
INDEX

Acronyms

CFD computational fluid dynamics
RTD residence time distribution
LES large eddy simulation
DNS direct numerical simulation
RANS Reynolds averaged Navier-Stokes equations
RSM Reynolds stress model
CoV coefficient of variation
LDA laser Doppler anemometry
LDV laser Doppler velocimetry
PIV particle image velocimetry

Examples are identified in bold face type
Cross references are italicized

Adsorption 545
Adsorption columns, residence time

distribution 2
Aeration 353, 595, 1142
Agglomeration, solids 914, 921, 927,

1192
Agricultural chemicals xxiii, 729, 1027
Alkylation reaction 1185
Allowable stresses, table 1291
Alloys 1319
Anchor impeller 385, 872, 993, 1030,

1255
Animal cell culture 1139, 1150
Arrhenius model, reaction 268
Asymptotic directionality 110, 120
Axial dispersion, pipeline mixing 418
Axial flow impeller 354, 361, 1032,

1049, 1296, 1308

Bacillus subtilis 1105, 1110
Backmixing, feed pipe 784, 823
Baffles 348

2D-CFD 289
glass-lined 351, 725, 1030, 1034
heat transfer 876, 881
liquid–liquid mixing 720, 724
solids suspension 579

Batch mixing, viscous 1017, 1020, 1021
Batch reactor 780, 1029

heat transfer 1029
multipurpose plants 1029
pharmaceuticals 1028
residence time distribution 2
scale-up 1035

Batchelor scale 49, 769, 775
Bearings 1273

gear reducers 1273
ratings 1275
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Belt drives 1277
Beta-PDF, reaction model 270, 853
Bimodal drop size distribution 644
Bin blender, solids 911
Biomass, non-Newtonian 1074
Biomass, yield stress 1074
Biopolymer, fermentation 1113
Bioreactors see fermentation
Black liquor, pulp 1189
Blend time xiv, xl, 507

CFD simulation 291, 301, 314, 315,
843

compartmentalization 606, 724
confidence interval 511
Corrsin 52, 57, 510, 533
definition 173, 764
fermentation 1090
gas–liquid mixing 590, 605, 1090
impeller retrofit 512
impeller selection 379, 511, 520, 529
in pipes 57, 437, 438, 459
jet mixing 534, 536, 537
laminar 527, 530
liquid–liquid mixing 724
multiple impellers 513
Newtonian, miscible 379, 508, 514,

767
rating problem 512, 515
shear-thinning fluids 518
tall tanks 513
transitional flow 510
turbulent flow 509
yield stress fluids 525

Blend time measurement 96, 164, 508
colorimetric methods 167
data analysis 172
flow visualization 165
indicators 168
probe location 167

Blending, laminar vii, 89, 527
Blending, petroleum 1171
Blending, solids see powder blender
Boiling 622

cavitation number, table 614
gas hold-up 622
gassed power 614, 616
Smith number 614
ungassed 612

Bottom-entering mixer 1253, 1278
Bottom port, stirred tank 376
Boundary layer 274
Bourne reactions 785, 822, 843, 846

see competitive-consecutive reactions

engulfment model 770, 776, 829, 834,
846, 1218

parallel reactions 784, 786
table 786

Boussinesq hypothesis, turbulence model
73, 262

Bubble size 632
Bubble size, measurement 199
Bypassing, residence time distribution 9

Calorimetry, reaction see reaction
calorimetry

Capillary number , drop breakup 653
Causticization reaction 1193
Cavern formation 521, 530, 1114

pulp 1200
xanthan gum 1114, 1116
yield stress fluids 521, 522, 526, 1080

Cavitation number, boiling 614
Cavities, gas–liquid mixing 194, 598,

602, 608, 1081
CD6 impeller 331, 356, 597, 609, 614
Cell culture xxiii, 1139

animal cells 1139, 1150
see cell damage
equipment design 1151
plant cells 1152

Cell damage 1139
bacterial 1138
characterization 1133, 1142
circulation time distribution 1127
due to aeration 1142, 1144, 1146
due to bubble bursting 1142, 1144,

1146
due to foam 1142, 1144, 1146
due to turbulence 1076, 1127, 1139
microcarrier cultures 1148
plant cells 1152
shear-sensitive cells 1140, 1176
surfactants 1146
suspension cultures 1141

Cell growth, model 69
Central differencing, CFD 278, 280
CFD x, 257, 833

blend time 291, 301, 314, 315, 843,
845

circulation pattern 80
equipment vendor role 1345
extruder 322
fermentation 319
flow number 294, 314
free surface 290, 300
gas–liquid 290, 301, 320, 604
heat transfer 267
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helical ribbon impeller 332
impeller design 330
laminar mixing 110, 119, 128, 332
limitations and benefits 14, 81, 337,

856
macroinstability 76, 298
mass transfer 265
mesomixing 843
micromixing 270
Monte-Carlo coalescence-dispersion

848, 849
multiphase flow 271, 290
non-Newtonian fluid 272, 321
particle tracking 302
polymer processing 322
power number 294, 313
process objectives 302, 315
pulp and paper 1224
pulp chest 321
residence time distribution 14
scale-up 856
solid–liquid mixing 290, 301, 318
start-up 297
static mixer 325, 414
tank geometry 258
time-dependent 284, 297
turbulence 291, 301
yield stress fluid 321

CFD, analysis of results 302
animation 308
helicity 311
LES 315
particle tracking 307
path lines 306
rate of deformation 311
streamlines 305
velocity vectors 304
vorticity 310

CFD, numerical issues 273
boundary layer 274
central differencing 278, 280
convergence 283
differencing schemes table 280
discretization schemes 277, 278
finite difference method 281
finite element method 281
finite volume method 277
grid generation 273, 303
hardware 284, 336
log-law of the wall 275
mesh superposition 323
numerical diffusion 284
numerical methods 273
parallel processing 284

QUICK 279, 280
SIMPLE algorithm 282
structured grid 274
see turbulence model
underrelaxation 283
unstructured grid 274
upwind differencing 279, 280
wall function 274

CFD, reaction 268, 316, 833
Bourne reactions 846
closure equations 836
closure models, table 834
closure, beta-PDF 853
combustion 407, 846
engulfment model 846
exothermic 854
LDPE 328
paired-interaction closure 850, 851
probability density function 37, 270,

853
CFD, stirred tank modeling x, 285, 292

baffles in 2D 289
CPU time, figure 335
impeller data 289
impeller modeling 285
multiple reference frame 292
multiple shafts 323
rotating reference frame 292
sliding mesh 295
snapshot model 300

Chaos see laminar mixing
Chemineer Greerco rotor-stator 483,

485, 487, 488, 489, 491
Chromatography column, residence time

distribution 2
Circulation pattern 77, 80, 203, 312, 366
Circulation time distribution 69

cell damage 1127
fermentation 1073, 1090, 1105
liquid–liquid mixing 729
measurement 70, 1102

Close-clearance impeller 385, 1254,
1308

Closure equations
see CFD, reaction
see turbulence model

Cloud height, solids suspension 562
CO2 reduction reaction 1174
Coalescence 641, 679

classification 685
classification, table 686
coagulum 707
emulsion polymerization 707
gas hold-up 621
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Coalescence (Continued)
gas–liquid mixing 199
see liquid–liquid dispersion
pH 684
practical implications 690, 696
reaction 738
scale-up 681, 685, 735

Coalescence, effect of
electrolyte 707
fine solids 718, 738
interfacial tension 683
key variables 683, 690, 707

Coalescence, process of 682
at an interface 687
colliding drops 687
collision frequency 642
dispersion 713
film drainage 642, 683, 687
film thickness at rupture 689
frequency 692

Coatings, equipment 1327
Coefficient of variation 410

drop size distribution 645
mixing quality 1231
pipeline mixing 410, 416, 432
pipeline mixing, figures 414, 416, 435
pulp and paper 1231
sample size effect 97
static mixers 410, 414, 432, 435, 439,

455
Colloid mills 482
Combustion 407, 846
Compartmentalization, Rushton impeller

724
Compartment model 1099
Competitive-consecutive reaction 758,

764, 1039
see Bourne reactions
concentration effect 822
peroxymonosulfate 1190
scale-up 782, 785, 787, 794, 827, 830
selectivity 758, 782, 796, 806, 811
simulation 843

Complete segregation 1, 5, 11
Computational fluid dynamics see CFD
Concentrated liquid–liquid dispersion

648, 663, 704, 732
Concentration of reagents see reaction
Conductivity probes 178, 185, 187, 189
Constant temperature anemometry 203,

204, 205
Continuous mixing, viscous 1000, 1007,

1009, 1012
Continuous phase, definition 639

Continuous reactor see reactor
Convection, definition 259
Convective mixing, solids 912
Convergence, CFD 283
Conversion, definition 764
Conversion tables, units lviii, lix
Corrosion 1319
Corrsin time scale 51, 57, 510, 533, 763,

