Contents

PREFACE TO THE FIFTH EDITION xvii
PREFACE TO FOURTH EDITION Xix
PREFACE 10 THE 1983 REPRINT OF THE THIRD EDITION XX1
PREFACE TO THIRD EDITION XXiii
PREFACE TO SECOND EDITION XXV
PREFACE TO FIRST EDITION XXVil
ACKNOWLEDGEMENTS XXiX
INTRODUCTION XXXI1
1.  Particulate Solids 1

1.1 Introduction
1.2 Particle characterisation

|

2

1.2.1  Single particles 2

122 Measurement of particle size <)

1.2.3  Particle size distribution 10

124 Mean particle size 11

1.2.5  Efficiency of separation and grade efficiency 17

1.3 Particulate solids in bulk 22
1.3.1  General characteristics 22

1.3.2  Agglomeration 22

1.3.3  Resistance to shear and tensile forces 23

1.34  Angles of repose and of friction 23

1.3.5  Flow of solids in hoppers 25

1.3.6  Flow of solids through orifices 27

1.3.7  Measurement and control of solids flowrate 27

1.3.8  Conveying of solids 29

1.4 Blending of solid particles 30
1.4.1  The degree of mixing 30

142 The rate of mixing 33

1.5 Classification of solid particles 37
1.5.1  Introduction 37

1.5.2  Gravity settling 40

1.53  Centrifugal separators 46

1.54  The hydrocyclone or liquid cyclone 48

1.5.5  Sieves or screens 55

1.56  Magnetic separators 58

1.5.7  Electrostatic separators 61

1.5.8  Flotation 62

1.6 Separation of suspended solid particles from fluids 67
1.6.1  Introduction 67

1.6.2  Gas cleaning equipment 72

1.6.3  Liquid washing 87



Vi

1.7
1.8
1:9

CONTENTS

Further reading
References
Nomenclature

Particle size reduction and enlargement

2
22

24

Introduction

Size reduction of solids

2.2.1  Introduction

222 Mechanism of size reduction
223 Energy for size reduction

224  Methods of operating crushers
2.2.5  Nature of the material to be crushed
Types of crushing equipment

2.3.1  Coarse crushers

232 Intermediate crushers

233  Fine crushers

234  Specialised applications

Size enlargement of particles

24.1  Agglomeration and granulation
242 Growth mechanisms

24.3  Size enlargement processes
Further reading

References

Nomenclature

Motion of particles in a fluid

3.1
3.2
33

3.5
3.6

£ 1

38
3.9
3.10
311

Introduction

Flow past a cylinder and a sphere

The drag force on a spherical particle
33.1  Drag coefficients

3.3.2  Total force on a particle

3.33  Terminal falling velocities

334  Rising velocities of light particles
3.3.5  Effect of boundaries

3.3.6  Behaviour of very fine particles
3.3.7  Effect of turbulence in the fluid
338  Effect of motion of the fluid
Non-spherical particles

3.4.1  Effect of particle shape and orientation on drag
342  Terminal falling velocities
Motion of bubbles and drops

Drag forces and settling velocities for particles in non-Newtonian fluids

3.6.1  Power-law fluids

3.6.2  Fluids with a yield stress

Accelerating motion of a particle in the gravitational field
3.7.1  General equations of motion

