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Preface

Pharmaceutical Engineering 1s concerned with the study of industrial
rrocesses required to convert raw material into value added pharmaceuti-
cals such as drues and excipients. It 1s a subject of importance both to
the industrial pharmacist and the undergraduate students. Over the
years, students of pharmagy have been feeling the need for a simple
book, yet in sufficient depth 10 enable them to handle industrial
operations with 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 semisol-
ids), filtration, centrifugation, distillation, evaporation, crystallisation,
drying, humidification and dehumidification, corrosion, plant materiais
of construction and other related aspects of pharmaceutical ingustry.

This book deals with unit operations and processcs utilised in the
production of bulk drugs, dosage forms and biological products. There
is a proper blend of physical, chemical and engineering principles. Onc
model equipment has been selected for explaining all the principles and

general working though many variations and varieties of the same may

be available. Hopefully this book will provide strong foundation
subject, and for in-house training of technical personnel in the industry.

Special emphasis is laid on the following:

- Application of principles, practice and phannacﬂurtical examples.
. [llustrations and diagrams explaining the working of equipment.
+ Units have been described in Sl system.

» "Question bank.

Sucgestions and criticism are welcome.

Davangere

15th June, 2001 , Authors

—

Reprinted after necessary corrections and improvemen!
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Pharmaceutical engincering is concerned with the study of industrial
processes in which raw materials are changed or separated into

pharmaceutlcailv useful products Euch as drugs and excipients. A wide
variety of processes are uwnlw,d in these cnnversmns Some of them

are as follows. R
ari)

“Production of dosage forms : Conversion of drugs (chf:rmcals
aS raw I’I‘lﬂlﬂl’lﬂlb) into medicines. (dosage forms), which are suttable tur
use by the paticnt. Example is conversion of diclofenac anﬂlum lntu

dosage. forms sun.,h as tablets, capsules, suspensions and 1n1ectmns
el
2 Prnductmn of bulk drugs : Chemicals (raw matgg;glﬂ are
converted into drugs. For example, salmylm acid 1s ﬂEEl}'idtﬂd to ubtam
acetylsalicylic acid (aspirin). This area 1s knnwn as pruduc11un nf BHH."
Drugs. Conversion of chemicals into intermediates, whn:h In turn are

used for pmduutmn ut drugs in cmnmermal scalc, is also included t m T.hlS

arcd. i ' S : | TJ..:'J EACLTRLL LR N
: : _ ' ! "'.:' . “ooaa Al I:"4."|.'I i J' iy ::11
3. Production of antibiotics : Mdnut'actun: of ,drugs. (anp 1u1::;115‘,§

RS R

using. microbes with the ajd of precursors Is anuthcr_area uf lntcrest 10

the pharmacist. This area Is known as ﬁﬂ'rmemmmﬂ rr;'.-::{zﬂq ugy i b ;
example, penicillin G is prnduced using Pemcdf;um :hrymgﬂnum wn.h

A s 8 U B T
the aid of precursor. piu.n:.*lacetic acid. T

4. Production of biologicals : thrm:tmn of drugs, t‘rqm ammals,
plants and mincrals from native .raw..materials.. mtﬂj.’gunﬁad J(or,.5¢
ourified) products,are of interest to the phar,maqlst;. Sgme, Examples :u:r:
vaccines, insulin, slrcptnkmusn and recombinant DNA technulng} prnd-_l

ucts. ’
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J

Each process is developed systematically from a laboratory scale to
pilot scale and finally to an industrial scale.

~undertaken by employing a number of ¢
with reference to equipment are: .~
- design
- fabrication
~— assembly
operation
- maintenance

In each case. process is
qurpment. The areas of interest

Similarly, each process has to be followed scrupulously in terms of: {
= elfectivity

- efficiency

- validity .

- safety e | .
— economy

£i

Lffectiveness 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 un-
der ideal conditions,

Safety refers to the protection of products, personnel, factory ete,

Prevention of accidents and protection from fire constitute important
aspects.  Sufficient care should be exercised so that human factor i1s

removed from the hazards by making protection a permanent and auto-
matic.

Economy refers 1o the protection of faciory from financial problems,
The industrial activity essentially involves the conversion of raw materi-
als into value added products. The steps are initiated for the optimization
of parameters for an operation and process, so that economy works out
for the factory as well as customer (or consumer). Standard Opcerating

Procedures (SOPs) are helpful to obtain a quality product coupled with
cconomy. L

Therefore, a broad understanding of the basic principles involved in a
process. knowledge about the construction, working and skills in han-
dling them are of vital importance. This chapter provides the basic

r‘ * D I - 3
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nformation and prerequisites that arc necessary for understanding phar-
maceutical engineering. R,

UNIT OPERATIONS AND UNIT PROCESSES ~
NDHHE“}’,IE\FEI}' prnccsé involves a ‘series of steps. Each step 1s
performed individually. This approach 1s an ecqnnmlcal “"_1_3'0{ qrga.mz*
ing a given task.

Unit Opcrations

Fach chemical process [requently pnnsisls of -a fewer number of
Jistinet individual steps. Lach step is called wnit- operation.

12ach unit operation is bascd on one type of _scie:ntiﬁ_c_ principleﬁ. A
few cxamples of unit operations and underlying. principles are listed .
below.

Drying : It is a unit operation used to remove.liquid or muist}lre
(rom solids by evaporation with the aid of heat. For .c:-;all_jplr;_t f:lr}img
DI'OCCSS is employed to remove €XcCess moisture {a!?nvt:‘ ‘equilibrium

moisture content) from the wet granules in the production of tﬂblﬂt'i

Size reduction : This is a unit operation in which drugs L_w_:g{:_lzahjc or
chemical origin) are reduccd to smaller pieces, coarse particles or finc
powder. This process 1s extensively used in the manufamun: of talcum
nowders and tooth powders (cosmetic fi__ndustr}f).

Distillation : It is a unit operation of converting iiqu'{d 1nto vapour
by heating and reconverting vapour again intg-}iguid by i.:n*ndcn's.mg the
vapour. This unit opcration is used. for nbtmmng: esscntial -:_1115 {rom
various paris of the plants. l:xample is lemon-grass oil (perfume industfy).

Evaporation : It is a unit operation which -in\'th-f:& free cscape of “
vapour from the surface of a liquid ?cinw its boiling point. For
example, cvaporation technique is ’e:;lc:naiz.'ei){ used for cnngenlratlng the

. syrup in the manufacture of sugar (sugar m.dustry]. .

The advantage is that eagh. unit operation 1S a common tc:hniq}m
and Emplﬂyfzd“*%ﬁ diverse chemical and pharmaccutical industrics. IFor

example, the operation of mass transfer is involved In humlidiﬁc:ﬂinn."
evaporation, distillation, extraction and drying. The unit operation of
drying is used in the following industries.

(1) Pharmaccutical industry : In the production ol lablets, the
powdered mass 1s converted into wet mass, which is subse-
quently dried in order to obtain frce flowing dry granules.

r
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In the manufacture of herbal drug extracts, a large number of
nlants are used. The piant extracts are dried in order to ¢xtend
the shelf life. Otherwise, the product may deteriorate.  For
example. in the preparation of belladonna dry extract 1P, liquid
extract of belladonna is dried completely.  Otherwise At gets
deteriorated.

(2) Food industry : Grapes, cashew, almunds and other types of
; " fruits are dried to obtain dry fruits. Tiiese products have ex-
tended storage life. |
(3) Sugar industry :.The crystals -of sugar are dried to remose
residual water, so that the sugar will be dry and free flowing.

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

Unit Process

Unit ;u'm:r.?.;;x 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.

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

=

"

Evaporation

Transportation of Transfer

fluids and solids ' of heat

— (o] [Fom] — [

Unit process—Chemical process : Consider the production ot paru-
cetamol from benzene.

nitration

Benzene Nitrobenzene

HNOa/ H2504,1h

reduction
Al H2504, 10 h

acetylation .
Paracetamol .~ p-Aminophenol

acetic anhydride /
sulphuric acid

Sequence of reactions for the production of paracelamol (or acelaminophen).

Ch-l INDUSTRIAL PROCESSING AND BASIC PRINCIPLES h

N

: S ,
In the above process, three unit processcs arc involved. These are

nitration. reduction and acctylation. Each unit process 1s in turn made of .
a_number of unit operations. For example. in the nitration of benzene 10
nitrobenzene. the unitj operations involved are:

J—_!.d.

Fluid flow
Addit'an of
sulphunc acid

Heat transfer
Cold brine is passed
lo reduce Lhe

temperalure to 15°C

Fluid flow
Charging of

nitric acid into
the reactor

: ' Fluid flow
oy . Heat tra nstl; Addition of
Filtration | «#———— Heating to 60°C | = benzene in

for 1 hour

small quantities

1

These examples illustrate that unit operations are. largely used 1o
conduct the physical steps such as:
|. Preparation of the reactants,
2. Separation and purification of the products,
3. Recycling of the unconverted reactants.
4. Controlling of the cnergy transfer into or out ol the chemical
reactor.

Thus. several steps  are carried in a sequential order to achicve a
process efficiently and economically.

N A

UNIT OPERATIONS—SCIENTIFIC FOUNDATIONS

A large number of unit operations are simultancously ;handlcd In a
chemical process. Hence, the knowledge of the clementary ph}’ﬁ_if_:ﬁiﬂ_ ;}1ld
chemical laws (Figure 1-1) is essential for the application of scientific
principlﬁs and techniques. Some of these laws are: . b g s

Basic laws: Laws of conscrvation of matter. s
Laws of conservation of energy. - o

" Special laws: Universal gas laws (ldeal gaa},equatinn).
Dalton’s law of partizk pressures.’ -

i""'-:ul-
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~ Special laws are dlacusscd in detail in different books mentioned in
bi bliography. The basic laws are highlighted below. .

UNIT OPERATIONS

Govemed by physical .
and chemical laws ‘

Governed by

Basic Laws

Laws of conservation

MEV

\Elflt:rg y

Energy balance
iInput = output

for all forms of
encrgy

Material balance
input = output

Estimated

Considered
(a) molal cone.

(b) mole fraction, X2

(a) heat
'(b) mechanical

(c) electncal
(d) chemical
(e) radiation

i
L'igure I-1. Scientific foundations in unit

opcrations.  Basic laws are included.

Basic Laws

The general law of conservation can br. applied to any process. [t is
employed in engineering in the form of:

(a) Material balance B | -

(b) Energy balance |

Material balance : The law of conservation of matter states that
material cannot be destroyed or created, it can be changed from one
form to another. |

In other words, the material entering a process must cither accumus-
late or leave the process. The given input must be accounted for an
output. The principle of material balance can be applied to an equip-

L

L
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ment, or to the entire process or any part of'it. A simple account of
matcrial balance it

INPUT = | OUTPUT
Amuunt of Amount of Amount of
raw materials changed + unchanged
mateﬁals materials

Radioactive process is an exception because it does not nhf:y the
material balance calculations.

