuge is complicated.

(2) Its capacity is limited.
(3) Itisnot suitable if the sediment of solids forms a hard cake.

e

[ Comment 11-8. Centrifugat separation is a batch process. True of false. Justify; !

Comment 11-9. How canthe centrifugal effect be effectively applied for separation?!_;i

! comment 11-10. Suggest a centrifuge when 2 large volume of material needs 1

i to be handled? S

Summary ) ) _ _
Centrifugation is a separation technigue with the aid of centrifugal

force, Centrifugation technique is used to separate crystalline .dmgs ﬂ:Om
mother liquor, proteineous drugs and macromo.lecules presetnt mn co}lo;dal
dispersions, separation of drugs from biood, tissue an.d urine. it is ?150
used for evaluation of the physical stability of suspenstons and emulsions
and the determination of molecular weight. Normally, sedimentation pro-
cess also gives the separation which involves grawtatlc_mal force. In cen-
trifugation, the gravitational force is replaced _by centr;fuggl fqrce_, Cen-
trifugation is particularly useful when separation by filtration is difficult,
The equipment used for this purpose are known as cen'tr}fuges. The speed
of the centrifugation is expressed by rpm or G _and is crl.tlcal for the separa-
tion. Centrifuges are classified as sedimentation gentnfuge.s and ﬁItra't].on
centrifuces. In the sedimentation centrifuge, the dllfference in the densities
of the two phases is the deciding factor. In filtration centrifuge, a porous
medium is used through which the liquid gets separated fr0111 the soi}d.
Normally, a perforated wall such as canvas or metal cloth is covered with

a filter medium.

Colloidal particles are difficult to sediment, because g_ravitation force
is not adequate. A stronger force such a centrifugal fc_)rce is necessary for
the qeparation. Such a Parametsr s knowa as separating power. The the-
ory of centrifugation is based on the particle size and its influence for sep-
aration. The centrifugal effect is expressed as a ratio of cenmﬁlgal force
to gravitating force. The centrifugal effect is direct_ly ]:_:ropomonal to _the
diameter and square of speed of rotation. For obtaining increased centrifu-
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anl effect, the size should be smaller and the speed must be higher. Based
on these principles, the size of the centrifuge, i.e. diameter of the centrifuge
tubes is chosen. Thus, the theory permits the selection of right dimensions
of centrifuge. The factors affecting the centrifugation are: the nature of
sturry, flow of slurry, centrifuge dimensions. In addition, time of centrifu-
gation is a process parametet, particularly for batch type centrifuges.

Industrial centrifuges are available in different designs, each meets a
specific requirement of the slurry and end product., A bowl or basket is
used in which the slurry gets separated into two different phases. These
equipment are driven by a suitable motor. Some the industrial centrifug-
es are: perforated basket centrifnge, non-perforated basket centrifuge,
short-cycle automatic batch centrifuge, continuous horizontal centrifuge,
supercentrifuge and conical disc centrifuge. For continuous centrifugation,
a screw conveyor would be ideal or a tall cylindrical bowl with narrow
diameter is useful.

Glossary of Symbols

C = Centrifugal effect, m/s%. -

d = Diameter of the rotation, m. '

F = Centrifugal force, N.

G = Gravitation force, N.

g = Acceleration due to gravity, m/s>.
m = Mass of the body, kg.

n = Speed of the rotation, revolutions per second.
r = Radius from the centre to the moving body in a circular path, m.
v = Velocity of the moving body, m/s.
RCF = Relative centrifugal force.

QUESTION BANK
Each gquestion carrics one mark
Neote : Encircle the alphabet which corresponds to the single best response.

1. If the amount of materials to be processed is huge and a low centrifugal
effect is sufficient, then one of the following is economical to use.

A. Large centrifuge operating at high speed
B. Large centrifuge operating at low speed
C. Small centrifuge operating at high speed
D. Sinall centrifuge operating at low speed
2. Which is the principle difference (in the properties) that infiliences cen-
trifugation? N
A. Densities
C. Particle sizes

. N
B. Interfacial tensions
D. Viscositics
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10.

11.

12.
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Centrifugal method is used for one of the following process.
A, Mixing B. Purification

C. Separation D. Sizing

Centrifugal effect counter-acts one of the following forces.
A. Brownian forces B. Cohesive forces

C. Electrostatic forces D. Gravitational forces
Which of the following centrifuges works against the gravitation acceler-
ation?

A. Conical disc centrifuge

C. Perforated basket centrifuge

The solid that has high specific gravity remains in one of the following
states in the centrifuge tube, once centrifugation is completed.

A. Bottom B. Middie

C. Top D. Uniform

Which one of the following forces greatly enhances the separation forces?
B. Centrifugal forces

C. Gravitational forces D. Van der Waals forces
Centrifugal effect is expressed in one of the following ratios.

A. Centrifugal force to density of liquid

B. Centrifugal force to gravitational force

C. Centrifugal force to sedimentation force

D. Gravitation force to sedimentation force
What are the two factors responsible for separation by centrifugation?
A. Density and sedimentation force

B. Density and speed of rotation

C. Diameter and speed of rotation

D. Speed of rotation and sedimentation force

Centrifugation is useful in one of the following types of dispersions. E
A. Coarse dispersions B. Colloidal dispersions
C. Molecular dispersions D. Multi-size dispersions

For a sedimentation type, the centrifuge has one of the following condi-
tions.

A. Basket is non-perforated B. Basket is perforated

C. Containing filter aid D. Containing filter medium
Washing of solids is NOT possible in one of the following centrifuges.
A Non-perforated basket centrifuge

B. Perforated basket centrifuge.

C. Semi-continuous centrifuge

D. Super-centrifuge

B. Continuous horizontal centrifuge
D. Semi-continuous centrifuge

A. Brownian forces

14.

15.

l16.

17.

19,

20.

21.

22,

o

* A. Clarification
~ C. Gravity separation

P
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Conical disc centrifuge works on one of the following mechanisms of
separation.

B. Filtration

D. Sedimentation

Continuous horizontal centrifuge consists of one of the following parts.
A Filter cloth B. Knife

C. Screw element D. Weirs

Weirs are employed in centrifugation process for one of the following

purposes.
A. Adding water for washing B. Preventing air entrapment
C. Removing liquid D. Separating solids

Centrifuges are used for the analysis of dosage forms in terms of one of
the following stabilities.

A. Chemical stability B. Photostability

C. Physical stability D. Thermal stability

Which one of these is the gravitational constant in SI units (m/s2)?
A. 0.09807 B. 0.9807.

C. 9.807 D. 98.07 R
The velocity of centrifuge is commeonly expressed in terms of the follow-
ing units,

A. Diameter of the rotation B. Meter per second square
C. Metre square per second D. Revolutions per minute
Which is the example of baich type centrifuge?

A. Conical disc centrifuge B. Horizontal centrifuge

C. Perforated basket centrifuge D. Supercentrifuge

‘Which one of the following is an under-driven centrifuge?

A. Horizontal continuous centrifuge

B. Perforated basket centrifuge

C. Semi-continuous centrifuge

" D. Conical disc centrifuge

During discharge, breaking of crystals is possible in one of the following
centrifuges.

A.. Horizontal continuous centrifuge

B. Non-perforated basket centrifuge

C. Semi-continuous centrifuge

D. Super-centrifuge Ki
Which factor does NOT affect the separat1011 process ‘ofa ccntnf(uge‘?
A. Centrifugation time 'B. Nature of slurry

C. Speed of centrifuge D. Temperature
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24.

Each guestion carries 2 marks
1.

Fa i

‘Which one of the following is a filtration cenirifuge?

A. Conical disc centrifuge B. Continuous horizontal centrifuge.
C. Perforated basket centrifuge
De Laval clarifier is used for:
A. Centrifugation

C. Filtration

Bacterial enzymes are prepared by removing bacteria. Suggest the possi.
ble method of separation.

A. Filtration centrifuge
C. Sedimentation centrifuge

D. Super-centrifuge

B. Clarification
D. Sedimentation

B. Perforated centrifuge
D. Vacuum filter

Write two pharmaceutical applications of centrifugal sedimentation.
What are basket centrifuges? Describe their applications,

Write the applications of perforated basket centrifuges.

Explain the principle behind centrifugal separation.

What is meant by under-driven filtration type basket centrifuges?

Fach question carries 5 marks

1.

B

Classify industrial centrifuges. Write construction and working of a per-
forated basket centrifuge.

Give five pharmaceutical applications of centrifugal separations.
Describe continuous centrifuges, giving their advantages.

Describe the construction and working of a Sharples supercentrifuge.
Describe the theory of centrifugation.

Each question carries 14 marks

1.

2.

Discuss construction and working of a discontinuous centrifuge for solid
separation.

Describe the construction and working of a centrifuge used for the sepa-
ration of slurry containing high percentage of solids.

Describe the construction and working of a centrifuge used for the sepa-
ration of two liguid phases as in case of emulsions.
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Retative centrifugal
force,
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particles,

Speed of rotation,

Size of centrifuge,

Amount material
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-
Z- ‘
\F& Conical disc centrifugeﬁ

Applications

FProduction of bulk drugs,

Production of biological
preducts,

Biopharmaceutical analysis,

Physical evaluation of
suspensions and emulsions,

Determination of molecular
weight,

/Mechanism Based\,

Sedimentation
centrifuge,

Filtration
centrifuge. A0

sification

& Scale of Operation
O Baich type,

Semi continuous,
kContinuous type. /‘

K Industrial Centrifuges ) .

Perforated
basket centrifuge,

I ;-_j Nonperforated
basket centrifuge,

3

Short cycle automatic jC >t
batch centrifuge,

A Continuous
horizontal centrifuge,

Supercentrifuge,
¢

MIND MAP OF CENTRIFUGATION
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Classification of Materials for Plant Construction
Ferrous Metals
Non-Ferrous Metals
Nonmetals—Inorganic
Nonmetals—Organic
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e LEARNING OBJECTIVES

! After reading this chapter, the reader should be able to:

L e Appreciate the nature and properties of materials employed in the de-
sign of equipment. ‘

% Explain the factors influencing the selection of materiats.

% Review the classification of materials used for construction of equip-

&

&

ment that permits the easy understanding of the properties.

Analyze the use of ferrous and non-ferrous metals as material of con-

struction. ;

Highlight the use of glass, rubber and plastic as a component parts in ;
handing dosage forms.
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A number of equipment are used in the manufacture of pharmaceuticals,
bulk drugs, antibiotics, biological products, etc. In addition,.several acces-
sories such as containers for processing and packing of finished products
are esseniial. A wide variety of materials can be utilised for the construc-
tion of equipment. The success or failure of a new chemical plant or in the
improvement of an existing facility depends on:

1. Design of equipment

2. Selection of material

3. Technique of fabrication

The design (construction) and worrl@lhg of equipment employed in unit
operations have been discussed vividly in various cliapters. Tl'n_e kncn:vl-
edge on the properties of materials is essential for selecting the right kind
of materials.
448
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The purpose of this chapter is to provide a working knowledge on
some of the major types of materials available for construction. This will
determine whether a process is expensive or complex. It also decides the
profit and utility of the end product. The technical details on the fabrica-
tion are not within the scope of this chapter, because it needs special exper-
tise, which may not be relevant.

The selection of a material for the construction of equipment depends
on the following properties.
Chemical resistance
Structural strength
Resistance to physical shock i.e. operating pressure
Resistance to thermal shock i.e. operating temperature
Ease of fabrication
Cost
7. Maintenance

N

Selecting satisfactory materials for the construction of plant encoun-
ters problems involving chemical, physical and economic factors. ,

¥ FACTORS INFLUENCING SELECTION OF MATERIALS =3

Chemical Factors

The container or equipment should protect the integrity of the con-
tents. At the same time, the contents should not alter the properties of the
material with which the vessel is made. When these are in contact with
cach other, the effects may be understood in two ways:

~ (a) The contents may react and thus get contaminated with the mate-
rial of the plant.

(b) The drugs and chemicals may destroy the material of the plant.

Contamination of the product : The impurities in chemical substanc-

es or bulk drugs may be from different sources. The solvent action may
cause corrosion, so that the traces of metal ions used in construction tend to
pass into solution and contaminate the product. Substances such as glass,
silica, lead, cast iron, steel, tinned iron and a variety of alloys are used in
the construction of a chemical plant and most of them produce contamination.

Even though impurities are present in traces, these may cause the prod-
uct to decompose. For example, heavy metals inactivate penicillin. The
appearance of the product may also be effected by changes in colour. Glass.
vessels may give up traces of alkali to the solvent, though this is unlikely,
if the vessels are of hard glass. Sometimes, product contamination may be
innocuous and non-toxic.
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Influence of chemicals on the material of the plant : The solutions that

. . . A L i
come into contact with the equipment are generally corrosive in nature,
In addition, equipment are exposed to extremes of pH, temperanmires anci

pressures. As a result, the material gets corroded, losing its strength and -

durability. Therefore, the life of the equipment is reduced.

The knowledge of materials of plant construction assists greatly jp

providing a plant that will be resistant to attack of acids, alkalis, oxidizing
agents, tannins, etc. New alloys having special physical and chemical proper-
ties have been developed to meet the problems of chemical reactions,

Physical Factors

Strength : The material should have sufficient strength so that it can
withstand the stresses or rigours to which the material is subjected in the
production. Iron and stainless steel can satisfy these properties. For ex-
ample, in the compression of tablets, the dies and punches should have
sufficient mechanical strength to transmit the applied pressure, otherwise
tablets are poorly formed. Glass satisfies the property of strength, but is
breakable.

Generally tablets, capsules and vials are preserved in blister packing,
The packing materials should withstand the rigors of handling, shipment
and transportation. Plastic materials are used. because these offer suffi-
cient mechanical strength.

Aerosol containers must withstand pressure as high as 960 kPa to 1.20
MPa at 55 °C. Tin plate containers can satisfy this condition, while plastic
containers cannot be used due to its poor mechanical strength.

Mass : Many times, the equipment should be transported or moved
from one place to another. This is possible when the material is light in
weight, when other factors are satisfactory. Similarly, plastic material is
employed for the manufacture of containers for use of pharmaceuticals and
cosmetics on account of its light weight. As a result the cost of transpor-
tation reduces.

Wear properties : These properties become important, when there is a
possibility of friction between the moving parts. For example, during mill-
ing and grinding, the grinding surfaces wear off and these materials will
be incorporated into powder as impurities. Such type of mills should be
avoided, when drugs of high purity are required. The risk of contamination
is more due to wear of ceramic or iron equipment (sieves).

Duting tabiatting oparations, the upper and lower punches rotate con-
tinuously. In this process, the wearing of these punches is high.

Thermal conductivity : In chemical industries, several equipment
such as evaporators, dryers, stiils and heat exchangers are used. The mate-

3
%
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rial employed for their fabrication should have good thermal conductivity,
However, the resistant filins greatly retard the process of heat transfer. For
example, iron, glass or graphite tubes are used in the fabrication of heat
exchangers, so that effective heat transfer is possible.

Thermal expansion : If the material has high coefficient of expansion,
the design of plants may be greatly complicated. This increases stresses
and the risk of fracture when temperature changes, The material should
be able to maintain size and shape of equipment at working temperatures.

Ease of fabrication : During fabrication, the materials undergo var-
ious processes such as casting, welding, forging and machinisation, etc.
For example, glass and plastics can be easily moulded into containers of
different shapes and sizes. Glass can be used as a lining material for reac-
tion vessels used in the chemical industry. [ron and steel undergo various
rigours of processing during fabrication.

Cleansing : Smooth and polished surfaces allow the process of cleans-
ing easy. Materials that can be obtained with such a finishing are ideal,
when scrupulous cleanliness is necessary. For example, stainless steel and
glass are suitable for this purpose.

Sterilisation : In the production of parenterals, ophthalmic products,
antibiotics and biologicals, sterilisation is an essential step, which is ob-
tained by autoclaving. The material should be capable of withstanding the
necessary treatment, usually sieam and pressure. In most cases, cleansing
is a preliminary step to the sterilisation of apparatus and plant. For exam-
ple, equipment and vessels are made of stainless steel, because they can be
sterilised.

Transparency : Transparency may be a useful property because it
permits the visnal observation of the changes during a process. For this
reason, borosilicate glass has been increasingly used in the construction of
reactors, fermentors, eic.

Economic factors : Initial costs and maintenance of the plant must be
cconomical. Here the main concern is not simply to obtain the least cost
material. Low wearing qualities and lower maintenance may well mean
that a higher initial cost is more economical in the long run.

CLASSIFICATION OF MATERIALS FOR PLANT
CONSTRUCTION

1 Materials of pharmaceutical plant construction can be classified as
;,:ijbwn in Figure 12-1. Different materials and their properties are dis-
chssed so that right kind of materials can be selected for the desired pur-
pose and function.

=
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Materials of construction oy
1
[ ~ ——
Metals Non-metals
1
I i
Ferrous Non-Ferrous
I :
| I i o
Cast Steel Stainless e
iron carbon steel i
! 1 H = 1
Aluminium Lead Inorganic Orgnanic i
glass 3
Rubber Plastics %
Figure 12-1. Classification of materials used for the construction of plant,

e R

FERROUS METALS BLORT e

Iron metal is one of the widely used materials for the construction of
plants because of its mechanical strength, abundant availability and lower
cost. Some varieties of iron are discussed.

Cast Iron

Cast iron consists of iron with a proportion of carbon (beyond 1.5 %).
The properties of iron depend on the amount of carbon present in it. Cast
iron is abundantly available, inexpensive and therefore widely used. A
number of types of cast iron are available (Table 12-1).

TABLE 12-1

Different Types of Cast Iron Alloys

: ?jzpes of Composi- N o E

cast iron tion Properiies Dzsadvaizt?ges o

Gray cast | Carbon Low cost, easy to cast into | Brittle, poor resistance f

iron silicon intricate shapes and lin- | to fmpact and shock

ings. For grinding balls, 3

dies, impellers, 3

Maleable | white cast | Corrosion resistant Type I | Type I less easy to ma-

iron iron car- easy to machine chine é

: bon—2.5 % b

High sil- | Silicon— Resistant to corrosion, | Not easily machined and :
icon cast | 13-16 % oxidising environment, re- | welded

iron cast iron ducing environment. Used

in sulphuric acid services.

_ cast iron and machine.. Corrosion | detrimental. There is Lit- - ;
: resistant aud heat resis- | tle attack from neutral or 5
tant. alkaline solution :

Nickei
resistant

LT Tt S J

Superior toughness, im-
pact resistant, easy to weld

Oxidising agents such
as nitric acid are highly
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Advantages : (1) Cast iron is cheap. Therefore, it is used in place of s

expensive plant material with coatings or linings of enamel or plastic. .

(2) Itis resistant to concentrated sulphuric acid, nitric acid and dilute ' .

alkalis. H

(3) Since cast iron has low thermal conductivity, it is used for the :
construction of outer surface of jackets of steam pans.

Disadvantages : (1) Cast iron is very hard and brittle. Therefore, it is
difficult to machine. This disadvantage can be overcome by the addition of
different materials to improve its performance.

(2) Castiron is attacked by dilute sulphuric acid, dilute nitric acid and B

dilute as well as concentrated hydrochloric acid. o

(3) Since cast iron has low thermal conductivity, it cannot be used for @

heat transfer in stills. ‘

Uses : It is commonly used for the construction of:

(1) Supports for plant

(2) Jackets of steam pans -

(3) Linings with enamel, plastic or sultable protectlve maferlaI
Modifications of cast iron : Cast iron is not considered cor rosion re-

sistant. The characteristics of cast iron can be altered by alloying with
other elements such as silicon, nickel and chromium (Table 12-1),

Commercial Types : Duriron and Durichlor.

Carbon Steel or Mild Steel

Carbon steel is an iron alloy, which contains only a small percentage
of carbon. Advantages of carbon steel are:

(1) Carbon steel is cheapest. Therefore, it is preferred.

{2) It is easily weldable and is frequently used in fabrication.

_Disadvantages of carbon steel are:

(1) Carbon steel has limited tesistance to corraston. Thig propetty

can be improved by preparing alloys.

(2) It reacts with caustic soda, brine and sea-water. Alloying it can

reduce this reactivity.

Uses : Carbon steel is used for the construction of bars, pipes and
plates. It is used to fabricate large storage tanks for water, sulphuric acid,
organic solvents, etc. It is used for supporting structures such as grinders
and bdses for plant vessels. . _

¢ Wariants of carbon steel : The properties of carbon steel can be al-
tered by alloying it with other metals. Some of the metals and their prop-
erties are given below:




454 SOOOOOGOOTOVOVCTOTOTETCTIOOOC PHARMACEUTICAL ENGINEERING

—
improves toughness, corrosion resistance and low tern,
perature properties.

Nickel (Ni)

increases hardness, more abrasive resisitance and u:sxs_ :

Chromium (Cr) tance to oxidation.

increases hardness, more abrasive resistance and resig-*

Silicon (51) tance to oxidation.

Molybdenum (Mb) | provides strength at elevated temperatures

The types of alloys of carbon steel are given in Table 12-2.

TABLE 12-2
Different Types and Alloys of Carbon Steel

Variety of

: Advantagés
[ carbon steel =

Compositfion

.

Low concentration of High mechanical strength

iron, carbon, manga- | » Corrosions resistant to environ-
nese, nickel, chromi- ments.

um and molybdenum | . Wwalls of plant can be thin.

Low alloy
steel

= Increased hardness

A ine wi . s High corrosion resistance
lloving with Nickel g

nickel + Improved low temperature prop-
erties,
Allovine < Abrasion resistant
- = . -
with silicon Nickel chromium # Corrosion resistant
cliromiun. + Resistant to oxidation

Stainless Steel

Stainless steel is an alloy of iron. Usnally, it contains chromium and
nickel, which make the steel corrosion resistant. Stainless steel is stabi-
lised by the addition of titanium, niobium or tantalum. Minor amounts
of other elements such as copper, molybdenum and selenium are added.

Stainiess steel also has the advantage of ease in fabrication.
The abundant use of stainless steel is due to the properties such as:
% lheat resistance 4 colrosion resistance

% ease of fabrication % cleaning and sterilisation

& fonotle otrenoth

Depending on the composition, stainless steel alloys are available in
three groups, viz., martensitic, ferritic and austenitic. These are given in
Table 12-3.
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TABLE 12-3
Different Types of Stainless Steel
Composition Advantages | Disadvantages Uses
Martensitic (e.g. Type 410)

Chromium: Mildly corro- Ductility is poor | Sinks, bench tops,

12-20 % sion resistant, storage tanks, buckets,
Carbou: atmospheric mixing elements etc.

0.2-04% and organic
Nickel upto exposures

2.0 %

Ferritic (o-form) (e.g. Type 430)

Chromium: Better corrosion | not good against | Tower linings, baffiles,

15-30 % resistant; easy | reducing agents, | separator, tower, heat
Carbon: to machine; hydrochloric exchanger, tubings,

0.1% resistant to acid condensers, furnace
Nickel: nil oxidation and parts, pumps shafts,

temperature, - | valve parts.
(upto 800 °C) 1 -
Anstenitic (y-form) ’

Chromium: Highly corro- Not easy to Fermenters, storage

13-20 % sion resistant; machine vessels, evaporators,
Nickel: readily cleaned; exiraction vessels,

6-22 % steriliz able; small apparatus (fun-
Carbon: 0.1 % | easy to weld; nels, buckets etc.)

<0.25% non-magnetic

| Comment i2-L. Why is stainless steel used instead of steel (iron) for the Fabn— :
cation of equipment?
iComment 12-2. Austenitic steel is frequently used for the fabrication the
j equipment. Why? !
: Comment 12-3. High coefficient of therma] expansion of metal is not neces-

sary for the metal used in designing the equipment. True or False Justify.

Aluminium

NON-FERROUS METALS

A number of aluminium items are used in regular day to day life. Alu-

minjum is cheap, light in weight and offers adequate mechanical strength.
In addition, aluminium equipment can be easily fabrir,:!ated Further, al-
uminjum can be strengthened by cold working. Therrr maintenance and

cleaning is also easy. Hence, its utility is mostly reconmmended. However,

the use of aluminium in the construction of plant and equipment is limited.
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Advantages ; (1) High resistance to atmospheric conditions, indust'ria{
fumes, vapour and fresh or salt waters. Aluminium can be used with co
centrated nitric acid (above 82 %) and acetic acid.

(2) Thermal conductivity of aluminium is 60 % that of pure Copper

Disadvantages:

(1) The mechanical strength decreases greatly above 150 °C.
(2) Aluminium cannot be used with strong caustic solution.
(3) Many mineral acids attack aluminium.

(4) Oxide and hydro-oxide films are formed rapidly, when its surface

is exposed. Normally this film is thickened by chemi_cal and elec-
-trolytic means. These provide so called anodised finishes.

Uses : A super grade is preferred for food and pharmaceutical use. It

is used in many heat transfer applications. These are used as'meat storage '

containers. ;

Aluminiam alloys and modifications : A nurnb_er of alumi_nium al-
loys are available with improved gualities and mechanical properties. AI'u-
minium alloys are used in the construction of equipment producing medic-
inal substances, since aluminium does not affect the salts.

Aluminium is non-toxic to microorganisms. It has considerable use in

. biosynthetic processes such as the production of citric acid gluconic acid

and streptomycin by deep culture methods. It is most useful for the con-
struction of containers namely drums, barrels, rail tankers, etc.

Lead

Lead has the lowest cost and is used as collapsible tube material I_Jartic-
ularly for non-food products such as adhesives, inks, paints and lubricants.
Lead tubes with internal linings are sometimes used for ﬂuoride. toot_h—_
paste. Lead chamber process is used in the manufacture of sulphuric acid.

Disadvantages : (1) Lead has low melting point and hence possesses
poor structural qualities.

(2) Ithas high coefficient of expansion. Therefore, temperature strain

results in permanent deformation.

In pharmaceutical practice, lead has little use, because of the risk of
contamination even in traces produces toxicity and of cumulative nature.
It is used for the construction of cold water pipes, waste pipes and dilution
tanks for laboratories.

Lead alloys and modifications : Lead alloys with superior perfor-
manee qualities have been established. For example, acid lead and copper
lead are used in chemical industries. Some metals are added to lead for
altering properties.
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improves corrosion resistance

Silver and copper improves creep and fatigne resistance,

- Antimony, tin, arsenic | hardens, still meiting point is low. "= -

Lead-lined steel structures are used for the construction of pipes,
valves, vessels designed for operations at high temperatures, fluctuating
temperatures or vacuum.

Copper and its Alloys

Copper is preferred when good thermal and electrical conductivi-
ty is required. It is relatively inexpensive and possesses fair mechanical
strength. It can be fabricated easily into a wide variety of shapes. Copper
is resistant to atmospheric moisture and oxygen, because a protective coat-
ing (copper oxide) is formed on the surface. Copper exhibits good corro-
sion resistance to strong alkalis, with the exception of ammonium hydrox-
ide. It resists most organic solvents and aqueous solutions of organic acids.
However, copper oxide is soluble in most acids and hence not a suitable
material of construction, when it must contact any acid in the presence of
oxygen or oxidizing agents.

Many components of formulation react with copper. Hence, copper is
usually protected by a lining of tin, when used for in phannaceutlcal plant.
Copper is used for evaporators, pans (for sugar coating), stills and fraction-
ating columns. However for the reasons of corrosion, it is largely replaced
by stainless steel. Copper piping is used extensively for services such as
cold water, gas, vacuum and low pressure steam.

Copper alloys, such as brass (copper-zinc alloy) and bronze (cop-
per-tin alloy), can exhibit better corrosion resistance and better mechanical
properties than pure copper.

# Brass is used for tube plates and condensers, for tubes and valves
and in making nuts, bolts, rods, etc.

& Bronze 1s used for filter gauges, slirrers, pipes, autoclaves and
special tablet punches and dies,

Most of the low-zinc alloys are resistant to hot dilute acids. High zinc
alloys should not be used with acids and alkalis owing to the possibility of
dezincification.

Tin
Tin has high resistance to a variety of substances and 1ts Salts are non-

“toxic. Tin is widely used in the food industry. Foods ar (packed in ‘“tin

cans’. ‘Steel sheet coated with tin’ is used for containers 4nd condenser
tubes. Similarly, brass and copper are also coated with tin.
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Nickel and Its Alloys

Nickel-clad steel is used extensively for equipment in the production
of caustic soda and alkalis. It is useful for such plants, as pans, vats, tanks,
mixers, valves and pumps. Nickel exhibits high corrosion resistance and
good mechanical strength. It has hardness as great as that of carbon steel,
The metal can be fabricated easily. Oxidising conditions promote the cor-
rosion of nickel, while reducing conditions retard it. Nickel is resistant to
weak organic acids, such as citric acid, tartaric acid and stearic acid, which
are used in the pharmaceutical preparations.

Monel alloy (67 % nickel and 30 % copper) is often used in food in-
dustry. In Inconel (77 % nickel and 15 % chrominm), the chromium in-
creases the resistance of nickel to oxidizing conditions.

Chromium

Chromium is used as plating. Chromium is not normally used even
though it is hard and resistant to corrosion. Itis mainly used in the manu-
facture of stainless steel, in combination with nickel.

Silver

Silver shows fair resistance to aqueous solutions of the halogen ac-
ids. Sifver is generally used only in the form of linings because of its low
mechanical strength and high costs. It is resistant to organic acids, but
not to concentrated acids, such as hydrochloric acid, sulphuric acid and
nitric acid. Silver has a higher thermal conductivity than all other metals.
Silver is specially used in the manufacture of salicylates and acetic acid.
A silver-plated basket is used for a hydroextractor utilized in vitanin crys-
tallization. Solid silver vessel in a cast-iron jacket is used for bromination.

Platinum
Platinum is used when all other metals fail, because it is expensive. It
is as strong as steel and is stable to hydrofluoric acids.

. 'Comment 12-4. Why are noble metals not used for the construction of equip-
T ment? _ - e

NONMETALS—INORGANIC

Glass

A number of glass articles are used in daily life. Glass has the ad-
vantages of superior protective qualities, attractiveness and low cost. Itis
chemically inert to a large extent and available in a variety of sizes, shapes
and colours. Glass conta,_ig,"ers practically offer excellent barrier against
every element except lighty UV rays and sunlight are harmful to certain in-
credients and bring about ¢hemical deterioration. Protective action against
light can be achieved by amber-coloured glass. Protection against IR rays

It T
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can be obtained by using green glass. The disadvantages are its fragility
and weight.