3.7.2  Motion of a sphere in the Stokes™ law region
3.7.3  Vertical motion (general case)

Motion of particles in a centrifugal field

Further reading

References

Nomenclature

Flow of fluids through granular beds and packed columns

4.1
4.2

Introduction
Flow of a single Auid through a granular bed

91
92
93

144

146

191

191
191



4.3 Dispersion
4.4 Heat transfer in packed beds
45  Packed columns
4.5.1  General description
452  Packings
4.5.3  Fluid flow in packed columns
4.6 Further reading
47  References
4.8  Nomenclature
Sedimentation
5.1 Introduction
5.2 Sedimentation of fine particles
5.2.1  Experimental studies
5.2.2  Flocculation
5.2.3  The Kynch theory of sedimentation
524  The thickener
5.3 Sedimentation of coarse particles
5.3.1  Introduction
5.3.2  Suspensions of uniform particles
5.3.3  Solids flux in batch sedimentation
534  Comparison of sedimentation with flow through fixed beds
5.3.5 Model experiments
53.6  Sedimentation of two-component mixtures
54  Further reading
5.5  References
5.6 Nomenclature
Fluidisation
6.1 Characteristics of fluidised systems
6.1.1  General behaviour of gas—solids and liquid—solids systems
6.1.2  Effect of fluid velocity on pressure gradient and pressure drop
6.1.3  Minimum fluidising velocity
6.1.4  Minimum fluidising velocity in terms of terminal failing velocity
6.2 Liquid—solids systems
6.2.1  Bed expansion
6.2.2  Non-uniform fluidisation
6.2.3  Segregation in beds of particles of mixed sizes
6.2.4  Liquid and solids mixing
6.3 Gas—solids systems
6.3.1  General behaviour
6.3.2  Particulate fluidisation
6.3.3  Bubbling fluidisation
6.3.4  The effect of stirring
6.3,5  Properties of bubbles in the bed
6.3.6  Turbulent fluidisation
6.3.7  Gas and solids mixing
6.3.8  Transter between continuous and bubble phases
6.39  Beds of particles of mixed sizes
6.3.10  The centrifugal fluidised bed
6.3.11 The spouted bed
6.4  Gas—liquid—solids fluidised beds
6.5  Heat transfer to a boundary surface

CONTENTS

Darcy’s law and permeability

Specific surface and voidage

General expressions for flow through beds in terms
of Carman-Kozeny equations

424  Non-Newtonian fluids

425 Molecular flow

g
B b fo
Who =

vii

191
192

194
204
205
205
211
212
213
216
222
232
232
234

237

237
237
237

251
255
267
267
268
274
277
280
282
286
286
288

291

291
291
293
296

302
302
306
308
312
315
315
315
316
320
320
324
326
328
330
331
332
333
334



viii

6.6

6.7
6.8

6.9
6.10
6.11

CONTENTS

6.5.1  Mechanisms involved

6.5.2  Liquid-solids systems

6.53  Gas-solids systems

Mass and heat transfer between fluid and particles

6.6.1  Introduction

6.6.2  Mass transfer between fluid and particles

6.6.3  Heat transfer between fluid and particles

6.6.4  Analysis of results for heat and mass transfer to particles
Summary of the properties of fluidised beds

Applications of the fluidised solids technique

6.8.1  General

6.8.2  Fluidised bed catalytic cracking

6.8.3  Applications in the chemical and process industries
6.84  Fluidised bed combustion

Further reading

References

Nomenclature

Liquid filtration

7.1
7.2

74

7.5
7.6
ey

Introduction

Filtration theory

7.2.1  Introduction

7.2.2  Relation between thickness of cake and volume of filtrate
7.23  Flow of liquid through the cloth

7.24  Flow of filtrate through the cloth and cake combined
7.25  Compressible filter cakes

Filtration practice

7.3.1  The filter medium

7.3.2  Blocking filtration

733  Effect of particle sedimentation on filtration
7.3.4  Delayed cake filtration

7.3.5  Cross-flow filtration

7.3.6  Preliminary treatment of slurries before filtration
7.3.7  Washing of the filter cake

Filtration equipment

7.4.1  Filter selection

74.2  Bed filters

7.4.3  Bag filters

744  The filter press

745  Pressure leaf filters

7.4.6  Vacuum filters

747  The tube press

Further reading

References

Nomenclature

Membrane separation processes

8.9
8.10
8.11

Introduction

Classification of membrane processes
The nature of synthetic membranes
General membrane equation
Cross-flow microfiltration
Ultrafiltration

Reverse osmosis

Membrane modules and plant configuration
Membrane fouling

Electrodialysis

Reverse osmosis water treatment plant

437

437
437
438
442
442
446
452
455
464
465
467



10.

