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Preface

Early in my professional life I was introduced to David Ganderton’s excellent
text Unit Processes in Pharmacy, first published in 1968. As my teaching
commitments grew, so did my desire to use this as a source volume. However,
I was surprised and disappointed to find that it was out of print.

Undoubtedly, there have been some classical texts on engineering prin-
ciples applied to unit operation, most notably McCabe, Smith, and Harriott
(Unit Operations of Chemical Engineering, McGraw-Hill). However, the un-
complicated manner in which Ganderton’s book dealt with engineering princi-
ples gave it broad appeal. In 1996, Dr. Ganderton was kind enough to collabo-
rate with me to reduce the original volume to two chapters for inclusion in
the Encyclopedia of Pharmaceutical Technology. This achieved my major ob-
jective of making this material available to a new generation of pharmaceutical
scientists and technologists. However, by inclusion in an encyclopedia, some
of its earlier convenience was lost.

Imagine my delight to be invited by Marcel Dekker, Inc., to coauthor
arevised and expanded volume on the subject of pharmaceutical process engi-
neering. My enthusiasm was increased by the knowledge that Dr. Ganderton
would again join me in preparing the material. We have updated the previous
text and are privileged to place this volume back in print—a privilege that,
in my opinion, it should never have been denied.

iii



iv Preface

Pharmaceutical manufacturing entails the combination of a number of
unit processes. The major processes are described in this text. The efficiency,
quality, and economy of manufacturing depend on an understanding of the
individual operations involved in processing. In many cases—unlike in other
types of industrial processing—safety and efficacy of a therapeutic agent may
be affected. This text constitutes a guide or introduction to the practical aspects
of unit operations in pharmacy.

It is my sincere desire that this text should again find a role as a reference
and review book for those new to the field of pharmaceutical manufacturing,
from various scientific and engineering disciplines.

Anthony J. Hickey

Forty years ago it became clear that the contribution that a pharmaceutical
scientist made to the manufacture of medicines would be enhanced by recruit-
ing the principles used by chemical engineers. However, simple adoption was
unsatisfactory because, in general, their texts were too complex and inade-
quately focused. For example, the study of mixing and dose uniformity, drying
and product stability, and many others needed special consideration. For such
reasons, Unit Processes in Pharmacy was written and published in the late
1960s. It enjoyed many years of success before it went out of print.

A generation later, Tony Hickey, who closely shares my enthusiasm for
better understanding of pharmaceutical manufacture, suggested that the text
should be brought up to date. This was a most flattering proposal and, recog-
nizing the energy he has brought to the revision, I feel most privileged to see
a new text with exactly the same ambitions as those that inspired me so many
years ago.

David Ganderton
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Units and Dimensions

The pharmaceutical scientist is probably familiar with the units of centimeter
(Iength), gram (mass), and second (time) or conventional Systeme Internatio-
nale (SI) units of meters, kilograms, and seconds. The engineer, on the other
hand, will sometimes express his equations and calculations in units that suit
the quantities he or she is measuring. To reconcile in small part this disparity,
a brief account of units and dimensions follows.

Mass [M], length [L], time [T], and temperature [°] are four of six funda-
mental dimensions, the units of which have been fixed arbitrarily and from
which all other units can be derived. The fundamental units chosen for this
book are the kilogram (kg), meter (m), second (s), and kelvins (K). In many
cases, derived units are self-evident. Examples are area (m?) and velocity (m/s).
Others are derived from established physical laws. Thus, a unit of force can be
obtained from the law that relates force, F, to mass, m, and acceleration, a:

F = kma

where k is a constant. If we choose our unit of force to be unity when the
mass and acceleration are each unity, the units are consistent. On this basis,
the unit of force is the newton (N). This is the force that will accelerate a
kilogram mass at 1 m/s2

vii



viii Units and Dimensions

Similarly, a consistent expression of pressure (i.e., force per unit area)
is newtons per square meter (N/m? or pascal, Pa). The expression exemplifies
the use of multiples or fractions of the fundamental units to give derived units
of practical value. A second example is dynamic viscosity [M L~' T~'] when
the consistent unit kg - m™! - s7!, which is enormous, is replaced by kg - m™! -
hr™!, or even by the poise. Basic calculations using these quantities must then
include conversion factors.

The relationship between weight and mass causes much confusion. A
body falling freely due to its weight accelerates at kg - m/s? (g varies with
height and latitude). Substituting 1 in the preceding equation gives W = mg,
where W is the weight of the body (in newtons). The weight of a body has
the dimensions of force, and the mass of the body is given by

weight (N)

Mass (kg) = a(m/s?)

The weight of a body varies with location; the mass does not. Problems
arise when, as in many texts, the kilogram is used as a unit of mass and the
weight of a kilogram as the unit of force. For example, an equation describing
pressure drop in a pipe is

_ 32ulm
2

AP

when written in consistent units—AP as N/m? 1 as kg/m - s, u as m/s, [ as
m, and d as m. If, however, the kilogram force was used (i.e., pressure was
measured in kg/m?), the equation must be

_ 32uln
gd’

AP

where ¢ = 9.8 m/s% In texts using this convention, the conversion factor g
appears in many equations.

The units of mass, length, and time commonly used in engineering heat
transfer are the kilogram, the meter, and the second, respectively. Tempera-
ture, which forms a fourth fundamental unit, is measured in kelvins (K). The
unit of heat is the joule (J), which is the quantity of heat required to raise the
temperature of 1 g of water by 1 K. The rate of heat flow, Q, often referred
to as the total heat flux, is therefore measured in J/s. The units of thermal con-
ductivity are J/m? - s - K/m. This may also be written as J/m - s - K, although
this form is less expressive of the meaning of the thermal conductivity.
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1
Fluid Flow

1.1 SOME PROPERTIES OF FLUIDS

Fluids (liquids and gases) are a form of matter that cannot achieve equilibrium
under an applied shear stress but deform continuously, or flow, as long as the
shear stress is applied.

Viscosity. Viscosity is a property that characterizes the flow behavior
of a fluid, reflecting the resistance to the development of velocity gradients
within the fluid. Its quantitative significance may be explained by reference
to Figure 1.1 A fluid is contained between two parallel planes each of area A
m? and distance & m apart. The upper plane is subjected to a shear force of
F N and acquires a velocity of u m sec™' relative to the lower plane. The shear
stress, ¢, is F/A N m~2 The velocity gradient or rate of shear is given by u/
h or, more generally, by the differential coefficient du/dy, where y is a distance
measured in a direction perpendicular to the direction of shear. Since this term
is described by the units velocity divided by a length, it has the dimension
T~! or, in this example, reciprocal seconds. For gases, simple liquids, true
solutions, and dilute disperse systems, the rate of shear is proportional to the
shear stress. These systems are called Newtonian, and we can write
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S/
L - - F Newtons
1 7/ I

FIGURE 1.1 Schematic of fluid flow depicting the applied force, velocity in the direc-
tion of motion, and thickness of fluid.

F du

1.1
A dy (1.1)

The proportionality constant 1 is the dynamic viscosity of the fluid: the
higher its value, the lower the rates of shear induced by a given stress. The
dimensions of dynamic viscosity are M L™! T~!. For the SI system of units,
viscosity is expressed in N-s m™2 For the centimeter-gram-second (CGS)
system, the unit of viscosity is the poise (P). One N-s m™? is equivalent to
10 P. The viscosity of water at room temperature is about 0.01 P or 1 centipoise
(cP). Pure glycerin at this temperature has a value of about 14 P. Air has a
viscosity of 180 X 107 P,

Complex disperse systems fail to show the proportionality described by
equation 1.1, the viscosity increasing or, more commonly, decreasing with
increase in the rate of shear. Viscosity may also depend upon the duration of
shear and even on the previous treatment of the fluids. Such fluids are termed
non-Newtonian.

Equation 1.1 indicates that wherever a velocity gradient is induced
within a fluid, a shear stress will result. When the flow of a fluid parallel to
some boundary is considered, it is assumed that no slip occurs between the
boundary and the fluid, so the fluid molecules adjacent to the surface are at
rest (u = 0). As shown in Figure 1.2, the velocity gradient du/dy decreases
from a maximum at the boundary (y = 0) to zero at some distance from the
boundary (y = y”) when the velocity becomes equal to the undisturbed velocity
of the fluid (u = u’). The shear stress must, therefore, increase from zero at
this point to a maximum at the boundary. A shear stress, opposing the motion
of the fluid and sometimes called fluid friction, is therefore developed at the
boundary. The region limited by the dimension y’, in which flow of the fluid
is perturbed by the boundary, is called the boundary layer. The structure of
this layer greatly influences the rate at which heat is transferred from the
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FIGURE 1.2 Distribution of velocities at a boundary.

boundary to the fluid under the influence of a temperature gradient or the rate
at which molecules diffuse from the boundary into the fluid under a concentra-
tion gradient. These topics are discussed in Chapters 2 and 3.

Compressibility. Deformation is not only a shear-induced phenome-
non. If the stress is applied normally and uniformly over all boundaries, then
fluids, like solids, decrease in volume. This decrease in volume yields a pro-
portionate increase in density. Liquids can be regarded as incompressible, and
changes of density with pressure can be ignored, with consequent simplifica-
tion of any analysis. This is not possible in the study of gases if significant
changes in pressure occur.

Surface Tension. Surface tension, a property confined to a free surface
and, therefore, not applicable to gases, is derived from unbalanced intermolec-
ular forces near the surface of a liquid. This may be expressed as the work
necessary to increase the surface by unit area. Although not normally impor-
tant, it can become so if the free surface is present in a passage of small-
diameter orifice of tube. Capillary forces, determined by the surface tension
and the curvature of the surface, may then be comparable in magnitude to
other forces acting in the fluid. An example is found in the movement of liquid
through the interstices of a bed of porous solids during drying.

1.2 FLUIDS AT REST-HYDROSTATICS

The study of fluids at rest is based on two principles:

1. Pressure intensity at a point, expressed as force per unit area, is the
same in all directions.
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2. Pressure is the same at all points in a given horizontal line in a
continuous fluid.

The pressure, P, varies with depth, z, in a manner expressed by the hydrostatic
equation:

dP = —pg dz (1.2)
where p is the density of the fluid and g is the gravitational constant. Since
water and most other liquids can be regarded as incompressible, the density

is independent of the pressure, and integration between the limits P, and P,,
z, and z,, gives

P, — P, = —pg(Z1 — 22) (1.3)

1.3 THE MEASUREMENT OF PRESSURE
INTENSITY

Application of equation 1.3 to the column of liquid shown in Figure 1.3(a)
gives

PA - Pl = _pgl’l
and (1.4)
Pl = PA + pgh

Sector and

Pinion
)
T Bourdon
. Tube

Pressure
Connection

FIGURE 1.3 Pressure measurement apparatus.
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The density term should be the difference between the density of the
liquid in the column and the density of the surrounding air. The latter is rela-
tively small and this discrepancy can be ignored. P, is the absolute pressure
at the point indicated, and P, is the atmospheric pressure. It is often convenient
to refer to the pressure measured relative to atmospheric pressure, i.e., P, —
P,. This is called the gauge pressure and is equal to pgh. Pressure measured
in ST units has units of N m~2. Alternatively, the gauge pressure can be ex-
pressed as the height or head of a static liquid that would produce this pressure.

Figure 1.3(a) represents the simplest form of manometer, a device
widely used for the measurement of pressure. It consists of a vertical tube
tapped into the container of the fluid under study. In this form, it is confined
to the pressure measurement of liquids. This device is unsuitable for the mea-
surement of very large heads, due to unwieldy construction, or very small
heads, due to low accuracy. The U-tube manometer, shown in Figure 1.3(b),
may be used for the measurement of higher pressures with both liquids and
gases. The density of the immiscible liquid in the U-tube, p, is greater than
the density of the fluid in the container, p,. The gauge pressure is given by

P =hipg— hprg

The disadvantage of reading two levels may be overcome by the modi-
fication in Figure 1.3(c). The cross-sectional area of one limb is many times
larger than that of the other, and the vertical movement of the heavier liquid
in the wider arm can be neglected and its level is assumed to be constant.

Sloping the reading arm of the manometer can increase the accuracy of
the pressure determination, for small heads, with any of the manometers just
described. The head is now derived from the distance moved along the tube
and the angle of slope.

The Bourdon gauge, a compact instrument widely used for the measure-
ment of pressure, differs in principle from the manometer. The fluid is admit-
ted to a sealed tube of oval cross section, the shape of which is shown in
Figure 1.3(d). The straightening of the tube under internal pressure is opposed
by its elasticity. The movement to an equilibrium position actuates a recording
mechanism. The gauge is calibrated by an absolute method of pressure mea-
surement.

The principles of pressure measurement also apply to fluids in motion.
However, the presence of the meter should minimize perturbation in flow. A
calming section, in which a flow regime becomes stable, is present upstream
from the pressure tapping, and the edge of the latter should be flush with the
inside of the container to prevent flow disturbance.
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1.4 FLUIDS IN MOTION

Streamlines are hypothetical entities without width that are drawn parallel at
all points to the motion of the fluid. Figure 1.4 illustrates their use in depicting
the flow of a fluid past a cylinder. If the flow at any position does not vary
with time, it is steady and the streamlines retain their shape. In steady flow,
a change in the spacing of the streamlines indicates a change in velocity be-
cause, by definition, no fluid can cross a streamline. In the regions on the
upstream side of the cylinder, the velocity of the fluid is increasing. On the
downstream side, the reverse occurs. The maximum velocity occurs in the
fluid adjacent to regions B and D. At points A and C, the fluid is at rest. As
the velocity increases, the pressure decreases. The pressure field around the
cylinder is therefore the reverse of the velocity field. This statement may ap-
pear to contradict common experience. However, it follows from the principle
of conservation of energy and finds expression in Bernoulli’s theorem.

1.5 BERNOULLI'S THEOREM

At any point in flowing fluid, the total mechanical energy can be expressed
in terms of the following components: potential energy, pressure energy, and
kinetic energy. The potential energy of a body is its capacity to do work by
reason of its position relative to some center of attraction. For a unit mass of
fluid at a height z above some reference level,

Potential energy = zg

where g is the acceleration due to gravity.

A

f

vy v

.0~

FIGURE 1.4 Flow of a fluid past a cylinder.
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The pressure energy or flow energy is an energy form peculiar to the
flow of fluids. Figure 1.5 describes the flow of a volume of fluid, abdc, across
the section XX'. The work done and the energy acquired in transferring the
fluid are the product of the pressure, P, and the volume. The volume of unit
mass of the fluid is the reciprocal of the density, p. For an incompressible
fluid, the density is not dependent on the pressure, so that for a unit mass of
fluid:

P
Pressure energy = —

The kinetic energy is a form of energy possessed by a body by reason
of its movement. If the mass of the body is m and its velocity is u, the kinetic
energy is 1/2 mu?, and for a unit mass of fluid,

. u?
Kinetic energy = £y

The total mechanical energy of a unit mass of fluid is, therefore,
P

2
u—+7+zg
2 p

The mechanical energy at two points, A and B, will be the same if no
energy is lost or gained by the system. Therefore, we can write

ut | P uy P
7A+7A+ZAg:7B+*B+ZBg (15)
2 p 2
X
b a
/ 1\
) | <
Flow i R < p!
Direction \/ \ l - l\ E |
£
\ A - a—
€ \
d c
X'

FIGURE 1.5 Pressure energy of a fluid.



8 Chapter 1

This relationship neglects the frictional degradation of mechanical energy that
occurs in real systems. A fraction of the total energy is dissipated in overcom-
ing the shear stresses induced by velocity gradients in the fluid. If the energy
lost during flow between A and B is E, then equation 1.5 becomes

2 2
LY s (1.6)
2 p 2 p

This is a form of Bernoulli’s theorem, restricted in application to the flow of
incompressible fluids. Each term is expressed in absolute units, such as N m
kg~ !. The dimensions are L> T2 In practice, each term is divided by g(L T~?)
to give the dimension of length. The terms are then referred to as velocity
head, pressure head, potential head, and friction head, the sum giving the total
head of the fluid:

UR Py s Py L E (1.7)

28 pg 28 pg 8

The evaluation of the kinetic energy term requires consideration of the
variation in velocity found in a direction normal to flow. The mean velocity,
calculated by dividing the volumetric flow rate by the cross-sectional area of
the pipe, lies between 0.5 and 0.82 times the maximum velocity found at the
pipe axis. The value depends on whether flow is laminar or turbulent, terms
which are described later. The mean kinetic energy, given by u.../2, differs
from the true kinetic energy found by summation across the flow direction.
The former can be retained, however, if a correction factor, a, is introduced.
Then

U rean
2ga
where a has a value of 0.5 in laminar flow and approaches unity when flow
is fully turbulent.

A second modification may be made to equation 1.5 if mechanical en-
ergy is added to the system at some point by means of a pump. If the work
done, in absolute units, on a unit mass of fluid is W, then

Velocity head =

W, u +&+ZA——+5+ZB+E
g 28 pg 2¢  pg g
or (1.8)
2
Wi —ui ( Poy Ui Py
g 2g pg 2g  pg g
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The power required through a system at a certain rate may be calculated using
equation 1.8 to drive a liquid. The changes in velocity, pressure, height, and
the mechanical losses due to friction are each expressed as a head of liquid.
The sum of heads, AH, is the total head against which the pump must work.
Therefore,

W an

8
If the work performed and energy acquired by unit mass of fluid is AHg, then
the power required to transfer mass m in time ¢ is

Power = AHgm

Since the volume flowing in unit time, Q, is m/pt, then

Power = QAHgp (1.9)

1.6 FLOW MEASUREMENT

The Bernoulli theorem can also be applied to the measurement of flow rate.
Consider the passage of an incompressible fluid through the constriction
shown in Figure 1.6. The increase in kinetic energy as the velocity increases
from u, to u, is derived from the pressure energy of the fluid, the pressure of
which drops from P, to P,, the latter being recorded by manometers. There
is no change in height, and equation 1.5 can be rearranged to give

hy=P4/(p/Q) ho=P2/(pg)

Area a,

FIGURE 1.6 Flow through a constriction.
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u_ui _ (1.10)

The volumetric flow rate Q = u,a, = u,a,. Therefore, by rearrangement,

a
u, = Ury—
a;

Substituting for u; gives

LL% _ ui(a,la,) _bPi=pP

2 2 p
and

u3 1 — a3 _bh-h

2 at P
Therefore,

_ 2(P1 — Pz)
u, = -
p(l — ai/af)

and

0= a | 2P =P
p(l — ailat)

The derivation neglects the correction of kinetic energy due to nonuniformity

of flow in both cross sections and the frictional degradation of energy during

passage through the constriction. This is corrected by the introduction of a

numerical coefficient, Cp, known as the coefficient of discharge. Therefore,

0 = Cpay A| 2L =P (111)
p(l — aila})

The value of Cp, depends upon conditions of flow and the shape of the constric-
tion. For a well-shaped constriction, such as that shown in Figure 1.6, it would
vary between 0.95 and 0.99 for turbulent flow. The value is much lower in
laminar flow because the kinetic energy correction is larger. The return of the
fluid to the original velocity by means of a diverging section forms a flow-
measuring device known as the Venturi meter.
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(@ (b)

Pressure Pressure
To manometers Tapping Tapping

Ua

Pa Pb

FIGURE 1.7 Flow meters.

The Venturi meter is shown in Figure 1.7(a). The converging cone leads
to the narrowest cross section, known as the throat. The change in pressure
is measured across this part of the meter, and the volumetric flow rate found
by substitution into equation 1.11. Values of the coefficient of discharge are
given in the preceding paragraph. The diverging section, or diffuser, is de-
signed to induce a gradual return to the original velocity. This minimizes eddy
formation in the diffuser and permits the recovery of a large proportion of the
increased kinetic energy as pressure energy. The permanent loss of head due
to friction in both converging and diverging sections is small. The meter is
therefore efficient.

When the minimization of energy degradation is less important, the
gradual, economical return to the original velocity may be abandoned, com-
pensation for loss of efficiency being found in a device that is simpler, cheaper,
and more adaptable than the Venturi meter. The orifice meter, to which this
statement applies, consists simply of a plate with an orifice. A representation
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of flow through the meter is shown in Figure 1.7(b), indicating convergence
of the fluid stream after passage through the orifice to give a cross section of
minimum area called the vena contracta. The downstream pressure tapping
is made at this cross section. The volumetric flow rate is given by equation
1.11, for which a, is the jet area at the vena contracta. The measurement of
a, is inconvenient. It is therefore related to the area of the orifice, a,, which
can be accurately measured, by the coefficient of contraction, C., defined by
the relation

)

C. =
(200

The coefficient of contraction, frictional losses between the tapping
points, and kinetic energy corrections are absorbed in the coefficient of dis-
charge. The volumetric flow rate is then

2Py — Py)
= ap\ | =) 112
@ =N = ayad) (12

The term 1 — af/ a? approaches unity if the orifice is small compared to the
pipe cross section. Since P, — P, = Ahpg, where Ah is the difference in head
developed by the orifice, equation 1.12 reduces to

0 = a,Cp \2Ahg (1.13)

The value of C}, for the orifice meter is about 0.6, varying with construction,
the ratio ay/a,, and flow conditions within the meter. Due to its complexity,
it cannot be calculated. After passage through the orifice, flow disturbance
during retardation causes the dissipation of most of the excess kinetic energy
as heat. The permanent loss of head is therefore high, increasing as the ratio
ap/a, falls and ultimately reaching the differential head produced within the
meter. When constructional requirements and methods of installation are fol-
lowed, the correcting coefficients can be derived from charts. Alternatively,
the meters can be calibrated.

The Bernoulli theorem may be used to determine the change in pressure
caused by retardation of fluid at the upstream side of a body immersed in a
fluid stream. This principle is applied in the use of the Pifot tube, shown in
Figure 1.7(c). The fluid velocity is reduced from u,, the velocity of the fluid
filament in alignment with the tube, to zero at B, a position known as the
stagnation point. The pressure, Py, is measured at this point by the method
shown in Figure 1.7(c). The undisturbed pressure, P,, is measured in this exam-
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ple with a tapping point in the wall connected to a manometer. Since the
velocity at B is zero, equation 1.10 reduces to

u; _ P, — P,

2 p
and u, can be calculated. Since only a local velocity is measured, variation
of velocity in a section can be studied by altering the position of the tube.
This procedure must be used if the flow rate in a pipe is to be measured. The
mean velocity is derived from velocities measured at different distances from
the wall. This derivation and the low-pressure differential developed render
the Pitot tube less accurate than either the Venturi tube or the orifice meter
for flow measurement. However, the tube is small in comparison with the pipe
diameter and therefore produces no appreciable loss of head.

The rotameter (a variable-area meter), shown in Figure 1.7(d), is com-
monly used, giving a direct reading of flow rate by the position of a small
float in a vertical, calibrated glass tube through which the fluid is flowing.
The tube is internally tapered toward the lower end so that the annulus between
float and wall varies with the position of the float. Acceleration of the fluid
through the annulus produces a pressure differential across the position of the
float and an upward force upon it. At the equilibrium position, which may be
stabilized by a slow rotation of the float, the weight force acting on the float
balances this upward force. If increasing the rate of flow disturbs equilibrium,
the balance of weight force and pressure differential is produced by movement
of the float upward to a position at which the area of the annulus is bigger.
For accurate measurement, the rotameter is calibrated with the fluid to be
metered. Its use is then restricted to that fluid. A theoretical derivation of flow
rate is also available.

1.7 LAMINAR AND TURBULENT FLOWS

The translation of the energy of flow from one form to another has been de-
scribed with little reference to the actual nature of flow. Flow of fluids can
be laminar (and may be depicted by streamlines) or turbulent, terms that are
best introduced by describing a series of simple experiments performed in
1883 by Osborne Reynolds. The apparatus, shown in Figure 1.8, consisted of
a straight glass tube through which the fluid was allowed to flow. The nature
of flow was examined by introducing a dye into the axis of the tube. At low
speeds, the dye formed a coherent thread that grew very little in thickness
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FIGURE 1.8 The Reynolds experiment (diagrammatic).