769, 771, 833, 836, 839, 849
Cosmetics and detergents 407
Costs

capital vs operating 1343
poor mixing xxxv, 1237
torque vs. power 1343

Couplings 1303
CoV see coefficient of variation
Critical micelle concentration 715
Critical speed, shaft design 1287, 1296,

1304, 1305, 1335
Crystallization xxiii, xlviii, 1057

crystal shape, table 1060
growth 820, 858, 1028, 1061
mass transfer 1061
mixing 545, 820
model 69
nucleation 820, 858, 1059
Ostwald ripening 717
reactive 819, 1028, 1053
regulatory control 1058

Crystallization equipment
fluidized beds 1058
impinging jets 1058
multipurpose plants 1058
scale-up 1056, 1057, 1054,

1062, 1063
CSTR 5, 778

completely segregated model 5
damping 9
exponential distribution model 5
first appearance time, table 7
reactor volume, vs plug flow, figure

374
residence time distribution 5, 12, 15
yield limits 12

Cumulative number frequency, drop size
distribution 644

Cut diameter, drop size distribution 643

Damkoehler number 32, 756, 765, 823
diffusion 259
dispersed phase 639
dispersive mixing 988
distributive mixing 988
drop size distribution, characteristics

643
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drop size, mean 643
Eulerian frame of reference 62
fully isotropic turbulence 63
fully turbulent flow 63
granular solids 899
homogeneous turbulence 63
intensity of segregation 22
Lagrangian frame of reference 69
locally isotropic turbulence 63
macromixing 24, 765
mesomixing 24, 766
micromixing 24, 765, 768
mixing xxxiv, 22
mixing and reaction 32, 756, 761,

777, 1039, 1043
reaction time 765
Reynolds number 394
rheology 148
Sauter mean diameter 643
scale of segregation 22
scale-up 1058
scale-up protocols 826
selectivity 764
turbulence 20, 45
turbulent shear flow 63
vorticity 310
vvm 1079
yield 764

Davies figure, drop size in equipment
500, 666

Definition
blend time 173, 764
continuous phase 639
convection 259
conversion 764

Deflaking, paper 1210
Deinking, lumen loading 1213
De-mixing, solids 887, 901, 906, 914,

926
Desalting, petroleum 1183
Design of equipment see equipment

specification 429, 431
Desorption 545
Diagnostic chart l

dust explosion 980
feed location l
gas–liquid reaction li
liquid–liquid extraction lii
liquid–liquid reaction liii
reaction 26
slurry withdrawal liv
solid–liquid reaction lv
solids mixing 937, 938
solids removal liv

Differencing schemes, CFD 280
Diffusion see mass transfer
Dilute liquid–liquid dispersion, drop

breakup 648, 659, 731
Direct numerical simulation see turbulence

model, DNS
Discretization schemes, CFD 277, 278
Dispersant 647
Dispersed phase, definition 639
Dispersed phase concentration,

liquid–liquid mixing 647
Disperser operation, tip speed 1193
Dispersion

floating solids 564
solids 544
viscous mixing 988

Dispersion and coalescence see
liquid–liquid dispersion

Dissolving reagent 796, 819, 1044, 1052
Dissolving solids 545, 547, 556, 570
Distillation column, residence time

distribution 2
Distributive mixing, definition 988
DNS see turbulence model
Double cone blender, solids 908, 910
Double-motion impeller 1256
Draft tube 351, 724
Drawdown, floating solids 380, 564,

1192
Drop breakup 649

capillary number 653
coalescing system 676
collision with walls 641
dilute 659
dmax, Davies figure 500, 666
energy dissipation 658, 660
Grace curve 654, 991
intermittency 667
laminar flow 651
see liquid–liquid dispersion
maximum stable drop size 657, 739
mechanisms 639, 641, 650, 713
models 667
power per volume 660, 666
shear 641
surfactant, role of 668
time varying flow 650, 667
turbulence 44, 650, 656, 658, 660
viscosity ratio 654
Weber number 658

Drop breakup, pipeline mixing 441
drop size, laminar 447
drop size, turbulent 443
laminar de-mixing 461
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Drop breakup, pipeline mixing
(Continued)

large viscosity ratio 454
turbulent coalescence 461
turbulent dispersion 452, 454

Drop size
correlations, table 669
drop size classification, table 646
laminar pipe flow 447
see Sauter mean diameter
turbulent pipe flow 443

Drop size distribution 643, 662, 697
bimodal 644
control of 644
CoV 645
cumulative number frequency 644
cut diameter 643
Gaussian 644
see liquid–liquid dispersion
log-normal 644
mean drop size 643
normal 644
population balance modeling 697
Schwarz-Bezemer equation 645
similarity 676
time to equilibrium 668, 727
transient 676

Drop suspension, off bottom 646
Dust explosion 979, 980
Dynamical systems theory see laminar

mixing

Electric motors 1258
amperage 1261
direct current 1266
duty 1260
enclosures 1263
explosion-proof 1263
frame size 1262
frequency 1260
insulation class 1263
mounting 1266
NEMA design 1260
phase 1259
power 1262
speed 1260
type 1259
variable speed 1266
voltage 1261
wiring 1264

Electrolyte, effect on coalescence 707
Emulsion 646

critical micelle concentration 715
desalting 1183

impeller selection 1173
latex paints 706
see liquid–liquid dispersion
oil drilling 1171
overmixing 1184
poor mixing 1184
stability 706, 1173
viscosity effects 706
water in crude oil 1175

Emulsion polymerization 707, 739
heat transfer 705
retreat curve impeller 707

Energy dissipation 47, 49, 53
average see power per volume
calculation 55, 781
drop breakup 658, 660
drop size, figure 500, 666
effect of geometry 56, 660, 781
impeller swept volume 55, 660
maximum, table 781
reaction and local 761, 763, 768, 773,

777, 783, 790, 809, 817, 833, 835,
839, 851

scale-up 53, 773, 821, 829, 848, 1077
viscous mixing 1022

Engulfment model 770, 776, 829, 834,
846, 1218

Equipment xi, xli
see baffles
cell culture 1151
components 1248
draft tube 351, 724
extruders 464
gas–liquid mixing, table 587,

588, 801
see geometry
high-shear 1254
high viscosity 1254, 1267, 1255, 1308
see impeller
see liquid–liquid mixing equipment
see materials
mechanical loads 1269
mechanical seals 1280
see mixer
see motor
mountings 1311, 1313, 1316, 1317
non-Newtonian fluids 1222
pipeline mixing 391, 422, 463
see powder blender
pulp and paper 1222, 1229
rotor-stator 464, 504
seals 1278
see stirred tank
shaft design 1287
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solids mixing 934, 937, 938, 940,
965, 967, 977

static mixer 422
Equipment selection 378, 396, 573, 591,

719, 917, 933
gas–liquid mixing 591
gas–liquid mixing, table 586, 588, 801
heat transfer, figure 993
heat transfer, table 874
impeller type 354, 579, 1249, 1308
liquid–liquid mixing 719
liquid–liquid mixing, table 500, 722
materials of construction 1318
solid–liquid mixing 548, 573, 577
solids mixing 917, 924, 933, 951, 954
static mixers 396, 429, 431, 1257
static mixers, table 398, 405, 428,

430, 436
Equipment specification 1333, 1334

CFD 1345
laser Doppler velocimetry 1345
loads due to fluid forces 1347
mechanical reliability 1347
motor power and speed 352, 1268
process requirements 1333, 1349
sample testing 1343
scale-up 1338
vendor role 1333, 1334
vibration 1350
welding 1348
witness testing 1344

Equipment vendor
importance of experience 1334
role of 1351

Escherichia coli 1097, 1138
Eulerian frame of reference, definition

62
Evaporative cooling 873
Experimental methods viii, 145

blend time 96, 164, 508
Bourne reactions 175
cell damage 1143
conductivity probe 178
see gas–liquid mixing
LDV 166, 202, 220
liquid–liquid dispersion 187, 189
mixing and flow visualization 145,

165
mixing laboratory 146
Monte-Carlo oxygen feed 1101
Njd, liquid dispersion 189
Njs, solid suspension 182, 184, 185
phase Doppler anemometry 234
PIV 166, 237

power or torque 161
probe size, laminar mixing 97
see reaction calorimetry
reactive mixing 175
solid–liquid mixing 177, 182
turbulence 71
see velocity measurement
see visualization

Explosion-proof motors 1263
External heat exchangers 873
Extraction, liquid–liquid troubleshooting

chart lii
Extruders 464, 1005

heat transfer 993
mixing enhancers 1008, 1019
single-screw 1000, 1007, 1010, 1022
twin-screw 1009, 1014, 1016, 1019,

1022
twin-shaft 1020, 1021

Fatigue, tables 1324, 1325, 1326
Feed pipe 352, 375

backmixing 375, 784, 823, 829, 848
backmixing, table 376, 824
injection velocity 783, 822, 829, 845,