11.

CONTENTS

Pervaporation
Liquid membranes
Gas separations
Further reading
References
Nomenclature

Centrifugal separations

9.1 Introduction
9.2 Shape of the free surface of the liquid
9.3  Centrifugal pressure
9.4 Separation of immiscible liquids of different densities
9.5  Sedimentation in a centrifugal field
9.6 Filtration in a centrifuge
9.7 Mechanical design
9.8  Centrifugal equipment
9.8.1  Classification of centrifuges
9.8.2  Simple bow! centrifuges
9.8.3  Disc centrifuges — general
9.8.4  Disc centrifuges — various lypes
9.8.5  Decanting centrifuges
9.8.6  Pusher-type centrifuges
9.8.7  Tubular-bowl centrifuge
9.8.8  The ultra-centrifuge
9.8.9  Multistage centrifuges
9.8.10 The gas centrifuge
9.9  Further reading
9.10  References
9.11  Nomenclature
Leaching
10.1  Introduction
10.1.1  General principles
10.1.2  Factors influencing the rate of extraction
10.2  Mass transfer in leaching operations
10.3  Equipment for leaching
10.3.1  Processes involved
10.3.2  Extraction from cellular materials
10.3.3  Leaching of coarse solids
10.3.4  Leaching of fine solids
10.3.5 Batch leaching in stirred tanks
10.4  Countercurrent washing of solids
10.5 Calculation of the number of stages
10.5.1 Batch processes
10.5.2  Countercurrent washing
10.5.3  Washing with variable underflow
10.6  Number of stages for countercurrent washing by graphical methods
10.6.1 Introduction
10.6.2  The use of right-angled triangular diagrams
10.6.3  Countercurrent systems
10.6.4 Non-ideal stages
10.7  Further reading
10.8  References
10.9  Nomenclature
Distillation

1.1

Introduction

469

472
472
473
474

475

475
476
477
478
480
485
489
489
489

499



12.

112

11.4

11.5

11.7

11.8

11.9
11.10

11.12
11.13
11.14

CONTENTS

Vapour-liquid equilibrium

11.2.1 Partial vaporisation and partial condensation
11.2.2  Partial pressures, and Dalton’s, Raoult’s and Henry's laws
11.2.3 Relative volatility

11.24 Non-ideal systems

Methods of distillation — two component mixtures

11.3.1 Differential distillation

11.3.2  Flash or equilibrium distillation

11.3.3  Rectification

11.3.4 Batch distillation

The fractionating column

11.4.1 The fractionating process

11,42  Number of plates required in a distillation column
11.4.3 The importance of the reflux ratio

11.44 Location of feed point in a continuous still

11.45 Multiple feeds and sidestreams

Conditions for varying overflow in non-ideal binary systems
11.5.1 The heat balance