Time

with distance down the tube. However, with progressive increase in speed,
the line of dye first began to waver and then to break up. Secondary motions,
crossing and recrossing the general flow direction, were clearly revealed. Fi-
nally, at very high speeds, no filament of dye could be detected, and mixing
to a dilute color was almost instantaneous. In this experiment, flow changed
from laminar to turbulent, the change occurring at a critical speed. In the
former, flow was ordered, always moving parallel to the walls of the tube.
Generalizing, in laminar flow the instantaneous velocity at a point is always
the same as the mean velocity in both magnitude and direction. In turbulent
flow, order is lost and irregular motions are imposed upon the main steady
motion of the fluid. At any instant of time, the fluid velocity at a point varies
in magnitude and direction, having components perpendicular, as well as par-
allel, to the direction of net flow. Over time, these fluctuations even out to
give the net velocity in the direction of flow.

In turbulent flow, rapidly fluctuating velocities produce high-velocity
gradients within the fluid. Proportionately large shear stresses are developed,
and to overcome them mechanical energy is degraded and dissipated in the
form of heat. The degradation of energy in laminar flow is much smaller.

The random motions of turbulent flow provide a mechanism of momen-
tum transfer not present in laminar flow. If a variation in velocity occurs across
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a fluid stream, as in a pipe, a quantity of fast-moving fluid can move across
the flow direction to a slower-moving region, increasing the momentum of
the latter. A corresponding movement must take place in the reverse direction
elsewhere, and a complementary set of rotational movements, called an eddy,
is imposed on the main flow. This is a powerful mechanism for equalizing
momentum. By the same mechanism, any variation in the concentration of a
component is quickly eliminated. Admitting dye to the fluid stream in Rey-
nolds’ original experiment showed this. Similarly, the gross mixing of turbu-
lent flow quickly erases variations in temperature.

The turbulent mechanism that carries motion, heat, or matter from one
part of the fluid to another is absent in laminar flow. The shear stress arises
from the variations in velocity; i.e., the viscosity brings about momentum
transfer. Similarly, heat and matter can only be transferred across streamlines
on a molecular scale, heat by conduction and matter by diffusion. These mech-
anisms, which are present but less important in turbulent flow, are compara-
tively slow. Velocity, temperature, and concentration gradients are, therefore,
much greater than in turbulent flow.

1.8 LIQUIDS FLOW IN PIPES

The many pharmaceutical processes that involve the transfer of a liquid from
one place to another confer great importance on the study of flow in pipes.
This study permits the evaluation of pressure loss due to friction in a simple
pipe and assesses the additional effects of pipe roughness, changes in diameter,
bends, exits, and entrances. When the total pressure drop due to friction is
known for the system, the equivalent head can be derived and the power re-
quirement for driving a liquid through the system can be calculated from equa-
tion 1.9.

1.8.1 Streamline Flow in a Tube

The mathematical analysis of streamline flow in a simple tube is complete
and results in the expression known as Poiseuille’s law, one form of which
is

_ TAPd*

Q 128n!

(1.14)

where Q is the volumetric flow rate or discharge, AP is the pressure drop
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FIGURE 1.9 Streamline flow: velocity distribution in a pipe.

across the tube, d and [ are the diameter and length of the tube, respectively,
and m is the fluid viscosity.

Whether flow in the tube is streamline or turbulent, an infinitesimally
thin stationary layer is found at the wall. The velocity increases from zero at
this point to a maximum at the axis of the tube. For streamline flow, the veloc-
ity profile is presented in Figure 1.9(a). The velocity gradient, du/dr, varies
from a maximum at the wall to zero at the axis. In flow through a tube, the
rate of shear is equal to the velocity gradient, so that equation 1.1 dictates the
same variation of shear stress.

To derive Poiseuille’s law, the form of the velocity profile must first be
established. Consider the fluid contained within a radius r flowing in a tube
of radius R. This is shown in Figure 1.9(b). If the pressure drop across length
[l is AP, the force attributed to the applied pressure driving this section is
APrir?. If flow is steady, this force can only be balanced by opposing viscous
forces acting on the ‘‘wall’’ of the section. This force, the product of the shear
stress T and the area over which it acts, is 2¢ml. The expression given by
equating these forces is

_ APr?
21

t
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Substituting from equation 1.1 gives

_du _ APr
dr 2nl

The velocity gradient is negative because u decreases as r increases. When r
= R, u = 0. Integrating gives

Jdu=—APrerr
0 2nl Jr

Therefore,

2 __ 2
u = ZAPI<R : ’) (1.15)
n

This relation shows that the velocity distribution across the tube is parabolic.
For such a distribution, the maximum velocity is twice the mean velocity. The
volumetric flow rate across the annular section between r and r + dr, shown
in Figure 1.9(c), is

Q=2nr-dr-u
Substituting for u from equation 1.15 gives

APT

= R*r — r¥) dr
an( )

0

The total volumetric flow rate is the integral between the limits » = R and r
= 0:

R
0 = APTEJ (R*r — r¥) dr
2nl Jo
_APR|RYE
mil 2 4]
Therefore,
4 4
0= APTR* _ APrd (1.14)

8n! 12811
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where d is the diameter of the tube. Since Q = UpeaTd*/4, substitution and
rearrangement give
32Mme;mnl

1.8.2 Dimensional Analysis and Flow through
a Tube: A General Approach

The utility of equation 1.16 for evaluating the loss of pressure due to friction
in a tube is limited because streamline conditions are rare in practice. The
theoretical analysis of turbulent flow, however, is incomplete, and experiments
with fluids are necessary for the development of satisfactory relations between
the controlling variables. In such experiments, it is often not possible to study
the relation of two variables, one in terms of the other, while other variables
are temporarily held constant. Dimensional analysis is a procedure in which
the interaction of variables is presented in such a way that the effect of each
variable can be assessed.

The method is based on the requirement that the dimensions of all terms
of a physically meaningful equation are the same; i.e., an equation must be
dimensionally homogeneous. This principle may be usefully illustrated by ref-
erence to equation 1.14 written in the form

APd//
nl

Qo

Rewriting in basic units of mass, length, and time, and using the symbol [ ]
to represent dimensions of, [Q] = [L* T™'], [AP] = [M L' T2, [d"] = [L"],
and [n] = [M L' T"']. Equating gives

ML'T?. L

— [Ln—l T—l]
ML'T!' L

(L T2 = [
[M] and [T] are correct, as they must be. Equating for [L] gives [L*] = [L" '],
from which n = 4.

If no previous knowledge of the combined form of the variables that
determine Q is available, dimensional analysis can be applied in the following
way. The dependence of Q on AP, [, d, and N can be written as

Q = f(AP, I, d, M)
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The function f can be expressed as a series, each term of which is the product
of the independent variables raised to suitable powers. Taking the first term
of the series gives

Q=N-AP" - I*-d' 1}

where N is a numerical factor (dimensionless). Rewriting terms as [Q] = [L?
T, [AP'] = [M" L™ T2, [I] = [L], [&"] = [L’], and [] = [M'L T,
the equation [Q] = [AP" - [* - d* - ] becomes [L* T™'] = [M* L™ T - L*
L MELTET

Equating powers of M, L, and T gives the system

M: 0=w+z
L: 3=—-w+x+ty—z
T: —1= 2w —¢

Since four unknowns are present in three simultaneous equations, three may
be determined in terms of the fourth. Solving givesw = 1,z = —1, and x +
y = 3. Expressing y as 3 — x; one gets

0 = N2y
n

3 X
_ yAPd (1)
n \d

The first part of the example demonstrates the use of dimensions as a
partial check on the derivation or completeness of a solution. In the second
part, a solution, although incomplete, gives considerable information about
discharge of a fluid in streamline flow and its relation to pressure drop, viscos-
ity, and the geometry of the pipe without any theoretical or experimental analy-
sis. For example, if two tubes had the same ratio I/d, the values of On/d*AP
would also be the same.

Since the exponent x in equation 1.17 is indeterminate, the term in brack-
ets must be dimensionless. Unlike the lengths from which it is derived, it is
a pure number and needs no system of units for meaningful expression. Its
value is, therefore, independent of the units chosen for its measurement, pro-
viding, of course, that the systems of measurement are not mixed. The equation
may therefore be presented as the relation between two dimensionless groups:

on _ [ty
aap \d

(1.17)
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or, since a series of power terms will, in general, form the original unknown
function, each of which has different values of N and x,

on l

—— = fl = 1.18

TAP f p (1.18)

The study of frictional losses at the wall of a pipe is facilitated by dimen-
sional analysis. The shear stress—that is, the force opposing motion of the
fluid acting on each unit of area of the pipe, R—is determined, for a given
pipe surface, by the velocity of the fluid, u, the diameter of the pipe, d, the
viscosity of the fluid, 1, and the fluid density, p. The equation of dimensions
is

[R] = [u®-d7 -1 - p]
Therefore,

ML!'T?2=1T7? - LY-ML"T"-M'L™®
Equating M, L, and T, one gets

M: l=r+s
L. -1l=p+qg—r—3s
T. -2=-p-—r

Solving for p, r, and s in terms of g givesr = —¢, s =1 + g,andp = 2 +
q. Therefore,

R=N-u2a.da. ne- p”‘l =N pu2<”dp>
n

where N is a numerical factor. Generalizing, R/pu?, which is the friction factor,
is a function of a dimensionless combination of u, d, 1, and p. This combina-
tion gives a parameter known as the Reynolds number, Re. Therefore,

iz = f(Re) (1.19)
pu

The form of this relation must largely be determined by experiment. If
the friction factor, R/pu?, is plotted against Re, all data lie on a single curve
which, although restricted to a particular pipe surface, will apply to all fluids,
all pipe diameters, and all velocities.
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In turbulent flow, the shear stress at the wall depends upon the surface,
the value being higher for a rough pipe than for a smooth pipe when flow
conditions are otherwise the same. Equation 1.19 therefore yields a family of
curves when pipes of differing surface condition are used. This is rationalized
by the introduction of another dimensionless group, e/d, in which e is a linear
dimension expressing roughness. Values of e are known for many materials.

The complete dimensionless correlation, plotted on logarithmic coordi-
nates so that widely varying conditions are covered, is given in Figure 1.10.
The curve can be divided into four regions. When Re < 2000, flow is stream-
line and the equation of the line in this region is R/pu? = 8/Re. This is simply
another form of Poiseuille’s law. The friction factor is independent of the
roughness of the pipe and all data fall on a single line.

When Re lies between 2000 and 3000, flow normally becomes turbulent.
The exact value of the transition depends upon the idiosyncrasies of the sys-
tem. For example, in a smooth pipe, streamline conditions will persist at higher
Reynolds number than in a pipe in which disturbances are created by surface
roughness.

At higher values of Re, flow becomes increasingly turbulent to give a
region in which the friction factor is a function of Re and surface roughness.
Ultimately, this merges with a region in which the friction factor is indepen-

0.1
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001 | I\l\ Rough Pipe (e/a = 0.05)
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FIGURE 1.10 Pipe friction chart.
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dent of Re. Flow is fully turbulent and, for a given surface, the shear stress
at the pipe wall is proportional to the square of the fluid velocity. The onset
of the fourth region occurs at a lower Re in rough pipes.

The essential difference between laminar flow and turbulent flow has
already been described. In a pipe, the enhanced momentum transfer of the
latter modifies the velocity distribution. In laminar flow, this distribution is
parabolic. In turbulent flow, a much greater equalization of velocity occurs,
the velocity profile becomes flatter, and high-velocity gradients are confined
to a region quite close to the wall. In both cases, the boundary layer, the region
in which flow is perturbed by the presence of the boundary, extends to the
pipe axis and completely fills the tube. In laminar conditions, the structure of
the layer is quite simple, layers of fluid sliding one over another in an orderly
fashion. In turbulent flow, however, division can be made into three regimes:
(1) The core of fluid is turbulent. (2) In a thin layer at the wall a fraction of
a millimeter thick, laminar conditions persist. This is called the laminar
sublayer and it is separated from the turbulent core by (3) a buffer layer in
which transition from turbulent flow to laminar flow occurs.

This description of the turbulent boundary layer applies generally to the
flow of fluids over surfaces. The properties of this layer are central in many
aspects of the flow of fluids. In addition, these properties determine the rate
at which heat or mass is transferred to or from the boundary. These subjects
are described in Chapters 2 and 3.

1.9 THE SIGNIFICANCE OF REYNOLDS’
NUMBER, RE

In Reynolds’ experiment, described previously, progressive increase in veloc-
ity caused a change from laminar flow to turbulent flow. This change would
also have occurred if the diameter of the tube was increased while maintaining
the velocity, or if the fluid was replaced by one of higher density. On the other
hand, an increase in viscosity could promote a change in the opposite direction.
Obviously, all these factors are simultaneously determining the nature of flow.
These factors, which alone determine the character of flow, combine to give
some value of Re. This indicates that the forces acting on some fluid element
have a particular pattern. If some other geometrically similar system has the
same Re, the fluid will be subject to the same force pattern.

More specifically, the Reynolds number describes the ratio of the inertia
and viscous or frictional forces. The higher the Reynolds number, the greater
will be the relative contribution of inertial effects. At very low Re, viscous
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Separation of
boundary layer

FIGURE 1.11 Flow of a fluid past a cylinder.

effects predominate and the contribution of inertial forces can be ignored. A
clear example of the changing contributions of viscous and inertia or momen-
tum effects and the resulting changes in the flow pattern is given in Figure
1.11. A Reynolds number can also characterize flow in this quite different
system.

1.10 CALCULATION OF THE PRESSURE
DROP IN A PIPE DUE TO FRICTION

If the volumetric flow rate of a liquid of density p and viscosity 1 through a
pipe of diameter d is Q, the derivation of the mean velocity, u, from the flow
rate and pipe area completes the data required for calculating Re. If the pipe
roughness factor is known, the equivalent value of R/pu’ can be determined
from Figure 1.10, and the shear stress at the pipe wall can be calculated. The
total frictional force opposing motion is the product of R and the surface area
of the pipe, mdl, where [ is the pipe length. If the unknown pressure drop
across the pipe is AP, the force driving the fluid through the pipe is AP
(md?/4). Equating pressure force and frictional force gives

d?

AP—— = Rndl
4
Therefore,
AP = % (1.20)

Division by pg gives the pressure loss as a friction head. This form is
used in equations 1.7 and 1.8.
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1.11 FLOW IN TUBES OF NONCIRCULAR
CROSS SECTION

Discussion of flow in pipes has been restricted to pipes of circular cross sec-
tion. The previous exposition may be applied to turbulent flow in noncircular
ducts by introducing a dimension equivalent to the diameter of a circular pipe.
This is known as the mean hydraulic diameter, d,,, which is defined as four
times the cross-sectional area divided by the wetted perimeter. The following
examples are given:

For a square channel of side b:

_ A

dy, = =b
4b

For an annulus of outer radius r; and inner radius r,:

4(mr? — mr3
7( n r2) =2(ry — )
2nr, + 2mr,

This simple modification does not apply to laminar flow in noncircular ducts.

1.12 FRICTIONAL LOSSES AT PIPE FITTINGS

Losses occur at the various fittings and valves used in practical systems in
addition to the friction losses at the wall of a straight pipe. In general, these
losses are derived from sudden changes in the magnitude or direction of flow
induced by changes in geometry. They can be classified as loss due to a sudden
contraction or enlargement, losses at entrance or exit, and loss due to pipe
curvature. Losses can be conveniently expressed as a length of straight pipe
offering the same resistance. This is usually in the form of a number of pipe
diameters. For example, the loss at a right-angled elbow is equivalent to a
length of straight pipe equal to 40 diameters. The sum of the equivalent lengths
of all fittings and valves is then added to the actual pipe length and the total
frictional loss is estimated by equation 1.20.

1.13 MOTION OF BODIES IN A FLUID

When a body moves relative to a fluid in which it is immersed, resistance to
motion is encountered and a force must be exerted in the direction of relative
body movement. The opposing drag force is made up from two components:
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viscous drag and form drag. This may be explained by reference to Figure
1.11, which describes the flow past a body, in this case a cylinder with axis
normal to the page, by means of streamlines. As mentioned, streamlines are
hypothetical lines drawn tangential at all points to the motion of the fluid.
Flow past the cylinder immobilizes the fluid layer in contact with the surface,
and the induced velocity gradients result in a shear stress or viscous drag on
the surface. The crowding of streamlines on the upstream face of the cylinder
to points B and D indicates an increase in velocity and, therefore, a decrease
in pressure. If there is to be no inertial force acting on the cylinder, the flow
pattern and momentum changes on the downstream surface must be exactly
reversed. This is shown in Figure 1.11(a), and the entire force opposing rela-
tive motion of the cylinder and fluid is viscous drag. However, conditions of
increasing pressure and decreasing velocity that exist on the downstream sur-
face may cause the boundary layer to separate. The region between the break-
away streamlines—the wake—is occupied by eddies and vortices, and the
flow pattern shown in Figure 1.11(b) is established. The kinetic energy of the
accelerated fluid is dissipated and not recovered as pressure energy on the
downstream surface. Under these conditions, there is a second component to
the force opposing relative motion. This is known as form drag. Its contribu-
tion to the total drag increases as the velocity increases.

Once again, viscous and inertial forces are operating to determine the
flow pattern and drag force on a body moving relative to a fluid. Reynolds
number, which expresses their ratio, is used as a parameter to predict flow
behavior. The relation between the drag force and its controlling variables is
presented in a manner similar to that employed for flow in a pipe. If we con-
sider a sphere moving relative to a fluid, the projected area normal to flow is
where d is the diameter of the sphere. The drag force acting on unit projected
area, R’, is determined by the fluid’s velocity, u, viscosity, 1, and density, p,
and by d. Dimensional analysis yields the relation

R/

pu’

= fiRe") = f(”?) (1.21)

This form of Reynolds number, Re’, employs the sphere diameter as the linear
dimension. With the exception of an analysis at very low Reynolds numbers,
the form of this function is established by experiment. Results are presented
on logarithmic coordinates in Figure 1.12. When Re” =< 0.2, viscous forces
are solely responsible for drag on the sphere and equation 1.21 is

R 12

pu? " Re
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FIGURE 1.12 R’/pu’ vs. Re’ for a smooth sphere.

Therefore,
nd?
Total drag force = R’ e
2
= pu2l£,<nj> (1.22)
= 3nndu

This is the normal form of Stokes’ law.

At larger values of Re’, the experimental curve progressively diverges
from this relation, ultimately becoming independent of Re” and giving R’/pu?*
~ (.22. As Re’ increases, the form drag increases, ultimately becoming solely
responsible for the force opposing motion.

For nonspherical particles the analysis employs the diameter of a sphere
of equivalent volume. A correction factor, which depends upon the shape of
the body and its orientation in the fluid, must then be applied.

An important application of this analysis is the estimation of the speed
at which particles settle in a fluid. Under the action of gravity, the particle
accelerates until the weight force, mg, is exactly balanced by the opposing
drag. The body then falls at a constant terminal velocity u. Equating weight
and drag forces gives

2
mg = gw (P, — plg = R’% (1.23)

where p; is the density of the particle.
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For a sphere falling under streamline conditions (Re” < 0.2), R = pu?
(12/Re’). Substituting in equation 1.23, we obtain

P ()4 (1.24)
181

This expression follows more simply from the equation mg = 3 nndu.

1.14 FLOW OF FLUIDS THROUGH PACKED
BEDS

Fluids flow analysis through a permeable bed of solids is widely applied in
filtration, leaching, and several other processes. A first approach may be made
by assuming that the interstices of the bed correspond to a large number of
discrete, parallel capillaries. If flow is streamline, the volumetric flow rate, Q,
is given for a single capillary by equation 1.14:

APrd*
1280/

0= (1.14)

where [ is the capillary length, d is capillary diameter, AP is the pressure drop
across the capillary, and n is the fluid viscosity. The capillary length will
exceed the depth of the bed by an amount that depends upon its tortuosity.
The bed depth L is, however, proportional to /, so
_ ApPd*
knL

where k is a constant for a particular bed. If the area of the bed is A and
contains n capillaries per unit area, the total flow rate is given by
_ APd‘nA

knL
Although n and d are not normally known, they have certain values for a given
bed so that

0

0

0 = ka2 (1.25)

nL
where K = d*n/k is a permeability coefficient and 1/K is the specific resis-
tance. Its value characterizes a particular bed.
The postulate of discrete capillaries precludes valid comment on the
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factors that determine the permeability coefficient. Channels are not discrete
but are interconnected in a random manner. Nevertheless, the resistance to the
passage of fluid must depend on the number and dimensions of the channels.
These quantities can be expressed in terms of the fraction of the bed that is
void—that is, the porosity—and the manner in which the void fraction is
distributed. With reference to a specific example, water flows more easily
through a bed with a porosity of 40% than through a bed of the same material
with a porosity of 25%. It also flows more quickly through a bed of coarse
particles than through a bed of fine particles packed to the void fraction or
porosity. The latter effect can be expressed in terms of the surface area offered
to the fluid by the bed. This property is inversely proportional to the size of
the particles forming the bed. Permeability increases as the porosity increases
and the total surface of the bed decreases, and these factors may be combined
to give the hydraulic diameter, d’, of an equivalent channel, defined by

, Volume of voids

" Total surface of material forming bed

The volume of voids is the porosity, and the volume of solids is 1 — €. If the
specific surface area, that is, the surface area of unit volume of solids, is S,
the total surface presented by unit volume of the bed is So(1 — €). Therefore;

’ €

= 1.2
So(l — &) (120

Under laminar flow conditions, the rate at which a fluid flows through
this equivalent channel is given by Poiseuille’s equation, 1.14:

APd"
ImL

The velocity, u’, in the channel is derived by dividing the volumetric flow
rate by the area of the channel, k”d”>. Combining the constants produces

0=

yo Q _APd*
k//dlz k”T]L

This velocity, when averaged over the entire area of the bed, solids, and voids,
gives the lower value u. These velocities are related by the equation u = u’e.
Therefore,

u _ APd"”

e k'mL
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Substituting for d” by means of equation 1.26 gives

u __ AP g2

e kMLl —¢) S?

and

"y = AP e’
k'mL (1 — £)*S3

(1.27)

In this equation, known after its originator as Kozeny’s equation, the constant
k” has a value of 5 * 0.5. Since Q = uA, where A is the area of the bed,
equation 1.27 can be transformed to

_ APA €3

¢ nL 5(1 — €)’S3

(1.28)

This analysis shows that permeability is a complex function of porosity
and surface area, the latter being determined by the size distribution and shape
of the particles. The appearance of a specific surface in equation 1.28 offers
a method for its measurement and provides the basis of fluid permeation meth-
ods of size analysis. The equation is also applied in the studies of filtration.

1.15 PUMPS

Equations 1.8 and 1.9 examined the power requirement for driving a liquid
through a system against an opposing head. This energy is normally added
with a pump. In different processes, the quantities to be delivered, the opposing
head, and the nature of the fluid vary widely and many pumps are made to
meet these different requirements. Basically, however, pumps can be divided
into two main categories: positive displacement pumps, which may be recipro-
cating or rotary, and impeller pumps. Positive displacement pumps displace
a fixed volume of fluid with each stroke or revolution. Impeller pumps, on
the other hand, impart high kinetic energy to the fluid that is subsequently
converted to pressure energy. The volume discharged depends on the opposing
head.

Equipment for pumping gases and liquids is essentially similar. Ma-
chines delivering gases are commonly called compressors or blowers. Com-
pressors discharge at relatively high pressures and blowers at relatively low
pressures. The lower density and viscosity of gases lead to the use of higher
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operating speeds and, to minimize leakage, smaller clearance between moving
parts.

1.15.1 Positive Displacement Pumps

Positive displacement pumps are most commonly used for the discharge of
relatively small quantities of fluid against relatively large heads. The small
clearance between moving parts precludes the pumping of abrasive slurries.