Adranmgm' The mass balance calculations can provide mtﬂrn}atmn
such as yicld value (practical and theoretical) and percent recovery.
Currently, validation of processes and equipment has become important

in the certification of International Organisation for Standardisation
(1SO). Mass balance calculations han: assumed central place in thL
current industrial development.

“Estimation of material balance : In a chemical reaction,: material
balance can be accounted by measuring the amount of all the compo-
nents (E{}HSII'lLILI'Ilb} Normally, the amount is E:‘{prEESEEi In concentration
units; moles/litre, molal units, mole fraction units, % w/v, % w/w ctc.

Some of them are reported for ready reference.

Mole : In a chemical reaction, the molecular unit is gram mole or
pound mole. Some important expressions afe molal units and mole
fraction units. ’ |

; 3 ==
- In the mass balance calculations, mole is a better term and used
Iquur:ntly For an individual component, male is defined as quantity of

that substance whose mass is *nunwncully equal to its nmh.c:ular weight.

: mass in grains
Grani-moles of a substance = —~————o—"
molecular weight

These values.are useful while selecting the amount of each ingredient

to be added to the reaction mixture based on the stoichiometric equation
and coefficients. For example, x grams nf uxygen gas has been math-
ematically Exprﬁ:s:,ed as:

; X grams of ﬁ-'-;ygﬂn X grams
N mnhm' of moley = ——ee—r o e =
molecular wmght of oxygen 32

&
b

Average mnlecu!ar welght: When a mixiure of substances is involved

In a reaction, the average molecular weisht of the mmun, may be

wnlu.n as.

(1)

N
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) B8 W 6 W g Tt
Average moleculqr  _ . e (2)
weight of mixture, m W, W, W
o i s i e
M:r M.-'l M:

where W, , Wy W, etc. are the weights of individual cﬁmpﬂnﬂnts a3, B G

elc. M, My, M, etc. are the molecular weights of components a, b, .
etc.

Molality : For individual components, molality is expressed as:
number of moles of substance

' _sh"f}fu!f.'y,' " ;‘-“I o bl (3)
- number of kg of medium (solvent)

The unit is mol kg=!.' It is designated as m. Mﬂ!_ﬂ]il}’ (molal)
notation is [requently used in theoretical studies. The advantages are
enumerated below.

(@) [t does not change with temperature, i.c.. contraction or expan-
sion of a liquid with temperature does not affect the calculations.

(b) The weight of solvent (reaction medium) is considered. Volume
has no influence, since it is not precisely known always.

Mole fraction : For individual component, mole fraction is_ ex-
pressed as:

number of moles of one constituent
Mole fraction of A, Xp = ————— -

T i R S cce— s s epe—y o O @

total number of moles of all constituents o

It i1s designated as .\. One constituent may be solute. Total number

of moles of all the constituents refers to moles of solutes and solvents.
It 1s in general notations as:
| i W

(I

M

Mole fraction of 4, X = ——— ... i
: . w, W, Ww.

AR5 L e e
M, My M,

| .
, s § ., i (4)
.. Ng v Np + N ¥

where 1y, np. e cte., are the number of moles of individual components
a. b, c, etc.

R
Ch=1 INDUSTRIAL PROCESSING AND BASIC PRINCIPLES 9

The sum of the mole fractions of all cemponents must be equal to

unity. Mole fraction is used frequently in experiments involying theo-

retical considerations. The advantage of mole fraction notaiion is that 1t
expresses the relationship between the reactants and other components in
a simple and direct way. ' ”

Energy balance : Energy is the capacity to exert a force through a
distance and manifests itself in various forms.

The unit of energy in SI system is J (Joule). The energy per unit
mass 1s known as specific energy, which has the unit of J/kg. Engineer-
ing processes involve: (a) conversion of energy from one form to another
(b) transfer of energy from place to place (¢) storage of energy in various
forms utilizing a working substance. The first law of thermodynamics is

a statement of conservation ‘of energy. It exprasses the fact that cnergy

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 Procese. _
The energy balance equation must include all Apes of energies.
* heat | * mechanical ¥ electrical
* chemical * radiation

When one Kind of energy is destroyed or consumsd, an equal amount
of another kind must be formed. * %

Applications : The principle of conservation of energy s applied in a’
number of instances. A few of them are mentioned here. _
(1) In the study of fluid flow, Bernoulli’s theoren: is applied, which
- 1s a special case of the law of conservation of cnergy.

(2) Energy is converted from one form to another. This principle is
used in the working of a pump wherein‘kinetic energy is con-
verted into pressure head for pumping the liquids. " » ™

(3) Encrgy losses due to friction can be accountsd, while a fluid is

llowing through pipes. 1t is also helpful fer adopting suitable
measures to reduce losses, 5 -

(4) «Swnee elficiency, and economy are importars parameters. for ‘any
process (chemical or physical), energy caltulations and balanc-
ing have assumed importance., When ene: gy 1s obtained from
non-renewable sources, bulnimir.g_nf‘ energy will be a critical
Lactor, * L

i By
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Some Basic Concepts

Rate of a process or reaction : The rat¢ cf a reaction can. be
understood by studying the time course changes in the concentration,  In
general, rate is expressed mathematically as a differential equation;

dQ  dF driving force

Rate,of reaction = — = —_ = _ —— (5)
. e R resistance
where (0 = quantity being transferred or reacted
{7 fime
= driving force
R = resistance

According to equation (5), the ralc at which a system approaclies

equilibrium may be expressed as the combined effoct of two factors.
These are: |

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

(b) Resistance fuctor : It indicates *he 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 force is the difference in temperature (47).
‘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, it the operating
conditions arc varying with time, then such a system is said to be in
unsteady state or transient state.

For example, consider a tank of cold water, A coil in which constant

pressure of steam is maintained is immersed in the tank. During the heat

transfer through the coil, the operating conditions such as temperature
difference between the coil and water do not remain same with time.

Similarly, thermal resistance between the coil and water changes with
tine, '

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

For example, consider water in a pipe is flowing under two condi-
| tions. (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 does not vary with time.
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DIMENSIONS, UNITS, S"ifﬁ'l‘[’.hiﬁ AND INTER-CONVERSIONS

For the purpose ol measurement (dimensions), three systems have

been used. n:uncl};:

Cgs system {(centunetre-gram-second)--Also known as metric svstem

['ps system (loot-pound-second}-—Also known as British system

Mks or SI (metre-kilogram-sccond)-—-Modern svstem

The basic quantities identified for this purpose are length, mass, time
cte. Thuse are expressed in various ways in different systems. Some of
the important principles in dimensions are given in Figure -2,

The units mentioned in any system tor expressing the physical quan-
tittes are known as fundamental units ov primary niits.

For example, length is expressed as centimetre in cgs system. foot in

“Ips system and metre in mks system. The official international system of

units 1s the S1osystem (Systeme Internationale d'Units) and ‘commonlv
employed in engineering and science. The basic units in SI system are

given 1n Table 1-1. Primary units arc the basis for obtaining derived
Lunits.

Scecondary units or derived -units are those that are made by the
inclusion of primarv units. 3

For example. acceleration is a SE'L:EJI’Edﬂr}’ unit. It is expressedsas
length/time=,  Other examples of derived units in SI units are given in
Fable 1-2. For these units, alternative base units aresgiven in B part of +
Appendix 11, - Tt

TABLE 1-]
Basic Units in S1 System

L e

Measuremcnt/ Quantiny Lnit - Symbaol
Length (1) i Melre. m-
Mass (m) Kilogram ke
Time (t) | © Second | S 0r se¢
Amount of substance . Mole . mol

’ Temperature . Kélvin 4
[lectrie current Ampere A
Luminous intensity Candela ! cd
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All physical quantitics consist of two parts. -8 - | n
: . _ _ . ! Applications : (L ts essential to be conversant ‘with all the systems
. Unit ¢ It indicates about the quantity and eives the standard by i i ,” R . i) - - S,
which it is measured (cxamples are ce 1“. G o _ i . and also thelr inter-conversions.  In pharmaceutical engineering, it is
| - ‘ SUIHRES: e, SLNHNCIrG. (IN0L, Sedong, ] necessary Lo handle a large number of physicochemical ‘data. while
pound, grams). ;

selecting the right Kind ot maternals for a process. Most of the hiterature
data are available in the older svstems such as ces and fps svstems.
vheretore, it 1s necessary to be expert in all the systems of units.

2. Number : It denotes the number of units needed (examples are
one, two. three elc.).

bhese two parts together they make a physical guantity, 1t is

ESSC“HHI LO Spﬁcif}' bﬂlh lht.'." I.'}ﬂﬂﬁ. "I."-'}'I{:I":I:_"lu,'{_‘l' -y I}h}:._;i:__*n] ;_I“H”“l} 'ih I""-HLL I':

expressed in the engineering. | | | ] Some Derived Units in ST System
Supplementary units : Two supplementary units are at present de- | Measvrement/ Unit — Symbol
fined. the radian and the steradian. which are the units of plane and solid Quaniin
ﬂﬂgii_'.‘:i. FESPEE[I\’EI}’. | [Foree | new o N
| - | lnerges joule . :
MEASUREMENT OF QUANTITY * PR watt W | . "3
, ' | ' | I’ressure | pascal [ |
l l | ~ Pregueney herle Hz 7 o |
: | | ' |
: (L Eg LR | o ® L lectric charpe ~coulomb ol |
F’HI"I‘I'IEI"}!' or fundamental units Derived or secondary units | J o inSiion : '
Choice is arbitrary | Examples are: | | HeRl platl e ik L
Eﬁiﬁmﬁ;i?iﬂme . acceleration and.volume lectrical resistance ohin (2
ok | | L] ] “_'—'—-""—-'--—*-'_-——n—_-lh-—-il—nl—l.—-__
temp or any other | y
l ﬁ Inter Conversions
| Any quantity can be converted from one system to other by the use
A number | A UNIT ol conversion factors. . |
A UNIT One, two, - minutes, ; . . ; = . . :
g:eunt::ﬂer ey ¥ - thaa 6tk B e [f:*HlL"f‘nHJ:H ﬁu'n"rf!'.l.‘i a pure number and_ simply the ratio nf_ﬁlhc
s e g.Kg, Ib, magnitude of the unit in one system to that of the corresponding unit in |
S, 8, S, the other’ system. | |
Celcius, - - i o v IR ;
Kelvin, | Conversion factors are simply multiplication factors. For example, g
Fahrenheit Gl . |

the length expressed in fps systemis 40 feet. To convert it from fps to
ol system. the conversion factor is 0.3048, ie.. | foot = 0.3048 metre.