Glass is considered as a super-cooled liquid, though it is seen in solid
state. The constituents are present in amorphous state. Glass is composed
of the following constituents.

Sand silica pure {silicon dioxide, Si0O,) base material

Soda ash sodium carbonate (Na,CO;) improves the properties’
Lime stone | calcium carbonate (CaCO4) improves the properties
Cullet broken glass fusion agent

Silicon dioxide is having a tetrahedron structure. The glass that is pre-
pared by silicon dioxide alone is the most resistant, but relatively brittle. It
can be melted and moulded at high temperatures. Therefore, cations such
as sodium, potassium, calcium, magnesium, aluminium, boron, iron, etc.
are added. These cations (available as oxides) modify the physicochemical
properties of glass, so that it is suitable for the manufacture of glass with
desired characteristics. However, this glass has low chemical resistance.
Some varieties of glasses are given in Table 12-4.

.

TABLE 12-4

Some Varieties of Glasses

Type aof glass

Composition

Advantages or uses

Soft glass
(soda glass)

Sodium silicate
Calcium silicate

Making glass bulbs, and window glasses

Hard glass
(potash glass)

Potassium silicate
Calcium silicate

Glass apparatus, which resists the action
of acids

Flint glass Potassium silicate | Optical instrument because of its refrac-
(Potash lead P e

Lead silicate tive index
glass)

Jena glass

Zinc silicate
Barium borosilicate

Laboratory glassware, because of its re-
sistance to acids and alkali

Pyrex glass

Silicon dioxide
Boron oxide
Sodium oxide
Small amounts of
potassium, calci-
url, magnesium

Laboratory glassware and reactor ves-
sels, because of its resistance to heat

Quartz glass

Pure silica

Silica crucibles, distilled water stills (for
high purity), because of its low coeffi-
cient of expansion. It withstands tem-
perature shock upto 1000 °C.
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Glass containers used for pharmaceutical purposes are given in Table |

12-5. These types are classified into four groups. These have varied degree
of chemical resistance. The reasons for the low chemical resistance are as
follows. Most of the alkali oxides such as Na,O, K,0, MgO and Ca0 en-
ter the spaces within the structures and reduce the strength of inter-atomic
forces between silicon and oxygen. The oxides decrease the melting point
of glass and are comparatively free to migrate. This behaviour creates 5
number of problems in their use. These are:

(a) Oxides leach into the solution, raises the pH, hydrolyse or ca-
talyse chemical reactions.

(b) Some times, glass flakes are formed in the solution.

However, boron oxide enters into the structural configuration of glass
and does not leach out and hence is used in parenteral packings.

TABLE 12-5
a3 Types of Glass used in Pharmaceutical Industry IP
o  General .
1l " 1 Use.
(Ui v?"yfr?es " description Properties ses

Highly resistant

Resistant to alkali lea-
ching, less brittle, low
thermal expansion easy
to clean and sterilise.

Containers for buffered
and unbuffered, aqueous
solutions and injectables.

d—"’ ‘ Borosilicate (Al-

Al i kali and earth cat-

‘ub ions are re placed
- by boron)

Al

i I Treated soda-lime

Surface alkali is neutra
lised by sulphur dioxide
vapours. Glass surface
is resistant to water,

Containers for buffered;
aqueous solution with pH
below 7.0, dry powders,’
oleogenous solutions.

It releases comparative-
ly more alkali. It offers
moderate hydrolytic re-
sistance.

Dry powders, oleogenous -

solutions.

E glass

J, I Soda-lime glass
d

o e e

Not for parenterals, used
as containers for tablets,
oral solutions, suspen-
sions, ointments and lig-
uids for external use.

U.L Glassed Steel

Glassed steel 15 an inorganic product of fusion, which is cooled to a

{4) rigid condition without crystaHJCzhg It requires special considerations in

its design and use: These surfaogs are applied to heavy vessels. Normally,

[y several coatings arc fused in a farnace. Glassed steel combines the corro-
_ sion resistance of glass with the working strength of steel.
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Advantages of glassed steel are:

(1). It has excellent resistance to all acids except hydrofluoric acid and
hot concentrated sulphuric acid.

(2). It can be attacked by hot alkaline solution. Particularly suitable
for piping when transparency is desirable.

(3) Itis britile and gets damaged by thermal shock. Hence it is pro-
tected using glass lined with epoxy polyester fibre glass.

{4) A nucleated crystallised ceramic metal composite form of glass
has superior mechanical properties compared with conventional
glassed steel.

(5) Glass linings are resistant to:

(a) All concentrations of hydrochloric acids upto 120 °C.,

(b) Dilute concentrations of sulphuric acid up to the boiling point.
(c) All concentrations of nitric acid upto boiling point.

(d) Acid resistant glass with improved alkali resistance {up to pI1 12).

Uses ; Glass lined steel is used for handling of strong acids, alkalis and
saline solutions. For small-scale manufacture and pilot plant work, glassed
steel vessels are used.

Brick, Concrete and Clay

If corrosive conditions are severe and other high alloys fail, brick-
lined construction is the only alternative. These bricks are made from car-
bon, acid-proof refractory materials. Phenolic resins, silicates and epoxy
based materials are good against non-oxidizing acids, salts and solvents.
Each type of cement has its own limitations. For example, sodium silicate
based cement is good against acids up to 400 °C. Vitrified acid-resistant
bricks are used for tanks, drains, culvets, etc. Granite is used in certain
types of mills.

Concrete is an amorphous matrix of hardened cement paste in which
the particles are reinforced. These have limited resistance to acids and bas-

es and fail mechanically following absorption of crystal forming solutions
(example is brine). It is used for tanks and special purpose structures.

.

Clay is used as a material of construction for settling basins and waste
treatment evaporation ponds.

Porcelain and Stoneware

Porcelain enamels are used to coat steel, but enamels have slightly in-
ferior chemical resistance. Stoneware avoids mechanical fragility of glass,

- but heat transfer is a problem. Acid-proof stoneware is highly resistant to -

acids, but has low strength. Porcelain and stoneware have ‘the advantage
of greater strength and resistant to acids and chemicals. These have poor
thermal conductivity and hence.can be damaged by thermal shock,
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Ceramiecs are widely used on a small scale plants. Pipeline, tanks
vessels and filters are a few items of ceramics. ’

Enameled and Silicaware

Enameled ware may be used successfully only under moderate process
temperatures and relatively mild conditions of mechanical and temperature
shock. Glass coated on iron and steel is useful. Silica ware possesses the
corrosion resistance.

Asbhesios

Asbestos pads are used for sterile filtration, as it is fibrous and can be
woven into cloth. It is a poor conductor of heat and hence used for heat
insulation for pipe lining and for pipe jointing.

’ ing glass containers?y

Comment 12-6. Nonmetals are preferred For the construction of equipient |
: over metals. Explain. :

NONMETALS—ORGANIC

Rubher is used as such or as lining materials for the construction of
plants. Both natural and synthetic rubbers are used.

Natural rubber : Rubber is a naturally occurring polymer, which is
obtained as latex from rubber trees. It is a common example of an elas-
tomer. FElastomer is a substance that can be stretched readily and when
released, rapidly regains its original form.

Soft rubber : The naturally occurring polymer is known as soff rubd-
ber. 1tis a polymer of monomeric isoprene (CsHg). Thus, rubber is a poly-
isoprene with a formula (CHg),. Soft rubber has the advantages of being
reststant to dilute mineral acids, dilute alkalis and salts. The disadvantage
is that soft rubber can be attacked by oxidising media, oils and organic
solvents. Soft rubber is used as lining materials for plants, as it can bond
easily to the steel.

Addition of carbon black to the soft rubber gives hardened rubber. It
is used for making tyres, tubes and conveyor belts.

Hard rubber : When soft rubber is mixed with sulphur, warmed and
set into a given shape, it retains its form. The sulphur combines with the
polymeric chains of rubber and cross-links between them. This process is
called vulcanisation. Soft rubber with 25 % or more sulphur is known as
hard rubber. Hard rubber has the advantages of hardness and strength. So
it 1s used for making gloves, bands, tubes and stoppers.

s
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rubber is a soft material, but can be hardened by adding carbon black.
Hardened rubber is used for making tubes, tyres and conveyor belts.

TABLE 12-6
Some Varieties of Rubber
;'37\[-; Synthetic Properties Uses i
@ Does not burn readily | Insulating material in
hke natural rubber. electric cables, conveyor
% Stable at high tempera- | belts in coal mines, mak-
Neoprene ture, ing hoses in the trans-
1 (polychloro portation of oils, rb-
prene) ber stoppers, cap-liners,
dropper assemblies for
eye drops etc.
" Nitrile = Resistant to oil and sol-
- rubber vents.

@ Resistant to Used for closures of

- mineral acids & alkalis | freeze dried product con-

-~ concentrated acids | tainers because of its low

{except nitric and sul- | water vapour permteabili-
phuric acid). ty.

3 Butyl rubber

« Resistant to

Silicon S )

rubber high & low tempera
4 ‘moly- fires,

ey - attack to aliphatic sol-

siloxanes)

vents, oils and greases.

« Stable at high tempera-
ture, translucent, flexi-
bile.

5 Polyisoprene

Synthetic rubber : Synthetic rubber has taken greater importance
over natural rubber due to its superiority in properties such as resistance
to oxidation, solvents, oils and other chemicals. Some synthetic rubber
materials with their properties are reported in Table 12-6.

Synthetic rubber is thermoplastic, but when mixed with sulphur,
warmed and set into a given shape, it retains its form. Vulcanisation of
rubber s possible. It is used for making gloves, bands and tubes, caps for
vials.

Plastics

Plastic materials have been in common use in various ways in our dai-

ly life. These are light in weight so that transportation is easy and cheap.

These are available in a variety of shapes implying that it can be easily fab-
ricated. Plastic containers are used for storing a number of substances such
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as inorganic salts and weak mineral acid. In machines, plastic materials are "
preferred wherever moving parts are present indicating that it offerg less -
friction. These have better resistance to environmental factors. In a similap-

manner, plastic materials also used in the construction of plants.

Plastics are synthetic resins containing long chains of atoms linkeg
to form glant or macromolecu]es (polymers). They have high molecula¢
welght(lo to 107 ).

Plastics have several advantages. These are:

(1) Low thermal and electrical resistance.

(2) Excellent resistance to weak mineral acids,
(3) Unaflfected by inorganic salis.

(4) Resistance to slight changes in pH.

Plastics have disadvantages also. These are:

(1} Low mechanical strength.
(2) High expansion rates.

Basically, two types of plastics are used in pharmaceutical industry.

Thermosetting plastics : Thermosetting plastics can be formed under
heat and pressure. But these cannot be softened or remoulded, once hard-
ened. Some thermosetiing plastics are made of phenolic and urea resins.

Thermoplastic plastics : Thermoplastic plastics are formed by the
application of heat and pressure and can be seftened and remoulded. This
is a specific advantage. Scrap.and rejected articles can be worked again to
get new materials. Some thermoplastic materials and their uses are given
below:

Polyethylene cables, buckets, pipes
Polypropylene milk carfons, ropes
Polyvinyl chloride | gloves, water proof garments
Teflon gaskets, coatings

Based on the wrifity of plastics in plant construction, these can be cat-
egorised as:
1. Rigid materials
3. Metallic surfaces
5. Special case plastics

2. Flexible materials
4. Plastic cements

1. Rigid materials : These are phenolic resins with various inert fill-

ers. These are used in the fabrication of a number of items. For example, ~

Kecbush is a rlgld material (phenolzc pIast1c) used for gears, bearing, etc.
It is light in weight. Some of its applications are;

g
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& Gears 4 Bearing & Vessels
& Pipes @ TFittings & Valves
& Pumps % Ducts % Filter presses

Disadvantages : These are resistant to corrosion except oxidising sub-
stances and strong alkalis.

2. Flexible materials : These are thermoplastic materials. These ma-
terials can be rigid or flexible depending upon the amount of plasticizer
added. These are used in the fabrication of:

% Tanks @ Pipes
% Funnels & Buckets
3. Metallic surfaces : Plastics of polyethelene or polyvinyl chloride

types are used along with plasticizers for the coating of metallic surfaces.
These are used to protect the metal from corrosion. These linings are ap-

& Ducts

plied on:
® Tanks ® Vessels
& Stirrers * Fans B
4. Plastic cements : These are used for spaces between acid leSJStant
tiles and bricks. .

5. Special cases : Plastics arc used as guards for moving parts of ma-
chinery. Nylon and PVC fibres are woven into filter cloths and are used for
aseptic screening.

Wood

Wood is impregnated to resist acids or alkalis. Impregnated wood
is not affected at high temperature. Wood is fairly inert chemically, but
hydrolysed by the use of strong solutions, acids, alkalis, especially when
these are hot. Wood is dehydrated and badly shrinks in concentrated solu-
tions. Wood is used for tanks and vats. Its light weight is advantageous
and occasionally used in filter presses, because metal filter press becomes
heavy.

Comment 12-7. Why is hardening of rubber necessary?

Comment 12-8. What is the material used for the preparation of dropper as-
semblies of eye drops and why?

Cominent 12-9. What is the desirabie property for the stoppers used for freeze
dried products?

Comment 12-10. Differentiate thermoplastics and thermosetting plastics.

{Summary . .

A number of equ1pment are used in the manufacture of fonnulatwns
bulk drugs, antibiotics and biological products. These are made using
several materials (inetals or nonmetals) either individually or combined.
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These are also used for making containers for processing as well as pac‘};
ing. These are fabricated using suitable materials. The knowledge on ths
properties of materials is essential for selecting a right kind of materiaj-
for construction. The successful utilization of equipment depends on the
design of equipment, sclection of material and techniques of fabrication;.
Thus the understanding the properties of materials is of interest.

Several factors influence the selection of materials. Chemical factorg
involve the interaction of chemicals (present in the equipment) and ingre:.
dients (present in the formulation). The net result is the contamination of
product or destroying the functionality of the equipment. The physiecal
factors are: strength of metal, weight of the equipment, wear properties,

thermal conductivity, thermal expansion, ease of fabrication, cleansing, ~

transparency, etc. The economic factors include the initial costs and the

maintenance costs. Sterilization of equipment is essential in the production

of parenterals, opththalmic products, antibiotics and biological products.

Normally stainless steel is used for the purpose. Smooth and polished sur-
faces of the equipment allow the easy cleaning. Stainless steel and glass are -

suitable materials. The fabrication of an equipment involves several steps
through which the materials gets transforined. Normal glass and plastics
allow easy fabrication. Wherever heat transfer is required, thermal con-
ductivity become relevant and iron, glass and graphite tubes are used in the
fabrication of heat exchanger.

Among the number of materials available for selection, ferrous metals
are widely preferred for the construction of plants. Cast iron, steel carbon
and stainless steel are a few variants. Even in stainless steel, several vari-
ants are available such as martensitic, ferritic and autenitic. Thus several
alloys are prepared by suitably combining with other metals to achieve the
desired characteristics. Thus stainless steel is abundantly used on account
of easy fabrication and corrosion resistance. Several non-ferrous metals
are also used for the construction of equipment. Aluminum has several
advantages, but limited use in fabrication of equipment.

Lead is used for preparing collapsible tubes for non-food products. In
pharmaceutical practice, lead has little use, because of risk of contamina-

tion, which even in traces produces toxicity. Copper and its alloys have -

good thermal, electrical conductivity and used for evaporator pans, sugar
coating pans, stills and fractionating columns. Copper is used for the man-
ufacture of valves, tube plates of heat exchangers, condensers, efc. Nickel
and its alloys are used extensively for equipment (pans, vats, tanks, mixers,

Valves and pumps) i the production of vaustic soda and alkalis.

Nonmetals such as glass, rubber and plastics also find their applica-
tions, not as process equipment, but as containers, closures and other med-
ical accessories. Several varieties of glasses are available, each having
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specific applications. The pharmacopoeia recommends four types of glass-
es with specific properties and applications. Glass-lined steel is used for
handling of strong acids, alkali and saline solutions. Both natural and syn-
thetic rubbers are used as insulating materials in electric cables, conveyor
belts, rubber stoppers, cap-liners, dropper-assembly, gloves, bands, etc.
Plastics have low thermal and electrical resistance, unaffected by inorganic
salts and slightly resistance to acids. Polymers are diverse compounds
with varied properties ranging from rigid to flexible. These are used as
linings on the metal surface to protect the metal from corrosion.

QUESTION BANK

Each question carries one mark
Note : Encircle the alphabet which corresponds to the single best response.

1. Water attack test is performed on glass in order to find the limits of one of
the following.

A, Acid liberated B. Alkali liberated
C. Conductivity D. Metal ions

2. In pharmaceutical packing, collapsible tubes made from lead dre not used
as such, for one of the following reasons.

A, Costly metal B. Difficulty in packing

C. Risk of poisoning D. Soft in strength

Air-tight sealed containers are used for one of the following reasons.
A. Capsules B. Injections

C. Liquid preparations D. Tablets

(U5

4, C_)qe of the following glass containers is used for the storage of light sen-
sitive pharmaceuticals.

A. Air-tight B. Amber coloured
C. Unit dose D. Well closed

5. Containers meant for storage of injections (buffered and un-buffered
aqueous solutions) are made from one of the following type of glasses.

A. Borosilicate B. General purpose
C. Lime soda D. Neutral
6. Hermetic sealed containers are also known as:
A. Air-tight containers B. Multi-dose containers
C. Single-dose containers.
7. Which onc of the following materials is used for the construction of outer
surface‘ of jacket of steam pans, because ©f iis low thermal conductivity?
A. Carbon steel ‘ B. é'C',":asl; iron l

C. Copper D. Stainless steel

D. Well-closed containers
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8.

10.

11.

12.

13.

15.

17.

. C. Soft rubber
18.°

Which metal makes the steel corrosion resistant?
A, Chromium and nickel B. Copper and selenium
C. Tantalum and molybdenum

One of the containers is currently used for bulk packaging of tablets, cap'_
sules, powders and food materials.

A. Card board B. Glass

C. Metal D. Plastic

Which metals improve creep and fatigue resistance properties of lead?
A. Chromium B. Copper

C. Silicon D. Tin

Protection against IR rays can be achieved using one of the following
glass containers.

A. Amber coloured

D. Titanium and niobium

B. Green coloured

C. Transparent D. Yellow coloured

Rubber contains one of the following chemical units?
B. Glycosidal
C. Isoprene D. Sugar

Yulcanisation of rubber involves the addition of one of the following sub-
stances to the soft rubber.

A. Amino acid

B. Phosphorus
C. Potassium D. Sulphur
Phenolic plastics are one of the following types

A. Cement B. Flexibie

C. Metallic D. Rigid

Which glass is used for the preparation of optical instruments because of
its refractive index? :

A. Flint glass B. Hard glass
C. Pyrex glass D. Soft glass
Which type of glass is used for the preparation of distilled water stills?
A. Hard glass B. Jena glass
C. Quartz glass D. Soft glass

Which type of rubber is used for making of gloves, bands, tubes, caps and
stoppers?

A. Hard rubber

A. Magnesium

B. Neutral rubber
D. Vulcanised rubber

Which thermoplastic material is used for fabrication of tanks and pipes?
A. Flexible materials B. Metallic surface

C. Plastic cement D. Rigid materials

R i
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19. Which type of rubber is used as lining material that can bond easily to the

20.

. A. Butyl rubber

steel, in the plant construction?

B. Carbon rubber

C. Hard rubber D. Soft rubber
Which one of the following is NOT applicabie to plastics?
A. High mechanical strength

B. Low thermal and electrical resistance

C. Resistance to slight changes in pH

D. Resistance to weak mineral acids

Each question carries 2 marks

1
2.

4,
5.

Write the usefulness of glass lined equipment in the pharmaceutical plant.

Lis:t import.ant types of glass containers. Mention an example of formu-
lation that is stored in each type of container.

Amrange the following materials of construction in descending order of
their reactivity: copper, iron, zine, aluminum, magnesium, tin and lead.

Explain the following: pop star can make all zebras in town like his cars.
Plastic containers are used to store aerosol. True or false. Justify.

Each question carries 5 marks

1.
2.

B W

Explain the importance of stainless steel in pharmaceutical indus/try.

Write a note on the utility of glass and stainless steel in pharmaceutical
industry.

Describe steel as a material of plant construction.

Name five important classes of plastics. Mention their applications in
pharmaceutical industry.

Describe the steel alloys used in pharmacy practice.

What are the properties of glass? What are its applications as a material
of construction?

Describe various types of iron as materials of construction.

N
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f CHAPTER 3
_

Theories of Corrosion

Factors Infiuencing Corrosion
Types of Corrosion

Prevention and Control of Corrosion

RIS L NS T R Y

_ LEARNING OBJECTIVES
After reading this chapter, the reader shouid be able to:’
& Explore the basic nature of corrosion, the theories involved and their
relevance in pharmaceutical industry.
& Review some basic environmental-, process- and material- related
factors influencing the corrosion.
% Describe the types of corrosion processes, giving importance for iden-
tifying the causes, reactions and the nature of damage.
& Suggest the measures to prevent and control the corrosion damage of
. equipment. I

SRALERE Lt

DR

Corvosion is defined as the reaction of a metallic material with its envi-
ronment, which causes a measurable change to the material and can result
in a functional failure of the metallic component or of a complete system.

Metals spontaneously undergo gradual destruction when exposed to
the atmosphere. In chemical terminology, such destruction is known as
corrosion. The familiar example of corrosion is the rusting of iron, due
to atmospheric conditions (air or oxygen). In this, a layer of reddish scale
and powder of oxide (Fe;0,) is formed, and the iron becomes weak. Other
gases are halogen, sulphur dioxide and hydrogen sulphide. Exposure of the
surface to air, water and caustic chemicals are responsible for corrosion.
Since metals are good conductors, they undergo electrochemical changes
on their surfaces. The compound that is'formed during corrosion 18 re-
ferred to as corrosion product and the metal surface is said to be corroded.
The corrosion media are generally liquids (mostly aqueous solutions), but
also solids and gases.

471
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The process of corrosion is slow and occurs only on the surface of the:
metals. The surface changes due to corrosion are carried through the equip-
ment and destroy the performance and fabrication in due course. Some

times, the leached metal may contaminate the product. The material of -

construction must be resistant to corrosion and erosion. Hence, adequate
attention should be paid while selecting the materials for construction of
equipment.

Corrosion can be either dry or wet type.

Dry corrosion or Chemical corrosion : It involves the direct attack
of dry gases (air and oxygen) on the metals through chemical reactions. Ag
a result an oxide layer is formed over the surface. This oxide scale formg
a barrier that tends to restrict further oxidation. On further oxidation, the
metal rapidly diffuses outwardly and the gas diffuses inwardly. Thus, the
total metal gets destroyed. Aluminium forms a non-porous, very thin and
tightly adhering protective oxide film (Al,O3) on its surface. This film
does not permit corrosion to occur. Magnesium also forms a stable but
porous oxide film, thereby more oxygen can diffuse through the film. So
its corrosion continues. This type of corrosion is not common.

Wet corrosion or Electrochemical corrosion : It involves the di-
rect attack of aqueous media (strong or dilute, acidic or alkaline) on met-
al through electrochemical reactions. The moisture and oxygen are also
responsible. In this type, two dissimilar metals or alloys are immersed
in a solution. The metals form cathodic and anodic areas between which
current flows through the conducting solution. Corrosion always occurs at
anodic area. This type of corrosion is quite commorn.

Applications
Knowledge of corrosion is helpful in certain areas to prevent problems.

Dies and punches : In the compression of tablets, dies and punches
should be free from rust and corrosion. Chromium plated dies and punches
are used, so that the problems such as pits and abrasion can be avoided.

Mitling equipment : In these equipment, a perfect fit between the
moving parts should be maintained for effective size reduction. Though
corrosion does not effect the performance of the mill or product, surface
imperfections do not facilitate proper cleaning of the equipment. Hence,
the associated problems persist.

Chemical processjng reactors : Diverse nature of solutions which
come in ¢ontact with, he reactor surface often lead to corr os1on on account
of corrosive media andl environmental conditions.

Fermenters : Glass, glass-lined and stainless steel (SS) materials are
used for the consiruction of the fermenters. During fermentation, the re-

Nk A i A A A
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jease of trace metals from the equipment may have deleterious effects on
the enzyme system and metabolic pathways of the organisms. The pos-
sible corrosion aspects in fermenters are pits and crevices, which make it
difficult to clean and remove the contanunation. Most of the operations
are conducted at normal temperatures and the pH of the media would be
around neutral. Maintenance of hygiene, need for sterility and prevention
of contamination are important considerations in the construction of fer-

menters.

Storage containers : Prolonged storage of reactive chemicals leads to
corrosion of the containers.

This chapter highlights the general aspects of corrosion such as corro-
sive environments, principles, types of corrosion and measures to prevent
corrosion.

THEORIES OF CORROSION

The metal surface undergoes an electrochemical reaction with the
moisture and oxygen in the atmosphere. This theory is known as electro-
chemical theory of corrosion. The mechanism involves the formation of a
galvamc cell (anodic and cathodic areas) by different metals (e.g. Fe and
Cu) or in different areas on the same piece of metal (e.g, iron).

gﬁ;f

When galvanic ceils are formed on different metals, the corrosion is
known as galvanic corrosion. These reactions are illustrated using the
metals in the presence of eletrolyte solution such as hydrochloric acid.

Corrosion Reactions on Single Metal

Electrochemical reactions are illustrated by considering the corrosion
on a piece of iron in hydrochloric acid. Anodic and cathodic arsas are
formed on the surface of iron, owing to surface imperfections (localised
stresses, grain orientation, inclusions in the metals) or due to variations in
the environment. Numerous tiny reactions may occur (Figure 13-1).

Anode {oxidation)
Electrolyte romoded
(HEY
M H
Z2e” + Fe et

. - Cathode
A 2E
Fe MY OH* Fe
Fet* H* - Iron piece

.. Figure 13-1. Electrochemical mechanism of corrosion.
Different areas on the iron piece are illustrated.
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Reaction at anode : Oxidation takes place with the release of elec-
trons. Positively charged iron atoms get detached from the solid surface
and enter into solution (electrolyte) as positive ions.

Atanode: Fe — s Fe " +2¢” (indicated by rough surface)
(oxidation) )

The released free electrons (negative charge) pass round the external

circuit,

Reaction at cathede : Reduction of constituents occurs with the tak-
ing up of electrons. The free electrons reach the cathode and react with
some positively charged species such as hydrogen ions in the electrolyte
solution. In the absence of acid, water itself dissociates to generate H™
ions,

Atanode: 2H' +2¢"-—— H,T (indicated by formation of

{oxidation) bubbles at the surface)

The amount of metal (iron) which is dissolved in the electrolyte is pro-
portional to the number of electrons flowing, which in turn depends upon
the potential and resistance of the metal.

The overall reaction:

Fe + 21,0 —» Fe(OH), -+ H,T
B Red brown rust

High evolution of H, accompanies rapid corrosion such as hydrogen
embrittlement. In the electrochemical series, all metals above hydrogen
have a tendency to get dissolved in acidic solution with simultaneous evo-
lution of oxygen. Depletion of hydrogen also enhances corrosion. In mod-
erate concentrations of H,, corrosion slows down.

Corrosion Reactions Beiween Metals

Galvanic corrosion results from the flow of current from a more active
metal (anode) to a less active metal (cathode). A few examples are: steel
pipe connected to copper plumbing and lead-antimony solder around the
copper wire.

For example. zinc dissolves and forms an anode, while copper (Cu)
forms the cathode. These two metals form two electrodes and their pres-
ence in an electrolytic solution forms a galvanic cell (Figure 13-2).

Spontaneous reaction can occur when two electrodes are connected
through an external wire. Reactions at anode and cathode are:

Atanode. Zh—s 0 T2 (indicated by rough surface) |

(oxidation} o

Atanode: 2H" +2¢”—— H,T (indicated by formation of °
(reduction) “  bubbles at the surface)

P T PN
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The corrosion current flows at the expense of the anode metal, which
gets corroded continuously, whereas the cathode metal is protected.

1

Anode —1 i| - Cathode
(Zn) , (Cw)
oxidation | - reduction

!
Electrolyte (HC)

Figure 13-2. Galvanic mechanism of corrosion.
Reactions beiween different kinds of metals.

in some cases, evolution of the hydrogen gas is slow. The accumula-
tion of a layer of hydrogen on the cathode surface slows down the corro-
sion. This is called cathodic polarisation. It forms an insulating layer that
siows down or stops ihe electrochemical reaction.

Corrosion Invelving Oxyagen

The oxygen dissolved in an electrolyte can react with accumulated
hydrogen to forn water. Depletion of hydrogen layer allows corrosion to
proceed.

At cathode: O, + 2H, ——» 2H,0 (indicated by formation of
bubbies at the surface)

The above reaction takes place in acid medium. Example is rusting of
iron. The surface of tron is usually coated with a thin layer of iron oxide.
However, if this iron oxide film develops crack, anodic and cathodic areas
are created. When the corrosion medium is alkaline or neutral, oxygen is
absorbed. The presence of moisture (or water) promotes corrosion. The
effective concentration of oxvgen in water adjacent to cathode depends
upon the degree of aeration, temperature and presence of dissolved salts.

Comment 13-1. What is the relationship between corrosion and metals in elec- -
trochemical series?

Comiment [3-2. For corrosion to occur, at least two different metal surfaces are
required. True of false. Explain.

. Comment 13-3. In a solution, two dissimilar metals should not be allowed to . -

: come in contact with each other. Why?

i
i
i
i
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A number of processing factors affect the rate of corrosion. Matenal
related factors are considered while procuring the equipment.

FACTORS INFLUENCING CORROSION TN

Material Related Factors ‘

The nature of metal is an important factor that influences the corro-
sion. Some of these aspects are described, while explaining the theorieg
of corrosion. Purity of material and its physical state, namely grain size,

orientation of crystals, stress, etc. influence the corrosion. On the other =
hand, higher volatility and solubility of corrosion products enhance the

extent of corrosion.

Solution pH

Generally acidic media induce more corrosion than alkaline or neutral
media. The pH affects the rate of corrosion of metals by one of the three
general patterns.

