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A

Absorption (see also Stage processes)
absorption factors, 634, 666
design methods for packed towers,

for concentrated gas mixtures, 680 – 681
for dilute gas mixtures, 670 – 672
general method, 664 – 670
for heat effects, 687– 690
transfer unit method 676 – 679

equipment for, 654 – 657
gas-liquid equilibrium, 627– 628
HETP, 678
interface compositions, 637– 639
interphase mass transfer, 636 – 644
introduction to, 625– 626
Kremser analytical equations, 634 – 635,

666 – 667
log mean driving force, 671
minimum liquid to gas ratio, 666 – 667
number of theoretical trays, 662– 663
operating lines, 662– 666
optimum liquid to gas ratio, 666 – 667
packing efficiency, 727–728
packing mass transfer coefficients

film, 637– 639, 668– 670, 684 – 686
overall, 641– 644, 668– 670

stage calculations, 629– 632
stripping, 665– 667

Absorptivity, 301–302, 309–310
Adiabatic compressible flow, 110
Adiabatic saturation temperature, 569–570
Adsorbents (see Adsorption)
Adsorption

adsorbents
applications of, 760

physical properties of, 760 –761
types of, 761

by batch process, 763
equilibrium in

Freundlich isotherm, 761–762
Langmuir isotherm, 761–762
linear isotherm, 761–762

by fixed-bed process
adsorption cycles, 770 –771
basic model, 770
breakthrough curves, 765–766
concentration profiles, 764 –765
design method, 766 –769

ion exchange (see Ion exchange pro-
cesses)

mass-transfer zone, 766
Affinity laws for pumps, 147–148
Agitation (see also Mixing)

baffles for, 157
circulation rate in, 166
equipment for, 154 –157
flow number in, 166
flow patterns in, 157
heat transfer in, 326 –329
mixing time in, 163–164
motionless mixers, 167
of non-Newtonian fluids, 181–183
power consumption, 157–160
purposes of, 154
scale-up in, 160 –161
special agitation systems, 166 –167
standard agitation design, 157
types of agitators, 154 –157

Air, physical properties of, 971
Analogies

in boundary layer, 399– 404
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Analogies (continued)
between momentum, heat, and mass

transfer, 43– 44, 404, 410 – 411, 463–
464, 474 – 476, 515

Arithmetic mean temperature drop, 261
Azeotrope, 698– 699

B

Batch distillation, 702–703
Bernoulli equation, 71–72
Bingham-plastic fluids, 178–179
Biological diffusion

in gels, 439– 440
in solutions, 436 – 439

Biological materials
chilling of, 388–390
diffusion of, 436 – 440
equilibrium moisture content, 573–575
evaporation of

fruit juices, 552
paper pulp liquors, 553
sugar solutions, 552

freeze drying of, 607– 610
freezing of, 391–393
grain dryer, 563–564
heat of respiration, 251
leaching of, 802–804, 807
physical properties of, 992–995
sterilization of, 611– 618

Biot number, 359–360
Blake crusher, 948
Blasius theory, 212, 219
Blowers, 151–153
Boiling

film, 285
natural convection, 283–284
nucleate, 284 –285
physical mechanisms of, 283–285
temperature of, 11–12, 742–743

Boiling point diagrams, 696 – 699
Boiling point rise, 537–539
Bollman extractor, 807–808
Bond’s crushing law, 947
Boundary layers (see also Turbulent flow)

continuity equation for, 211
energy equation for, 399– 402
laminar flow in, 211–213
mass transfer equation for, 512–514
momentum equation for, 218–221

separation of, 122, 210 –211
theory for mass transfer in, 516
wakes in, 122, 210 –211

Bound moisture, 575
Bourdon gage, 42
Brownian motion, 921–922
Bubble trays

efficiencies, 724 –727
types of, 654 – 655

Buckingham pi theorem, 222–224, 335–
337, 511–512

C

Calorimeter, 67
Capillaries (see Porous solids)
Capillary flow, in drying, 579–580, 593–

595
Centrifugal fans, 149–150
Centrifugal filtration

equipment, 942–943
theory for, 941–943

Centrifugal pumps, 144 –149
Centrifugal settling and sedimentation (see

also Centrifugal filtration; Centri-
fuges; Cyclones)

critical diameter, 936 –937
equations for centrifugal force, 933–935
purpose of, 932–933
separation of liquids, 938–940
settling of particles, 935–938

Centrifuges (see also Centrifugal settling
and sedimentation)

disk bowl, 940 –941
scale-up of, 938
sigma value of, 938
tubular, 935–936

Cgs system of units, 6
Chapman-Enskog theory, 425
Chemical reaction and diffusion, 493– 498
Chilling of food and biological materials,

388–390
Chilton-Colburn analogies, 475– 476
Circular pipes and tubes

dimensions of, 996 –997
universal velocity distribution in, 216 –

218
Classifiers (see also Settling and sedimen-

tation)
centrifugal, 935–937
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Comminution (see Mechanical size
reduction)

Compressible flow of gases
adiabatic conditions, 110
basic differential equation, 107–108
isothermal conditions, 108–109
Mach number for, 110
maximum flow conditions, 109

Compressors
equations for, 151–153
equipment, 151

Concentration units, 9
Condensation

derivation of equation for, 287–291
mechanisms of, 287
outside horizontal cylinders, 291
outside vertical surfaces, 287–289

Condensers for evaporation
calculation methods, 550 –551
direct-contact type, 550 –551
surface type, 550

Conduction heat transfer (see also Un-
steady-state heat transfer)

combined conduction and convection,
249–250

contact resistance at interface, 255–256
critical thickness of insulation, 253–254
in cylinders, 242–243, 246 –247
effect of variable thermal conductivity,