The single-acting piston pump in Figure 1.13(a) exemplifies the recipro-
cating pump. The fluid is drawn into a cylinder through an inlet valve by
movement of the piston to the right. The stroke in the opposite direction drives
fluid through the outlet valve. Leakage past the piston may be prevented by
rings or packing. Cessation of pumping on the return stroke is overcome in
the double-acting piston pump by utilizing the volume on both sides of the
piston. Fluid is drawn in on one side by a stroke that delivers the fluid on the
other [Figure 1.13(b)]. In both pumps, delivery fluctuates. Operation, however,
is simple and both are efficient under widely varying conditions. The principle
is widely used in gas compressors. In pumping liquids, no priming is necessary

(a) (b)

Inlet
Valve (c) Outlet
Valve
Piston EEE R Diaphragm
! l Inlet
l Valve

Oil

FIGURE 1.13 Positive displacement pumps.
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because the pump will effectively discharge air present in the pump or feed
lines.

A modification, known as the diaphragm pump, is constructed so that
reciprocating parts do not contact the pumped liquid [Figure 1.13(c)]. A flexi-
ble disk, fixed at the periphery, expands and contracts the pumping chamber,
drawing in and discharging liquid through valves.

Rotary positive displacement pumps operate by presenting an expanding
chamber to the fluid that is then sealed and conveyed to the outlet. Both liquids
and gases are discharged so that priming is not necessary. The principle is
illustrated in Figure 1.14, which describes a gear pump, a lobe pump, and a
vane pump. In the gear pump, the liquid is conveyed in the spaces formed
between a case and the consecutive teeth of two gears that intermesh at the
center of the pump to prevent return of the liquid to the inlet. The lobe pump,
widely used as a liquid pump and as a blower, operates in a similar manner.
Each impeller carries two or three lobes that interact with very small clearance
to convey fluid from inlet to outlet.

Sliding vanes, mounted in the surface of an off-center rotor but main-

77777777 /ZF/?/// T777 7

FIGURE 1.14 Gear, vane, and lobe pumps.
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tained in contact with the case by centrifugal force or spring loading, provide
the pumping action of the vane pump. Fluid is drawn into the chamber created
by two vanes at the inlet. The fluid is rotated and expelled by contraction at
the outlet. Besides liquid pumping, the principle of the vane pump is used in
blowers and, by evacuating at the inlet and discharging to atmosphere at the
outlet, in vacuum pumps.

The Mono pump consists of a stator in the form of a double internal
helix and a single helical rotor. The latter maintains a constant seal across the
stator and this seal travels continuously through the pump. The pump is suit-
able for viscous and nonviscous liquids. The stator is commonly made of a
rubber or similar material, so slurries are effectively delivered. Discharge is
nonpulsating and can be made against very high pressures. The pump is com-
monly used to drive clarifying and cake filters.

1.15.2 Centrifugal Impeller Pumps

The centrifugal impeller pump is the type most widely used in the chemical
industry. The impeller consists of a number of vanes, usually curved backward
from the direction of rotation. The vanes may be open or, more commonly,
closed between one or two supporting plates. This reduces swirl and increases
efficiency. The impeller is rotated at high speeds, imparting radial and tangen-
tial momenta to a liquid that is fed axially to the center and which spirals
through the impeller. In the simple volute pump [Figure 1.15(a)] the liquid is
received into a volute chamber. The cross section increases toward the tangen-
tial outlet. The liquid therefore decelerates, allowing a conversion of kinetic
energy to pressure energy. In the diffuser pump, correctly aligned blades of

(@) (b)

FIGURE 1.15 Volute pump and diffuser pump.



Fluid Flow 33

a diffusing ring over which the fluid velocity decreases smoothly receive the
liquid from the impeller and the pressure rises. Flow through a diffuser pump
is described in Figure 1.15(b).

Due to the less precise control of the direction of the liquid leaving the
impeller, the volute pump is less efficient than the diffuser pump. However,
it is more easily fabricated in corrosion-resistant materials and is more com-
monly used. The pump, which is compact and without valves, may be used
to pump slurries and corrosive liquid, steadily delivering large volumes against
moderately large heads. For large heads, pumps are used in series. Unlike
positive displacement pumps, impeller pumps continue to operate if the deliv-
ery line is closed, the kinetic energy of the liquid being degraded to heat.

A disadvantage of the centrifugal pump is that the conditions under
which a pump of given size will operate with high efficiency are limited. The
relation between the quantity discharged and the opposing head for a volute
pump operating at a given speed is shown in Figure 1.16. As the head in-
creases,the quantity discharged decreases. The mechanical efficiency of the
pump is the ratio of the power acquired by the liquid, given by equation 1.9,
to the power input. A maximum value is shown in Figure 1.16, indicating
optimal operating conditions. The effect on the efficiency when the pump
operates at other conditions can be seen from the figure, and to achieve reason-
able operating efficiency for a given discharge and opposing head a pump of
suitable size and operating speed must be used.

efficiency

Opposing Head
fousioya

Volumetric Discharge Rate

FIGURE 1.16 Performance curve of a volute pump running at a fixed speed.
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A second disadvantage of the centrifugal pump lies in priming. If the
pump contains air alone, the low kinetic energy imparted by the impeller cre-
ates a very small pressure increase across the pump and liquid is neither drawn
into the pump nor discharged. To begin pumping, the impeller must be primed
with the liquid to be pumped. Where possible, the pump is placed below the
level of the supply. Alternatively, a nonreturn valve could be placed on the
suction side of the pump to prevent draining when rotation ceases.

The same principle is employed in centrifugal fans and blowers used to
displace large quantities of air and other gases. The gas enters the impeller
axially and is moved outward into a scroll. The opposing static head is usually
small, and energy appears mainly as the kinetic energy of the moving gas
stream.

1.15.3 Other Impeller Pumps

The propeller pump, exemplified by a domestic fan, is used to deliver large
quantities of fluids against low heads. These conditions are common in recircu-
lation systems. The principle is also employed in fans used for ventilation,
the supply of air for drying, and other similar operations.

Example 1. 1In the figure what is the energy loss due to pressure?

B
Vol. Flow Rate= 4 m?/s (
Area=025 m’ |
10m
| A
) Vol. Flow Rate= 4 m’/s
Area=1 m?

Using Bernoulli’s equation, we obtain
2 2

Wiy Pay o, _uh Py L E
2¢  pg 2¢  pg g

Calculate the velocity head and potential head at points A and B.
Velocity head at A:

(4m’/s) |
(Im?)
2(9.8 m/s?)
Velocity head at B:

0.82 m
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(4m’/s) |

(0.25m?)
——————=13m
2(9.8 m/s?)
Potential head at A = 0 m

Potential head at B = 10 m
Friction head = 0 m
Py — Py =22.18 m
Pg

Example 2. Calculation of pressure drop in a pipe due to friction.

0.0254 m Glass Pipe

130 m

For a smooth 0.08 m pipe, 130 m long, find the friction head. The density of
water is 1000 kg/m?, the viscosity of water is 9.28 X 1075 kg-m/s, the mean
velocity of flow is 1.8 m/s.

Calculate the Reynolds number.

_ (1.8 m/s)(0.0254 m)(1000 kg/m®)

Re = 4.93 X 10
(9.28 X 10-1b-ft/s)

R s 0

pu’

R = (2.5 X 107*)(1000 kg/m*)(1.8 m/s)* = 8.1 N/m?
4RL _ (4)(8.1 N/m?)(130 m) _
d 0.0254 n -

17 X 1° N/'m®>
(1000 kg/m*)(9.8 m/s>)

1.7 X 10° N/m?

AP =

7 m

Friction head =
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Heat Transfer

Heat transfer is a major unit operation in pharmacy. Heat energy can only be
transferred from a region of higher temperature to a region of lower tempera-
ture. Understanding heat transfer requires the study of the mechanism and rate
of this process. Heat is transferred by three mechanisms: conduction, convec-
tion, and radiation. It is unusual for the transfer to take place by one mecha-
nism only.

Conduction is the most widely studied mechanism of heat transfer and
the most significant in solids. The flow of heat depends on the transfer of
vibrational energy from one molecule to another and, in the case of metals,
the movement of free electrons such that no appreciable displacement of mat-
ter occurs. Radiation is rare in solids, but examples are found among glasses
and plastics. Convection, by definition, is not possible in these conditions.
Conduction in the bulk of fluids is normally overshadowed by convection, but
it assumes great importance at fluid boundaries.

The motion of fluids transfers heat between the fluids by convection. In
natural convection the movement is caused by buoyancy forces induced by
variations in the density of the fluid, caused by differences in temperature. In

36
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forced convection the movement is created by an external energy source, such
as a pump.

All bodies with a temperature above absolute zero radiate heat in the
form of electromagnetic waves. Radiation may be transmitted, reflected, or
absorbed by matter, the fraction absorbed being transformed into heat. Radia-
tion is important at extremes of temperature and in circumstances in which
the other modes of heat transmission are suppressed. Although heat losses
can, in some cases, equal the losses by natural convection, the mechanism is,
from the standpoint of pharmaceutical processing, least important and needs
only brief consideration.

Heat transfer in many systems occurs as a steady-state process and the
temperature at any point in the system will not vary with time. In other impor-
tant processes, temperatures in the system do vary with time. The latter, which
is common among the small-scale, batch-operated processes of the pharmaceu-
tical and fine chemicals industry, is known as unsteady heat transfer, and,
since warming or cooling occurs, the thermal capacity (i.e., the size and spe-
cific heat) of the system becomes important. Unsteady heat transfer is a com-
plex phenomenon that is difficult to analyze from first principles at a funda-
mental level.

2.1 HEAT TRANSFER BETWEEN FLUIDS

The transfer of heat from one fluid to another across a solid boundary is of
great importance in pharmaceutical processing. The system, which frequently
varies in nature from one process to another, can be divided into constituent
parts and each part characterized in its resistance to the transfer of heat. The
whole system may be considered in terms of the equation

Total temperature difference

Rate at which heat is transferred o -
Total thermal resistance

A hot liquid passing through a heavily lagged metal pipe may be consid-
ered as an example. The transfer of heat from the liquid to the pipe, conduction
through the pipe wall and across the insulation, and heat loss to the surround-
ings by natural convection can each be assigned a thermal resistance. A system
in which steam is admitted to the outside of a vertical pipe containing a boiling
liquid may serve as a second example. This arrangement is common in evapo-
rators, and the evaluation of heat transfer rates demands a study of condensa-
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tion, conduction across the wall of the tube and any deposited scale, and the
mechanism of boiling.

2.2 HEAT TRANSFER THROUGH A WALL

Heat transfer by conduction through walls follows the basic relation given by
Fourier’s equation where the rate of heat flow, Q, is proportional to the temper-
ature gradient, d7/dx, and to the area normal to the heat flow, A:

0= —kA— (2.1)
dx

As the distance, x, increases, the temperature, 7, decreases. Hence, measuring
in the x direction, dT/dx is algebraically negative. The proportionality constant
k is the thermal conductivity. Its numerical value depends on the material of
which the body is made and on its temperature. Values of k for various materi-
als are given in Table 2.1. Metals have high conductivity, although values
vary widely. The nonmetallic solids normally have lower conductivities than
metals. For the porous materials of this group, the overall conductivity lies
between that of the homogeneous solid and the air that permeates the structure.
Low resultant values lead to their wide use as heat insulators. Carbon is an
exception among nonmetals. Its relatively high conductivity and chemical in-
ertness permit its wide use in heat exchangers.

Steady nondirectional heat transfer through a plane wall of thickness x
and area A is represented in Figure 2.1(a). If the thermal conductivity does
not change with temperature, the temperature gradient is linear and equal to
(T, — T,)/x, where T, is the temperature of the hot face and 7, is the tempera-
ture of the cool face. Equation 2.1 then becomes

T.

0=l =D 2.2)
X

which may be rearranged to

0=al— D 2.3)

X
where x/k is the thermal resistance. Thus, for a given heat flow, a large temper-
ature drop must be created if the wall or layer has a high thermal resistance.
An increase in thermal resistance will reduce the heat flow promoted by a
given temperature difference. This is the principle of insulation by lagging,



TABLE 2.1 Thermal Conductivity, k, of Various Materials in J/s-m-K

Solids Temp. K k Liquids Temp. K k Gases Temp. K k
Metals Mercury 273 8.3 Air 473 0.0311
Copper 373 379 Acetone 313 0.17 Steam 373 0.0235
Silver 373 410 Water 373 0.67 Carbon dioxide 373 0.022
Cast iron 373 46.4 Hydrogen 373 0.215
Stainless steel 373 17.3
Nonmetals
Carbon (graphite) 323 138.4
Glass 373 1.16
Building brick 293 0.66
Glass wool 373 0.062

Iajsuer] yeay]

6€
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FIGURE 2.1 Conduction of heat through a wall.

and it is illustrated by a composite wall in Figure 2.1(b). The rate of heat
transfer is the same for both materials if steady-state heat transfer exists.
Therefore,

0 = KATL =Ty _ kAT, = T)

X1 X2

The major temperature drop occurs across the distance x, since this material
provides the major thermal resistance. (In the case of heavily lagged, thin
metal walls, the temperature drop and thermal resistance of the metal are so
small that they can be ignored.) Rearranging this equation and eliminating the
junction temperature give

TI_T3

=A—"— 24
Q -xl/kl + Xz/kg ( )

Equations of this form can be applied to any number of layers.

2.3 HEAT TRANSFER IN PIPES AND TUBES

Pipes and tubes are common barriers over which heat exchange takes place.
Conduction is complicated in this case by the changing area over which heat
is transferred. If equation 2.2 is to be retained, some value of A must be derived



Heat Transfer 41

from the length of the pipe, /, and the internal and external radii, r; and r,,
respectively. When the pipe is thin-walled and r,/r; < 1.5, the heat transfer
area can be based on an arithmetic mean of the two radii. Equation 2.2 then
becomes

0= kznmlﬁ (2.5)

2 ry — T

This equation is inaccurate for thick-walled pipes. Heat transfer area must
then be calculated from the logarithmic mean radius, r,,. The equation for heat
transfer is then

I, — T,

ry — ry

0 = k2nr,l (2.6)

where

ry — I

rm = ————
loge(FZ/rl)

2.4 HEAT EXCHANGE BETWEEN A FLUID
AND A SOLID BOUNDARY

Conduction and convection contribute to the transfer of heat from a fluid to
a boundary. The distribution of temperatures at a plane barrier separating two
fluids is shown in Figure 2.2. If the fluids are in turbulent motion, temperature

T
Laminar sublayers

o
\Y
ALAETRRAY

\
\

Tawan Towail

AR

Rl T U

Xov X2

FIGURE 2.2 Heat transfer between fluids.
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gradients are confined to a relatively narrow region adjacent to the wall. Out-
side this region, turbulent mixing, the mechanism of which is explained in
Chapter 1, is very effective in the transfer of heat. Temperature gradients are
quickly destroyed, and equalization of values 7, and T, occurs. Within the
region, there exists a laminar sublayer across which heat is transferred by
conduction only. Reference to Table 2.1 shows that the thermal conductivity
of most fluids is small. The temperature gradients produced by a given heat
flow are correspondingly high. Outside the laminar layer, eddies contribute to
the transfer of heat by moving fluid from the turbulent bulk to the edge of
the sublayer, where heat can be lost or gained, and by corresponding move-
ments in the opposite direction. The temperature gradients in this region,
where both convection and conduction contribute to heat transfer, are smaller
than in the sublayer.

The major resistance to heat flow resides in the laminar sublayer. Its
thickness, therefore, is of critical importance in determining the rate of heat
transfer from the fluid to the boundary. The thickness depends on the physical
properties of the fluid, the flow conditions, and the nature of the surface. In-
crease in flow velocity, for example, decreases the thickness of the layer and,
therefore, its resistance to heat flow. The interaction of these variables is ex-
ceedingly complex.

A film, transmitting heat only by conduction, may be postulated in order
to evaluate the rate of heat transfer at a boundary. This fictitious film presents
the same resistance to heat transfer as the complex turbulent and laminar re-
gions near the wall. If, on the hot side of the wall, the fictitious layer had a
thickness x,, the equation of heat transfer to the wall would be

:kAM
X

Q

where k is the thermal conductivity of the fluid. A similar equation applies to
heat transfer at the cold side of the wall. The layer thickness is determined
by the same factors that control the extent of the laminar sublayer. In general
it is not known, and the previous equation may be rewritten

0 = nAT, — Tya) 2.7

where h, is the heat transfer coefficient for the film under discussion. It corre-
sponds to the ratio k/x, and has units J/m?s K. This is a convenient, numerical
expression of the flow of heat by conduction and convection at a boundary.
Typical values of heat transfer or film coefficients are given in Table 2.2. The
approximate evaluation of these coefficients is discussed in the next section.
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TABLE 2.2 Film Coefficient & for
Various Fluids (J/m?-s-K)

Fluid h

Water 1700-11350
Gases 17-285
Organic solvents 340-2840
Oils 57-680

The ratio of the temperature difference and the total thermal resistance
determines the rate of heat transfer across the three layers of Figure 2.2. Using
the film coefficient £, to characterize heat transfer from the barrier to the colder
fluid, one obtains

T, — Tyya = nA
Oxy,

TWH - Twa =
Twall 2wall kA

where k, is the thermal conductivity of the wall.

0
T wall — T, =
2wall 2 h2 A
Adding and rearranging these equations give

_ A
1/hy + xy/ky + 1/h,

Q (T, — To) (2.8)

The quantity

1
1/hy + xy/ky, + 1/h,

is called the overall heat transfer coefficient, U. A general expression of the
rate of heat transfer then becomes

0 = UAAT (2.9)
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2.5 APPLICATION OF DIMENSIONAL
ANALYSIS TO CONVECTIVE HEAT
TRANSFER

Dimensional analysis offers a rational approach to the estimation of the com-
plex phenomena of convective heat transfer rates.

Free convection describes heat transfer by the bulk movement of fluids
induced by buoyancy forces. These arise from the variation of fluid density
with temperature. If the surface in contact with the fluid is hotter, the fluid
will absorb heat, a local decrease in density will occur, and some of the fluid
will rise. If the surface is colder, the reverse takes place. For these conditions,
the following factors will influence the heat transferred per unit area per unit
time, g. The dimensional form of these factors is given, using the additional
fundamental dimensions of temperature, [0], and heat [H]. The latter is justi-
fied if interchange of heat energy and mechanical energy is precluded. This
is approximately true in the subject under discussion, the heat produced by
frictional effects, for example, being negligible.

The viscosity of the fluid, 1. ML!'TY
The thermal conductivity of the fluid, k. [HT 'L '0']
The temperature difference between the surface and [0]

the bulk of the fluid, AT.
The density, p. M L]
The specific heat, C,. [HM 16"
The buoyancy forces. They depend on the product  [67! L T7?]

of the coefficient of thermal expansion a, and the

acceleration due to gravity, g.

Normally only one dimension, that of the physical dimensions of the surface,
is important. For example, the height of a plane vertical surface has greater
significance than the width that only determined the total area involved. The
important characteristic dimension is designated / [L]. The equation of dimen-
sions is then

lq] = [FAT k*nC(ag)p']
or

[HL2T'] = [L'HT L0 ML 7T 7"HM 79 %9 'L'T "ML ¥]
Equating indices gives

H l=qg+z

L —2=x—-—p+r—35s—z
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T —1=—-p—-2r—z
0 O0=y—g—r—z
M O0=p—q-+s

Solving for x, y, z, p, and s in terms of ¢ and r gives

z=1-—g¢q
y=r+1
p=9q=2r
s = 2r
x=3r—1
Therefore,

[q] — [137'*1 ATr+lCgkl*q(ag)rpZan*Z]

Collecting into three groups the variables to the power of 1, the power ¢, and
the power r, we can write

3 2\ 4
g = Constant ATk ATagp”) (G, M
l n? k

or

3 2\' a
ab Constant PATagp™) (G (2.10)
ATk uk k

Heat transfer by free convection can thus be presented as a relation between
three dimensionless groups. The quantity C,n/k is known as the Prandtl num-
ber, the combination /*ATagp*/m? is known as the Grashof number, and g/
ATk is the Nusselt number. Since the film coefficient, &, is given by q/AT,
the Nusselt number may also be written hl/k.

The specific relation in which these groups stand is established for a
particular system by experiment. Then, for the same geometric arrangement, in
which heat is transferred by free convection, the correlation allows the Nusselt
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number, Nu, to be determined with reasonable accuracy from known values
of the variables which constitute the Grashof number, Gr, and the Prandtl
number, Pr. From Nu, the heat transferred per unit area per unit time, g, and
the film coefficient, A, can be determined.

The fluid properties C,, k, 1, and p are themselves temperature depen-
dent. In establishing a correlation, the temperature at which these properties
are to be measured must be chosen. This temperature is usually that of the main
body of the fluid or the mean of this temperature and the surface temperature.

Experimental correlations for many surface configurations are available.
The exponents r and ¢ are usually equal to 0.25 in streamline flow and 0.33
in turbulent flow. The constant varies with the physical configuration. As an
example, the heat transfer to gases and liquids from a large horizontal pipe
by free convection is described by the relation

qd d3 ATagpz 0.25 C n 0.25
B / a.{ A I Ll @2.11)
kAT n k

The linear dimension in this correlation is the pipe diameter d. The fluid
properties are to be measured at the mean of the wall and bulk fluid tempera-
tures.

In forced convection the fluid is moved over the surface by a pump or
blower. The effects of natural convection are usually neglected. The study of
forced convection is of great practical importance, and a vast amount of data
has been documented for streamline and turbulent flows in pipes, across and
parallel to tubes, across plane surfaces, and in other important configurations
such as jackets and coils. Such data is again correlated by means of dimen-
sionless groups.

In forced convection the heat transferred per unit area per unit time, ¢,
is determined by a linear dimension which characterizes the surface, /, the
temperature difference between the surface and the fluid, A7, the viscosity,
1, density, p, and velocity, u, of the fluid, its conductivity, k, and its specific
heat, C,. Dimensional analysis yields the relation

gl _ Constant Gn) (up (2.12)
kAT k n

where gl/kAT is the Nusselt number, Nu, C,n/k is the Prandtl number, Pr, and
ulp/m is Reynolds number, Re, a parameter discussed in Chapter 1. The values
of the indices x and y and of the constant are established for a particular system
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by experiment. For turbulent flow in pipes, the correlation for fluids of low
viscosity is

Nu = 0.023 Pr* Re’$ (2.13)

where x = 0.4 for heating and 0.3 for cooling. The linear dimension used to
calculate Re or Nu is the pipe diameter, and the physical properties of the
fluid are to be measured at the bulk fluid temperature. This relation shows
that in a given system, the film coefficient varies as the fluid velocity®3. If the
flow velocity is doubled, the film coefficient increases by a factor of 1.7.

Although the correlations given may appear complex, their use in prac-
tice is often simple. A large quantity of tabulated data is available, and numeri-
cal values of the variables and their dimensionless combinations are readily
accessible. The graphical presentation of these variables or groups in many
cases permits an easy solution. In other cases the correlation can be greatly
simplified if it is restricted to a particular system. Free convection to air is an
important example.

2.6 HEAT TRANSFER TO BOILING LIQUIDS

Heat transfer to boiling liquids occurs in several operations, such as distillation
and evaporation. Heat is transferred by conduction and convection in a process
further complicated by the change of phase which occurs at the heating bound-
ary. When boiling is induced by a heater in contact with a pool of liquid, the
process is known as pool boiling. Liquid movement is derived only from heat-
ing effects. In other systems, the boiling liquid may be driven through or over
heaters, a process referred to as boiling with forced circulation.

2.7 POOL BOILING

If a horizontal heating surface is in contact with a boiling liquid, a sequence
of events occurs as the temperature difference between the surface and the
liquid increases. Figure 2.3 relates heat flux per unit area at the surface, ¢, to
the temperature difference between the surface and boiling water, AT. The
derived value of the heat transfer coefficient, h = g/AT, is also plotted.
When AT is small, the degree of superheating of the liquid layers adja-
cent to the surface is low, and bubble formation, growth, and disengagement,
if present, are slow. Liquid disturbance is small, and heat transfer can be esti-
mated from expressions for natural convection given, for example, in equation



48 Chapter 2
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FIGURE 2.3 Variation in heat transfer coefficient and heat flux per unit area.