11.5.2  Determination of the number of plates on the H—x diagram
11.5.3  Minimum reflux ratio

11.5.4 Multiple feeds and sidestreams

Batch distillation

11.6.1 The process

11.6.2  Operation at constant product composition

11.6.3 Operation at constant reflux ratio

11.6.4 Batch or continuous distillation

Multicomponent mixtures

11.7.1  Equilibrium data

11.7.2  Feed and product compositions

11.7.3 Light and heavy key components

11.7.4 The calculation of the number of plates required for a given separation
11.7.5 Minimum reflux ratio

11.7.6  Number of plates at total reflux

11.7.7 Relation between reflux ratio and number of plates
11.7.8  Multiple column systems

Azeotropic and extractive distillation

11.8.1 Azeotropic distillation

11.8.2  Extractive distillation

Steam distillation

Plate columns

11.10.1 Types of trays

11.10.2 Factors determining column performance

11.10.3 Operating ranges for trays

11.10.4 General design methods

11.10.5 Plate efficiency

Packed columns for distillation

11.11.1 Packings

11.11.2 Calculation of enrichment in packed columns
11.11.3 The method of transfer units

Further reading

References

Nomenclature

Absorption of gases

12.1
12.2
12.3

Introduction

Conditions of equilibrium between liquid and gas
The mechanism of absorption

12.3.1  The two-film theory

12.3.2  Application of mass transfer theories

542
544
546
551
553
555
555
556
558
559
559
559
561
571
578
578

581
585
586
589

605

625
625
628
628
630
631
638
638
639
641
649

652

656

656
657
658
658
659



13.

12.5
12.6
12.7

CONTENTS

12.3.3  Diffusion through a stagnant gas

12.3.4  Diffusion in the liquid phase

12.3.5 Rate of absorption

Determination of transfer coefficients

12.4.1  Wetted-wall columns

12.4.2  Coefficients in packed towers

12.4.3  Coefficients in spray towers

Absorption associated with chemical reaction

Absorption accompanied by the liberation of heat

Packed towers for gas absorption

12.7.1  Construction

12.7.2  Mass transfer coefficients and specific area in packed towers

12.7.3  Capacity of packed towers

12.7.4  Height of column based on conditions in the gas film

12.7.5  Height of column based on conditions in liquid film

12.7.6  Height based on overall coefficients

12.7.7  The operating line and graphical integration for the height of a column

12.7.8  Capacity of tower in terms of partial pressures for high concentrations

12.7.9 The transfer unit

12.7.10 The importance of liquid and gas flowrates and the slope of the
equilibrium curve

Plate towers for gas absorption

12.8.1  Number of plates by use of absorption factor

12.8.2  Tray types for absorption

Other equipment for gas absorption

12.9.1 The use of vessels with agitators

12.9.2  The centrifugal absorber

129.3  Spray towers

12.10 Further reading
12.11 References
12.12 Nomenclature

Liquid-liquid extraction

13.1
13:2
133
13.4

13.5
13.6

13.7

13.8

139

Introduction

Extraction processes

Equilibrium data

Calculation of the number of theoretical stages

13.4.1 Co-current contact with partially miscible solvents
13.4.2  Co-current contact with immiscible solvents
13.4.3  Countercurrent contact with immiscible solvents
13.4.4  Countercurrent contact with partially miscible solvents
13.4.5 Continuous extraction in columns

Classification of extraction equipment

Stage-wise equipment for extraction

13.6.1 The mixer—settler

13.6.2 Baffle-plate columns

13.6.3 The Scheibel column

Differential contact equipment for extraction

13.7.1  Spray columns

13.7.2  Packed columns

13.7.3  Rotary annular columns and rotary disc columns
13.7.4  Pulsed columns

13.7.5 Centrifugal extractors

Use of specialised fluids

13.8.1 Supercritical fluids

13.8.2  Aqueous two-phase systems

Further reading

13.10 References
13.11 Nomenclature

721

721
722
725
728
728

731
734
737
742

744
748
748
750
750
756
760
760
761
763
763
765

767
769



Xii

CONTENTS

14. Evaporation

15.

14.1
14.2

14.3
14.4

14.5

14.6
14.7

14.8
14.9

Introduction

Heat transfer in evaporators

14.2.1 Heat transfer coefficients

14.2.2 Boiling at a submerged surface

14.2.3 Forced convection boiling

14.2.4  Vacuum operation

Single-effect evaporators

Multiple-effect evaporators

14.4.1 General principles

14.4.2 The calculation of multiple-effect systems

144.3 Comparison of forward and backward feeds

Improved efficiency in evaporation
14.5.1  Vapour compression evaporators
14.5.2 The heat pump cycle
Evaporator operation

Equipment for evaporation

14.7.1 Evaporator selection

14.7.2  Evaporators with direct heating
14.7.3 Natural circulation evaporators
14.7.4  Forced circulation evaporators
14.7.5  Film-type units

