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Preface

In 1973, the editorial board of the Dutch journal Polytechnisch Tijdschrift, edition
Procestechniek (editors H.J. Meemeling and Ir. F.J.G. Kwanten) kindly invited one
of us (S) to write a contribution on film boiling. Ultimately, this invitation resulted
in a series of 16 papers entitled “Kookverschijnselen” (Boiling Phenomena), which
appeared during 1974-1979. This series formed the basis for the present book.

During a sabbatical stay (1971-1972) at Eindhoven University of Technology,
one of us (C) presented a series of lectures on boiling nucleation and nucleate-boiling
heat transfer. Revised and extended versions of these lectures have been incorporated
into the present book.

While preparing the manuscript, we became aware of the desirability of including
a number of chapters on additional (but related) topics by invited specialists. Their
contributions increase the versatility of the book and, in some instances, present
differing but complementary opinions. Also, we have included a number of recent
developments and results that have not yet appeared in the published literature.

We confess that the preparation of a book on the physical basis of boiling
phenomena is (at this time) still a precarious enterprise. Nevertheless, we hope that
the book may be a reliable guide to both research workers and graduate students,
and may inspire them to establish a further understanding of the fundamental
phenomena and their applications to complex engineering systems.

Sjoerd van Stralen
Robert Cole
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Abel transformation, 828, 833, 835
Absorption bands, 803
Absorption in binary liquid mixtures, 386
Acoustic levitation, 102
Acoustical methods, 798, 803
Acoustical waves, 803
Activity coefficients, 538
Additional heat flux, 311
Adhering bubbles, 238
Adhesion:
of gas bubble, 580
of vapor bubble, 582
Adiabatic pressure law, 576
Advanced growth, 425
Advanced mode of growth, 426
Analogy models in nucleate boiling, 184
Angle of contact, 84-85, 124-125, 851,
882, 896
Angle of separation, 851
Annular flow, 784
Applications, 3
Asymptotic bubble growth:
according to Cooper et al., 457
via evaporation microlayer, 470
Asymptotic bubble radius, 475-476
Asymptotic diffusion-controlled mode of
growth, A-3
Asymptotic growth rate in binary mix-
tures, 296-300
Availability function, 74, 84,115
Azeotropes, 34, 255

Index

Bernoulli equation, 562
Binary gas mixtures, chemical potential,
536
Binary liquid mixtures:
absorption in, 386-387
chemical potential in, 537
ultrasonic velocity in, 386-387
Binary mixtures:
asymptotic growth rate in, 296-300
effect of diameter: on boiling curves,
347-348
on peak flux, 349-352
effect of orientation on peak flux,
355-356
maximum peak flux in, 311-315
Binary solutions, nucleation from, 80
Binary systems:
analogy between saturated boiling
binary systems and locally
boiling pure liquids, 685-688
applications, 9
asymptotic isobaric growth, 451
bubble growth equation,
222-224
bubble growth at subatmospheric
pressure, 503-509
combined heat and mass diffusion,
219-227,230
effect of mass diffusion on film boiling,
646-648
effect of pressure, 231
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INDEX

Binary systems (Cont.):

enthalpy balance in saturated boiling,
698
expressions for: bubble radius, 479
dew-point elevation, 319
growth constant, 319
peak flux, 319
extended Rayleigh equation of motion,
A-1
film boiling, 615-650
heat fluxes in saturated boiling, 699
heat transfer in local boiling, 45-47
immiscible, 391
local boiling with free convection:
enthalpy balance, 702
heat fluxes, 702
peak flux, 703
Marangoni effect, 324
mechanism of nucleate boiling, 293-333
model theory of van Stralen et al.,
472-473
with a nonvolatile component, 47-48
peak flux for: 2-chloroethanol-
di-isopropyl ether, 35
dioxane-methanol, 35
for two-phase flow, 676
water-acetone, 35
water-ammonia, 35
water-1-butanol, 35
water-t-butanol, 35
water-2-butanone, 35
water-ethanol, 35
water-ethylene glycol, 35
water-1-octanol, 35
water-1-pentanol, 35
water-1-propanol, 35
properties of, 34
Rayleigh bubble growth, 721-723
relation between peak flux and growth
constant, 317-319
saturated boiling at subatmospheric
pressures: water-1-butanol,
506-507
water-2-butanone, 506-507,
510-511

