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Preface

While momentum, heat, and mass transfer developed independently as branches of
classical physics long ago, their unified study has found its place as one of the funda-
mental engineering sciences. This development, in turn, less than half a century old, con-
tinues to grow and to find applications in new fields such as biotechnology,
microelectronics, nanotechnology, and polymer science.

Evolution of transport phenomena has been so rapid and extensive that complete
coverage is not possible. While-we have included many representative examples, our
main emphasis has, of necessity, been on the fundamental aspects of this field. More-
over, we have found in discussions with colleagues that transport phenomena is taught
in a variety of ways and at several different levels. Enough material has been included
for two courses, one introductory and one advanced. The elementary course, in turn, can
be divided into one course on momentum transfer, and another on heat and mass trans-
fer, thus providing more opportunity to demonstrate the utility of this material in practi-
cal applications. Designation of some sections as optional (0) and other as advanced (®)
may be helpful to students and instructors.

Long regarded as a rather mathematical subject, transport phenomena is most impor-
tant for its physical significance. The essence of this subject is the careful and compact
statement of the conservation principles, along with the flux expressions, with emphasis
on the similarities and differences among the three transport processes considered. Often,
specialization to the boundary conditions and the physical properties in a specific prob-
lem can provide useful insight with minimal effort. Nevertheless, the language of trans-
port phenomena is mathematics, and in this textbook we have assumed familiarity with
ordinary differential equations and elementary vector analysis. We introduce the use of
partial differential equations with sufficient explanation that the interested student can
master the material presented. Numerical techniques are deferred, in spite of their obvi-
ous importance, in order to concentrate on fundamental understanding.

Citations to the published literature are emphasized throughout, both to place trans-
port phenomena in its proper historical context and to lead the reader into further exten-
sions of fundamentals and to applications. We have been particularly anxious to
introduce the pioneers to whom we owe so much, and from whom we can still draw
useful inspiration. These were human beings not so different from ourselves, and per-
haps some of our readers will be inspired to make similar contributions.

Obviously both the needs of our readers and the tools available to them have
changed greatly since the first edition was written over forty years ago. We have made a
serious effort to bring our text up to date, within the limits of space and our abilities, and
we have tried to anticipate further developments. Major changes from the first edition
include:

e transport properties of two-phase systems

e use of “combined fluxes” to set up shell balances and equations of change
¢ angular momentum conservation and its consequences

e complete derivation of the mechanical energy balance

¢ expanded treatment of boundary-layer theory

e Taylor dispersion

¢ improved discussions of turbulent transport

iii
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e Fourier analysis of turbulent transport at high Pr or Sc

* more on heat and mass transfer coefficients

* enlarged discussions of dimensional analysis and scaling

* matrix methods for multicomponent mass transfer

* ionic systems, membrane separations, and porous media

* the relation between the Boltzmann equation and the continuum equations

* use of the “Q+W” convention in energy discussions, in conformity with the lead-
ing textbooks in physics and physical chemistry

However, it is always the youngest generation of professionals who see the future most
clearly, and who must build on their imperfect inheritance.

Much remains to be done, but the utility of transport phenomena can be expected to
increase rather than diminish. Each of the exciting new technologies blossoming around
us is governed, at the detailed level of interest, by the conservation laws and flux expres-
sions, together with information on the transport coefficients. Adapting the problem for-
mulations and solution techniques for these new areas will undoubtedly keep engineers
busy for a long time, and we can only hope that we have provided a useful base from
which to start.

Each new book depends for its success on many more individuals than those whose
names appear on the title page. The most obvious debt is certainly to the hard-working
and gifted students who have collectively taught us much more than we have taught
them. In addition, the professors who reviewed the manuscript deserve special thanks
for their numerous corrections and insightful comments: Yu-Ling Cheng (University of
Toronto), Michael D. Graham (University of Wisconsin), Susan ]. Muller (University of
California-Berkeley), William B. Russel (Princeton University), Jay D. Schieber (Illinois
Institute of Technology), and John F. Wendt (Von Karmén Institute for Fluid Dynamics).
However, at a deeper level, we have benefited from the departmental structure and tra-
ditions provided by our elders here in Madison. Foremost among these was Olaf An-
dreas Hougen, and it is to his memory that this edition is dedicated.

Madison, Wisconsin R. B. B.
W.E.S.
E.N. L.