(1) Metals such as iron dissolve rapidly in acidic solution. In the
middle pH range (4 to 10), the concentration of H' ions is low.
Hence, the corrosion rate is controlled by the rate of transport of
oxidizer {oxygen).

(2) Certain amphoteric metals dissolve rapidly in either acidic or basic
solutions. E.g. aluminium and zinc. Corrosion proceeds.

(3) Noble metals are not affected by pH. E.g. gold and platinum.

The H' ions have a tendency to capture electrons to form H, gas and
promote anodic corrosion.

Oxidising Agents

Oxidising agents may accelerate the corrosion of one class of mate-
rials, whereas retard another class. Oxidizing agents such as oxygen (O,)
react with hydrogen to form water. Once hydrogen is removed, corrosion
is accelerated. For example, copper in sodium chloride solution follows

this mechanism.

Oxidising agents retard corrosion due to formation of surface oxide
films, which makes the surface more resistant to chemical attack. There-
fore, adsorbed oxygen layer is essential. Thus a balance between the power
of oxidising compounds to preserve the protective film and their tendency
to destroy the protective film determine the corrosion of the metal. For
example, an oxide film is rapidly formed on stainless steel. This film can-

. not be dissolved or destroyed easily even in severe operating conditiong.

However, sulphuric acid:and hydrochloric acid can easily destroy this oxa
ide film.

Fi.
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Temperature
The rate of corrosion tends to increase with rising temperature. It has

a secondary effect. The influence of temperature on corrosion may follow
several of these mechanisims.

(1) Increase in temperature reduces the solubility of oxygen or air.
The released oxygen enhances the corrosion.

(2) Increase in temperature induces phase changes, which enhances
the rate of corrosion. At high temperatures, organic chemicals are
saturated with water. As the temperature decreases, water gets
condensed.

(3) Oxygen is needed for maintaining iron oxide film, which prevents
corrosion. In the absence of oxygen (due to increase in tempera-
ture), the corrosion of stainless steel increases.

(4) Copper-based alloys do not depend on the oxide film for corrosion.

The reaction is diffusion-rate controlled, whlch increases with increas-
ing temperature. -

Velocity o
When the corrosive medium moves at a high velocity along the metal-

lic surface, the rate of corrosion frequently increases. The mechanism is

diffusion-rate controlled. High velocity has the following effects.

(1) Corrosion products are formed rapidly, because chemicals (in-
cluding oxidising substances) are brought to the corroding surface
at a higher rate.

(2) The accumulation of insoluble film on the metallic surface is pre-
vented. Therefore, corrosion resistance of these films decreases.

(3) The corrosion products (or film) are easily stifled and carried
away, thereby exposing the new surfaces for corrosion,

Thus corrosion procéeds unhindered. This factor is responsible for the
corrosion of a number of equipment parts, such as condensers, evaporator
pipes (in the vicinity of bends in the pipes), propellers, agitators and cen-
trifugal pumps. Corrosion occurs frequently in small diameter tubes/pipes
through which corrosive liquid may be mrculated at high speeds as shown
in the above examples.

Surface Films
Once corrosion is started, its further progress is often controlled by the

-nature of surface films. A variety of surface films have been observed. Thin
oxide films are formed on the surface of stainless steel (rusting). These

films tend to retain or absorb moisture, which delays the time of drying.
Hence, the surface exposure.to atmosphere or corrosive vapour increases
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the extent of corrosion. The rust films formed on low alloy steels are mo:e-
protective than those formed on unalloyed steel. :

Insoluble salts such as carbonates and sulphates may be pleupnated
from kLot solutions on the metal surfaces. These protect the metal surfaces,
If the film is porous (e.g. zinc oxide), corrosion continues. Nonporous
films (e.g. chromium oxide film on iron) prevent further corrosion. K

Oil and grease films may form on the surfaces either intentionally or *
naturally. These films protect the surface from direct contact with corro-. |
sive substances. E.g. metals submerged in sewage or equipment used for -
processing oily substances. ‘

Constituents of the Reaction Media

A number of other processing factors such as constituents of the reac-
tion media also influence the rate of corrosion.

% The presence of impurities, for example, sodium and other chlo-
rides, leads to increased conductivity of the liquid layer in conitact
with the metal surface, thereby corrosion is speeded up. Impuri-
ties in the metal generally cause heterogeneity and form minute
electrochemical ceils (anodic and cathodic parts) at the exposed
parts. Then anodic patts get easily corroded.

+ The presence of anions like silicates in the medium leads to the
formation of insoluble reaction products, which inhibit further
corrosion. On the other hand, chlorides destroy the protective
and passive surface film, thereby exposing the metal/alloy surface
for fresh corrosion.

Humidity of air is the deciding factor which is critical. The value ol
critical humidity depends on the physical characteristics of the metal as
well as the nature of corrosion products. o

Other Factors

The concentration of corrosive chemicals in the environment inilu-
ences the rate of corrosion. In equipment such as distillation columns,
reactors and evaporators, the concentration can change continuously, mak- :
ing prediction of corrosion rate difficult. In addition, corrosion rates are i
seldom linear over a wide range. Concentration is important during plant i
shut-down. The presence of moisture that collects during cooling can turm
innocuous chemicals into dang,erous COIrosives. R

. Comment E3 4 Ructmg oflron is qulcher in sa'lne waler than in ordlnarv Wote"
Why?
Comment 13-5. Corrosicn is often more rapid at the places where some corre- |
sion is already taken place, Why? :

4
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{ fomment 13-6. Aluminum corrodes faster than iron, even though iron is placed
below aluminum in the electrochemical series. Why?

Comment 13-7 Why is corrosion high in aC|d|c medium than a[hahne mecliumTJ i

TYPES OF CORROSION

Pure metals and their alloys tend to enter into chemical union w1th the
components of a corrosive medium to form stable compounds. Corrosion
can be broadly classified as follows.

1. Fluid corrosion, General

2. Fluid corrosion, Localised
3. Fluid corrosion, Structural
4. Fluid corrosion, Biological

Fluid Corrosion : General

When corrosion is generally confined to a metal surface, it is known
as general corresion. This type occurs in a uniform fashion over the entire
exposed surface area at a wide range of temperatures. General corrosion
is of two types. R

- 4 : -
Physicechemical corrosion : The effects of this type are swelling, craz-
ing. cracking, softening, etc. Examples are plastics and nonmetallic material.
Fluid Corrosion, Localised

— Specific site corrosion

— Intergranular corrosion
— Pitting corresion

- Crevice carrosion

— Stress induced corrosion

— Stress corrosion cracking
— Corrosion fatigue

L Fretting corrosion

— Liquid flow related coirosion
I Erosion

I—- Impingement attack

— Cavitation erosion

‘— Chemicat reaction related corresion
- Galvanic corrosion

- Oxygen concentration cells

— Hydrogen embn‘tﬂement

Figure 13-3. CIassnficatlon of [ocahsed fiuid corrosion.

" Electrochemical corrosion : Thls type of corrosion occurs at d1screte '
points of metallic surfaces when electricity flows from cathodic area to
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anodic area. Metallic surface gets divided into anodic portion or cathod;
portion.’

Fluid Corrosion : Localised

Fluid corrosion is the most frequently observed on different locationg °

in a material. It occurs in numerous ways. It is further classified as givey -
in Figure 13-3.

Specific site corrosion : Mechanically weak spots or dead spots in 5
reaction vessel cause specific site corrosion.

Inter-granular corrosion : Selective corrosion that occurs in the grain
boundaries in a metal/alloy is called as intergranular corrosion. In this type
of corrosion, the grain boundaries contain material, which shows electrode
potential more anodic than that of the grain centre in the particular corrod-
ing medium. This may be due to the precipitation of certain compounds at
the grain boundaries, thereby leaving the solid metal solution (just adjacent
to that grain boundary) impoverised (or depleted or poor) on one constitu-
ent. The impoverised solid solution is anodic with respect to the grain cen-
ters and the precipitated compound, so that it will be attacked preferentially
by the corrosive environment (Figure 13-4).

Protected grain centre {cathodic)

Figure 13-4. General inter-granular corrosion.

Impoverised grain boundary (anodic)

Precipitated compounds {cathodic)

Microscopic examination can reveal clearly the intergranular corro-
sion. When severe, this attack causes a loss of strength and ductility out of
proportion to the amount of metal actually destroyed by corrosion. Crys-
talline grain structure as such is not attacked appreciably. One example is:
Nitrie

acid

Austenitic hot condition

stainless steel

Grain boundary
precipitation

o

Stainless steel is stabilized by incorporation of niobium/titanium or
carbon (less than 0.03 %).

Pitting corrosion : This type of corrosion results in development of
pits and cavities. They range from deep cavities of small diameter to shal-

- low depressions. Example is:

- Aqueous -
solution

- Alloy of aluminium

; chlorides Cavities
or stainless steel

b
3
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Pitting of a metal occurs when there is a break in the protective oxide
layer and imperfections on the underlying metal. This gives rise to the for-
mation of small anodic and large cathodic areas. The presence of the ex-
traneous impurities (e.g. sand, dust and scale) embedded on the surfaces of
metals are also responsible for pitting. Owing to the differential amount of
oxygen in contact with the metal (Figure 13-5), the small part (underneath
the impurity) becomes the anodic area and the swirounding large part be-
comes the cathodic area. Once a small pit is formed, the rate of corrosion
will be increased. Inhibitors are sometimes helpful in preventing pitting
corrosion.

) Fe?* + 20H" = Fe(OM),
Corrosion product

More oxygenated
cathode

More oxygenated
cathode

TR /

? - Anode is attacked
Fe —Fe?" + Fe~

[—— pit '

Figure 13-5. Pitting corrosion at the surface of iron.

Crevice corrosion : In this type, corrosion occurs in crevices because
solutions are retained at such places, which takes longer time to dry out,
When this occurs, the intensity of attack is usually more severe than sur-
rounding areas of the same surface. Crevices are formed because of the
metal contact with another piece of the same or other metal or with a non-
metallic material. Corrosion in the crevices is due to a number of reasons
as given below:

« Deficiency of oxygen
% Acidity changes
% Buildup of ions
% Depletion of inhibitor
Stress induced corrosion : Residual internal stress in the metal or

external applied stress accelerates the corrosion. Residual internal stress
is produced by:

4 Deformation during fabrication.

# Unequal rate of cooling from high temperatures.

& Internal stiess reanangementslmvolvmg volume changes.
ib Stress induced by rivets, bq gs and shrink fits.

Stress corrosion occurs along narrow paths, forming anodic areas with
respect to the more cathodic areas at the metallic surface (Figure 13-6).
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Presence of stress produces strains, which result in focalized zones of high-
er clectrode potentials. These become so chemically active that these are
attacked, even by a mild corrosive environment.

Cathode
Cathode —J - - 7 ——— - Aqueous
; X soluticn
Stressed part grain
boundary (anode) — ] =Anode
where corrasion . (strained part)
takes place Grain A’ where corrosion
. takes place

Cathode
Figure 13-6. Stress corrosion,

Eliminating high stress areas prevents this type of corrosion. The ex-
ternal stress can be kept at minimum by employing suitable experimental
conditions.

Stress corrosion cracking - At the surface, if the tensile stress is equal
to or morve than the yield siress, the surface develops cracks. This is known
as stress corvosion cracking. Examples are:

& Cold-formed brass develops crack in the environment of ammonia,

# Embrittlement cracking of steel is observed in caustic solution.

Corrosion fatigue : Corrosion fatigue is the ability of a metal surface
to withstand repeated cycles of corrosion. The metal surface is stressed
and simultaneously attacked by the corrosive media. Pits (concentration
points) indicating corrosion are formed initially, which further develop into
cracks. As this process continues, the surface looses its fatigue resistance
and ultimate failure of equipment.

The protective surface oxide film reduces corrosion. Under cyclic or
repeated stress conditions, rupture of protective oxide films takes place at
a higher rate than at which new protective films can be formed. Therefore,
the rate of corrosion is enhanced.

Fretting corrosion : Fretting corrosion occurs when metals slide over
each other and cause mechanical damage to one or both. During relative
maovement of metals, two processes may occur, (7) frictional heat is gen-
erated, which oxidizes the metal to form oxide films (i) removal of the
protective films resulting in exposure of fresh surface to corrosion attack.

This can be avoided by u_sin_g harder materials, minimising friction
by fubrication of by proper designing of the equipment, so that no relative
movemefif of parts takes place.

Flow related corrosion : Liquid metals can cause corrosion. Usually
the driving force is the tendency of the liquid to dissolve solids or penetrai-

RN
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ing the metal along the grain boundaries at places of wetting. Corrosion
rate is enhanced at high temperatures. A few examples are:

4 Mercury attack on aluminium alloys.

% Molten zinc on stainless steel.

Impingement corrosion : This is also referred to as erosion-corrosion
or velocity accelerated corrosion. It is accelerated by removal of corrosive
products (such as oxide films), which would otherwise tend to stifle the
corrosion reaction.

Erosion : Erosion is the destruction of a metal by abrasion and attrition
caused by the flow of liquid/gas (with or without suspended solids}. The
additional factors that can influence erosion inclade:

# Alloy contents of the steel (e.g. chromium, copper, manganese).
% Pipe system design and component geometry.
% Water and steam composition (especially pH and oxygen content).

The use of harder metals and changes in velocity or environment are
used to prevent erosion. S

Cavitation erosion - Formation of transient voids or vacuuni bubbles in
a liquid stream passing over a surface is known as cavitation. The bubbles
may collapse on the metal surface thereby causing severe impact or ex-
plosive effect. Therefore, considerable damage and corrosion is observed.
The protective films also get destroyed due to impact.

Cavitation erosion is observed around propellers, rudders in pumps,
etc. Redesign, use of a more resistant metal and protective coatings are
required to avoid this type of corrosion.

Chemical reaction related eorrosion : Corrosion involves chemical
reactions such as oxidation and reduction at anode and cathode, respec-
tively.

Galvanic corrosion : Galvanic corrosion is associated with the flow of
current to a less-active metal (copper cathode) from a more-active metal
(zinc anode) in the same environment. Coupling of two metals, which
are widely separated in the electrochemical series, generally produces an
accelerated attack on the more active metal, zinc, i.e. anodic corrosion.
Therefore, a combination of metals which are as close as possible in the
electrochemical series should be chosen.

In galvanic corrosion, the effect of area is very important. For exam-
ple, steel rivets on copper (Cu) plates will corrode much more rapidly than
a steel plate with copper rivets. Corrosion at the anode may be 100 to 1000
times higher, if the two areas are same.
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Dezincification : This type of corrosion is seen in brass that contains

more than 15 % zinc. In brass, the principal product of corrosion is metal-
lic copper, which may redeposit on the plant. Another mechanism involves
the formation of zinc corrosion products leaving the copper residue.

‘Corrosion may occur as plug filling pits (plug type) or as continuous L
layers surrounding the unaffected core of brass (general type). It can be N

- Protective oxide films tend to reduce galvanic corrosion. Insulating
B materials can be placed between two metal faces to prevent corrosion. Fop

” example, plates when bolted together, specially designed plastic washerg
¢, can be used.

Oxygen concentration cell : This type of corrosion is due to the pres-

{) ence of oxygen electrolytic cell, i.e. a difference in the amount of oxygen reduced by the addition of small amount of arsenic, antimony or phospho-
in solution at one point exists when compared to another. Corrosion is ac- - rus to the alloy.

4L celerated where oxygen concentration is least, for example, under gaskets, o . B ] . :
stuffing boxes, etc. because formation of an- oxide film is not possible. This - Fluid Corrosion : Biological i

also occurs under solid substances that may be deposited on a metal surface : The metabolic action of microorganisms can either directly or indi-
as ready access to oxygen is shiclded. Redesign/change in mechanical

&

o,

rectly cause deterioration of a metal. Such a process is called biological o

(s conditions must be used to overcome this situation. "’ corrosion. Microorganisms associated with corrosion are either acrobic or o
) Hydrogen embrittlement : Hydrogen can penetrate carbon steel and ; anacrobic. The causes for biclogical corrosion are: Pl
{U reacts with carbon to form methane. The removal of carbon results in de- ‘ (1) Producing corrosive environment or altering environmental cormn- o
creased strength. Corrosion is possible at elevated temperatures as signifi- ) position.
il ; : i i E . .
(¢ cant hydrogen pe.rtlal pressure is _generated. Thls causes a less of ductility, 1 (2) Creating electrolyte-concentration cells on the metal surface. .
_ (hydrogen embrittlement) and failure by cracking or blistering of the steel. & 3y Alteri ot ; face fil " o
{l’ Resistance to this type of attack is improved by alloying with chromium/ ' () ermg. resistance to sur ace ms. '
molybdenum. : {4} Influencing the rate of anodic/cathodic reaction. .
L Hydrogen damage can also result from hydrogen generated by elec- _ Sporovobrio desulphuricous organism is responsible for the anaerobic

trochemical corrosion reaction. The atomic hydrogen formed on the met- corrosion of iron and steel. The sequence of reactions associated with an-

©' al surface diffuses into the metal and forms molecular hydrogen at mi- aerobic sulphate reducing bacteria is as follows.
.. cro-voids. The result is failure by embrittlement, cracking and blistering, Anodic solution of iron:
L This phenomenon is observed in solution of specific weak acids such as

- N -+ —
hyd;‘ogen sulphide and hydrocyanic acid. 8H,0 =—— 8H" +8 (OH)

BTt A e da N AR ARSI Y A h e L

I + 2+
L Fluid Corrosion : Structural 4Fe+8H" 3 _ 4Fe” +8 H
4k In structural fluid corrosion type, the structural (tnechanical) strength Depolarization, due to activity of bacteria:

is reduced on account of corrosion. _This may occur when one component H,80,+8H = H,S + 4 H,0
(. of the alloy is removed or released into the solution. The corrosion prod- 1 . .
LA . ) Cortrosion products:

ucts may remain in the plant. Two examples are presented here. i
iy . . o : Fe2t + H,S —— FeS+2 H*
(L Graphite corrosion : Graphite is an allotropy of carbon. Graphite ; ) Z
__ corrosion occurs in gray cast iron. The metallic iron is converted into cor- 3Fe*" + 6 (OH) — 3Fe(OH),
[} rosive products leaving a residue of intact graphite mixed with iron corro-

- . . X 3 incipal corrosion products are b ir i
sive products and other insoluble constituents of cast iron. When the layer hy drzzfdeprIThg corrosion is ililtense and loclaal(i:i(egou sulphide and ferrous

1 of graphite and corrosive products is impervious, corrosion will cease or :
slow down. If the layer is porous, the corrosion will progress by galvanic The role of biological corrosion may be explained using anaerobic sul-
{/ behaviour between graphite and iron. phate reducing bacteria in slightly acidic or alkaline soils. The optimum
; conditions for their growth are 25 to 30 °C and the pH is from 5to 9 (Flgure

When carbqn steel is heated for prolonged periods at temperatures

A
Q—‘” higher than 455 °C, carbon may get segregated, which is then transformed : 13-7). : : :

I into greq:vhlte"r Qi[—Ience the structural strength of steel is affected. -Employ- S T As these bacteria thrive- under these conditions, they will continue to
W ing killed steel or low alloyed steels of chromium and molybdenum or promote this reaction until failure of the pipe occurs. Aercbic bacteria

chromium and nickel can prevent this type of corrosion.

=



(sulphur bacteria} oxidize sulphur (present in their cells) to yield sulphuric
acid, which attacks the iron. These grow best under acidic conditions
(pH 0 to 1).

Reducing bacteria Hydragen Calcium

Sulphates py— > sulphite sulphite
Temp : 25 to 30 °C
pH:5t09
On iran
in soil

Iron sulphite
(corrosion product
black colour)

Figure 13-7. Sequence of events associated
with the anaerobic sulphite reducing bacteria.

PREVENTION AND CONTROL OF CORRGSION

Selection of Proper Material

Corrosion should not be permitted in fine mesh wire-screens, orifices
and other items in which dimensions are critical and changes are not per-
mitted. In many cases, non-metaliic materials will be useful and attractive
from the point of view of economics and performance. These should be
considered if their strength, temperature and design specifications arc sat-
isfactory.

The corrosion characteristics of chemicals and limitations of con-
struction materials must be considered from the literature before select-
ing equipment. In addition, processing conditions to which the material
is exposed should also be considered. For this purpose, relevant literature
should be consulted. Permissible corrosion rates are important factors and

e

differ with equipment. Appreciable corrosion can be permitted for tanks

and lines, if anticipated and allowed for thickness in its design.

Proper Design of Equipment

1n the design of equipment, a number of fittings such as baffies, stiff-
eners, drain nozzles, location of valves and pumps should be considered.
Corrosion can be minimised, if the equipment design facilitates:

4 FElimination of crevices.

% Complete drainage of liquids.

4+ Ease of cleaning.

# BEase of inspection and maintenance.

On the basis of these general principles, some poor and good, e.:lcrmeel—
ing designs are given in Figure 13-8. A direct contact between tw'o metdls
should be avoided, if they are separated widely in the electrochemical se-
ries. Otherwise, they should be insulated. Equipment should be supported

P T T LI
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in such a way that it will not rest in pcols of liquid or on damp insulating

material.

Poor

YR/

Better Best
Figure 13-8. Prainage affects the corrosion.

Cosatings and Linings

Nonmetallic coatings and linings can be applied on steel and other ma-
terials of construction in order to combat corrosion. Appropriate methods
such as electroplating, cladcling,, organic coatings should be considered.
The thickness of the linings is important (100 mils). Effective linings can
be obtained by bonding directly to substrate metal or building muitiple
layers or lamination.

Organic coatings are used as linings in equipment such as tanks, piping
pumping lines and shipping containers. Some examples of the linings are:

4 Carbon brick
4 Glass-coated

< Plastic
# Organic

% Ceramic
« Elastic
A thin non-reinforced paint-like coating of less than 0.75 mm thick-
ness should not be used in services for which full protection is required
from corrosion. Some examples of linings and uses are:

Linings Uses

Tin ¢coated steel (tin plate) food containers

Lead (Pb) coating (Terne plate} | roofings

Aluminium (Al) coated steel high temp conditions

Zinc (Zn) coated steel many atmospheric conditions

The cladding (i.e. mechanical bonding) of steel with an alloy is anoth-
er approach to this problem. For instance, special glasses can be bonded to
steel so that the liner is of 1.5 mm thick which is impervious. Equipment
and pipings are lined in this manner and routinely used in severely corro:
sive acid services. The only limitation of this method is service behavior of
the protective coatings.
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Altering Environment
Corrosion can be combated or reduced by employing the followmg
environmental conditions.

(1) Removing air from boiler feed water prevents the influence of
water on steel. _

(2) Reducing aeration prevents the formation of passive oxide film in
stainless steel alloys by acidic media.

(3) Pumping of inert gas into solutions prevents the contact of air or
oxygen as in case of nickel based alloys.

(4) Reducing the temperature.

(5) Eliminating the moisture.

(6) Reducing the velocity or turbulence.

(7) Shortening the time of exposure.

Addition of acid media should be done as a last step, so that maximum
dilution can be obtained.
Inhibitors

The corrosion inhibitors are added to the environment for effectively
decreasing corrosion of metals. These form protective films.

+ Adsorption type, e.g. adsorbed on the metal.
4« Scavenger type, e.g. remove corrosion agents.
% Vapour phase type, e.g. sublime and condense on metal surface.

" Examples of inhibitors are given below.
| Inhibitors
Chromates, phosphates, silicates

Material protected in the fﬁedic'i"_l:g

iron and steel in aqueous solution.

Organic sulphides, amines iron and steel in acidic medium.

stainless steel in hot diluted solution

Copper sulphate of sulphuric acid

Inhibitors also interfere with the process of corrosion, namely scav-
enging of oxygen, hydrogen and reducing the diffusion of the constituents.

& The diffusion of H ions is considerably decreased by organ-
ic inhibitors. E.g. amines, mercaptanes, substituted ureas and
thioureas. These are cathodic inhibitors.

# Reducing agents eliminate oxygen from the corroding mddmm _

- E.g. sodium sulphite. : S _ “:e :

@ Inhibitors retard the diffusion to the CathOdlC areas. E g.'magne-
sium, zinc and nickel salts.
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Inhibitors are generally used in quantities less than 0.1 % by weight.
In some cases, the amount of inhibitor used is critical.

Cathodic Protection

The cathodic protection is based on the galvanic action between the
metal(s) of the plant (cathode) and anode suspended in the solution. The
metal to be protected is made a cathode, i.e. electrons are supplied, there
by dissolution of metal is suppressed. This can be achieved by two methods.

(1) Sacrificial anode method (2) Impressed emf method

Sacrificial anode method : In this method, anodes are kept in elec-
trical contact with the metal to be protected (cathode). The ancdes are
sacrificed, since they go into solution (Figure 13-9). For example, for the
protection of iron and steel tanks, the metals such as zine, aluminium, mag-
nesium and their alloys are used as sacrificial anodes. These are used in
limited pH range when high solution rate is acceptable, since these are
amphoteric.

Anode metal is selected from the electrochemical series amongst the
metals present above the tank metal. The andde should not be poisonous
and not detrimental to the product. '

: Sacrificial anodes

M

L Metal container
to be protected

-

-ve cathode
(na corrosion)

+ve +ve
\, , vy
f

Electrolytic solution

Figure 13-9. Simple sacrificial anodes.

Impressed emf method : This is also known as applied current sys-
tem, 1.e. external voltage is impressed between tank and electrodes. The
negative terminal of power supply is connected to the material to be pro-
tected. Therefore, the natural galvanic effect is avoided and the anode is
maintained positive (Figure 13-10).

The term ‘impressed emf” (or current) means the current which is
greater than the corrosion current. When such an impressed current is ap-

_plied in opposite direction, the corrosion effect is nullified. Under such-
‘conditions, anode is converted to cathode in the corroding metal. Since

anode is not consumed, any conducting material, metal or non-corrodable
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Cathode
- External
(no corrosw{\ , ) voltage
—ve
Earth

_— Metal container
to be protected i

Electrobytic —
soluticn +ve +ve JAnode

Figure 13-10. Impressed current cathode protection.

alloys can be used. For example, in case of sulphuric acid and deionised
water, graphite and high silicon steel are impressed. The anodes can be
buried in the ground or suspended in the aqueous solution of electrolyte.

Advantages : (1) This method is used for large tanks to store mild cor-
rosive liquors. In these cases, mild steel is used with negligible corrosion.
(2) Cathodic protection method is simple and the most effective.

(3) Ttis inexpensive. It enables the use of cheaper material for plant
construction.

Disadvantage : Corrosion cannot be reduced to zero.

Anodic Protection

In the method, a predetermined potential is applied to the metal spec-
imen and the corresponding current changes are observed. During the ini-
tial stage, the current increases indicating the dissolution (corrosion) of the
metal. When the current reaches a critical point, passivisation occurs, i.e.
the oxide layer sets in a suitable oxidising environment. The potential at
critical point is called passivating potential. Above this passivating po-
tential. the current flow decreases to a very small value called passivating
current.

The passivating current is defined as the minimum protective current
density required to maintain passivisation.

Passivity is a phenomenon in which a metal or alloy exhibits much
higher corrosion resistance than expected from its position in the galvanic
cell. At this stage, an increase in potential will not corrode the metal since
the latter is in a highly passive state. For example, in case of stainiess stecl,
titanitnm becomes easily passive and cannot offer cathodic protection. [n
such cases, the corrosion rate may be slowed down by the use of anodic
current.

Advantage : Anodic protection requires a small current. The anodic pro-
tection method is utilised in the transportation of concentrated sulphuric acid.

:
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Disadvantages : (1) Corrosion cannot be reduced to zero.
(2) This method cannot be applied for metals, which do not passivate.

A proper material should be selected for a specific process based on the
titerature and by personal experience. The factors influencing corrosion
will not only help in selecting the right kind of material, but also suggest
the processing conditions. It is equally essential to identify the type of cor-
rosion, if it occurs. Since the theories of corrosion are known, it is possible
to adopt appropriate preventive measures.

"Comment 13-8. Why is brass 2 preferred alioy for the construction of equip- .
{ ment?
| Comment 13-9. A piece of pure zing and impure zinc are placed in a salt solu- |
‘ tion, which will corrode faster. Why? ;
| Comment 13-10. Highlight iwo non-metal linings on the material for the con-

struction of equipment. :

Summary

Corrosion is undesirable reaction occurring to a large extent on the
surface of the equipment, which makes the equipment malfunctional. The
corrosion reactions occur due to atmospheric conditions (air and oxygen)
and also due to the experimental conditions (acids, catalysts, temperature,
etc.). Normally, metals and to some extent alloys are affected and the
equipment undergoes gradually electrochemical changes. Corrosion can
occur by the direct contact of dry gases (dry corrosion) or due to attack of
aqueous media on the metal (wet corrosion). Cotrosion reactions occur on
dies and punches, milling equipment, chemical processing reactors, fer-
mentors, storage containers, etc.

Several theories are proposed for the causes of corrosion: a) the for-
mation of galvanic cells (flow of clectrons), b) flow of current from a more
active metal and ¢) metal in contact with acidic media. Several factors af-
fect the rate of corroston: materials related (purity, physical state), solution
pH (H" ions capture the electrons), oxidizing agents (oxygen to form oxide
forms), teniperature (phase changes and enhanced diffusion), velocity (for-
mation of corrosive films or removal of protective {ilms), nature of surface
films (soluble, insoluble, submerged or dry), constituents of reaction media
(sodium, chlorides, silicates, humidity) and other factors (concentration of
chemicals).

Corrosion is broadly classified as general, localized, structural and bi-
ological corrosion. In general corrosion, the entire area of the equipment
is affected and hence considdred as physicochemical type or electrochem-
ical typs. Localized corrogs"@bn is the most frequently observed and occurs
on different locations, suchfas intergranular (pitting corrosion and crevice
corrosion), stress induced corrosion (cracking, fatigue and fretting corro-
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sion), flow related corrosion (impingement, erosion and cavitation erosion),
chernical reaction related corrosion {galvanic, oxygen and hydrogen embrit-
tlement). In structural corrosion, the strength of the metal is reduced (alloy
is removed or released). These are graphite corrosion and dezincification,
Biological corrosion occurs as the metabolic products of microorganisms
deteriorate the metal.