848
location 352, 773, 775, 778, 782, 817,

821, 829, 846, 851, 1113, 1233
location, liquid–liquid mixing 726
pipe diameter 868, 771, 773, 782, 829
reaction selectivity or yield 766, 771,

773, 782, 783, 789, 823, 828, 847,
853, 856, 1233

troubleshooting chart l
Fermentation xxiii, 1071

Bacillus subtilis 1105, 1110
biopolymer 1113
blend time 1090
CFD 319
circulation time distribution 1073,

1090, 1105
compartment model 1099
Escherichia coli 1097, 1138
gassed power 611
geometric similarity 1084
impeller selection 1089, 1119
mixing sensitivity 1103
model culture 1103, 1105
Monte-Carlo experiment 1101
mycelia 1074, 1124, 1132
mycelial aggregation 1132
nutrient concentration 1074, 1096
oxygen gradients 1073, 1105
oxygen uptake rate 1073, 1087, 1095,

1100
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Fermentation (Continued)
periodic fluctuations 1096
pH 1074, 1096, 1110
polysaccharide 1113
product quality 1123
rate limiting mechanism 1095
retrofitting 1137
Saccharomyces cerevisiae 1097, 1104
scale-down experiment 1099
scale-up 1071, 1076, 1094
time scales 1095
zone model 1099, 1112

Fiber length, pulp 1197
Film drainage, coalescence 642, 683,

687
Film thickness at rupture 689
Fine chemicals xxiii, 407, 1027
Fine solids, effect of on liquid–liquid

dispersion 647, 718, 738
Finite difference method 281
Finite element method 281
Finite volume method 277
Fixed bed reactors, residence time

distribution 2
Flat blade impeller 872, 1030
Floating solids drawdown 380, 564,

1192
Flotation, gas–liquid–solid mixing 1195
Flow characteristics of impellers 358
Flow follower, circulation time

distribution 1102
Flow number, CFD 294, 314
Flow patterns 364, 393

gas–liquid mixing 591, 599
rotor-stator 493
stirred tank 77, 80, 203, 312

Flow regimes, pipeline mixing 393, 396
Flow visualization see visualization
Fluidized bed reactors, residence time

distribution 2
Fluidized beds, crystallization 1058
Foam, cell damage by 1146
Food industry 408
Fourier number 509
Fractals 102, 136
Free settling velocity see settling velocity
Free surface, CFD 290, 300
Frequency shift, laser Doppler

anemometry 217
Frequency spectrum 45
Friction factor

derivation 395
Reynolds number 394, 396, 431

Froude number, surface vortex 1078

Fully isotropic turbulence, definition 63
Fully turbulent flow, definition 63, 66
Fundamentals, viscous mixing 987

Gas bubbles, liquid–liquid dispersion 719
Gas–gas pipeline mixing 438
Gas hold-up 196, 620

boiling 622
coalescence 621
multiple impellers 625
pulp 1204
sparged, hot 623
static mixers 620
stirred tanks 620, 624
surfactants 621

Gas inducing mixers 382
Gas–liquid mixing xvi, xli, 585

aeration 595, 1142
blend time 590, 605
blend time, compartmentalization 606
see boiling
bubble size 199, 632
cavities 194, 598, 602, 608, 1081
cavity type 194
CFD 290, 301, 320, 604
coalescence 199
equipment classification 587
equipment selection 591
equipment table 588, 801
flow patterns 591, 599
see gas hold-up
gas inducing mixers 382
see gassed power
gassing regime 194
heat transfer 591
hollow shaft 382
impeller selection 597, 1084, 1119
interfacial area 199
mass transfer 590, 626, 628
mass transfer coefficient 196
mass transfer, pulp 1205
mixing mechanisms 589
multiple impellers 597
network of zones 198
new developments 586
operating regimes 599
pipeline mixing 402, 457
pulp and paper 1189, 1225
recirculation 1082
recommended tank geometry 596
RTD 200
scale-up 633
see sparged, hot
self-inducers 595
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solids suspension 591
sparging 353, 595
stirred tank 382
surface aerators 595
tall tanks 597

Gas–liquid reaction xlv, 631, 800, 1045,
1189

equipment performance values, table
588, 631, 801

see fermentation
gas as by-product 1046
gas as reagent 1028, 1045, 1047
mass transfer regimes, table 631
scale-up 804, 824, 831, 1049
selectivity 806
tank geometry 801
troubleshooting chart li

Gas–liquid–solid mixing 562
flotation 1195
pulp and paper 1194
reaction 1045, 1194

Gassed power 196, 607, 1080
boiling 614, 616
fermenter 611
measurement 196
relative power demand 607
relative power demand, table 609
sparged 590, 610, 1080
sparged, hot 619
static mixers 607

Gas sparger 353, 595
heat transfer 874

Gas volume fraction see gas hold-up
Gas vs. liquid Schmidt number 49
Gear box see gear reducer
Gear reducers 1268, 1335

bearings 1273
configurations 1270
gear types 1270
mixer loads 1269
ratings 1275

Geometric similarity
fermentation 1084
scale-up 58, 60

Geometry 347
baffles 348, 579, 876, 720, 1030
energy dissipation 660
see equipment
gas–liquid mixing 382, 588, 596, 801
heat transfer surfaces 871, 875, 881
heat transfer, table 873, 874
see impeller
rotor-stator 482
solid–liquid mixing 548, 577

static mixer 422, 426
see stirred tank

Glass-lined equipment
attachment 1030
baffles 351, 725, 1030, 1034
impellers 355, 1030

Glucose, feed location 1113
Grace curve, drop breakup 654, 991
Granular mixing 898

definition of granular state 899
dilation 900, 901
double cone 908
equipment 911
fundamentals 898
segregation 899, 906, 908, 914, 939
V-blender 899, 908, 910

Gravity silo 953, 955, 974
Grid generation, CFD 273, 303

Hardware, CFD, 336
Heat and mass transfer, liquid–liquid

reaction 717
Heat transfer xx, xliii, 869

batch reactor 1029
CFD 267
emulsion polymerization 705
equipment selection 874, 993
evaporative 873
external heat exchangers 873
fundamentals 870
gas sparging 874
gas–liquid mixing 591
geometry, table 873, 874
impellers 872, 874, 881
Nusselt number 878
pipeline mixing 403, 465
Prandtl number 878
reaction calorimetry 869, 1036
resistances 870
static mixers, table 467
stirred tank 352
thermal conductivity 870
viscous mixing 883, 993

Heat transfer coefficient
correlations 878, 882, 883
overall 870
static mixers, table 467
stirred tanks 869
table 879

Heat transfer surface
baffle pipes 876, 881
internal coils 353, 871, 875, 881
jackets 353, 871
plate coil 353, 876, 881



1362 INDEX

Helical ribbon impeller 332, 385, 872,
883, 995, 1020, 1255

CFD simulation 332
heat transfer 883, 993

Helicity 311
Heterogeneous reaction 790, 796, 1044

see gas–liquid reaction
see liquid–liquid reaction
see reaction
scale-up 796, 830, 1049, 1051, 1056
see solid–liquid reaction
vs homogeneous 800

High solidity impeller 1340
High viscosity mixer 1254, 1267, 1255,

1308
High efficiency impeller 357, 365, 579,

1030, 1339
High intensity powder blender 953, 963
High-shear impeller 350, 358, 368,

1030, 1254, 1256, 1342
glass-lined 1030
pulp and paper 1234

High-shear powder blender 953, 963
Hindered settling 553, 554
Hollow blade impeller 331, 356, 597,

609, 614
Hollow shaft 382
Homogeneous reaction 785, 1038

scale-up 773, 785, 796, 827, 1042
see reaction
selectivity 756, 757, 785, 796, 1038,

1042
semibatch reactor 1043

Homogeneous turbulence, definition 63,
65

Homogenization, water in crude oil 1175
Homogenizers, table 963
Hub design 1310
Hub weights, table 1301
Hydraulic seal 1285
Hydraulic service factors, table 1291
Hydrodynamics 302, 364, 489

see circulation pattern
see circulation time distribution
see flow
fluid-particle 549
mixing and stratified flow 1176
pipeline 364
rotor-stator 489
settling velocity 550
transition region 489
see turbulence
turbulent 489
solids suspension 548

Hydrofoil impeller 357, 365, 597, 609,
614, 872, 1030, 1300, 1339

IKA Rotor-Stator 484, 486, 492, 493,
494, 503

Image processing, PIV 239
Impeller 354, 1308, 1338

anchor 385, 872, 994, 1030, 1255
axial flow 350, 354, 361, 1032, 1049,

1296, 1308
blade thickness 1308, 1309
bottom-entering 1253, 1278
clearance and spacing, table 372
clearance, off-bottom 371
close-clearance 385, 1254, 1308
design and selection 579, 1308
design using CFD 285, 330
double-motion 1256
drop breakup 650
emulsification 1173
flat blade 872, 1030
flow characteristics 358
flow number 294, 314, 358, 491
flow number, table 359
geometric similarity 58, 60
glass-lined 355, 1030
heat transfer 872, 874, 881
helical ribbon 332, 385, 872, 883,