Hence, 10 feet - 05048 = 10 = 3.048 metre ‘
EESSTEEEr lieares o [t 1sabways Getter to make a mental-picture of a unit, which will give.
" older, widely familiar {cm, g, _ T S W : o s
FPS: older (f. Ib. :}- Lt *) :1_I.¢1+5_11. h;;u_m (1. IILII‘I.‘IIL*}CI): l en the conversion [actor s]ﬁmuld be |
S1 {MKS)' current, commonly used (m, Kg. s) | apphied as direet proportionality or inverse propottionalkity. This can be |
tHustrated here, g 7 % 3

3 : _ | In the ubove example. the conversion factor is 0.3048. Metre (mks
Figure 1-2. Ut svstems i relevant wavs ol CXPFESSING O quantily . + . : - . . ' -
- : : - | 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. -
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10 feet = [0 N conversion factor = 10 x 0.3048 = 3.048 metre” | | " \
. . | e - c171000) ke: T em?® - (14100) m”,
Conversely, metre should be divided by conversion factor to obiain

I he comversion factor may be obtained as follows,
fect. For example. .
| | % (171000) Ky 100000 Ke 1000 ke .
et af T e e ees 2 ORI KpeniY

3.048 metre = DA x 3,048 == 10 feet, : 1,-ml -[i"H””-i m’ 1 () rﬁ-—{ -
(.5048

Inter-conversion between SIosystem and cgs system is simple.. be-
cause both use same standards for time and temperature. Mass can be

[he comversion factor = LR

200 wml o 1000+ 2.7 he/m? = 2700 ke/m-,

converted from one systemn to the other. Some conversion lactors for Practce Problem -3, In the Inerature, mass transfer coctficients in the gas
i = o5 vl ’ : . : g l. - : ; A
primary and sccondary units between different svstems are i tables | phase are olien reparted in werms of thmaolth-ft=-atm,  Determine the conversion
and 2 of Appendix LI, T tactor by which the above must be multiplied in order to obtain the correspond-
. i
: ; e * ) me value of keemol/sqm= 1,
Temperature is normally denoted in degrees by Celsius (°C). or , ? y ¥ LAy
Fahrenheit (°F) or Kelvin (K) scale.  The thermodynamic temperature hai LA¢ given umits B 1010 Bihen sonyRreg
scale is called the Rankine scale, in which the temperature is denoted by s, Rg:mol
degrees Rankine., Their relationships are given in Table 3 of Appendix he{1=-atm. £ sm2
.I.I.i;...._ saetelsl G MR e N SE S ) 1 1. - e I rom converston Table T of Appendix 11 the following conversion lastors
Practice Problem 1-1.  The unil of viscosity in the ces svstem is the poise. | can be obfuined. | |

* " & | . . & " : ¥
which is equal 1o 1 dy.sem=, 1 the Nuid has a viscosity of 0.20 poise. caleulate

. lh = 04836 ke: 12 = 0,093 m2: ho= 60« 60 s: atm. £ 1.01325x10° Pa.
the corresponding value in ST units (12a-s),

Substititine the values i the equation gy es:

Solution: Data-The units are: | | ol g :
a- Ao e bl (.4336 Kkp-mal
I}'Ui':;u - ___‘1_;’___ i ] 5 o — i e -t._h_..,,__i,,__ |
s D e | - e st 0095 m= = 60 = 60 s « 1.01325 x~ 10" Pa
¢in cmes | ' , L s | |
The viscosity in SIunits and its conversion mto base units may be writlen ' - R = “4‘“{1 _L,%.n.ﬁ.l.'ﬂ- . . o R _q_“j‘”“l}jlﬂl__ »
u4s: | 0.093 - 3600~ 101325107 ne- -5 Pa 339.230-10° m=s-Pa
| —— N hpemes Ry ] — 2 ;
Viscosity - Pary - R i TR : ' | W Sl i T
" : m+ STm e 1 - B : - | 5 ,
/ . ; e | Lhe camversion factor for Ihit®heamm, - 1,337 x 108 kg/m=-1 Pa.
The conversion factor can be determined as follows. 'rom the COIVErsion | | | " i . L 6
Table of Appendix 1. the following factors are obtained : { I‘r:wnr:- Problem 1-4. The overall coefficient ,,“1 heat transfer is 200 Bt/
: L “.[1*'“1”'3} kil cf = C175b0) N h-it=-b. Convert the same into 81 units {W/m<.K].
e » em = (1 m. | ’
) fon ol ‘ . T | Solution: | i "
T By substituting the aboyve terms for units " W
| | | | L
T (171000) kg 100 kg I ke ! : Lhe eiven units of - - into units of s
e B e s, E sy ot i 52 e B 2 ()] hg/mes ; h 1= F m=-K

enks s 2 (1/100)m 1000 m x s 10 m.s ey P pighe ® 1 _ Mo B '
Ehe Bua's equinalent in ST ounits is bso while Vs is equal to W, Therefore, J/

G e - - i i o A | y . . . o ., ' .
(.20 poise - L2 x 0.1 Pas = 0.02 Pas | sas considered an place of W for obtaining conversion factor.
Practice Problem 1-2. The density of tale is reported as 2.7 g/ml. Express 1 - 1310 J
the same in S1 system (hg/m?). . 1 }""‘;"‘ o
im0 R N o _ . | PH=E 0 R
. Solution: The given unit of density is g/ml is 1o be converted to ke/in®, g/ | |

ml is also equal 10 ghem?. From the conversion Table | of Appendix 15, the | From the conversion tadles 1.& 3 of Appendix L the following relations

fotlowing factors are obtained. ships can he obtaied. ' -
- | LB LOASI-10Y 1o L h e 60 = 60 s 1 12 9.290%10°2 ma: 1) (I/1.8) K

€
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Substittuting the abose comyeosion factors into the abose equation gives:
Bl LGOS < HE"

BEOE 60~ 60 % 9.290 x 10°L1/1.8 smAK
1899.18 1

o N N BT E P e s w s e o e A - I AN G BN L - — -

3{,.;'“;".7'1;;-__:'3;; " = s-.m=k - 33444 »m=K

- mlw cel El

10351 < 1081~ |.8

. 3.67R7 Jsm=K

Since Jis = W. it can be included in the aboye expresston to get winls 5,6787
W/ m=K. Theretore, the conversion factor = 5.67K7. .
00 Bru-h-{12eF = 200 x 5.60787 W/m=K = 1135.74 W/im*K

e B . e S, NN T T e e e T

= )

DIMENSIONS-FORMULAE, EQUATIONS AND ANALYSIS
/! i ' :

Dimensional Formulae ‘
A dimenstonal formula is a formula that explains the way i which
fundamental units enter into the operation.
Dimensional formula expresses the quantity in secondary units. lor
example. the dimensional formula for acceleration 1s:
fu] = b+ * - {0)
. A _
= length = time™
Equation (6) can be explained as follows. Acceleration is defined as
velocity per upit time,

 velocity |
{uj B L e e (?}

Lime

Velocity is' defined as a distance per unit time. Theretore, accelerai

tion can be written as: | .
< | b i
Distance (length)

f‘“lj —— oL X TR _i..._..._._..._ i !-r’: e {3‘} '

Lime = tune i

The svmbol [«] means the dimensional tormula of the quantity of “u'.

w

Applications : Dimensional formulac are used in order to convert the
secondary units of one system into another. In these calculations.
conversion lactors are used cautiously. Then, the physical quantity s
obtained 11 another system.
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The dimensionless equations are derived from basic laws mathemati-
cally, no matter however complicated they may be. An equation in

which all terms have same dimensions is known as dimensionallv homo-
gqeneons eqialion, | - |

¥

lFor example, consider cquation for Reynolds number

=it
t- Dup
Re = ———n— ¥ (D).
; | I} |
where D = diameter of the pipe, m - ‘
. u = velocity of flow. m/s .
P = density of the fluid, I:;;,:-'{".nf‘
n = viscosily of the fluid, Pa-s
Consider the units in the numerator in equation (9)
: m kg K bt
B g e B e
- s - m? . sm
Consider the units in the denominator in cquation (9).
| = Pas. ..o (10)
Since, Pa = kg/ims?, it can be substituted in cquation (10)
kg s kg .
= —_ = —— i
m x 2 mes

Therefore, equation (9) may be written as; -

i

kg/mst ik
Re = —+— = dimensionless number
kg/mes:
chqe cquation (9) is considered as dimensionless equation:

Consider another equation as'a variation. For ﬂxalﬁp'le, fallihp of a
body in time, 1, can be expressed as: |

S =y + ﬂa’f})gf‘? | _ . i “ 1}
where § = vertical distance, Ir:ngth ' | |
i = initial velocity, distance/time -
{ = {Ime
g = acceleration due 1o gravity, distance/time?



I8 i - PHARMACEUTICAL ENGINEFRING
In equatmn (11), hral and second terms are expressed separately as
fﬂilﬂws | | S
ut = velocity x time | ,  distance (length)
: |- e x time?
distance (length) | 2 time-
T e e LTS |

time

= distance (length) = distance (length)
Cuch term bhas the units of length., Equation (11) can be made
agrensionless by dividing by ‘S°.
i ut [ g!*?
[ = —— + — » - (12)
S .2 iS‘ \

i equation (i2), the dimensions get cancelled and each term is
atmensionless.

¢ The advantages of dimensionless equations are:

. Unit ol any Sy’ﬂif::n (cgs or [ps or SI) can be used without

introducing conversion factors. For example, length in either

meives or feet can be substituted in equation (11).

2. Limentionless equations are based on theoretical principles. They
contan variables atfecting the physical process.

rirsensienai Fquations

Mmensional equation is defined as an equation, which contains
terins ot varying dimensions as it is obtained by empirical methods.

txperimental results are correlated by empirical means. Therefore,

dimensional consistency is ignored. Such equations are also Lnnwn as
aimensicnally non-homogeneous equations.

F-nr example, the rate of heat loss (by conduction and cnnvectmn}
from a horizontal pipe to the atmosphere may be written as:

e fﬂf&“'ﬂ

= 05— 3
A D7 )%=2 ' o

where g, = loss of heat, Btu/h

A = nipe surface, ft?
4t = excess of tﬂmpﬂra_ture'nf the pipe wall over that of atmos-
phere, °F
D'y, = diameter of the pipe, in
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The quantitics substituted for the terms must be expressed in the
units mentioned above. For exampie, D', may be substituted only in

inches, not in fect.  The rcasons are that the numerical cnefﬁctcnts such
as 0.5, 1,25 and 0. "5 arec applicable for those units.

The disadvantage of this equation is that it has limited ,ﬂpplicntiuns.

It is particularly uscd for calculations of a system under spcmf'ed
conditions. '

Dimensional Analysis

In the pharmaceutical engincering, many physical problems have
been solved completely by theoretical and mathematical methods. On

. the other hand, there are still many situations wherein empmcal relation-

ships have been established over a period of time,; since thcoretical
relationships have failed to satisfy experimental results. Cominon exams-

ples related to these problems are - fuid ﬂﬂw heat flow and mass
tansfer., '

Dimensional analysis is an jmportant tool to convert the empirical
relationships into theoretical principles on a rational basis.