The first line of action for the prevention of corrosion is to select g
right kind of metal or a nonmetallic material for the fabrication of the
equipment. The literature gives sufficient information. Appreciable cor-
rosion can be prevented for tanks and lines, if anticipated and allowance
is made for thickness of the design. Corrosion can also be controlled by
appropriate design, by avoiding crevices and promote complete drainage.
Corrosion is prevented by applying nonmetallic coatings and linings on
the metal equipment, reducing the environmental severity (pH, tempera-
ture, oxygen, moisture, eic.), adding the corrosion inhibitors (which can
scavenge oxygen and hydrogen) and reducing the diffusion of the constit-
uents. Cathodic protection and anodic protection methods also prevent the
corrosion. In these methods, the diffusion of chemicals into the cathode or
anode is prevented. A proper material and suitable experimental conditions
are selected for a specific process, based on the literature and by personal
experience.

QUESTION BANK
Each question carries one mark
Note: Encircle the alphabet which corresponds to the single best response.
}. A severe form of corrosion that develops in highly localized areas of met-
al surface is called as:
A. erosion B. galvanic corrosion
C. pitting corrosion D. stress corrosion
2. ‘The ability of a metal surface to withstand repeated cycles of corrosior is
known as:
A. cavitation erosion B. corrosion fatigue

C. erosion D. stress of corrosion cracking
3. Which one of the following CANNOT be used to combat corrosion?

A. Increasing the temperature of storage

B. Pumping of inert gas into solution

C. Removing air from boiler feed water

D. Shortening the time of exposure
4. One ol the following types of corrosion is NOT related to liquid flow

related corrosion. . . . .

A. Cavitation erosion

C. Fretting corrosion

B. Erosion
D. Impingement corrosion
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Corrosion of metals is fairly high in one of the following medium.

A, Acidic B. Alkaline

C. Neutral D. Non-aqueous

Which one of the following types of corrosion of metals is flow related?
A, Biological corrosion B. Crevice corrosion

C. Erosion D. Inter-granular corrosion

For explaining dry corrosion of iron metal, which one of the following is
necessary?

A, Chlorine B. Hydrogen

C. Oxygen D. Sulphur

For chemical (dry) corrosion of iron, which one of the following condi-
tions is necessary?

A. Connecting the metal through external wire
B. Hydrochloric acid solution

C. Sulphur dioxide gas

D. Sulphur dioxide solution

Galvanic corrosion is observed, when external electric current in solution
is passed between one of the following combinations.

A. Gold and platinum B. Iron and hydrogen
C. Iron and iron D. Zinc and copper

Increase in temperature does NOT enhance the extent of corrosion by one
of the following conditions.

A, Diffusivity of the corroding medium

B. Solubility of the constituents of the metal in the corroding media
C. Thickness of the oxide film.

D. Volatility of the constituents of the metal

The corrosion of aluminum metal is prevented, due to one of the follow-
ing film characteristics.

A. Thick and nonporous film
C. Thin and nonporous film

B. Thick and porous film
D. Thin and porous filin

In cathodic protection, one of the following effects is suppressed.
A. Dissolution of anode B. Dissolution of cathode
C. Dissolution of oxide film D. Electric current

Which one of the following conditions is NOT responsible for preventing
the corrosion?

A. Inhibiting the flow of current B, Decreasing the temperature

C. Removing air and oxygen, D: Removing inhibitor

Anodic protection control$ :Yhe -corrosion based on one of the following
mechanisms. B ' ' '
A. Adding inhibitors
C. Drainage of liquid -

B. Decreasing the current flow
D. Promoting oxide layer
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15. Which one of the following metals can retard the corrosion of metals?

A. Carbon steel B. Chromium Relevance
. Dies and punches,
€. Tron D. Zine Milling equipment,

Process reactors,
Fermentors,
Storage containers.

Each question carries 2 marks
1. Explain the terms ‘“pitting corrosion’ and ‘galvanic corrosion’,

2. Give the applications of protective linings and coatings with respect 19
corrosion control with suitable examples.

CORROSION PROCESSES-

3. What is the role of plastic washers in the corrosion of metals? COMBATING MEASURES '
4. How are oxide films formed? What are its advantages?
. Highlight the role gen 1 ‘081 tals. -
5. Higt ' ‘ of oxygen in the corrosion of me_ S ! Theories of Corrosion - N\
6. Explain the role of temperaure on the metal corrosion. i . . Types of Fluid
. - . . . : Reaction on single metal, Corrosion
7. Differentiate between chemical corresion and electrochemical corrosion. Reaction between metals, General
8. Explain the term ‘rusting of fron’. What is its chemical formula? Involving oxygen. Physicochemical,
9. Describe the term ‘passivity”. How is it combat corrosion? : | LE(I:Z(]:itzrgghtfrggcaL
. . 5 - ; '
10. Explain the effect of pH on corrosion. i Factors Influencing Corrosion Structural type,
I1. Describe the effect of grain size of the metal on corrosion. ¥ Material relaied, Bislogical- type. j
L . i i idizing agents,
12, In a structure, two dissimilar metals should not be allowed to come in : ?flﬁ;g?;&;ox' 9ag | L
coniact Wlth eaCh Othef'. Why? ; Ve|ocity’ ' / \
13. Which type of oxide film is more protective against corrosion? Give one i Constituents of the reaction Prevention of Corrosion
example of a metal, which produces such an oxide film. 3 Media, Selection of proper material
o ) . . . i Qther factors. Proper design of equipment
14. How does the addition of amines protect against corrosion of iron. :
Ezach guestion carries 5 marks ! CControI of(;:lorrosmn
. . . - . ; . oatings and linings,
1. What is meant by corrosion? Mention the factors that influence rate of 2 Altering the enviro%ment,
corrosion, : Addition of inhibitors,
2. Explain measures you suggest to check the problems of corrosion. ! Cathodic protection,
].J ) Y . 865 .p of : Sactificial anode method,
3. Write the electrochemical theory of corrosion. ‘ : Impressed emf method,
4. Describe the biological corrosion and suggest the preventive imeasures. \A”Od'c protection. /
5. Describe the mechanism of corrosion of iron.
6. Define corrosion. Give its causes. Classify corrosion. MINDMAP DETAILS OF CORROSION
H
Eacl: question carries 10 marks PROCESS-COMBATING MEASURES
1. What is meant by corrosion? Name the various types of corrosion. How .
can corrosion be prevented?
2. Describe various types of corrosion and suggest the methods to tackle the
same in pharmaceutical industries.
‘ : v v'
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E CHAPTER 3

Belt Conveyors

Screw Conveyors

Pneumatic Conveyors

Chain Conveyors

Bucket Conveyors :
Selection of Solid Transportation Equipment
Storage of Solids

' LEARNING OBJECTIVES R
’After reading this chapter, the reader shouid be able to: k
Understand the methods of conveying of solids in the context of auto- =
mation in the industry.
Explain the construction, working and applications of belt, screw, chain
¢ and belt conveyors.
. @ Describe the elements involved in the construction of pneumatic con-
’ veyor and applications.
% Select an appropriate solid transportation equipment, based on the
s Sharacteristics of materials. . i
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The term ‘conveying’ is aiso applied to the transportation of solids.

The transportation of liquids is much simpler, cheaper and less trou-
blesome than handling solids. In many operations, solids are handled in
a finely divided state, so that they remain suspended in a stream of fluid.
However, such a system is not suitable for handling all types of solids.
Therefore, it may be necessary to study the transport solids as such. This
unit operation is important in the storage and handling of raw materials,
finished products and packed goods. The advantages and objectives are
given below.

Efficient and Effective Conveying—Objectives and Advantages
}- Decreases product costs and increases manufacturing capacity.

e . T :
% levied when cars are not loaded or unloaded according to sched-

ules. Losses due to spillage or tomed containers is reduced.
496
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Decreases processing time and conservation of energy.

4. Rigid in-process controls leading to decreased quality control and
quality assurance costs,

5. High degree of uniformity, reproducibility of the process and
.compliance with the cGMP regulations {current good manutac-
turing practices).

6. Minimum contamination and dust formation.
7. Increases employee safety and reduces labour costs.

If raw materials are not moved as required by production schedules,
the manufacturing process will be slowed down. In addition, machine time
and operation time will be wasted. As a result in-process inventories will
be increased.

Improper handling and storage can lead to damage, outdated and loss
of materials. Improper handling of granules, strips, bottles and chemicals
can place employees in physical danger. This can often lead to employee
frustration and reduced morale due to constant production delays.

In today’s world of automation, solid transportation has drawn a great-
er attention. It is often necessary to prevent the contact of material with the
persons, in order to avoid contamination (as in case of antibiotics). Simi-
larly working personnel should not be exposed to poisonous and obnoxious
substances. Therefore, a closed conveying system is essential. Therefore
a closed manufacturing operation sysiem is needed and calls for automatic
handling systems. The feeding of materials into a reactor is always done
mechanically. Similarly, discharge should also be made automatic. Con-
veyors are used in the production of most dosage forms such as tablets,
capsules, liquid orals and injections.

Solid transportation systems (conveyors) are classified into five major
groups. These are:

1. Belt conveyors 2. Screw conveyors

3. Pneumatic conveyors 4. Chain conveyors

5. Bucket conveyors

A few important conveyor systems, construction, working and appli-
cations are discussed in this chapter,

E‘V'Comment 14-1. Why improper handling of materials must be avoided?

BELT CONVEYORS
The basic elements of the beIt conveyor are:
1. Belt and belt tightening system

2. Belt drive and power supply
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3. Roller supports for belt
4. Feeding arrangement
5. Discharge arrangement

Principle 7
Horizontally or inclined placed motor driven rotating belt on pulleys - -
conveys the material from feeding point to discharge point.

Consiruction

The construction of a belt conveyor is shown in Figure 14-1. Belt con-
veyor consists of a core or carcass (meaning skeleton or backbone for the - :
belt) of several piles of cotton duck, each layer is impregnated and bonded
with rubber. The carcass is then covered with 2 thin layer of rubber that
binds the piles together. Both ends of the belt are joined together, so that
the belt can rotate continuously. The belt may run horizontally or slightly
inclined from the feed point.

& [f the bekt is too thin for its width, it will sag between idlers,
& If the belt is too thick, it does not trough properly.

Sometimes, the length of belt is increased due to a variety of factors
such as temperature and humidity of the ambient. In such cases, it is nec-
essary to keep the belt taut. Hence, tighteners {or take-up) are installed to
maintain an even-tension on the belt under all conditions. The simplest
take-up consists of a cast iron bed with a travelling block moving along a

SCrew.

Troughing

HDDDEI’ Bealt idlers

\

Drive-putley

“F gonlns SRERRR AR AR
%
—_— -
o) g
O © o O L
Non-troughing  Socurce of — ;E

idlers power

Snubber
idler -
Discharge bin

Figure 14-1. Gonstruction of belt conveyor Syptem.

The belt is allowed to move with the help ofa beﬁ_"‘éﬁ-ive. The simplest
belt drive is a bare steel pulley actuated with some source of power. The
drive of the belt conveyor is fixed at the discharge end (It is rarely arranged

Ch-14 TRANSPORTATION OF SOQLIDS COOQOCOROR0000CCOCOLOOTCOO00000 4G9

at the feed end). There should be appropriate contact between the belt and
pulley. Introducing snubber idlers just below the pulley can increase the
contact.

The belt is supported by rollers, which are arranged on a shaft. These
are called idlers. The idlers are camried on bush bearings lubricated with
grease-cups. The idlers are generally troughed to depress the belt at the
centre and rise at the edges (Figure 14-2c). This permits the belt of a given
width to carry more material per linear metre without spillage. The belt
returns on ordinary and non-troughing rolls.

Material
AN

Belt g P,

Material

A Belt
i f?ﬂ&:f{g‘%é%gw / ©
Idter —

(a) Flai belt on continuous
plate (non-troughing)

N S,

2 .
e e
(c) Froughed belt on 20° idlers

Figure 14-2. Construction of support idlers in width-wise description.

{(b) Flat belt on flat belt idlers
(or non-troughing)

— ——Belt -

A hopper is placed at one end in such a manner to load the feed at
the cenire of the belt. Cleaning devices such as rotating brush and rubber
scrapper blades are placed in the path of the belt in order to clean, if the ma-
terial sticks to the belt. Provision is made at the other end for discharging.

Working

When power is applied to a conveyor, the belt starts rotating. As the
pulley moves, the belt begins to travel in forward direction, because of its
close contact with the pulley. Snubber idlers also help in maintaining the
close contact between the pulley and belt.

The material (to be transported) is loaded on its centre of the belt with
the help of a hopper. The material travels along the belt. The belt moves
forward on troughing idlers. This permits the belt to carry more material
per linear metre without spillage. The amount of feed delivered depends
on the width and speed of the belt. At the discharge end, the material may
be unloaded manually or mechanically.

Once the material is unioaded, the belt returns on lighter non-trough-
ing rolls to the point of feeding.




T

AT

e

S & &E&E6& 66 & &6

500 IO PHARMACEUTICAL ENGINEERING

Pharmaceutical Applications

Belt conveyors are used in transporting containers for filling, capping,
sealing, labelling, pasting, visual inspection, etc. in the production of in-
jectables, liquid orals, ointments and jellies. In the sirip and blister pack-
ings of tablets and capsules, strips are conveyed on a moving belt. During
this process, the strips are packed in the cartons.

Belt conveyors are used in the manufacture of lozenges. It is a contin-
nous process of candy base cookies. When a mass of sugar base is on the
conveyor, the water is removed. At the end of the belt, the candy base is
mixed, tempered, formed, roped, melted, acidulents and flavours are add-
ed, cooled and sized.

Advantages:

(1) Belts can be made of asbestos fibres, neoprene, teflon and vinyl
polymer. Cord belts are also used.

(2) Belt conveyors are for general purpose installation and available
in relatively large sizes. These can travel several kilometres as in
case of coal mines.

(3) Routine maintenance of belt conveyor is easy.

(4) Belt conveyor is economical in terms of cost per unit tonne that it
can handle.

Disadvantage:
® Belt conveyor is expensive.

Selection of Belt Conveyor
" The capacity of a belt conveyor depends on the cross section of the
load and the speed of the belt. The cross section of the load depends on the
width and slope of the belt and size of the material. The selection of a be]t
conveyor depends on:
« Power required.
% Mechanical and tensile strength of the belt system to handle the
wide varieties of materials.
Lump size.
Troughability of the belt.
Ability of the belt to support the load between idlers.
Chemical resistance of the belt to the material to be handled.
Manufacturers of belt conveyors publish charts or formulae for the
construction of conveyors, size and power requirements. f

ﬁ

I

Comment 14-2. |dlers are-the essential components of belqcunveyor Explaln

Comment 14-3. Belt conveyor is suitable for rransporting materials when the
path of travel involves many turns and lifts. True or false. Justify.
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, SCREW CONVEYORS
. The basic elements of the screw conveyor are:

1. Trough system
3. Feeding arrangement

R R

2. Flights and power supply
4. Discharge arrangement

Principle

Horizontally or inclined or vertically placed motor driven screw like
flight conveys the material in the trough from the feed point to discharge
point.

Construction

The trough is a U-shaped vessel in which the material is enclosed
during conveying (Figure 14-3). The trough is usually made of a sheet
of steel and available in standard lengths. If a trough of more lengih is
required, then more number of such units are joined together,
e Feed Flight

{Helicoid screw
arrangement)

Closure

- (lid)_ )
I rd

Bevel gear

,“/\/\/f\
\VARVARV/

S f
pguw:;:f ¢ U shaped trough

Nscharge
end

Bin
Figure 14-3. Construction of a typical screw conveyor.

Screw element usually consists of a spiral blade (conveying mech-
anism is like a screw), which is called ffighi. The simplest form of the :
flight is the sectional conveyor. Helicoid flight i shown in Fipure 14.3. ,
It is made of a single long ribbon that is twisted and wrapped into a spiral
shape. These standard flights are welded to the central shaft. Alternatively ‘
the conveyer element (helicoid flight element) is suspended with the help - ;
of hangers along the length of the trough. Usually one hanger is used for ‘
each flight section. Hangers contain bushings of white cast iron, so that
lubricants need not be used.

The drive end and discharge end are.known as box-ends. At the drive
end, shaft is connected to bevel gears. Power is transmitted through the
shaft to the flight. The shaft is rotated around an axis and remained nearer
to the bottom of the trough. The feed is normally introduced by plain spout,
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which gives uniform flow of material. At the discharge end, arrangement is
made to receive the material using open-end irough or open-bottom trough,

Working

When power is applied, the drive rotates the shaft through the bevel
gears. The screw element starts rotating. The flight is rotated round an
axis and remained nearer to the bottom of the trough. Feed is normally
introduced by plain spouts. The material will be trapped between the gaps
of the spiral blade. As the flight moves, the material also moves forward
along the path of the sections. The material is received through open-end
trough or open-bottom trough.

Applications:

(1) Screw conveyor is used for transporting finely divided solids or

pasty solids. '

(2) Materials having properties such as light-weight, medium-weight,
abrasive and non-abrasive can be easily handled using screw con-
veyor. It is a versatile conveyor system.

(3) Special flights and casings are available for operations, such as
mixing, de-watering, heating and cooling.

(4) It has the capacity to handle the materials of about 280 m/h.

Advantages:

(1) Materials can be conveyed horizontally, vertically or inclined.

(2) Screw conveyors are easy to operate and occupy less space.

(3) Different constructions are available and can be adapted for a va-
riety of materials. Screw conveyors can be fabricated in a variety
of materials ranging from cast iron to stainless steel.

(4) Screw conveyor can be operated at posiiive and negative pres-
sures.

(5) High and low temperatures can be maintained by insulating the
casing.

(6) Since it is a closed system, the environment becomes dust-free.

Disadvantages:

(1) Screw conveyors operate at relatively low totational speeds.

(2) Grtomely eumbersoms handling wheon conveyor becomes larger.

(3) At high speeds, abrasive problems arise.

(4) Power consumption per unit weight transferred is high.

H
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Selection of Screw Conveyor
‘The size and speed of a screw conveyor are determined to make a
choice of the design. The type of construction depends on the requirements
such as:
% Scale of operation

& Severity of service
% Value of the material

Comment 14-4. What are the special features that make a screw conveyor |
necessary in the pharmaceutical industry? J

PNEUMATIC CONVEYORS
The basic elements of the pneumatic conveyor are:

1. Air supply (or vacuum) system

2. Air slide and pipeline

3. Feeding arrangement

4. Discharge arrangement (air and feed separation)

Principle ,

When a high velocity air is passed through a bed of solid pa}ticles, the
individual particles are dragged by the air. Finally they are suspended in
the air. Such a system is known as fluidized bed, which is described as a
condition of fully suspended particles. In this condition, the suspension
behaves like a dense fluid and can be transported from one point to anoth-
er in processing plants. At the discharge end, the gas is separated and the

solids are recovered.

Construction

The construction of a pneumatic conveyor is shown in Figure 14-4,
Fans or cycloidal blowers are connected to the conveying system. An air
slide consists of a chute with a porous base through which air passes. The
path of material travel may vary from a few metres to several hundred
metres. Conveyor mechanism can be operated for horizontal and vertical
distances. The material supply (feed) is connected to the air slide through a
rotary feeder valve. The other end of the pipeline is connected to a cyclone
separatlor.

Working
The cycloidal blowers (or fans) produce air at pressure about 7.0 ki-
lopascals. This air ig passed through the air slide at the rate of 1.5 mefre

. - fiod . - + .
. per minute into the, pipeline. During this process, the rotary feeder valve

rotates and allows the feed to enter the pipeline. These solids are suspend-
ed into a stream of air in a fluidised state until it reaches the receiving end.
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The material is then admitted to cyclone separator to remove large partiéleg -

and fine particles, if any. The large particles are collected into the bin, The
fine particles are irapped in a bag filter. The gas can be reeycled to. the

blower inlet in a closed system to save the valuable gas. These systems are

used for free flowing materials.

“~Exhauster -

_— Dust collector

Air pump
A\ (bag filter)

!
To bin

Blower
Cyclone
separator

Pipe line

) To hin
Figure 14-4. Pneumatic conveying system, pressure type.

For the proper design and satisfactory operation of pneumatic con-
veying, it is necessary to know about characteristics of powders such as
density, particle size distribution, cohesiveness, angle of friction, angle of
repose and fluidization. .

Applications:

(1) Pneumatic conveyor is the most important handling system in

chemical industry.

(2) Itis used in the formulation of powdered insufflations.

(3) Generally, light and bulky materials such as grains can be trans-

ported easily.

(4) Pneumatic conveyor is used for handling of unpleasant and injuri-

ous (toxic) materials, since it is a closed system.

(5) Powders containing poisonous constituents can be transported.

(6} Fine powders and pellets having the size up to 6.0 millimetres and
bulk densities from 16 to 3000 kg per metre cube can be handled
by pneumatic conveyor.

Advantages:

(1)" While ¢onveying the materlal sometlmes the path may. mvolve'

many turns and lifts. In such cases, other types of conveying be-
come costly.
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(2) Pneumatic conveyor is economical compared to other types of
CONVeyors.
" (3) Friction losses are small, because there are no movement of me-
chanical parts.

Disadvantages:

(1) The pneumatic conveyor needs more power than other types of
conveyor systems.

(2) Erosion of internal surface of the vessel and attrition of solids may
take place.

(3) Uneven contact of gas and solids is observed.

R CHAIN CONVEYORS

Chain conveyor consists of two elements, viz., chain elements and
chain attachments. Chain elements are made of malleable cast iron or
stainless steel. These links are so cast that they can be assembled and
detached without use of tools. Chains are endless and move continuously.
The material is loaded into a suitable container and placed on the chains.
These are usually constructed on the job. I

Advantages : Chain conveyor is a cheap and simple pie"ce of equip-
ment. It can be adapted to a wide variety of problems.

Scraper/Flight Conveyors

Flight conveyor consists of one or two endless chains passing through
a trough or a set of guides. The chains have plates of wood or steel called
flights attached at regular intervals. The flights are shaped to fit the troughs.
The chains pull the flights and the material along the trough and passes
over sprockets at the end of the run. One of the sprockets acts as the drive.
In an elaborate form, flight conveyor is supported by two chains of roller
pintle type (Figure 14-5). Scraper conveyors with speeds of 30 m/min are

commeon, but the speed may range from 8 to 60 m/min,
Fh‘ght

—I——=_ Bl —Chain

Figure 14-5. Scraper/flight conveyor with two chains,
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Uses : Scraper conveyor is widely used for loose material that ig
non-abrasive, such as grain, food-waste, garbage, sawdust, chips and coal.
Chain conveyors can be used in pharmaceutical industry for the materialg
similar to the ones menticned earlier.

Advantages : Scraper conveyor is the simplest and cheapest type. The
cost of installation is also low. Scraper or flight conveyors have greater
adaptability to a wide variety of conditions. It is suitable for steeper situa-
tions that are not possible by belt conveyor (inclination 45°).

Disadvantages : Scraper or flight conveyor needs heavy power re-
quirements. Repairing charges are high. It is not suitable for {friable abra-
sive material such as clinkers, gravel and crushed ore.

Apron Conveyors

Apron conveyors are usually used for transporting heavy loads and
short runs, at low speeds. The simplest apron conveyor consists of two
endless roller chains, which are connected by double beaded steel pans,
The beading prevents the material from slipping backward when conveyor
is inclined. Wooden or metal boxes are fixed between the chains and the
whole conveyor drags on the support. Apron conveyors are used for con-
veying material such as lumpy, abrasive and hot, provided that these are
not injurious to flexible belts.

BUCKET CONVEYORS |

Principle

Horizontally, inclined or
vertically placed motor driven
chains carrying buckets con-
vey the solid material from the
feed point (boot) to the dis-
charge point.

Discharge

Construction

Buckets are used for load-
ing the materials. The buck-
ets are made of cast iron or Foed
stamped steel and available

in many forms. Flat buckets
are used for materials that are

|—-Casing

A
A
L \—+— Bucket
A
A\

[—— —t— Beit or chain

JEEE @@

sticky. Heavily stamped steel
buckets are employed for large
lumps, for example, coal and (- )

crushed stone. Figure 14-6. Consiruction of a bucket conveyor.
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The buckets are attached to belts or chains. The chains are endless
and buckets are riveted between two chains (Figure 14-6). The chains are
generally long pitch, straight and side type. The buckets are spaced to pre-
vent interference in loading and unloading. For heavier loads, two chains
may be used. The attachments are slightly above the level of the chain so
that the ends of the sprocketed booth do not strike the back of the buckets.

The weight of the materials in the conveyor results in the stretching of
the chain. Therefore, tightening devices are generally prov1ded for altering
the position of the sprocket at the foot of the elevator.

& In horizontal runs, buckets overlap each other and the feed is in-
troduced as a continuous stream of material.

% In vertical lines, the buckets are pivoted in such a way that they
hang freely between the chains. Therefore, conveyor acts as an
elevator.

At the foot of the elevator, a structure known as ‘boot” is used for feed-
ing the buckets and also for tightening the chains. Buckets are sometimes
completely enclosed in a casing. The casing is made of wood or steel sheet.

Working

The elevators are oenerally driven from the head sprocket. At the foot
of an elevator, ‘boot” helps in feeding. The buckets are normally fed by
digging into the materials particularly in case of loose material and gran-
ular solids. The buckets maintain their carrying capacity by gravity, but
they can convey the material horizontally or vertically or any desired path.
Loading can be done by the flow of material through a chute into the buck-
ets. Buckets may be readily discharged at any point by a tripping device,
causing each bucket to tum through 90 degrees. The types of discharges
are continuous, positive and centrifugal.

Applications : Bucket conveyors are used in transporting coal, crushed
stone, grains, etc.

Advantage : Bucket conveyors are very flexible.

# SELECTION OF SOLID TRANSPORTATION EQUIPMENT

Varieties of solid transportation equipment are available in the market.
Some of them are for general-purpose use, while others are for special
purpose use. The choice of equipment depends upon specific requirements
of the industry. {

The best equipment is one that: e

# permits smooth and continuous production ﬁow
% involves less number of accidents




=
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« reduces production cycle time
@ promotes better working conditions ‘
& lessens fatigue to the operators :
% brings down total material handling costs f

The following factors may be considered, while selecting an eqmp- :

ment for the transportation of solids.
Materials to be Moved

The size, weight, delicacy, nature (solid, liquid and gas) of materizii
and the chances of getting damaged during transportatien of solids should

be considered. Accordingly a flexible system should be installed.

Plant Building and Layout _

The type of bailding may exert a single greatest influence on the mate-
rial handling system. A multi-storeyed building facilitates the use of grav-
ity for material flow. The door locations, sizes, ceiling heights, roof and
fioor strengths, stairs, columns, width of aisles, etc. influence the choice
of the equipment. For example, weak roof ceiling prevents the usage of
overhead conveyors.

Production Machines

Different machines have different outputs per unit time. The equip-
ment should be able to handle the maximum output.

Type of Material Flow Pattern

A vertical flow pattern requires elevators, conveyors, pipes, etc, where-
as horizontal flow pattern needs trucks, overhead bridges, cranes, convey-
ors, etc. Gravity is the cheapest. The movement of material from top to
bottomn through nmiltileveled facilities is the most efficient way of moving
materials. Therefore, multi-storeyed building is utilized for production.
An efficient movement of material is possible along the straight lines, a
direct path to its destination.

Type of Production

Conveyors are more suitable for fixed routes for continuous process
and powered trucks are ideal for batch operation. Conveyors, though cost-
ly, can handle more volume of production per unit time as compared to
trucks. But trucks are more flexible equipment.

Cost of Equipment
The initial costs of conveying equipment are high. When human con-

. tact with the product must be minimized, equipment is the only alternative,
‘hence cost does not limit the installation. However, working cost of equip-

ment is sometimes less. The maintenance as well as useful life and the
scrap value of the equipment must be weighed against advantages.
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Handling Costs

. Economy in solid conveying can be achieved by employing grav-
ity-aided movements and minimizing the distance of material travel. A
system that allows the product to directly fall over the equipment is more
ideal. Such measures beat the purchase cost of the equipment.

Life of Equipment

Periodic inspections, repairs and maintenance of equipment increase
its life, facilitate smooth flow of materials and economize the production
system. The amount of care and maintenance that is required for the mate-
rial transporting equipment is inmportant.

B STORAGE OF SOLIDS

Attention must be paid to the storage of solids. Storage is an important
operation, if the material is too valuable or too soluble when exposed to
atmosphere as in outdoor piles. The following are used for storing solids.

DR

#3ie

Bunkers : These are used for storage of pulverised solid material.
During plant shut down, the solid material is stored in bunkers. Coarse
solids such as gravel and coal are stored outside in large piles, unprotected
from the weather. Out-door storage can lead to environmental problems
such as dusting and leaching.

Heoppers, bins and silos : A bin is fairly wide and not so tall. It is
a cylindrical or rectangular vessel of concrete or metal. A silo is tall and
relatively small in diameter. A hopper is a small vessel with a sloping
bottom. It is used for temporary storage before feeding solids to a process.
These containers are loaded from the top by some kind of an elevator and
discharged ordinarily from the bottom.

Now-a-days, there have been extensive improvements in the use of
solid conveying equipment. For example, granulation and tabletting op-
erations are completely automated and computer controlled. The above
system utilizes pumps and bucket conveyors to move materiale upwasd
whenever required. Examples are transporting granules and transporting
compressed tablets for batching and film coating. These use belt conveyors
and pneumatic conveyors to move the material horizontally.

| Comment 14-5. What is the difference between the bins and silos? l

Summary
Transportation of solids is a troublesome unit process. When solids

) ‘are available in a finely divided state, these can be suspended in a stream.r (ﬁ" :

of fluid and such a process mimics the transportation of fluids. However,
such a system is not suitable for handling all types of solids. In the today’s




510 OO IO OCEOOOOCOCCCCOCOCOOE PHARMACEUTICAL ENGINEERING <.« or

world of automation, solid transportation has drawn greater attention. Fur-

ther, a closed system of conveying is ideal to avoid contamination and
chemical hazards. A few solid transport systems are routinely employed in
the pharmaceutical industry. Conveyors are used in the production of most
of the dosage forms, such as tablets, capsules, liquid orals and injectables.