Binary systems, saturated boiling at sub-
atmospheric pressures (Cont.):
water-ethanol, 506-507

survey of literature on pool boiling,
57-63
toluene-acetone, 52-53
total diffusion solution, 475
with two liquid phases and a gas phase,
548
two-phase flow, 669-773
vapor bubble growth in: azeotropic
water-ethanol, 255
water-1-butanol, 247
water-2-butanone, 242
water-2-butanone at subatmospheric
pressure, 490-491

Binary vapor mixtures, condensation of,
384-386

Bispherical coordinates, 871

Blasius, solution of for velocity boundary
layer, 467

Boiling:

coexistent, 658
effect of profiled surface, 905,915
in heat pipes, 930
liquid-liquid, 391
subcooled, 836
Boiling crisis in two-phase flow, 671
Boiling curve, 25
up to burnout: for ethanol, 632
for water, 632
for water-2-butanone, 633
comparison with electrolytic
gas-production-rate curve,
430-431
effect of wire diameter on, 48-52,
343-346
hysteresis in, 26
influence of wire orientation on, 48-52
in pool boiling, 657
quasistationary determination, 648
region: of convection, 201-203
of nucleate boiling, 201
regions, 20
for skim milk, 375



Boiling curve, regions (Cont.):
for water, 339, 344
for water containing foaming agent,
378
for water-2-butanone, 38
Boiling heat transfer on horizontal tubes,
937-940
Boiling limit, 928, 930
Boiling nucleation, 113
effect of: contact angle, 124-125
nonuniform superheat, 127
hypothesis, 130
Boiling paradox, 37
in two-phase flow, 672
Boiling surface, characterization of, 128
Boiling vessel, 198, 235
Boiling water reactor (BWR), 790
Bond number, 626
Bosnjakovié:
hypothesis of, 201
theory of for isobaric heat-diffusion-
controlled growth, 204-206
Boundary layer:
about a bubble, 836
hydrodynamic, thickness of, 469
separation theory, 791
thermal, thickness of, 469
in two-phase flow, 791
velocity, 467
Branch:
nucleate boiling, 663
stable film boiling, 663
transition, 663
Bromley’s theory, 620-623

extension to thin heating cylinders, 623

Bruijn’s theory, 224
Bubble behavior:
in two-phase flow, 672
in water during local boiling at
subatmospheric pressures,
517-528
Bubble blowing, 86

Bubble boundary, decrease in superheat at,

450
Bubble in bubble, 868

INDEX I3

Bubble collapse, literature survey, 764
Bubble departure, effect of wire diameter
on, 527-529
Bubble departure radius, 12, 710-711
Bubble dissolution, 174
Bubble dynamics in cryogens, 384
Bubble escape in thin liquid films, 818
Bubble, Freon, 833
Bubble frequency, 309, 719, 847
effect of wire diameter on, 527-529
Bubble growth:
caused by combination of relaxation
and evaporation microlayers,
474-478
combined Rayleigh and diffusion,
495-498
contribution of evaporation microlayer
in uniformly supersaturated pure
liquids, 454-462
in electrolysis, 413-434, A-8
at elevated pressures, 198-200
initial isothermal, 448-450
in local boiling, 200
Rayleigh, in binary systems, 721-723
in locally boiling pure liquids, 717,
721
in saturated boiling pure liquids,
714-717
at subatmospheric pressures, 198-200
transition between isobaric and iso-
thermal, 451-453
according to Cooper et al., 451-452
according to Mikic, Rohsenow, and
Griffith, 453
according to van Stralen, Sohal, Cole,
and Sluyter, 453
Bubble growth constant, comparison with
theory, 245
Bubble growth equation for binary
systems, 222-224
Bubble growth parameter, 467, 479, 680
Bubble growth relation:
for high Jakob numbers, 429
for low Jakob numbers, 427
Bubble implosions, 246
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Bubble layer, 792
Bubble nuclei in thin liquid films, 816, 818
Bubble oscillations, 236
Bubble period, 491
Bubble population density, 129, 171
Bubble radius:
asymptotic, 475-476
calculation of equivalent, 236
experimental, in local boiling with
forced convection, 754
expression for, in pure and binary
systems, 479
in liquid sodium, 509
maximum, 719
maximum in water, 676
for Rayleigh growth, 713, 715-716,
419
for water: experimental, 518
in local boiling, 518
numerical, 520
for two-phase flow, 676
Bubble region in electrolysis:
coalescing, 430
convection, 430
isolated, 430
transition, 431
Bubble rupture in thin liquid films, 816
Bubble shape in thin liquid film:
hemispherical, 814
oblate, 814
spherical, 814
Bubble size, effect of wire diameter on,
527-529
Bubble train, 845, 851, 859
collapse rate in, 858
flow field of, 851
temperature field of, 854
velocity of rise in, 848
Bubbles:
free, in liquid sodium, 509
generated at a wall, 513
in thin liquid films, 814
Bubbly flow, 784
Bulk boiling, 784
Bulk convection in nucleate boiling, 167