2.11. This regime corresponds to section AB of Figure 2.3, over which both
q and h increase.

In section BC, vapor formation becomes more vigorous, and bubble
chains rise from points which progressively increase in number and finally
merge. This movement increases liquid circulation and g and % rise rapidly.
This phase is called nucleate boiling and is the practically important regime.
For water, approximate values of g and 4 may be read from Figure 2.3. At
point C a peak flux occurs and a maximum heat transfer coefficient is obtained.
At this point AT is known as the critical temperature drop. For water, the value
lies between 25 and 32 K. The critical temperature drop for organic liquids
is somewhat higher. Beyond C, vapor formation is so rapid that escape is
inadequate and a progressively larger fraction of the heating surface becomes
covered with a vapor film, the low conductivity of which leads to a decrease
in ¢ and h. This represents a transition from nucleate boiling to film boiling.
When this transition is complete (D), the vapor entirely covers the surface,
film boiling is fully established, and the heat flux again rises.

The low heat transfer coefficient renders film boiling undesirable, and
equipment is designed for and operated at temperature differences that are
less than the critical temperature drop. If a constant temperature heat source,
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such as steam or hot liquid, is employed, exceeding the critical temperature
drop results simply in a drop in heat flux and process efficiency. If, however,
a constant heat input source is used, as in electrical heating, decreasing heat
flux as the transition region is entered causes a sudden and possibly damaging
increase in the temperature of the heating element. Damage is known as boil-
ing burnout. Under these circumstances, the region CD of Figure 2.3 is not
obtained.

Boiling heat transfer coefficients depend on the physical character of the
liquid and the nature of the heating surface. Through the agencies of wetting,
roughness, and contamination, the latter greatly influences the formation,
growth, and disengagement of bubbles in the nucleate boiling regime. At pres-
ent there is no reliable method of estimating the boiling coefficients of heat
transfer from the physical properties of the system. Coefficients, as shown for
water in Figure 2.3, are large, and higher resistances elsewhere often limit the
rate at which heat can be transferred through a system as a whole.

2.8 BOILING INSIDE A VERTICAL TUBE

Heat transfer to liquids boiling in vertical tubes is common in evaporators. If
a long tube of suitable diameter, in which liquid lies at a low level, is heated,
the pattern of boiling shown in Figure 2.4 is established (McCabe et al, 1993).
At low levels, boiling may be suppressed by the imposed head [Figure 2.4(a)].
Higher in the tube, bubbles are produced which rise and coalesce [Figure
2.4(b)]. Slug formation due to bubble coagulation occurs [Figure 2.4(c), (d)].
The slugs finally break down [Figure 2.4(e)]. Escape is hindered and both
liquid and vapor move upward at increasing speed. Draining leads to separa-
tion of the phases, giving an annular film of liquid dragged upward by a core
of high-velocity vapor [Figure 2.4(f)]. In long tubes the main heat transfer
takes place in this region by forced convection or nucleate boiling. At low
temperature differences between wall and film, heat transfer occurs quietly as
in forced convection. This is the normal regime in a climbing film evaporator,
and heat flux can be calculated from correlations of the type given in equation
2.12. At higher temperature differences, nucleate boiling takes place in the film
and the vigorous movement leads to an increase in heat transfer coefficient.

2.9 BOILING WITH FORCED CIRCULATION

In many systems, movements other than those caused by boiling are imposed.
For example, boiling in agitated vessels is common in many batch processes.
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FIGURE 2.4 Boiling in narrow vertical tube.

The boiling heat transfer coefficients depend on the properties of the liquid,
the nature of the surface, and the agitation used. Coefficients obtained are
slightly higher than those of pool boiling. Inside tubes the pattern of forced
circulation boiling is similar to that described in the previous section. Coeffi-
cients, however, are higher because the velocities attained are higher.

2.10 HEAT TRANSFER FROM CONDENSING
VAPORS

When a saturated vapor is brought into contact with a cool surface, heat is
transferred to the surface and a liquid condenses. The vapor may consist of
a single substance or a mixture, some components of which may be noncon-
densable. The process is described by the following sequence: The vapor dif-
fuses to the boundary where actual condensation takes place. In most cases,
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the condensate forms a continuous layer over the cooling surface, draining
under the influence of gravity. This process is known as film condensation.
The latent heat liberated is transferred through the film to the surface by con-
duction. Although this film offers considerable resistance to heat flow, film
coefficients are usually high.

2.11 DROPWISE CONDENSATION

Under some surface conditions the condensate does not form a continuous
film. Droplets are formed which grow, coalesce, and then run from the surface.
Since a fraction of the surface is always directly exposed to the vapor, film
resistance is absent and heat transfer coefficients that may be 10 times those
of film condensation are obtained. This process is known as dropwise conden-
sation. Although highly desirable, its occurrence, which depends on the wetta-
bility of the surface, is not predictable and cannot be used as a basis for design.

2.12 CONDENSATION OF A PURE VAPOR

For film condensation a theoretical analysis of the laminar flow of a liquid
film down an inclined surface and the progressive increase in thickness due
to condensation yields the following expression for the mean heat transfer
coefficient, A,,:

213 0.25
h,, = Constant (M) (2.14)
ATnx

where A is the latent heat of vaporization, and p, k, and 1 are the liquid’s
density, thermal conductivity, and viscosity, respectively; AT is the difference
in temperature between the surface and the vapor. Experimentally determined
coefficients confirm the validity of equation 2.14. In practice, however, coef-
ficients are somewhat higher due to disturbance of the film arising from a
number of factors. As the condensation rate rises, the thickness of the conden-
sate layer increases and the film coefficient falls. However, a point may be
reached in long vertical tubes at which flow in the layer becomes turbulent.
Under these conditions the coefficient again rises, and equation 2.14 is not
valid. Coefficients may also be increased if high vapor velocities induce rip-
ples in the film.
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2.13 CONDENSATION OF MIXED VAPORS

If a mixture of condensable and noncondensable gases is cooled below its
dew point at a surface, the former condenses leaving the adjacent layers richer
in the latter, thus creating an added thermal resistance. The condensable frac-
tion must diffuse through this layer to reach the film of condensate, and heat
transfer coefficients are normally very much lower than the corresponding
value for the pure vapor. For example, the presence of 0.5% of air has been
found to reduce the heat transfer by condensation of steam by as much as 50%.

2.14 HEAT TRANSFER BY RADIATION

There is continuous interchange of energy between bodies by the emission
and absorption of radiation. If two adjacent surfaces are at different tempera-
tures, the hotter surface radiates more energy than it receives and its tempera-
ture falls. The cooler surface receives more energy than it emits and its temper-
ature rises. Ultimately thermal equilibrium is reached. Interchange of energy
continues but gains and losses are equal.

Of the radiation which falls on a body, a fraction, a, is absorbed, a
fraction, r, is reflected, and a fraction, 7, is transmitted. These fractions are
called the absorptivity, the reflectivity, and the transmissivity, respectively.
Most industrial solids are opaque, so the transmissivity is zero and

atr=1 (2.15)

Reflectivity and, therefore, absorptivity depend greatly on the nature of
the surface. The limiting case—that of a body which absorbs all and reflects
none of the incident radiation—is called a blackbody.

2.15 EXCHANGE OF RADIATION

The exchange of radiation is based on two laws. The first, known as Kirch-
hoff’s law, states that the ratio of the emissive power to the absorptivity is
the same for all bodies in thermal equilibrium. The emissive power of a body,
E, is the radiant energy emitted from unit area in unit time (J/m*s). A body
of area A, and emissivity E, therefore emits energy at a rate £,A,. If the radia-
tion falling on unit area of the body is E,, the rate of energy absorption is
Eva,A,, where a, is the absorptivity. At thermal equilibrium, Eya,A; = E/A;.
For another body in the same environment, Eya,A, = E,A,. Therefore,
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E\_E

a, a,

E, = (2.16)
For a blackbody, a = 1. The emissive power is therefore E,. The black-
body is a perfect radiator and is used as the comparative standard for other
surfaces. The emissivity of a surface is defined as the ratio of the emissive
power, E, of the surface to the emissive power of a blackbody at the same
temperature, E:
E

e =— 2.17
E, (2.17)

The emissivity is numerically equal to the absorptivity. Since the emis-
sive power varies with wavelength, the ratio should be quoted at a particular
wavelength. For many materials, however, the emissive power is a constant
fraction of the blackbody radiation; i.e., the emissivity is constant. These mate-
rials are known as graybodies.

The second fundamental law of radiation, known as the Stefan-Boltz-
mann law, states that the rate of energy emission from a blackbody is propor-
tional to the fourth power of the absolute temperature, 7:

E = oT* (2.18)

where E is the total emissive power and ¢ is the Stefan-Boltzmann constant, the
numerical value of which is 5.676 X 1078 J/m?-s-K*. It is sufficiently accurate to
say that the heat emitted in unit time, Q, from a blackbody of area A is

O = cAT*
and for a body which is not perfectly black by
Q = CGeAT* (2.19)

where e is the emissivity.

The net energy gained or lost by a body can be estimated with these
laws. The simplest case is that of a graybody in black surroundings. These
conditions, in which none of the energy emitted by the body is reflected back,
are approximately those of a body radiating to atmosphere. If the absolute
temperature of the body is T, the rate of heat loss is 6eAT{ (equation 2.19),
where A is the area of the body and e is its emissivity. Surroundings at a
temperature 7, will emit radiation proportional to 673 and a fraction, deter-
mined by area and absorptivity, a, will be absorbed by the body. This heat
will be 6aAT4, and since absorptivity and emissivity are equal
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Net heat transfer rate = ceA(TT — T%) (2.20)

If part of the energy emitted by a surface is reflected back by another
surface, the calculation of radiation exchange is more complex. Equations for
various surface configurations are available. These take the general form

Q0 = F\F,0A(TY — Th)

where F'| and F, are factors determined by the configuration and emissivity
of surfaces at temperatures 7', and T.

Example 1. A stainless steel pipe has an internal radius of 0.019 m
and an external radius of 0.024 m. The thermal conductivity of stainless steel
is 34.606 J/m-s-K. Steam at 422 K surrounds the pipe, which is lagged with
0.051 m of insulation with a conductivity of 0.069 J/m-s-K. The temperature
of the outer surface of the insulation is 311 K. What is the heat loss per meter
of pipe?

For the wall of the pipe,

0.024 m
0.019 m

=13<15

Therefore, the arithmetic mean best defines the radius:

= 0.019 m + 0.024 m

=0.022 m
2
For the insulation,
0.051m _ 5y~ s
0.024 m

Therefore, the logarithmic mean best defines the radius:

0.051 — 0.024

= = 0.036 m
2.310g(0.051/0.024)

m

For the pipe,

T, — T
= (34.606 J/m-s-K)(2 7)(0.022 m)(1 m ! 2
Q= )@ s )(0.024 m — 0.019 m)

= 951(T, — T))
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For the insulation,

Tz - T3
= (0.069 J/m-s-K)(2 1)(0.036 m)(1
0= s @ O-036 m) m)(0.051 m — 0.024 m)

Rearranging these equations gives

0
T, —T,= % T,-T,=_2_
TP 957 P 0578
Thus,
r-T,=111k=2 4+ <2
957 0.578
and
0= Il = 64 J/s

" 1/957 + 1/0.578

Example 2. A 0.051-m uninsulated horizontal pipe is carrying steam
at 389 K to the surroundings at 294 K. The emissivity, e, of the pipe is 0.8.
Absolute zero is 273 K. Find the heat loss by radiation.
Heat loss  _
Unit length
(5.676 X 1078 J/m?-s-K*)(0.058 m)(m)(0.8)[(116 K)* — (21 K)*]
= 1.50 J/m-s
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Mass Transfer

This chapter briefly reviews mass transfer to complete the overview of the
fundamental unit processes in pharmacy. Mass transfer is conceptually and
mathematically analogous to heat transfer, as will be seen in the following
exposition. Many processes are adopted so that a mixture of materials can be
separated into component parts. In some, purely mechanical means are used.
Solids may be separated from liquids by the arrest of the former in a bed
permeable to the fluid. This process is known as filtration. In other examples,
a difference in density of two phases permits separation. This is found in
sedimentation and centrifugation. Many other processes, however, operate by
a change in the composition of a phase due to the diffusion of one component
in another. Such processes are known as diffusional or mass transfer processes.
Distillation, dissolution, drying, and crystallization are examples of mass
transfer processes. In all cases, diffusion is the result of a difference in the
concentration of the diffusing substance. This component moves from a region
of high concentration to a region of low concentration under the influence of
the concentration gradient.

In mass transfer operations, two immiscible phases are normally present,
one or both of which are fluid. In general, these phases are in relative motion
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and the rate at which a component is transferred from one phase to the other
is greatly influenced by the bulk movement of the fluids. In most drying pro-
cesses, for example, water vapor diffuses from a saturated layer in contact
with the drying surface into a turbulent airstream. The boundary layer, as
described in Chapter 1, consists of a sublayer in which flow is laminar and
an outer region in which flow is turbulent. The mechanism of diffusion differs
in these regimes. In the laminar layer, movement of water vapor molecules
across streamlines can only occur by molecular diffusion. In the turbulent
region the movement of relatively large units of gas, called eddies, from one
region to another causes mixing of the gas components. This mixing is called
eddy diffusion. Eddy diffusion is a more rapid process, and although molecular
diffusion is still present, its contribution to the overall movement of material
is small. In still air, eddy diffusion is virtually absent and evaporation occurs
only by molecular diffusion.

3.1 MOLECULAR DIFFUSION IN GASES

Transport of material in stagnant fluids or across the streamlines of a fluid
in laminar flow occurs by molecular diffusion. In Figure 3.1, two adjacent
compartments, separated by a partition, are drawn. Each compartment contains
a pure gas, A or B. Random movement of all molecules occurs so that after
a period of time, molecules are found quite remote from their original posi-
tions. If the partition is removed, some molecules of A will move toward the

«l OEsA | GasB__ | | Direction of
Diffusion
< Cp decreasing

v

C, decreasing

FIGURE 3.1 Molecular diffusion of gases A and B.
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region occupied by B, their number depending on the number of molecules
at the point considered. Concurrently, molecules of B diffuse toward regions
formerly occupied by pure A. Ultimately, complete mixing occurs. Before this
point in time, a gradual variation in the concentration of A exists along an axis,
designated x, which joins the original compartments. This variation, expressed
mathematically, is —dC,/dx, where C, is the concentration of A. The negative
sign arises because the concentration of A decreases as the distance x in-
creases. Similarly, the variation in the concentration of gas B is —dCp/dx.
These expressions, which describe the change in the number of molecules of
A or B over some small distance in the direction indicated, are concentration
gradients. The rate of diffusion of A, N,, depends on the concentration gradi-
ent and on the average velocity with which the molecules of A move in the
x direction. Fick’s law expresses this relationship:

dC,
dx

Ny = —Dgyg (3.1

where D is the diffusivity of A in B. It is a property proportional to the average
molecular velocity and, therefore, dependent on the temperature and pressure
of the gases. The quantity N, is usually expressed as the number of moles
diffusing across unit area in unit time. In the S.I. unit system, which is used
frequently for mass transfer, N, is expressed as moles per square meter per
second. The units of diffusivity then become m? s™!. As with the basic equa-
tions of heat transfer, equation 3.1 indicates that the rate of a process is directly
proportional to a driving force, which, in this context, is a concentration gra-
dient.

This basic equation can be applied to a number of situations. If discus-
sion is restricted exclusively to steady-state conditions, in which neither dC,/
dx or dCy/dx change with time, then equimolecular counterdiffusion is consid-
ered first.

3.2 EQUIMOLECULAR COUNTERDIFFUSION

If no bulk flow occurs in the element of length dx, shown in Figure 3.1, the
rates of diffusion of the two gases, A and B, must be equal and opposite:

NA = _NB

The partial pressure of A changes by dP, over the distance dx. Similarly,
the partial pressure of B changes by dPg. Since there is no difference in total
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pressure across the element (no bulk flow), dP,/dx must equal —dPy/dx. For
an ideal gas, the partial pressure is related to the molar concentration by the
relation

P.V = n\RT

where n, is the number of moles of gas A in a volume V. Since the molar
concentration, C,, is equal to n,/V,

P A= CART
Therefore for gas A, equation 3.1 can be written

N, = ——a8 d0A 32
A RT dx (3:2)

where D,g is the diffusivity of A in B. Similarly,

N. = _DsradPy _ Dyp dPy
’ RT dx  RT dx
It therefore follows that D,z = Dg, = D. If the partial pressure of A at x; is
P, and at x, is P,,, integration of equation 3.2 gives

_ D Py — Py

N, =
A RT Xy — Xy

(3.3)

A similar equation may be derived for the counterdiffusion of gas B.

3.3 DIFFUSION THROUGH A STATIONARY,
NONDIFFUSING GAS

An important practical case arises when a gas A diffuses through a gas B,
there being no overall transport of gas B. It arises, for example, when a vapor
formed at a drying surface diffuses into a surrounding gas. At the liquid sur-
face, the partial pressure of A is dictated by the temperature. For water, it
would be 12.8 mmHg at 298 K. Some distance away the partial pressure is
lower and the concentration gradient causes diffusion of A away from the
surface. Similarly, a concentration gradient for B must exist, the concentration
being lowest at the surface. Diffusion of this component takes place toward
the surface. There is, however, no overall transport of B, so diffusional move-
ment must be balanced by bulk flow away from the surface. The total flow
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of A is, therefore, the diffusional flow of A plus the transfer of A associated
with this bulk movement.

3.4 MOLECULAR DIFFUSION IN LIQUIDS

Equations describing molecular diffusion in liquids are similar to those applied
to gases. The rate of diffusion of material A in a liquid is given by equation
3.1:

dc,

Ny, = —-D
. dx
Fick’s law for steady-state, equimolal counterdiffusion is then

CAZ _ CA]

Xy 7 X

Ny=—-D 34
where C,, and C,, are the molar concentrations at points x, and x,, respec-
tively.

Equations for diffusion through a layer of stagnant liquid can also be
developed. The use of these equations is, however, limited because diffusivity
in a liquid varies with concentration. In addition, unless the solutions are very
dilute, the total molar concentration varies from point to point. These compli-
cations do not arise with diffusion in gases.

Diffusivities in liquids are very much less than diffusivities in gases,
commonly by a factor of 10%

3.5 MASS TRANSFER IN TURBULENT AND
LAMINAR FLOWS

As already explained, movement of molecules across the streamlines of a fluid
in laminar flow can only occur by molecular diffusion. If the concentration
of a component, A, varies in a direction normal to the streamlines, the molar
rate of diffusion is given by equation 3.1.

When a fluid flows over a surface, the surface retards the adjacent fluid
region, forming a boundary layer. If flow throughout the fluid is laminar, the
equation for molecular diffusion may be used to evaluate the mass transferred
across the boundary layer. In most important cases, however, flow in the bulk
of the fluid is turbulent. The boundary layer is then considered to consist of
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three distinct flow regimes. In the region of the boundary layer most distant
from the surface, flow is turbulent and mass transfer is the result of the inter-
change of large portions of the fluid. Mass interchange is rapid and concentra-
tion gradients are low. As the surface is approached, a transition from turbulent
flow to laminar flow occurs in the transition or buffer region. In this region,
mass transfer by eddy diffusion and molecular diffusion is of comparable mag-
nitude. In a fluid layer at the surface, a fraction of a millimeter thick, laminar
flow conditions persist. This laminar sublayer, in which transfer occurs by
molecular diffusion only, offers the main resistance to mass transfer, as shown
in Figure 3.2. As flow becomes more turbulent, the thickness of the laminar
sublayer and its resistance to mass transfer decrease.

One approach to the evaluation of the rate of mass transfer under these
conditions lies in the postulation of a film, the thickness of which offers the
same resistance to mass transfer as the combined laminar, transition, and tur-
bulent regions. The analogy with heat transfer by conduction and convection
is exact, and quantitative relations between heat and mass transfer can be de-
veloped for some situations. This, however, is not attempted in this text. The
postulate of an effective film is explained by reference to Figure 3.2.

)
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FIGURE 3.2 Mass transfer at a boundary.
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As gas flows over a surface and equimolecular counterdiffusion of com-
ponents A and B occurs, component A moves away from the surface and
component B moves toward the surface. The variation in partial pressure of
A with distance from the surface is shown in Figure 3.2. At the surface the
value is P,;. A linear fall to P, occurs over the laminar sublayer. Beyond this
the partial pressure falls less steeply to the value P, at the edge of the boundary
layer. A value slightly higher than this, P,,, is the average partial pressure of
A in the entire system. In general, the gas content of the laminar layer is so
small that P, and P,, are virtually equal. If molecular diffusion were solely
responsible for diffusion, P, would be reached at some fictitious distance, x”’,
from the surface, over which the concentration gradient (P, — Pa,)/x” exists.
The molar rate of mass transfer would then be

D Py — Py

N:
AORT X

However, x” is not known and this equation may be written
Ny= "%ty = Py (3.5)
RT

where k, is a mass transfer coefficient, the units of which are m s~!. Since C,
= P,/RT, we can also write

Ny = kg(CAi - CAg)

where Cy; and C,, are the gas concentrations at either side of the film. Similar
equations describe the diffusion of B in the opposite direction.
Diffusion across a liquid film is described by

Nx = k(Cyi — Cy) (3.6)

where C,; is the concentration of component A at the interface and Cy, is its
concentration in the bulk of the phase.

In all cases the mass transfer coefficient depends on the diffusivity of
the transferred material and the thickness of the effective film. The latter is
largely determined by the Reynolds number of the moving fluid—that is, its
average velocity, its density, its viscosity, and some linear dimension of the
system. Dimensional analysis gives the relation

kd = constant (Re)? (n)
D pD
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where Re is the Reynolds number, k is the mass transfer coefficient, D is the
diffusivity, and d is a dimension characterizing the geometry of the system.

This relation is analogous to the expression for heat transfer by forced
convection given in Chapter 2. The dimensionless group kd/D corresponds to
the Nusselt group in heat transfer. The parameter n/pD is known as the
Schmidt number, Sc, and is the mass transfer counterpart of the Prandtl num-
ber. For example, the evaporation of a thin liquid film at the wall of a pipe
into a turbulent gas is described by the equation

kd _ 0.023 Re%® S
D

Although the equation expresses experimental data, comparison with equation
2.13 from the heat transfer section again demonstrates the fundamental relation
of heat and mass transfer.

Similar relations have been developed empirically for other situations.
The flow of gases normal to and parallel to liquid surfaces can be applied to
drying processes, and the agitation of solids in liquids can provide information
for crystallization or dissolution. The final correlation allows estimation of the
mass transfer coefficient with reasonable accuracy.

3.6 INTERFACIAL MASS TRANSFER

So far, only diffusion in the boundary layers of a single phase has been dis-
cussed. In practice, however, two phases are normally present, and mass trans-
fer across the interface must occur. On a macroscopic scale the interface can
be regarded as a discrete boundary. On the molecular scale, however, the
change from one phase to another takes place over several molecular diame-
ters. Due to the movement of molecules, this region is in a state of violent
change, the entire surface layer changing many times a second. Transfer of
molecules at the actual interface is, therefore, virtually instantaneous, and the
two phases are at this point in equilibrium.

Since the interface offers no resistance, mass transfer between phases
can be regarded as the transfer of a component from one bulk phase to another
through two films in contact, each characterized by a mass transfer coefficient.
This is the two-film theory and is the simplest of the theories of interfacial
mass transfer. For the transfer of a component from a gas to a liquid, the theory
is described in Figure 3.3. Across the gas film, the concentration, expressed as
partial pressure, falls from a bulk concentration P 4, to an interfacial concentra-
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FIGURE 3.3 Interfacial mass transfer.

tion P,;. In the liquid the concentration falls from an interfacial value C,; to
a bulk value C,,.

At the interface equilibrium conditions exist. The break in the curve is
due to the different affinity of component A for the two phases and the differ-
ent units expressing concentration. The bulk phases are not, of course, at equi-
librium, and it is the degree of displacement from equilibrium conditions that
provides the driving force for mass transfer. If these conditions are known,
an overall mass transfer coefficient can be calculated and used to estimate the
rate of mass transfer.