241–242
equations for

in cylindrical coordinates, 397
in rectangular coordinates, 397
in spherical coordinates, 397

Fourier’s law, 46, 235–238, 397
graphical curvilinear square method,

256 –257
with heat generation, 251–253
in hollow sphere, 244
through materials in parallel, 248
mechanism of, 236
shape factors in, 257–259
steady-state in two dimensions

Laplace equation, 338
numerical method, 338–344
with other boundary conditions, 342–

344
through a wall, 241–242
through walls in series, 244 –246

Continuity equation

for binary mixture, 491– 493
for boundary layer, 211–213
for pure fluid, 54 –57, 183, 185–188

Control volume, 55–57
Convection heat transfer (see also Heat

transfer coefficients; Natural
convection)

general discussion of, 237, 240 –241,
249–250

physical mechanism of, 259–260
Convective heat transfer coefficients (see

Heat transfer coefficients)
Convective mass transfer coefficients (see

Mass transfer coefficients)
Conversion factors, 955–958
Cooling towers (see Humidification pro-

cesses)
Coriolis flow meter, 143
Coriolis force, 193
Countercurrent processes (see Absorption;

Distillation; Leaching; Liquid-liquid
extraction; Stage processes)

Creeping flow, 208–209
Critical diameter, 936 –937
Critical moisture content, 578
Critical thickness of insulation, 253–254
Crushing and grinding (see Mechanical

size reduction)
Crystallization (see also Crystallizers)

crystal geometry, 817–818
crystal particle-size distribution, 825–

826
crystal size effect on solubility, 823–

824
heat balances, 820 –821
heat of solution, 820 –821
mass transfer in, 824 –825
material balances, 818–819
McCabe DL law, 825
models for, 826 –829
nucleation theories, 823–824, 828
rate of crystal growth, 824 –825
solubility (phase equilibria), 528, 818
supersaturation, 821–824

Crystallizers (see also Crystallization)
circulating-liquid evaporator-crystallizer,

822–823
circulating-magma vacuum crystallizer,

822–823
classification of, 821–822
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Crystallizers (continued)
scraped-surface crystallizer, 822
tank crystallizer, 822

Crystals (see also Crystallization)
particle-size distribution, 825–826
rate of growth, 824 –825, 827–828

Cubes, mass transfer to, 485
Curvilinear squares method, 256 –257
Cyclones

equipment, 943–944
theory, 944

Cylinders
drag coefficient for, 123–124
flow across banks of, 273–274
heat transfer coefficients for, 273–274,

599
mass transfer coefficients for, 486 – 487

Cylindrical coordinates, 187, 192–193, 397

D

Dalton’s law, 11
Darcy’s law, 130
Dehumidification, 564, 645
Density

of air, 971
of foods, 994 –995
of metals, 987
of solids, 986
of water, 960, 967–968

Dew point temperature, 566, 743–744
Dialysis

equipment for, 844
hemodialysis, 844
theory for, 841–842
use of, 840, 843–844

Differential operations
time derivatives, 183–184
with scalars, 184 –185
with vectors, 184 –185

Differential settling, 925–927, 930 –931
Diffusion (see also Steady-state diffusion;

Unsteady-state diffusion)
of A through stagnant B, 417– 418, 493
in biological gels, 439
of biological solutes, 438– 439
and blockage by proteins, 438– 439
in capillaries, 499–504
with chemical reaction, 493– 498
and convection, 416 – 417

in drying, 579, 592–593
and equation of continuity, 491– 493
equimolar counterdiffusion, 414 – 415,

493
Fick’s law, 46, 411– 413, 490 – 491
in gases, 414 – 427
general case for A and B, 416 – 417
introduction to, 45– 47, 410 – 412
Knudsen, 500 –501
in leaching, 804 –805
in liquids, 427– 432
multicomponent

gases, 498– 499
liquids, 432

in porous solids, 445– 446, 499–506
similarity of mass, heat, and momentum

transfer, 43– 47, 410 – 411
in solids

classification of, 440
Fick’s law, 440 – 441
permeability equations, 442– 444

to a sphere, 420 – 422
steady-state, in two dimensions, 446 –

449
transition, 502–503
with variable cross-sectional area, 420 –

422, 441
velocities in, 416 – 417

Diffusivity (mass)
effective

in capillaries, 502–503
in porous solids, 445, 505

estimation of
for biological solutes, 437– 438
in electrolyte solutions, 433– 434
in gases, 425– 426
in liquids, 431– 432

experimental determination
in biological gels, 439
in biological solutions, 436 – 437
in gases, 422– 423
in liquids, 429– 430

experimental values
for biological gels, 440
for biological solutes, 437
for gases, 424
for liquids, 431
for solids, 444

Knudsen, 500 –501
molecular and eddy, 404
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transition, 502–503
Diffusivity (momentum), 403– 404, 410 –

411
Diffusivity (thermal), 358, 403– 404, 411
Dilitant fluids, 170
Dimensional analysis

Buckingham pi theorem, 222–224, 335–
337, 511–512

in differential equations, 221–222
in heat transfer, 335–337
in mass transfer, 511–512
in momentum transfer, 221–224