Dimensional analysis assumes that there must exist a relationship
among all the factors atfecting a process.  This technique involves the
lollowing steps.

(1) All the Fau:.lms are to be ldunhﬁcd which are 1mpurtunt in the

problem. Initial stages, empirical relationship may be adéequate.

(2) These factors are grouped together into fewer numbers and
expressed as dimensionless groups.

(3) Such groups arc entered into final equation.

(4) Such equations are correlated to the possible physical laws.
(5) A possible mathematical solution is obtained. |

. In the above analysis. the first step is to consider the units for the

verilication of tactors.  For example, .in the experiments on the fluid
llow, the factors involved are listed below.

- pipe diameter (D), m vtscnﬂlfy (;,r) Pars
- velocity (1), m/s density (p), kg/m?

These factors arc varied as one-at a time. Then the results are
combined. [t 1s shown by dimensional analysis that these factors must

appear in a dimensionless group as shown' below.,

Dup m kg | kg m's®kg

el N ; e Ot e

I S m?

il ——
— EE 0

e T
Pa's smPa nmys=kg
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This equation is expressed as Reynolds number, which has no
dimensions. This ex

analysis, But heat transfer experiments on fluids involve about 11
factors. A total of five different expressions are obtained. Still

transfer process.

Advantages : (1) Dimensional analysis reduces drastically the number

of independent variables that effect the problem.

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

%

(3),This helps in constructing dimensionless (dimensionally ‘homo-

* geneous) equation.

(4) Very useful for any system of units (cgs or fps or SI).

‘Disadvantages : Dimensional analysis is a difficult process, if enough
knowledge is not available about the physics of the situation.

STOICHIOMETRIC EQUATIONS—BALANCING

S‘fnfchfan;r:nj- means carrying out of calculations based on quantita-
tive relationships. " |
¢

~ The numerical problems Involving the use of

stoichiometric equa-
tions are known as stoichiometric calculations |

A chemical reaction is a symbolic representation of a chemical
change. Each chemical reaction is expressed in the form of an equation.

This is obtained by balancing the atoms of cach of the species involved
in the reaction. The initial constituents that 1ake part in the réaction are

called the reactants, and the final constituents that are formed by the

reaction are called the products. For ¢xample, hydrogen and oxygen
react to form water. This reaction is expressed as:

Skeleton equation: H+ 0 —> H0 (14)

In equation (14), two hydrogen atoms are present on each side. On
the left side, two oxygen atoms are present and on right side one oxygen
atom 1s present. Moles can be multiplied or divided by smallest possible

integer to obtain a balanced equation. Hence, cquation (14) may be
balanced as: ' |

Hy + (‘rf‘?}f}g — H;:Q (15)
~ Balanced Equaliﬁn:_ 2y + Q) —> 2H,>0 (10)

t.quation (16) indicates that one mole of hydrogen and half mole of

ample illustrates. the success of the. dimensional.

dimen-
sional analysis could provide a satisfactory equation to describe the heat
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sl

oxygen combine to form one mole of water. The reaction may also

takes place in reverse direction. The coefficients 2. 1 and 2 in equation
(16) arc called stoichiometric coefficients. = e

According to the law of conservation of mass, tntz@l mass of reactants

Inust be equal to the total mass of products in a reaction. In other. words,

the number of atoms of each kind in the reactants and products must be
the same,

A balanced chemical equation indicates the exact number of various
clements participating in the reaction.

Balancing is done by inspection. Balanced chemical equations are
“quantitative expressions of chemical changes. Hence, they enable us to

work out the masses of substances reacting together. A few examples
ar¢ given below. B * |

Applications : (1) Stoichiometric equations (and balancing) helps in
understanding the quantitative relationship between different re-

actants. For example, the ratios 2:1 (equation 16), 1:1 (equation
14) etc. L ' | |

(2) The amount of reactants to be added for carrying out a reaction
can be determined theoretically, ‘ |
* O | E L . 1
Practice Problem |-5. Nilrogen combines with hydrogen under suitable
conditions to form ammonia. Write the equation and balance it

Solution: Nilrogen and hydrogen are bi-atomic molecules. The formula of
ammonia is Nll3. The reactants and products can be written as:

Skeleton equation: N, + H> —> NH; - (i)

Nitrogen atoms on both sides of equation (i) can be balanced by mullip!ying_
NIy by 2. In the next step, hydrogen atoms can be made equal both aidps by™
multiplying #; by 3. Now, the balanced cquation becomes

Balanced cquation: - N, + 3H, —> 2NH; (i)

Practice Problem [-6. Carbon combines ivilh-h:-;;rg::n lo give carbon
dioxide.  Write chemical cquation and balance it.

Solution: Carbon normally CXIsty In mono-atomic state (C). Oxygen exists

as diatomic (/43). Carbon dioxide i represented by CQj. Then the skeleton
cquation may be written as: '

Skeleton equation: € + 7 —> CO, - k. | (1)

Ihe number of clements present -on the left-hand side of cquation (i) is

vyqual 1o the right-hand side of the cquation.  Therefore, balanced cquation is
waime as the skeicton equation. i &
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~ Practice Problem 1-7. Write the halunu‘:d cquation for the :umhusuun of
“cthane.

&

Solution: Combustion mecans cnmplele oxidation of a Sllbﬂlﬂn{:ﬂ in the
nresence of air (oxygen). The products of combustion are normally carbon

dioxide and water. Therefore, the equation of the combustion of cthane may be
arilten as: "o " ek

Skeleton cquation: Callg + Oz —> 11,0 + CO3 (i)

On the left side of equation (1), the numburlnf carbons i:-;‘lwn. while on right
hand-side the number of carbon is one. Therefore, multiply CO; by 2. Then,
equation (i) can be changed with respect to carbons as:

| " CoHg + O —> >0 + 2C0O; ' (if)

On the left hand-side of equation (ii). the number of hydrogen Elﬂm; 1S SIX,

while on the right hand-side, hydrogen atoms arc two. Therefore, multiply />0 “

by 3. Then equation (it) changes with respect 'to hydrogen as:
CoHg + O3 —— 3130 + 2C0» (iii)

On leit hand-side of equation (iii), the number of oxygen atoms is two.
while on the right hand-side, the oxygen atoms are seven (3 + 4). Thercfore.
“multiply ©; by 7/2.  Then. equation (iii) can. be changed with respect to
hydrogen as:

Collg + (7/2)0r ——> 3H,0 + 200 (1v)

The equation (iv) is balanced. But fractions can be removed by multiplying
the entire equation by 2. Then, the balanced equation is:

Balanced equation:  2Callg + 703 —=> 61120 4 4CO; ()

The above examples tliustrated the methods of balancing chemical equa-
lions.

Practice Problem 1-8. Calcuiate the mass of oxygen obtained by the

complete dccqmposilinn_ of 5.0 g of potassium chlorate (K = 39.1; Cl = 33.5: O

= 16). .
Soluticn: The equation for the given reaction may be writlen as:
T RCIOy——> BOl + 05
Balancing of cquation can be with respect to the number of moles of
oxygen.
2 2KC10; —> 2KCl + 30,
In pther words, 2 moles of KC1(2; yield 3 moles of oxygen.
}l;}‘ll ¥ 35.5 + 3(16)] g of K(T{J;}*ic!dﬁ 32 x 16) g ol oxvgen
' 245.2 ¢ of KCIO; yield 96 g of oxygen

y
i

I
td
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5.0 g ol KCIlQ; yicld 7 g of oxygen

V6 » 3.0
— = | 958 £ ol oxygen
X432

The mass ol oxygen obtained. is 1.958 g.
s e e i s e il
C:lossary of Symbols

A« Pipe surlaee, 115

ces + Centimetresgram-second.

1) = Pipe diameter, m,

n = Viscosity, s,
IF = Driving loree.
fps = Fout=pound-sccond.
¢ = Aceeleration due to gravity. m/se.
A = Molecular weight of individual components.
mhs = Metre-Kilograme-second.
n o Number of moles. ’
R = Resistance, . :
11 = Riankine.
o - Density, hp‘m?,
N = Yertical distance, m.
ST = Systeme Internationale. - 3
u = Velocity, m/s. o
R Sl
W= Weight ol individual components.
_ an
~ QUESTION BANK
Each question carries 2 marks
(1) Deseribe the ;‘rnm.tph. of stoichiometry w ith a suitable example.

(2) Highlight the nupnrtanu of unit operations In phﬂrmﬂuulua! ¢ngineering

(3) Describe the molecular concept of stoichiometry.

. (4) Give an expression to caleulate the average molecular weight of a miature,

(3) How is the rate of a reaction uxprc:-iﬁt:d?

(6) Distinguish between steady state and non-sicady state.

(7) Distinguish between LL[Luhhnum and steady state. |

(8) Dedine the wrm Sdimensionfess cquation” with the ht.!p nI an example,

(V) Deline dimensional equation. What are its limitations?

C1O) Detine the werm “dimensionless equation’,  What are 1ts advantages?

Lach question carries S marks.

(1) Describe “unil operation” and “unit process’™. Give two examples cach,
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(2) Explain the term ‘unit operation’. Describe the basic principles of various
unit operations used in pharmaceutical and other associated industries.

(3) Explain the term ‘mass balance’ and ‘encrgy balance’.

What are its
“applications?

(4) Give an account of unit systems and their inter-conversions.

L




Flow of Fluids *

_.-.H__-I-q__.___-‘_'"—l—hﬂ—-—-—_.______‘_‘. - i | , - I
Fiuid Statics |
Fluid Dynamics
Bernoulli's Theorem

Energy Losses
Measuremgnt of Rate of Flow of Fluids

Fluid flow rnajw be defined as the ﬂ_ﬁw of substﬂnmﬂs_thﬁt do not
permanently resist distortion. ity

This definition covers the flow of liquids and gases. Fluid is
considered 1o be a mass of a substance formed by a series of layers.
When an attempt is.made to change its shape, the layers of fluid 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.-

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
troublesome 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 mlixtur;ﬂr: s known as ‘fluidised
solids', J | |

During the handling process, the behaviour of liquids chang¥®s
transiently. Such changes have profound influence on heat transfer
process, energy losses during pumping, energy changds in pumping etc.
Thercfore, fluid flow is treated i'ndﬂ_pcndcnt'ly.. ' | "

Flow of fluids is involved in a number of areas of pharmaceutical
industries. Some of them are; . '
| W ' ! |
Passing of reactanis (liquids or gases) into the reaction system, -
Transferring of air, nutrient broth into the lermenter. |
Bottling of liquid (dosage forms) medicaments into suitable containers.
~ ’

23
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I

Transporting of sterile air and sterile water in the production of parenterals.
Mixning ol solids and liquids in case of suspensions,
Packine of semisolids in contaners.