Contents

Preface

Chapter 0 The Subject of Transport
Phenomena 1

Part] Momentum Transport

Chapter 1 Viscosity and the Mechanisms of
Momentum Transport 11

§1.1 Newton’s Law of Viscosity (Molecular Momentum
Transport) 11
Ex.1.1-1 Calculation of Momentum Flux 15
Generalization of Newton’s Law of Viscosity 16
Pressure and Temperature Dependence of
Viscosity 21
Ex.1.3-1 Estimation of Viscosity from Critical
Properties 23
Molecular Theory of the Viscosity of Gases at Low
Density 23
Ex.1.4-1 Computation of the Viscosity of a Gas
Mixture at Low Density 28
Ex.1.4-2 Prediction of the Viscosity of a Gas
Mixture at Low Density 28
Molecular Theory of the Viscosity of Liquids 29
Ex. 1.5-1 Estimation of the Viscosity of a Pure
Liquid 31
§1.6° Viscosity of Suspensions and Emulsions 31
§1.7 Convective Momentum Transport 34
Questions for Discussion 37
Problems 37

§1.2
§1.3

§1.4°

§1.5°

Chapter 2 Shell Momentum Balances and Velocity
Distributions in Laminar Flow 40

§2.1  Shell Momentum Balances and Boundary
Conditions 41
§2.2 Flow of a Falling Film 42
Ex.2.2-1 Calculation of Film Velocity 47
Ex. 2.2-2 Falling Film with Variable
Viscosity 47
§2.3  Flow Through a Circular Tube 48

Ex.2.3-1 Determination of Viscosity from Capillary
Flow Data 52

Ex. 2.3-2 Compressible Flow in a Horizontal
Circular Tube 53

§2.4 Flow throughan Annulus 53
§2.5 Flow of Two Adjacent Immiscible Fluids 56
§2.6  Creeping Flow around a Sphere 58

Ex.2.6-1 Determination of Viscosity from the
Terminal Velocity of a Falling Sphere 61
Questions for Discussion 61

Problems 62

Chapter 3 The Equations of Change for
Isothermal Systems 75

§3.1 The Equation of Continuity 77
Ex. 3.1-1 Normal Stresses at Solid Surfaces for
Incompressible Newtonian Fluids 78
The Equation of Motion =~ 78
The Equation of Mechanical Energy 81
The Equation of Angular Momentum 82
The Equations of Change in Terms of the
Substantial Derivative 83
Ex.3.5-1 The Bernoulli Equation for the Steady
Flow of Inviscid Fluids 86
Use of the Equations of Change to Solve Flow
Problems 86
Ex.3.6-1 Steady Flow in a Long Circular
Tube 88
Ex. 3.6-2 Falling Film with Variable
Viscosity 89
Ex. 3.6-3 Operation of a Couette Viscometer 89
Ex. 3.6-4 Shape of the Surface of a Rotating
Liquid 93
Ex. 3.6-5 Flow near a Slowly Rotating
Sphere 95
Dimensional Analysis of the Equations of
Change 97
Ex. 3.7-1 Transverse Flow around a Circular
Cylinder 98
Ex.3.7-2 Steady Flow in an Agitated Tank 101
Ex. 3.7-3 Pressure Drop for Creeping Flow in a
Packed Tube 103
Questions for Discussion 104
Problems 104

§32
§33
§3.4°
§3.5

§3.6

§3.7

Chapter 4 Velocity Distributions with More than
One Independent Variable 114

§4.1 = Time-Dependent Flow of Newtonian Fluids 114
Ex. 4.1-1 Flow near a Wall Suddenly Set in

Motion 115



vi Contents

Ex.4.1-2 Unsteady Laminar Flow between Two
Parallel Plates 117
Ex. 4.1-3 Unsteady Laminar Flow near an
Oscillating Plate 120
§4.2° Solving Flow Problems Using a Stream
Function 121
Ex.4.2-1 Creeping Flow around a Sphere
§4.3° Flow of Inviscid Fluids by Use of the Velocity
Potential 126
Ex. 4.3-1 Potential Flow around a Cylinder 128
Ex. 4.3-2 Flow into a Rectangular Channel ~ 130
Ex.4.3-3 Flow near a Corner 131
§4.4° Flow near Solid Surfaces by Boundary-Layer
Theory 133
Ex. 4.4-1 Laminar Flow along a Flat Plate
(Approximate Solution) 136
Ex. 4.4-2 Laminar Flow along a Flat Plate (Exact
Solution) 137
Ex. 4.4-3 Flow near a Corner 139
Questions for Discussion 140
Problems 141