Dimensional homogeneity, 7
Disk, drag coefficient for, 123–124
Distillation (see also Multicomponent dis-

tillation: Vapor-liquid equilibrium)
constant molal overflow, 707
direct steam injection, 720 –722
enriching operating line, 708–709
enriching tower, 720
enthalpy-concentration method

benzene-toluene data, 734
construction of plot for, 732–734
enriching equations, 734 –736
equilibrium data, 734, 990
example of, 736 –740
stripping equations, 736

equilibrium or flash, 744 –745
feed condition and location, 710 –712,

750
Fenske equation, 716, 745
introduction and process flow, 700, 706 –

707
McCabe-Thiele method, 706 –724
packed towers, 655– 661
partial condensers, 723–724
Ponchon-Savarit method, 740
reflux ratio

minimum, 716 –717, 748–749
operating, 717
total, 715–716, 745

relative volatility, 701, 742
sidestream, 722–723
simple batch or differential, 702–703
simple steam, 705
single stage contact, 699
stripping operating line, 709–710
stripping tower, 718–719
tower flooding velocity and diameter,

729–730

tray efficiencies
introduction, 724
Murphree, 725–727
overall, 724 –725
point, 725–726
relationship between efficiencies, 726
types of trays, 654 – 655

Distribution coefficient, in mass transfer,
462– 463, 508–509

Dodge crusher, 947–948
Drag coefficient

definition of, 122–124, 221
for disk, 123–124
for flat plate, 121–122, 211–213
form drag, 121–122, 209
for long cylinder, 123–124
skin drag, 121
for sphere, 122–124, 208–209, 920 –923,

925
Dryers (see also Drying)

continuous tunnel, 561
drum, 562–563
fixed bed, 597–599
grain, 563–564
rotary, 562
spray, 563
tray, 560, 601– 602
vacuum shelf, 561

Drying (see also Dryers)
air recirculation in, 604 – 605
of biological materials, 573–574
bound moisture, 575
capillary movement theory, 579–580,

593–595
through circulation, 597–599
constant-drying conditions

constant-rate period, 578, 580 –585
effect of air velocity, 584
effect of humidity, 584 –585
effect of solid thickness, 585
effect of temperature, 585
falling-rate period, 578–580, 585–587
prediction for constant-rate period,

581–585
rate-of-drying curve, 576 –578
time for, 580 –581

continuous countercurrent, 605– 607
critical moisture, 578
effect of shrinkage, 580
equilibrium moisture, 573–575
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Drying (continued)
experimental methods, 575–576
free moisture, 575
freeze drying, 607– 610
heat balance in dryers, 601– 603
introduction to, 559–560
liquid diffusion theory, 579, 592–595
in packed beds, 597–599
in trays with varying air conditions, 601–

602
unbound moisture, 575

Dühring lines, 537–538

E

Electric motor efficiency, 145
Emissivity

definition of, 302–303, 308–309
values of, 987

Energy balances
for boundary layer, 399– 402
in compressible flow, 107–110
differential, 394 –397
mechanical, 67–72
overall, 60 – 65

English system of units, 6 –7
Enthalpy, 19, 61
Enthalpy of air-water vapor mixtures, 567,

649– 650
Enthalpy-concentration diagram

in distillation, 731–734
in evaporation, 539–540

Enthalpy-concentration method (see
Distillation)

Equilibrium or flash distillation, 701–702
Equilibrium moisture, 572–575
Equivalent diameter

in fluid flow, 104 –105
in heat transfer, 264

Erbar-Maddox correlation, 749
Euler equations, 204
Euler number, 222
Evaporation (see also Evaporators)

of biological materials, 527–528
boiling point rise in, 537–539
capacity in multiple-effect, 542
Dühring lines, 537–538
effects of processing variables on, 527–

528, 537

enthalpy-concentration charts for, 539–
540

heat transfer coefficients for, 533–534
methods of operation

backward-feed multiple-effect, 533
forward-feed multiple-effect, 532–

533
parallel-feed multiple-effect, 533
single-effect, 531–532

multiple-effect calculations, 541–544
single-effect calculations, 534 –536
steam economy, 532
temperature drops in, 543–544
vapor recompression

mechanical recompression, 553–554
thermal recompression, 554

Evaporators (see also Evaporation)
agitated film, 531
condensers for, 550 –551
falling-film, 530 –531
forced-circulation, 531
horizontal-tube natural circulation, 

529
long-tube vertical, 529–530
open kettle, 529
short-tube, 529
vertical-type natural circulation, 529

Extraction (see Leaching; Liquid-liquid
extraction)

F

Falling film
diffusion in, 477– 478
shell momentum balance, 86 –88

Fans, 149
Fenske equation, 716, 745
Fermentation, mass transfer in, 487– 489
Fick’s law (see Diffusion)
Film temperature, 272
Film theory, 470 – 472
Filter aids, 910
Filter media, 909–910
Filters (see also Filtration)

bed. 905–906
classification of, 905
continuous rotary, 908–909
leaf, 908
plate-and-frame, 906 –908
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Filtration (see also Centrifugal filtration:
Filters)

basic theory, 910 –912
compressible cake, 912
constant pressure, 913
constant rate, 918–919
continuous, 917–918
filter aids, 909–910
filter cycle time, 916
filter media, 909–910
pressure drop, 910 –912
purpose of, 904 –905
specific cake resistance, 912
washing, 906, 916

Finned-surface exchangers, 330 –334
First law of thermodynamics, 60
Fixed-bed extractor, 806 –807
Flat plate

boundary layer equations for
heat transfer, 399– 402
mass transfer, 512–514
total drag, 211–213, 218–221

drag coefficient for, 122–124, 212–213
heat transfer to, 271, 583
mass transfer to, 480

Flooding velocities in towers, 657– 661,
784 –785

Flow meters (see Coriolis meter; Flow
nozzle meter; Magnetic meter;
Orifice meter; Pitot tube meter;
Rotameter; Thermal gas mass flow
meter; Turbine and paddle meter;
Venturi meter; Vortex shedding 
meter; Weir)