14.7.6  Thin-layer or wiped-film evaporators
14.7.7  Plate-type units

14.7.8  Flash evaporators

14.7.9  Ancillary equipment

Further reading

References

14.10 Nomenclature

Crystallisation
15.1 Introduction
152 Crystallisation fundamentals

15.3

154

15.5

15.2.1 Phase equilibria

15.2.2  Solubility and saturation

15.2.3  Crystal nucleation

15.2.4 Crystal growth

15.2.5 Crystal yield

15.2.6  Caking of crystals

15.2.7 Washing of crystals
Crystallisation from solutions

15.3.1 Cooling crystallisers

15.3.2 Evaporating crystallisers

15.3.3  Vacuum (adiabatic cooling) crystallisers
15.3.4 Continuous crystallisers

15.3.5 Controlled crystallisation

15.3.6  Batch and continuous crystallisation
15.3.7 Crystalliser selection

15.3.8 Crystalliser modelling and design
Crystallisation from melts

15.4.1 Basic techniques

15.4.2 Multistage-processes

1543 Column crystallisers

15.4.4 Prilling and granulation
Crystallisation from vapours

15.5.1  Introduction

15.5.2 Fundamentals

15.5.3 Sublimation processes

15.5.4 Sublimation equipment

771

T
771
771
773
775
777
778
780
780
782
786
791
791
798
802
805
805
805
807
810
813
814
816
817
819
823
823
825

827
827

870



16.

17.

15.6

15.7
158
159
15.10
15.11

CONTENTS

Fractional crystallisation

15.6.1 Recrystallisation from solutions
15.6.2 Recrystallisation from melts
15.6.3 Recrystallisation schemes
Freeze crystallisation

High pressure crystallisation

Further reading

References

Nomenclature

Drying

16.1
16.2
16.3

16.4

16.5

16.6

16.7
16.8
16.9
16.10

Introduction

General principles

Rate of drying

16.3.1 Drying periods

16.3.2  Time for drying

The mechanism of moisture movement during drying
16.4.1 Diffusion theory of drying
16.4.2  Capillary theory of drying
Drying equipment

| Classification and selection of dryers
16.5.2  Tray or shelf dryers

16.5.3 Tunnel dryers

16.5.4 Rotary dryers

16.5.5 Drum dryers

16.5.6 Spray dryers

16.5.7 Pneumatic dryers

16.5.8 Fluidised bed dryers
16.5.9 Turbo-shelf dryers

16.5.10 Disc dryers

16.5.11 Centrifuge dryers
Specialised drying methods

16.6.1 Solvent drying

16.6.2  Superheated steam drying
16.6.3 Freeze drying

16.6.4 Flash drying

16.6.5 Partial-recycle dryers

The drying of gases

Further reading

References

Nomenclature

Adsorption

17.1
17.2

17.3

17.4
1’58

Introduction

The nature of adsorbents

17.2.1  Molecular sieves

17.2.2  Activated carbon

17.2.3  Silica gel

17.2.4  Activated alumina
Adsorption equilibria

17.3.1  Single component adsorption
17.3.2  The Langmuir isotherm
17.3.3 The BET isotherm
17.3.4 The Gibbs isotherm
17.3.5 The potential theory
Multicomponent adsorption
Adsorption from liquids

Xiii

885
887
887
888
888
890
893
894
897

901

901
901

904
907
912
912
913
918
918
920
922
923
931
933

946
953
954
956
957
957
957
959

961
963
964
965
967

970

970

980
980
983
989
991
993
994



Xiv

18.

19.