995, 1020, 1255
high-shear 350, 358, 368, 1030, 1254,

1342
high solidity 597, 609, 614, 1340
high viscosity 1254, 1255, 1308
high efficiency see hydrofoil
hollow blade, CD6 or Smith 331, 356,

597, 609, 614
hub design 1310
hub weights, table 1301
hydrofoil 357, 365, 597, 609, 614,

872, 1030, 1300, 1339
Intermig 355, 681
loop impeller 721
low-shear see hydrofoil1030
Maxflow 357, 609, 614
modeling in CFD 285
multiple see multiple impellers
multipurpose design 1032
pitched blade 354, 597, 609, 614,

681, 872, 1030, 1341
power number 294, 360, 387, 489,

609, 995, 1308, 1338
power number, table 365
pumping number see flow number
radial flow 350, 356, 1032, 1049,

1308
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retreat blade 355, 579, 1030
rotational speed see tip speed
Rushton turbine
shear, shear rate 368
side-entering 1180, 1252, 1278
side-entering, table 365, 367, 368
solids mixing 915, 941, 950
spacing, table 371, 372
stabilizers 872, 1296
stirred tank 347, 385
surface vortex 368, 380
swept diameter 55
tank diameter 1308
tip chord angle 660, 1336
torque 1289, 1307, 1309
turbine, glass-lined 1030
turbulent flow characteristics 358
types 347, 385, 1249
up-pumping 367
variable speed 1032
weight, table 1298, 1299, 1305

Impeller diameter
gas dispersion 1084
solids suspension 1336

Impeller location, phase inversion 714,
724

Impeller retrofit, blending 512
Impeller selection 354, 579, 1249, 1308

blending 379, 511, 520, 529
fermentation 1089, 1119
gas dispersion 382, 597, 1119
liquid–liquid mixing 381, 719
solid–liquid mixing 380, 579

Impeller speed see tip speed
Impeller swept volume 55, 660
Impinging jets 399, 1058
In-line mixer 463

mass transfer 630
petroleum 1178
pulp and paper 1222
reactors 470, 778, 806, 1044, 1058

Intensity of segregation
Corrsin 52
definition 22

Interfacial area, gas–liquid mixing 199
Interfacial area growth, laminar mixing

112, 124
Interfacial tension

coalescence 683
liquid–liquid dispersion 188

Intermaterial area density, laminar mixing
114, 125

Intermig 355, 681
Intermittency, drop breakup 667

Internal coil for heat transfer 871, 875,
881

Ion exchange 545
Islands of unmixedness, laminar mixing

95, 101, 107
Isotropy, turbulent 63, 66

Jacket for heat transfer 871
Jet mixer 531

blend time 534, 536, 537
sludge control 1179
solids suspension 563

Just suspensed speed, liquids 711
Just suspensed speed, solids 182, 184,

547, 556, 558, 561

Kappa number, pulp and paper 1215
Kenics mixer 119
k-ε turbulence model 73, 79, 263
Kinetics, mixing and reaction 1041
Kneading 996, 1001, 1018, 1021
Kolmogorov scale 48, 768

Lagrangian frame of reference, definition
69

Laminar mixing vii, 89, 489, 987
asymptotic directionality 110, 120
blend time 527, 530
see blending
CFD 110, 119, 128, 332
chaos 94, 109
characterization 92
divergence of particle paths 92
drop breakup 651
fractals 102, 136
interface growth 112, 124
intermaterial area density 114, 125
islands of unmixedness 95, 101, 107
Kenics mixer 119
material lines 112
measures of, table 104
mechanisms, summary 138, 987
Metzner-Otto correlation 517, 530
micromixing 776
particle settling velocity 551, 552
pipeline de-mixing 461
pipeline mixing 401, 436, 440, 461
Poincare sections 96
power 384, 529
probe size effect 97
reaction 130
repeating patterns 110
scale of segregation 99
similarity 110, 127, 130, 137
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Laminar mixing (Continued)
sine flow 103, 130
static mixers 416, 432, 451, 461
stirred tank 135, 383
stretching and folding 90, 93, 989,

991
stretching field 108, 123
striation thickness 99
striation thickness distribution 116,

128
see viscous mixing

Large eddy simulation see LES
Laser Doppler anemometry see LDV
Laser Doppler velocimetry see LDV
Latex paints, emulsion 706
LDV 71, 166, 202, 207

applications to mixing 224
equipment specification 1345
frequency shift 217
fringe model 212
measurements 220
measuring volume 212
optics 208, 216
rotor-stator 493
signal processing 218
velocity bias 222

Length scales 24
Batchelor scale 49, 50
Kolmogorov scale 48, 50
pulp 1206
reaction 24
reaction, table 50

LES
CFD results 315
macroinstabilities 76, 333
turbulence model 74, 76, 265

Light sheet visualization 166
Liquid–liquid dispersion 649

classification 640
see coalescence
concentrated 648, 663, 704
dilute 648, 659
dispersed phase concentration 647
see drop breakup
see drop size
drop size classification, table 646
drop size correlation, table 669
drop size distribution 643
see emulsion
equipment selection 500, 504, 640,

666, 685, 715
fine solids, effect of 647, 718
gas bubbles, effect of 719
interfacial tension 188

just suspended speed 646, 711
largest drop 739
see liquid–liquid mixing
Marangoni effect 648, 718
mass transfer 648
measurement of dispersed phase 187,

189
measurement of Njd 189
measurement, cleaning protocols 187
see phase inversion
pipeline mixing 443, 447, 452, 454,

461
power per volume 500, 660, 666
rotor-stator 498, 665, 668
see Sauter mean diameter
scale-up 646, 730, 731, 732, 735, 736
scale-up, table 736
solvent extraction 659
static mixers 441, 665, 715, 1177
stirred tanks 650, 681
surfactant dose 716
surfactant, stabilizer or dispersant

647, 668, 715, 716
volume fraction 647

Liquid–liquid dispersion, industrial 640,
646, 737

emulsion polymerization 739
pharmaceuticals 738
pulp and paper 1189
suspension polymerization 714, 738,

741
Liquid–liquid extraction

drop breakup 452, 659
troubleshooting chart lii

Liquid–liquid mixing xvii, xlii, 639
blend time 724
circulation time distribution 729
see coalescence
dispersion and coalescence 713
see drop breakup
see drop size
see emulsion
see liquid–liquid dispersion
see liquid–liquid mixing equipment
see liquid–liquid reaction
see phase inversion

Liquid–liquid mixing equipment
baffles 720, 724
coalescence 685
equipment selection table 500, 666,

722
feed location 726
impeller location 724
impeller selection 719
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multiple impellers 721, 740
pipeline mixing 402, 443
power 727
selection 504, 640, 715, 719
slurry drainage 721
static mixers 441
stirred tank design 381, 719
variable speed drive 721

Liquid–liquid reaction xlii, xliv, xlvii,
809, 1050

see emulsion polymerization
heat and mass transfer 717
see heterogeneous reaction
nitration 640
see reaction
reactive extraction 812
scale-up xliv, xlvii, 810, 812, 825,

832, 1051
see solid–liquid reaction
see suspension polymerization
selectivity xliv, xlvii, 809, 810, 1050
troubleshooting chart liii

Loads due to fluid forces-equipment
specification 1347

Locally isotropic turbulence 63, 66
Log-law of the wall 275
Log-normal drop size distribution 644
Loop impeller 721
Low-shear impeller 357, 365, 579, 1030,

1339

Macroinstability, CFD simulation 76,
298, 333

Macromixing 1053
definition 24, 765
residence time distribution 1

Magnetic drives 1286
Marangoni effect, liquid–liquid dispersion

648, 718
Mass transfer 565, 626

CFD 265
coalescing 1086
concentration at interface, figure 567,

631, 802, 808
crystallization 1061
diffusion 259
gas–liquid mixing 590, 626, 628
gas–liquid, pulp 1205
in pipes 470
in-line mixers 630
liquid–liquid dispersion 648, 717
noncoalescing 1086
rate controlling steps 565
reaction 790, 796

scale-up 1086
see Schmidt number
solid–liquid mixing 182, 565, 567,

570, 1220
solid–liquid, impeller speed 569
stirred tanks 627

Mass transfer coefficient, gas–liquid
mixing 196

Materials of construction 1318
alloys, table 1319
coatings 1327
corrosion 1319
corrosion fatigue 1320, 1326
density of 871
failure 1322
fatigue, tables 1324, 1325, 1326
glass coatings 1328
heat transfer properties, table 871
laboratory 156
life estimates 1323
metal elasticity and density , table

1298
properties, table 871
seals 1279
selection 1318

Maxflow impeller 357, 609, 614
Maximum stable drop size 657
Maximum viscosity ratio, drop breakup

654
Measurement see experimental method
Mechanical design xxvi, 1247

see gear
see impeller
see materials
see motor
rotor-stator 503
see seal
see shaft
see stirred tank