Flow nozzle meter, 141–142
Flow separation, 210 –211
Fluid friction

chart for Newtonian fluids, 94
chart for non-Newtonian fluids, 175–

176
effect of heat transfer on, 97–98
in entrance section of pipe, 105–106
in fittings and valves, 98–100
for flow of gases, 96 –97
friction factor in pipes, 91–95
for noncircular channels, 104 –105
for non-Newtonian fluids, 171–175
roughness effect on, 93
from sudden contraction, 98–99

from sudden expansion, 80 –81, 98
Fluidized beds

bubbling fluidization, 131
expansion of, 134
heat transfer in, 276
mass transfer in, 484
minimum bubbling velocity in, 135
minimum fluidization velocity in, 131–

133
minimum porosity in, 131
particulate fluidization, 131
slugging in, 131
types of fluidization in, 130 –131

Fluid statics, 35– 43
Flux (mass)

conversion factors for, 958
ratios, 501–504
types of, 490 – 491

Foods, physical properties of, 992–995
Form drag, 121–124, 208–209
Fouling factors, 299–300
Fourier’s law, 46, 235, 237–238, 411 (see

also Conduction heat transfer)
Fractionation (see Distillation)
Free moisture, 575
Free settling (see Settling and sedimen-

tation)
Freeze drying, 607– 610
Freezing of food and biological materials,

391–393
Freundlich isotherm (see Adsorption)
Friction factor (see Fluid friction)
Froude number, 222
Fundamental constants, 955–958

G

Gases
equations for, 9–12
physical properties of, 970 –980, 988–

990
Gas law constant, R. 7. 850 10, 955
Gas law, ideal, 9–10
Gas-liquid equilibrium

acetone-water, 989
ammonia-water, 989
enthalpy-temperature, 649– 650
Henry’s law, 618, 988
methanol-water, 989
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Gas-liquid equilibrium (continued)
phase rule, 627
sulfur dioxide-water, 627– 628, 988

Gas-liquid separation processes (see Ab-
sorption; Humidification processes;
Stage processes)

Gas permeation membrane processes
concentration gradients in membranes,

864
equipment for, 847–850
minimum reject concentration, 855
permeability in, 845–847
permeance, 847
processing variables for, 869–872
separation factor in, 852
series resistances in, 841–842
theory of,

cocurrent model, 869
completely-mixed model, 851–854
countercurrent model, 864 –869
cross-flow model, 858–861
finite-difference numerical method,

872–873
introduction to, 850 –851
multicomponent mixture, 856 –857
pressure drop calculations, 882–883
short-cut numerical method, 873–874
spreadsheet finite-difference method,

878–882
types of membranes, 846

Gas radiation, 320 –323
Gas-solid equilibrium. 441– 444
General molecular transport equation

for heat transfer, 235–238
similarity between momentum, heat,

and mass, 45– 47, 410 – 411
Graphical methods

integration by, 26 –27
two-dimensional conduction, 256 –258

Grashof number, 278
Gravitational constant, 956
Gravity separator, 42– 43
Grinding (see Mechanical size reduction)
Gurney-Lurie charts, 367–368, 370
Gyratory crusher, 948

H

Hagen-Poiseuille equation, 85, 92–93, 198
Heat balances

in crystallization, 820 –821
in drying, 602– 603
in evaporation, 534 –536, 542
principles of, 22–25

Heat capacity
data for foods, 992–994
data for gases, 18, 970 –971, 974, 978–

979
data for liquids, 980, 984
data for solids, 985, 987
data for water, 967–968
discussion of, 17–19

Heat exchangers (see also Heat transfer
coefficients)

cross-flow, 293, 295
double-pipe, 291
effectiveness of, 296 –298
extended-surface, 330 –334
fouling factors for, 299–300
log mean temperature difference, 267–

268
scraped-surface, 329–330
shell and tube, 291–293
temperature correction factors, 293–295

Heat of reaction, 20 –21
Heat of solution, 820 –821
Heat transfer coefficients

for agitated vessels, 326 –329
approximate values of, 241
average coefficient, 260 –261
to banks of tubes, 273–274
for condensation, 287–289
definition of, 240, 259
entrance region effect on, 265
in evaporators, 533–534
for film boiling, 285
for finned-surface exchangers, 330 –334
for flow parallel to flat plate, 271
for flow past a cylinder, 272–273
for fluidized bed, 276
fouling factors, 299–300
for laminar flow in pipes, 260 –261
for liquid metals, 266
for natural convection, 277–283
in noncircular conducts, 264
for non-Newtonian fluids, 323–326
for nucleate boiling, 284 –285
for other geometries, 276
overall, 249–250, 299–300
for packed beds, 276, 484, 599

1016 Index

17-P2401-IX  1/9/03  12:43 PM  Page 1016



for radiation and convection, 303–305
for scraped-surface exchangers, 329–330
for spheres, 273
for transition flow in pipes, 263
for turbulent flow in pipes, 261–262

Heat transfer mechanisms, 236 –237
Height of a transfer unit, 653, 676 – 679,

685– 686
Heisler charts, 368, 371, 374
Hemodialysis, 844
Henry’s law

data for gases, 988
equation, 628

HETP, 678, 727–728
Hildebrandt extractor, 807
Hindered settling, 923–924
Humid heat, 567
Humidification processes (see also

Humidity)
adiabatic saturation temperature, 

569–570
definition of, 565
dehumidification, 564, 645
equilibrium relations, 650
equipment for, 645
water-cooling

calculation methods for, 645– 653
minimum air flow, 652

Humidity (see also Humidification pro-
cesses)

adiabatic saturation temperature, 569–
570

chart for, 568
definition of, 565
dew point temperature, 566
humid heat, 567
humid volume, 567
percentage, 565
relative, 566
saturated, 565
total enthalpy, 567
wet bulb temperature, 571–572