Belt conveyor, horizontal or inclined, is a motor driven rotating belt on
pulleys and convey the material from feeding point to the discharge point.
These are used in transporting the containers (bottles, ampoules, vials,
etc.) for operations: filling, capping, labeling, pasting, visual inspection,
packaging, lozenges, candy based cookies, etc. Screw conveyor moves
the materials in a trough from feed end to the discharge end. High and low
temperatures can be maintained and it can be made as a closed system. It
is used for mixing, dewatering, heating and cooling. It can transport the
finally divided solids and pasty solids. Chain conveyors are widely used
for loose materials that are nonabrasive, such as grains, chips and coal.
Apron conveyors are used for transporting umpy, abrasive and hot mate-
rials. Bucket conveyors are chain driven and used for transporting coal,
crushed stone, grains, etc.

In pneumatic conveyor, finely divided solids are suspended in a steam
of air (fluidized state) and allowed to transport from one place to another.
The characteristics of powders influence the proper design of pneumatic
conveyor. This is used in the solid handling of chemical industry, formula-
tion of powdered insufflations. Itis a closed system and easy to make turns
and lifts. Several varieties of solid transportation systems are available,
a few are general purpose and others are specific purpose. The choice of
a system depends on: the material, the machine, the plant building, cost.
etc. Belt conveyor and pneumatic conveyors are used to move material
horizontally. Therefore the construction, working, advantages and disad-
vantages are understood to utilize these systems effectively and efficiently.

QUESTION BANK
Each guestion carries one mark
Note: Encircle the alphabet which corresponds to the single best response.

1. The term *conveying’ is applied to wansportation of one of the following
substances.
A. Fluids
<. Licluids

B. Gases
. Solids

2. The bel conveyor moves mainly with the 1161p of:
' B.f fﬁdlers
D. snubber idlers

A. drive pulley
C. non-troughing idlers

.4
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In belt conveyor, the main role of idlers is to:
A, make the belt under even-tension

B. move the belt forward

C. support the belt

D. withstand the weight of materials

Idlers are generally troughed (depress the belt at the center and rise at the
edges), for:

A. carrying more material without spillage
B. giving the belt good shape

C. reducing the risk of working

D. sagging of the belt

In belt conveyor, snubber idlers also help to maintain a close contact be-
tween the following.

A. Belt and hopper B. Belt and non-troughing idlers
C. Idlers and belt D. Puliley and beht

In belt conveyor, the belt is NOT constructed with one of the following
materials? '

A. Asbestos fibre B. Cotton -
C. Plastics D. Wood

Working efficiency of belt conveyor mainly depends on:

A. load and speed of belt

B. mechanical and tensile strengths of the belt

C. power supplied and nature of idlers

D. width and slope of the belt

In the construction of a screw conveyor, which is used for the movement
of solid materials?

AL Air pump B. Flight

C. Idlers D. Pulley
The flight used in a screw conveyor is:

A. round B. semicircle
C. spiral D. square

In a belt conveyor, the carcass is usually impregnated and bonded with
one of the following materials.

A. Tron B. Plastic
C. PVC D. Rubber

Pneumatic conveyor is used for the transportation of one of the following
materials? '

B. High density materials
D. Toxic materials

A. Abrasive materials
C. Pasty solids
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22. 'Which is the conveyor used for transporting gra;ns?
A. Belt conveyor B. Bucket conveyor
C. Pneumatic conveyor D. Screw conveyor
.23. In which conveyor, friction losses are low?
A. Belt conveyor B. Bucket conveyor
" C. Chain conveyor D. Pneumatic conveyor
24. Which one of the following terms is given at the bottom of bucket con-
veyor?
A. Base B. Boot
C. Carcass . D. Core
25. The drive end and discharge end in a screw conveyor are generally known

as:
A. box ends
C. lid ends

B. plight ends
D. trough ends
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12. ‘Which one of the following is relatively simple, flexible and cheap con- -
veyor?
A. Belt type B. Chain type
C. Pneumnatic type D. Screw type
13. In the manufacture of lozenges, one of the following conveyors is used?
A. Belt B. Chain
C. Pneumatic D. Screw .
14. In which type of conveyor, operations such as mixing, de-watering, h.eat-
ing and cooling can be adopted with special arrangement of accessories?
A. Belt type B. Bucket type
C. Pneumnatic type D. Screw type
15. In which type of conveyor, fans or cycloid blower is connected?
A. Apron type B. Bucket type
C. Chain type D. Pneumatic type
16. Name the preferable conveyor system used for transporting unpleasant
and injurious (toxic) materials?
A. Belt conveyor B. Bucket conveyor
C. Chain conveyor D. Pneumatic conveyor
17. Which type of conveyor is used in the formulation of powdered insuffla-
tions? -7.
A. Belt type B. Bucket type :"
C. Chain type D. Pneumatic type
18. The term ‘silo’ refers to a storage system which has: o
A, fairly wide and not so tall o7
B. outdoor bunker
C. small vessel with sloping bottom
D. tall and relatively small diameter
19. Which is the type of conveyor normally used for heavy loads and short
runs?
A, Apron type B. Belt type
C. Bucket type D. Screw type
20. In the strip and blister packing of tablets and capsules, sirips are conveyed
through one of the following conveyors? :
A. Belt conveyor B. Bucket conveyor
C. Chain conveyor D. Pneumatic conveyor
21,

Which of the following is NOT the basic eJ@fnent of a pneumatic convey-

or? -g%v S \ B
A. Air slide B. Afr supply
C. Feed arrangement D. Flights

Each question carries 2 marks
1. List two objectives of conveying of solids.
2. Name the conveyor suitable for trallspdfting solids: a) to a long distance
and b) to elevate large quantity of materials in a closed condition.
Each question carries 5 marks -
L. TIllustrate the concept of solid transport by fluidisation.
2. Describe the principle of pneumatic conveyer with a labelled diagram.
3. Describe the different types of conveyors used in pharmaceutical indus-

try. )
4. List advantages of screw conveyor and screw elevator. How do you com-
pare these with pneumatic transport of solids?

5. Describe the construction and working of a screw conveyor.
6. Write the principle of belt conveyor with a neat diagram.

Each question: carries 16 mmarks
1. Describe the construction and working of belt contveyor system for golid
transport.

2. Name the devices used for transportation of solids. Describe pneumatic
conveyor.

3. Describe the factors influencing the selection of transportation equipment
for solids.
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APPENDIX-I
Answers to the Comments

At

% Cuaprer 1 ¢ Industrial Processing =

Comment 1-1. What is the difference between unit operation and unit pro-
cess?

A unit operation is based on certain scientific principles. Size reduc-
tion (physical process) and hydrolysis reaction (chemical process) are unit
operations. Unit operations can be used in diverse processes. Unit process
involves a series of unit operations carried out sequentially to achieve ob-
jectives. Unit process is generally considered as a unique from the point of
efficiency and economy. Examples are: manufacture of commen salt and
production of paracetamol.

Comment 1-2, Explain a method for calculating the y&eld of a product.

Material balance method is used for calculating the yield of the prod-
uct. The mass of input (material) going into the process and mass of output
(desired material) are considered. The unconverted raw materials and the
production losses are also considered for mass balancing. Then yield of the
product is obtained and validated.

Comment 1-3. Which are the expressions of reactants used for evaluating
mass balance of a chemical process?

Molality and mole fraction expressions are applied for evaluating the
mass balance. Molality is the term used to describe the quantities of each
reactant. Molality does not change with temperature or the volume of the
solvent. It is expressed in terms of weight of a solvent. It also includes the
molecular weight of the substance (i.e. mole). Mole fraction is used in theo-
retical considerations.

Comment 1-4. Tie substance is an inert substance added to a process in or-
der to account mass balance. True or false. Explain.

The statement is false. Tie substance is not inert, but reactive. Tie sub-
stance is not a substance added o the process. It enters the process and also
leaves the process unchanged at the end. This substance helps in evaluating

the mate{i@l balance calculations. .

¢ [ . ) . . '
Commeﬁt 1-5. What are the principles used for accounting losses due to
friction in a process?
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D The principles of law of conservation of energy are applied for account-

., ingthe energy balance. During the fluid flow, the nature of pipe (rough, bend,
W non-uniform, etc.) offers friction to flow. These are accounted in the form of
energy and all forms of energy are identified and balanced.

Comment 1-6. Differentiate between equilibrium and steady state.

Equilibriom means the rates of forward and backward reactions are the

. same. In other words, the reactions can proceed in opposite directions (re-

o versible). In steady state, the process is in one direction. In both the cases,

the parameters do not change with time. Equilibrium is a spontaneous pro-

() cess (chemical process), whereas steady state is maintained manually by the
operator.

Comment 1-7. Understanding the magnitude of values is important, while
B applying the conversion factor. Explain.

Nommally a conversion factor is used to convert a numerical value in one
.1y system into a corresponding numerical value in another system. The avail-
able numerical value may be high in one system, but when converted into
¢Jj another system, the value may be small. In such a case, conversion factor
may have a low value. For example, 12 J is to be converted into calories.
J) The conversion factor would be small, because in joules, the numerical value
must be high (12) and upon conversion the result must be small (less than
(/) 12). The conversion factor is 0.239. Then in calories: 12 x 0.239 = 2,868
cal (small compared to 12 J numerically). Thus it is necessary to imagine the
¢/ magnitude of the value after conversion. In the reverse situation, the conver-
sion factor would be high. For example, 3 calories is to be converted into
¢{/) Jjoules. The conversion factors must be high: (1/0.239) = 4.184. For 3 cal, the
value is 3 x 4.184 = 12.552 J. The conversion factors are given in standard

; tables in encyclopedia.

Iy Comment 1-8. When dimensionless equation is available for a particular
process, conversion factor is not required. True or false. Explain

([ The statement is true. In a dimensionless equation, the net parameter
does not has a unit, but individual terms in equation may have dimensions.

(D Ultimately, these dimensions (terms) get cancelled. The net value is a num-
ber (numerical) and hence remains valid, irrespective of the type of unit

Ay system applied. Therefore, conversion factor is not required. For example,
Reynolds number remains the same irrespective of the system (cgs or mks).

) comment 1-92. Dimensional equations are not useful over dimensionless
equation. True or false. Explain.

I and such relationships are empirical. These equations are applied for a spé-
= cific experimental condition in a particular notation (or system). These have
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'The statement is true. .Dimensional equations have limited. applications

APPENDIX-I COCOCOGOOCOOCOCVOCTOOOCOOTOOOOOTCOCVTOOCOCCOOC 17

utility in heat transfer process, though empirical, because the process is com-
plex and involves several parameters, i.e. more than 12 parameters.

2 CiapTER 2 ¢ Flow of Fluids 5
Comment 2-1. What are the differences between gases and fluids?

Most of the gases are compressible when pressure is applied on them.
Fluids include those gases which are not compressible or have negligible
compressibility. The fluid gases exhibit a behavior similar to that of liguids
and hence liquids are also included in the category fluids. Fluid gases are
considered as layered. Fluid matter deforms continuously as long as shear
stress is applied.

Comment 2-2. Why is fluid pressure difference termed as head and reported
in meters (height)?

Normally pressure 1s reported in the units of pascals or mm Hg, Simi-
larly pressure difference is also measured in the same units. As per the fluid
statics principles; the pressure difference is proportional to the height differ-
ence of a liquid column. In fluid dynamics also, energy is termed as head, It
is easy to measure height of the column of a liquid of'a known density, which
is numerically equal to pressure energy. The height is termed as head in the
discussion of hydraulics.

Comment 2-3. Why is mercury used as a preferred liquid in the manometer?

Mercury is non-corrosive and does not react with the fluid, whose pres-
sure is to be measured. It has low viscosity and can be easily adjusted when-
ever marginal (minute) pressure changes are observed. Mercury has high
density and remains at the bottom of the manometer. It is not volatile.

Comment 2-4. The flow of fluid in the middle of the pipe is faster than the
fluid present near to the wall. Why?

A layer of liquid adhering to the pipe wall experiences high resistance
to flow. Hence the viscosity of the fluid approaches zero. The fluid layer
at the cenire of the PiPe exPcriences lower resistance when compared to the
resistance offered by the wall-adjacent layers, Thus in the middle of pipe, the
flow of fluid is faster.

Comment 2-5. State the relationship between Reynolds number and fluid flow.

The two forces inertial forces and viscous forces influence the fluid flow,
Inertial forces diffuse the fluid particles whereas viscous forces make the flu-
id motion in parallel layers. Atlow velocities, the inertial forces are less than
frictional force’s leading to viscous flow of liquid having Reynolds number
less than 21&{. On the other hand, at high velocities, the inertial forces are

.more than ffitftional forces leading to turbulent flow of liquid having Reyn-

olds number more than 4000. The region 2100 to 4000 is known as critical
ragion,
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Comment 2-6. Differentiate between constant pressure and constant areas
meters.

« Consiant pressure meters measure the velocity of the fluid at the or-
ifice compared to the velocity of the fluid in the upstream (pressure
is constanf). The corresponding decrease is expressed as a pressure
head. Example is venture meter.

Clonstant area meters measure the difference in the area of the anny-
lar space between the plummet and tube. This reflects as a pressure
head. Example is rotameter.

@

Comment 2-7. Why are rate meters frequently used in chemical industries?

Rate meters measure the flow at any instant. In this system, the integrat-
ing device gives the reading with respect to time. Such a measurement is es-
sential for automatic adjustment of feed in chemical industries. Rate meters
operate by changing the fluid velocity.

Comment 2-&. What is the difference between rate meier and quantity meter?

Rate meter gives the flow at any given instant (point of time). Quantity
meter measures the flow of fluid passing through the device over a period
of time. This measured reading is divided by the time (taken to record) and
reported as quantity.

Comment 2-9. What should be the ideal diameter of the orifice in the mea-
surement of fluid flow?

The hole in the orifice plate is very important to measure the flow. The
orifice diameter is about 1/5® of the pipe diameter. Then the vena contracia
(cross sectional area) will be about 0.6th of actual orifice area. In such a sit-
uation, the velocity of liguid entering at the crifice can be neglected and the
measured reading gives velocity of liquid exactly at the point of the orifice meter.

Comment 2-10. Tn a rotameter, the term ‘float’ indicates the lower density of
the plummet over the flowing the fluid. True or false. Explain.

The statement is falsc. The rotameter containing a float is used to mea-
sure the flow rate. The upper edge of the float coinciding the etched scale of
glass tube indicates the flow rate. The position of float is directly proportion-
al to the flow rate, i.e. higher the position of float, the higher the flow rate.
The term ‘float’ is a misnomer. It doesn’t mean that its density is less than
the fluid but floats during working. In fact, the float density is more than the
fluid, since it is made up of the materials such as lead, aluminum, glass and

DIASIIC,
= CyapTER 3 ¢ Size Reduction ——

Comment 3-1. Why does size reduction of a powder give polydisperse par-
ticles, not monodisperse?

[LSE
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The size reduction of powder always gives polydisperse, because all par-
ticles are not uniformly distributed in the chamber to have uniform impact of
size reduction. A few particles are present at the corners or edges (near dead
spaces), which do not get reduced.

Comment 3-2. Size reduction of a material enhances the action of drugs.

Explain.

Size reduction increases powder surface area. When such particles reach
the gastric fluid (or intestinal juices), high particle-fluid contact is achieved.
As a result, the rate of dissolution increases which in turn promotes rapid
drug absorption and further drug action.

Comment 3-3. Size reduction is not possible, if particles do not contain
flaws/cracks. True or false. Justify.

The statement is false, Size reduction also generates new flaws/cracks.
The sofids undergo size reduction when the stress applied exceeds elastic
timit. Stress is applied for promoting the flaws or cracks. The nature and
number of flaws determine the strength of the particles. If flaws are more in
number, then less stress is sufficient for size reduction, Otherwise high level
of stress is required to break the particles. Size reduction takes place only
after the formation of flaws. Thus particles with no flaws or cracks do not
easily undergo size reduction.

Comment 3-4, In a hammer mill, the size of particles is far less than the
mesh size of the screen. How is it possible?

In a hammer mill, the hammers rotate at a high speed. The material also
rotates at high speed and strikes the high speed hammers. In this process,
hammers beat the material into smaller particles, which approach the screen
at an angular direction for passing through. The size of the particles must
have a smaller size in order to pass the screen in an angular direction.

Comment 3-5. Fluid energy mill is better equipment than hammer mill, for
the size reduction of thermo-labile substances. Substantiate.

In a hammer mill, the hammers move at a high speed. As a result, heat
is generated during the operation. If the material is heat sensitive, then the
material gets degraded during processing. In a fluid energy mill, the mov-
ing parts are absent and hence heat is not generated. Though expansion of
compressed air is responsible for size reduction, the same process also cools
the equipment. Thus, fluid energy mill is suitable for size reduction of ther-
molabile substances.

Comment 3-6. Why s ball mill not suitable for size reductim} I_Qf fibrous

material? ' ) e
Fibrous materials are subjected to size reduction by cutting mechanism
using sharp blades, i.e. cutter mill is used. Ball mill works by impact and at-
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trition mechanisms but not by cutting. Ball mill is suitable for size reduction
of hard and abrasive materials, but not for fibrous materials.

Comment 3-7. How is it possible to prevent heat generation in a colloid mill?

During colloid milling, huge amount of heat is generated due to shearing
of material between stator and rotor. This leads to increase in the temperature
as high as 40 °C. Cold water is circulated around the milling chamber to
maintain ambient conditions.

Comment 3-8. Why is it essential to include a screen in the size reduction
equipment?

Particles of mono-size or narrow size distribution is ideal for pharma-
ceutical applications. Size reduction never gives mono-size powdfar. Hence
a screen with desired mesh aperture size is fitted in the size reduction equip-
ment, so that both operations (reduction and separation) occur simultaneous-
ly. At the same time, bigger particles further undergo size reduction untif
desired size is achieved.

Comment 3-9. Size reduction equipment can also be used as mixing equip-
ment. Explain,

During size reduction process, the particles move from one location to
another place within the milling chamber. The milling equipment can be
used for mixing of the ingredients as randomization is possible. For example,
a ball mill without balls can be used as a drum mixer.

Comment 3-10. A single theory is not sufficient to explain milling of all
types of the particles. Explain.
Several theories are proposed to explain size reduction process.

# Rittinger’s theory proposes that size reduction is directly propor-
tional to the increase in the formation of new surface area. This
theory is applicable when brittle and coarse materials are reduced to
fines.

# Bond’s theory assumes that the energy used in crack propagation
and it is proportional to the new crack length formed. It is used for
comparing the efficiency of milling operations.

#» Kick’s theory assumes that the material has flaws distributed
throughout its internal structure. Kick’s theory is applicable for
crushing of large particles.

As particles are available with different structural features, a single theoe-
ry is not suﬁic;lent to explain the mllhng of all types of particles.

ez Craprer 4 ¢ Size Separation ‘=

Comment 4-1. Why are sieves designated by sieve number rather than

(mesh) aperture size?
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Sieve number is the number of openings (aperture) present in a linear
inch. Sieve mumber gives an idea about mesh aperture size. Sieve number is
a sinall number (like log partition coefiicient) and easy to remember. This is
inversely proportional to aperture size. Mesh aperture size is difficult to re-
member and has no additional advantage. The notation will be remembered

by the operators in the production line (while referring to standard operating
procedures).

Comment 4-2. What is the difference between nominal size of aperture and
nominal diameter of the wire?

Nominal size of aperture and nominal diameter of the wire are two dif-
ferent standards (designations) used in the design of sieves.

® Nominal size of aperture refers to the aperture (size) through which
the particles can pass through. It becomes the size of the sample
that has passed.

& Nominal diameter of the wire refers to the diameter of the wire,
which is used to construct the sieves. If the diameter of the wire
increases, the nominal size of aperture decreases and vice versa.

Uniform diameter of the wire is essential in getfing reproducible stan-
dards of powder with the same nominal mesh aperture size. s

Comment 4-3. What is meant by blinding in size separation? How is it
prevented?

When particles are placed on the screen, the bigger particles are retained
on the screen, while the smaller particles pass through the mesh. The particles
having a diameter exactly equal to that of mesh aperture size neither retained
nor passed through, but get themselves fit into the screen. This phenomenon
is known as blinding. It is a serious problem with wet particles. Brushing
mechanism is used to overcome the problem of mesh blinding. Alternatively
fluidization of the powder prevents blinding of the screens.

Comment 4-4. The sensitivity of the sieve shaker is 50 um. Explain.

In a sieve shaker, the particles move through the sieves by mechanisms
such as tapping, patting, vibration, gyration, ete. The particles pass through
the sieves under the influence of gravity. The particles measuring less than
50 pwm can’t be influenced by gravity and therefore do not pass. Hence sieve
shaker has the sensitive of 50 wm particles.

Comment 4-5. Alpine air jet sieve equipment is used for standardization,
while industrial equipment is used for the separation of sizes. Justify.

Standardization of powder size is done to know the average particle size
and size distribution. A small size of the sample is sufficient. Alpm@\!ur jet
sieve is used for standardization of powderand equipment only Size gepara-
tion is done, when the partlcles need to be separated into different sizes. This
is usvally done on large size of the sample using industrial scale equipment.
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Comment 4-6. What is the use of two screen-set in Rotex screen?

In the Rotex screen equipment, two screens are used. The top screen has
definite aperture size and the bottom screen is having larger aperture size.
The top screen determines the size of the particles and the bottom screen has
no role except colleciing the particles. The two screens hold wooden blocks
and rubber balls alternatively. The movement of Rotex screen makes the
balls move and hit both the screens and achieve size separation efficiently.

Cormment 4-7. In what way air separator is different from sieve shaker?

Air separator separates the particles into two fractions only. One frac-
tion is collected at the bottom which contains bigger particles and the other
fraction is collected at the top which contains relatively smaller particles.
However, sieve shaker is used to separate the particles into more than two
fractions. The number of fractions formed is n + 1, where ‘n’ is the number
of sieves/screens used. Particles of smaller size are collected at the bottom,
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Sedimentation contributes for the
separation of particles.

Fluid flow contribmes for the separa-
tion of particles.

Particles move always in down-
ward direction.

Particles move in upwards also.

Fluid flow is static.

Fluid flow is opposite to the setting of
particles.

Separation is based on differences
in densities,

Separation is based on differences
in densities under the influence fluid
flow,

Apparatus is known as separator.

Apparatus is known as columns.

Separation of particle is slow.

Separation of particles is quick.
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A stationary medium (water) is
used, while particles move.

Water medium moves and particles
also move, but in opposite directions.

Equipment is bigger size, ofien tall.

Apparatus is more compact.

while particles of bigger size are retained on the top.

Comment 4-8. What are the differences between sieving and classification

methods in case of size separation?

The differences of sieving and classification methods are given below.

Sieving method

Classification method

Different sizes of sieves are used
for size separation.

Sieves are not used. It is also known
as sorting.

Aperture size is responsible for
size separation and for obtaining
the desired size.

Density and sedimentation of particles
are responsible for the separation of
sizes. Heavier particles are collected
at the bottom and lighter particles are
collected at the top.

Dry powder can be used for sep-
aration.

Water medium is used for separation.

Sensitivity of the equipment is low.

Sensitivity is high.

Shaking is important

Velocity of the particles is important.

Accurate particle sizes can be ob-
tained.

Particle size is on range and rough.

Comment 4-9. What are the differences between sedimentation and elutria-

tion methods in the size separation?
The differences of sedimentation and elutriation methods are given below.

Sedimentation method

v Eluiriation method

- Gravitation force is acting on the
particles to move.

$gme particles move against gravita-
tional force.

Feed is supplied from the top.

Feed is supplied from the bottom.

Comment 4-19. Water soluble substances can be separated into different
sizes by elutriation method. True or false. Justify.

The stateiment is false. In elutriation method, a medium is necessary for
size separation, which is normally water. If the substance is watér soluble,
then the solid particles dissolve and size separation has no meaning. In such
cases, air is used as medium for size separation.

v CpaprEr 5 ¢ Transfer of Heat

Comment 5-1. All metals having good electrical conductivity alse will have
good thermal conductivity. Explain.

Metals in general are good conductors, i.e., their thermal conductivity
values are high compared to nonmetals. The thermal conductivity values
are proportional to electrical conductivity, because heat and electricity are
conducted by the movement of electron gas in 2 metal.

Comment 5-2. What is the difference between log mean radius and arith-
metic mean radius in conduction of heat?

The heat is observed across the sohids by conduction. When a circular
pipe is evaluated for heat transfer, arithmetic mean radius is expressed. It
is easy to apply arithmetic mean rather than logarithmic radius, particularly
when a circular pipe is thin. For thick walled tubes, logarithmic mean radius
is applied.

Comment 5-3. Dimensional analysis is a useful tool for understanding heat
flow of heat. Explain.

Dimensional analysis is a useful tool in understanding the heat transfer.
The heat transfer process for convection is more complex. The number of
parameters (physical quantities) whose magnitude affects the heat transfer
rate is quite large. In such a situation, dimensional analysis is of great help in

TR
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optimizing the factors and planning for the experimental c_onditi_ons. Correla-
tions can be obtained meaningfully at a later period, but dimensional analysis
is primarily a useful tool to begin with.

Comment 5-4. In forced convection, the heat transfer is due to molecular
diffusion and eddies. True or false. Explain.

The statement is false. In natural convection, heat transfer occurs through
molecular diffusion and eddies and is slow and sluggish. In forced convec-
tion, the heat transfer occurs by the movement of pockets of warmer fluid,
being lesser dense than the ambient fluid. The transfer process is rapid and
can be made still higher if pumping (mixing) is taken up.

Comment 5-5. Differentiate between film coefficient and overall heat trans-
fer coefficients.

The overall heat transfer coefficient (U) reflects the capacity of entire
transfer of heat of particular fluid. It is obtained by considering two or more
film coefficients. The stagnant film coefficient on hot fluid side (%), metal
wall related coefficients and the stagnant film coefficient on cold side (/1,) are
considered for evaluating the overall heat transfer coefficients. Film coeffi-
cients are also heat transfer coefficients.

Comment 5-6. Heat transfer is not possible in vacuum. Why?

For heat transfer, the presence of a medium is essential. For example,
conduction occurs through a solid body. Convection occurs through moving
of hot packets and radiation occurs through electromagnetic waves. Vacuum
means lack of electromagnetic waves. Thus heat transfer is not possible in
vacuum.

Comment 5-7. Rusted iron rod has increased emissivity than polished iron
rod. Explain.

The emissivity of a solid body (material) depends on the surface area and
absolute temperature. Apart from these, the nature of metal also influences.
The emissivity is sensitive to the state of surface (rough or polished) though
the metal remained the same. Rough surface increase the emissivity. The
emissivity of a polished iron rod is 0.02 to 0.03 and that of rusted iron rod
is 0.6. Polished surface have good reflectivity, i.e. good radiation. In other
words, these have low emissivity. All good conducting materials have low
emissivity.

Comment 5-8. Differentiate between ‘black body’ and ‘grey body’.

Absorptivity and emissivity are two pnportant parameters applied for

B

'defining the nature (properties) of m’aterei‘ s. -~ o o
) ® A black body bas a ratio of Linit)j‘ (one), when the ratio of emissivity

to absorptivity is evaluated at constant temperature. It radiates the
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maximum possible energy. Ratio is obtained for a single body and
one wavelength is considered.

@ A grey body has a ratio of constant, when the ratio of emissivity of
the body to the emissivity of the black body is evaluated at all wave-
lengths. Ratio is made using two different bodies and ail wave-

- lengths are considered.

The emissivity ratio of black body is one that that of a grey body is less
than one.

Comment 5-9. What are the efficient techniques in enhancing the heat trans-
fer in a heat exchanger?

As per the general principles, the heat transfer can be enhanced by in-
creasing the surface area of contact between the hot fluid and cold fluid,
which can be achieved by the following,

e Including a large number of tubes (calandria) in the shell-tube heat-
er. Such a shell-tube heater is used in climbing film evaporator and
forced circulation evaporator.

#» Baffles or pins can be included in the heat transfer equipment. This
technique is relatively more efficient than the use of calandria,

Comment 5-10. What is the difference between steam trap and drainage
pipe in handling steam?

Steam trap is a device used for minimizing the amount of air and con-
densate present in a jacket, when steam is used as a heating medium. Air and
condensate are moved to a different location, so as to maximize the-heating
efficiency. A drainage pipe is not effective in removing the condensate and
air, particularly steam cannot be escaped.

e CHAPTER 6 ¢ Evaporation =

Comment 6-1. Ts the evaporation a surface phenomenon or bulk phenome-
non? Explain.

Evaporation 1s a surface phenomanon, since mags teanstar takes place
from the surface. Such a phenomenon is observed at lower temperature and
the evaporation is slow. At higher temperature, boiling of the liquid occurs
and practically vapourization is observed even from the bulk (through bub-
bles). Higher temperature is the operational necessity for evaporation.

Comment 6-2. The objective of the evaporation is to obtain crystais. True
or false. Explain.

The statement is false. The purpose of evaporation is to obtain a concen-
trated liquid by evaporating a large quantity of solvent. When the solution
gets concentrated, crystals may be formed simultanecusly. But the purpose
is not to obtain crystals.
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Comment 6-3. What way is drying be different from evaporation?

Evaporation and drying are downstream processes. Normally drying
precess is attempted after evaporation. The differences are listed in the 1abic
below.

Drving Evaporation

Smiail quantities of liquid are removed | Large quantiiies of liquid are removed
from the feed (concentrated liquid). from the feed.

The end product is a concentrated liquid.

The end product is largely solid.

Tt is largely a surface phenomenon. | It is a surface phenomenon, but made to
be a bulk phenomenocn as well.

The operational temperature is a few | The operational temperature is normaily
degrees less than the boiling point of | nearer to the boiling point of the liguid.
the liguid.

It is normally a slow process. It is relatively a rapid process.

Comment 6-4. Bvaporation and distillation are similar. True or false. Explain,

The statement is false. Evaporation and distillation are downstream pre-
cesses. Evaporation is different from distillation as mentioned below.

Evaporation Distillation

Sulvent is converled mto vapour and al- | Liguid is converled into vapow
lowed to cseape. If the sofvent is valuable | and is condensed and coliccted.
or toxic. then efforts ave made to recover or | as solvent recovery is also essen-
collect the solvent separately, tial.

The product of interest is a concemrated Tiquid. | 1l is a separation process. Boil
separated liquids are important,

I occurs at temperature higher
thait the ambient condition.

It ocours at ambient conditions also.