17.6

1737

17.8

17.9

17.10
17.11
17.12

CONTENTS

Structure of adsorbents

17.6.1  Surface area

17.6.2  Pore sizes

Kinetic effects

17.7.1  Boundary film

17.7.2  Intra-pellet effects

17.7.3  Adsorption

Adsorption equipment

17.8.1 Fixed or packed beds

17.8.2  Equilibrium, isothermal adsorption in a fixed bed, single adsorbate
17.8.3  Non-equilibrium adsorption — isothermal operation
17.8.4  Non-equilibrium adsorption — non-isothermal operation
Regeneration of spent adsorbent

17.9.1  Thermal swing

17.9.2  Plug-flow of solids

17.9.3 Rotary bed

1794 Moving access

17.9.5 Fluidised beds

17.9.6 Compound beds

17.9.7 Pressure-swing regeneration

17.9.8 Parametric pumping

17.9.9 Cycling-zone adsorption (CZA)

Further reading

References

Nomenclature

Ion Exchange

18.1
18.2
18.3
18.4

18.5

18.6

18.7
18.8
18.9

Introduction

lon exchange resins

Resin capacity

Equilibrium

18.4.1 lon exclusion and retardation
Exchange kinetics

18.5.1 Pellet diffusion

18.5.2  Film diffusion

18.5.3 lon exchange Kinetics
18.5.4 Controlling diffusion
lon exchange equipment
18.6.1 Staged operations
18.6.2 Fixed beds

18.6.3 Moving beds

Further reading

References

Nomenclature

Chromatographic separations

19.1
19.2

19.3

19.4

Introduction

Elution chromatography

19.2.1 Principles

19.2.2 Retention theory

Band broadening and separation efficiency

19.3.1 Plate height

19.3.2  Band broadening processes and particle size of packing
19.3.3  Resolution

19.3.4 The separating power of chromatography

Types of chromatography

19.4.1 Comparison of gas and liquid chromatography
19.4.2  Gas chromatography (GC)
1943  Liquid chromatography (LC)

994

995

996
1002
1003
1004
1007
1008
1009
1012
1017
1022
1026
1026
1027
1034
1034
1035
1036
1036
1040
1045
1047

1049



CONTENTS

19.4.4  Supercritical fluid chromatography (SFC)
19.4.5 Chiral chromatography
19.5 Large-scale elution (cyclic batch) chromatography
19.5.1 Introduction
19.5.2  Gas chromatography equipment
19.53  Liquid chromatography equipment
19.5.4  Process design and optimisation
19.6  Selective adsorption of proteins
19.6.1 Principles
19.6.2  Practice
19.6.3 Expanded bed adsorption
19.7  Simulated countercurrent techniques
19.8  Combined reaction and separation
19.9  Comparison with other separation methods
19.10 Further reading
19.11 References
19.12 Nomenclature

20. Product design and process intensification
20.1  Product design
20.1.1  Introduction
20.1.2  Design of particulate products
20.1.3 The role of the chemical engineer
20.1.4  Green chemistry
20.1.5 New processing techniques
20.2  Process intensification
20.2.1 Introduction
20.2.2  Principles and advantages of process intensification
20.2.3  Heat transfer characteristics on rotating surfaces
20.2.4 Condensation in rotating devices
20.2.5 Two-phase flow in a centrifugal field
20.2.6  Spinning disc reactors (SDR)
20.3  Further reading
20.4 References
Appendix
Al.  Steam Tables
Table [A. Properties of saturated steam (SI units)
I1B. Properties of saturated steam (Centigrade and Fahrenheit units)
I1C. Enthalpy H of dry steam (superheated) (SI units)
ID. Entropy § of dry steam (superheated) (SI units)
Figure | A. Pressure-enthalpy diagram for water and steam
Figure | B. Temperature-entropy diagram for water and steam
A2.  Conversion Factors for common SI units
Problems
Index

XV

1087
1087
1088
1088
1089
1090
1091
1093
1093
1095
1095
1096
1098
1099
1100
1100
1103

1104

1104
1104
1106
1108
1108
1109
1110
1110
1111
1113
1119
1122
1129
1134
1134

1137

1138
1139
1142
1144
1144
1145
1146
1147

1149

1185