Mechanical reliability, equipment
specification 1347

Mechanical seals 1280
balanced 1282, 1284
barrier fluid 1282
double 1282
single 1281
unbalanced 1282, 1284

Mechanism
coalescence 682
drop breakup 639, 641
drop deformation 641
gas–liquid mixing 589
see laminar mixing, turbulence
liquid–liquid dispersion 641
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Mechanism (Continued)
reaction 31
solids mixing 901, 904, 913, 919,

921, 945
solids suspension 548

Mesh see CFD, numerical issues
Mesh superposition 323
Mesomixing 24, 765

simulation 766, 843
time scale 771, 1044

Metzner-Otto correlation
constant, table 370
laminar 368, 530
shear-thinning fluids 517

Microcarrier cultures, cell damage 1148
Micromixing 24, 766

CFD 270
definition 24, 765, 768, 770
laminar 776
peroxymonosulfate 1190
residence time distribution 1
turbulent, high viscosity 776

Mixer 345, 396, 479, 909, 933, 994
bottom-entering 1253, 1278
double-motion 1256
dry-solids 1257
see impeller
in-line 463
mounting 1310
portable 1249
side-entering 1180, 1252
top-entering 1249

Mixing
batch reactors 780–781
continuous reactors 782, 778
cost of xxxv
crystallization 545, 820
Damkoehler number 756, 761, 763,

765, 777
definition xxxiv, 22
fundamentals xxxix
multipurpose plants 1028, 1058
nomenclature lv
problems xxxiv
process development xliv
reaction model 38
regulatory control 1027
semibatch reactors 780, 785
turbulent 19

Mixing enhancers, extruders 1008, 1019
Mixing equipment

see equipment
see impeller
see stirred tank

Mixing intensity, Reynolds number 418,
432

Mixing kinetics 1041
Mixing laboratory 146

instrumentation 155
lab scale pipes 160
lab scale stirred tanks 156
materials of construction 156
safety 147
scale of operations 154
simulant fluids 152

Mixing quality, CoV 1231
Mixing sensitive reaction see reaction
Mixing time see blend time
Model

cell growth 69
see CFD
coalescence frequency 692
crystallization 69
CSTR 6
drop breakup 667
network of zones 198
population balance 697
residence time distribution 6, 7, 9
solids mixing 923
turbulence 72, 261
viscous mixing 1022
wall jet 562

Model culture
fermentation 1103, 1105
xanthan gum 1113

Monte-Carlo coalescence-dispersion
simulation 848

Monte-Carlo fermentation experiment
1101

Motionless mixer see static mixer
Motor xxvi, 1258

air 1267
electric 1258
gear reducers 1268, 1336
hydraulic 1267
power and speed table 352, 1268
speed reducers 1267
temperature 1266

Motor/gearbox 351
Mounting, electric motors 1266
Mountings, table 1313
Multiphase flow

CFD 271, 290
pipeline mixing 399, 441, 450, 452
pressure drop 451, 456, 457

Multiple impellers 372, 1342
blending 513
gas hold-up 625
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gas–liquid mixing 597
glass-lined 1030
liquid–liquid dispersion 721, 740
viscous mixing 1020

Multiple reference frame 292
Multiple shafts 323
Multipurpose vessel 1032

batch reactor 1029
crystallization 1058
fine chemicals 1027
impellers, variable speed 1032
pharmaceuticals 1028
regulatory control 1027
scale-up 1028, 1032
semibatch reactor 1027, 1032

Mycelia 1074, 1124, 1132

Natural frequency, shaft design 1287,
1293 1297, 1305

Network of zones 198
Newtonian fluids 149
Newton’s law, settling velocity 552
Nitration reaction 640, 739
Njd, liquid dispersion 189
Njs, just suspended speed

liquid dispersion 711
solids suspension 182, 184, 547, 556,

558, 561
Nomenclature lv
Noncoalescing liquid, mass transfer rate

1086
Non-Newtonian fluid

biomass 1074
CFD 272
mixing equipment 1222
rheology 150
see shear-thinning fluid
see yield stress fluid

Nucleation 820, 858, 1059
Numerical diffusion 284
Numerical methods see CFD, numerical

issues
Nusselt number, heat transfer 878
Nutrient concentration, fermentation

1074, 1096

Oil and gas xxv, 408, 1171
Oil drilling 1171, 1173
Operating regimes

gas–liquid mixing 599
liquid–liquid mixing 696, 736
solid–liquid mixing 547, 556, 576

Optical probe 180, 187
Optics, LDV 216

Organic compounds 1027
Ostwald ripening

crystals 717
drops 717

Overmixing 1028, 1054, 1061,1063
emulsion 1184
viscous mixing 1022

Oxygen gradients, fermentation 1073,
1105

Oxygen uptake rate
circulation time distribution 1091
fermentation 1073, 1087, 1095, 1100
xanthan gum 1114, 1116

Paddle blender, solids 941, 943, 945
Paired-interaction closure 850
Parallel processing 284
Parallel reaction 759, 784, 816, 823,

1040
Bourne reactions 784, 786

Particle image velocimetry see PIV
Particle tracking

CFD 302, 307
circulation time distributions 70
Lagrangian approach 69

Path lines, CFD results 306
PDF 37, 270, 853
Peclet number 278
Periodic fluctuations, fermentation 1096
Peroxymonosulfate reaction 1190
Petroleum processing xxv, 1171

alkylation 1185
blending 1171
desalting 1183
sludge control 1179
static mixers 408, 409, 1176

pH
coalescence 684
feed location for control 1113
fermentation 1074, 1096, 1110

Pharmaceuticals xxiii, 1027
batch and semibatch 738, 1028
continuous reactors 1035

Pharmaceuticals, multipurpose reactor
design 1028

Phase Doppler anemometry 226
effect of particle type, table 238
equations 227
implementation 233
measuring modes, table 234
optics 226, 233

Phase inversion 642, 707
impeller location 714, 724
see liquid–liquid dispersion
oil drilling 1173
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Phase inversion (Continued)
polymer processing 710
suspension polymerization 741

Pilot plant see scale-up
Pipeline mixing xii, 391

applications 404, 407, 409, 410, 412
applications, table 405
blending, laminar 401, 436, 440
blending, laminar thermal 440
blending, turbulent 437, 438
coefficient of variation 410, 416, 432,

435, 439, 455
flow inverters 417, 422
gas phase, continuous 457
gas–gas 438
gas–liquid 402
heat transfer 403
impinging jets 399
laminar 401, 416, 432, 437
liquid–liquid 402, 443
mass transfer 470
mixer types 391, 422, 463
mixer types, table 398
multiphase flow 399, 441, 450, 451
operating regimes 392, 396
reaction 403, 778
residence time distribution 416, 470
Reynolds experiments 393
scale-up 57, 462
solid–liquid 450
Tee mixers 399, 419, 438
transitional flow 459

Pitched blade impeller 354, 681, 597,
609, 614, 872, 1030, 1341

PIV 237
applications in mixing 249
compare with other methods 71, 166,

203, 207
image processing 239, 246
implementation 243
principles 237
seeding particles 243
stereoscopic 247

Plant cells 1152
Plate coil for heat transfer 876, 881
Plough mixer 941, 942, 951, 1003
Plug flow reactor

residence time distribution 5, 6
yield limits 12

Pneumatic mixer, solids 958
Poincare sections 96
Polymer processing xxii, 987

extruder 322, 464
heat capacity of polymers 1006

phase inversion 710
static mixers 408
see viscous mixing

Polymerization, residence time distribution
12

Polysaccharide fermentation 1113
Population balance models, drop size

distribution 697
Portable mixer 1249
Powder blender

comparison, tables 950, 951, 952, 954
convective impellers 916
gravity silo 953, 955, 974
high intensity 963
high-shear 953, 963
homogenizers, table 963
paddle 941, 943, 945
plough 941, 942
pneumatic 958
power 943, 949, 971, 973
ribbon 915, 945, 972
screw 949,
sigma blade 950, 999, 1001
specifying 974, 1257
speed 914
testing 975

Powder blending xxi, 887
convective applications 912, 917, 941
convective mechanisms 913
granular convective mixing 911
granular dispersive mixing 911
scale-down 922
scale-up 919, 968, 922
scale-up of convective 917
scale-up of tumbling 914
segregation 888, 913, 926, 939
see solids mixing
time required 945, 971, 974

Power 358
fermenter 611
see gassed power
impellers 384, 489, 1308, 1338
laminar 384, 529
liquid–liquid mixing 727
measurement 155, 161
motor speed 352, 1262, 1268
rotor-stator 489
scale-up see power per volume 376
shear-thinning fluids 517
solids mixing 943, 949, 971, 973
solids suspension 580
viscous mixing 992, 1001

Power number 360, 365, 384, 387, 489,
995, 1308, 1338
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CFD 294, 313
rotor stator 489