C'emment 6-5. Heat sensitive products cannot be concenirated by pan evap-
arator? True or faise. Explain,

The statement is True. Heat sensitive products, namely insulin, enzynies.
hormones, ete. set degiaded when evaporation is carried out i ambient con-
ditions (atmospheric pressure and high temperatuie). For such producis.
evaporation is conducted by taking certain precautions, such as evaporaiion
wader reduced pressure.

Coument 6-6. Explain the basis for selecting copper and steel, respectively.
as materials of consiruction for kettle and jacket of an evaporating puasi’

The purpose of ihe ketile wall is to effectively wansfer the heat. The
function of jacket is to prevent the loss of heat. Thus ketile should be made
with a good conductor and jacket material must be poor conductor of heat.
Copper has good thermal conductivity and is used as a material of construc-
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¢ion of the kettle. Comparatively steel has lesser thermal conductivity and is
used to construct jacket.

Comntent 6-7. What is the modification done in the heating compartment to
increase the rate of evaporation?

Rate of evaporation is directly proportional to the surface area of contact
for heat transfer. The surface area can be increased by incerpoiating more
number of tubes in the calandria, which occupies limited space. Thus it is
possible to increase the rate of evaporation.

Comment 6-8. What is the function of a deflector in an evaporator of chimb-
ing film/forced circulation type?

In a climbing film/forced circulation type of evaporator, vapour gets en-
trained with the liquid. As a result, more foam (a blend of vapour and liquid)
is formed during evaporation. Foam is a serious problem and is prevented
by arranging a deflector at the top portion above the heating tubes. The foam
gets broken, vapour escapes from the top, while the liquid is collected at the
bottom.

Comment 6-9. Climbing film evaporator is suitable for high viscosity lig-
uids? True or false. Explain.

The statement is false. Falling film evaporator is preferred. In the climb-
ing film evaporator, the mechanism involves the formation of a film and iis
raising during evaporation. If the liquid becomes viscous (after evaporation)
it cannoi be climbed easily. Therefore, falling film evaporation is preferred,
wherein gravitational force assists the flow of high viscosity liquid and has-
tens the process of evaporation.

Comment 6-10. The economy of multiple-effect evaporator is higher than
that of the single-effect evaporator. Justify.

The economy of evaporator depends on the total mass of vapour formed
(related to the mass of concentrated liquid obtained) for a given mass of
steam supplied.

In single effect evaporator, concentrated liguid is collected from the
15* evaporator (one unit), when one unit of steam is supplied o st
{one) evaporator.
In a wtiple effect evaporator, the concentrated liquid is collected
from all the three evaporators, while one unit of steam is supplicd
to the 1! evaporator. Economy is possible because the vapour of
15 evaporator is introduced as a heating medivm into the 294 evap-
orator. Similarly, the vapour head of ond evaporator is connecied to
. ‘!" the heating element of the 3¢d evaporator. This process continues
% (series connection). ‘

Hence multiple-effect evaporator is always more economical than that of

the single-effect evaporator.
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= Cyaprer 7 1 Distillation - =

Comment 7-1. Is the distillation a separation process or an extraction pro-
cess? Explain.

Distillation is a separation operation and not an extraction operation,
Distillation is used to separate volatile components from non-volatile/less
volatile components. Separation may also be considered as a purification
process. Distillation is a concentration process of active constituents. In
extraction, solvent action is necessary and often refluxed with solvent and not
distilled. Extraction may also be a separation process, but operationally the
product is obtained from a feed of solid/liquid.

Comment 7-2. Is the Dalton’s law applicable in the distiliation process? Ex-
plain.

Yes, Dalton’s law states that the total vapour pressure of the liquids
blend is equal to the sum of the partial pressures of individual hiquids (A and
B) present in a solution (p,, = p 4 + pp). 1f the total pressure of the s_oh'ltion
(p,,) is equal to the atmospheric pressure then only the liquid gets distilled,
Therefore, Dalton’s law is applicable to distillation.

Comment 7-3. What is the importance of the Florentine receiver?

Florentine receiver is a tall cylindrical flask having two outlets on its
wall; one at the bottom for collecting the high-density liquid and another at
the top for collecting the low-density liquid. Whenever a distillate is expect-
ed to contain two immiscible liquids, the condensate is collected into the
Florentine receiver. During the distillation, the mixture condenses and gets

‘separated into two layers (in the Florentine receiver) based on their densities.

Then Florentine receiver permits the collection of separate layers.

Comment 7-4. What are the precautions taken while assembling the appara-
tus for simple distillation?

Distillation flask is connected to a side-arm bend, which is sloping
downwards and in tum attached to a condenser. Thermometer (through a
cork) is placed in such a way that the thermometer bulb should be just below
the bend of the side-arm. The flask should be either half-filled or two-third
filled with the feed. A few picces of porcelain chips are placed in the flask to
avoid bumping.

Commient 7-5. Azeotropic distillation is used to separate individual compo-
nents into pure state, True or false. Explain.

The statement is false. An azeotropic solution or constant boiling solu-
tion is one which distills unchanged at a constant temperature. The conpo-
sition of the liquids and in the vapour state remains the same. Therefore the
solution (behaves like a pure liguid) distils without change in composition.
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Hence such a solution (binary mixture) cannot be distilled into pure compo-
nents. Azeotropic distillation is used for the separation, but the separated
parts are: one pure component and another is again an azeotropic solution.

Comment 7-6, Should the distillation be carried out at atmospheric pressure
or can it be carried out at altered pressure?

Distillation is normally carried out at atmospheric pressure, FExam-
ples are simple distillation, steam distillation and azeotropic distillation. In
special cases, pressure can be altered. Accordingly, the boiling peint of the
solution is also altered (normally decreases). Vacuum distillation, molecular
distillation and flash distillation are carried out at low pressure (vacuum).’

Comment 7-7. Suggest the methods to avoid foaming during vacuum dis-
tillation?

Foaming is a common problem during vacuum distiliation, if the solu-
tion contains even traces of saponins. Addition of capryl alcohol to the liquid
(to be distilled) prevents the problem. Alternatively a capillary tube is in-
serted along with a thermometer into the neck (cork) of a Claisen flask. The
stream of air is drawn in breaks the rising foam. -

Comment 7-8. Vacuum distillation is suitable for the purification of vita-
mins. True or false. Explain.

The statement is true. Vacuum distillation is used for the purification
of vitamins. Vitamins undergo oxidation (degradation) at its boiling tem-
perature in a simple distillation. On applying vacuum, the boiling point of
the solution is lowered and the solution gets distilled at a lower temperature.
Thus vitamins are protected against oxidation. Hence, it would be ideal to
apply vacuum to the distillation.

Comment 7-9. For a substance with high molecular weight and low volatility,
steam distillation is a better separation technique. True or false, Justify.

The statement is true. A substance with a high molecular weight nor-
mally boils at a high temperature. At such a high temperature, the active
principles may degrade. Hence, normal distillation is not suitable. The sub-
stances having high molecular weights are not miscible with water. Steamn
distillation would be preferred. A mixture of immiscible liquids begins to
boil, when the sum of their vapour pressures is equal to the atmospheric pres- -
sure. The solution boils at a temperature below the boiling point of the lower
boiling liquid (i.e. waier).

Commcent 7-10. There is no relationship between mean free path and the
asgembly of apparatus for molecular distillation? True or false. Justify.

.;iThe statement is false. The mean ﬁ’ée‘ path is the distance travelled by
the molecules of high boiling point liquids without any collision. If the va-
pour molecules collide with one another, they become liquid and reach moth-
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er liquor, rather than reaching the condenser and recein:r. In vacuum, the
mean free path will be slightly longer. The condenser is kept close to the
evaporating surface (less than the distance of mean [ree path), so that the
vapour molecules travel (without collisions), reach the condenser, get con-
densed and collected in the receiver. Therefore, the knowledge of mean free
path is essential, while assembling the apparatus for molecular distillation,

: Cuaprer 8 : Drying —n-vr -
Cemment 8-1. Drying of solids prevent deterioration of drugs. Justify.

Drying is attempted to remove water (or solvent) from the solids. Pres-
ence of water in the products causes degradation by either chemical or mi-
crobial means and often causes physical instability. In the absence of water,
the stability of the products increases. Examples are blood products, skin,
tissues, etc. The products include animal or piant origin. Therefore, drying
of solids is attempted to remove water and to increase the product shelf life,

Commesnt 8-2. How is desorption different from sorption?

Desorption means removal of water (vapour or solvent). Serption means
absorption of water (vapour or solvent). Sorption/desorption depends on the
nature of material and moisture content in the ambient conditions.

& If the ambience contains more moisture than the equilibrium mois-
ture content {EMC) of a solid, sorption takes place. This process
continues until equilibrium is attained.

« If the solid contains higher moisture content than the EMC and the
environment has low moisture, then desorption takes place. This
process continues until equilibrium is attained.

Hence drying of solids is controlled by adopting favourable conditions.

Comment 8-3. How is the ending of first falling drying rate period identified?
During the drying, the following steps are identified.
+ Water moves towards the surface by capillary action, if sufficient
water is present in the solid.
& After removal of maximum water content, capillary network would
be broken and the remaining water can’t move.
s On further exposure to the hot air, the solid exhibits an increase
in temperature. Then water present inside the solid absorbs heat

energy and gets conrverted into vapour. Energy of vapour increases
with the increase in the temperature. After attaining sufficient heat

energy, water vapout breaks the solid and escapes from the surface
leading to the formation of cracks. Appearance of first crack‘ indi-
cates the ending of first falling drying rate period or beginning of
second falling drying rate period.
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#» Further exposure of heat allows the substance to attain equilibrium
moisture content (EMC).

Coinment 8-4. EMC values of all the substances remain same. True or false.
Explain.

The statement is false. Different substances have different EMC values.
For example starch (hydrophilic) has 19 %, whereas ethylcellulose (hydro-
phobic) has 7 %, given the ambient temperature. Talc has zero EMC and that
of sand is also zero. Equilibrium moisture content (EMC) is the water present
in the sample whose vapour pressure is equal to the vapour pressure of the
atmosphere. EMC depends on the nature of the material and temperature of
the ambient air. The EMC values of non-porous solid are low and that of the
porous solids is relatively higher.

Comment 8-5. Arrange the dryers in the ascending order of drying times
taken for a given material: drum dryer, tray dryer, spray dryer, fluid bed
dryer, freeze dryer. Explain.

The ascending order of dryers as per drying times is: spray dryer > drum
dryer > fluid bed dryer > tray dryer > freeze dryer. Drying is very rapid in
spray dryer as it requires 3 to 30 sec to complete drying. Drum dryers re-
quires 6-15 sec, while fluid bed dryer takes 20-40 min to complefe one cycle
of drying. Tray dryer requires 5-6 h. Freeze drying is very slow and involves
several steps. Thus, it requires about 10-20 h for drying. However, the time
required for drying depends on the mechanism of drying and amount of water
present in the sample.

Comment 8-6. Drying rate is lesser in a static bed dryer compared to a mov-
ing bed dryer. True or false. Explain.

The statemnent is false. When hot air is continuously passed over the
surface of a solid bed (static}, drying takes place only from the surface. For
example, drying rate is low in tray dryer and drying time is high (5-6 h). In
case of moving bed dryers (e.g. fluid bed dryer), each and every particle pres-
ent in the bulk is under motion and exposed to the dry air. Therefore, drying
rate is high and drying time is low (20 to 40 min) in 2a moving bed dryer.

Comment 8-7. Tray dryer can be used for drying of thermolabile products.
True or false. Explain.

The statement is false. Tray dyer operates at ambient conditions (atmo-
spheric pressure). In a static-bed dryer, drying takes longer time, i.e. 5to 6 h.
If the product is thermolabile, degradation is possible in a tray dryer. Spray
dryer or freeze dryer is preferred for thermolabile products,

e ChaPTER 9 ¢ MliXing  ——ee

Comment 9-1. Differentiate mixing and agitation.
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The two terms, mixing and agitation, are used synonymously, though
some differences exist scientifically.
© Mixing is a process in which particles of two or more substances are
randomized.
e Agitation is a process in which the dissimilar particles_; are allowed
to move in zig-zag directions resulting in a uniform mix.
The other terms used to represent sirnilar operation are: blending, fritu-
ration, tumbling, etc.

Comment 9-2. What is the ideal proportion of powders chosen for effective
mixing?
Ideally, equal quantities of different powders are taken for mixing, which
may not be always possible. Ifa material is present in lower amounts than the
other, then geometric dilution method should be applied for mixing.

Comment 9-3. Write the differences in the sampling methods of powders:
scoop sampling and thief probing,.

The sampling methods differ as given below.

" Parameter Scoop sampling Thief sampling

The powder sample is drawn | The powder sample is drawn
from the surface only and not | from surfaf:e as well ag from
from the middie and bottom | inside portions.

portions.

Procedure

Disadvan-
tage

The bulk of the material may
get segregated during collec-
tion and packing. Hence, the
sample Tepresents a segregat-
ed sample.

During the insertion of the
probe, some degree of com-
paction may take place. Some
material from surface may go
inside along with the probe.

Comment 9-4. Write the relationship between the efficiency of mixing and
the volume of the material filled in the mixer.

The mixing bow! should not be filled with powder completely (100 %).
The powder-bed normally expands during the three-directional movement
(i.e. mixing). Therefore, sufficient space should be allowed, so as to allow
effective mixing. Normally 60 to 75 % fill volume is attempted.

Comment 9-5. Dead spots are objectionable in a blender. True or false.
Explain.
The statement is true. Dead spots are the areas wherein the material
(either solid or liquid) remains unmixed. Such areas are observed ina ribbon
blender. Unmixed material if enters into the product, problem of non-unifor-

mity occurs. Dead spots are formed due to wrong engineéring of the equip-

ment, i.e. mixing ¢lement does not reach the entire volume of the bowl. Plan-

3
3
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5
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etary mixer is free from dead spots, because the appearance is curved and do
not have sharp edges.

Comment 9-6. Can one equipment be used for the mixing of different types
of materials?

Yes. Sigma blade mixer and planetary mixer are used for the semisol-
ids mixing as well as solid-solid mixing. For solid-solid mixing, minimum
energy is required, whereas mixing of sernisolids requires more energy. The
same equipment works at different energy levels, depending on the nature of
materials.

Comment 9-7. Fluidized air is used for conveying, drying and size reduc-
tion. Can it be used in mixing of powders? Explain.

Yes. Fluidized air is allowed to enter from the bottom of the stationary
container. The fluidized air allows the solid bed to expand initially and facili-
tates the movement of the particles to tumbling action. Thus fluidization also
promotes mixing. In fact, fiuidized bed equipment can be used for convey-
ing, mixing, coating and drying.

Comment 9-8. The nature of miscibility of hqmds is known for selectlng the
mixing equipment. True or false, Justify.

The statement is true. Liquid-liquid systems are classified as:

1. Easily miscible liquids in all proportions (e.g. ethanol and water).
Mixing of these liquids is easy and requires simple devices.

2. Partially miscible liquids (e.g. cresol and water). Mixing of partially

*  miscible liquids requires vigorous mixing equipment,

3. Totally immiscible liquid system (e.g. turpentine oil and water).
Mixing of immiscible liquids is difficult and is achieved by the use
of heavy duty (efficient) homogenizers.

Liquid formulations consist of solid mixing and liquid combinations.

Therefore, the knowledge of miscibility of the liquids gives an idea about the
selection of right equipment.

Comment 9-9. Explain the differences among the movements, radial, axial
and tangential,

The type of movement induced during mixing depends on the type of
impeller.

e Radial movement leads to movement of the liquid from the centre to
the periphery and vice versa.

& Axial movement means.up and down movement of thf! hqu1d Wthh
is also called longitudinal movement. . S

# Tangential movement means circular movement of the iiquid.
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Comment 9-10. Pipe mixers are used for mixing operation only. True or

false. Explain.

The statement is false. Pipes are used to convey the liquids from one
location to another location in an industry. Pipes are modified by introducing
the baffles in the interior of the pipe. Presence of baffies increases agita-
tion of the liquids resulting in mixing while conveying. Hence mixing and
conveying processes of the liquids can be achieved simultaneously thereby

saving time and money.

Cuarrer 10 @ Filtration ———-

Comment 10-1. Clarification is faster for given nature of feed. Explain.

Clarification is a faster process, because the feed contains low amount of
solids (1 % w/v). The resistance offered by the filter cake is low. In case of
slimy feed, filter aids are added before proceeding for separation. Even then
the rate of filtration is faster. If the solid content in a slurry is high (>5 %),
then ordinary filtration takes long time. The resistance offered by the filter

cake is high.
Comment 10-2. What are the factors related to the feed relevant for the fil-

tration?

The characteristics of feed influence the selection of a filiration equip-
ment. The amount of solids present (high/low) and particle size (5 pm or
ahove) are of the primary concerns. Particle size distribution influences the
porosity of the filter cake. These decide the thickness of the filter cake. The
nature of slurry (sliminess) influences the resistance (pressure drop) across
the filter cake. Apart from these, viscosity of the liquid also influences (in-
versely proportional) the rate of filtration.

Comment 10-3. What are the differences between pressure filtration and
vacuum filtration? .
Both the methods are used to increase the rate of filtration. However

differences are present as given below.

FPressure filtrafion Vacuum filtration

It involves application of positive | It involves application of negative pres-

pressure on the filter medium.

sure below the filter medium.

It can be created by pumping the lig-
uid on to the filter medium using a
pump such as centrifugal pump.

It can be done by creating negative pres-
sure (vacuum) using a vacuum pump.

It increases the pressure on the equip-

ment leading to the occasionallprob-
lem of bursting of the equipment.

The negative pressure decreases the

load leading to occastonal problem of
collapse of equipment. )

Bursting of the equipment Is more
dangerous.

Collapse of the equipment is safer.

fesdv o,
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It may increase the boiling point of
the liquid.

Negative pressure decreases the boiling
point of the liquid, which may some-
times lead to evaporation of the solvent.

Pressure filtration is relatively diffi-

Vacuum filtration is easy to handle.

cult to handle.

Comment 10-4. Why coagulants are added to the slurry before proceeding
for filtration?

Colloidal (or mucilaginous) materials if present in the feed, the filter me-
dium may get clogged. Then filtration becomes difficult (very slow or even
stops). Coagulants (ferrous sulphate or aluminum sulphate) are substanc-
es that react with the colloidal materials and produce aggregates (or solids)
with bigger size, which can be easily filtered. If the mucilaginous material
deposits on the medium (as in sand filter), backwashing or reusing the filter
medium becomes a cumbersome procedure.

Comment 10-5. Filter aids increase the rate of filtration by many times com-
pared to the filter medium. Explain.

Filter aids (solids) deposit on the surface of the filter medium and pre-
vent the plugging of the pores/perforation. In general, filter medium initially
offers low resistance, but the resistance increases gradualily as-the filtration
continues. This is possible due to clogging of filter medium or impervious
filter cake. The filter aids act on the following ways: preventing the plugging
of the filter mediwm, providing porous filter cake and floating in the fluid
(present on the medium). Thus, resistance decreases and flow rate increases
several folds with the help of filter aids.

Comment 10-6. Is there any relevance of the amount of filter aids used in
filtration? Explain.

Yes. The amount of filter aid used for filtration is critical for achieving
the efficient filtration. At low amounts, filter aid supports the thickness of the
filter cake resulting in increase in resistance of the filter cake. As the amount
of filter aid is increased, rate of filtration increases. Beyond a certain amount
of filter aid, the thickness of the filter cake increases without affecting the
cake porosity. Beyond a particular amount, filter aids do not produce any
additional benefit.

Comment 10-7. What is meant by washing of the cake? When is it essential?

During filtration, the solids (filter cake) deposit on the filter medium.
Due to the porosity of the cake, the solvent may get entrapped by the cake.
When the cake is a desired product (as in case bulk drug production}, then
it should be made free from the solvent for the next step of filtration. The
process of removing the solvent from the cake is called washing of the cake.
It can be done either by passing the water through the cake (as in case of filter
press) or back flushing (as in case of filter leaf and meta filter).
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Comment 10-8. Is it possible to obtain the sterile liquid by filiration? Ex-
plain.

Sterile liquid is the one which is free from bacteria and also free from all
the foreign particles. Sterile liguid can be obtained using membrane filters
(officially approved by USFDA) having pore size of (.2 or 0.45 um, Sterile
filtration is also possible using meta filter, as all parts of the meta filter are
made up of metal, which can be sterilized. In fact, sterile filtration is one of
the choices for heat sensitive products (e.g. ascorbic acid injection), which
cannot be autoclaved. In addition, filtration removes foreign particles.

Comment 10-9. Vacuum filtration is suitable for sterile preparation. True
or false. Justify.

The staternent is false. Sterile filtrations should always be carried out
by a pressure filtration technique only, not by vacuum filtration. In vacuum
filtration, there is a possibility of drawing bacteria into the receiver from the
leaky joints, leading to contamination of the product,

Comment 10-10. If the slurry contains 25 % solids or more, what is the type
of filtration equipment employed? Why?

A slurry containing 25 % w/v or more solids is not considered as clari-
fication. Hence filtration equipment is employed capable of separating high
amount of solids has to be performed. Drum filter or frame-and-plate filter
press is capable of filtering large amount of suspension. These two equip-
ment function on the mechanism of surface filtration.

=' Crarrer 11 : Centrifugation S

Comment 11-1. What is the relationship between sedimentation force and
centrifugal force? ' :

A shury containing solids (dispersed or suspended) can be separated
from the liquid based on differences in the densities and relative terminal
velocity of solid particles. In case of sedimentation, gravitation force acts on
the particles. The sedimentation (separation of solid) is difficult to achieve

- for the following reasons.

& The differences in the densities between two liquids are low, as in
emulsions.

@ The particle size is low (< 5 um) so that particles move by Brownian
motion, as in colloidal dispersions.

In the above cases, the gravitation force is replaced by centrifugal force.
The speed of the centrifuge becomes the deciding factor for separation. Cen-
trifugal effect is several times higher than the gravitational force, i.e. as high
as 104 or 10,000 times higher Ihm{ the gravitational force (9.807 m/s2).

Comment 11-2. PhySicaﬁ Stabﬁri.]{y of the emulsion can be evaluated with the
aid of centrifugation. True or false. Justify

i
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The statement is true. In general, creaming (separation process) is a slow
process. The separation of the two phases (of an emulsion) can be increased
by inducing stress in a centrifuge. A stable emulsion should not show any
signs of separation even after centrifuging at 2000-3000 rpm at room tem-
perature. Similarly, the study can be extended to suspensions also.

Comment 11-3. What is the use of centrifuge in bicequivalence studies?

Bioequivalence studies are carried out to compare the equivalence of a
test dosage form with an innovator’s product. This can be tested by determin-
ing the amount of drug present in the blood (or urine). Drug is present in the
blood (or urine) in the form of colloidal dispersion and separation of drug can
be achieved using a centrifuge.

Comment 11-4. Suggest a centrifuge which can give high centrifugal effect.
From the theory of centrifugation, the two factors are identified.

@ Centrifugal effect is directly proportional to the diameter of the par-
ticle. If the size of the particles in the slurry is small, then high
centrifugal effect is necessary to separate them.

& The smaller the size of the centrifuge, the higher the speed (rpm).
Centrifugal effect is proportional to the square of the speed. Further
small size is preferred, because high amount of stress is applied on
the tubes. '

Comment 11-5. How is sedimentation centrifugation different from filtra-
tion centrifugation?
Sedimentation and filtration are the processes employed for separation

of the solids in the slurry. When both are slow processes, centrifugal force is
applied for quick separation.

Sedimentation centrifugation Filtration centrifugation

Separation of solids from slurry is | Separation of solids from slumry is
achieved by settling. achieved by passing the slurry through
a porous medium.

Densities of the solid and slurry de- | Dengttiag of colids and sluery do ot in-
cide the extent of separation. fluence. Particle size and pore size of
filter medium govern the separation.

Comment 11-6. Filtration centrifuge is a modification of filtration equip-"
ment. True or false, Justify.

The statement is true. Filtration centrifuge consists of a vessel in which
perforations are present. During operation, the material is thrown through the
perforations by centrifugal force. But due to the presence of perforations, the
solid particles are retained on the perforated plate, allowing the liquid to pass
through. Hence both ‘centrifugation’ and “filtration’ mechanisms works in
filtration centrifuge. In other words, it is a ‘fast working filter”.
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Comment 11-7. What is the major limitation of a filtration centrifuge over
filter?

I a filtration centrifuge, separation of solids takt_:s place by passing
through the filter medium (perforated plate) \{vith the Fnd of c‘?ntr'iﬁ{gation,
Hence, compact cake is formed with low porosity and high density. Itis prac-
tically difficult to remove the cake. Special measures must be taken, during
centrifugation to remove the cake, as and when it is required.

Comment 11-8. Centrifugal separation is a batch process. True of false.
Justify.

The statement is false. Most of the cases, the centrifuges work at high
rpm and the bowl is under constant motion. The entry of feed and t]}e col-
lection of separated solid (or liquid) are difficult to ;}chlelve‘on a 'cor{tmuous
basis. However, equipment (supercentrifuge mfor_ 1mm1301ble‘ liquid as in
emulsion, conical disc centrifuge or horizontal continuous cent_rlfuge for sol-
id separation) are available for a continuous separation. Even in these cases,

construction and design are complicated.

Comment 11-9. How can the centrifugal effect be effectively applied for

separation? . 3y
Centrifugal effect can be effectively applied by selec?lng a c:,entrlfuge
having either by big diameter vesseil Or process tl}e material at high speed
(rpm). Since centrifugal effect is d1r.ect1y proportional to the square of the
rpm, it is appropriate (o select a centrifuge of the same size and can be made

to operate at higher rpni.
Comment 11-10. Suggest -a centrifuge when a large volume of material
needs to be handled?

Centrifuges are available in wide range of designs and capacities and
therefore the selection of the centrifuge has become important. When large
volume of feed need has to be processed, a centrifuge of big size is preferred,
provided low centrifugal effect is adequate. A centrifuge with high rpm can-

not be operated easily, because of the induction of high stress.

——= Cpaprer 12 1 Materials of Construction
Why is stainless steel used instead of steel (iron) for the

Comment 12-1.
fabrication of equipment?

Steel (iron) 1s avaijlable wiih carbon and is alsg known as cast ir.on and
carbon steel. These materials are hard, brittle, easily attacked by acids and
have low thermai conductivity. Such properties are the limitations in the
detion of equipment. These are fmproved by adding other motals. INickel
improves toughness, chromium increases hardn_ess and makes the }netal abra-
sive resistant and titanium (nobium) stabilizes the alloy. Thus stainless steel,
an alloy of iron, was used for fabrication of manufacturing equipment.
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Comment 12-2. Austenitic steel is frequently used for the fabrication the
~equipment. Why?

Austenitic stainless steel is an alloy of carbon, chromium and nick-
el along with steel. These metals enhance the properties of stainless steel,
which is used for the fabrication of equipment. It is non-magnetic.

@ Chromium enhances the resistance to corrosion. Chromium has
great affinity to oxygen and forms a film of chromium oxide (at a
molecular level) on the surface of the steel. During usage, this film
may wear off, but the alloy has the capacity to self repair, i.e. the
film will be formed again. Thus, austenitic steel have longer life of
equipment.

Nickel prevents aqueous corrosion, When nickel and chromium is add-
ed to stainless steel in sufficient amounts, the crystal structure changes.

APPENDIX-1
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Austenitic steel is not be hardened by heat treatment.

Comment 12-3. High cocfficient of thermal expansion of metal is not neces-
sary for the metal used in designing the equipment. True or false, Justify.
The statement is true. High coefficient of thermal expansion of the metal
causes complications in designing the equipment. Usually high stress con-
ditions Iike heating, steaming, high degree of mixing, etc. are used during
chemical reactions. These situations may crack the metal and spoil the pur-
pose of reaction. Hence the material should be able to maintain size and
shape of equipment at working temperatures. Stainless steel is a suitable
metal for the construction of equipment.
Comment [2-4. Why are noble metals not used for the construction of
equipment?

Noble metals are gold and silver. Both have the necessary qualities (cor-
rosive resistance, ease of fabrication, etc.). These are expensive and hence
are not used for the construction of equipment.

Comment 12-5, In what way type Il glass containers are different from re-
maining glass containers?

Apart from silica, glass containers contain alkali substances to make
the containers suitable for different purposes. But alkali present in the glass
composition may get leached out during storage. Type II glass containers are
treated with sulphur dioxide vapour to neutralize alkali present on the surface
of the glass. Therefore, they undergo lesser leaching when compared with
other glasses. Water attack test (whole glass containers test) is conducted to
test their leaching ability. :

Comment 12-6, Nonmetals are preferred for the construction of equipment
over metals. Explain. o ‘

In general nonmetals are preferred, because these do not undergo corro-
sion, while most of the metals corrode. Further, nonmetals contribute to the
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economy, ease of fabrication and performance. But mechanical strength of
nenmetals is weak. Hence wherever necessary, at least nonmetal coating are
applied on metal surfaces.

Comment 12-7. Why is hardening of rubber necessary?

The naturally occurring rubber is known as soft rubber. It has excellent
resistant properties against dilute mineral acids, alkalis and salts. It is easily
attacked by oxidizing media, oils and organic solvents. Rubber lacks the
necessary mechanical strength. Hardening of rubber is made by processing
(vulcanization, crosslinking with sulphur) or adding carbon black, so that the
rubber exhibits adequate mechanical strength.

Comment 12-8. What is the material used for the preparation of dropper
assemblies of eye drops and why? _ .
Neoprene (polychloroprene) rubber is used for the preparation of dropper

assemblies of eye drops. Sterility is an important requirement of eye drops
and neoprene rubber is preferred as it can be sterilized using an autoclave.

Comment 12-9. What is the desirable property for the stoppers used for
freeze dried products?

Freeze dried products are highly hygroscopic in nature. Therefore, they
should be stored in well closed containers, which are resistant to water va-
pour permeability. Glass containers with closures made up of butyl rubber
serve the purpose.

Comment 12-10. Differentiate thermoplastics from thermosetting plastics.

The differences of thermoplastics and thermosetting plastics are given
below.

Thermoplastics Thermosetting plastics

A plastic material can be softened [ A plastic material once set, it does not
repeatedly by heating and can be | become soft on heating and cannot be
moulded into different shapes again | moulded a second time.

and again.
These are flexible and can be bent | These are not flexible, i.e. hard and
easily without breaking. rigid.