Transfer of a component from one mixed phase to another, as described
previously, occurs in several processes. Liquid-liquid extraction, leaching, gas
adsorption, and distillation are examples. In other processes, such as drying,
crystallization, and dissolution, one phase may consist of only one component.
Concentration gradients are set up in one phase only with the concentration
at the interface given by the relevant equilibrium conditions. In drying, for
example, a layer of air in equilibrium, (i.e., saturated with the liquid) is postu-
lated at the liquid surface, and mass transfer to a turbulent airstream is de-
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scribed by equation 3.5. The interfacial partial pressure is the vapor pressure
of the liquid at the temperature of the surface. Similarly, dissolution is de-
scribed by equation 3.6, the interfacial concentration being the saturation con-
centration. The rate of solution is determined by the difference between this
concentration, the concentration in the bulk solution, and the mass transfer
coefficient.
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Powders

Powders are employed in many pharmaceutical processes. They are more dif-
ficult to handle and process than liquids and gases primarily because their
flow properties are fundamentally different. Unlike fluids, a particulate mass
will resist stresses less than a limiting value without continuous deformation,
and many common powders will not flow because the stresses imposed, for
example, by gravity are insufficiently high. Often additional processes that
improve flow, such as granulation and fluidization, are adopted to facilitate
powder transport and powder feeding.

Another important property of powders is the manner in which the parti-
cles of a powder pack together to form a bed and its influence on bulk density.
The latter is the ratio of the mass of the powder to its total volume, including
voids. Unlike fluids, it varies greatly with the particle size, distribution, and
shape of the particles because they affect the closeness of packing and the
fraction of the bed that is void. Vibration and tapping, which cause re-
arrangement of the particles and a decrease in the void fraction, increase the
bulk density. In several processes, these factors are important because the
powder is subdivided and measured by volume. Variation of bulk density then

66



Powders 67

causes variation in weight and dose. The variation in the weight of compressed
tablets is an excellent example of this effect. The manner of packing also
influences the behavior of a bed when it is compressed.

Finally, in a static condition, there is no leveling at the free surface of
a bed of powder, nor is pressure transmitted downward through the bed. In-
stead, the walls of the containing vessel carry the weight of the bed.

4.1 PARTICLE PROPERTIES
4.1.1 Origins

In order to understand particle properties it is important to consider their ori-
gins. Particles may be produced by different processes that can be regarded
as constructive or destructive (Hickey, 1993). Constructive methods include
crystallization, precipitation, and condensation. Destructive methods include
milling and spray-drying.

The most common methods of bulk manufacture are crystallization or
precipitation from saturated solutions. These solutions are saturated by ex-
ceeding the solubility limit in one of several ways (Martin, 1993). Adding
excess solid in the form of nucleating crystals results in crystallization from
saturated solution. This can be controlled by reducing the temperature of the
solution, thereby reducing the solubility. For products that can be melted at
relatively low temperatures, heating and cooling can be used to invoke a con-
trolled crystallization. The addition of a cosolvent with different capacity to
dissolve the solute may also be used to reduce the solubility and result in
precipitation. In the extreme a chemical reaction or complexation occurs to
produce a precipitate (e.g., amine-phosphate/sulfate interactions; Fung, 1990)
crystallization. Condensation from vapors is a technical possibility and has
been employed for aerosol products (Pillai et al., 1993) but has little potential
as a bulk manufacturing process.

Milling (Carstensen, 1993) and spray-drying (Masters, 1991) may be
described as destructive methods since they take bulk solid or liquid and in-
crease the surface area by significant input of energy, thereby producing small
discrete particles or droplets. The droplets produced by spraying may then
be dried to produce particles of pure solute. A variety of mills are available
distinguished by their capacity to introduce energy into the powder. Spray
dryers are available which may be utilized to produce powders from aqueous
or nonaqueous solutions (Sacchetti and Van Oort, 1996).
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4.1.2 Structure

The structure of particles may be characterized in terms of crystal system and
crystal habit. The crystal system can be defined by the lattice group spacing
and bond angles in three dimensions. Consequently, in the simplest form a
crystal may be described by the distance between planes of atoms or molecules
in three dimensions (a, b, and c) and by the angles between these planes (0,
B, and ), where each angle is opposite the equivalent dimension (e.g., 0. oppo-
site @). These angles and distances are determined by X-ray diffraction utiliz-
ing Bragg’s law (Mullin, 1993). Crystals may be considered as polygons
wherein the numbers of faces, edges, and vertices are defined by Euler’s law.
There are more than 200 possible permutations of crystal system based on
this definition. In practice, each of these geometries can be classified into seven
specific categories of crystal system: cubic, monoclinic, triclinic, hexagonal,
trigonal, orthorhombic, and tetragonal.

Once the molecular structure of crystals has been established, the man-
ner in which crystal growth occurs from solution is dictated by inhibition in
any of the three dimensions. Inhibition of growth occurs because of differences
in surface free energy or surface energy density. These differences may be
brought about by regions of different polarity at the surface, charge density
at the surface, the orientation of charged side groups on the molecules, the
location of solvent at the interface, or the adsorption of other solute molecules
(e.g., surfactant). Crystal growth gives rise to particles of different crystal
habit. It is important to recognize that different crystal habits, or superficial
appearance, do not imply different lattice group spacing, as defined by the
crystal system. Also it is possible that products may be produced by any of
the methods described that have no regular structure or specific orientation of
molecules, which are, by definition, amorphous.

4.1.3 Properties

Properties dictated by the method of manufacture include particle size and
distribution, shape, specific surface area, true density, tensile strength, melting
point, and polymorphic form. Arising from these fundamental physicochemi-
cal properties are other properties such as solubility and dissolution rate.
Polymorphism, or the ability of crystals to exhibit different crystal lattice
spacings under different conditions (usually of temperature or moisture con-
tent), can be evaluated by thermal techniques. Differential scanning calorime-
try may be used to determine the energy requirements for rearranging mole-
cules in the lattice as they convert from one form to another. This difference
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between polymorphic forms of the same substance can also be detected by
assessing their solubility characteristics.

4.2 PARTICLE INTERACTIONS

The attraction between particles or between particles and a containing bound-
ary influences the flow and packing of powders. If two particles are placed
together, the cohesive bond is normally very much weaker than the mechanical
strength of the particles themselves. This may be due to the distortion of the
crystal lattice, which prevents correct alignment of the atoms, or the adsorption
of surface films. These prevent contact of the surfaces and usually, but not
always, decrease cohesion. Low cohesion is also the result of small area of
contact between the surfaces. On a molecular scale, surfaces are very rough,
and the real area of contact is very much smaller than the apparent area. Fi-
nally, the structure of the surface may differ from the interior structure of the
particle. Nevertheless, the cohesion and adhesion that occur with all particles
are appreciable. They are normally ascribed to nonspecific van der Waals
forces, although in moist materials a moisture layer can confer cohesiveness
by the action of surface tension at the points of contact. For this reason, an
increase in humidity can produce a sudden increase in cohesiveness and the
complete loss of mobility in a powder that ceases to flow and pour. The acqui-
sition of an electric charge by frictional movement between particles is another
mechanism by which particles cohere together or adhere to containers.

These effects depend on the chemical and physical form of the powder.
They normally oppose the gravitational and momentum forces acting on a
particle during flow and therefore become more effective as the weight or size
of the particle decreases. Cohesion and adhesion increase as the size decreases
because the number of points in contact in a given area of apparent contact
increases. The effects of cohesion often predominate at sizes less than 100
micrometers and powders will not pass through quite large orifices, and verti-
cal walls of a limited height appear in a free surface. The magnitude of cohe-
sion also increases as the bulk density of the powder increases.

Cohesion also depends on the time for which contact is made. This is
not fully understood but may be due to the gradual squeezing of air and ad-
sorbed gases from between the approaching surfaces. The result, however, is
that a system which flows under certain conditions may cease to flow when
these conditions are restored after interruption. This is of great importance in
the storage and intermittent delivery of powders. Fluctuating humidity can
also destroy flow properties if a water-soluble component is present in the
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powder. The alternating processes of dissolution and crystallization can pro-
duce very strong bonds between particles which cement the mass together.

4.2.1 Measurement of the Effects of Cohesion
and Adhesion

Measuring the cohesion between two particles or the adhesion of a particle
to a boundary is difficult, although several methods can be used. More com-
monly, these effects are assessed by studying an assembly of particles in the
form of a bed or a heap. Flow and other properties of the powder are then
predicted from these studies.

The most commonly observed and measured property of a heap is the
maximum angle at which a free powder surface can be inclined to the horizon-
tal. This is the angle of repose and it can be measured in a number of ways,
four of which are shown in Figure 4.1. The angle depends to some extent on
the method chosen and the size of the heap. Minimum angles are about 25°,
and powders with repose angles of less than 40° flow well. If the angle is over
50°, the powder flows with difficulty or not at all.
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FIGURE 4.1 Measurement of the angle of repose, o.
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The angle, which is related to the tensile strength of a powder bed, in-
creases as the particle shape departs from sphericity and as the bulk density
increases. Above 100 microns, it is independent of particle size, but below
this value it increases sharply. The effect of humidity on cohesion and flow
is reflected in the repose angle. Moist powders form an irregular heap with
repose angles of up to 90°.

A more fundamental measure is the tensile stress necessary to divide a
powder bed. The powder may be dredged onto a split plate or, in a more
refined apparatus, contained within a split cylinder and carefully consolidated.
The stress is found from the force required to break the bed and the area of
the divided surface. The principles of this method are shown in Figure 4.2(a),
and stresses of up to 100 N/m? are necessary to divide a bed of fine powders.
Values increase as the bulk density increases. Changes in cohesiveness with
time and the severe changes in the flow properties of some powders that occur
when the relative humidity exceeds 80% can be assessed with this apparatus.

Apparatus for shearing a bed of powder is shown diagrammatically in
Figure 4.2(b). The shear stress at failure is measured while the bed is con-
strained under a normal stress. The latter can be varied. The relation between
these stresses, a subject fully explored in the science of soil mechanics, is
used in the design of bins and hoppers for storage and delivery of powders.

The adhesion of particles to surfaces can be studied in a number of ways.
Measuring the size of the particles retained on an upturned plate is a useful
qualitative test. A common method measures the angle of inclination at which
a powder bed slides on a surface, the bed itself remaining coherent.

Moving (a) Fixed
Section Section
Tensile S ==
Force 4——‘% 6 A~ / : ~)
Normal
Stress (b)

w— NN

FIGURE 4.2 Measuring the (a) tensile and (b) shear strength of a powder bed.
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4.3 POWDER FLOW

The physics of powder flow has been studied thoroughly (Crowder and
Hickey, 2000). However, it is only recently that this body of knowledge has
been fully applied to pharmaceutical systems. Pharmaceutical applications ex-
ist for specific unit operations. The gravity flow of powders in chutes and
hoppers and the movement of powders through a constriction occur in tab-
letting, encapsulation, and many processes in which a powder is subdivided
for packing into final containers. In many cases, the accuracy of weight and
dose depends on the regularity of flow. The flow of powders is extremely
complex and is influenced by many factors. A profile in two dimensions of
the flow of granular solids through an aperture is shown in Figure 4.3. Particles
slide over A while A slides over B; B moves slowly over the stationary region
E. Material is fed into zone C and moves downward and inward to a tongue
D. Here, packing is less dense, particles move more quickly, and bridges and
arches formed in the powder collapse. Unless the structure is completely emp-
tied, powder in region E never flows through the aperture. If, in use, a container
is partially emptied and partially filled, this material may spoil. If the container
is narrow, region E is absent and the whole mass moves downward, the central
part of region C occupying the entire tube.

For granular solids, the relation between mass flow rate, G, and the
diameter of a circular orifice, D,, is expressed by the equation

G = Constant - D4H?
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FIGURE 4.3 Profile of granules flow through an orifice.
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where H is the height of the bed and a and b are constants. For a wide variety
of powders, the constant a lies between 2.5 and 3.0. If the height of the bed
is several times that of the orifice, H lies between 0 and 0.05. The absence
of a pressure-depth relation, already observed in a static bed, seems, therefore,
to persist in dynamic conditions.

The relation between mass flow rate and particle size is more complex.
With an orifice of given size and shape, the flow increases as the particle size
decreases until a maximum rate is reached. With further decrease in size and
increase in cohesiveness, flow decreases and becomes irregular. Arches and brid-
ges form above the aperture and flow stops. Determining the minimum aperture
through which a powder will flow without assistance is a useful laboratory exer-
cise. The distribution of particle sizes also affects the flow in a given system.
Often, the removal of the finest fraction greatly improves flow. On the other hand,
the addition of very small quantities of fine powder can, in some circumstances,
improve flow. This is probably due to adsorption of these particles onto the
original material, preventing close approach and the development of strong co-
hesional bonds. Magnesia and talc, for example, promote the flow of many cohe-
sive powders. These materials, which can be called glidants, are useful additives
when good flow properties of a powder are required.

Vibration and tapping may maintain or improve the flow of cohesive
powders by preventing or destroying the bridges and arches responsible for
irregular movement or blockage. Vibration and tapping to initiate flow are
less satisfactory because the associated increase in bulk density due to closer
packing renders the powder more cohesive.

4.4 PACKING OF POWDERS

Bulk density, already defined, and porosity are terms used to describe the
degree of consolidation in a powder. The porosity, €, is the fraction of the
total volume which is void, often expressed as a percentage. It is related to
the bulk density, py, by the equation

=12 .1

p

where p is the true density of the powder.

When spheres of equal size are packed in a regular manner, the porosity
can vary from a maximum of 46% for a cubical arrangement to a minimum
of 26% for a rhombohedral array. These extremes are shown in Figure 4.4.
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(a) ®)

] ‘e “ v'
é
FIGURE 4.4 Systematic packing of spheres.

For ideal systems of this type, the porosity is independent of particle size. In
practice, of course, packing is not regular. Cubic packing, obtained when the
next layer is placed directly on top of the four spheres above, is the most open
packing, as shown in Figure 4.4(a). Rhombohedral packing, obtained when
the next layer is built around the sphere shown in a broken line in Figure
4.4(b), is the closest packing.

Nevertheless, for coarse, isodiametric particles with a narrow range of
sizes, the porosity is remarkably constant at between 37% and 40%. Lead
shot, for example, packs with the same porosity as a closely graded sand. With
wider size distributions, the porosity decreases because some packing of fine
particles in the interstices between the coarsest particles becomes possible.
These effects are absent in fine powders. Due to their more cohesive nature,
the porosity increases as the particles become finer and variation in the size
distribution has little effect.

In any irregular array, the porosity increases as particle shape departs
from sphericity because open packing and bridging become more common.
A flaky material, such as crushed mica, packs with a porosity of about 90%.
Roughness of the particles’ surface increases porosity.

In operations in which powders are poured, chance packing occurs and
porosity is subject to the operation’s speed and degree of agitation. If the
powder is poured slowly, each particle can find a stable position in the devel-
oping surface. Interstitial volumes are small, the number of contacts with
neighboring particles is high, and the porosity is low. If pouring is quick,
there is insufficient time for stable packing, bridges are created as particles
fall together, and a bed of higher porosity is formed. Vibration opposes open
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packing and the formation of bridges. It is often deliberately applied when
closely packed powder beds are required.

Packing at a boundary differs from packing in the bulk of a powder.
The boundary normally creates a region of more open packing, several particle
layers in extent. This is important when particles are packed into small vol-
umes. If the particles are relatively large, the region of expanded packing and
low bulk density will be extensive and, for these conditions, the weight of
material that fills the volume will decrease as particle size increases. With
finer powders the opposite is true, and cohesiveness causes the weight of pow-
der which fills a volume to decrease as particle size decreases. There is, there-
fore, some size of particle for which the capacity of a small volume is a maxi-
mum. This depends on the dimensions of the space into which the particles
are packed.

4.5 GRANULATION

Granulation is a term for several processes used to produce materials in the
form of coarse particles. In pharmacys, it is closely associated with the prepara-
tion of compressed tablets. Discussion is here limited to a general account of
the process.

Ideally, granulation yields coarse isodiametric particles with a very nar-
row size distribution. The several advantages of this form can be inferred from
the foregoing discussion. Granules flow well. They feed evenly from chutes
and hoppers and pack into small volumes without great variation of weight.
Segregation in a mixture of powders is prevented if the mixture is granulated.
Each granule contains the correct proportions of the components so that segre-
gation of granules cannot cause inhomogeneity in the mixture. The hazards
of dust are eliminated and granules are less susceptible to lumping and caking.
Finally, granular materials fluidize well, and a material may be granulated to
gain the advantages of this process.

The starting materials for granulation vary from fine powders to solu-
tions. Methods can be classified as wet or dry granulation. In the latter, a very
coarse material is comminuted and classified. If the basic material is a fine
powder, it is first aggregated by pressure with punches and dies, to give tablets
or briquettes, or by passage through rollers, to give a sheet that is then broken.

In wet methods a liquid binder is added to a fine powder. If the propor-
tion added converts the powder to a crumbly adhesive mass, it can be granu-
lated by forcing it through a screen with an impeller. The wet granules are
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then dried and classified. If a wetter mass is made, it can be granulated by
extrusion. Alternatively, the powder can be rotated in a pan and granulating
fluid added until agglomeration occurs. Granule growth depends critically on
the amount of fluid added and other variables, such as the particle’s size and
pan speed and the surface tension of the granulating fluid, must be closely
controlled.

Granular materials are also prepared by spray-drying and by crystalliza-
tion.

4.6 FLUIDIZATION

The movement of fluids through a fixed bed was described in Chapter 1. If
the fluid velocity is low, the same situation is found when fluid is driven
upward through a loose particulate bed. At higher velocities, however, fric-
tional drag causes the particles to move into a more expanded packing which
offers less resistance to flow. At some critical velocity, the particles are just
touching and the pressure drop across the bed just balances its weight. This
is the point of incipient fluidization; beyond it true fluidization occurs, the bed
acquiring the properties of surface leveling and flow.

If the fluid is a liquid, increase in velocity causes the quiescent bed to
rock and break, allowing individual particles to move randomly in all direc-
tions. Increase in velocity causes progressive thinning of this system. In fluid-
ization by gases, the behavior of the bed is quite different. Although much of
the gas passes between individual particles in the manner already described,
the remainder passes in the form of bubbles so that the bed looks like a boiling
liquid. Bubbles rise through the bed, producing an extensive wake from which
material is continually lost and gained, and breaking at the surface distributes
powder widely. This mixing mechanism is effective, and any nonhomogeneity
in the bed is quickly destroyed. Rates of heat and mass transfer in the bed are
therefore high.

Bubble size and movement vary in different systems. In general, both
decrease as particle size decreases. As the size decreases and the powder be-
comes more cohesive, fluidization becomes more difficult. Eventually, bubbles
do not form and very fine powders cannot be fluidized in this way.

The final stage of fluidization occurs at very high velocities when, in
liquid and gaseous systems, the particles become entrained in the fluid and
are carried along with it. These conditions are used to convey particulate solids
from one place to another.
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4.7 MIXING AND BLENDING

Mixing and blending may be achieved by rotating or shearing the powder bed.
Mixing two or more components that may differ in composition, particle size,
or some other physicochemical property is brought about through a sequence
of events. Most powders at rest occupy a small volume such that it would be
difficult to force two static powder beds to mix. The first step in a mixing
process, therefore, is to dilate the powder bed. This second step, which may
be concurrent with the first, is to shear the powder bed. Ideally, shearing occurs
at the level of planes of individual particles. The introduction of large interpar-
ticulate spaces is achieved by rotating the bed. A V blender or a barrel roller
are classical examples of systems which, by rotating through 360°, dilate the
powder bed while, through the influence of gravity, shearing planes of parti-
cles. A planetary mixer uses blades to mechanically dilate and shear the pow-
der. Each of these systems is a batch process. A ribbon blender uses a screwing
action to rotate and shear the bed from one location to another in a continuous
process.

Since the shearing of particles in a bed to achieve a uniform mix or blend
is a statistical process, it must be monitored for efficiency. Sample thieves are
employed to probe the powder bed, with minimal disturbance, and draw sam-
ples for analysis. These samples are then analyzed for the relevant dimension
for mixing, e.g., particle sizes, drug, or excipient content. Statistical mixing
parameters have been derived based on the mean and standard deviation of
samples taken from various locations in a blend at various times during the
processing (Carstensen, 1993). In large-scale mixers random number tables
may be employed to dictate sample sites. There is a considerable science of
sampling that can be brought to bear on this problem (Thompson, 1992). The
sample size for pharmaceutical products is ideally of the scale of the unit dose.
This is relevant as it relates to the likely variability in the dose that in turn
relates to the therapeutic effect. In the case of small unit doses the goal should
be to sample at a size within the resolution of the sample thief.

4.8 CONCLUSION

The origins, structure, and properties of particles within a powder dictate their
dynamic performance. Gathering information on the physicochemical proper-
ties of powders is a prerequisite for interpreting and manipulating their flow
and mixing properties. Flow properties are important to many unit processes
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in pharmacy, including transport and movement through hoppers, along con-
veyor belts, in granulators, and in mixers. Ultimately, the packing and flow
properties can be directly correlated with the performance of the unit dose.
Filling of capsules, blisters, or tablet dies, compression of tablets, and disper-
sion of powder aerosols all relate to powder properties.
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Air Conditioning and
Humidification

Air conditioning for comfort means the provision of warm, filtered air. High
moisture content or humidity is oppressive, but a low humidity may cause
irritation by excessive loss of moisture from the skin. In some climates steps
may be taken to add or remove water vapor from the air. The air is cleaned,
usually by passage through a fabric filter which may be dry or moistened with
a viscous liquid, and heated electrically or by banks of finned tubes supplied
with steam or hot water over which the air is blown. Electrostatic precipitation
provides an alternative method of air cleaning. The fine particles entrained in
the air are charged by the absorption of electrons as they pass between two
electrodes. The charged particle then migrates in the electrical field and is
finally arrested on one electrode.

The same general principles apply to the supply of air in some pharmaceu-
tical processes. However, the control of its quality may be more stringent. In
areas in which sterile materials are made and handled, for example, the air clean-
ing must remove bacteria. In other processes, it may be necessary to remove
water vapor. The flow of powders is a sensitive function of moisture content.
The equilibrium moisture content of a material is determined by the humidity.
Some tableting processes break down if the humidity is too high. In such pro-
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cesses, the scale of the air conditioning varies. It may be necessary to supply a
whole room with air of a certain quality. Alternatively, conditioning may be
restricted to a small area surrounding a particular piece of equipment.

5.1 VAPOR AND GAS MIXTURES

The humidity of a vapor-gas mixture is defined as the mass of vapor associated
with unit mass of the gas. This principle is generally applicable to any vapor
present in any noncondensable gas. In this section, however, only water vapor
in air is considered. The percent humidity is the ratio of ambient humidity to
the humidity of the saturated gas at the same temperature, expressed as a
percentage. These terms should be carefully distinguished from the relative
humidity with which they are distantly related. The relative humidity is the
ratio of the partial pressure of the vapor in the gas to the partial pressure when
the gas is saturated. This is also usually expressed as a percentage. The relative
humidity of a given vapor-gas mixture changes with temperature, but the hu-
midity does not.

The study of the properties of the air-water vapor mixture is called psy-
chrometry, and data is presented in the form of psychrometric charts. These
take various forms and present various data (Perry and Chilton, 1973). In
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FIGURE 5.1 A psychrometric chart that can be used to determine the humidity, dew
point, and wet and dry bulb temperatures.
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Figure 5.1, humidity is plotted as the ordinate and temperature as the abscissa.
Percent relative humidity is then plotted as a series of curves running across
the chart. The use of this simplified chart is demonstrated later in this chapter
and the next.

5.2 HYGROMETRY, THE MEASUREMENT OF
HUMIDITY

The accurate determination of the air’s humidity is carried out gravimetrically.
The water vapor present in a known volume of air is chemically absorbed
with a suitable reagent and weighed. In other less laborious methods, the hu-
midity is derived from the dew point or the wet bulb depression of a water
vapor-air mixture.

The dew point is the temperature at which a vapor-gas mixture becomes
saturated when cooled at constant pressure. If air of the condition denoted by
point A in Figure 5.1 is cooled, the relative humidity increases until the mix-
ture is fully saturated. This condition is given by point B where the temperature
coordinate is the dew point. This can be measured rapidly by evaporating ether
in a silvered bulb. The temperature at which dew deposits from the sur-
rounding air is noted, and the humidity is read directly from a psychrometric
chart.