Bulk liquid superheating, 237

in convection, 201-204

in nucleate boiling, 201-204
Burnout, 787
Burnout flux, 645, 646, 743

in water, 645, 744

in water-2-butanone, 645-646, 745

Capillary action in heat pipes, 923, 930
Capillary effects, 592
Capillary pressure in heat pipes, 924
Carbon dioxide bubbles, 260
Cathode, experimental results on
horizontal, 421-425

Cavitation, 68, 79
Characteristic time, definition of, 277
Characterization of boiling surface, 128
Chemical equilibrium, 79-80
Chemical potential:

in binary gas mixtures, 536

of binary liquid mixtures, 537

in homogeneous systems, 535

of single-component gases, 536

of single-component liquids, 537
Circuitry, external, 659
Clapeyron’s law, 563
Clausius-Clapeyron equation, 546
Coagulation layer, 375, 377
Coalescence in electrolysis, 440, A-10
Coatings, influence of, 26
Coaxial tubes, effect on peak flux,

339-369

in saturated boiling, 356-361
Coefficient, viscous damping, 525
Coexistent boiling, 658

energy conservation equation for,

661

Coherence of light, 821, 822
Collapse rate, 858

in a bubble train, 858

effect of motions on, 873

effect of noncondensables, 862, 873

in multibubble train, 861
Collocation method, 519, 573



Combined Rayleigh and diffusion growth,
495-498
Composition rules, 288
Concentration gradients in liquid, influence
on (9 In p/oT) . , 549
Condensation, of supersaturated vapor
mixtures, 384-386
Condensation plates:
in tube, 904
outside tube, 904-905
Conservation:
of energy, 558, 780
of mass, 558, 780
at the interface, 559
of momentum, 558
Constant bubble volume, 525
Constant-pressure diagram, 545
Contact angle, 84-85, 124-125, 851, 882,
896
Contact radius between bubble and wall,
482
Continuity equations, 274, 558
Convection:
effect of wire orientation on, 340-343
of heat to the bubble, 596
interfacial, 836
Convection-controlled mode of growth,
404
Convective heat flux in forced flow, 763
Convective heat transfer in thin liquid
films, 815
Cooling fins, 26
Correlations, boiling heat-transfer, 294
Counter current in heat pipes, 927
Critical discharge velocity, 796
Critical flow, 794
Critical heat flux, 787-792
measurements, 798, 804
in thin liquid films, 813
Critical mass flow rate, 796
Critical pressure, relation with heat flux
density, 628
Cross-correlation function, 800
Cross-correlation techniques, 798, 800