FE B T SR | — e

The nature of tlow influences the type of equipment used for han-.

dling. Flow characteristics through pipes and channels are relevant, At
the same time, the measurcment of ratc of flow is necessary for the
quantilication of additives (reactants) into a process,

The subject of tluid flow can be divided into thad statics and fluid
dynamics.

-~ Fluid statics deals with fluids at rest in equilibrium,
- Fluid dvnamics deals with {luids in motion.

FLUID STATICS

- Fluid statics deals with the tluids at rest in equilibrium.  The behav-
iour of a liquid at rest, the nature of pressure it exerts and the variation

of pressure at different layers in the liquid are some of the I'LIE‘-'"‘I.TII.

aspects in the pharmaceutical engineering.

Pressure Difference Between Layers of Liquids
., . Consider a column of liquid as shown in ‘Figure 2-1(a). . Two

openings arc provided to the wall of the vessel at different heights. The
rate of ﬂuw from these openings is difterent (Figure 2-1a). This 1s duc

to the d:ﬁerencﬂ in the pressures exerted at difterent heights.  This

behaviour can be quantitatively expressed as [ollows.

Constder a stationary column of {luid as shown m Figure 2-1(b). The

pressure P, pascals is acting on the surface of the fluid. The stationary
column is maintained at constant pressurc by d{}phlﬂg pressure,

© pascals at point A.

(D)

Ficure 2-1. Hydrostatic pressure observed
al ditTerent layers of a stationary coiumn.

Ch-2 FLOW OF FLUIDS | | 27

Let the cross-section of the column be $ metre square and is uniform

from top to bottom. The force (further pressure) acting on the liquid at

different levels of the liquid column can be determined. The forces
(newton) acting on each side (horizontal components) of the point | are

mutually nullified. The forces in newtons acting below and above the
point 1'arc evaluated.

Force acting on the _ force on the surface + force exerted by
()
liquid at point 1~ the liquid above thc pmnt 1

Substituting the force with pressure x area of cross section (S) in

-equation (1) gives:

(Pressure on the surface x surface area)

Pressure at point | ,
= : (2)
+ (mass % acceleration)

x surface area

P;S = PSS + volume x density x acceleration due to gravity
= P.S + height x area x density X

acceleration due to gravity
.

P)S=P, S+ hSpg - (3)

- Wt

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

.
i
=

P g @

~ Similarly, the preésur_c acting on the liquid at point 2 may be written
s . | |
Pl}lia."‘ P + B 8,4 (5)

The d}fferf:ncc: in the pressurc may be obtained by subtract:ng equa--
tion (4) from equation’ (5) as:

F':"P,r-*g(f’ +;13,G’) (P F h;,{?}g
= (Py + hzp— Ps~ h1p)g
AF = (hy— h))pg
= Ahpg . ' - (6)

Therefore, the pressure difference (4P pascals) between any two
points can be measured by the distance between those points in a fluid.
If the density of fluid (p kilogram per metre cubg) varies with variation
of pressure, an average density could be used. The variation in densities
is quite negligible for liquids and gases. Since the difference in the

heights (Ah metre) is necessary for the measurement, height can be
measured from the bottom of the stationary column.

"
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Applfnutinns : The principle of fluid stalics-is'emp[ﬂ}fed in the ;'

working of manometers. In such cases, the pressure difference (4P) is
measured in terms of difference in the heights of the liquid column. It is
also applied for quantification of fluid flow as in Bernoulli’s theorem.

Manometers .
Manometers are the devices used for measuring the pressure differ-
ence. - Three different manometers are available. These are:
l. Simple
2. Differential
3. Inclined . " ,
The principles and applications of these manometers are discussed. in
the following sections.

Simple manometer : This manometer is the most commonly used!
The construction of a simple manometer is shown in Figure 2-2. It
consists of a glass U tube filled with a liquid (A) of density, o,
Kilogram per imetre cube. Above liquid A, the arms are filled with liquid

B of density o5 kilogram per metre cube. The liquids A and B arc
immiscible and the interface can be seen clearly. |

It 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 | is P; pascals in left hand-side of the limb. 1et
the pressure at point 5 is P; pascals in the right hand-side of the limb.

From the principles of fluid statics, the pressure at point 2 can be written
as: |

P | P2

lr.
o

-

Figure 2-2. The construction of simple manometer.

f1-
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Pressure al point 2= Py + (m+R)pyg - (7)

where (m R) = distance irom points 3 to 4 + distance from p::iints 4 to 5.

Since, points 2 and 5 are at the same level, the pressure at point 3
may be written as:

Pressure at point'3 = P) + (m+R)ppe . (8)
a ! . J-!-I ' :
The pressure at point 4 can be written from the right hand-side of the
limb (from Pj) as: - =5
3 Pressure al point 4 = P> + gmpy | (9)

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

Pressure at point 4=1r ) + Pg(m + R)g — P Re (10)

Equations (9) and (10) repréﬁ%ﬁl the pressure at point 4 only. Hence,
these equations should be equal. This relationship may be written as:

3 + gﬂ;f(m +R)-pRg = PE + gmpy’
i B = gmpPg = pPpim + R)g + p . Rg
AP = R(p,— Pp)g (11)

The important conclusions drawn from equation (11) are:

(1) Its 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. S _ |

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. If the pressure differences are small, liquids such as alcohol,
water (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
cxample. 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. ' '
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Differential manometers : Differential manometers find occasional " hirs, SRUW RE Haies - % -

applications.  This manoineter is suitable for measurement of small
pressure difterences. It is a sensitive device and useful for measuring
even small gas pressures (heads).

Inclined manometers : They have limited applications and. there-
) ; : et
Jlore. not discussed here. 4

The construction of a d]frErL[I[iﬂl manometer is given in Figure 2-3.
The ditferential manometer is also known as nwo fluid U-tube marom-

efer. It contains two immiscible liquids A and B having necarly same
densities. The U tube consists of enlarged chambers on both limbs.

"FLUID DYNAMICS

i .:h namics deals with the ':.tud}r of {luids in motion.

il

‘i‘.tudy nf How properties of Liquids is important for pharimacists

Hence, the meniscus of the liquid in these enlarged chambers does not working in the manulacture of dosage forms, such as simple liquids,
change appreciably with changes in the reading R. _ _'_'33 vels, ointments, creams and pastes. - These S}fsit:lnﬁ chanae their flow
USI"L the principle of simple manometers. the pressure difference behaviour, when exposed to different stress conditions in the following
(AP p.Jacdls} can be written as: ? . situations,

S AP % P - Py R~ P a2) (1) M;lnufuch.:r;c of llﬂS:ﬂgﬂ forms : _Mﬂt::rial';-:. undergo processes
. ¢ e i ’ such as mixing. flowing through pipes and getting filled in the
P Equation (12} indicates that the smaller the difference (o - ). the "~ | containers.  Flow related changes influence the selection of

-7 larger will be reading on the manometer (R metres) for a given value of i mixmg cquipment,
o . I | i (2) Handling of drugs far administration : The syringeability of
Micromanometers based on the liquid column principle are available g the medicines, pouring of the liquids, extrusion of ointment from
: commercially.  They measure the reading with extreme precision and : tubes: etc., depend on the changes in flow behaviour of dosage

sensitivity. These are free from errors due to capillarity and require no
cahibration. apart from checking the micrometer scale.

forins.

Thus, How behaviour of hquids is of relevance in pharmacy. Per-
tormance of .a product depends on the net effect eof all the above
mentioned processes.  Therefore. tlow properties are used as important
quality control tools to maintain the superiority of the product and to
reduce the batch to bateh variations. |

d

[n general, engineering of fluid flow considers the macroscopic prop-
ertics. The molecular level interactions are bevond the scope of this
book (Refer the book Physical Pharmaceutics by C.V.S. Subﬂhmanyam..
Vallabh Prakashan).

'I':i:

Nuturn of Fluid Flow—Reynolds Experiment |

The How of Huid through a closed channel (pipeline) can be either
viscous or turbulent. These can be observed in the classical Reynolds
experiment. | |

The assembly ot the apparatus for the Reynolds experiment ts shown
in Flgure 2-4, i Th -

A glass tube is connected to a reservoir of water as shown in Figure
2-4. The rate of How of water through the tube can be increasedor
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

Figure 1-3. Construction of a differenttal mananeter.

ey "
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fine stream. From this experimental sctup, the following obscrvations
may be made and conclusions can be drawn.

(a) When the velocity of water is low, the thread of coloured water
maintains its identity throughout the tube. By introducing similar jets of
coloured water at cifferent points in the cross section of the glass tube. it
can be noted that no part of the tube exhibits the signs of mixing. "In
other words, the colour streams are scen as parallel lines. The flow of
water is considgred to be viscous or streamline or laminar,

Coloured | ﬁltaas
liquid jet tube

(a) Laminar or viscous flow.

(b) Turbulent flow.

Figure 2-4. The assembly of the apparatus of the Reynold’s experiment.

A laminar flow is one in which the fluid particles move in layers or
laminar with one layer sliding over the other. Therefore, there is no
exchange of fluid particles from one layer to the other. Hence, transfer
of lateral momentum to the adjacent lavers is not observed. |

(b) When the velocity of water is increased (by increasing the flow
rate), the threads 'of coloured water disappear and the entire mass of
water gets uniformly coloured. It indicates complete mixing of solution.
Then, ﬂ;u: flow of water is considered to be rurbulent.

oy
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When the flow attains a certain velocity, it no longer remains
steady and eddy currents appear. All the fluid particles-are disturbed

- and get mixed up with cach other. Thus, there 1s a continuous transfer

of momentum to adjacent layers. Such a diffused flow is called turbu-
lent flow, G |

(c) The change over of ‘the flow from viscous to turbulent is a
critical factor. ‘ . i |

Critical velocity 1s defined as average velocity of any fluid at which
viscous flow changes into turbulent flow. L

Reynolds number : In Reynolds experiment, the flow conditions are
affected by four factors.
Diameter of pipe, m (D)
. Average velocity, m/s (u)
Density of liquid, kg/m> (0)
Viscosity of the fluid, Pass (#)

These factors are grouped into a particular expression as given
below. LR *
" Dup 1
Reynolds number, Re = ——- - (13)
‘ Ji

Reynolds nuinber i1s obtained by the following equatinn;'

g ~~ mass _x acceleration
. inertial forces ,  of liquid flowing
Reynolds number, Re = ————————- =

vistous forces - shear stress x area -

[nertial forces are duc to mass and 'the velocity of the fluid particles
trying to diffuse the fluid particles. The viscous force is the frictighial
force duife to the viscosity of fluid, which makes the motion of fluid in
parallel layers. | 5 e i e

Therefore, at low velocities, the inertial forces are less when com-
pared to the frictional forces caused by the viscosity. The resulting flow

‘will be viscous in nature, i.e., the particles move in parallel layers. For

this reason, laminar flow 1s sdmztimes known as viscous. On the other
hand, when inéitial 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 _fa;r;’tdi's mutually get

- cancelled. If Re <2000, the flow is said to be laminar and if Re > 4000,

the flow is said to be turbulent. [f Re lies between 2000 to 4000, the
flow changes from laminar to turbulent. ; !
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" Applications . (1) Reynolds number is used to predict the nature of
{low (viscous or turbulent) in a particular set of experimental conditions.
(2) The physical stability of suspensions (or emulsions) depends on-the
rate of settling of particles (or globules). For the study of sedimentation
of particles, Stokes' law is used. In this study, rate of sedimentation of
particles must not be too rapid to create turbulence. Therefore, type of
flow (whether laminar or turbulent) 1s important. Accordingly Stokes’
equation is modified to include Reynolds number. (3) The rate of heat

transfer in liquids also dependq on the flow, “hﬂher viscous or turbu-
lent.