I

Ice, properties of, 961–962, 993
Ideal fluids, 204 –208
Ideal gas volume, 955
Ideal tray (see Bubble trays)
Impellers (see Agitation)

Integral analysis of boundary layers
for energy balance, 402
for momentum balance, 218–221

Intensity of turbulence, 213–214
Interface contact resistance, 255–256
Interfacial tension, 787
Internal energy, 19, 61
Interphase mass transfer

interface compositions, 637– 639
introduction to, 636 – 637
use of film coefficients, 637– 639, 648–

649, 669– 672
use of overall coefficients, 641– 644, 650,

653
Inverse lever-arm rule, 780 –781
Inviscid flow (see Ideal fluids)
Ion exchange processes (see also Adsorp-

tion)
breakthrough curves, 774
design of, 775–776
equilibrium relations in, 772–773
introduction to, 771
relative molar selectivity coefficients,

772–773
types of, 771–772

Ionic conductances, 433– 435
Isothermal compressible flow, 108–110

J

J-factor, 475– 476, 480, 484

K

K factors (distillation), 742
Kick’s crushing law, 946 –947
Kinetic energy

velocity correction factor for, 63– 64, 174
definition of, 61

Kirchhoff’s law, 302, 308–309
Kirkbride method, 750
Knudsen diffusion, 500 –501
Knudsen number, 501
Kremser equations for stage processes,

634 – 635, 666 – 667

L

Laminar flow
boundary layer for, 211–213, 219–220
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Laminar flow (continued)
definition of, 51–52
on flat plate, 211–213
Hagen-Poiseuille equation for, 85, 92–

93, 198
kinetic energy correction factor for, 63–

64, 174
mass transfer in, 476 – 479
momentum correction factor for, 77
non-Newtonian fluids in, 171–173
pressure drop in, 90 –92
Reynolds number for, 86 52–53
velocity profile in tubes for, 85, 89

Langmuir isotherm (see Adsorption)
Laplace’s equation

in heat transfer, 337–338
for potential flow, 204
for stream function, 205

Latent heat
discussion of, 19–20
of ice, 959
of water, 959, 961–964

Leaching
countercurrent multistage

constant underflow, 816 –817
number of stages, 812–815
variable underflow, 813–815

equilibrium relations, 809–811
equipment for

agitated tanks, 807–808
Bollman extractor, 807
fixed-bed (Shanks), 806 –807
Hildebrandt extractor, 807

preparation of solids, 803–804
processing methods, 806
purpose of, 802–803
rates of

when diffusion in solid controls, 805
when dissolving a solid, 804 –805
introduction to, 804

single-stage contact, 811
washing, 802

Le Bas molar volumes, 432– 433
Lennard-Jones function, 425
Lever-arm rule, 780 –781
Liquid-liquid equilibrium

acetic acid-water-isopropyl ether, 777–
779, 991

acetone-water-methyl isobutyl
ketone, 991

Liquid-liquid extraction
countercurrent multistage

immiscible liquids, 795–799
minimum solvent rate, 795, 798–799
number of stages, 792–794, 795–796
overall material balance, 791

design using mass transfer coefficients,
799–780

equilibrium relations
phase rule, 777
rectangular coordinates, 777–779
triangular coordinates, 777–778
types of phase diagrams, 777–780

equipment for
Karr column, 790
mixer settler, 783
packed tower, 784 –785
plate tower, 788
Scheibel tower, 789–790
spray tower, 783
pulsed packed and tray towers, 789

flooding correlation, 784 –786
interfacial tension, 787
lever-arm rule, 780 –781
purpose of, 776 –777
single-stage equilibrium contact, 780 –

781
Liquid-metals heat transfer coefficients,

266
Liquid-metals mass transfer, 487
Liquid-solid leaching (see Leaching)
Liquid-solid separation (see Crystalliza-

tion; Settling and sedimentation)
Log-mean value

area, 247
concentration difference, 485
corrections for heat exchanger, 193–294
temperature difference, 167–268, 293

Lost work, 67
Lumped capacity analysis, 359–360

M

Mach number, 110
Magnetic flow meter, 143
Manometers, 39– 41
Mass balance overall, 54 –59
Mass transfer, boundary conditions in, 493
Mass transfer coefficients

analogies for, 474 – 476
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for A through stagnant B, 468– 469
for crystallization, 824 –825
for cubes in packed bed, 485
for cylinder, 486 – 487
for cylinders in packed bed, 485
definition of, 462, 467– 468
dimensionless numbers for, 473– 474
for equimolar counterdiffusion, 467–

469
estimation of, 685– 686
experimental determination of, 473,

684 – 685
for falling film, 477– 478
film and overall, 637– 644, 649– 652,

668– 671, 680 – 681
for flat plate, 480
for fluidized bed, 484
for general case of A and B diffusing,

470 – 471
inside pipes, 478– 479
introduction to, 414, 466
for liquid metals, 487
models for, 515–516
for packed bed, 484 – 485
for packed tower, 684 – 686
to small particle suspensions, 487– 489
for sphere, 481– 482
types of, 467– 469
under high-flux conditions, 471– 472
for wetted-wall tower, 477– 478

Mass transfer fluxes, 490 – 491
Mass transfer between phases and concen-

tration profiles, 636 – 637
Mass units, 8–9
Material balances

chemical reaction and, 15–16
methods of calculation, 12–14
overall, 54 –58
recycle and, 14

McCabe DL Law of crystal growth, 825
McCabe-Thiele method, 706 –724
Mean free path, 500
Mechanical energy balance, 67–71
Mechanical-physical separation processes