These are also known as ‘thermosoft- | These are also known as ‘thermosets’.
ening’ plastics.

Examples: polyethene and PVC. Examples: Bakelite and melamine.

" e — = CnarrEr 13 ¢ Corrosion

Comment 13-1. What is the relationship between corrosion and metals in
electrochemical series?

;;;, corrosion is already taken place. Why?
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Corrosion is involved on metal surface due to adverse environmental
conditions (oxygen, acid, etc.). Corrosion involves the movement of elec-
trons, i.e. oxidation and reduction reactions. The relative reactivity of a metal
can be identified by considering the position of metal in the electrochemical
series. The metal selected from the top of electrochemical series acts as cath-
ode and from the bottom of the series is known as anodes. For example, top
metal Cu*?/Cu acts as cathode and Zn*2/Zn acts as cathode, when standard
reduction potentials of electrodes are considered.

Comment 13-2. For corrosion to occur, at least two different metal surfaces
are required. True of false. Explain.

The statement is false. Corrosion is an electrochemical reaction during

oy which anode and cathode areas are developed. If two different metal surfac-
T es exist together, corrosion becomes faster. This corrosion on two-metals is

known as galvanic corrosion. However, corrosion is also possible to occur on
the same metal, but at different locations (anodic and cathodic areas). These
promote the corrosion. Example is iron metal in hydrochloric acid solution.

Comment 13-3, In a solution, two dissimilar metals should not be allowed
to come in contact with each other. Why?7 -

Two dissimilar metals mean metals having different standard electrode

i potentials. In other words, while one metal acts as an anode, and the other

: metal acts as cathode. When these two metals are connected, transfer of

electron takes place, i.e. oxidation-reduction reaction. Thus corrosion occurs

at the points of contact and is known as galvanic corrosion. For this reason,

such metals are not allowed to be in contact with each other for preventing
corrosion.

Comment 13-4. Rusting of iron is quicker in saline water than in ordinary
water, Why?

Rusting of iron normally occurs in ordinary water, but to a lesser extent,
because fresh water contains fewer dissociated jons (H3O+ and OH"). Salt
water promotes rusting by iwo ways.

& In salt water, sodium chloride (strong electrolyte) disgociates cotm-
: pletely into ions.

@ Active ions (Na™ and CI7) become the centers of corrosion. Salts
create cells on the metal surface.

» Medium permits the electron transfer.
Thus corrosion of iron is higher in salt water.

.t Comment 13-5. Corrosion is often more rapid at the places where some

deep crevice or laying surface) at a particular location. This promotes the

" On the metal surface, the électrolyt\e"s;olufioh'is partially confined (e.g. .
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corrosion. Once an area is confined with corrosion (as in case of oxygen con- o 4
centration corrosion), the same area further gets corroded more rapidly than
the other part of surface (of the metal). This happens because the oxygen - -

content is reduced at the confined electrolyte and this triggers the adjacent

metal to become anodic. This happens in preference to the new surface at g

different location.

Comment 13-6. Aluminum corrodes faster than iron, even though iron is’ .- '

placed helow aluminum in the electrochemical series. Why?

Aluminum corrodes at a faster rate. In this process, aluminum oxid;é'
films are formed which is held tightly to the metal surface. The oxide film -

prevents further corrosion of aluminum. Iron corrodes slowly and the for-

mation of iron oxide film is slow. This film does not prevent the iron from -

further corrosion. Thus corrosion of iron is a continuous process.

Comment 13-7. Why is corrosion high in acidic medium than alkaline me-

dium?

The acidic medium contains H" ions, and these strongly influence the

. . P - + .
corrosion. The metal gets dissolved in acid, e.g. iron. The H" ions have ten-
dency to take up electrons to form H, gas. H' ions promote anodic corrosion.

Comment 13-8. Why is brass a preferred alloy for the construction of equip#
ment?

For the construction of equipment, the mechanical strength of the meta
is a primary factor, secondly the metal should be resistant to corrosion. Cop-
per act as cathode and react in the following ways.

@ Copper forms copper oxide film on the surface of the equipment,

which makes the vessel corrosion resistant.

& Copper oxide film is soluble in most acids and hence copper is not a

suitable material for construction.
¢ Corrosion further leads to loss of mechanical strength.

@ Copper can also react with the components in the formulation,

which is again not desirable.

When zinc is added to copper, the alloy is known as brass, which has o
high corrosion resistance and also improves the mechanical strength. Thus,* .~

the limitations can be overcome.

Comment 13-9. A piece of pure zinc and impure zinc are placed in a salt

solution, which will corrode faster. Why?

fmpure metals in general corrode faster. Purity and physical state
(smooth or surface imperfections) are also relevant. The differences are
shown in the table below. '
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Pure zinc Impure zinc

Pure zinc metal has the stan- | Impure zinc contains a second metal say copper
dard electrode potential of | along with zinc. These two metals have differ-
-{.763 voits. Since, it is a sin- | ent standard electrode potentials (copper being
gle metal, it is difficult to form | high +0.337 volts). Copper is placed above
an electrochemical cell (anode | zinc in the electrochemical series. The presence
and cathode). Zinc exhibits | of two metals can form tiny electrical cells. Un-
low corrosion in the presence | der the influence of adverse environment, anode
of acid. area gets corroded rapidly.

Comment 13-10. Highlight two non-metal linings on the material for the
construction of equipment.

The frequently used nonmetals in pharmacy are tin, glass and organic
substances.

s Tin coated steel is known as tinplate and is used for the fabrication
of containers meant for food producis.

¢ Glass lined steel (by cladding) equipment is used for handling cor-
rosive chemical reaction applications leading to the production of
drugs and intermediates.

m—2" Cuarter 14 : Transportation of Solids &

Comment 14-1. Why should improper handling of materials be avoided?

Improper handling causes the damage or loss of material. Further improper
handling leads to:

2 Production delays
% Loss of machine time and operational time
Increase in inventories
Such damage may lead to employee frustration and reduce morale, due
10 constant production delays.
Comment 14-2. Idlers are the essential components of'a belt conveyor. Explain.
Idlers support the beli for conveying the solids.

2 Troughing idlers placed beneath the upper part of the belt help in
holding more material on the belt till the belt reaches the delivery
end.

= Non-troughing idlers placed beneath the lower part of the belt help
in supporting the belt till the belt reaches the pulley on feeding side.

Snubbers idlers pushes the belt 'towagdg.‘ drive pulley to increase the
contact between belt and pulley for uuiﬁtinuous and smooth ronning.

Comment 14-3. Belt conveyor is suitable for transporting materials when
the path of travel involyes many tuwrns and lifts. True or false. Justify.
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The statement is false. A single belt system is not suitable.

# Two separate individual belt systems are necessary for each strai ght
line. Then material from one belt is allowed to fall on another. Th1s
arrangement is cumbersome and handling is difficuit.

® Pneumatic conveyor is suitable for transporting material when the

path involves many turns and lifts. In the pneumatic conveyor, high
velocity air is made to pass through a bed of solid particles. The sol-

id particles are dragged and suspended by the air. Such a fluidized

bed can transport particles in any direction.

Comment 14-4. What are the special features that make a screw conveyor
necessary in the pharmaceutical industry?

Screw conveyor is the only conveyor that can transport the material ei-
ther horizontally, vertically or inclined. It is a conveyor in which mixing,
de-watering, heating, and cooling facilities are available. Transport of solids
is possible under closed conditions. These make the screw conveyor as an
important equipment in the pharmaceutical industry.

Comment 14-5. What is the difference between the bins and silos?

A bin is a fairly wide and not so tall. It is cylindrical or rectangular
vessel. A silo is a tall and relatively small in diameter. Both are used for the

storage of solid materials.

APPENDIX-II
Key to MCQs
Cuarter 1. Industrial Processing and Basic Principles
1. D 2. B 3. A 4, C 5.8 6. B 7. D
- 8. C 9. B 10. D
CHAPTER 2. Flow of Fluids
1. C 2. A 3. B 4. C 5.C 6. D 7. D
8 A 9. A 10.C | 1.D | 12.C | 13.C | 14. B
15, A 16. C 17. A 18. D 19.C 20. A 21. B
22. C 23. C 24. A 25.C |7 26.A 27. B 28. 8B
29. C 30. B 31. B. .
CHAPTER 3. Size Reduction
1. A 2. A 3.A 4. A 5.D 6. A 7. C
8. D 9. D 10. D 11. A 12. B 13. D i4. B
15. D 16. D 17. A 18. D 19.C 20. D 21. D
22, C 23. B 24. C 25.D 26.C 27. B 28. A
CHAPTER 4. Size Separation
1. D 2. D 3.A 4. B 5D 6. A 7. D
8. C 0. A 10.D | 11.A 12C | 13D | 14D
15, A 16. D 17. B 18. B 19.D 20. B 21. B
CHAPTER 5. Flow of Heat
1. A |, 2. C 3.C 4. A 5.A 6. A 7. A
8. D 9. D 10. C 11. A 12. D 13.D i4. B
1s.¢c | 16.C | 17.¢ | 18.°C ‘1&5'0 20.D | 21 A
2.A | 23.A | 24.A | 25.B | 26B | 27.D | 28.C
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29. C 30. D 31. C 32. C 33.C 34. B 35.C 15. D 16. B 17. C 18. D 19. A 20. C 21. C
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36. B 37. B 38. D 30, A 40. B . 22. A 23. D _ :
Cuarrer 6. Evaporation Section TT: Mixing of Liquids -
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s B 116D | 17.A | 18D | 19.B | 20.A | 21.B LA 2D 3. B 4. A 5.C 6. D 7.C
> A | 23.B | 24.¢C | 25.C | 26D | 27. A 8. A | 90D | 10.A | 11LA | 122D | 13.A | 14 B
15. D 16. A 17. C 18. D
CuaprrTER 7. Distillation
CHarTER 10. Filtration
1. B 2. C 3. A 4. A 5.B 6. D 7. B
1. A 2. B 3.D 4. B 5.B 6. B 7. B
8. A 9. C 10. B 11. D 12. D 13. C 14. A .
8 D 9. C 10. B 11. B 12. A 13. D 14, D
15. C 16. D 17. A 18. B 19. C 20. A 21. C —
15. A 16. C 17. C 18. C 19. D 20. A 21. D
22. D 23. D 24. C 25. A 26. B 27. C 28. D ;
22.D | 23.D 24. C 25.D 26. C 27.B | 28.D
29. A 30, A 3. B 32.D 33.C 34, B 35. A
29. C 30 A 31. C 32.C
36. C 37. A 38. A 39. A 40, A.
CrarTer 11. Centrifugation
CHAPTER 8. Drying
—_ 1. B 2. A 3. C 4. A 5 A 6. A 7. B
A 2. B 3. C 4. B 5. B 6. D 7. B !
! s B | oc | 1008 | 1A | 122p | 13D | 14C |
A LA 10. A 11. B 12. D 13. C 14. D
8 2 15. C 16. C 17. C 18. D 19.C 20. B 21. C
A 16. B 17. A 18. B 19. C 20. B 21. C.
15 22, D 23. C 24. A 25. C
D |23 A | 24.C | 25.D 26.D | 27.B | 28. B . )
22 CuarTER 12. Materials of Construction
. 30. B 31. B 32. D 33.B 34, A 35. D
29. € 0 > . B 2. C 3B 4. B 5. A 6. A 7. B
A . C . C 30. A 40, A 41, A 42. D
36 37 38 8. A 9. D 10. B 11. B 12.C 13. D 14. D
. C 44, B 45. D 46. B 47.C 48. D 49. D
43 15. A 16. C 17. A I8 A io. D 20, A
50. A 51. B 52. A 53. D.
0 . CuaarTERr 13. Corrosion
CHAPTER 9,. Mixing, Section I: Mixing of Solids [ 1. C 2 B 3. A 4. C 5 A 6. C 7. C
A . ] B :
1D | 2.CH 3C 4. B 5.A | 6D 7. C s c | 9op {10.c | 11.c | 12B | 13D | 14D
8 A | 9.C | 10.A | 1ILA | 124 | 13.B | 14 A 5. B
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CuarTER 14. Transportation of Solids

LD | 2 A 3. C 4, A 5.D 6. D 7. A
8. B 9. C 16.D | 11.D 122B | 13.A | 14D
15D | 16. D 17.D | 18.C 19.A | 200 A | 21.D
2.B | 23.D 24.B | 25. A ‘
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APPENDIX-III
Definitions and Meanings

Actual screen : A screen which does not give perfect separatlon about the cut
diameter of the powder.

Agitation : Refers to the induced motion of a material in a specified way,
usually in a c1rculatory pattern inside a container.

Attrition : It involves breaking down of the material by rubbing action be-
tween two surfaces.

Axial flow of liguids : The flow of liquid that acts in a direction parallel to
the impelier shaft.

Azeotropic distillation : 1t is a distillation methed in which azeotropic mix-
ture is broken by the addition of a thu'd substance, which forms a new
azeotrope with one of the components. -

Azeotropic solution : 1t is a solution which distilled unchanged at a constant
temperature.

Bernoulli’s theorem : States that in a steady state, ideal flow of a incompress-
ible fluid, the total energy per unit mass, which consist of pressure energy,
kinetic energy and datum energy, at any point of fluid is constant.

Binary liquids : Are those liquids which are miscible with one another in all
proportions.

Biological corrosion : The metabolic action of microorganisms can either
directly or indirectly causes deterioration of a metal (corrosion).

Black body : It is a body that radiates maximum possible amount of energy
at a given temperature.

Blending : It is mixing of powders smoothly and inseparably together.
Bound water : Ts the minimum water held by the material that exerts an equi-
librium vapour pressure less than the pure water at the same temperature,

Bulk transport ; Is the movement of a large portion of a material from one
location to another location in a given system.

Calandria : It is a system compartment, which consists of a number of tubes
fitted in a vessel and is usually included in an evaporator.

Centrifugal force : It is due to inertia of a rotating body and it acts on the

rotating body in a derCtIOI‘l away from the point or axis of rotation.

Centrifugation : It is a unit operation employed for separating the constltu-
ents present in a dispersion with the aid of centrifugal force.

549
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Clarification : Tt is a process of separation of liquids containing solids not
exceeding 1.0 %.

Classification methods (in sizing) : These are the particle separation methods
based on the principle of settling rate of particles into difterent fractions of
narrow particle size range.

Compression : It is a means by which the material is crushed between rollers
by the application of pressure. :

Conduction : It is a process in which heat flow in a body is achieved by the
transfer of momentum of individual atoms or molecules without mixing.

Convection : It is a process in which heat flow is achieved by actual mixing
of warmer portions with cooler portions of the same material.

Corrosion : Is a reaction of a metallic material with its environment, which
causes a measurable change to the material that can result in 2 functional
failure of the metallic component or a of a complete system.

Critical quality attributes : These are defined as properties or characteristics,
namely physical, chemical, biological or microbiological that should be
within the appropriate limit (range or distribution), in order to ensure the
desired quality.

Critical process parameters (CPP) : These are the process parameters that
influences the critical quality attributes (CQA) and that must be controlled
with a predefined limits so as to ensure its fitness for use in subsequent
steps.

Cutting : Tt is a meang of tearing the material by a sharp blade.

Dalton’s law : It states that the total pressure exerted by an ideal gaseous
mixture is equal to the sum of the individual partial pressures of the com-
ponent gases, il alone were present and occupy the total volume.

Depth filtration : 1t is a filtration process, in which the sturry penetrates to a
point where the diameter of solid particles is greater than that of the tortu-
ous void or channel.

Destructive distillation : 1t is a distillation method in which the distillate is a
decomposition product of the constituents of the organic matter bumnt in
the absence of air.

Distilland : The feed liquid mixture to be distilled.
Distillate (condensate) : The liquid condensed during distillation.
Distillation : 1t is a separation of the components of a liquid mixture by pro-

gcesses involving vapourization and subscqurcm condensation at anothcr 1

place.
rl.F

Downstream stage : The production stage that involves processing the mate- ¢
rials collected during a reaction into a finished product.
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Drop-wise condensation : 1t is a process in which the condensed liquid col-
lects as drops that may range from microscopic size up to drops that are
seen with the naked eye.

Dry stean ; Tt is the steam in which water is completely absent.

Drying : 1t is a process of removal of small amounts of water or liquid from
a'material by the application of heat.

Elutriation : It is a method of separation of particles (in a powder) based on
the low density of fine particles and high density of the coarse particles
using fluid fiow.

Energy balance : The law of conservation of energy states that the energy
output must be same as the energy input in any process.

Entrainment : Tt is a term used to describe the loss of liquid frothing or
“blowing over’ during evaporation.

Egquilibrium moisture content (EMC) : Is the amount of water present in the
solid, which exerts a vapour pressure equal to the vapour pressure of the
atmosphere surrounding it.

Erosion : It is the destruction of a metal by abrasion and attrition caused by
the flow of liquids or gases. )

Eutectic peint : The temperature and pressure at which the frozen solid va-
pouizes without converting into a liquid.

Evaporation : Tt is a process of vapourizing large quantities of volatile liquid
to get a concentrated product.

Exhaust steam : It is the steam that has a saturation temperature ranging from
215 to 230 °F.

Extractive distillation : Tt is a distillation method in which azeotropic mix-

ture is broken by the addition of a third substance, which is relatively
nonvolatile compared to the components to be separated.

Film type condensation : A process in which the condensed liquid wets the
surface on which it is condensing and forms a continuous film.

Filter aid : 1t forms a surface deposit which screens out the solids and also
prevents plugging of the supporting filter medium.

Filtration centrifuge : A centrifuge in which solids are retained by porous
medium allowing liquid to rush out due to centrifugal effect.

Filtration : Is a process of separation of solids from a fluid by passing the
same through a porous medium that retains the solids, but allows the fluid
{0 pass through,

Flash distillation (equilibrium dzstzllatwn) Tt is a distillation method in

which the entire liquid mixture is suddenly vapourized (flash) by passing
the feed from a high pressure zone to a low piessure zone.




552 OOUCOOGITEOCTOOOBOBLTOIOCTEOGE. PHARMACEUTICAL ENGINEERING

Flaw in a particle : It is a structural weakness that may develop into a crack
_ under strain.

Fluid flow : 1t is the flow of substances that do not permanently resist dis-
tortion.
Fluid stafics : It deals with the fluid at rest in equilibrium.

Forced convection ; It is a heat transfer process, in which mixing of fluid is
achieved by a stirrer or agitator or pump the fluid for recirculation.

Fourier’s law : This law states that the rate of heat flow through a uniform
metal is proportional to the area, the temperature drop and inversely pro-
portional to the length of the path of flow.

Fractional distillation : It is a distillation method in which vapourization
of liquid mixture gives rise a to a mixture of constituents from which the
desired one is separated in a pure form.

Fractionating column : 1t is a special type of still-head in which condensa-
tion and revapourization take place simultanecusly.

Free moisture content (FMC) : 1s the amount of water that is free (easy) to
evaporate from the surface.

Free settling of particles ; It implies that particles settle independently, with-
out any interference of other particles in the fluid.

Galvanic corrosion : Corrosion associated with the flow of current to a
less-active metal (cathode) from a more-active metal {(anode) in the same
enviromment.

Grey body : It is a body whose absorptivity is constant at all wavelengths of
the radiation, at a given temperature.

Heat exchanger @ 1t i3 a heating device used for transferring heat from one
fluid (hot gas or steam} to another fluid through a metal wall.

Heat interchanger : It is a heating device used for transferring heat from one
liquid to another liquid or from one gas to another gas through a metal
wall.

Hindered settling of particles : It implies that the light parficles are pushed
by heavier particles while settling in a fluid.

Ideal screen : A screen which sharply separates the feed mixture in such a
way that the smallest particle in the oversize will be just larger than the
largest particle in the undersize.

Tdeal solutior (Perfect solution) : It is a solution in which the attractions be-
tween unlike-molecules are of the same order as between like-molecules.

Impact : It involves the operation of splitting the material apart, When a lump
of mateual strikes against the rotatmg hammers.

Key pmcess parvameters (KPP) : These are defined as properties lhat mﬂu-
ence product quality or process effectiveness.
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Laminar flow (viscous flow) : It is a flow in which the fluid particles move in
layers or laminar with one layer sliding over the other.

Laminar mixing ; Is the mixing of two dissimilar liquids through laminar
flow, i.e. the applied shear stretches the interface between them.

Latent heat of steam : 1t is the heat required to convert one kg of liquid water
at its boiling point (100 °C) or saturation temperature to one kg of water
vapour without changing the temperature.

Latent heat of vapourization : Is defined as the quantity of heat required to
convert a unit mass of the liquid at its boiling point from the liguid to the
_vapour stafe w1th0ut a change In temperature.

Manometers : These are the devices used for measurmg the pressure differ-
ence at a point of fluid.

Material balance : The law of conservation of matter states that material can-
not be destroyed or created, it can be changed from one form to another.

Mechanical pressure ganges : These are the mechanical elements used for
measuring the pressure.

Miscible liguids : These liquids are miscible in all proportions.
Mixing : Is a process that tends to result in a randomization of dissimilar
particles within a system.

Mixing : Putting together in one mass or assemblage with more or less thor-
ough diffusion of the constituent elements among one another.

Molecular diffusion : Is the mixing at molecular level in which molecules
diffuse due to thermal motion.

Molecular distillation (Short path distillation or evaporative distillation) : It
is a distillation method in which each molecule in the vapour phase travels
mean free path and gets condensed individually without intermolecular
collisions, on application of vacuum,

Natural convection : It is the heat transfer process in which mixing of fluid
is accomplished by the natural currents (set up), when body of fluid is heated.

Over-size powder : The material that remains on the given screening surface.

Partially miscible lignids : These are liquids which are miscible in one an-
other at one particular proportion.

Pitch ¢ 1t is the distance the propeller would move through the fluid per rota-
tion, if slippage does not occur.

Pressure head : 1t is defined as the height of a column of liquid of known
density which is numerically equal fo the pressure.

Process parameters : These are the input vauab]es to the process that may
affect the outcome.

Process steam : 1t is the steam that gives a temperature of 200 °F.
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Ouality : The totality of features and characteristics of products or services
that bear on its ability to satisfy stated or implied needs.

Quality : It is the suitability of either a drug substance or a drug product for
its intended use. _

Ouality attributes (QAs) : These are referred as physical, chemical, biologi-
cal and microbiological properties or characteristics of a product.

Radial flow of liquid : It is the flow of liquid that acts in a direction vertical
to the impeller shaft.

Radiation : 1t is a process in which heat flows through space by means of
electromagnetic waves.

Raoult’s law - [t states that the partial vapour pressure of each volatile con-
stituent is equal to the vapour pressure of the pure constituents multiplied
by its mole fraction in the solution at a given temperature.

Real solution (Perfect solution) : The solution which does not obey ideal
solution behavior or which does not obey Raoult’s law.

Reynolds number : It is a ratio of inertial force to viscous force of a flowing
liguid.

Saturated steam : It is the stcam at a temperature of boiling point of water
{100 °C) at that pressure.

Sedimentation centrifuge : A centrifuge that produces sedimentation of sol-
ids based on the ditference in the densities of two or more phases of the

mixture.
‘Sensible heat (or liquid heatf) : It is the heat that is utilized to increase the

temperature of one kg of water from the freezing point (0 °C) to the tem-

perature of formation of steam (100 °C), lL.e. saturation temperature.

Sensible heat : In humidification, it is the heat achieved without addition and
subtraction of moisture content.

Settling : It is a process of sedimenting the particles of different sizes.

Sieve number : It indicates the number of meshes per linear length of 0.0254
m (one inch).

Simple distillation : Is a process of converting a single constituent from a
liquid (or mixture) into its vapour, transferring the vapour to another place
and recovering the liquid by condensing the vapour, usually by allowing it
to come in contact with the cold surface.

Size reduction : Is a process of reducing large solid unit masses (vegetable
or chemical substance) into small unit masses, coarse particles or fine par-
ticles.

Size separation : 1t is a unit operation that involves the separation of a mix-
ture of various sizes of particles into two or more portions by means of
screening surfaces.
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Steady state system : The system is said to be in steady state, if the operating
conditions do not vary with them.

Steam distillation : 1t is a method of distillation carried with the aid of steamn
and is used for separating of high boiling substances from nonvolatile im-
purities.

Stoichiometry : It means carrying out the calculations based on quantitative
relationships.

Sublimation : It is a process in which direct change of solid into vapour takes
place without converting intc a liquid phase.

Superheated steam : 1t is the steam having temperature higher than 100 °C
and in which all water is completely vapourized and further contains sen-
sible heat.

Supersaturated solution : Is one that contains more of the dissolved solute
than it would normally contain in a saturated solution at a define tempera-
ture.

Surface coefficient : It is the conductive capacity of the stagnant film for the
transfer of heai. :

Surface filtration : It is a screening action (filtration process) by which pores
or holes of the medium prevents the passage of solids.

Tangential flow of liquid : 1t is the flow of liquid that acts in a direction tan-
gent to the circle of rotation around the impeller shaft.

Thermal conductivity : It is the reciprocal of thermal resistance.

Tie substance : It is a material that comes into the process in just one stream
and leaves unchanged in another stream.

Transducer : Tt is a device that takes one form of energy from a measuring
source (air compressed from a cylinder) and supply energy of a different
kind (mechanical power).

Turbulent flow : A flow is said to be turbulent, if the Reynolds number is
more than 4000 in a pipe.

Turbulent flow ; It is the flow in which the fluid particles continuously trans-
fer momentum to adjacent layers.

Turbulent mixing : Is mixing due to turbulent flow, which results in random
fluctuation of the fluid velocity at any given point within the system.

Unbound water : [s the water (moisture) held by the material that exerts an
equilibrium vapour pressure equal to that of pure water at the same tem-

perature. {
Under-size powder : The material that cgl’i‘:;pass through the screening surface.

b - .
Unit operation : A process frequently consists of a fewer number of distinct
individual steps. Each step is called uiit operation.
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Unit precess : 1t is one in which several unit o_perations are clombined in a
sequence to achieve the objectives of a chemical or phys'u:a process. ‘
Upstream stage : A production stage that involves searching for and using
new materials in the process.

Facunm : It is space in which the pressure of gas is lo
normal, i.e. atmospheric pressure.

Variable area meter - It is a device that measures the area of flow, 50 as to
produce a constant head differential. o

Variable head mieter : It is a device that measurcs the variation in ﬂ:le pres-
sure across a fixed constriction placed in the path of flow consisting of a
constant area. ‘

Viscous flow : A flow is said to be viscous if the Reynolds mumber is less than
2000 in a pipe or the fluid flow in layers. -

Volatility : Is the equilibrium partial pressure of the sr'lbstance in the vapour
state divided by the mole fraction of the substance in the solution.

Vortex : It is a strong circulatory flow pattern manifests near the impeller
shaft. :

w compared to what js

Wet steam : Tt is the steam in which liquid water is also present in a definite

proportion. o
Young’s modulus : The ratio of the longitudinal stress to the longitudinal
strain within elastic limits. -
Zeotropic niixture : It is a mixture whose total vapour pressure is always
intermediate between those of pure components.

Fr i & Fad

APPENDIX-TV
All in Twos — Know Them Well

Anodic metals for copper : zinc, iron.

Azeotropic mixtures with maximum beiling point : water-ethanol, ben-
zene-cthanol.

Azebtropic mixtures with minimum boiling point : chloroform-acetone, pyr-
idine-acetic acid

Batch type solids mixers : double cone blender, sigma blade blender.

Binary liguids : ethyl alcohol-water, benzene-carbon tetrachloride.

Clarifying filters : metafilter, chamber filter,

Cohesive solid mixers : planetary mixer, sigma biender.

Cohesive solids : wet clay, wet calcium carbonate.

Concentration terms : moles, molality. P

Continuous type of solid mixers : Barrel mixer, zigzag blender.

Convective mixing equipment : ribbon mixer, planetary mixer.

Conveyors work under closed conditions : screw conveyor, pneumatic con-
Veyor.

Conveyors work under open conditions : belt conveyor, flight conveyor,
Critical process parameters : moisture content, flow properties. .
Critical guality attributes ; efficacy, safety.

Diffusive mixing equipment : V cone blender, double cone blender.
Dimensionless numbers : Reynolds number, Sherwood number.

Downstream process : exiragtion, crystallization,

Dryers for heat sensitive products : freeze dryer, spray dryer.

Elastic materials . clarithromycin, microcrystalline cellulose.

Eguipment materials, sterilizable : stainless steel, aluminum.

Evaporators with cyclone separator : falling film evaporator, forced circu-

lation evaporator.

Evaptoratars with long tube_s : climbing ﬁtlrgj evaporator, falling film evapo-

- rator. : S TR . .

Evaporators with short tubes : standard ve%‘tical tube evaporator, basket type

evaporator.
557
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Fibrous materials : glycyrrhiza, ginger.

Filter aids : keiselguhr, paper pulp.

Filter media : cloth woven material, prefabricated porous solid unit.

Filiers in fermentation : drum filter, frame and plate filter.

Filtration centrifuges : perforated basket centrifuge, semicontinuous cen-
trifuge.

Flammable materials : dextrin, sulphur.

Fluid flow rate meters : venturi meter, rotameter.

Fractionating columns for distillation : Widmer column, bubble cap col-
umn,

Free flowing solids mixers : double cone blender, V cone blender.

Friable materials : sucrose, salt.

Glass containers for parenteral uses : borosilicate glass, treated sodalime
glass.

Hard materials : iodine, pumice.

Heat exchangers : shell-and-tube heater, multipass heater.

Heat interchanges : double pipe heat interchanger, liquid-liquid heat inter-
changer.

Heating media : sicam, solar heater.

Hygroscopic materials : potassium carbonate, sodium hydroxide.

Idlers of belt conveyor : suubber idlers, troughing idlers.

Immiscible Fquids mixers : Silverson emulsifier, colloid mill.

Impellers for liguid mixing : propeliers, turbines.

Industrial sieving equipment : Rotex screens, bag filter.

Laboratory centrifuges : ultracentrifuge, angle centrifuge.

Ligquid flow partterns : radial, axial.

Manometers : mercury manometer, alcohol manometer.

Materials of filters for aseptic screening : Nylon, polyvinylchloride fibre.

Mechanical method of size reduction : cutting, attrition.

Mechanical pressure gauges : Bourdon pressure gauze, Bellows pressure gauge.