Humidity derivation from the wet bulb depression requires a preliminary
study of the transfer of mass and heat at a boundary between air and water.
Since this process is also important in the study of drying, a detailed explana-
tion is set out. If a small quantity of water evaporates into a large volume of
air, conditions which make the change in humidity negligible, the latent heat
of evaporation is supplied from the sensible heat of the water. The latter cools
and the temperature gradient between water and air promotes the flow of heat
from the surrounding air to the surface. As the temperature falls, the rate of
heat flow increases until it equals the rate at which heat is required for evapora-
tion. The temperature at the surface then remains constant at what is known
as the wet bulb temperature. The difference between the air temperature and
the wet bulb temperature is the wet bulb depression. If these temperatures are
denoted by T, and T,,, the rate of heat transfer, Q, is

where A is the area over which heat is transferred and 4 is the heat transfer
coefficient. Mass transfer of water vapor from the water surface to the air is
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described by the equation

ke
N="%t(P;— P, 52
7 ) 62

where P, is the partial pressure of water vapor at the surface, P,, is the partial
pressure of water vapor in the air, k, is a mass transfer coefficient, and N is
the number of moles transferred from unit area in unit time. Rewriting this
equation in terms of the mass, W, transferred at the whole surface in unit time,
where M, is the molecular weight of water vapor, we get

- M.A
RT

w kg(Pwi - Pwa) (53)

where A is the area of the surface. If the partial pressure of water vapor in a
system has the value P,, then, from the general gas equation, the mass of
vapor in unit volume is (P,/RT) M,. Similarly, if the total pressure is P, the
mass of air in unit volume is [(P — P,,)/RT]/M,, where M, is the ‘‘molecular
weight’” of the air. The humidity, H, is the ratio of these two quantities:

Py, M,
)

H=( Aw
P—P, M,

(5.4)

Itp>>r~r, H=(P,/P)M,/M,). Rearranging and substituting humid-
ity for partial pressure in equation 5.3 give

PM,
RT

W =

k,A(H, — H,) (5.5)

where H, is the humidity of the air and H; is the humidity at the surface. The
latter is known from the vapor pressure of water at the wet bulb temperature.
Since PM,/RT = p, equation 5.5 can be written

W = pk,A(H, — H,) (5.6)

where p is the density of the air. If the latent heat of evaporation is A, the
heat transfer rate necessary to promote this evaporation is

Q = pk,A(H; — H.) (5.7)
Equating expressions 2.7 and 5.7 then gives

h
H —-H,=— (T, — T, 5.8
pkgk( ») 58
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Both the heat and mass transfer coefficients are functions of air velocity.
However, at air speeds greater than about 4.5 m s™!, the ratio h/k, is approxi-
mately constant. The wet bulb depression is directly proportional to the differ-
ence between the humidity at the surface and the humidity in the bulk of the
air.

In the wet and dry bulb hygrometers, the wet bulb depression is mea-
sured by two thermometers, one of which is fitted with a fabric sleeve wetted
with water. These are mounted side by side and shielded from radiation, an
effect neglected in the preceding derivation. Air is then drawn over the ther-
mometers by a small fan. The derivation of the humidity from the wet bulb
depression and a psychrometric chart will be discussed later.

Many wet and dry bulb hygrometers operate without any form of in-
duced air velocity at the wet bulb. This may be explained by examining an-
other air-water system. If a limited quantity of air and water is allowed to
equilibrate in conditions in which heat is neither gained nor lost by the system,
the air becomes saturated and the latent heat required for evaporation is drawn
from both fluids, which will cool to the same temperature. This temperature
is the adiabatic saturation temperature, 7. It is a peculiarity of the air-water
system that the adiabatic saturation temperature and the wet bulb temperature
are the same. If water at this temperature is recycled in a system through which
air is passing, the incoming air is cooled until it reaches the adiabatic saturation
temperature, at which point it is saturated. The temperature of the water, on the
other hand, remains constant, and all the latent heat required for evaporation is
drawn from the sensible heat of the air. Equilibrium is then expressed by the
following equation:

(T, — T.)S = (H. — H)A 5.9

where T, is the temperature of the incoming air, S is its specific heat, H, and
H.. are the humidities of the incoming air and the saturated air, and A is the
latent heat of evaporation for water.

The process of adiabatic saturation in which the humidity progressively
rises and the temperature progressively falls is described on a humidity chart
by adiabatic cooling lines which run diagonally to the saturation curve. Charts
are specially constructed so that these lines become parallel.

If a wet and dry bulb hygrometer is exposed to still air, the region adja-
cent to the wet bulb closely resembles the system described. After a consider-
able period, equilibrium is attained and the wet bulb records the adiabatic
saturation temperature.

When both wet and dry bulb temperatures have been found, the humidity
is read from the psychrometric chart in the following way. The point on the
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saturation curve corresponding to the wet bulb temperature is first found. An
adiabatic cooling line is then interpolated and followed until the coordinate
corresponding to the dry bulb temperature is reached. The humidity is read
from the other axis.

The change in the physical properties of a hair or fiber with change in
humidity is utilized in many instruments. After calibration, they are suitable
for use over a limited range of humidity.

5.3 HUMIDIFICATION AND
DEHUMIDIFICATION

Most commonly, air is humidified by passage through a spray of water. Three
methods are illustrated by the humidity diagrams in Figure 5.2. In the first,
air at temperature 7 is heated to T,. The latter temperature is chosen so that
adiabatic cooling and saturation followed by heating to T, will give a humidity
rise from H, to H,. The humidification stage is performed by passing the air

(c)

Humidity
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-

Temperature Temperature

FIGURE 5.2 Humidification and dehumidification of air.
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through water sprays at the adiabatic saturation temperature, 75. Alternatively,
the incoming air could be heated to 75, air of the correct humidity emerging
when it is adiabatically cooled to T, with water. In neither of these methods
is control of the water temperature necessary. In the third method, air of hu-
midity H, and temperature 7', is passed through and saturated by a water spray
maintained at 7. On leaving the chamber, it is heated to 7.

For small quantities of air, dehumidification is most easily accomplished
by adsorbing water vapor with alumina or silica gel arranged in columns.
These columns are mounted in pairs so that one can be regenerated while the
other is in use. Alternatively, the air can be cooled below the dew point. Excess
water vapor condenses and the cold saturated air is then reheated. For well-
mixed gases, the process is described in Figure 5.2.



Drving

Drying may be defined as the vaporization and removal of water or other
liquid from a solution, suspension, or other solid-liquid mixture to form a dry
solid. The change of phase from liquid to vapor distinguishes drying from
mechanical methods of separating solids from liquids, such as filtration. The
latter often precede drying since, where applicable, they offer a cost-effective
method for removing a large part of the liquid.

Drying might still be confused with evaporation. Greater precision is
not possible because the division of the two operations is to some extent
arbitrary. Drying is normally associated with the removal of relatively small
quantities of liquid to give a dry product. Evaporation is more often applied
to the concentration of solutions. However exceptions to these generalizations
occur.

Adjustment and control of moisture levels by drying are important in
the manufacture and development of pharmaceutical products. Apart from the
obvious requirement of dry solids for many operations, drying may be carried
out to

1. Improve handling characteristics, as in bulk powder filling and other
operations involving powder flow

86
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2. Stabilize moisture-sensitive materials, such as aspirin and ascorbic
acid

A wide range of drying equipment is available to meet these ends, but
in practice the choice is limited by the scale of the operation and may be
determined partly or completely by the thermal stability of the material and
the physical form in which it is required. In the pharmaceutical industry, batch
sizes are frequently small and of high value and the same dryer may be used
to dry different materials. These factors limit the application of continuous
dryers and promote the use of batch dryers that give low product retention
and are easily cleaned. Recovery of solvents, where economically justified,
may be another factor affecting choice of equipment.

6.1 THEORY OF DRYING

Theories of drying are limited in application in that drying times are normally
experimentally determined. Nevertheless, an appreciation of the scope and
limitations of the different drying methods is given. The following terms are
employed in discussing drying: humidity, humidity of saturated air, relative
humidity, wet bulb temperature, and adiabatic cooling line (see Chapter 5).
Other terms may be defined as follows:

Moisture content. This is usually expressed as a weight per unit weight
of dry solids.

Equilibrium moisture content. If a material is exposed to air at a given
temperature and humidity, it will gain or lose moisture until equilib-
rium is reached. The moisture present at this point is defined as the
equilibrium moisture content for the given exposure conditions. At a
given temperature it varies with the partial pressure of the water vapor
in the surrounding atmosphere. This is shown for a hypothetical hy-
groscopic material in Figure 6.1 in which the equilibrium moisture
content is plotted against the relative humidity. Any moisture present
in excess of the equilibrium moisture content is called free water.

Equilibrium moisture content curves vary greatly with the type of mate-
rial examined. Insoluble, nonporous materials, such as talc or zinc oxide, give
equilibrium moisture contents of almost zero over a wide humidity range. A
moisture content of between 10% and 15% may be expected for cotton fabrics
under normal atmospheric conditions. Drying below the equilibrium moisture
content for room conditions may be deliberately undertaken, particularly if
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FIGURE 6.1 Relation between equilibrium moisture content and relative humidity
for a hygroscopic solid.

the material is unstable in the presence of moisture. Subsequent storage condi-
tions then become important for product stability.

The equilibrium moisture content at 100% relative humidity represents
the minimum amount of water associated with the solid that still exerts a vapor
pressure equal to a separate water surface. If the humidity is reduced, only
part of the water evaporates before a new equilibrium is established. The water
retained at less than 100% relative humidity must, therefore, exert a vapor
pressure below that of a dissociated water surface. Such water is called bound
water. Unlike the equilibrium moisture content, bound water is a function of
the solid only and not of the surroundings. Such water is usually held in small
pores bound with highly curved menisci, is present as a solution, or is adsorbed
on the surface of the solid.

The value of equilibrium moisture content curves is illustrated in Figure
6.2. The equilibrium moisture content of the antacid granules, composed of
magnesium trisilicate granulated with syrup, is a sensitive function of relative
humidity. If it is to be dried to a moisture content of 3%, air at a relative
humidity of less than 35% must be used. With knowledge of the humidity of
the circulating air, psychrometric charts may be used to determine the mini-
mum air temperature that will dry the material to the required standard. (In
fact, the temperature has an effect on the equilibrium moisture content that is
independent of the humidity, but this can be neglected to a first approxima-
tion.) The lactose granulation, on the other hand, has a low sensitivity to rela-
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FIGURE 6.2 Equilibrium moisture content curves for two tablet granulations.

tive humidity. Drying at low relative humidities derived from high air tempera-
tures causes only a marginal decrease in the final moisture content, and the
stability of the active ingredients associated with the lactose filler could be
impaired. This argument may only be applied to the final moisture content.
It is not related to the rate of drying, which would, of course, be greater at
higher temperatures and lower humidities.

The effects of storage after drying may also be assessed from the equilib-
rium moisture content curves. Storage conditions are not critical for lactose
granulation. If the antacid formulation was stored at a relative humidity of
only 65% it would, given sufficient time, absorb moisture until the content was
9%. This could be associated with poor flow characteristics and its attendant
difficulties during compression.

Dynamic vapor sorption techniques now exist which allow thorough
studies of moisture association with solids under a wide range of relative hu-
midity conditions based on microbalance technology.

6.2 EVAPORATION OF WATER INTO AN
AIRSTREAM

The evaporation of moisture into a warm airstream, the latter providing the
latent heat of evaporation, is a common drying mechanism although it is not
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easily adapted to the recovery of the liquid. We will first consider evaporation
from a liquid surface which, with the passage of air, falls to the wet bulb
temperature corresponding to the temperature and humidity of the air, as de-
scribed in Chapter 5. The rate at which water vapor is transferred from the
saturated layer at the surface to the drying stream is described by equation
3.5:

k,
N=-% (P;— P, 35
RT ( ) (3.5)

where P; is the partial pressure of the water vapor at the surface, P,, is the
partial pressure of water vapor in the air, k, is a mass transfer coefficient, and
N is the number of moles of vapor transferred from unit area in unit time.
Rewriting this in terms of the total mass, W, transferred in unit time from the
entire drying surface of area A; we obtain

M,A
RT

W= ko(Pyi = Pya) 6.1)
where M, is the molecular weight of water vapor, R is the gas constant, and
T is the absolute temperature.

The mass transfer coefficient, k,, is a function of the temperature and
the air’s velocity and angle of incidence. A high velocity or angle of incidence
diminishes the thickness of the stationary air layer in contact with the liquid
surface and, therefore, lowers the diffusional resistance.

The rate of evaporation may also be expressed in terms of the heat trans-
ferred across the laminar film from the drying gases to the surface. This is
described by equation 2.7:

where Q is the rate of heat transfer, A is the area of the surface, T, and T are
the temperatures of the drying air and the surface, respectively, and 4 is the
heat transfer coefficient. The latter is also a function of air velocity and angle
of impingement. If the latent heat of evaporation is A, this affords a mass
transfer rate, W, given by

W= %(Ta ) (62)

Equilibrium drying conditions are represented by the equality of rela-
tions 6.1 and 6.2. When these conditions pertain to drying, the surface temper-
ature, T, which is the wet bulb temperature, is normally much lower than the
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temperature of the drying gases. This is of great importance in the drying of
thermolabile materials.

If solids are present in the surface, the rate of evaporation is modified,
the overall effect depending on the structure of the solids and the moisture
content.

6.3 STATIC BEDS OF NONPOROUS SOLIDS

Drying wet granular beds, the particles of which are not porous and are insolu-
ble in the wetting liquid, has been extensively studied. The operation is pre-
sented as the relation of moisture content and drying time [Figure 6.3(a)].
Note that the equilibrium moisture content is approached slowly. A protracted
period may be required for the removal of water just above the equilibrium
value. This time is not justified if a small amount of water can be tolerated in
further processing, and such a process indicates the importance of establishing
realistic drying requirements. The stability of the solids, maintained, as shown
later, at a temperature close to that of the drying air, may allow unnecessary
deterioration.

The data has been converted to a curve relating the rate of drying to
moisture content [Figure 6.3(b)]. The initial heating-up period during which
equilibrium is established is short and has been omitted from both figures.

(@) (b)

B A
A
Rate of
Moisture content drying
C
B
c D
D

Time Moisture
content

FIGURE 6.3 (a) Moisture content vs. time of drying; (b) rate of drying vs. moisture
content.
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Assuming that sufficient moisture is initially present, the drying rate
curve exhibits three distinct sections limited by points A, B, C, and D. In
section A-B, called the constant rate period, it is considered that moisture is
evaporating from a saturated surface at a rate governed by diffusion from the
surface through the stationary air film in contact with it. An analogy with
evaporation from a plain water surface can therefore be drawn. The drying
rate during this period depends on the air temperature, humidity, and speed,
which, in turn, determine the temperature of the saturated surface. Assuming
that these are constant, all variables in the drying equations are fixed, and a
constant rate of drying is established which is largely independent of the mate-
rial being dried. The drying rate is somewhat lower than for a free-water sur-
face and depends to some extent on the particle size of the solids. During the
constant rate period, liquid must be transported to the surface at a rate suffi-
cient to maintain saturation. The mechanism of transport is discussed later.

At the end of the constant rate period, B, a break in the drying curve
occurs. This point is called the critical moisture content, and a linear fall in
the drying rate occurs with further drying. This section, B-C, is called the first
falling rate period. At and below the critical moisture content, the movement
of moisture from the interior is no longer sufficient to saturate the surface. As
drying proceeds, moisture reaches the surface at a decreasing rate, and the
mechanism that controls its transfer will influence the rate of drying. Since the
surface is no longer saturated, it tends to rise above the wet bulb temperature.

For any material, the critical moisture content decreases as the particle
size decreases. Eventually, moisture does not reach the surface that becomes
dry. The plane of evaporation recedes into the solid, the vapor reaching the
surface by diffusion through the pores of the bed. This section is called the
second falling rate period and is controlled by vapor diffusion, a factor largely
independent of the conditions outside the bed but markedly affected by the
particle size due to the latter’s influence on the dimensions of pores and chan-
nels. During this period, the surface temperature approaches the temperature
of the drying air.

Considerable migration of liquid occurs during the constant rate and first
falling rate periods. Associated with the liquid are any soluble constituents
that will form a concentrating solution in the surface layers as drying proceeds.
Deposition of these materials takes place when the surface dries. Considerable
segregation of soluble elements in the cake can occur, therefore, during drying.

If the soluble matter forms a skin or gel on drying rather than a crystal-
line deposit, a different drying curve (Figure 6.4) is obtained. The constant
rate period is followed by a continuous fall in the drying rate in which no
differentiation of first and second falling rate periods can be made. During this
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FIGURE 6.4 Driving curve for a skin-forming material.

period, drying is controlled by diffusion through the skin that is continually
increasing in thickness. Soap and gelatin are solutes that behave in this way.

6.4 THE INTERNAL MECHANISM OF DRYING

Extensive studies have been made to determine the nature of the forces that
initially convey moisture to the surface at a rate sufficient to maintain satura-
tion and their subsequent failure. Liquid movement may occur by diffusion
under the concentration gradient created by water depletion at the surface by
evaporation, as the result of capillary forces, through a cycle of vaporization
and condensation, or by osmotic effects. Of these, capillary forces offer a
coherent explanation for the drying periods of many materials.

If a tapered capillary is filled with water and exposed to a current of
air, the meniscus at the smaller end remains stationary while the tube empties
from the wider end. A similar situation exists in a wet particulate bed, and
the phenomenon is explained by the concept of suction potential. A negative
pressure exists below the meniscus of a curved liquid surface which is propor-
tional to the surface tension, ¥, and inversely proportional to the radius of
curvature, 7. (The meniscus is assumed to be part of a hemisphere.) This nega-
tive pressure or suction potential may be expressed as the height of liquid, #,
it will support:

p=21 (6.3)
pgr
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where p is the density of the liquid. The suction potential, &,, acting at a depth
x below the meniscus is then

ho=h—x (6.4)

The particles of the bed enclose spaces or pores connected by passages,
the narrowest part of which is called the waist. The waist dimensions are
determined by the size of the surrounding particles and the manner in which
they are packed. In a randomly packed bed, pores and waists of varying sizes
are found. Thus, the radius of a capillary running through the bed varies contin-
uously. The depletion of water in this network is controlled by the waists
because the radii of curvature are smaller and the suction potentials greater
than for the pores. Depletion occurs in the following way. As evaporation
proceeds, the water surface recedes into the waists of the top layer of particles
and a suction potential develops. The maximum suction potential a waist can
develop is called its “‘entry’’ suction potential and this potential is exceeded
for larger waists by the suction potential developed by the smaller waists and
transmitted through the continuous, connecting thread of liquid. The menisci
in the larger waists then collapse and the pores they protect are emptied. A
surface waist developing a suction potential, 4, assuming an interconnecting
thread of liquid, causes the collapse of an interior waist developing a suction
potential, &;, at a distance, x, below the surface if i, > h; + x. The liquid in
the exposed pores is then lost at the surface by evaporation. This effect contin-
ues until a waist provides an opposing suction potential equal to or greater
than the suction potential provided at that depth by the fine surface waist
meniscus. The latter then collapses and the pore it protects is emptied.

By this mechanism, a meniscus in a fine surface waist holds its position
and depletes the interior of moisture. If sufficient full surface waists are pres-
ent, the constant rate period is maintained since the stationary air film in con-
tact with the bed can be saturated. The first falling rate period indicates that
insufficient full surface waists are present. Eventually, the collapse of all sur-
face waists takes place, giving a breakdown of the capillary network supplying
moisture to the surface, and the second falling rate period ensues.

6.5 STATIC BEDS OF POROUS SOLIDS

The drying curve obtained when the particles that compose the bed are them-
selves porous is shown in Figure 6.5. It differs from the curve obtained with
nonporous materials in that the constant rate period is shorter. The rate of
drying may be higher and is almost independent of particle size. The critical
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FIGURE 6.5 Drying curves for a tablet granulation dried in a tray dryer.

moisture content is a function of the pore and particle sizes. During the first
falling rate period, the rate of drying falls steeply due, it is thought, to the
drying of the surface granules. The second falling rate period is influenced by
the diffusion of moisture from within the particles.

6.6 THROUGH CIRCULATION DRYING

If the particles are in a suitable granular form, it is often possible to pass the
airstream downward through the bed of solids. Drying will then follow the
pattern described in previous sections except that each particle or agglomerate
behaves as a drying bed. The surface area exposed to the drying gases is
greatly increased, and drying rates 10 to 20 times greater than those encoun-
tered when air is passed over a free surface are obtained.

6.7 METHODS INVOLVING MOVEMENT OF
THE SOLID

As an extension of drying by passing the airstream through a static bed of
solids, it is possible to project air upward through the bed at a velocity high
enough to fluidize the particles. Alternatively, the material may be mechani-
cally subdivided and then introduced into the drying stream. Both methods
give high drying rates due to high interfacial contact between the drying sur-
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faces and the airstream. Fluidized bed dryers and spray dryers, respectively,
use these principles.

6.8 OTHER METHODS OF DRYING

Apart from specialized dryers using infrared or dielectric heating, the chief
method of passing heat into a drying solid, other than from a hot airstream,
is by conduction from a heated surface. When a wet solid is placed in contact
with a hot surface, subsequent events depend on the surface temperature rela-
tive to the liquid’s boiling point, the nature of the solid, and the method of
heating the surface. It is assumed here that the surface temperature is not hot
enough for convective boiling to take place.

Consider first a cake of finely divided solids saturated with water. A
temperature gradient will be established through the cake and evaporation
from the free surface will take place at a rate governed entirely by the rate of
heat input. During this period, the rate of evaporation and the temperature of
a particular layer of cake are approximately constant. This continues until
capillary forces are unable to transfer liquid to the free surface at the required
rate. The temperature gradients during this period are given in Figures 6.6(a)
and 6.6(b) for conditions in which the shelf temperature is below and above
the boiling point of the liquid, respectively.

With a comparatively low heat flux, such that the partially dried cake
can conduct heat away from the hot surface at the required rate, the free surface
will dry and a fictitious drying line recedes slowly into the cake. The vapor
diffuses through the dry cake to the free surface. The temperature gradient
during this falling rate period is shown in Figure 6.6(c). If the heat flux is
high, the point at which mobile water can no longer reach the surface is marked
by the onset of drying in a layer adjacent to the hot surface, and vapor is
forced through the wet cake above. As the solid dries, its temperature increases
and a temperature gradient is established through the dry solids to the upward-
receding drying line [Figure 6.6(d)]. The free surface of the solid appears wet
and is at a constant temperature. These conditions are destroyed when the
drying line reaches the surface.

In either case, a low and falling rate of drying will persist as the absorbed
water is removed. In this form of drying, the heat treatment received by the
solid is not uniform but depends on its position in the cake.

A hot surface may also be used to dry solutions, such as milk or plant
extracts, which do not readily give porous, crystalline solids on concentration.
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FIGURE 6.6 Drying by conduction of heat from a heated surface

Apart from an initial constant rate period, when heat transfer is mainly convec-
tive, drying periods are ill-defined. As concentration proceeds, the liquor be-
comes more viscous and heat transfer is mainly by conduction. Large volume
changes occur between initial and final stages. It is possible to dry thin films
of solution to a solid film, but if deeper layers are taken a skin is frequently
formed at the free surface that is almost impervious to the vapor. Frothing
and drying to a porous, friable structure then occur. They may also occur if,
during the upward recession of the drying line, the material above is too vis-

cous to allow vapor to escape.
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FIGURE 6.7 (a) Tray dryer. (b) Temperature-humidity sequence of drying air.

6.9 SOLIDS MOVING OVER A HOT SURFACE

Conditions in which the solids move over a heated surface are employed in
tumbling and agitated dryers. Drying rates are higher than those obtained in
static beds because fresh solids are continually exposed to the hot surface.
The heat treatment received by the solid will be more uniform.

6.10 BATCH DRYERS
6.10.1 Hot Air Ovens

Ovens operating by passing hot air over the surface of a wet solid that is
spread over trays arranged in racks provide the simplest and cheapest dryer.
On small installations, the air is passed over electrically heated elements and
once through the oven. Larger units may employ steam-heated, finned tubes,
and thermal efficiency is improved by recirculating the air. This is controlled
by manually set dampers, and a common operating position gives 90% recircu-
lation and 10% bleed-off. The heater bank is placed so that the solids do not
receive radiant heat, and incoming air may be filtered. A typical hot air oven
is illustrated schematically in cross section in Figure 6.7(a).