Power per volume
drop breakup 660, 666
see energy dissipation 59
gas–liquid mixing 588, 801
impeller swept volume 55
liquid–liquid mixing 500, 666
scale-up 53, 59, 376, 773, 821, 829,

848, 1077
Prandtl mixing length, turbulence model

73
Prandtl number, heat transfer 878
Precipitation 545, 819, 1053
Pressure drop

multiphase flow 451, 456, 457
static mixers, table 431

Probability density function 37, 137,
270, 837, 853

Probe location, blend time measurement
167

Process development xliv
Process intensification, pulp and paper

1224
Process objectives, CFD 302
Process requirements, equipment

specification 1333, 1349
Pulp and paper xxv, 1187

black liquor 1189
bleaching 1214, 1221
caverns 1202
CFD 1224
costs of poor mixing 1237
CoV 1231
deflaking 1210
deinking, lumen loading 1213
gas hold-up 1204
gas–liquid mass transfer 1205
gas–liquid mixing 1189, 1225
gas–liquid–solid mixing 1194
high-shear mixing 1235
kappa number 1215
liquid–liquid mixing 1189
mixing equipment 1222, 1229
polysulfide generation 1194
process intensification 1224
see pulp characterization
pulp yield 1194
repulping 1210
solids dissolution 1189
static mixer 409
white liquor 1190, 1193
yield 1194

Pulp characterization 1195
consistency 1197
fiber length 1197
high consistency 1229
length scales 1206
low consistency 1222
medium consistency 1223
rheology 1198, 1199, 1207
yield stress 1199, 1207

Pulp chest, CFD 321
Pumping number 314, 358, 359, 491

QUICK, CFD 279, 280

Radial de-mixing, solids 906
Radial discharge rotor stator 482
Radial flow impeller 356, 1032, 1049,

1308
Radial mixing, pipeline flow 2, 409,

410, 412
RANS equations 78, 262
Rate controlling step, mass transfer 565
Rate of deformation, CFD results 311
Reaction xliv, xlv, xix, 755, 1039

Arrhenius model 268
see Bourne reaction
see CFD, reaction
classification 794
coalescence 738
see competitive-consecutive reaction
crystallization 819
Damkoehler number 32, 756, 761,

777, 1039, 1043
design flowsheet 26
engulfment model 770, 776, 829, 834,

846, 1218
exothermic 824, 854
experiments 175
fast 33
see feed pipe
see gas–liquid reaction
gas–liquid–solid reaction 1045, 1194
heat and mass transfer 717
heterogeneous 790, 795, 796, 800,

830, 1044, 1049, 1051
homogeneous 756, 773, 785, 796,

1038, 1042
importance of diffusion 28
kinetics 1041
laminar mixing 130
LDPE, CFD 328
length scales, table 50
see liquid–liquid reaction
Magnussen model 268
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Reaction (Continued)
mass transfer effects 28, 790, 796
mixing mechanisms 25
mixing model 38
mixing sensitive 26, 31, 756, 1038,

1039, 1043
modeling, see CFD, reaction
parallel 759, 784, 816, 823, 1040
PDF 37, 137, 270, 837, 853
pipeline mixing 403, 778
pulp and paper 1189, 1194
rotor-stator 501
scale-down 821
see scale-up
scale-up protocols 826
scale-up, geometric similarity 60
scale-up, power per volume 59
see selectivity
slow 33
solid-catalyzed 545
see solid–liquid reaction
supercritical 740
time and length scales 25, 756, 794,

1217
turbulence model 38

Reaction calorimetry 1036
differential 1037
heat transfer 1036
integral 1036

Reactive crystallization 1053
Reactor

see batch reactor
continuous 782, 1035
gas-sparged 800
in-line flow 470
pipeline 778
see semibatch reactor
static mixer 780, 785, 841
stirred tank, batch and semibatch 780,

785
Tee-mixers 779

Recirculation, gas–liquid 1082
Regulatory control

agricultural 1027
pharmaceuticals 1058

Relative power demand, gassed 607, 609
Repulping 1210
Residence time distribution vi, xxxvii, 1

adsorption columns 2
axial dispersion 2, 418
axial mixing, temporal 2
batch reactor 2
bypassing 9, 1193
CFD 14

chromatography columns 2
complete segregation 1, 5, 11
CSTR 5, 12, 15, 174
delta distribution 6
diagnosis 9
distillation columns 2
fixed bed reactors 2
fluidized bed reactors 2
functions, table 3, 4
gas phase 200
macromixing 1
maximum mixedness 1, 11
micromixing 1
models, hydrodynamic 6
models, recycle 7
models, side capacity 9
moments, table 4
nitration reaction 739
nth order reactions 11
pipeline mixing 416, 470
plant measurement 1234
plug flow reactor (PFR) 5, 6
polymerization 12
reaction yield 10, 12
short circuiting 9, 1193
spatial mixing 1
stagnancy 9
temporal mixing 2, 9
tracers 2, 9, 1234
trickle bed reactors 2
two-phase stirred tanks 2
washout functions 3, 6, 9

Retreat blade impeller 359, 579, 1030
emulsion polymerization 707
glass-lined 1030

Reynolds experiment 393
Reynolds number 63, 66, 261, 345

critical 489
definition 394
friction factor correlation 394, 396,

431
mixing intensity 418 432
particle 551, 554, 555

Reynolds stress model 74, 80, 263
Rheology 147

Newtonian fluids 149
non-Newtonian fluids 150
pseudo-plastic fluids 151
pulp 1198, 1199, 1207
shear-thickening fluids 151
shear-thinning fluids 150
viscoelastic fluids 152
xanthan gum 1114
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Rheometers, torque measurement 155,
164

Ribbon blender 915, 945, 951, 972, 1003
Ross rotor-stator 482, 485, 490, 499
Rotating jet 1181
Rotating reference frame, CFD 292
Rotational speed see tip speed
Rotor-stators xiii, 464, 479

applications 480
axial discharge 482
characteristics 479
Chemineer Greerco 483, 485, 487,

488, 489, 491
colloid mills 482
current knowledge 480
design configurations 482
drop breakup 498, 665, 668
equipment suppliers 504
geometry 482
hydrodynamics 489, 492
IKA 484, 486, 492, 493, 494, 503,

1256
key questions 481
mechanical design 503
modes of operation 485
multistage design 482, 483
power draw 489
power number vs. Reynolds number

489
radial discharge 482
reaction 501
Ross 482, 485, 490, 499
scale-up 496, 502
selection, table 500
shear rate range 479
Silverson 480, 482, 483, 486, 490,

491, 499
solids and powder dispersion 501
tip speed 479
velocity field 491

RSM, turbulence model 74, 80, 263
Rushton impeller 354, 361, 382, 597,

609, 614, 724, 872, 883, 1020, 1250,
1341

compartmentalization 724

Saccharomyces cerevisiae 1097, 1104
Safety 147, 977
Sample testing 1343
Sampling

solid–liquid mixing 181
solids mixing 891, 895, 931, 974

Sauter mean diameter
correlations, table of 668

definition 643
drop breakup 658

Scale of segregation
definition 22
laminar mixing 99

Scale-down see scale-up
Scale-up

batch and semibatch 1035
blend time in pipes 57
compare methods 377, 496, 502, 1088
crystallization 1056, 1057, 1062
Damkoehler number 826
definition 1058
energy dissipation 53, 773, 821, 829,

848, 1077
equipment vendor role 1338
fermentation 1071, 1076, 1094
gas–liquid mixing 633
geometric similarity 58, 60
liquid–liquid dispersion 646, 730,

731, 732, 735, 737
liquid–liquid mixing, table 736
liquid–liquid, coalescing 681, 686, 735
liquid–liquid, concentrated 732
liquid–liquid, dilute, table 731, 732
mass transfer rate 1086
pilot plant 154, 1035
power per volume 53, 59, 376, 773,

821, 829, 848, 1077
reaction, competitive-consecutive 782,

785, 787, 794, 827, 830
reaction, gas–liquid 804, 824, 831,

1049
reaction, geometric similarity 60
reaction, heterogeneous 796, 830,

1049, 1051, 1056
reaction, homogeneous 773, 796, 785,

827, 1042
reaction, liquid–liquid 810, 812, 825,

832, 1051
reaction, mixing sensitive 773, 785,

821
reaction, power per volume 59
reaction, protocols 826
reaction, solid–liquid 796, 825, 830,

1056
rotor-stator 496, 502
scale-down 154, 576, 821, 1099
shear 1086
simulation 856
solid–liquid mixing 573
solids mixing 914, 917, 919, 968, 922
solids suspension 1194
static mixers 462
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Scale-up (Continued)
stirred tank, table 376, 377, 1088
suspension polymerization 732
tip speed 1086
torque 376
turbulence 53, 57
turbulence, summary 61

Schmidt number
blend time effects, table 52
definition 24, 25
gas vs. liquid 49

Schwarz-Bezemer equation, drop size
distribution 645

Screw blender, powder 949,
Seals 1278

barrier fluid 1282
cartridge 1284
hydraulic 1285
lip 1285
materials 1279
mechanical 1280
packing 1279
shaft 1278
stuffing box 1278