INDEX 5

Cryogens:
bubble dynamics in, 384
film boiling in, 650
pool boiling of, 382-384

Dalton’s law, 285
Damped oscillation, 277
Darcy’s law, 927
Deactivation superheat, 126
Decompression, 795
Decrease in superheating at bubble
boundary, 450
Deformation of vapor bubbles, 760
Degrees of freedom, 535
(87/0x1 )coex,p , relation for, 552
Demixing, 34
Density:
of activated nuclei, 311
of bubble population, 129, 171
of bubble-producing sites, 846
Departure:
expression for, 397
from nucleate boiling (DNB), 787, 790,
792
of vapor bubble, 599
Departure radius:
in electrolysis, A-7-A-8
versus pressure: for liquid sodium,
516-517
for water, 516-517
Departure time, 480, 482
Deposition, ratio of droplet, 792
Depressurization, 794-795
Detachment diameter, 847
Determination:
of heat flux density, 22
of superheating at the wall, 22
Deviating bubble behavior, 760
Deviations:
from ideal behavior in liquid mixtures,
537
of spherical shape, 558
Dew-point curve, 542, 544
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Dew-point elevation, 319
Diameter:
heated, 789
hydraulic, 787, 789
Diffusion equation, 781
Diffusion model:
relation between local boiling and
convective heat transfer, 734, 737
for symmetric growth and implosion,
730
theory, 685-712
Diffusion solution (total) in pure and
binary systems, 475
Diffusion-controlled growth, 278
in electrolysis, A-9
Diffusion-controlled mode of implosion,
278
Digital computers, 557
Dilute salt solutions, 225
Direct vapor production, 312-313
Direct vapor-production rate in film
boiling, 634
Displacement thickness, 456, 593
Dissolved gases, effect on nucleation, 81
Distribution of bubbles in electrolysis,
A-12-A-13
Doppler effect, 798
Doppler shift, 799
Drift current, 833, 840
Droplet:
evaporation, 648
in nucleate boiling, 381-382
evaporation time, 382
lifetime, 98, 382
Dry area, growth rate of, 592, 594
Dry spot, radius of, 470-472
Dryout, 787, 790, 792
Duhamel, principle of, 276
Dynamic instability in two-phase flow, 793

Effective thermal conductivity in heat
pipes, 930

Electric stirring, influence of, 27

Electrical heating, 659

Electrical resistance:
of carbon filaments, 664
of electrolyte, A-11
materials with temperature-
independent, 663
of semiconductors, 664
Electrical resistivity:
of constantan, 659
of manganin, 659
of pure metals, 659
of semiconductors, 659
Electrode:
hydrogen-evolving, 437
miniature, 951
oxygen-evolving, 437
Electrode surface, influence of bubblz on,
416
Electrolysis:
bubble growth in, 413-434
film, 431
gas evolution in, 413-434
Electrolytic bubble generation, 175
Electrolytic gas evolution, 227, 229
Electrolytic gas-production-rate curve,
comparison with boiling curve,
430-431
Elliptical tube, 906
Elongation measurements, 798, 804
Energy conservation equation for
coexistent boiling, 661
Energy equation, 275
Enhanced heat transfer, 915
Enthalpy balance:
local boiling binary systems with free
convection, 702
local boiling pure liquids with free
convection, 700
for Rayleigh bubble growth, 716, 718
in relation with convective heat transfer
697
in saturated boiling binary systems,
698-700
in saturated boiling pure liquids,
695-696
Enthalpy in boiling pure liquids, 692-694
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Enthalpy of vaporization, relation with
liquid-gas equilibria:
in binary systems, 547
in binary systems with two liquid
phases, 548
in single-component systems, 545
Entrainment limit, 928
Entrainment of liquid droplets, 792
Equation of motion, 780
Equations of state, 781
Equilibria:
thermodynamic relations for, 535
between two liquid phases and a gas
phase, 545
Equilibria, liquid-gas (LG), 539
at constant pressure, 544
and enthalpy of vaporization, 545
with ideal behavior in gas only, 539
with ideal behavior in liquid and gas,
539
total pressure, 540
Equilibrium:
chemical, 79-80
mechanical, 79
Equilibrium constant, 540
Equilibrium diagram:
at constant pressure, 544
at constant temperature, 541
Equilibrium radius, 76-77, 82
Equilibrium state, 74-77, 81, 115
Equilibrium superheat equation, 117
Equilibrium vapor pressure, 76, 116
Equivalent bubble radius, calculation of,
236
Ethanol:
boiling curve up to burnout, 632
local boiling in, 752, 755
numerical constants for, 268
Evaporating surface in thin liquid films,
818
Evaporation:
in heat pipes, 929
heat requirement for, 560
at the surface, 835
of the microlayer, 396

