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Index

Activated carbon filters, 184
Active pharmaceutical ingredient
manufacture, critical steps in, 203
PAT and, 202

Agitated batch dryers, 80
Air conditioning
applications in pharmaceutical

processes, 63
and humidification. See Humidification

of air
Air filtration
air filters for

bacterial aerosols, 130–131
design of, 131, 133
fibrous and granular filters, 131
mode of operation of, 130
testing of, 132–133

mechanism of, 129
Airlift fermenter, 190
Angle of repose, 56
API. See Active pharmaceutical ingredient
Atomizers, 84
Azeotropes, separation of, 114–115

Ball mill, 146–148
Batch centrifugal filter, 134
Batch distillation, 114
Batch dryers
agitated, 80
fluidized bed dryers, 79–80
freeze-drying, 80

applications of, 81
basic principle of, 81–82
equipment for, 82

hot air ovens
advantage and disadvantage
of, 78

schematical illustration of, 77
tumbling dryers, 79
vacuum tray dryers

construction of, 78–79
drying temperatures of, 79

Bernoulli’s theorem
equation for, 9
for flow rate measurement

incompressible fluid through
constriction, 10–11

orifice meter, 12–13
pitot tube and rotameter, 13
Venturi meter, 11–12

kinetic energy, 8, 9
mechanical energy, 8–9
statement of, 8

Binary mixtures
azeotropic distillation of minimum-boiling, 115
of immiscible liquids, 107–108
of miscible liquids

boiling point, 110–111
vapor pressures, 108–110

Bioprocessing, 188
plant design, 191

Bioreactor design
factors influencing, 188

heat transfer, 191
mass transfer, 190
mixing, 191
rheology, 189
shear damage, 191

principles of, 186
Bioreactors
design of. See Bioreactor design
stirred tank reactor, 190
types of, 189

Biotechnological innovation, 192
Biotechnological process, 189
and pharmaceutical manufacturing

operations, difference between, 188
Blending solids, mixing of, 167
Blowers, 25
Boiling liquids, heat transfer to, 38–39
in evaporator, 100
with forced circulation, 41
pool boiling process, 39–40
in vertical tubes, 40–41

Bond’s theory, second principle of, 140
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Boundary layer
distribution of velocities at, 5
mass transferred across, 49–50
turbulent, 20

Bourdon gauge, 7
Bulb hygrometer, wet and dry, 65–66

Cakes
compressibility of, 121–122
filtration of, 117–118

filters for. See Filters
stress distribution in, 122
washing and dewatering, 122

Capsules, hard
filling of, 171, 172–173
from gelatin, 170
locks of, 173, 174
manufacturing process of, 173
shells of, 170
size of, 171

Cell kinetics
growth cycle, 186
models for, 186
Monod kinetic parameters, 187

Central composite design, 199–200
Centrifugal filtration, 134
Centrifugal impeller pumps
disadvantage of, 28–29
impeller of, 27

Centrifugal sedimentation
of particles, 134–135
rate of, 135
separation in, 133

Clarification
application of, 117
particle retention in, 120

Classification
cyclone separator for, 153–154
drag force on particle and, 151–152
elutriator for, 152–153
sieves and screens for, 150–151

Coefficient of contraction, 12
Coefficient of discharge
factors influencing, 11
for orifice meter, 12

Colloid mill, 150
Compressibility of fluids, 5
Compressors, 25
Condensation, 53
dropwise, 42
film, 41
of mixed vapor, 42
of pure vapor, 42

Conduction
definition, 31
in films, 35
through walls

Fourier’s equation for, 32
steady nondirectional heat transfer, 33

Continuous dryers
drum dryer, 85–86
spray dryers

atomizers for, 84
chambers of, 83
operating mechanism of, 84–85

Convection
definition, 31
dimensional analysis of, 36–38
free, 36

Cooling crystallizer, 98–99
Critical quality attributes (CQA), definition

of, 204
Crushing, 137
deformation under stress. See Deformation
free, 138–139

Crystal growth, 54
nucleation and, 93–94

Crystalline materials, theoretical
strength of, 138

Crystallization, 53
in melts, 92–93
from solutions

agitation and crystal growth, 95
basic steps of, 94
solubility curves, 95–96

from vapor, 92
Crystallizers
classification of, 98–99
mode of operation of, 96–97
supersaturation of, 97