Seeding particles, particle image
velocimetry 243

Segregation
granular mixing 899, 906, 908, 914,

939
powder blender 888, 914, 926, 939

Selectivity 764
competitive-consecutive reactions

758, 782, 796, 806, 811
CSTR, ideal yield 12
enhancement 811
expected yield, calculation 10, 760
feed point 782, 829, 847
feed rate, time 766, 771, 773, 782,

789, 823, 828, 853, 856
gas–liquid reactions 806
heterogeneous reaction 790, 795, 796
homogeneous reaction 757, 785, 796,

1038 1042
liquid–liquid reactions 809, 810, 1050
plug flow reactor (PFR), ideal yield

12, 758
residence time distribution, limits 12,

758
solid–liquid reaction 796

Self-inducers, gas–liquid mixing 595
Semibatch reactor 780, 785

advantages 1029
disadvantages 1029
dissolving reagents 1044, 1052

homogeneous reactions 1043
multipurpose design 1032
pharmaceuticals 1028
scale-up 1035

Settling velocity 550
correlations for 551
drag coefficient, figure 551
figure 552
hindered settling 553, 554
Newton’s law 552
particle orientation 553
particle shape 553
particle size 553
solids concentration 553
Stokes law 551, 552, 554, 555
turbulent vs laminar 551, 552, 555

Shaft design xxvi, 1278, 1287
allowable stresses, table 1291
bending moment 1290, 1310
couplings 1303
critical speed 1287, 1296, 1335
damping 1296
design steps 1287
diameter 1290
dynamic analysis 1305
failure 1293
hydraulic service factors, table 1291
metal properties, table 1298
natural frequency 1287, 1293, 1297,

1305
seal 1278
solid–liquid mixing 580
stabilizers 1296
static analysis 1304
steady bearing 1292, 1304
strength 1289
torque 1289, 1308, 1310
vibrations 1293
weight 1298, 1305

Shear 368
cell damage 1076
drop breakup 641
impeller 368
scale-up 1086
solids mixing 919, 921
viscous mixing 989

Shear flow 68
definition 63

Shear rate 368
motionless mixers, table 433
rotor-stator 479
static mixers 432

Shear-sensitive cells 1140
Shear-thickening fluid, rheology 151
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Shear thinning fluid 150
blend time 518, 991
Metzner-Otto correlation 517
oil drilling 1173
power 517

Short circuiting 1193
Side-entering mixer 1180, 1252, 1278
Sigma blade impeller 950, 998, 1001
Silverson rotor-stator 480, 482, 483,

486, 490, 491, 499
Similarity

drop size distribution 676
laminar mixing 110, 127, 130, 137

SIMPLE algorithm 282
Simulation see CFD
Sine flow, laminar mixing 103, 130
Single-screw extruder 1000, 1007, 1010,

1022
Sinking solids 380
Sliding mesh 295
Slip velocity, solid–liquid mass transfer

568
Slow reaction 33
Sludge control 1179
Slurry drainage, liquid–liquid mixing

721
Slurry rheology, solid–liquid mixing

1193
Slurry withdrawal, troubleshooting chart

liv, 376
Smith impeller 331, 356, 597, 609, 614
Smith number, boiling 614
Snapshot model 300
Solid–liquid–gas reaction 804
Solid–liquid mass transfer 565

correlations 569
effect of impeller speed 182, 545,

556, 567, 568, 570, 1220
slip velocity 568

Solid–liquid mixing xv, xl, 543
aggregates, lumps 1192
CFD 290, 301
cloud height 562
coating colors 1192
complete suspension 556, 576
dispersion or distribution 544, 556,

564
dissolution 545, 547, 556, 570
dissolution, pulp and paper 1189
drawdown 1192
equipment selection 548, 573, 577
floating solids 564
flotation 1195
key considerations 546

measurement of Njs 182, 184, 185
measurement, conductivity probes

178, 185
measurement, optical probe 180
measurement, sampling 181
measurement, solids distribution 177
measurement, tomography 182, 201
measurement, visual observations 177,

183
Njs, just suspended speed 547, 556,

558, 561
objectives 544
operations requiring 544, 545, 557
power 580
scale-up 573
slurry rheology 1193
see solids suspension
startup in settled solids 580
turbulence 61
wetting solids 1192
see Zwietering

Solid–liquid mixing equipment
baffles 579
impellers 579
jet mixers 563
pipeline mixing 450
rotor-stator 501
shaft design 580

Solid–liquid reaction xlvi, 818, 1052
causticization 1193
see crystallization
dissolving reagents 796, 819
precipitating products 819, 1053
scale-up 796, 825, 830, 1056
troubleshooting chart lv

Solids mixing 887
agglomeration 914, 921, 927
axial de-mixing 907
batch equipment 934, 937, 977
bin blender 911
characterization 888, 926
continuous equipment 934, 938, 965,

967, 977
convective blenders 912
de-mixing 887, 901, 906, 914, 926
double cone blender 910
dust explosion 979, 980
equipment selection 917, 924, 933,

951, 954
equipment, classification 911, 940
fundamentals 887, 936
see granular mixing
hard-particle methods 910
ideal mixtures 888
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Solids mixing (Continued)
mechanisms, cohesive 904, 919, 921,

945
mechanisms, free-flowing 901
mixture types 926
modeling 923
ordered 889
patterned 908
see powder
process safety 977
radial de-mixing 906
random 888, 926
real mixtures 888
sampling 891, 895, 931, 975
scale of scrutiny 895, 932, 974
shear 919, 921
soft-particle methods 910
statistical characterization 896, 928,

974
textured mixtures 889
tumbling 903, 909, 914, 917, 940
V-blender 910

Solids removal, troubleshooting chart liv
Solids suspension 557

CFD 318
cloud height 562
factors affecting 549
impeller diameter 1336
jet mixed vessels 563
mechanism 548
Njs, just suspended speed 182, 184,

547, 556, 558, 561
operating regimes 547, 556, 576
scale-up 1194
sinking solids 380
with gas dispersion 562
see Zwietering

Sparged, hot 617
gas hold-up 623
gassed power 619

Sparged reactor 800
Sparging 353, 595
Spatial mixing, residence time distribution

1
Speed reducer 1267, 1335
Stability, emulsion 1173
Stabilizer, role of in liquid–liquid

dispersion 647
Startup in settled solids 580
Static mixer xii, 391, 1257

applications 392, 397, 399, 401, 428,
430

CO2 reduction 1174

coefficient of variation 410, 414, 416,
432, 435, 439, 455

comparison, table 434, 436
de-mixing 461
density ratio 460
description 392, 422
downstream effects 460
drop breakup 665, 715
equipment 396, 422, 426, 1257
equipment selection, table 398, 405,

428, 430, 436
gas hold-up 620
gas-gas mixing 438
gassed power 607
heat transfer, table 467
inlet position 462
laminar 417, 432, 440, 451, 461
laminar flow, CFD 120, 325, 413
liquid–liquid dispersion 441, 452,

1177
orientation 460
petroleum processing 1176
see pipeline mixing
pressure drop, tables 431
reactor 780, 785, 841
regimes, table 428
scale-up 429, 431, 462
shear rate 432
shear rate, table 433
turbulent, CFD 326
viscosity ratio 436, 454
Weber number 1177

Steady bearing 1292, 1304
Stirred tank xi, 345, 1310

baffles 348
bottom port 376
CFD, geometry 285
draft tubes 351, 383
feed pipe backmixing, table 375, 376
see flow pattern
gas hold-up 620, 624
gas sparger 353, 595
gas–liquid mixing, geometry 382, 596
gas–liquid mixing, tall 513, 597
geometric similarity 58, 60, 1084
heat transfer 352, 871, 876
heat transfer coefficient 869, 879
see impellers
impeller location, liquid–liquid mixing

724
impeller, clearance and spacing 372
inlets/outlets 352
laminar mixing 135, 383
liquid–liquid mixing 381, 719
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mass transfer 627
motor power and speed, table 352
motor/gearbox 351
multistaged 372, 723
reactor 780, 785
see scale-up
tank bottom shapes 351
tank diameter 1308

Stokes law, free settling velocity 551,
552, 554, 555

Strain gauges, torque 162
Streamlines 305
Stretching and folding 90, 93
Stretching field 108, 123
Striation thickness 99
Striation thickness distribution 116, 128
Structured grid 274
Stuffing box 1278
Surface aerators, gas–liquid mixing 595,

1142
Surface vortex

Froude number 1078
impellers 368, 380

Surfactant 647, 668, 715, 716
cell damage 1146
dose 716
gas hold-up 621

Suspension cultures, cell damage 1141
Suspension polymerization 545

liquid–liquid dispersion 714, 738,
741

loop impeller 721
phase inversion 741
scale-up 732

Swept diameter, impeller 55

Tall tanks 513
Taylor’s hypothesis, turbulence 42
Tee mixers

pipeline mixing 419, 420, 438
reactor 779

Temperature control, viscous mixing
1022

Temporal mixing, residence time
distribution 2, 9

Terminal velocity see settling velocity
Thermal conductivity 870, 871
Time average Eulerian approach 62
Time scale