INDEX I-7

Evaporation microlayer, 300-301, 835
asymptotic vapor bubble growth via,
470
contribution to bubble growth,
454-462
effect of thickness on local heat flux,
461
initial thickness of, 467
in pure systems, 447-462
Evaporation plates, 903
inside tubes, 903
outside tubes, 905
Evaporator, 937
Excess limit of superheat, 98
Excess-enthalpy balance, 306
Experimental apparatus:
of Apfel, 102
of Wakeshima and Takata, 93
of Wismer, 89
Experimental procedure of vapor bubble
growth, 234-262
Exploding-drop apparatus, 93
Explosions, superheat limit, 103
Expressions:
for dew-point elevation, 319-320
for growth constant, 319-320
for peak flux, 319-320
Extended Rayleigh equation, 207, 449
of motion, for binary systems, A-1
External circuitry, 659

Film boiling:
characteristics of, 615-617
direct vapor-production rate in, 634,
642
experimental data: for ethanol, 635
for water, 635
for water-2-butanone, 635
growth of individual vapor bubbles,
636, 640, 642-643
nonstationary transition from nucleate
boiling to, 617
practical applications: cryogenic film
boiling, 650
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Film boiling, practical applications
(Cont.):
droplet evaporation, 648
effect of subcooling and forced
convection, 649
liquid-liquid boiling, 650
spray cooling, 649
in pure and binary systems, 615-650
superheating of liquid in, 258
theories, physical background, 618-620
thickness of vapor film in, 647
Film electrolysis, 431
Flohrschutz and Chao model, 765
Flow diagrams, 671
Flow discharge, 796
Flow field around a bubble train, 851
Flow instabilities, 793
Flow oscillations, 792-793
Flow patterns, 781
in evaporators, 670
Flow regimes, 781-782, 802
Forced circulation, influence of, 27, 30
Forster-Zuber theory, 208-212
Fouling of heating surface, 376-381
Fractional derivative, 276, 287, 564
Free bubbles in liquid sodium, 509
Free convection:
heat transfer curves for, 345
on a horizontal wire, 342
on a vertical wire, 343
Free vapor bubbles, growth during
transition, 713-714
Freedom, degrees of, 535
Frequency, 847
effect: on collapse rate, 858
on terminal velocity in bubble train,
849
Frequency-dependent parameters, 864
Fritz theory, 885, 896
Froude number, 384
Fugacity, 536
coefficient, 536

Gas bubbles in electrolysis, 432-433
Gas composition, 540

Gas evolution during electrolysis, 413-442
Gas production rate:
in electrolysis, A-5
at larger electrodes, 420
Gas-bubble growth, 259
in initially uniformly supersaturated
liquids, 425-430
Gases, chemical potential in single
component, 536
Geometry of heating wall, 25
Gibbs function, 74
Gibbs-Duhem, relation of, 537, 550
Grooved tubes, 915
Grooves in heat pipes, 924
Growth constant, 319
relation between peak flux and,
317-319
Growth parameter b*, 476
Growth rate:
of dry area, 592, 594
of vapor bubbles in nucleate boiling,
448

Heat convection equations, 396
Heat diffusion to bubble, 595
Heat distribution correlations, 786
Heat exchanger, 21
Heat flux:
in cryogens, 382-384
in kettle evaporators, 939
maximum, 391
in skim milk, 375
Heat flux density, 456
according to Bo¥njakovi¢, 201
application of hydrodynamic instability
theory to, 627-629
calculation of, 235
determination of, 22
in pool boiling, 657
relation with critical pressure, 628
Heat flux transformer, 926
Heat and mass diffusion, analogy between,
222
Heat penetration, 688, 704



Heat pipes, 923-932
Heat requirement for evaporation, 276,
560
Heat transfer:
to boiling binary systems, 34-63
to boiling pure liquids, 17-30
to boiling ternary systems, 54-57
increase of, in nucleate boiling, 25
in locally boiling binary systems, 45-47
in one-phase flow, 738-742
in two-phase flow, 669-676
Heat-diffusion equation, 275
Heat-diffusion-controlled growth,
according to Bo3njakovi¢, 204-206
Heated diameter, 789
Heater geometry, effect on peak flux,
339-369
Heating:
with a condensate, 660
electrical, 659
nuclear, 659
Heating surface, fouling of, 376-381
Heating wall:
influence of composition,
condition, and geometry of,
25,26
Heat-input distribution fraction, 783
Heat-transfer coefficient, 717
Helium, heat flux in superfluid, 382
Helmbholtz instability, 625
Henry’s law, 425, 539, 551-552
constant, 540
Heterogeneous nucleation, 83
effect of contact angle, 84
liquid-liquid interfaces, 85
solid smooth surfaces, 84
High-speed cinematographic technique,
234
High-speed motion pictures of
nucleate boiling in thin liquid
films, 816
Hologram, 823
Holography:
in boiling, 821-843
real-time, 823, 835