Variation in the Velocity of Flow Across the Cross-Section

When the local velocity of the fluid is plotted against distance from
the wall (Figure 2-5), the following conclusions can be drawn.

— The flow of fluid in the mlddla of the plpc is faster than the

. fluid nearer to the wall.

— The velocity of . fluid appmaches- zero as the pipe-wall is
approached.

- 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
section, there should be some means of estimating average velocity.

-

—~ In viscous conditions, the average velocity over the whule Cross
section is 0.5 times the maximum. v

— In turbulent flow, the average velocity over the whole cross

section is 0.8 tlmes the maximum.

Pipe wall

E i
i = a—) - lurbulent
| E flow

3 8

8 s

- 0O

e :

c 5 «——— Viscous

2 9 flow

Pipe wall

Iu'{l_lmi: Q

Figure 2-5. Distribution of fluid velocities
across the cross section of a pipe
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— Since the velocity of the fluid is zero at the wall surface, there ©

should be some layers in viscous.flow near the pipc-wall which
acts as a stagnant layer. -

— Even if the flow is lurbuli::nt at the centre (of the plpﬂ) and
viscous atthe surface of the wall, a buffer laycr cxists.

— A gradual transition 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 iiow.

[t must be emphasized that boundary layer can never be climinated.
Increasing the velocity of the fluid over the surface will reduce the
thickness of the layer, but it will be never eliminated entirely.

Applications : (1) Though the gencral principles are mentioned
above,. considerable variation in velocity distribution may be possible
with changes in roughness, direction, temperature or.cross section of the

pipe. Duc 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 laycer in viscous
low offer resistance to heat transfer., Further discussion on rate of heat

“transfer is dealt in Chapter 5 ‘Flow of Heat’.

BERNOULLI’S THEOREM

When the principle of conservation of energy is applied to the flow
of fluids. the resulting equation 1s called Bernoulli’s theorem.

Pumps generally supply energy for conveying liquids from one point .'
to another. Consider such a pump working under isothermal cnndllmns |
between points A and B, as shown in Figure 2-6.

Bernoulli’s theorem states that in a steady state_idcal flow of an
inmmprcssibic fluid, the total energy per unit mass, which consists of

pressure cnergy, Kinetic energy and datum energy, at any pmnt of the,
fluid 1s constant.

At point A, onc kilogram (unit mass) of liquid is assumed to be
entering. At this point, liquid experiences pressure cnergy, Kinetic
enerpy and potential energy, which are obtained as follows.

Since liquid is flowing through the pipe at certain press.ure pressure
energy in joules may be written as: - \
2 PA{ ; | _
Pressure Enerav 8 i il (14)
" BPA

=l

=
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where Py = Pre_ssuré at point A, Pa
g = acceleration due to gravity, m/s
P4 = density of the liquid , kg/m?

Pﬂrenrmf energy (datum Energy) of a body is defined as the energy
possessed by the body by virtue of its position or configuration. The
point A is considered at a height of . 1 metres above the horizontal

datum plane. The potential energy for one kilogram of liquid may be
written as:

Potential energy = X (15)°
Initial state I ' * Final state
_ Kinetic _ Ug? Pressure Pp
4 energy 2 energy  p g
oy ocuig u
Kinetic energy = 2"‘ ; | ’ g !
g B
Pressure energy = ———
Pump head, W
Frictional energy = F
. - Xa
v g :
A
4
l Horizontal datum

_Potential energy « XA Potential energy = Xp.
‘Figure 2-6. Development of Bernoulli’s theorem.

Kinetic energy of a Endy is defined as the energy possessed by the
body by virtue of its motion. Since liquid is under motion, the velocity

of liquid may be demgnated as uy metre per second at point A. The

kinetic Energylmay -be e:-_.prt:ssad as:

U
Kinetic energy = —— ' . (16)

o R ¥ 28

Thﬂ fotal energy at point A may be summarised by cnmbm:nn
. equations (14), (15) and (16) as:

Tntal Energ}f o pressure EHEI‘E} + potential energy + kinetic cnergy

1
L]
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0

Rokp W e (17)
8P4 . 28

According to Bernoulli’s thcorem the total energy m point A is

Tolal energy at point 4 =

constant. Therefore, equation (17) is: .

P.{ HJ;‘? ' ' '
Total energy at point A = —— + X 4 + —— = constant (18)
- Sﬂd g '

After the system reaches the steady state, whenever one kilogram of

liquid enters. at point A, another Kilogram of liquid leaves at point B.

_ Therefore, cnergy content of one kilogram liquid that is bcmg displaced
at point B may be written (Bernoulli’s theorem) as:

% -.';r
Lp 1y
Total energy at point B = — + Xg + .——.- = constant (19)
5Pp <8 4

L.

~where Xz = height from the datum 1o the pipﬂ' m

up = velocity at point B, m/s -~
Py = pressure at point B, Pa

Py = density at point Bydig/m?

-'--,g.

If there is no gain or loss of energy. the principle of cun:«.crvalmn By
energy may be applied to the two points A and B. '

INPUT = OUT PUT

Total energy at point A = Total encrgy at point B

P g v Py u”
i i -l _,X:_I Fo— e+ .EIH s o —‘If* (20)
8P4 28 &Pp g

Theorctically all kinds of Enﬁr,giﬂs involved in fluid flow should be
accounted. In the.transportation of fluid, the pump hﬂ‘.:- added certain
amount of energy, which can be written as:

.Errw'g_}-’ added by the pump'= 4+ w}. AU

During the transportation.of liquid, some energy is converted to heat

due to fnictional forces and it is inevitable. The encrgy loss may be
written as:

5

Loss of energy due to friction in the lineg = FJ (22)

e

The energy balance between points A and B can be accounted by’

including equations (21) and (22) in equation (20). This complete
cquation representing such energy may be writlen as: s
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P u_.l-‘? Py H,rgz
Kk it B Wi & Xy (23)
8P | i A 8Py L 28

Equation (23) is called Bernoulli’s equation. Bernoulli’s theorem,
arthough derived here over two ends of a system, it 1s applicable
between any two points in a system. - | o

EFquation (23) 1s numerically correct. But it is not correct theoreti-
cally, 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 liquid. '

Applications: (1) Eernoulli’s theorem is applied in the measurement
of the rate of fluid How using orifice meter, venturi meter etc,

(2) Bernoullt’s thecorem “is applied in the working of centrifugal
pumps. In these pumps, the Kinetic energy is converted into pressure
head, which helps in pumping the liquids.

(3) It is easy to measure heights and apply them as energy terms,
which is a contribution of Bernoulli’s theorem.

Concept of Head {Presﬁurc Head)
The terms in Bernoulli's equation represent energy and supposed to

have the units of energy. But numerically these terms give the units of

metre. 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

I-».nnwn density, which is numencally equal to pressure energy term,

The units of height can be ﬂbhum.d by considering the pressurf:
energy terim, L. equation (14), |
P;I % prSSUl'E:
Pr RIRIE PO T 8 e s i
g0 4 accﬂ!eratmn due to gravily x density

Consider the units for equation (14).
5 R I
m-= | (m/s) (kga’m:‘)

{

Pressure energy

N x s2 x m* N-g? |
e — T —— (24)
m* X m % kg ke '

I
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But N (newton) = kg- mz’s Substituting this lerm In equation (24)
£IVeS: . , | 2 8, 7
kg x in x s?
Pressure energy =. - — = M.

s? x kg

Thus, pressure energy 15,43 metre, i.e., as a height. Therefore, the
height is teriited as head in the discussion of hydraulics. Hence, pressure
energy 1s called pressure head.

~In an analogous manner, there are dltTuLnt heads in the Bernoulli’s
cquation (18). namely: . w1 ' |
: potential hecads (1)
velocity heads (1°/2¢)
pressure heads (P/ep)

Similarly, F'is knuwn as friction head and I¥ is :hr: he.-'ui that is added
hy the pump.

ENERGY LOSSES °

Bernoulli’s equation includes ‘the term ‘loss of energy’ in the pipe.
According to law of conservation of encrgy. energy balances have to be
properly accounted. Thc:rufhru, 1t 15 necessary to calculate the cnergy

losses. Fluids expericnce energy losses in - several ways ‘while flowing
through a pipe. Some of them are:

Friction losses
Losses i fittings
Enlargement 1osscs
Conlraction Losses

'd [~ =

-

These are discussed in the following sections.

Friction Losses

During the flow of fluids, frictional forces cause a loss in pressure °

(A4Prpascals). The Huid flow can be either viscous or turbulent, which
also influcnces the losses. In general, thE: prasﬁurc dmp (4Pp) due to

. friction in a fluid is:

~ directly proportional to the velocity of lh'c fluid (1), m/s

— directly proportional to the density of the fluid (o), 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 Fanning equﬂrmn for calculating

the friction losses, irrespective of the nalure of flow (v;scnus ur turbu—
lent).
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- 2fiLp - cquation is licab] If' 1 ' : bl
Fannirig equation: de= L (25) | | 4 . II apphicable tor the losses. When ﬁlhngs are mlmd_uced into a
(viscous or turbulent) + i | _: straight pipe, they cause disturbances in the flow, which results in
W £t friction Cotean. B _ : - 3 additional loss of energy. It is difficult to specify the loss-due to each
AP B deo B X type. because of varying types of fittings.
ST PICsst P : * Losses in fittings may be due to
ian (25 : ot o : ERR T |
Equation (:.:u} ccﬁmsnlders the friction Ingea when the fluid is passing - change in direction, for example elbow fittings,
_through astraight pipe. The value uf: S depends on: | ] | - change in the types of fittings, for example, coupling, union
- Nature of flow of the fluid (turbulent or viscous). - . valve or meter. . ¢ e '
- Roughness of the inner surface of the,pipe. The roughness 4 Basbeveini il o Jim o
A ; 2 ; c‘nl ength of straight pipe, which is given as a certain number of pipe
Condition of pipe i i Roughness factor -diameters. '“ | -
I Smnnth‘ b"i‘.nss‘ copper or ]‘:ﬂd, pipe 0.6 | | ; 7y '_ _ -3
. | New steel or cast-iron pipe 1.0 " | LAV .
' Old steel pipe 1.6 _ . ' X | e
Badly rusted cast-iron pipe _ 4. i | By
' -' L B B | |
The numerical values reported in the above table give a‘rough . . Elbow 90 fitting | Tee fitting -
estimate of the magnitude of the effect, which contributes to the friction | Equivalent langth: 32 b e

Equivalent length: 90

-~

factors. Frictional loss can be reduced by the addition of soluble, high
- molecular weight polymers in low'concentrations.