Batchelor 50, 769, 775
blending 52, 767
Corrsin 51, 763, 769, 771, 833, 836,

839, 849
fermentation 1095

Kolmogorov 50, 768
mesomixing 771
micromixing 770
mixing, reaction 24, 50, 756, 794
reaction 25, 756, 794, 1217
summary 775
table 50, 52
turbulent mixing 24, 50

Time to equilibrium, drop size distribution
676, 668, 727, 735

Time varying flow, drop breakup 650
Tip chord angle, impeller 660, 1336
Tip speed

disperser operation 1193
rotor-stator 479
scale-up 580, 1086
solids mixing 952

Tomography 182, 201
Top-entering mixer 1249
Torque

cost due to 1343
impeller 1289, 1308, 1307, 1309,

1310
scale-up 376
shaft design 1289, 1308, 1310

Torque measurement
rheometers 155, 164
strain gauges 162
transducers 163

Tracer
residence time distribution 2,9
washout 9

Trailing vortices, impeller blades 47
Transient drop size distribution 668, 676,

727, 735
Transitional flow 489

blend time 510
Trickle bed reactor, residence time

distribution 2
Troubleshooting chart l

dust explosion 980
feed location l
gas–liquid reaction li
liquid–liquid extraction lii
liquid–liquid reaction liii
slurry withdrawal liv
solid–liquid reaction lv
solids mixing 937, 938
solids removal liv

Turbine impellers 354, 360, 382, 1030,
1250

Turbulence vi, 19
Batchelor scale 50
cell damage 1076, 1127, 1139
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Turbulence (Continued)
CFD 291, 301
definition 20, 45
drop break-up 44
experimental methods 71
frequency spectrum 26, 45
fully isotropic 63
fully turbulent 63, 66
intuitive framework 38
Kolmogorov scale 50
see length scale
locally isotropic 63, 66
models, reaction see CFD 836
pulp, interactions with

1201, 1203
reaction model 38, 836
scale-up 53, 57
solid–liquid 61
statistical moments, table 223
summary 81
Taylor’s hypothesis 42
see time scale
time and length scales, table

50, 52
wavenumber 46

Turbulence model 72, 261
Boussinesq hypothesis 73, 262
DNS 74, 75
k-ε 73, 79, 263
LES 74, 76, 265
Prandtl mixing length 73
RANS equations 78, 262
RSM 74, 80, 263
table of 73, 266, 834

Turbulent dispersion, liquid–liquid
pipeline 452, 454

Turbulent mixing vi, 19
blend time 509
drop breakup 650, 656
drop breakup, viscosity effect 658,

660
impeller flow characteristics 358
length scales 24, 50
particle settling velocity 552
time scales 24, 50

Twin-screw extruder 1009, 1014, 1016,
1019, 1022

Twin-shaft extruder 1020, 1021

Underrelaxation 283
Ungassed boiling 612
Unstructured grid 274
Up-pumping impellers 367
Upwind differencing 279, 280

Variable speed drive 721, 1266
V-blender, solids 899, 908, 910
Velocity measurement 203

CFD results 304
comparison of methods 203, 204, 206,

207
rotor-stator 491
streak photography 166
transducers, table 204

Vendor role xxvii, 1333
Vessel head thickness, tables 1315, 1316,

1317
Vessel materials see materials of

construction
Vibrations 1293, 1350
Viscoelastic fluid rheology 152
Viscosity effects, emulsion 706
Viscous mixing xxii, 987

batch, change can 996
batch, helical blade 995
batch, single stirrer 994
batch, special equipment 1017, 1020,

1021
see blending
challenges 987
continuous 1000, 1007, 1009, 1012
deformation 991
elongation 989
energy consumption 1022
equipment 994, 1002
extruder, CFD 322, 454
fundamentals 987
heat transfer 883, 993
kneading 996, 1001, 1018, 1021
see laminar mixing
Metzner-Otto 517, 530
model 1022
overmixing 1022
phase inversion 710
power 992, 1001
shear 989
shear-thinning 991
temperature control 1022
Weber number 991

Visualization 145, 165, CD clips
blending 165
CFD animation 308
light sheet 166
solid–liquid mixing 177, 183
streak photography 166

Vorticity
CFD results 310
definition 310

vvm, definition 1079
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Wall function 274
Wall jet 562
Washout function, residence time

distribution 3, 6, 9
Water in crude oil, homogenization 1175
Water treatment 409
Wavenumber of turbulence, definition 46
Weber number

drop breakup 658
static mixers 1177
viscous mixing 991

Welding 1348
Wetting solids 1192
White liquor, pulp 1190, 1193
Witness testing 1344

Xanthan gum
cavern formation 1114, 1116
model culture 1113
oxygen uptake rate 1114, 1115
rheology 1114

Yield 764, 1042
CSTR, ideal 12
definition 764
expected, calculation 10, 760
plug flow reactor (PFR), ideal 12
see selectivity

Yield stress fluid, biomass 1074
blend time 525
cavern formation 521, 522, 526, 530,

1080, 1114, 1200
CFD 321
pulp 1199, 1207

Zone model, fermentation 1099, 1112
Zwietering 557

constant 558, 560, 561
constant, table 560
correlation, Njs 547, 558
criterion for solids suspension 556,

557
measurement of Njs 182, 184



(a)

(b)

Figure 3-8 The complex mixing patterns formed by chaotic flows are highly heteroge-
neous, and understanding the emerging structure is crucial to predicting heat and mass
transfer in these systems. Here, some experimental pictures are shown of the mixing
pattern formed by colored fluorescent dye in a stirred tank. The time evolution of the
emerging structure can be monitored if a series of snapshots are taken in time, as in
(a) and (b).

Handbook of Industrial Mixing: Science and Practice, Edited by Edward L. Paul,
Victor A. Atiemo-Obeng, and Suzanne M. Kresta
ISBN 0-471-26919-0 Copyright  2004 John Wiley & Sons, Inc.



(a) (b)
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min(log10(λ)) max(log10(λ))

Figure 3-21 Contours of the stretching field in the standard Kenics mixer at
Re = 10(10)1/3. The cross-sectional planes correspond to axial distances after (a) 2, (b) 6,
(c) 10, and (d ) 22 mixer elements.



(a) (b)

(c) (d )

min(log10(s)) max(log10(s))

Figure 3-23 Intermaterial area density (ρ) from coarse-grained stretching average in the
standard Kenics mixer at Re = 10(10)1/3 after (a) 8, (b) 12, (c) 16, and (d ) 22 mixer
elements.



n = 1

n = 2

n = 3

Figure 3-28 The left-hand side of the figure shows the concentration of reactants A and
B after the first three flow periods in the sine flow with T = 1.6. The right-hand side is
the corresponding product concentration.



(a) (b)

Figure 4-13 Red dye tracer addition (a) and acid–base decolorization using bromo-
phenol blue (b). (From Clark and Özcan-Taşkin, 2001.)

Figure 4-24 Immiscible liquid–liquid system at a speed below that required for com-
plete dispersion.



Figure 7-20 Laminar mixing of fluids by division and recombination (KMS mixer).
Cross-sections of the mixer are shown in sequence from left to right, top to bottom.
(Courtesy of Chemineer, Inc.)
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2 /

s2

Figure 8-12 Turbulent kinetic energy (m2/s2) from 2D CFD simulation for IKA proto-
type mixer. Single-time snapshot.



(a)

(b)

(c)

Figure 20-4 Photographs of fibers and suspensions: (a) photomicrograph of softwood
trachieds (lw = 2.37 mm); (b) light transmission through a Cm = 0.005 kraft pulp sus-
pension showing mass nonuniformities (flocs). The line in the image is 5 cm in length;
(c) hands hold a medium consistency (Cm = 0.10) kraft pulp suspension.

(a) (b) (c)

Figure 20-6 Effect of yield stress on suspension motion in a stirred tank. Cm = 0.02
FBK suspension. The vessel is 30 cm in diameter with the suspension height set at 30 cm.
A D = 10 cm diameter Rushton turbine was located 10 cm from the vessel floor. Impeller
speeds are N = (a) 4, (b) 7, and (c) 14 rps. The red dye shows regions of suspension
motion. In image (a) the cavern has not reached the vessel wall.
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Figure 20-19 CFD solution for flow in an early tri-phase mixer (GL&V) prior to design
modifications. Note the spatial distribution of chemical (chlorine dioxide) in the pipe
exiting the mixer.

Figure 20-23 Thermograph of exit piping following a high-shear chlorine dioxide mixer
in D1 service. Elbow immediately following mixer discharge. The temperature is 12◦C
higher along the top of the pipe.