INDEX I9

Homogeneous nucleation, 71
from binary solutions, 80
effect of dissolved gases, 81
in supersaturated liquids, 425
Homogeneous systems, chemical
potential in, 535
Horizontal evaporator-condenser, 903
Horizontal tubes:
boiling heat transfer on, 937-940
heat-transfer model for, 940-944
Hydraulic diameter, 787, 789
Hydraulic radius, 739
Hydrodynamic boundary layer, 456, 469
Hydrodynamic instability theory, 623-627
comparison with experimental data: for
horizontal plates and tubes, 631
for horizontal wires, 631
comparison with relaxation microlayer
theory of Zuber and Tribus, 629
application to heat flux density in
nucleate boiling, 627-629
Hydrodynamic model, 442
Hydrodynamic thickness, 458
Hydrodynamics:
of formation of liquid microlayer, 588
of vapor bubbles, 558
Hydrogen, 421-424
Hydrogen bond, 540
Hydrogen bubbles, 437
diffusion-controlled growth, 259
numerical example during electrolysis,
229
Hysteresis in nucleate boiling, 376

Ideal behavior in gas phase, 547
Ideal mixtures, 537
Impedance and conductance void probes,
798, 802
Implosion:
of bubbles, 246
of diffusion bubbles in pure liquids,
726-728,731-733
final rate of, 282
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Implosion (Cont.):
of Rayleigh bubbles: in binary systems,
731-733
in pure liquids, 723-728
of vapor bubbles in water, 521-523
Impulse pressure drop, 928
Inertia of liquid in thin films, 814
Inertia-controlled mode of growth, 425
Influence area 4 i 308-310
Influence of concentration gradients on
(0 In p/8T)coex, 549-551
Influence region, 716, 720
Infrared absorption techniques, 798,
803
Initial acceleration of gas bubble, 580
Initial growth, 277, 425
Initial isothermal bubble growth,
448-450
Initial microlayer thickness, 456,
459-460
Instabilities in two-phase flow, 792-793
Instrumentation, 2
Interaction, 540
of a bubble in a bubble, 868
in a bubble train, 848
of microlayers, 475
in multiple bubbles, 859
Interface motion in capillaries:
experiment, 142-143
nonviscous model, 139
viscous model, 136
Interference fringes, 822, 833-834
Interference pattern, 833
Interferogram, 824, 833
Interferometric recordings, 332
Interferometry:
in boiling, 821-842
holographic, 823
Mach-Zehnder, 821
in spherical density fields, 827
International heat-pipe conferences,
927
Invariant system, 535
Inverted stagnation model of nucleate
boiling, 189

Jakob number, 861
definition of, 277
dimensionless bubble growth relation
for, 429
effect on bubble growth, 503
general bubble growth relation for, 429
in relation to gas-bubble growth,
426-430
Jet:
formation, 576
in thin liquid films: laminar, 815
turbulent, 816

Kelvin equation, 569

Kelvin momentum equation, 398
Kettle evaporators, 937-944

Kettle reboilers, 937

Kinematic boundary condition, 274
Kinetic limit of superheat, 73

Lagally force, 872
Lagrange equations of motion, 567
Laminar films, 907
Laminar jet in thin liquid films, 815
Landau-Levich equation, 406
Laplace equation, 113,275, 559
Laplace-Kelvin equation, 114
Laser, 821-822, 835
Laser Doppler velocimeter, 798, 799
Leading bubble, 845, 849
Legendre polynomials, 566
Leidenfrost point, 21-22, 616, 658
Levitation, acoustic, 102
Lifetime of droplets, 382
Limit:

boiling, 928

extrainment, 928

sonic, 928

wicking, 928
Liquid films, 813-814
Liquid jet, 492
Liquid levels in films, 815
Liquid metals in heat pipes, 924, 931