The temperature-humidity sequence of the circulating drying air is pre-
sented in Figure 6.7(b). The incoming air, at a temperature and humidity given
by point A, is heated at constant humidity to point B and passed over the wet
solid. The humidity rises and the temperature falls as the adiabatic cooling line
is followed until the air leaves the tray in condition C. It is then recirculated to
the heater; in Figure 6.7(b), two further cycles are shown.

We have assumed that all heat is drawn from the air and transmitted
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across the stationary air layer in contact with the drying surface, as described
earlier. Surface temperatures are, in fact, modified by heat absorbed and con-
ducted from unwetted surfaces, such as the underside of the tray, and by radia-
tion.

The chief advantage of the hot air oven, apart from its low initial cost,
is its versatility. With the exception of dusty solids, materials of almost any
other physical form may be dried. Thermostatically controlled air temperatures
between 40° and 120°C permit heat-sensitive materials to be dried. For small
batches a hot air oven is, therefore, often the plant of choice. However, the
following inherent limitations have led to the development of other small
dryers:

a. A large floor space is required for the oven and tray loading facili-
ties.

Labor costs for loading and unloading the oven are high.

Long drying times, usually about 24 hr, are necessary.

Solvents can be recovered from the air only with difficulty.
Unless carefully designed, nonuniform distribution of air over the
trays gives variation in temperature and drying times within the
oven. Variations of £7°C in temperature have been found from lo-
cation to location during the drying of tablet granules. Poor air circu-
lation may permit local saturation and the cessation of drying.

oo o

If the material is of suitable granular form, drying times may be reduced
to an hour or less by passing the air downward through the material laid on
mesh trays. The oven in this form is called a batch-through-circulation dryer.

6.10.2 Vacuum Tray Dryers

Vacuum tray dryers [Figure 6.8(a)], differing only in size from the familiar
laboratory vacuum oven, offer an alternative method for drying small quanti-
ties of material. When scaled up, construction becomes massive to withstand
the applied vacuum and cost is further increased by the associated vacuum
equipment. Vacuum tray dryers are, therefore, only used when a definite ad-
vantage over the hot air oven is secured, such as low-temperature drying of
thermolabile materials or the recovery of solvents from the bed. The exclusion
of oxygen may also be advantageous or necessary in some operations.

Heat is usually supplied by passing steam or hot water through hollow
shelves. Drying temperatures can be carefully controlled and, for the major
part of the drying cycle, the material remains at the boiling point of the wetting
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FIGURE 6.8 (a) Rotary vacuum dryer and (b) fluidized bed dryer.

liquid under the operating vacuum. Radiation from the shelf above may cause
a significant increase in temperature at the surface of the material if high drying
temperatures are used. Drying times are long, usually about 12 to 48 hr.

6.10.3 Tumbling Dryers

The limitations of ovens, particularly with respect to the long drying times,
has, where possible, promoted the design and application of other batch dryers.
The simplest of these is the tumble dryer, for which the most common shape is
the double cone in Figure 6.8(a). Operating under vacuum, this dryer provides
controlled low-temperature drying, the possibility of solvent recovery, and
increased rates of drying. Heat is supplied to the tumbling charge by contact
with the heated shell and by heat transfer through the vapor. Optimum condi-
tions are established experimentally by varying the vacuum, temperature, and,
if the material passes through a sticky stage, rotation speed. With correct oper-
ation a uniform powder should be obtained, as distinct from the cakes pro-
duced when static beds are dried. Some materials, such as waxy solids, cannot
be dried by this method because the tumbling action causes the material to
aggregate into balls.

A normal charge would be about 60% of the total volume, and, for dryers
0.7 to 2 m in diameter, drying times of 2 to 12 hr may be expected. When
applied to drying tablet granules, periods of 2 to 4 hr replace the 18 to 24 hr
obtained with hot air ovens. The mixing and granulating capacity of the tum-
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bling action has suggested that these operations could precede drying in the
same apparatus.

6.10.4 Fluidized Bed Dryers

The term fluidization is applied to processes in which a loose, porous bed of
solids is converted to a fluid system, having the properties of surface leveling,
flow and pressure-depth relationships, by passing the fluid up through the bed.

Fluidized bed techniques, employing air as the fluidizing medium, have
been successfully applied to drying when the solid is of suitable physical form.
The high interfacial contact between drying air and solids gives drying rates
10 to 20 times greater than are obtained during tray drying. A drying curve
for this method is shown in Figure 6.9.

The dryer, illustrated in Figure 6.8(b), consists of a basket of plastic or
stainless steel with a perforated bottom mounted in the body of the drier and
into which the material to be dried is placed. Heated air may be blown or
sucked through the bed. The air leaving the basket passes through an air filter
and may be recirculated. Particle properties, such as shape and size distribu-
tion, affect fluidization, and a unit must have a variable airflow, adjusted so
that the material is fluidized but is not carried into the filters. For this reason,
the material must have a fairly close size range or elutriation of fine particles
into the filters will take place.
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FIGURE 6.9 Drying curves.
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Fluidized bed dryers are particularly suitable for granulated materials
and are increasingly being used for tablet granulations when product change-
over is not too frequent. It may be advantageous to preform other materials,
such as a dewatered filter cake, into granules solely in order to employ fluid-
ized bed drying. If fluidizing conditions are ideal, the granulation will not
require further grinding. Tray dryers, on the other hand, produce a caked prod-
uct that may require mild comminution. Variation in temperature, which may
be quite marked in tray dryers, is virtually eliminated in fluidized bed dryers
by the intense mixing action. The floor space for a given capacity is small
compared with a tray dryer. Machines vary in size, handling up to 250 kg.
Drying times, maximum, minimum, and optimum air velocities, air tempera-
ture, and the tendency to cake and channel are established experimentally since
they cannot be predicted accurately at present.

Considerable erosion and the production of large amounts of fines might
be expected from the intense turbulent movement. Experience shows that the
opposite is true. The particles are to some extent ‘‘padded’’ by the surrounding
fluid so that either the amount of contact between particles is low or the impact
energy is small.

6.10.5 Agitated Batch Dryers

Agitated batch dryers consist of a jacketed cylindrical vessel with agitator
blades designed to scrape the bottom and the walls. The body may be run at
atmospheric pressure or under vacuum. Pasty materials, which could not be
handled in tumbling or fluidized bed dryers, may be successfully dried at rates
higher than can be achieved in an oven.

6.10.6 Freeze-Drying

Freeze-drying is an extreme form of vacuum drying in which the solid is
frozen and drying takes place by subliming the solid phase (Pikal et al., 1984;
Nail, 1980; Jennings, 1988; Dushman and Lafferty, 1962). Low temperatures
and pressures are used. Establishing and maintaining these conditions, together
with the low drying rates obtained, create a most expensive method of drying
which is only used on a large scale when other methods are inadequate.
Freeze-drying is extensively used in two principal fields: (1) when high
rates of decomposition occur during normal drying; (2) with substances that
can be dried at higher temperatures but are thereby changed in some way.
Fruit juices, for example, are reputed to lose subtle elements of flavor and
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odor, and proteinaceous materials are partly denatured by the concentration
and higher temperatures associated with conventional drying. Drying blood
plasma and some antibiotics are important large-scale applications of freeze-
drying. On a smaller scale, it is extensively used for the dehydration of bacte-
ria, vaccines, blood fractions, and tissues.

Freeze-drying is theoretically a simple technique. Pure ice exhibits an
equilibrium vapor pressure of 4.6 mmHg at 0°C and 0.1 mmHg at —40°C.
The vapor pressure of ice containing dissolved substances will, of course,
be lower. If, however, the pressure above the frozen solution is less than its
equilibrium vapor pressure, the ice will sublime, eventually leaving the solute
as a sponge-like residue equal in apparent volume to the original solid and,
therefore, of low bulk density. The latter is readily dissolved when water is
added, and freeze-drying has been called lyophilic drying or lyophilization for
this reason. No concentration, in the normal sense of the word, occurs, and
structural changes in, for example, protein solutions are minimized.

In practice, many difficulties are encountered. Under conditions of high
vacuum, water vapor must be trapped or eliminated. To maintain drying, heat
must be supplied to the frozen solid to balance the latent heat of sublimation
without melting the solid. Difficulties become acute if, like blood plasma, the
product is dried in the final container under aseptic conditions.

In the first stage of the process, the material is cooled and frozen. If the
temperature of a dilute solution of a salt is slowly reduced, leveling occurs
in the time-temperature curve just below 0°C, due to the liberation of the latent
heat of fusion of ice, and pure ice separates. With further cooling, the solution
becomes concentrated until the eutectic mixture is formed. This freezes to
give a plateau in the cooling curve. It is a clear indication of complete freezing.
If the concentration of the liquid eutectic mixture is small, the material may
appear to be completely frozen at higher temperatures. Under these conditions,
some drying from a liquid phase will occur, possibly with damaging results.
This can be detected by measuring the electrical resistance of the ice, which
becomes infinitely great when the eutectic mixture freezes. Conversely, thaw-
ing gives a marked decrease in resistance, an effect that can be used to auto-
matically control the state of the drying solid. Protein solutions do not give
clearly defined eutectic points and are usually frozen to below —25°C before
drying. Freezing is carried out quickly to prevent concentration of the solution
and to produce fine ice crystals. Some degree of supercooling may be induced
followed by a very quick freeze. Freezing may or may not be carried out
in the drying chamber. If drying in final containers is necessary, small-scale
operations may employ immersion in a coolant such as liquid air or isopentane.
Larger-scale installations may cool with a blast of very cold air. Alternatively,
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evaporative freezing, in which the liquid is cooled to near its freezing point
and the system rapidly evacuated, is employed. The evaporating liquid cools
and freezes rapidly. Frothing caused by the evolution of dissolved gases may
complicate this technique. For bulk drying the liquid is placed in shallow trays
on refrigerated shelves in the drying cabinet.

A suitable ratio of surface area to depth of solid must be provided to
facilitate drying. Thin layers of frozen liquid are used in bulk drying. The
surface area of bottle-dried plasma may be increased by spinning in a vertical
axis during freezing to give a frozen shell about 2 cm thick around the inside
periphery of the bottle. Spinning also prevents frothing during evaporative
freezing by inhibiting the formation of bubbles.

In plasma processing, freezing, and drying, handling must be carried
out aseptically. This is maintained by a filter at the neck of the bottle that
allows the passage of water vapor but prevents the ingress of bacteria. Similar
precautions are taken during the drying of antibiotics.

Effective drying vacuum of from 0.05 to 0.2 mmHg may be provided
by directly pumping water vapor and permanent gases, originally present or
derived from the drying material and from leaks, out of the system. Normal
practice, however, favors interposing a refrigerated condenser between the
drying surface and the pump. This arrangement allows a smaller pump, han-
dling mainly permanent gases, to be used but demands a low condenser tem-
perature, such as —50°C, to remove water vapor at the low operating pressure.
A system for bulk drying in trays is represented in Figure 6.10(a).

During drying, heat must be supplied to the drying surface. When drying
a material, such as plasma, in a final container, a temperature gradient is estab-
lished across the container wall and through the ice to the drying surface by
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FIGURE 6.10 (a) Equipment for freeze-drying bulk liquids in trays and (b) variations
in temperature and pressure during the freeze-drying cycle for blood plasma.
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means of a heater suitably mounted in relation to the container. The power
dissipated by the heater must be carefully controlled so that melting does not
occur at the ice-container junction, the point nearest the heat source and at
highest temperature. At any time, the prevailing conditions are such that the
evaporation rate is approximately constant and temperatures and pressure ad-
just so that there are temperature and pressure gradients from the drying sur-
face to the condenser. As evaporation proceeds, a drying line recedes into the
solid. With the thinning of the ice layer, the temperature gradient through the
ice will be modified by the decreasing resistance to heat flow. An increase in
the rate of drying due to increase in temperature and vapor pressure of the
drying surface might, therefore, be expected. In practice, this increase is modi-
fied by the layer of dried plasma, which offers considerable resistance to the
flow of vapor. The bacterial filter also causes a large, constant pressure drop.
Evaporation of pure ice without the filter and plasma layer would be 300 times
faster. When the plasma is nearly dry, its temperature is allowed to rise to
about 30°C to facilitate final drying. The total drying time is about 48 hr. The
temperatures and pressure in the system during this period are shown, as a
function of time, in Figure 6.10(b).

If the product is not being dried in its final container, radiant heat may
be used to provide the latent heat of sublimation. If the dried solid could be
removed continuously, high drying rates are possible. Not only is heat pro-
vided directly to the drying surface but also there is little danger of melting
the ice at the container wall.

6.11 CONTINUOUS DRYERS

Although many types of continuous dryers are available, the scale of the opera-
tion for which they are designed is rarely appropriate to pharmaceutical manu-
facture. As with most continuous plant items, the cost is disproportionately
high for small units. Spray and drum dryers provide an exception to this com-
ment because residence times in the dryers are short and thermal degradation
is minimized. Under some conditions, freeze-drying may be the only practical
alternative.

6.11.1 Spray Dryers

As the name implies, the solution or suspension to be dried is sprayed into a
hot airstream and circulated through a chamber. The dried product may be
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FIGURE 6.11 Spray dryer.

carried out to a cyclone or bag separator or may fall to the bottom of the
drying chamber and be expelled through a valve. The chambers are normally
cylindrical with a conical bottom, although proportions vary widely. A typical
spray dryer is illustrated in Figure 6.11.

The process can be divided into four sections: fluid atomization, mixing
the droplets, drying, and removing and collecting the dry particles. Atomiza-
tion may be achieved by means of single fluid or two fluid nozzles or by
spinning disk atomizers. The single fluid nozzle [Figure 6.12(a)] operates by
forcing the solution under pressure through a fine hole into the airstream. An
intense swirl is conferred on the liquid before it emerges from the orifice. This
causes the jet to break up. In the two fluid nozzles [Figure 6.12(b)] a jet of
air simultaneously emerges from an annular aperture concentric with the liquid
orifice. Both types are subject to clogging and severe erosion, so neither is
well suited to spraying suspensions. The spinning disks [Figure 6.12(c)] are
most versatile and consist, in their simplest form, of a mushroom-shaped disk
spinning at 5000 to 30,000 rpm. Other designs include the slotted disk [Figure
6.12(d)] which will spray thick suspensions and, if special feeding arrange-
ments are used, pastes. The main factors that determine droplets size are the
liquid’s viscosity and surface tension, the fluid pressure in the nozzles, or, for
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FIGURE 6.12 Schematic of atomizers for spray drying.

spinning disks, their size and speed of rotation. A reasonably uniform and
controllable size within the range 10-500 pum is desirable.

In vertical spray dryers, the flow of the drying gas may be concurrent
or countercurrent with respect to the movement of droplets. The movement
of the gas is, however, complex and highly turbulent. Good mixing of droplets
and gas occurs, and the heat and mass transfer rates are high. In conjunction
with the large interfacial area conferred by atomization, these factors give very
high evaporation rates. The residence time of a droplet in the dryer is only a
few seconds (5-30 s). Since the material is at wet bulb temperature for much
of this time, high gas temperatures of 150—200°C may be used even with
thermolabile materials. Although the temperature of the material rises above
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the wet bulb temperature at the end of the process, the drying gases will be
cooler and the material will be almost dry, a condition in which many mat-
erials are thermally less sensitive. For these reasons it is possible to dry
complex vegetable extracts, such as coffee or digitalis, milk products,
spore suspensions, and other labile materials without significant loss of
potency or flavor.

Drying is considered to take place by simple evaporation rather than by
boiling, and it has been observed that a droplet reaches a terminal velocity
within about 30 cm of the atomizer. Beyond this, there is no relative velocity
between the droplet and the drying gas unless the former is very large. The
droplets may dry to form a solid, spherical particle. If, however, the emerging
solids form a skin, internal pressure may inflate the particle and the final dry
form will be hollow spheres that may or may not have a blowhole. These
xenospheres may also fragment, so the final product occurs as agglomerates
of finely divided solids. It has been found experimentally that the product’s
bulk density, which is lowest for xenospheres and highest for fragmented sol-
ids, increases as the inlet air temperature is lowered and as the droplet size
increases. A higher feed concentration also increases the bulk density because
drops of the same size give spheres with thicker walls.

These attractive physical characteristics lend further advantage to spray-
drying. The product often has excellent flow and packing properties that
greatly facilitate handling and transport. As an example, spray-dried lactose
is a widely used tablet excipient which will flow, pack, and compact without
prior granulation. Similarly, a slurry of fillers and other excipients could be
granulated by spraying and drying. After adding an active principle, the mix
could be compressed without further processing.

The capital and running costs of spray dryers are high, but if the scale
is sufficiently large it may provide the cheapest method. When thermolabile
materials are dried on a small scale, costs will be 10 to 20 times greater than
for oven drying. Air used to dry fine chemicals or food products is heated
indirectly, thus reducing thermal efficiency and increasing costs. In some other
installations, hot gases from combustion may be used directly.

6.11.2 Drum Dryers

The drum dryer consists of one or two slowly rotating, steam-heated cylinders.
These are coated with solution or slurry by means of a dip feed, illustrated
in Figure 6.13. The lower portion of the drum is immersed in an agitated
trough of feed material or, in the case of some double-drum dryers, by feeding
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the liquor into the gap between the cylinders as shown in Figure 6.13. Spray
and splash feeds are also used. When dip feeding is employed, the hot drum
must not boil the liquid in the trough. Drying takes place by simple evaporation
rather than by boiling. The dried material is scraped from the drum at a suitable
point by a knife.

Drying capacity is influenced by drum speed and feed temperature. The
latter may be preheated. With the double-drum dryer, the gap between the
cylinders determines the film thickness.

Drum dryers, like spray dryers, are relatively expensive in small sizes
and their use in the pharmaceutical industry is largely confined to drying ther-
molabile materials where the short contact time is advantageous. Drums are
normally fabricated from stainless or chrome-plated steel to reduce contamina-
tion. The heat treatment to which the solid is subjected is greater than in spray-
drying and the physical form of the product is often less attractive. During
drying, the liquid approaches its boiling point and the dry solids approach the
temperature of the drum surface.
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Solid-Liquid Extraction

Leaching or solid-liquid extraction are terms used to describe the extraction
of soluble constituents from a solid or semisolid by means of suitable solvents.
The process, which is used domestically whenever tea or coffee is made, is
an important stage in the production of many fine chemicals found naturally
in animal and vegetable tissue. Examples are found in the extraction of fixed
oils from seeds, this method offering an alternative to mechanical expression,
in the preparation of alkaloids, such as strychnine from Nux vomica beans or
quinine from Cinchona bark, and in the isolation of enzymes, such as renin,
and hormones, such as insulin, from animal sources. In the past, a wider impor-
tance attended the process because the products of simple extraction proce-
dures, known as Galenicals, formed the major part of the ingredients used to
fulfill a doctor’s prescription.

7.1 METHODS OF LEACHING

Leaching in the pharmaceutical and allied industries is operated as a batch
process. This is because high-cost materials are processed in relatively small
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quantities. Frequent changes of material may be made, creating problems of
cleaning and contamination. For these reasons, continuous extraction, which
is characterized by a large throughput and the mechanical movement of the
solid counter to the flow of solvent, is not applicable to pharmaceutical extrac-
tion and is not described in this text.

Whatever the scale of the extraction, however, leaching is performed in
one of two ways. In the first, the raw material is placed in a vessel, forming
a permeable bed through which the solvent or menstruum percolates. Dissolu-
tion of the wanted constituents occurs and the solution issues from the bottom
of the bed. This liquid is sometimes called the miscella, and the exhausted
solids are called the marc. This process will be called leaching by percolation.
The alternative process is leaching by immersion and consists of immersing
the solid in the solvent and stirring. After a suitable period of time, solid and
liquid are separated.

7.2 LEACHING BY PERCOLATION

Coarse ground material is placed in the body of the extractor. This may be
jacketed to give control of the extraction temperature. The packing must be
even or the solvent will preferentially flow through a limited volume of the bed
and leaching will be inefficient. In large extractors, channeling is prevented or
reduced by horizontal, perforated plates placed at intervals in the bed. These
redistribute the percolating liquid.

Solvent inhibition will swell dried materials and the permeability of the
bed will be reduced. This is most marked with aqueous solvents. If swelling
occurs, it is necessary to moisten the material with water or with the solvent
before it is packed into the extractor.

Once the extractor is packed, leaching may be conducted in a number
of ways. The body of the extractor may be completely filled with the solvent.
Liquid is then withdrawn from the body through the false bottom and more
solvent is added. This is continued until the marc is exhausted. Alternatively,
the solution issuing from the bottom may be returned to the top. After a period
of recirculation, the liquid is completely withdrawn and fresh solvent admitted.
In both processes, a period of steeping or soaking may precede the movement
of liquid.

In beds of high permeability, adequate liquid movement is obtained by
simple gravity operation in an open vessel. If the material forms a dense bed,
however, the liquid must be pumped through if suitable flow rates are to be
secured. A closed extraction vessel must then be used. Closed extraction ves-
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sels are also necessary for high-temperature extraction and extraction with
volatile solvents. In alternative methods the liquid is forced upward through
the bed. Possible migration of fine material downward and the formation of
a region of low permeability at the bottom of the bed are prevented in this
way. In other processes, the bed may not be immersed in the menstruum. This
is simply sprinkled onto the upper surface and allowed to trickle through the
bed, the voids of which are mainly filled with air.

Simple extractions of this type, if carried to completion, require large
amounts of solvent and yield dilute extracts. These disadvantages can be over-
come if extraction is followed by evaporation. These operations are often inte-
grated in extraction plant. The leach liquids leaving the extractor enter an
evaporator heated, for example, by a calandria. Since most materials encoun-
tered are heat sensitive, the evaporator is operated at reduced pressure. The
vapor leaving the evaporator is condensed and returned to the extractor. When
extraction is carried out with water-immiscible solvents, any water derived
from the feed material and present in the condensate is separated and rejected.
The extraction is stopped when the leach liquid is free from wanted constit-
uents. A concentrated extract remains in the evaporator.

Leaching by percolation provides a simple method of separating leach
liquid and solid during the extraction. When this is complete, the permeable
bed largely drains, permitting extensive solvent recovery. Further recovery
can be gained by mechanical expression.

7.3 LEACHING BY IMMERSION

In pharmaceutical processes, leaching by immersion is carried out in simple
tanks which may be agitated by a turbine or paddle. If the solids are adequately
suspended, intimate contact between the phases promotes efficient extraction.
Incomplete extraction due to channeling is avoided and difficulties due
to swelling do not arise. Problems arise, however, in the subsequent separa-
tion of the phases. The materials to which leaching by immersion is applied
are normally finely divided or coarse and compressible. When agitation
ceases, the solids settle and the leach liquid can be siphoned or pumped off
by lines suitably placed in the tank. The sediment, however, contains a large
volume of the leach liquid which must be recovered by resuspending the
solids in fresh solvent, allowing the solids to sediment, and decanting the
supernatant liquid. Cake filtration provides an alternative method of sep-
aration. The leach liquid remaining in the cake is displaced by passing a
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wash liquid. In some cases, a filter press may be used for extraction and
separation.

7.4 THE CHOICE OF EXTRACTION METHOD

The choice of extraction method depends primarily on the physical properties
of the basic material and its particle size. If this material is a coarse, rigid
powder, beds of high permeability will form and percolation can be adopted.
The expense of finer grinding is avoided, and the subsequent separation of
solids and liquid is facilitated. The process can be conducted in such a way
that a concentrated product is obtained. Other materials, such as fine powders
or compressible animal tissues, will not form permeable beds, and the alterna-
tive method must be adopted. Some compensation for the difficulties of separa-
tion and the dilution of the extract during washing may be found in a more
rapid and more complete extraction, due to the use of finer powders, the inti-
mate contact between solids and liquid, and the absence of channeling.

The use of pressure extends the application of percolation to materials
which form beds of low permeability. Alternatively, permeability may be
increased by grinding the solids with a supporting material such as glass
wool.