(see also Centrifugal filtration; Cen-
trifugal settling and sedimentation;
Cyclones; Filtration; Mechanical
size reduction; Settling and sedi-
mentation)

classification of, 903–904

methods of separation, 903–904
Mechanical size reduction

equipment for
Blake crusher, 948
Dodge crusher, 947–948
gyratory crusher, 948
jaw crushers, 947–948
revolving grinding mill, 948–949
roll crusher, 948

particle size measurement, 945
power required for

Bond’s law, 947
general theory, 946
Kick’s law, 946 –947
Rittinger’s law, 946

purpose of, 944 –945
Membrane processes (see also Dialysis;

Gas permeation membrane pro-
cesses; Microfiltration; Reverse 
osmosis; Ultrafiltration)

permeability in, 442– 443, 842, 845
series resistances in, 841–842
types of, 840 –841

Metals, properties of, 987
Microfiltration

comparison to ultrafiltration and reverse
osmosis, 896

cross-flow, 896 –897
dead-end flow, 896
equipment for, 896
theory of, 896 –897

Mixer-settlers, 728–729, 783, 807–808
Mixing (see also Agitation)

discussion of, 154, 167–168
equipment for, 154 –157
with pastes, 167–169
with powders, 167–168

Mixing time (see Agitation)
Moisture (see also Drying; Humidity)

bound and unbound, 575
equilibrium, for air-solids, 573–575
free moisture, 575

Molar volumes, 432– 433
Molecular diffusion (see Diffusion)
Molecular transport (see Diffusion)
Mole units, 8
Momentum

definition of, 49–50, 74 –75
introduction to, 34
velocity correction factor for, 77
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Momentum balance and equations of
motion

for boundary layer, 211–213, 219–221
in circular tube, 197–198
Coriolis force, 193
differential equations for, 183, 188–193
Euler equations, 204
ideal fluids, 204
for jet striking a vane, 81–83
Laplace’s equation in, 204 –205
for Newtonian fluids, 190 –193
overall, 74 –83
between parallel plates, 194 –196
potential flow, 204 –206
in rotating cylinder, 201–202
shell, 83–88
stream function, 203
transfer of momentum, 49–50

Motionless mixers (see Agitation)
Multicomponent diffusion, 432, 498– 499
Multicomponent distillation

boiling point, 742–743
dew point, 743–744
distribution of other components, 745
equilibrium data for, 742–743
flash distillation, 744 –745
introduction to, 740 –741
key components, 745
minimum reflux (Underwood equation),

748–749
number of stages

feed tray location, 750
by short-cut method, 749

number of towers in, 740 –741
total reflux (Fenske equation), 745

N

Natural convection heat transfer
derivation of equation (vertical plate),

277–278
equations for various geometries, 278–

283
introduction to, 277–278

Navier-Stokes equations, 192–193
Newtonian fluids, 50 –51, 169–170
Newton’s law

of momentum transfer, 46 –50
second law (momentum balance), 74 –75
of settling, 921

of viscosity, 47–51
Non-Newtonian fluids

agitation of, 181–183
flow-property constants, 171–173, 178
friction loss in fittings, 174 –175
heat transfer for, 323–326
laminar flow for, 171–173
rotational viscometer, 180 –181
turbulent flow for, 175–176
types of, 169–171
velocity profiles for, 176 –179

Notation, 999–1008
NPSH (see Suction lift of pumps)
Nucleation (see Crystallization)
Number of transfer units

for heat exchangers, 298
for humidification, 653
for mass transfer, 676 – 678

Numerical methods
for integration, by Simpson’s method, 27
for integration with spreadsheet, 585–

586
for steady-state conduction

with other boundary conditions, 342–
344

in two dimensions, 338–342
for steady-state diffusion

with other boundary conditions, 447–
449

in two dimensions, 446 – 447
for unsteady-state heat transfer

boundary conditions, 380 –381
in a cylinder, 386 –387
implicit method, 387–388
Schmidt method, 379
in a slab, 378–381

for unsteady-state mass transfer
boundary conditions, 507–509
Schmidt method, 507
in a slab, 506 –509

Nusselt equation, 287–289
Nusselt number, 260

O

Operating lines (see Absorption: Distilla-
tion: Humidification processes:
Leaching)

Optimum pipe size, 106
Orifice meter, 139–140
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Osmotic pressure, 884 –885
Overall energy balance (see Energy

balances)

P

Packed beds
Darcy’s law for flow in, 130
drying in, 597–599
heat transfer coefficients for, 276, 484,

599
mass transfer coefficients for, 484 – 485
tortuosity in, 446, 505
pressure drop in

laminar flow, 125–127, 130
turbulent flow, 127–128

shape factors for particles, 129
surface area in, 125, 485, 599

Packed towers, 645, 655– 657, 784
Packing, 655– 657
Particle-size measurement

in crystallization, 825–826
in mechanical size reduction, 945
standard screens for, 998

Pasteurization, 617– 618
Penetration theory, 478, 516
Permeability of solids, 442– 443, 840 –841,

845
Permeance, 842, 847
Phase rule, 627, 696, 705, 777
Physical properties of compounds, 959–

995
Pipes

dimensions of, 996 –997
schedule number of, 88–89, 996
size selection of, 106

Pitot tube meter, 136 –137
Planck’s law, 307
Pohlhausen boundary layer relation, 401
Poiseuille equation (see Hagen-Poiseuille

equation)
Porous solids

effective diffusivity of, 445, 505
introduction to, 440, 445– 446, 499–500
Knudsen diffusion in, 500 –501
molecular diffusion in, 464, 445– 446,