In practice, fluids are rarely handled in viscous flow. For viscous
flow. Hagen-Poiscuille equation could be emploved for calculating the i : =%
pressure drop due to friction. i

32Lun .
Hagen-Poiscuille equation: AP = +-———— - (20)
(viscous flow) D’

where 5 = viscosity of the liquid, Pars
APr= pressure drop, Pa

. Coupling fitting

* . Globe valve coupling b e,
Equivalent length: negligible

Equivalsnt length: 300 -,
| | | Figure 2-7. Friction losses in fittings of 2 new serewed pipe.
If the viscosity (7) is known, Hagen-Poiscuille’s equation permits the | WY 2 |
calculation of pressure drop due to friction. However, equation (26) is

normally used to calculate the viscosity, by experimentally estimating °
AP, | |

Friction losses are permanent, since potential and kinetic energies are .
converted into heat. '

Equivalent lengths for a few.screwed fittings are shown in Figure
2-7. For example, a globe valve is fitted in a pipe!
diameter of 50 millimetres.

- 300. Then,

ine having an internal
Globe valve has an equivalent length of

Equivalent length of this fitting = 300 x 50 = 15000 mm._-ﬁr. [5.0 m.

. That means the contribution of a globe valve is equivalent to 15

. _ & metres - of a straight pipe towards the losses. This leneth i

i &y . - A & ﬁ S. gth is added to the
'NWWE”_}H a large }‘”ﬂ"bﬂf Df_h fittings are :nch{ded it P‘PE]_'”F straight section of the pipe and substituted in the Fanning equation (25
(Figure 2-7). "For a liquid passing through a straight pipe, Fanning i to obtain energy losses due to fittings. | 1R (-9

Losses in Fittings
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Enlargement Losses

If the cross section of the pipe enlarges gradually, the fluid adapts
itsélf to the changed scetion without any disturbance. Therefore, there is
no IGSS"EJFGHQI‘L_;}’ at this point. | -

Eddies

Uy Ul

~ (a) Gradual énlargemenr.
No loss of energy

(b) Sudden enlargement
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 disturbances, the loss of head will be observed. In
sudden enlargement, the velocity. of flow at larger cross-section 1s less
than the velocily at smaller cross-section, i.e., uy < w;. For sudden
enlargement, the loss is represented by:

(1) — up)*

28
where AH, = loss of head due to sudden enlargement, m.

i .|
Suwcdden enlargement losses:  AH, = (27)

Contraction Losses

If the cross section of the pipe is reduced suddenly, the fluid How is
disturbed. Normally, the diameter of the fluid stream would be less than
the initial value of the diameter. This point 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., 4y = u;. Then,
Ty niay be considered negligible. The losses due to additional eddying
are observed. Such contraction losses can be expressed as:

; ? .Kuf
Sudden contraction losses: AH. =
b gl . g
where AH,. = loss in head due to sudden contraction, m

- . K = constant
' Vena contracta
Iﬁ uz I

1> = velocity, m's
(b) Sudden contraction
Loss of energy

(28)

Vena contracta

' (a) Gradual contraction
No'loss of energy

Orifice Meter | i) sl e ok o8 B

Ch-2 FLOW QF FLUIDS | ' 43
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!

The constant K depends on the relative areas of two sections. For
example,  when the ratio of the areas is 0.5, K is egual to 0.3. For
rounded entrance. K value for turbulent flow is about 0.04. For laminar

low. the loss is negligible. - |

MEASUREMENT OF RATE OF FLOW OF FLUIDS

Whenever tuids are used in a process, it is necessary to measure the
rate at which the fluid is flowing through the pipe. This is required for

optimization of process parameters in a chemical industry. Mcasure-
ments are required for the calculation of auditing (for example, town

planning of water supply) and cost of usage (for example, cost of water

used in the houses). Methods of measurement may be classified as:
L. Direct weighing or measuring

2. Hvdrodynamic. methods 20N - ’
{a) Orifice meter
(b) Venturi meter
(¢) Pitot tube

(d) Rotameter
3. Direct displacement meter

Some of the above mentioned meters are discussed in the following
sections. |

Direct Weighing or Measuring Meters

The liquid flowing through a pipe is collected for a part_'icu[ar_' period
at any point and weighed or measured. Thus, rate of Mow™can be
determined, Gases cannot be weighed. On comunercial scale, it is not

convenient to weigh the quuids. Therﬂﬁ:}fe,_ .thesé: methods are impracti-
cable. ' ! T T, oy

Principle : The orificeunsteris a thin plate cﬂntain.ing. a narrow and
sharp aperture. When a fluid stream is suddenly allowed to pass thropgh
the narrow constriction, the velocity of the fluid at the orifice meter
increases compared to the velocity of the fluid in-the upstream. This
results in corrésponding decrease in the pressure head. Bernoulli’s
theoreém provides the basis for correlating the increase in the velocity
head with the decrease in the pressure head between two pnints; The

difference in the pressure head (4) may be read from a manometer, [f
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
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considered negligible. In such cases the manometer recading dircctly
gives the velocity of the fluid. | |

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

w, = C.\N204H « ¢ (29)

' where ', = velocity of fluid at the point of orifice meter, m/s
(', = a constant '
AH = difference in head from manometer, m

. The AH can be measured using a manometer, which is connected to
the pipe section between the mnitial stage and the orifice seciion. 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 liquid flowing per hour can be determined.

Construction : The orifice meter s considered (o be a thin plate
containing 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 mecasured. Although 1t 1s possible
to place orifice meter in the side or bottom, for the present discussion,
the plate is introduced into the pipe (Figure 2-8). A manometer 1S
connected at points A and B as shown in Figure 2-8.

./ Working : Orifice meter is rcferred 1o as variable head meter, 1.¢., 11
measures the variation in the pressures across a fixed constriction placed
in the path of How consisting of a constant area.

When fluid stream is allowed to pass through the cross-scction of the

orifice, the velocity of fluid at point B increases at the expense of

pressure head. As a result, the pressure al point A is higher than at point

B. Bernoulli’s equation provides the basis for correlating the increase in -

velocity head with the decrease in pressure bead. The difference in
pressure (AH metres) may be read from a manometer, connected 10 the
points A and B as shown in Figure 2-8. '

Bcrn_ﬂ.ulli"-s equation may be applied for two points (A and B) for the
given experimental conditions, as given belaw:

AL B N e . (30)

where 1, = velocity of fluid at the point of orifice meter, nv/s |
w4 = velocity of fluid at the point A, 1.¢., before orifice meter, m/s
C, = a constant |
AH = difference in head, m

g

L
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_ Orifice plate e dea
i ® _ o =— ' - Downstream

Vena contracta ®

Y

X -~ Manometer ;

- Figure 2-8. Construction and asscioly of orifice meter.

‘ f the pipe diameter or less, I
Then, w,; term may be neglected. Then

[f the diameter of the orifice 1s 1/5th o
Is small compared to u,,..

equation (30) becomes: - |
Uy = CoN2g.AH & C _*{29}

'.:3{{ can be measured using a manometer. It can be substituted in
eqiualmn*{__ﬂ} in order 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.

Vathematical treatment : Consider a fluid flowing through a pipe

at a certain ve!qcit}f (124). If the edge of orifice is sharp, fluid does not
lose the velocity at once, while passing through' the orifice. |
A and B on either side of the orifice meter are ‘chosen .and
equation is applied. The Bernoulli’s equation is:

P uﬂ',-? ' P | 1; 3
e ¢ Ry P T L S LT
EP, 2g . $Pp ; 2 A (23}

- In equation (23), the following assumptions may be made based on

the working of orifice meter (Figure 2-8).

(1) Let the s'hctim:m of pipe be horizontal, so that the heights (me-
tres) of the points A and B are same (Figure 2-8). Then. two .Y
terms are identical and get cancelled. ‘ I

(2) Let the friction losses will not be 2

£

L =t}

the 1 ppreciable and considered
neghaible. Then, F term becomes zero.

A
-4
i
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(3) The fluid flowing through the orifice is the same. Therefore, .2
is equal to 2, and can be termed simply p

(4) No work is being done on the Tiquid or by the liquid. since no
pump is used. Therefore, w term is cqual 1o zero.

Substituting these -terms 10 t:qualmn {1;) gives an equation, which
can be rearranged as follows. i

i e, T —— :
G R —?S
l I 3 2 t |
— (upy~ —iy) = — Py - Pp)
Z'g 8
:1
1y —Hjj—‘-‘_?‘“ '[.Fl'-""ﬁﬂ) (51)
gp .
§ iy |
“Er gt B —L AP | (32)
it 8F '

From the principles of statics, {;lﬁ}igp} = AH in metres. Introducing
this term in equation (32) gives:

. [ 3 |
g — uq” = 2¢.AH

\"uﬂ‘.? - Uyl = ﬂ"‘fgg-ﬂH By 43

Normally, the diameter ‘of the fluid stream would be less than the
diameter of the orifice (Figure 2-8). This point of minimum cross
section is known as the venu confracta. Though the pipe is full of hqmd
on both sides of the orifi iICQ;, still the vena contracta. exists and
surmunded by swirling liquid. Pmnt B is chesen at the vena cm:frm.f:;

An pr’h:ln.c the diameter of the stream at thE vena' contracta s nul
Lnuu n. but that.of the orifice diameter 1s known. A constant, Cp. is
therefore. included in equation (33) in order to correct the differences
between velocities at orifice and at vena contracta. Therefore. cquation
(33) may be modified in terms of the velocity through the orifice (1)

‘n.u”" - HT. = (N2 qs]H : (50)

" The constant (', also includes, some losses due 1o friction. It depends
on the construction (ratio of the orifice diameter 1o the pipe diameter and
position of the orifice taps) and the nature of {low of liquid (Reynolds

number).
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If the diameter of the orifice is 1/5th of the pipe diameter or less. 14 4

" is sinall compared to u,. Then, w4 term may be neglected. Then

cquation (30) becomes:
N2gAH .29

where” 11, = velocity of fluid at the point of orifice meter. m/s
- (', = a constant

All = difference in head, m

L

Al7 can be measured in metre using a manometer. It can be substi-

tuted in cquatmn (29) to get the velocity of liquid flowing through
orifice pipe. When c:rc:ss section of the pipe is known, the mlume of

liquid flowing per hour can be dlrecﬂy determined. - ,

Applications : Equation (30) is useful to determine:

(1} velocity at either of the points A or.B. Ratio of u, and 1, can
be related to ratio of the area ot the orifice to the area of the °

pipe, which is normally known.