Crystal system, 54
Cyclone separator, 153–154

Data, levels of understanding emanating
from, 2

Deformation
and failure, 138
of solid under tensile stress, 137–138

Dehumidification of air, 67
Deionized water, 184
Demixing
mechanism of, 161–163
rate of, 163

Depth filters, particle retention in, 120
Depth filtration, 117
Design space development, 200–201
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Dew point, 64
Diaphragm pump, 26
Differential distillation, 111
Diffuser pump, flow through, 28
Diffusion
across liquid film, 50
mechanism, 46
molecular. See Molecular diffusion
through stationary, nondiffusing gas, 48

Dimensional analysis, 17
frictional losses, 18
mass transfer coefficient, 50–51
pipe friction chart, 19
shear stress at wall, 19
turbulent boundary layer, 19–20

Dimensions, 61–62
Distillation, 107
azeotropic, 115
differential, 111
extractive, 115
molecular, 116
steam, 107–108

Dosage forms
drug released from, 168
drug to final, 169
manufacturing of, 202

DPI. See Dry powder inhaler
Drag force, 22
Drug
grinding of, 141
radiation-induced changes in, 180
released from dosage forms, 168

Drum dryer, 85–86
Dry grinding
conditions for, 141
dust hazards from, 143
equipment for, pharmaceutical materials

ball mill, 146–148
colloid mill, 150
edge and end runner mills, 143–144
fluid energy mill, 149–150
hammer mill, 144–145
pin mill, 145–146
roller mill, 150
vibratory mill, 148–149

Dry heat, 178
Drying
definition, 68
internal mechanism of, 73–74
at low relative humidities, 70
methods of, 46

batch dryers, 77–83
conduction from heated surface, 75–76
continuous dryers, 83–86
hot surface, 77

[Drying]
objectives of, 68
theories of

moisture content, 68–70
rate of evaporation, 71

through-circulation, 75
vs. filtration, 68
of wet granular beds, 71–73

Drying curve
for skin-forming material, 73
for tablet granulation dried in tray drier,

74–75
Dry powder inhaler, 177
Dynamic vapor sorption techniques, 70

Eddy diffusion, 46
Edge and end runner mills, 143–144
Effervescent tablets, 176
Elutriator, 152–153
Equimolecular counterdiffusion,

47–48, 50
Ethylene oxide
cidal rate of, 181
properties of, 180
toxicity of, 180

Evaporation
definition of, 100
without boiling, 107

Evaporative crystallizer, 98, 99
Evaporators
efficiency of, 106
film, 105–106
forced circulation, 104–105
natural circulation, 103–104

Experimental design. See Statistical
experimental design

Extraction method, choice of, 89
Extractive distillation, 115

Factorial design, 199
Fick’s law
for molecular diffusion in gases, 47
for steady-state, equimolal

counterdiffusion, 49
Film(s)
boiling of, 40
coefficient, 35
condensation, 41
conduction in, 35

Filter media
flexible media, 128–129
rigid media, 128
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Filter(s)
aids, 121
cakes, stress distribution in, 122
gravity, 123–124
pressure, 125–128
vacuum, 124–125

Filtration, 46
of air. See Air filtration
applications of

cake filtration, 117–118
clarification, 117

centrifugal, 134
factors affecting rate of

permeability coefficient, 119–120
pressure, 118–119
viscosity, 119

filters for. See Filters
sterile. See Sterile filtration
theory

flow of fluids through porous media, 118
particle retention, 120–121

Fine crystals, production of, 97
Fine particles
importance in pharmacy, 136–137
preparation of, 136

Fishbone approach, 194, 195
Flocculation of slurries, 121
Flow meters, 10–12
Fluid energy mill, 149–150
Fluid flow, 4
laminar, 13–14
past a cylinder, 8, 20
schematic of, 5
through constriction, 10
through packed beds

flow velocity, 25
and hydraulic diameter, 24
volumetric flow rate, 23–24

turbulent, 14–15
Fluidization
by gases, 60
particle size and, 61

Fluidized bed dryers, 79–80
Fluids
compressibility of, 5
definition, 4
heat transfer between, 31–32
in motion, 8, 22–23
pressure energy of, 9
at rest, study of. See Hydrostatics
thermal conductivity of, 34
viscosity of, 4–5