501
transition diffusion in, 502–506

Potential energy, 61
Potential flow, 204 –208

Prandtl analogy, 475
Prandtl mixing length (see Turbulent flow)
Prandtl number

definition of, 260
of gases 2nd liquids, 967–968, 971, 975

Pressure
conversion factors for, 956 –957
devices to measure, 39– 42
heat and, 38–39
units of, 9

Pressure drop (see also Fluid friction)
in compressible flow, 96 –97, 107–110
in laminar flow, 90 –93
in packed beds, 125–130
in pipes, 90 –100
in turbulent flow, 93–95

Pseudoplastic fluids, 169–170
Psychometric ratio, 572
Pumps

affinity laws for, 147
centrifugal, 144 –149
developed head of, 147–148
efficiency of, 147–148
NPSH (see Suction lift of pumps)
positive displacement, 149
power requirements for, 147–148
suction lift of, 145–146

R

Radiation heat transfer
in absorbing gases, 320 –322
absorptivity, 301–302
black body, 301–302
combined radiation and convection,

303–305
effect on temperature measurement,

305–306
emissivity, 302, 308–309, 987
gray body, 303, 309–311
introduction to, 237, 301–302
Kirchoff’s law, 302, 308–309
Planck’s law for emissive power, 307
shields, 306, 311–312
Stefan-Boltzmann law, 303, 306
to small object, 303
view factors

between black bodies, 309–318
general equation for, 312–315
between gray bodies, 318–320
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Random packing (see also Packing; Packed
towers)

efficiency of, 727–729
HETP, 727–728
pressure drop in, 657– 661
types of, 656 – 657

Raoult’s law, 696 – 697, 742
Reflux ratio, 715–717, 745, 748–749
Relative volatility, 701, 742
Reverse osmosis

complete-mixing model, 891–892
concentration polarization in, 890
introduction to, 883–884
membranes in, 885
operating variables in, 888–889
osmotic pressure in, 884
solute rejection, 886 –887
theory of, 885–887, 891–892
types of equipment, 891

Reynolds analogy, 474 – 475
Reynolds number

in agitation, 158
for condensation, 289
definition of, 52–53, 222, 473
for flat plate, 209–210, 212
for flow in tube, 51–53,
for non-Newtonian fluids, 173

Reynolds stresses, 214 –215
Rheopectic fluids, 170 –171
Rittinger’s crushing law, 946
Rotameter, 142–143
Rotational viscometer, 180 –181
Roughness in pipes, 93

S

Schmidt method
for heat transfer, 379
for mass transfer, 507

Schmidt number, 426 – 427, 473
Scraped-surface heat exchangers, 329–330
Screen analyses

in crystallization, 825–826
particle size measurement, 945
Tyler screen table, 998

Sedimentation (see Settling and sedimen-
tation)

Separation (see also Settling and sedi-
mentation)

by differential settling, 925–927, 930 –
931

of particles from gases, 943–944
of particles from liquids, 920 –927, 935–

938
of two liquids, 938–940

Separation processes, classification of, 4 –5
Settlers (see also Settling and sedimenta-

tion)
gravity classifier, 930
gravity tank, 930
Spitzkasten classifier, 931
thickener, 931–932

Settling and sedimentation (see also Cen-
trifugal settling and sedimentation:
Settlers; Thickeners)

Brownian movement, 921–922
classification, 925–927, 930 –931
differential settling, 925–927
drag coefficient for sphere, 122–124,

208–209, 920 –923, 925
hindered settling, 923–924
Newton’s law, 921
purpose of, 919
sedimentation and thickening, 929–932
Stoke’s law, 124, 208–209, 921
terminal settling velocity for sphere, 921
theory for rigid sphere, 920 –922
wall effect, 925

Shape factors, in conduction, 257–259
Shape factors, for particles, 129
Shear stress (see also Momentum balance)

components of, 190 –191
definition of, 48–50
Euler equations, 204
ideal fluids, 202–208
in laminar flow on flat plate, 211–213
in laminar flow in tube, 84
normal, 189
potential flow, 204 –208
stream function, 203–208

Sherwood number, 473
Sieve (perforated) plate tower, 654, 728–

729, 788–789
Sigma value (centrifuge), 938
Simple batch or differential distillation,

702–703
Simpson’s numerical integration method,

27
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SI system of units, 5– 6, 955–958
Size reduction (see Mechanical size re-

duction)
Skin friction, 121–122, 476
Solid-liquid equilibrium in leaching, 809–

811
Solids, properties of, 985–987
Solubility of gases

in liquids, 627– 628, 988–989
in solids, 441– 443

Solubility of salts
sodium thiosulfate, 818–819
typical solubility curves, 528

Solvent extraction (see Liquid-liquid ex-
traction)

Spheres
diffusion to, 420 – 422
drag coefficient for, 122–124, 208–209,

920 –923, 925
heat transfer to, 273
mass transfer to, 481– 482
Newton’s law for, 921
settling velocity of, 921
Stoke’s law for, 124, 208–209, 921

Spherical coordinates, 188, 397
Spitzkasten classifier, 931
Spray tower, 783
Stage processes (see also Absorption: Dis-

tillation; Liquid-liquid extraction;
Leaching)

absorption, 662– 663
analytical equations for, 634 – 635, 666 –

667
countercurrent multistage, 631– 632
distillation, 706 –724
leaching, 812–817
liquid-liquid extraction, 788–789, 791–

797
single stage, 629– 630, 780 –782, 811

Standard heat of combustion, 21, 970
Standard heat of formation, 20 –21, 969
Standard screen sizes, 998
Stanton number, 474
Steady-state diffusion (see Diffusion; Diffu-

sivity; Numerical methods)
Steady-state heat transfer (see Conduction

heat transfer; Convective heat
transfer; Numerical methods)