(2) volume of the liquid flowing per hour when and cross-section

of the pipe are known.

Venturi Meter

- Principle : Venturi meter consists of two tapered sections in the
pipcline with a gradual constriction (throat) at its centre. When fluid
stream 1S allowed to pass through the narrow throat, the velnclt}' of the
fluid increases 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 1wo points. The

difference in the pressure head (AH) may be‘read from a manometer. If
the diameter of the venturi is small cnmparcd to the diameter of the pipe,

velocity of the fluid at the point before entenng the venturi may be

considered negligible. In such cases, the mannmgtﬂr reading dlrectly
gives the velocity of the fluid.

The velocity of the fluid at the. narrow cunquﬂ:tmn (1hmat) may be

. writlten as.

| ”tlizj-: '(‘v"\l]l 2g ﬂ}! L (34)
= & .III : '
where' 1, = velocity at the throat of the venturi, m/s . | e
C\ = coefficient of the venturi meter ¥ :

Al = difference in head from manometer, m
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_ )
AH can be measured using a manometer, [t can be substituted n : : x"—n,,. (, (“—"_' oy (35)
equation (34) in order to get the velocity of the liquid flowing through 4 _ B it o o
the venturi. When the cross-section of the pipe is known, the volume of 4 WRERR Wy = velocity at the throat of the Aok "'::f :
4 esos wanrs B Rikeiimimat | 4 wy = velocity at point A (venturi throat). m/s
liquid flowing pes i (", = coefficient (= 0.98)
; : | 1y : o tapered sectlions q . |
. Cnnst*ructm_n = A v_f:-,ntluu meter consists of hm,ldp':'l : ¢ T ' I{ the dmma.!ur of the mmllgr scction is one-fifth cif'lh'. plpn dmmf:lcr
inserted in a pipeline (Figure 2-9). Normally, venturi meter IS] P LH:E | E or less, u,° is.sonsidered to be small compared to u,?. Therefore. 14
between long straight pipes, so that ather fittings will not alter the How g A e SR AR R T is: -
rate that is being measured. The upstream cone is normally shorter than term may be ity P 198 el (35) 1s: _
the down stream. The tapers arc smooth and gradual. Therefore, cddices ¢ B | i, = Cy N2¢.AH ( _,4)
in the down stream are absent and no power loss is observed. In  ~ {
addition. the cross. section of the high velocity part of the stream is well . The difference in pressure {.ﬁlH) can be read in metres dlrﬁ:-:::tiy from
defined. A manometer is connected at points A and B as shown in j _ ”’f‘:_’“ﬂ””mﬂer' Ihf‘“"‘ "’Em"f“}’ of-the flow ‘:“33" be lmf:asun.c!._ The "’ﬂ[_“E
Fioure 2-9 ' : 1 given by the venturt meter is average velocity of the flow. The velocity
& ' | - 1 then decreases and the original pressure 1s recovered in the down stream
Velocity head increased : conec. '
Pressure head decreased | _
| Outlet ¥ Applications : Venturi meter Is commonly used for liquids, cspe-
Izﬁn Sh“”:d saction ~cially -water. It can also be used for the measurcment c:t 2ascs.
secti tapere
section Throat of [_l ; Disadvantages : (1) Venturi meter is expensive. (2) Venturi meter
[\"j"’/’/m’——) occupics mare space. (3) The ratio of throat diameter to pipe diameter
Bk cannot be changed. * sk |
A =»e :- vl . =9I
—- ' ~ TABLE 2-] S
pral ity ot ] lei‘crem:es Between Orifice Meter and Venturi Meter
section | Orifice meter Venturi meter
rfé '?'R (1) Cheap - Expensive o
e é 4 1 (2) Easy to install v Fabrication is highly 'technica .
%ﬂ_ & , (3)- Construction can he made 1t should be purchased from the
K7 Ma.ometer A at home instrument dealer -
Figure 2-9. Construction of a venturi meter. . ';}‘ . (4) Head losses are more lead losscs are insignificant
Working : Venturi meter is referred to as variable head meter, i.e.; it i (3} Poywer losses a6 iore particularly °POWer Josses 9% jess
: | on fluid that is carried for lon
measures the variable differential pressure across a fixed constriction i - s

criods of time
pla::r::d in the path of flow consisting of a constant area. In a venturl P

meter, the velocity of the fluid is increased at the throat, due to“the

- (6) Normally used for testing purposes,  Used in on-line inﬂul_ﬁﬂinn
constriction. This results in decreased pressure in the up-strcam cone.

“Tor example. steam lines cle,,

The pressure drop in the upstream cone is utilised to measure the rate of | {7) CGircater fexibility | Not flexible, permanent .
flow using a manometer. Venturi meter nearly confirms the theoretical 4 | (8) !{umling of the _uri[‘n:_u.: meter The ru;uii.ng of venturi meter is
equations obtained for an orifice meter. On similar lines of equation 1S Iur_;;}:r under identical i anpa_rntm:ly's_nml‘lcr under
30), an equation for venturi meter may be written as: | § conditions identical conditions®

— _-.

~ ¥

T
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DIffEI'EI‘ICE‘i between orifice and venturi meters: The dlffLrLﬂﬁhb
bﬂl'.WE-::H orifice and venturi meters are explained in Table 2-1.

Pitot Tube

Principle : Pitot tube consists of a sensing element wilh a small
constriction compared to the size of the flow channel. When the sensing
element is inserted at the centre of the stream, the velocity of flow is
increased, This results in decreased nressure head. Tube at right angles

to the flow measures pressure head only. The tube that pointed upstream

measures pressure head and velocity head. The difterence in the above
readings indicates the velocity head.

Accordingly to Bernoulli’s equation, velocity head of lhe fluid may
be obtained using equation (33).

g 5
ﬁiHF = — ' (36)
2g |
where = velocity of the flow at the point of insertion, m/s
All,, = difference in head from manometer, m

Therefdre. the reading (R) of the manometer measures the velocity
head in metres.

Construction : The construction of a pitot tube is shown in Figure 2-
10. 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 pomnt of
measureiment may be at the centre of the channel. One tube 1s perpen-
dicular to the flow direction and the other tube is connected parallel to

the direction of flow. The two tubes are connccted to the legs ol a
m1nnms:ter or a Emhble device.

Wurkmg Twu tubﬂs are inserted into the pipe in the manner shown
in Figure 2-10. 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, pressure head and velocity head. The difference in the above
readings indicates velocity head. Therefore, the reudmg (R) of the
manometer measures the velocity head.

As seen in the Bernoulli’s equation, velocity head of the fluid (4H))
may be obtained from an equation similar to equation (29), which can be
represented as!

= EE..ﬂHF

('h-2 FLOW OF FLUIDS
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This is the theoretical velocity. Actual velocity is.givﬂn- b*y:
u? = C\N2g.4H, (36)

where C,, = coefficient of pitot tube.

Downstream
Limb measures pressure o 1 Limb measures
- o
and velocity heads 2 ; pressure head
ﬁ i
”
Z
z Z
9 i
# . g}
2 A
| _ Manometer

Figure 2-10. Construction and assembly of plt{}f Lube.

Normally, pitot tube measurcs the_— ?ctuc:iy at one particular point,

L.e., at the point of inscertion.  The average velocity (across the cross

section of the pipe) may be obtained by either ways.
(a) Pitot tube® may be inserted at the centre of the pipe and it

measures the maximunt 'vclncit}f' Average velocity may be

calculated from this maximiim by mecans of calibrated charts.

(b) Adjustable pitot tube may be used to take readings from differ-
enl points in the cross section. Mean velocity may be found by
graphic integration. It is a difficult process.

Advantage : Pitot tubc measures the velocity at onc point only.

Disadvantages : (1) The pitot tubes themselves cause more distur-

bance.- Eddics within the pressure tube disturb the rf:ad'ings.
(2) They do not t.,wc average velocity directly.

(3) For gases, the reading is extremely small. For gases working on
low prussurc, some form of mulnplymg gaugﬂs must be uscd

Rotameter

Rotameter is a variable area meter, i.e., it measures the area of flow
so as to produce a cnnstant head dlf‘f‘ﬂrent:al

Therefore, rotameters arc
Kintown as ared meﬁ::.&

b
i

Principle : Rotamcter EﬂﬂEiElE of a vertlcal tapcn:d and transparent '
tube in which a plummet is placed. During the ﬂmd flow thrnugh the

A-LChE33
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~ tube, the plummet rises and falls beaaus;{: of variation in flow. As a
result, the 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 tapered tube. This value indicates the flow of the fluid.

Construction : Rotameter consists of a vertical tapered tube, which
is mounted with 4 narrow end down (Figure 2-11). The tube is ltauaI!y
made of plass on which a linear scale is etched. - A solid plummet is
placed in the tube. The diameter of the plumimet is smaller than the
narrowest part of the tube. Rotameters are available with electric and
clectronic transmitters for recc:-rdmg Floats of different densities are
available, so that a 200-fold range of flow can be measured accurately.
Floats may be made of lead. aluminium, glass and plastic.

= Tapered

= i tube
ﬁ 71— Float or

= plummet

Flow

Figure 2-11. The Construction of a mhmn:tr.:r

Working :-As the flow is upward thmu;‘,h a tapered tube, the flow of
fluid varics. The plummet, which is surrounded by the fluid,.rises and

falls depcndmg on the rate of flow. The greater the flow rate, the h:ghcr
the plummet rises in the tube, In rotameters, the pressure drop .
constant or ncarly constant.

During the fluid flow, the area of the annular space between the
plumnict and the tube varies. Therefore, the head loss across the
~annulus is equal to the weight of the plummet. The flow may be read
usine the upper edge of the plummet as an index. The area is properly
calibrated to the flow rate. The reading may beé transmitted for record-
ing, integrating and controlling.
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Normally, manufacturers supply the necessary data and charts along
with the meter while purchasing the instruments.

Uses : Rotameters are extensively used in chemical industries, such

as bulk drugs. In the fermenters, the supply of air is controlled through

rotameters.  Rotamelers are satistactory both for £ascCs and for liquids. at
high and low pressures. S

Advantages : (1) Operator has a dlrt:cl visual index of flow reading,
IUis satisfactory for manual control of processes for experimental work.

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

Direct Displacement Meter

D|5p|a::r:mml meter is used for measuring domestic water supplies.

This has the advantage that the ‘total volume of liquid that has passcd
can be read directly, | |

l"rmctplc D:splacmncnt meters are used for measuring the ﬂﬂw rate
of flurds in small lines. In these meters, a strcam of water enters: the
meter and strikes the moving member (disc as in disc meters or buckets
as i current meters).  The rate of. rotation of the moving member ‘is
proportional to the velocity of water passing through the meter. The

displacement of mo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>