Food and Drug Administration, 180,
193, 202

Form drag, 22

Fractionation
continuous and batch, 113–114
definition of, 111
ideal stages in, 112
plate columns for, 112–113

Free convection, 36
‘‘Free-crushing,’’ 138–139
Freeze-drying, 80
applications of, 81
basic principle of, 81–82
equipment for, 82

Frictional losses
dimensional analysis of, 18
at pipe fittings, 21

Fundamental dimensions, 61

Gauge pressure, 6
Gear pump, 26–27
Granular materials, 60
Granulation, 60
Gravity filters, 123–124
Grinding
dust hazards of, 143
efficiency of, 139–140
fundamental aspects of, 138
structural changes during, 143

Growth cycle of cells, 187

Hammer mill, 144–145
Heat flow, rate of
expression for, 32
thermal resistance influence on, 33, 35, 42

Heat flux
total, 62
variation in, 39

Heat transfer
to boiling liquids, 38

in evaporator, 100
with forced circulation, 41
pool boiling process, 39–40
in vertical tubes, 40–41

from condensing vapors, 41–42
by conduction and convection, 31
between fluid and solid boundary, 34–36
between fluids, 31–32, 34
in pipes, 34
by radiation, 31, 42–43
temperature gradients produced by, 34–35
through walls

Fourier’s equation for, 32
steady nondirectional heat transfer, 33

in tubes, 34
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Heat transfer coefficient
boiling, 40
mean, expression for, 42
variation in, 39

Hot air ovens
advantage and disadvantage of, 78
schematical illustration of, 77

Hot surface, solids moving over, 77
Humidification of air, 66–67
Humidity
determination of

from dew point, 64
wet and dry bulb hygrometers for, 65–66
from wet bulb depression, 64–66

psychrometric chart to measure, 63–64
of vapor-gas mixture, 63

Hydraulic diameter, 24
Hydrostatics, 6

Immiscible liquids, binary mixtures of,
107–108

Impeller pumps
centrifugal. See Centrifugal impeller pumps
propeller pump, 29–30

Industrial solids, 43
Inhalation products, 177
Input variables, collation of, 3
Interfacial mass transfer
in dissolution, 52
in drying process, 51–52
phases of, 51

Ionizing radiation, 179
Isodiametric particles, coarse
porosity of, 59
size distribution of, 60

Kirchhoff’s law, 43

Lactose granulation, 70
Laminar flow, 15
flow rate under, 24–25
velocity distribution in, 19

Laminar sublayer
definition, 19
mass transfer in, 49
resistance to heat flow in, 35–36

Large crystals, production of, 97–98
Latin square designs, 198–199
Leaching
choice of solvent for, 89
factors affecting rate of, 89–90

[Leaching]
by immersion, 88
by percolation, 87–88

Liquid flow in pipes
dimensional analysis, 17

frictional losses, 18
pipe friction chart, 19
shear stress at wall, 19
turbulent boundary layer, 19–20

streamline flow in tube
mathematical analysis, 15
velocity profile, 16

Liquid-solid mixture, flow
properties of, 167

Lobe pump, 26–27

Manometer
components of, 6
U-tube, 7

Mass transfer
definition, 46
diffusion. See Diffusion
interfacial, 51–52
in laminar flow, 49–50
in turbulent flow, 49–50

Mass transfer coefficient, 50
Melts, crystallization in, 92–93
Membrane filters, 181
Metafilter, 127
Metered-dose inhaler filling line, 177
Milling
contamination of griseofulvin during, 142
efficiency, 139–140
of temperature-sensitive materials, 142

Mills
ball, 146–148
colloid, 150
and contamination, 142
dry and wet grinding, 141–142
edge and end runner, 143–144
fluid energy, 149–150
hammer, 144–145
operation of, 140
pin, 145–146
roller, 150
vibratory, 148–149

Mind mapping, 194, 195
Mixers, 163–164
Mixing
classification of, 155
definition, 155
degree of, 159–161
diffusive, 163
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[Mixing]
machines

trough mixer, 163–164
tumbler mixer, 164

mechanism of, 161–163
of miscible liquids, 164

flow pattern, 165
by paddle mixer, 165
by propeller mixer, 165–166
by turbine, 166

and ‘‘scale of scrutiny,’’ 155–156
of solid-liquid, 166–167
of solids

displacement of particles, 156
samples, 157

Moist heat, 178
Molecular diffusion
definition, 46
in gases, 46–47
in liquids, 48–49