Steam table, 19–20, 962–966

Stefan-Boltzmann radiation law, 303, 306
Sterilization of biological materials

effects on food, 618
introduction to, 611
pasteurization, 617
thermal death rate kinetics, 611– 613,

616 – 617
thermal process time, 613– 615

Stoke’s law, 124, 208–209, 431, 921
Stream function, 203–208
Streamlined body, 121–122
Stripping (see Absorption)
Structured packing

efficiency of, 727–728
equipment, 655
pressure drop in, 658– 661

Suction lift of pumps, 145–146
Supersaturation, (see Crystallization)
Suspensions, mass transfer to, 487– 489

T

Temperature scales, 7–8
Thermal conductivity

definition of, 238–240
of foods, 994 –995
of gases, 239, 968, 971, 973, 980
of liquids, 239–240, 985
of solids, 240, 986 –987
of water, 961, 967–968

Thermal gas mass flow meter, 143
Thickeners (see Settling and sedimentation)
Thixotropic fluids, 170
Tortuosity factor, 446, 505
Total energy, 60 – 62
Transfer unit method, 653, 676 – 679, 685–

686
Transition region diffusion, 501–503
Transport processes

classification of, 4
similarity of, 43– 45, 410 – 411, 459, 463,

474 – 476
Tray efficiency

introduction to, 724
Murphree, 725–726
overall, 724 –725
point, 725–726
relationship between Murphree and

overall, 726
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Triangular coordinates, 777–779
Tubes (see Circular pipes and tubes)
Turbine and paddle flow meter, 143
Turboblowers, 151
Turbulence, 213–214
Turbulent flow (see also Boundary layers)

boundary layer separation in, 122, 210 –
211

boundary layer theory for
heat transfer, 399– 402
mass transfer, 512–514
momentum transfer, 211–212, 218–

221
deviating velocities in, 213–214
discussion of, 51–52, 213–214
on flat plate, 209–213, 218–221
maximum velocity in, 89–90
Prandtl mixing length

in heat transfer, 403– 404
in mass transfer, 515
in momentum transfer, 215–216

Reynolds number for, 52–53
in tubes, 52–53, 89–90, 93
turbulent shear in, 215
turbulent diffusion in, 411
velocity profile in, 89–90, 216 –220

Two-dimensional conduction, 256 –259
Tyler standard screens, 998

U

Ultrafiltration
comparison to reverse osmosis, 892
concentration polarization in, 893–894
equipment for, 893
introduction to, 892–893
membranes for, 893
processing variables in, 895–896
theory of, 893–895

Unbound moisture, 575
Underwood, minimum reflux ratio, 748–

749
Units

cgs system, 6
and dimensions, 7
English system, 6 –7
SI system, 5– 6
table of, 955–958

Universal velocity distribution, 216 –218

Unsteady-state diffusion (see also Numeri-
cal methods)

analytical equations for flat plate, 461–
462

basic equation for, 459– 461
charts for various geometries, 463
and chemical reaction, 495– 497
in leaching, 804 –805
mass and heat transfer parameters for,

463– 464
in three directions, 465– 466

Unsteady-state heat transfer (conduction)
(see also Numerical methods)

analytical equations for, 357–359
average temperature for, 376 –377
in biological materials, 389–393
in cylinder, 370 –371
derivation of equation for, 235–236,

357–359
to flat plate, 365–368
heat and mass transfer parameters for,

366, 463– 464
lumped capacity method for, 359–

361
method for negligible internal resist-

ance, 359–361
in semiinfinite solid, 363–364
in sphere, 371–374
in three directions, 372–373, 375

V

Valve trays, 654
Vapor-liquid equilibrium

azeotropic mixtures, 698
benzene-toluene, 696 – 698
boiling point diagrams, 696 – 697
calculations using Raoult’s law, 697–

698
enthalpy-concentration, 731–734
ethanol-water, 990
n-heptane-ethylbenzene, 753
n-heptane-n-octane, 754
n-hexane-n-octane, 751
multicomponent, 742–743
n-pentane-n-heptane, 703–704
phase rule, 648, 696, 705
water-benzene, 753
water-ethylaniline, 752
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xy plots, 698
Vapor-liquid separation processes (see

Distillation)
Vapor pressure

data for organic compounds, 698, 751–
755

data for water, 564 –565, 961–964
discussion of, 11–12

Vapor recompression (see Evaporation)
Vectors, 184 –185
Velocity

average, 59, 85, 87–88
maximum, 89–90
profile in laminar flow, 85–86, 89–90
profile in turbulent flow, 89–90
relation between velocities, 89–90
representative values in pipes, 106 –107
superficial, 126, 473
types of, in mass transfer, 416, 490
universal, in pipes, 216 –218

Velocity potential, 204
Venturi meter, 138–139
View factors in radiation, 309–319
Viscoelastic fluids, 171
Viscosity

discussion of, 47–51

of foods, 994 –995
of gases, 971–972, 976 –977
of liquids, 981–983
Newton’s law of, 47– 49, 411
of water, 960, 967–968

Void fraction (packed and fluidized beds),
126 –128, 131–132, 484 – 485

Von Kármán analogy, 475
Vortex shedding flow meter, 143

W

Washing (see Filtration; Leaching)
Water

physical states of, 564 –565
properties of, 959–968

Water cooling (see Humidification pro-
cesses)

Weirs, 143–144
Wet-bulb temperature

relation to adiabatic saturation tempera-
ture, 572

theory of, 571–572
Wilke-Change correlation, 432
Work, 61– 62, 67– 68
Work index for crushing, 947
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