7.5 THE CHOICE OF SOLVENT

The ideal solvent is cheap, nontoxic, and noninflammable. It is highly selective,
dissolving only the wanted constituents of the solid. It should have a low viscosity,
allowing easy movement through a bed of solids, and, if the resulting solution is
to be concentrated by evaporation, a high vapor pressure. These factors greatly
limit the number of solvents of commercial value. Water and alcohol, and mixtures
of the two, are widely used. Both, however, are nonselective, leaching varying
proportions of gums, mucilages, and other unwanted components. Most of the
tinctures and liquid extracts used in pharmacy are simple, impure extracts made
with water or mixtures of water and alcohol. Acidified or alkaline mixtures of water
and alcohol are used to extract insulin from minced pancreas. A more selective
extraction is given by petroleum solvents and benzene and related solvents. In the
preparation of many pure alkaloids, the powdered material is moistened with an
alkaline solution, packed into a bed, and leached with petroleum. Subsequent puri-
fication by fractional crystallization is facilitated by the absence of gums. Acetone
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and chlorinated hydrocarbons also find applications in leaching. In some cases,
specific properties of the wanted constituents may suggest a particular solvent.
Eugenol, for example, can be readily extracted from cloves with a solution of
potassium hydroxide. Care must be given to the selection of solvents, because
they may be subject to regulatory control due to their toxicity or impact on the
environment.

7.6 FACTORS AFFECTING THE RATE OF
LEACHING

Whatever method is adopted, leaching consists of a number of consecutive
diffusional or mass transfer processes. The solvent first penetrates the raw
material, and the soluble elements dissolve. These diffuse in the opposite di-
rection to the surface of the solid matrix and then through the liquid layers
at its surface to reach the bulk solution. These processes proceed under the
influence of an overall concentration gradient, the concentration being least
in the bulk solution. Any of these processes may be responsible for limiting
the rate at which leaching proceeds. In pharmaceutical leaching, however, the
solid matrix is usually cellular, which normally offers the highest diffusional
resistance. The complexity of such structures does not permit a strict analysis
of the mass transfer processes. Nevertheless, the simple diffusional concepts
expressed in Fick’s law suggest that the following factors influence the rate
of leaching: the size distribution of the leached particles, the temperature of
leaching, the physical properties of solvent, and the relative movement im-
posed upon the solids and the liquid.

7.7 SIZE AND SIZE DISTRIBUTION OF THE
SOLID PARTICLES

The particle size of the solids determines the distance which solvent and solute
must diffuse within the solid matrix. Since this offers the major diffusional
resistance, reduction of the distance by comminution greatly increases the
leaching rate, the concentration gradient being effectively increased. In addi-
tion, the inverse relationship between particle size and surface area prescribes
an increase in the area of contact between the matrix and the surrounding
liquid. Solute transfer at this boundary is therefore facilitated. In leaching by
immersion, a further advantage conferred by size reduction is the ease with
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which finer particles are suspended. Finally, extensive cell rupture occurs dur-
ing grinding, allowing more direct contact between solvent and solute and
more rapid dissolution and diffusion.

Other factors, however, operate against size reduction. Leaching by per-
colation demands formation of a permeable bed. Low permeability gives low
flow rates and low rates of extraction. Permeability is a complex function of
particle size and porosity, the former determining how a given void space is
to be disposed within the bed. The disposition of the void space consists of
a few channels of relatively large diameter, i.e., a bed of high permeability,
if the particle size is large. In leaching by immersion, the difficulties of separat-
ing solid and liquid increase as the particle size decreases.

The opposition of the factors suggests an optimum particle size for any
extraction. This is determined to some extent by the physical nature of the
solids. A dense, woody structure would be extracted as a fine powder. An
example is given by the root of Ipecacuanha. A leafy structure, on the other
hand, would be more satisfactorily leached as a coarse powder.

Porosity and permeability are influenced by the particle size distribution.
A high porosity is secured if the distribution is narrow. Small particles may
otherwise fill the interstices created by the contact of larger particles. After
grinding, therefore, it is often necessary to classify the product and remove
undersize material, which is then bulked with the fines from other batches and
separately extracted. A further advantage arising from a narrow size distribu-
tion is even packing and the creation of a regular system of pores and waists.
This promotes even movement of solvent and solution through the bed.

In some cases, size reduction may take a particular form. Seeds and
beans are often rolled or flaked to produce extensive cell rupture. In other
processes, the cell wall, although depressing the rate of extraction, may make
the extraction more selective by preventing the movement of unwanted materi-
als of high molecular weight. Here, the size reduction must leave most cells
intact.

7.8 TEMPERATURE

Within the limits imposed by the thermal stability of the wanted constituents, a
high extraction temperature appears desirable. The solubility of most materials
increases as the temperature increases, so higher solute concentrations and
higher concentration gradients are possible. The increased solubility and in-
creased diffusivity give higher extraction rates. In very many cases, however,
materials are susceptible to heat degradation, and cold extraction must be used.
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In addition, the selectivity of a solvent may be impaired at high temperatures.
An example of the use of moderately high temperatures is the extraction of
Rauwolfia alkaloids with boiling methanol.

7.9 PHYSICAL PROPERTIES OF THE
SOLVENT

The relevant properties of the solvent are low viscosity and free solution of
wanted constituents. These properties, along with other aspects of the solvent,
have already been discussed.

7.10 RELATIVE MOVEMENT IMPOSED ON
THE SOLIDS AND THE LIQUID

The major and controlling resistance to solute diffusion to the bulk solution
is normally found in the cell matrix. Increased rate of movement of the solution
past the surface will not, therefore, greatly affect the extraction rate, in marked
contrast to the processes of dissolution and crystallization. Nevertheless,
movement is imposed on the menstruum in both general methods described.

In the percolation of a liquid through a bed of solids, mass transfer of the
solute from the surfaces of the solid to the liquid in the interstices of the bed
takes place by molecular diffusion and by natural convection arising from the
density changes created by dissolution. Although these processes are slow, they
are much quicker than mass transfer in the matrix under the same differences in
concentration. Concentration gradients in the liquid outside the particles are,
therefore, very low. At any point in the bed, the introduction of dilute solution
from above and the loss of concentrated solution to below decreases the intersti-
tial concentration by dilution or displacement. This effect can be considered
simply to decrease the solute concentration at the junction of solid and solution,
thus imposing a favorable concentration gradient within the matrix.

Similarly, the agitation of the slurry in leaching by immersion is not
primarily to decrease the boundary layer thickness at the surface and its diffu-
sional resistance. Rather, agitation serves only to keep the particles in suspen-
sion and to equalize the solute concentration throughout the liquid. If the parti-
cles settle, the solute must diffuse through the stagnant fluid filling the
interstices of the bed. High diffusional resistance is created and the rate of
extraction is depressed.
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Crystallization

As a unit operation, the term crystallization describes the production of a solid,
single-component, crystalline phase from a multicomponent fluid phase. It
may be applied to the production of crystalline solids from vapors, melts, or
solutions. Crystallization from solution is most important. To complete the
preparation of a pure dry solid, it is also necessary to separate the solid from
the fluid phase. This is usually carried out by centrifugation or filtration and
by drying. The importance of crystallization lies primarily in the purification
achieved during the process and in the physical properties of the product. A
crystalline powder is easily handled, is stable, and often possesses good flow
properties and an attractive appearance.

Crystallization from a vapor, which occurs naturally, for example, in
the formation of hoarfrost, is employed in sublimation processes and for the
condensation of water vapor during freeze-drying. Equipment may be re-
garded as specialized condensers in which the principal problems are removal
of the latent heat of crystallization and discharge of the solid condensate. Con-
densers are commonly mounted in parallel so that one can be shut down and
emptied manually, by conveyor or by melting and draining, without inter-
rupting sublimation. This process is not further considered.
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In the pharmaceutical industry, crystallization is usually performed on
a small scale from solutions, often in jacketed or agitated vessels. The condi-
tions of crystallization, necessary for suitable purity, yield, and crystal form,
are usually established by experiment. Nevertheless a study of the principal
factors which control crystallization is important. In this study, much informa-
tion is derived from the behavior of carefully prepared melts. These reveal
more clearly than solutions the two stages of crystallization: nucleation and
crystal growth. Nucleation describes the formation of small nuclei around
which crystals grow. Without the formation of nuclei, crystal growth cannot
occur.

8.1 CRYSTALLIZATION IN MELTS

A melt may be defined as the liquid form of a single material or the homoge-
neous liquid form of two or more materials which solidifies on cooling. Crys-
tallization in such a system is described by the following sequence: imposition
of supercooling, formation of nuclei, and crystal growth.

If a single-component liquid is cooled, some degree, often large, of su-
percooling must be established before crystal nuclei are formed and growth
begins. A metastable liquid region exists below the melting point, which can
only be entered by cooling. In this metastable, supercooled region, the absence
of nucleation precludes the formation and growth of crystals. If, however, a
crystal seed is added, growth occurs. The deliberate seeding of a metastable
system is commonly employed in industrial crystallization. With further cool-
ing, spontaneous nucleation usually takes place and the released heat of crys-
tallization raises the temperature of the melt to its true melting point. With
some materials, lower temperatures increase the viscosity and prevent nucle-
ation. The liquid then solidifies into a mass without crystallizing, a process
known as vitrification, the products of which are called glasses. Many organic
materials can be obtained in this form, and, as with glass itself, devitrification
may suddenly occur, particularly after heating.

8.2 NUCLEATION

In certain single-component systems, such as piperidine, nucleation and crystal
growth are independent and can be separately studied. The rate of nucleation
as a function of supercooling is studied by maintaining the melt, for a certain
time, at the given temperature and then quickly raising the temperature to the
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FIGURE 8.1 (a) Change in nucleation with degree of supercooling; (b) change in
rate of crystal growth with degree of supercooling.

metastable region where further nucleation is negligible but the already formed
nuclei can grow. Figure 8.1(a) describes the results of such an experiment. At
low degrees of supercooling little or no nucleation takes place. With further
cooling, the rate of nucleation rises to a maximum and then falls. The relation
therefore indicates that excessive cooling may depress the rate of crystalliza-
tion by limiting the number of nuclei formed.

Spontaneous nucleation is considered to occur when sufficient mole-
cules of low kinetic energy come together in such a way that the attraction
between them is sufficient to overcome their momentum. The growth of a
nucleus probably takes place over a very short time in a region of high local
concentration. Once a certain size is reached, the nucleus stabilizes in the
prevailing conditions. As the temperature falls, more low-energy molecules
are present and the nucleation rate rises. The decrease in nucleation rate at
lower temperature is due to increased melt viscosity.

8.3 CRYSTAL GROWTH

If nucleation and crystal growth are independent, the latter can be studied by
seeding a melt with small crystals in conditions of little or no natural nucle-
ation. The growth rate can then be measured. The relation between growth
rate and temperature [Figure 8.1(b)] also exhibits an optimal degree of super-
cooling, although the maximum growth temperature is normally higher than
the temperature of maximum nucleation. The form of the crystal growth curve
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is again explained by the molecular kinetics. At temperatures just below the
melting point, molecules have too much energy to remain in the crystal lattice.
As the temperature falls, more molecules are retained and the growth rate
increases. Ultimately, however, diffusion to and orientation at the crystal sur-
face are depressed.

For crystal growth in a single-component melt, the molecules at the
crystal surface must reach the correct position at the lattice and become suit-
ably orientated, thereby losing kinetic energy. These energy changes appear
as heat of crystallization, and this heat must be transferred from the surface
to the bulk of the melt. The crystal growth rate is influenced by the heat transfer
rate and the changes taking place at the surface. Agitation of the system in-
creases heat transfer by reducing the thermal resistance of the liquid layers
adjacent to the crystal until the changes at the crystal face become the control-
ling effect.

In multicomponent melts and solutions, material deposition at the crystal
face depletes the adjacent liquid layers and a concentration gradient is set up
with saturation at the face and supersaturation in the liquid. Diffusion of mole-
cules to the crystal face is discussed in the next section.

The foregoing account describes the behavior of certain carefully pre-
pared melts from which all extraneous matter is rigidly excluded. Dust and
other insoluble matter may increase the nucleation rate by acting as centers
of crystallization. Soluble impurities may increase or decrease the rates of
nucleation and crystal growth. The latter is probably due to adsorption of the
impurity on the crystal face. Impurities may also affect the form in which the
material crystallizes.

8.4 CRYSTALLIZATION FROM SOLUTIONS

When a material crystallizes from a solution, nucleation and crystal growth
occur simultaneously over a wide intermediate temperature range, so a study
of these processes is more difficult. In general, however, they are thought to
be similar to nucleation and crystal growth in melts. The three basic steps—
induction of supersaturation, formation of nuclei, and crystals growth—are
explained with reference to the solubility curve in Figure 8.2.

A solution with temperature and concentration indicated by point A may
be saturated by cooling to point B or by removing solvent (point C). With
further cooling or concentration, the supersaturated metastable region is en-
tered. If the degree of supersaturation is small, then spontaneous formation
of crystal nuclei is highly improbable. Crystal growth, however, can occur if
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seeds are added. With greater supersaturation, spontaneous nucleation be-
comes more probable, and the metastable region is limited approximately by
the line B’C’. If the solution is cooled to B” or concentrated by solvent removal
to C’, spontaneous nucleation is virtually certain. Crystal growth also occurs in
these conditions. The growth rate, however, is depressed at low temperatures.

During crystal growth, deposition on the crystal faces causes depletion
of molecules in the immediate vicinity. The driving force is provided by the
concentration gradient set up from supersaturation in the solution to lower
concentrations at the crystal face. A large degree of supersaturation therefore
promotes a high growth rate. A reaction at the surface, in which solute mole-
cules become correctly oriented in the crystal lattice, provides a second resis-
tance to crystal growth. Simultaneously, the heat of crystallization must be
conducted away.

Agitation modifies the rate of crystal growth for given conditions of
temperature and saturation. Initially, agitation quickly increases the growth
rate by decreasing the boundary layer thickness and the diffusional resistance.
However, as agitation is intensified, a limiting value is reached which is deter-
mined by the kinetics of the surface reaction. In Figure 8.3, the effect of agita-
tion on the crystal growth rate in solutions of sodium thiosulfate of differing
degrees of supersaturation is described.

As with melts, soluble impurities may increase or retard the rate of nu-
cleation. Insoluble materials may act as nuclei and promote crystallization.
Impurities may also affect crystal form and, in some cases, are deliberately
added to secure a product with good appearance, absence of caking, or suitable
flow properties.
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FIGURE 8.3 Effect of agitation on growth rate of a sodium thiosulfate crystal.

The temperature at which crystallization is performed may be deter-
mined by the crystal form or degree of hydration required of the products.
The solubility curves in Figure 8.4 show that crystallization at 50°C yields
FeSO,-7H,0; at 60°C, FeSO,-4H,0; and at 70°C, FeSO,. The majority of mate-
rials, however, have one or possibly two forms. The degree of supersaturation
of solution 1 is 5 g/L, of solution 2 is 10 g/L, and of solution 3 is 15 g/L.

8.5 PRINCIPLES UNDERLYING THE DESIGN
AND OPERATION OF CRYSTALLIZERS

The purpose of a crystallization plant is to produce, as far as possible, crystals
of the required shape, size distribution, purity, and yield. This purpose is
achieved by maintaining a degree of supersaturation at which nucleation and
crystal growth proceed at appropriate rates. The number of nuclei formed con-
trols the size of the crystals deposited from a given quantity of solution. Alter-
natively, crystal number and size can be controlled by adding the correct
amount of artificial nuclei or seeds to a system in which little or no natural
nucleation is taking place.

In most cases, the mode of operation is determined by the relation be-
tween the solubility of the solute and the temperature, examples of which are
shown in Figure 8.4. This determines how supersaturation is to be achieved.
Other factors of importance are the thermal stability of the solute, the impuri-
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ties which may be present, and the degree of hydration required. If the solubil-
ity of the solute increases greatly with temperature, supersaturation and the
deposition of a large proportion of the solute is brought about by cooling a
hot concentrated solution. Sodium nitrate provides an example. Sodium chlo-
ride and calcium acetate, on the other hand, exemplify materials with a small
or negative temperature coefficient of solubility. Here, supersaturation can best
be achieved by evaporating part of the solvent. In some cases, evaporation
and cooling are employed. The mother liquors following evaporative crystalli-
zation can be cooled to yield a further crop of crystals, provided there is a
suitable change in solubility and impurities present do not prohibit the process.
In other crystallizers, flash cooling is used. A hot solution is passed into a
vacuum chamber in which both evaporation and cooling take place.
Supersaturation can also be induced by the addition of a third substance
which reduces the solubility of a solute in a solvent. These precipitation pro-
cesses, which are important in the processing of thermolabile materials, are
controlled by the mixing temperature, the agitation, and the rate at which the
third substance is added. Water-insoluble materials dissolved in water-misci-
ble organic solvents can be precipitated by adding water. Alternatively, the
aqueous solubility of many materials can be reduced by the change of pH or
by adding a common ion. Proteins can be salted out of solution by adding
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ammonium chloride and adjusting the pH. Finally, precipitation of a crystal-
line solid may be the result of a chemical reaction.

A crystallizer should produce crystals of uniform particle size, to facili-
tate removal of the mother liquor and washing. If large quantities of the liquor
are occluded in the mass of crystals, drying yields an impure product. In addi-
tion, crystals of even size are less likely to cake on storage.

8.6 PRODUCTION OF VERY FINE CRYSTALS

Fine powders are important components in pharmaceutical operations. If a
substance has a steep solubility curve, fine crystals are produced by quickly
cooling the solution through the metastable region to conditions in which the
nucleation rate is high and the crystal growth rate is low. This method is not
always possible, and the precipitation methods described may be adopted.

8.7 PRODUCTION OF LARGE CRYSTALS

Batch production of large, uniform crystals may be carried out in agitated
reaction vessels by slow controlled or natural cooling. Spontaneous nucleation
is improbable until solution A is cooled to X. Crystallization then follows path
XB. Better control is gained if the solution is artificially seeded. Seeding is
shown at X’. Crystallization then follows the broken line X’B, the aim being
to maintain the solution in the metastable region where growth rate is high
and natural nucleation is low. The course of the crystallization is shown in
Figure 8.5. Initially spontaneous nucleation may be allowed by cooling from

Limit of metastable ¢ //
region  / K
//
WA \
,(
, /\
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FIGURE 8.5 Production of large crystals. The conditions of supersaturation.
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A to X. As crystallization takes place, the degree of supersaturation and the
concentration of the solute fall, ultimately reaching saturation at B when
growth ceases. Closer control is secured by artificially seeding the supersatu-
rated solution in conditions of no natural nucleation. Seeding is indicated by
the point X”. The course of the crystallization is then indicated by the broken
line X'B.

An important principle for the continuous production of large even crys-
tals is used in Oslo or Krystal crystallizers. A metastable, supersaturated solu-
tion is released into the bottom of a mass of growing crystals on which the
solute is deposited. The crystals are fluidized by the circulation of the solution,
and classification in this zone allows the withdrawal of sufficiently large crys-
tals from the bottom.

8.8 CRYSTALLIZERS

Although other methods may be adopted, crystallizers can be conveniently
classified by the way in which a solution is supersaturated. This leads to the
self-explanatory terms cooling crystallizer and evaporative crystallizer. In vac-
uum crystallizers, evaporation and cooling are used.

8.8.1 Cooling Crystallizers

Open or closed tanks, agitated by stirrers, are used for batch crystallization.
The specific heat of the solution and the heat of crystallization are removed
by means of jackets or coils through which cooling water can be circulated.
Agitation destroys temperature gradients in the tanks, opposes sedimentation
and irregular crystal growth at the bottom of the vessel, and, as described,
facilitates growth. Similar equipment is used for crystallization or precipitation
by adding a third substance.

Crystallizers for continuous processes often take the form of a trough
cooled naturally or by a jacket. The solution enters at one end and crystals
and liquid are discharged at the other. In one type of crystallizer, a slow-
moving worm works in the solution and lifts crystals off the cooling surface
to shower them through the solution and slowly convey them through the
trough. The trough of another is agitated by rocking. Baffles are used to in-
crease the residence time of the solution. Both crystallizers are characterized
by low heat transfer coefficients, and an alternative arrangement consists es-
sentially of a double-pipe heat exchanger. The crystallizing fluid is carried in
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FIGURE 8.6 (a) Cooling crystallizer; (b) evaporative crystallizer; (c) batch vacuum
crystallizer.

the central pipe with countercurrent flow of the coolant in the annulus between
the pipes. A shaft rotates in the central tube carrying blades which scrape the
heat transfer surface. High heat transfer coefficients are obtained. An Oslo
crystallizer, in which supersaturation is given by cooling, is described in Fig-
ure 8.6(a). The principles underlying this plant have already been described.

8.8.2 Evaporative Crystallizers

On a small scale, simple pans and stirred reaction vessels can be used for
evaporative crystallization. Larger units may employ calandria heating, as
shown in Figure 8.6(b). The downcomer, which must be large enough to ac-
commodate the flow of the suspension, commonly houses an impeller, forced
circulation increasing the heat transfer to the boiling liquid. These units may
be adapted for batch or continuous processes in which crystal size is not of
great importance. For continuous processes demanding close control of prod-
uct size, an Oslo crystallizer which saturates the solution by evaporation may
be employed.

8.8.3 Vacuum Crystallizers

Vacuum crystallizers produce supersaturated conditions by solvent removal
and cooling [Figure 8.6(c)]. A hot concentrated solution is fed to an agitated
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crystallization chamber maintained at low pressure. The solution boils and
cools adiabatically to the boiling point corresponding to the operating pressure.
Crystallization follows concentration, and the product is removed from the
bottom of the vessel. The principles of Oslo crystallizers are also employed
in vacuum crystallization.
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Evaporation and Distillation

9.1 EVAPORATION

Evaporation may be defined as the removal of a solvent from a solution by
vaporization, but is usually restricted to the concentration of solutions by boil-
ing. Crystallization and drying, which may also utilize the vaporization of a
liquid, are considered in subsequent sections. In the pharmaceutical industry
evaporation is primarily associated with removing, by boiling, water and other
solvents in batch processes. However, the principles governing such processes
apply more generally and are derived from studying heat transfer to the boiling
liquid, the relevant physical properties of the liquid, and the thermal stability
of its components.

9.2 HEAT TRANSFER TO BOILING LIQUIDS
IN AN EVAPORATOR

The heat required to boil a liquid in an evaporator is usually transferred from
a heating fluid, such as steam or hot water, across the wall of a jacket or tube

128
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in or around which the liquid boils. A qualitative discussion of the methods
used to secure high rates of heat flow can be based on equation 2.9:

Q = UAAT (2.9)

where Q is the rate of heat flow, U is the overall heat transfer coefficient, A is
the area over which heat is transferred, and AT is the difference in temperature
between the fluids.

The overall heat transfer coefficient is derived from a series of individual
coefficients that characterize the thermal barriers opposing heat transfer. Thus,
for the heating fluid, the film coefficient for a condensing vapor, such as steam,
is high provided that permanent gases and condensate are removed by venting
and draining. With liquid heating media, the velocity of flow over the heat
transfer surface should be as high as is practicable. If the solid barrier consists
of a thin metal wall, the resistance to heat flow is small. Resistance, however,
is significantly increased by chemical scale which may be deposited on either
side. The accumulation of scale should be prevented. A glass wall may provide
the largest thermal resistance of the system. Neglecting the thermal stability
of the boiling liquid, circulation of the liquid should be rapid and, because of
its influence on viscosity, the temperature of boiling should be as high as
possible. Both factors promote high film coefficients on the product side of
the wall.

Other factors described by equation 2.9 are the area of the heat transfer
surfaces, which should be as large as possible, and the temperature difference
between the heating surface and the boiling liquid. As long as the critical heat
flux is not exceeded, the latter should also be large.

9.3 PHYSICAL PROPERTIES OF SOLUTION
AND LIQUIDS

A number of physical factors, which are interrelated in a complex way, are
relevant to a study of evaporation. For a given heating fluid the temperature
difference across the wall of an evaporator is determined by the boiling tem-
perature, a variable controlled by 