Molecular distillation, 116
Monod kinetic parameters, 187
Mono pump, 27
Multicomponent melts, crystal growth in, 94

Newtonian fluids, 4
Non-Newtonian fluids, 4
Nucleate boiling, 40
Nucleation
and crystal growth, 93–94
spontaneous, 93

Operability region (OR), 200
Orifice meter, 12–13

Packed beds, fluid flow through
flow velocity, 25
and hydraulic diameter, 24
volumetric flow rate, 23–24

Paddle mixer, 165, 166
Particle retention, in depth filters, 120
Particles
interaction between

cohesion and adhesion, 55–56
tensile stress, 56

preparation techniques
constructive methods, 53
destructive methods, 54

properties of, 54–55
structure of, 54

Particle size and mass flow rate, relation
between, 58

PAT. See Process Analytical Technology
Permeability and filtration rate, 119–120
Pharmaceutical formulations, heterogeneous

nature of, 1
Pharmaceutical mixing, sample

distribution in
active ingredient, 157
dose uniformity, 159

Pharmaceutical process engineering, 205
Pharmaceutical water systems
pretreatment and sources of water, 183
quality control of, 185
storage and distribution, 185
validation of, 185–186
WFI of, 183–185

Pin mill, 145–146
Pipe
fittings, frictional losses at, 21
heat transfer in, 34
liquid flow in. See Liquid flow in pipes
pressure drop in, 20–21

Pitot tube, 13
pMDI. See Pressurized metered-dose

inhaler
Pool boiling process, 39–40
Positive displacement pumps
rotary, 26–27
single-acting piston, 26

Potable (drinking) water
distillation of, 184
treatment of, 183, 184

Powder bed, tensile and shear strength of, 57
Powders
classification of

cyclone separator for, 153–154
drag force on particle and, 151–152
elutriator for, 152–153
sieves and screens for, 150–151

gravity flow of
factors influencing, 57
vibration and tapping, 58

packing of
porosity and, 59
spheres, 58–59

property of, 53
Prandtl number, 51
Precoat filtration, 125
Preformulation studies, 168
Pressure drop in pipe, 20–21
Pressure filters
applications of, 125
metafilter, 127
plate and frame filter press, 126–127
small-scale, 128
‘‘streamline’’ filter, 127–128
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Pressure intensity, measure of
Bourdon gauge for, 7
manometer for, 6–7
pitot tube for, 13

Pressure measurement apparatus, 7
Pressurized metered-dose inhaler, 177
Priming of centrifugal pump, 29
Process Analytical Technology, 202
Process development tools
fishbone approach, 194, 195
implications of, 196
mind map, 194, 195

Process engineering, 1
Process input variables
and their contribution to output

properties, 3
Propeller mixer, 165–166
Propeller pump, 29–30
Protein purification processes, 191–192
Psychrometric chart, 63–64
Psychrometry, 63
Pumps
centrifugal impeller. See Centrifugal

impeller pumps
classification of, 25
mechanical efficiency of, 29
positive displacement, 25–26
propeller of, 29–30

QbD. See Quality by Design
Quality by Design
definition of, 193
guidances, ICH quality, 194
strategies, 205

Radiation
between adjacent surfaces, 42
definition, 31
exchange of, 43–44
sources of, 179
sterilization, 178–180

Radiochromic solids, 180
Randomized design, 198
Random mixture, properties of
dose uniformity, 159
sample distribution, 157–159

Regulatory initiative, pharmaceuticals pro-
duction, 193

Response surface maps
and design space, 200–201
operability region, 200

Reverse osmosis, 184–185

Reynold’s experiment, 14
Reynolds number
expression for, 18
significance of, 20
turbulent flow and, 19

Rittinger’s law, 139
Roller mill, 150
Rotameter, 13
Rotary positive displacement pumps,