Mechanisms of drying ; diffusion theory, capillarity theory.

N echamisms 0f filtration : straining, entanglement.

Mechani.su:hs of liguid mixing : bulk transport, turbulent mixing.

Mechamé;%ms of size reduction : impact, compression.

Mechanisms of solid-solid mixing : convective mixing, shear mixing.
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Metals of high thermal conductivities : copper, silver.
Metals of low thermal conductivities (insulators) : brick, water.
Miscible Figuids mixers : airjet mixer, jet mixer.

Molecular distillation equipment : falling film molecular still, centrifugal
molecular still.

Moving bed dryers : drum dryer, tunnel dryer.
Non-cohesive solids : dry sand, plastic chips.
Nonferrous materials, aluminum, lead.
Nonmetal materials : glass, rubber.
Non-porous solids : talc, zinc oxide.

Official products prepared by simple distillation : spirit of nitrous ether, ar-
omatic spirit of ammonia.

Pneumatic dryer : spray dryer, fluid bed dryer.

Precipitation method of size reduction ; insulin, calcium carbonate.
Pressure filters : plate and frame filter, metafilter. .

Process parameters : heating/cooling rate, batch size .
Ouality attributes : assay, dissclution.

Radiation dryer : TR dryer, microwave dryer.

Sample collection technigues : thicf probing, scoop sampling.
Sedimentation centrifuges : supercentrifuge, conical disc-centrifuge.
Semisolid mixers : triple roller mili, sigma mixer.

Shapes of holes of screens : round holes, squa{re holes.

Shear mixing equipment : rotor mixer, sitverson emulsifier
Sieves : woven wire sieves, bolting cloth sieves.

Sicz reduction methods : mechanical, precipitation.

Size reduction mills by attrition : fluid energy mill, ball mill.

Size reduction mills by compression : roller mill edge runner mill.
Size reduction mills by cutting : cutter mill, dram straw cutter
Size reduction mills by impact : hammer mill, fluid energy mill.
Size reduction mills by shear : colloid mill, edge runner mill
Solids conveyors : belt conveyor, bucket conveyor.

Static bed drpers : tray dryer, freeze diyer.

Static type mixers : sigma blender, ribbon blender.

Steam traps : float type, bucket type.
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Sterile product filters : cartridge filter, chamber filter.

Sterilizable size reduction mills : fluid energy mill, ball mill.

Storage containers : bins, silos.

Substances prepared by vacuum distillation : malt extract, anthraquinones.
Substances purified by molecular distillation : dibutylphthalate, vitamin E.
Substarices purified by steamn distillation : camphor, almond oil.

Synthetic rubbers : Neoprene, butyl rubber.

Theories of filtration : Poiseuille theory, Darcy’s theory.

Thermolabile drugs : aspirin, ascorbic acid.

Thermoplastics ¢ polythene, polyvinyl chloride (PVC).

Thermosetting plastics : bakelite, melamine.

Tie substances : dissolved solids, ash.

Types of filtration : surface filtration, depth filtration.

Unit operations : drying, mixing.

Unit processes : manufacture of common slat, production of paraacetamol.
Upstream processes : active pharmaceutical ingredient, living cells,
Variable area meters for measuring flow of fluids : rotameter.

Variable head meters for measuring flow of fluids : orifice meter, venture
meter.

Weaving methods of sieves : plain weaving, twilled weaving.
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APPENDIX-VI

Fractions and Multiplications of Units

{A) Greek Alphabets

A o Alpha N v Nu

B B Beta = £ X

T Y Gamma O 0 | Omicron

A 33 Delta I Tt Pi

E £ Epsilon R p Rho

z C Zeta z o} Sigma

(3] 6 | Theta u v Upsilon

I 1 Jota 4] ¢ Phi

K K Kappa el % Chi

A A Larmbda ¥ y .| Psi

M i Mu Q 0} Omega

(B) SI Units
Fraction | Prefix Abbreviation | Power | Prefix Abbreviation
1071 | deci d 10t | deca da
1072 centi v 102 hecta h
107 | milli m 10° | kilo k
1078 micro u 108 mega M
N 1077 nano n 10° giga G

10712 pico p 1012 terra T
1071° femto
10718 atto a
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APPENDIX-VII

(A) Some Notations of Units and their Abbreviatiens in ST Units

| Property Units in full names ”;ﬁf;;‘:f;?;;s :
Acceleration aue to gravity | metre per second square m/s?
Amount of heat joule J
Capacity of a pump metre cube per hour m/h
Cenitrifugal force newton N
Moles. Mol
Concentration ?j;ﬁ;gty 1;3{
Molality m
Density kilegram per metre cube kg/n_13
Displacement in pump metre cube per minute m’/min
Drop in head meire m
Energy joule J
Enthalpy per unit mass joules per kilogram kg
Film coefficient or watt per metre square-Kelvin W/m*K
Surface coefficient
Force newton N
Frequency hertz Hz
Gravitational force newton N
Heat transfer joule J
Heat transfer coefficient watt per metre square-Kelvin Wimn? K
Heat transfer rate joule per second Iis
Height or length metre m
Length metre m
Mass kilogram kg
Power watt W
Pressure pascal Pa
Pressure drop pascal Pa
Pressure head metre m
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Property

b

Units in full names

Abbreviations ;
Jor the units

Rate of discharge of liquid meter cube per minute m>/min
Rate of drying kilogram per hour kg/h
Rate of entry of feed kilogram per hour kg/h
Specific energy millijoule per kilogram ml/kg
Specific surface meire square per meter cube m?/m3
Speed of rotation Revolutions per second /s
Steam pressure pascal Pa
Stefan Boltzmann constant | watt per metre square Kelvin* W/m?-K4
Surface area metre square m?
Surface energy millijoules per metre square ml/m?
Dot
Tensile strength megapascal . Mpa
Thermal conductivity - watt per metre square-Kelvin W/m?> K
Time second (or minute or hour) s (or min or h)
Velocity metre per second m/s
Viscosity pascal.second Pa-s
Volume metre cube (or litre) m (or )
‘Work done watt hour W-h
Young’s modulus megapascal Mpa

(B) Some Important conversions in SI Units

Pascal (Pa) = N/m? = kit ¢
Newton (IN) =kg/m

Joule (T} =N-m = kg.m?/s?
N-m =

N-m/s =Jls =W

J/s =

W =N-m/s
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APPENDIX-VIII
Inter-Cenversion of Units

APPENDIX-VII G000 000 OO OOO SO GOGOOOOOOCOCS BT

Measurement Unit Conversion factor Reciprocal
Viscosity 1 Ibf-s/in? 6.894 x 10° Pa's 1.451 = 107~
1 Ibf s/t 47.88 Pa-s 2.0886 x 1072
1f° 2.832 x 102 m? 35.315
Volume 1in3 1.693%107° m> 61.024
1 US gallon 4.54x107% m? 220.264
TABLE-2

Interconversion of Units (Fundamental and Derived)
with Conversion Factors

Unit Conversion facrér X ynit Reciprocal
1 foot = 30.48 cm (or ml) 0.03281
1 pound (Ib) = 453.6 gram 2.2046 x 1073
1 em?® =1.639 x 107> m? 6.1024 = 10*
1 dyne =001 mN - | 100
1 dyne/cm? =0.1Pa |10
1 em H,0 (4°C) =9.80 x 1072 kPa 10.205
1 cal =4.184 x 103 kJ 239.00
1 erg =1.0x1077J 107
1°C-m* h/keal =8.604 x 102 K-m*>/kW 1.162 x 1073
1 cal-‘m/s-om?-°C | =4.184 x 10> W/m-K 2.39 x 1073
1 mmHg = 6.895 kPa 0.145
1 calis-em?-°C = 41.84 kW/m>K 2.39 x 1072
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TABLE-1
FPS to SI Units
Measuremert Unit Conversion factor Reciprocal
1 fi? 9.290 % 1072 m? 10.764
Area 1 in? 6.452 x 10~ m’ 1550
. 1 /A 16.0185 kg/m® 6.243 x 1077
Density | 1 i 27.680 kgm’ 3.613 x 1075
Encrgy, wotk 4 gy, 1.055 x 10 joules 9.4781 x 10~
and power
Force 1 Ibf 4.448 N 0.225
Heat transfer | p o 42 op 20.44 KW/m2 K 4.89 x 1072
coefficient
1 foot 0.3048 meter 3.2808
Length 1 inch 2.54 % 107" meter 39.370
1 pound (1b) 0.4536 kg 2.2046
Mass 1 US ton 9.072 % 10 kg 11.02 x 102
Mass flow rate | 1 Ib/s 0.454 kg/s 2.205
1 ft.Ibffs 1.356 W 0.738
Power 1 bf-f 1.355 x 1073 kJ 7.38 x 102
1 Ibffin? 6895 Pa 1.45 x 1074
) 1 atm. 1.013 x 10? kPa 9.87 % 1072
Pressure 1 bar 100 kPa 0.01
1 inHg 3386 Pa 2.95 x 1074
Stress 1 [bffin> 6.8948 x 10° kPa 1.4504 x 107%
Thermal 1 Btu-f/h-ft2-°F | 1.730 W/m'K. 0.578
conductivity | 1 Bturin/h-fi>-°F | 0.1442 W/m-K 6.935
Thermal 1°F-ft* h/Btu 1.761 % 102 K-m%kW | 5.679 = 1073
resistance 1 1b/1t? 4,788 % 1072 kPa 20.886
1 inHo (60°F) 3.377kPa 0.2961
Vacuumn e P me o
| inH20 (39.2°F) | 0.2491 kPa 4.0145
loci § ft/s 0.305 m/s 3.281
Velocity i in/s 0.0254 /s 39.37

TEMPERATURES

TABLE-3

Interconversion of Temperature and Relevant Equations

R (Rankine}

= (1/18) K (Kelvin)

1 K (Kelvin)

= 1.8 R (Rankine)

T R (Rankine)

=T°F + 459.67

T°F (Fahrenheit) | =T R — 459.67

T°C (Celcius)

= (°F - 32)/}.8°C

T°F (Fahrenheit) | = 32 +1.§5¢C

AT?C

= 1.8 AT°F=ATK
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Absorptivity, 162
Actual screen, 110, 548
Agitation separation, 111
Airjet mixer, 364
Alr separator, 121
Alpine airjet sieve, 115
Aluminum, 455
Anchor agitator, 374
Angle centrifuge, 432
Apron conveyor, 506
Asbestos, 462
Axial angle centrifuge, 432
Axial flow of liquid, 359, 549
Azeotropic distillation, 251, 549
Azeotropic solution
definition, 243, 549
max boiling point mixture, 245
min beiling point mixture, 244
Automative batch centrifuge, 436

Baffles, 354

Balanced pressure thermostatic
stearn trap, 183

Bag filter, 122

Ball mill (pebble mill), 77

Bar screen, 107

Barrel type continuous mixer, 341

Basket type evaporator, 206

Bellow pressure gauge, 35

Belt conveyor, 497

Bernoulli’s theorem, 39, 549

Binary mixture, 226, 549

Biclogical corrosion, 485, 549

Bin storage, 509

Black body, 162, 549

Blend, 317

Boiling point diagram, 242

Bolting cloth sieves, 107

Bond’s theory, 95

Bound water, 273, 549

Boundary layer in fluid flow, 38

Bourdon gauge, 34

Brick, 461

Brush sifter, 113

Bubble cap fractionating column, 250
Buchner funnel assembly, 395
Bucket conveyor, 506

Bucket steam trap, 182

Bulk transport, 358, 549

Cake filtration, 386

Calandria, 204, 549

Carbon steel, 453

Cartridge filter, 410

Cast iron, 452

Cathode polarization, 489

Cavitation corrosion, 483

Centrifugation equipment
automatic batch centrifuge, 436
classification, 429
conical disc centrifuge, 440
continuous horizontal centrifuge, 438
De Laval clarifier, 440
filtration centrifuge, 430
laboratory equipiment, 431
nonperforated basket centrifuge, 436
perforated centrifuge, 433
sedimentation centrifuge, 429
semicontinuous centrifuge, 437
supercenirifuge, 433
tubular bow! centrifuge, 440
ultracentrifuge, 429
under-driven, 433

Centrifugation
applications, 426
centritfugal effect, 427
critical quality attributes, 432
definition, 425, 549
equipment, 432
relative centrifugal force, 427
theory, 427

Chain conveyor, 505

568
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Chamber press, 406
Chemical reaction related corrosion
galvanic corrosion, 483
hydrogen embrittlernent, 484
oxygen concentration cell, 484
Chromium, 458
Clarification, 383, 550
Clarifiers and thickeners, 127
Classification methods, 128, 550
Climbing film evaporator, 206
Clay, 461
Closed circuit mill, 86
Cohesive powders, 317
Colloid mill, &1
Comminution, 66
Compression
meaning, 69, 550
roller mill, 74
Concrete, 461
Condensation, 231
Condensate, 224
Conduction
definition, 141, 550
heat flow through a cylinder, 147
heat flow through metal wall, 142
resistance in series, 145
thermal conductivity, 144
Conical disc centrifuge, 440
Constant boiling solution, 243
Constant drying rate, 281
Convection
counter-current heat flow, 160
definition, 149, 350
drop-wise condensation, 156
examples, 149
filim coefficients, 152
film-type condensation, 156
forced convection, 150
heat transfer coefficients, 154
natural convection, 155
nucleate-boiling, [58
parallel heat flow, 158
surface coefficients, 152

Convective mixing, 319
Conversion factor, 15
Conveying

applications, 496

apron, 506

belt, 497

bucket, 506

chain, 505

definition, 496

pneumatic, 503

screw, 501

selection of equipment, 507
Copper alloys, 457
Corrosion

applications, 472

definition, 471, 550

dry, 472

factors influencing, 476

prevention and control, 486

theory, 473

types, 479

wet, 472
Corrosion control

anodic protection, 490

cathodic protection, 489

coatings and linings, 487

inhibitors, 488
Corrosion types

biclogical, 485

general, 479

localized, 480

structurat, 484
Critical moisture content, 282
Critical process parameters, 13, 550
Critical quality attributes, 11, 550
Critical velocity of fluid flow, 37
C-shaped Bourdon gauge, 34
Cutting

meaning, 69, 550

rotary cutter mill, 72
Cyclone separator, 120
Cylindrical blenders (see tumbling

blenders),, ¢

é’ r
Dalton’s ]awli!‘, 227, 550
Darcy equation, 388
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De Laval clarifier, 440
Depth filtration, 385, 550
Desorption, 277
Destructive distillation, 262, 550
Dezincification, 485
Diaphragm pressire gauge, 34
pifferential distillation, 256
Differential monomer, 256
Dimensional analysis, 31
Dimensional equation, 20
Dimensionzl formulae, 20
Dimensionless equation, 18
piminution (see size reduction)
Displacement meter, 56
Distillation under reduced pressure, 233
pistillation

app]ications, 225

azeotropic, 251

condensate, 224

critical quality attributes, 234

definition, 224, 557

destructive, 262

differential, 256

distilland, 224, 550

distillate, 224, 550

dry, 262

equilibrium, 239

equipment, 231

evaporative, 259

flash, 239

fractional, 246

methods, 234

molecular, 259

rectification, 241

simple, 233

steam, 256

under reduced pressure, 253
Double cone blender, 343
Double cone classifier, 129
Double pipe heat mterchanger, 172
Double runner mill, 73
Downstream stage, 10, 55[)')
Draft tubes, 362 “v
Drop-wise condensation, 156, 551
prum dryer (Roller dryer), 288
Drum filter, 411
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Dry distiflation, 262
Dry fraction of steam, 178
Dry steam, 178, 551
Drying
applications, 272
definition, 271, 551
critical quality attributes, 285
drying rate curve, 279
equipment, 286
mechanism, 274
rate relationship, 279
theory, 273
Drying equipment
classification, 283
drum, 288
fluidized bed, 293
freeze dryer, 297
spray, 290
tray, 286
vacuum, 296
Drying rate curve, 279

Edge filter, 409
Edge runner mill, 83
Effectivity, 2
Efficiency, 2
Electrochemical corrosion, 473
Elutriation, 130, 551
Elutriation methods, 130
Emissivity, 164
End runner mill, 84
Energy, 7
Energy balance, 7, 551
Energy losses during fluid flow, 44
Energy of comminution, 93
Entanglement, 335
Enthalpy, 178
Entrainment, 184, 551
Equilibrium distillation, 239
Equilibrium moisture content, 276
Erosion, 483, 551
FAectic point, 299
Evaporaiing pau, 200 .
Evaporation equipment

basket type evaporator, 206

classification, 199
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climbing film evaporator, 206
_ evaporator capacity, 211
falling film evaporator, 208
forced circulation evaporator, 209
horizontal tube e'vaporator, 202
multi-effect evaporator, 214
stem jacketed kettle, 200
vertical tube evaporator, 204
Evaporation
applications, 196
critical quality attributes, 199
definition, 195, 551
equipment, 200
factors influencing, 197
theory, 211
Evaporative distillation, 258
Evaporator capacity, 211
Exhaust steam, 179, 551
Extractive distillation, 251, 551

Falling film evaporator, 208
Falling film molecular still, 261
Fanning’s equation, 44
Ferrous metals
cast iron, 452
stainless steel, 454
steel carbon, 453
Film coefficients, 152
Film-type condensation, 156, 551
Filter aids, 392, 551
Filter cake, 392
Filter leaf, 407
Filter medium, 382
Filter, paper and funnel, 395
Filter, Bucher assembly, 395
Filter, sintered glass, 396
Filtrate, 382
Filtration
applications, 384
centrifuge, 430
critical quality attributes, 399
definition, 382, 551
equipment, 398
factors influencing, 389
filter aids, 392
filter media, 391

mechanisms, 384
operation, 382
rate of filtration, 387
theories, 387
types, 385
Filtration centrifuge, 430, 551
Filtration equipment,
catridge filter, 410
chamber press, 406
classification, 394
drum fitter, 411
edge filter, 409
filter leaf, 407
laboratory scale, 394
metafilter, 408
plate and frame, 400
pressure sand filter, 415
selection, 416
stréamline filter, 413
string discharge filter, 413
Sweetland filter, 408~
Finned tubes, 174
Fitz mill, 76
Flash distillation, 239, 551
Flaws and cracks in particles, 68, 552
Float type mechanical trap, 182
Floating head heater, 169
Florentine receiver, 233
Flow measurement
orifice meter, 47
pitot tube, 54
rotameter, 55
venture meter, 51
Flow mixer (line mixer), 366
Flow pattern in liquid mixing, 358
Flow related corrosion, 482
Fluid dynamics, 27
Fluid energy mill, 80
Fluid flow, 26, 552
Fluid mechanics, 27
Fluid statics, 27, 552

" Fluidized bed dryer, 293

Forced circulation evaporator, 209
Forced convection, 149, 552
Fourier law, 142, 552
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Fractional distillation
apparatus, 246
definition, 241, 552
fractionating column, 249
packed columns, 249
plate columns, 250
principle, 241
theory, 246
Free moisture content, 279, 552
Free settling of particles, 297
Fretting corrosion, 482

Galvanic corrosion, 483, 552
Glass materials, 458
Graphite corrosion, 484
Grey body, 164, 552

Griffith theory, 92

Grinding (see size reduction).

Hagen-Poiseuille’s equation, 45
Hammer mill, 74
Hardinge mill, 79
Heads-concept, 43
Heat content of steam, 178
Heat exchanger, 165, 552
Heat flow
baffies, 170
conduction, [42
convection, 149
double pipe heat interchanger, 172
finned tubes, 174
floating head heater, 169
heat exchangers, 165
heat interchanger, 170
multi-pass heater, 167
radiation, 161
scraped surface heat exchanger, 173
shell-and-tube heater, 166
two pass heater, 169
Heat interchanger, 170, 552
Heat transfer coefficient, 154
Hindered setting of particles, 127, 552
Hooke’s law, 92
Horizontal continuous centrifuge,'
Horizontal tube evaporator, 202’
Hydraulic classifier, 129 '
Hydrogen embritilement corrosion, 484

438

Hydrostatic pressure, 28
Hygroscopic substances, 274
Ideal screen, 110, 552
Ideal solution
Dalton’s law, 227
definition, 226, 552
Raoult’s law, 227
Immiscible liquids, 352
Impact
hammer mill, 74
meaning, 69, 552
Impellers
mixing devices, 355
paddle, 357
propeller, 355
turbine, 356
Impingement separation, 384
Impingement corrosion, 383
Impressed emf method for corrosion
control, 489
Infra red dryer, 301
Insulation-heat, 175

Jet mixer, 365

Key process parameters, 13, 552

Kick’s theory, 96

Kneading machine (see Sigma blade
mixer)

Kozeny-Carman equation, 388

Laminar flow in liquids, 36, 553
Laminar mixing-liquid mixing, 353, 553
Latent heat of steam, 177, 553
Law of conservation of energy, 8
Law of conservation of matter, 6
Localized corrosion

cavitation, 483

chemical reaction corrosion, 483

crevice, 481

erosion, 483

flow related corrosion, 482

fretting corrosion, 482

hydrogen embrittlement, 484

impingement, 483

inter-granular, 480

oxygen concentration cell, 484
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pitting, 480

prevention and control, 486
- specific site corrosion, 480

stress induced corrosion, 481
Logarithmic mean radius, 149
Log mean temp difference, 159
Lyophilization, 297

Manometer
definition, 29, 553
differential, 31
inclined, 32
simple, 30
Material balance
in physical process, 6, 553
in chemical process, 7
Material of construction
classification, 451
factors influencing, 449
ferrous metals, 452
non-ferrous metals, 455
nonmetals-inorganic, 458
nonmetals-organic, 462
Mechanical pressure gauges, 33
Membrane filter, 362
Metafilter, 408
Micropulveriser, 77
Microwave dryer, 301
Miscible liquids, 351, 553
Mixing equipment for liquids
airjet mixer, 364
chamber mixer, 366
flow mixer, 366
jet mixer, 365
line thixer, 366
pipe mixer, 366
Mixing equipment for solids
air mixer, 340
barrel type mixer, 341
batch type, 330
classification, 329
critical quality attributes, 330
continuous type, 330
criteria for selection, 343
cylindrical biender, 334
double cone blender, 343

fluidized mixer, 340
planetary mixer, 339
ribbon blender, 337
Sigma blade mixer, 338
- tumbler, 334
tumbling blender, 336
twin shell blender, 335
V-cone blender, 335
zig-zag mixer, 342
Mixing equipment for
immiscible liquids
colloid mill, 371
rapisonic homogenizer, 372
Silverson emulsifier, 370
ultrasonic emulsifier, 372
Mixing index, 325
Mixing of immiscible liguids
emuslifier, 370
factors influencing, 370
homogenizer, 372
Mixing of liquids, 351
Mixing of semisolids ’
anchor agitator, 374
classification, 376
colloid mill, 81
critical quality atiributes, 376
equipment, 376
selection of equipment, 376
Sigma blade mixer, 338
triple roller mill, 377
Mixing vessel, 353
Mixing of solids
acceptable mixing, 322
applications, 317
convective mixing, 119
critical quality attributes, 330
definition, 316, 553
diffuse mixing, 320 .
factors inftuencing, 328
ideal mixing, 321
liguid mixing, 351
mechanisms, 319
ordered mixing, 322
perfect mixing, 321
solid mixing, 316
statistical evaluation, 326




574 OISO OOTOOLIOCOOOOC PHARMACEUTICAL ENGINEERING

statistical parameters, 324
steps of mixing, 320

Molecular diffusion-liq mixing, 353, 553

Molecular distillation
applications, 259 -
centrifugal molecular still, 261
definition, 259, 553
falling film molecular still, 260
theory, 259

Multi-pass heater, 167

Multiple effect evaporator, 214

Natural convection, 155, 553
Nonferrous metals, 455
Nonperforated basket centrifuge, 436
Nucleate boiling, 158

Open circuit mili, 86

Organic materials for plant construction
rubber, 462
plastics, 463

QOrifice meter, 47

Oxygen concentration cell, 484

Partial vapour pressure, 227
Perforaied basket centrifuge, 433
Perforated screen, 107

Perfect solution in liquids, 227
Pin mill, 85

Pirani or Penning gauge, 33
Pitot tube, 54

Pitch, 355, 553

Pitting corrosion, 480

Plastic materials, 463

Plate and frame filter press, 400
Platinum, 458

Pneumatic conveyor, 503
Poiseunile’s equation, 387
Porcelain, 461

Powders-official standards, 105
Powder, 105

Pressure gauges, mechanical, 33, 553
CISTIVEN RAURYS, MICTeUryy JJ
Pressure head, 43, 553

Pressure sand filter, 415
Process parameters, 12, 553
Process steam, 179, 553

Propeller, 355

Pulverization (see size reduction)
Purified water-distillation, 238
Push-pull mechanism in mixing, 361

Quality, 554
Quality attributes, 11, 554

Radial flow of liquid, 359, 554
Radiation
absorplivity, 162
Black body, 162
definition, 141, 554
emissivity, 164
Grey body, 164
Kirchoff’s law, 163
rate of radiation, 163
reflectivity, 162
Stefen-Boltzmann law, 163
thermal radiation, 161
transmissivity, 162
Rate process, 8
Reflectivity, 162
Raoult’s law, 227, 554
Rapisonic homogenizer, 372
Real solution
definition, 228, 554
negative deviation, 229
positive deviation, 228
Rectification, 241
Relative volatility, 230
Reynolds experiment, 36
Reynolds nunber, 37, 554
Ribbon blender, 377
Rittinger’s theory, 93
Roller mill, 74
Rotameter, 55
Rotary cutter mill, 72
Rotex screen, 119
Rotor mill, 72
Rubber materials, 462

Sacrificial anode method for

corrosion control, 489
Sampling methods, 328
Screening, 104
Saturated steam, 178, 554
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Saturated steam, dry, 178
Scraped surface agitator, 375
Scraped-surface heat exchanger, 173
Screen filtration, 385
Screw conveyor, 501
Scrubber (size separation), 124
Sedimentation centrifuge, 429, 554
Segregation, 318
Seitz filter, 396
Semicoentinuous centrifuge, 436
Sensible heat, 177, 554
Settling of particles, 125, 554
Shaking screen, 117
Sheli-and-tube heater, 166
Short path distillation, 259
Sieve analysis, 113
Sieve number, 109, 554
Sieve shaker machine, 114
Sieving, 104
Sifting, 104
Sigma blade mixer, 338
Silicaware, 462
Silver, 458
Silverson emulsifier, 370
Simple distillation, 235, 554
Simple manometer, 30
Sintered glass filter, 396
Size reduction
advantages, 66
ball mill, 77
closed circuit mili, 86
colloid mill, 81
critical quality attributes, 71
definition, 65, 554
disadvantages, 67
double runner mill, 73
edge runner mill, 83
end runner mill, 84
energy for cornmunution, 93
fluid energy mill, 80
general equipment, 70
hammer mill, 74
Hardinge mill, 79
mechanisims, 68
micropulverizer, 77
modes of stress, 69

open circuit milf, 86
pin mill, 85
roller mili, 74
rotary cutter mill, 72
selection of mill, 88
theories of comminution, 91
wet grinding, 87
Size separation
actual sereens, 110
air separator, 121
Alpine air jet sieve, 113
applications, 105
bag filter, 122
classification of equipment, 117
critical quality attributes, 117
cyclone separator, 120
definition, 104, 554
ideal screens, 110
maodes of motion, 111
Rotex screen, 119
shaking screen, 117
sieve analysis, 113
sieve shalker machine, 114
standards for powders, 103
types of sieves, 107
Slunry, 382
Sorption, 277
Specific site corrosion
crevice, 481
inter-granular, 480
pitting, 480
Spray dryer, 290
Stagnant film in fluid flow, 39
Straining in filtration, 384
Stainiess steel materials, 454
Statistical evaluation
analysis of data, 326
collection of samples, 327
criteria of sampling, 327
intensity of segregation, 327
sample size guidelines, 327
sampling methods, 327
Statistical parameters for mixing,
arithimetic, 324
mixing index, 325
percent RSD, 325



relative standard deviation, 324
standard deviation, 324
Steady state, 9
Steam
advantages, 176
characteristics, 175
disadvantages, 176
dry fraction, 178
dry, 178
exhaust, 179
process,179
table, 179
uses, 176
wet, 178
Steam boiler, 180
Steam distillation
applications, 256
definition, 256, 555
industrial scale method, 258
laboratory scale method, 257
types, 132
Steam traps
balanced pressure thermostatic
steam trap, 183
bucket steam trap, 182
float type mechanical steam trap, 182
reasons for use, 182"
types, 182
Steam jacketed kettle, 180
Stoneware, 461
Streamline filter, 413
Stress induced corrosion, 481
String discharge filter, 413
Structural corrosion
graphite corrosion, 484
dezincification, 485
Sublimation, 208, 555
Supercentrifuge, 438
Superheated steam, 178, 555
Surface coefficients, 153, 533
Surface filtration, 385, 555
Sweetland filter, 408

Tangential flow of liquid, 359, 555
Thermal conductivity, 144, 555
Thermal radiation, 161

Tie substance, 7, 555

Tin, 457

Trangducer, 33, 555

Tray dryer, 286

Triple point, 299

Triple roller mill, 377
Tubular bowl centrifuge, 440
Tumbling blender, 334
Tumbling mill, 77

Tunnel dryer, 288

Turbulent flow, 37, 555
Turbulent mixing in liquid, 353, 555
Twin shell blender, 335

Two pass heater, 169

Ultracentrifuge, 429
Ultrasonic emulsifier, 372
Unbound water, 274, 555
Unit operation, 3, 555
Unit process, 4, 555
Unsteady state, 9
Upstream stage, 9, 556

Vacustat (Macleod gauge), 33

Validity, 2

Variable area meters, 55, 556

Variable head meter, 48, 556

Vacuum dryer, 296

V-cone blender, 335

Velocity changes across cross-section
of pipe, 38

vena contracta, 50

Venture meter, 51

Viscous flow, 36, 556

Volatility, 229, 556

Vortex, 360, 556

Water for injection-distillation, 238

‘Wet grinding, 87

Wet steain, 178, 556 ]

Windmer fractionating column, 250

Wiped film molecular still, 260

Woven wire screen, 107

Wood, 465

Young’s modulus, 91, 556

Zeotropic mixture, 243, 556
Zig-zag mixer, 342
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