26–27
Rotary vacuum filters, 124–125

‘‘Scale of scrutiny,’’ 155–156
Scale of segregation, 156
Schmidt number, 51
Single-acting piston pump, 26
Single-component melt, crystal growth in, 94
Size separation. See Classification
Sliding vanes, 27
Slug formation, 40
Slurry conditioning, 121
Solid-bowl batch centrifuge, 134
Solid dosage forms
additives employed in, 168
division of, 168
drug to final, 169
granules, 169–170
hard capsules

filling of, 171, 172–173
from gelatin, 170
locks of, 173, 174
manufacturing process of, 173
shells of, 170
size of, 171

inhalation products, 177
tablets

coating of, 175
composition of, 176
effervescent, 176
manufacture steps, 174–175

Solid-liquid mixing, 166–167
Solid particles, size and size distribution of,

90
Solubility-supersolubility diagram, 94
Solution, physical properties of, 101
active constituents of, 102–103
boiling temperature and external pressure,

relation between, 101–102
boiling temperature and solute concentra-

tion, relation between, 101
solubility, 102
viscosity and solute concentration, relation

between, 102
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Solvent
choice of, 89
physical properties of, 91

Spontaneous nucleation, 93
Spray dryers
atomizers for, 84
chambers of, 83
operating mechanism of, 84–85

Static beds
of nonporous solids

critical moisture content, 72
relation of moisture content and time of
drying, 71–72

of porous solids, 74–75
Statistical experimental design
objective of, 197
techniques of

central composite design, 199–200
factorial design, 199
Latin square approach, 198–199
randomization, 198

Steam distillation, 107–108
Stefan–Boltzmann law, 43
Sterile filtration
adsorption and screening, 181–182
filter integrity, 182

Sterilization
using ethylene oxide, 180–181
using heat, 178
using radiation, 179–180

‘‘Streamline’’ filter, 127–128
Streamline flow in tube
mathematical analysis, 15
velocity profile, 16

Streamlines, 8
Stress distribution in filter cake, 122
Sublingual tablets, 176
Supercentrifuge, 134
Surface tension, 6

Tablets
coating of, 175
composition of, 176
effervescent, 176
manufacture steps, 174–175

Tabletting processes, 63
Temperature-humidity sequence of drying

air, 77
Thermal conductivity, 32

Thermal resistance, 33
Thermal stabilization, 178
Tray dryer, 77
Trough mixer, 163–164
Tumbler mixer, 164
Tumbling dryers, 79
Turbulent boundary layer, 19–20
Turbulent flow, 14–15
in noncircular ducts, 21
temperature gradients and, 34

Unit processes
relationship of, 2

Units, 61–62
Unmixedness concept, 156
U-tube manometer, 7

Vacuum crystallizers, 99
Vacuum tray dryers
construction of, 78–79
drying temperatures of, 79

Validation procedure, WFI, 185–186
Vapor
condensation, 41–42
constituents of, 41
formation, 40
removal and liquid entrainment,

106–107
Vapor-gas mixture, humidity of, 63,

64–66
Vapor-liquid equilibrium diagrams, 111
Venturi meter, 11–12
Vibratory mill, 148–149
Viscosity, 4–5
and flow rate, 119

Viscous drag, 22
Vitrification, 93
Volumetric flow rate, 10–11, 23–25
Volute pump, performance curve of, 28

Water for injection (WFI), 183–185
Wet bulb depression, humidity determination

from, 64–66
Wet grinding, 142

Zeolite water softener, 184
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about the book…

This revised and expanded Second Edition summarizes fundamental engineering 
principles, operations, and development considerations that are critical to converting 
bulk pharmaceutical products into patient-ready and appropriate drug delivery dosage 
forms. Pharmaceutical Process Engineering facilitates a comprehensive understanding 
of the practical aspects of drug production and current development philosophy in an 
accessible, step-by-step format.

Improving communication among diverse professionals in the field—including 
pharmaceutical researchers, and chemical, industrial, and process engineers—the 
Second Edition of Pharmaceutical Process Engineering considers:
•  the relation of global concepts in pharmaceutical development, exemplified by 

Quality by Design Principles, to the application of fundamental principles and major 
unit operations in pharmaceutical engineering

• heat transfer, mass transfer, and fluid flow
• control of manufacturing environments
• preparation of sterile materials
• drying, evaporation, and crystallization processes
• techniques of filtration and centrifugation
• particle size reduction, mixing, granulation, and drying methods
• the manufacture of biological materials
•  and more, with references to statistical experimental design and process analytical  

technology as they support a philosophy of Quality by Design
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