122

Chapter 5 Velocity Distributions in
Turbulent Flow 152

§5.1 Comparisons of Laminar and Turbulent
Flows 154
Time-Smoothed Equations of Change for
Incompressible Fluids 156
The Time-Smoothed Velocity Profile near a
Wall 159
Empirical Expressions for the Turbulent
Momentum Flux 162
Ex. 5.4-1 Development of the Reynolds Stress
Expression in the Vicinity of the Wall 164
Turbulent Flow in Ducts 165
Ex.5.5-1 Estimation of the Average Velocity in a
Circular Tube 166
Ex.5.5-2 Application of Prandtl’s Mixing Length
Formula to Turbulent Flow in a Circular
Tube 167
Ex.5.5-3 Relative Magnitude of Viscosity and Eddy
Viscosity 167
Turbulent Flow in Jets 168
Ex.5.6-1 Time-Smoothed Velocity Distribution in a
Circular Wall Jet 168
Questions for Discussion 172
Problems 172

§5.2
§5.3

§5.4

§5.5

85.6°

Chapter 6 Interphase Transport in
Isothermal Systems 177

Definition of Friction Factors 178
Friction Factors for Flow in Tubes 179
Ex. 6.2-1 Pressure Drop Required for a Given Flow
Rate 183

§6.1
§6.2

Ex. 6.2-2 Flow Rate for a Given Pressure
Drop 183
Friction Factors for Flow around Spheres 185
Ex. 6.3-1 Determination of the Diameter of a Falling
Sphere 187
§6.4° Friction Factors for Packed Columns 188
Questions for Discussion 192
Problems 193

§6.3

Chapter 7 Macroscopic Balances for
Isothermal Flow Systems 197

§7.1  The Macroscopic Mass Balance 198
Ex.7.1-1 Draining of a Spherical Tank 199
The Macroscopic Momentum Balance 200
Ex.7.2-1 Force Exerted by a Jet (Parta) 201
The Macroscopic Angular Momentum
Balance 202
Ex.7.3-1 Torque on a Mixing Vessel
The Macroscopic Mechanical Energy
Balance = 203
Ex.7.4-1 Force Exerted by a Jet (Part b)
Estimation of the Viscous Loss 205
Ex.7.5-1 Power Requirement for Pipeline
Flow 207
Use of the Macroscopic Balances for Steady-State
Problems 209
Ex. 7.6-1 Pressure Rise and Friction Loss in a
Sudden Enlargement 209
Ex.7.6-2 Performance of a Liquid-Liquid
Ejector 210
Ex.7.6-3 Thrust on a Pipe Bend 212
Ex.7.6-4 The Impinging Jet ~ 214
Ex.7.6-5 Isothermal Flow of a Liquid through an
Orifice ~ 215
Use of the Macroscopic Balances for Unsteady-
State Problems 216
Ex.7.7.1 Acceleration Effects in Unsteady Flow
from a Cylindrical Tank 217
Ex.7.7-2 Manometer Oscillations 219
§7.8® Derivation of the Macroscopic Mechanical Energy
Balance 221
Questions for Discussion 223
Problems 224

§7.2
§7.3

202
§7.4

205
§7.5

§7.6

§7.7°

Chapter 8 Polymeric Liquids 231

§8.1  Examples of the Behavior of Polymeric
Liquids = 232

§8.2  Rheometry and Material Functions 236

§8.3 Non-Newtonian Viscosity and the Generalized

Newtonian Models 240
Ex. 8.3-1 Laminar Flow of an Incompressible
Power-Law Fluid in a Circular Tube 242
Ex. 8.3-2 Flow of a Power-Law Fluid in a Narrow
Slit 243



Ex. 8.3-3 Tangential Annular Flow of a Power-
Law Fluid 244
Elasticity and the Linear Viscoelastic
Models 244
Ex. 8.4-1 Small-Amplitude Oscillatory
Motion 247
Ex. 8.4-2 Unsteady Viscoelastic Flow near an
Oscillating Plate 248
The Corotational Derivatives and the Nonlinear
Viscoelastic Models 249
Ex. 8.5-1 Material Functions for the Oldroyd 6-
Constant Model ~ 251
Molecular Theories for Polymeric Liquids 253
Ex.8.6-1 Material Functions for the FENE-P
Model 255
Questions for Discussion 258
Problems 258

§8.4°

§8.5¢

§8.6¢

PartII Energy Transport

Chapter 9 Thermal Conductivity and
the Mechanisms of Energy
Transport 263

§9.1 Fourier's Law of Heat Conduction (Molecular
Energy Transport) 266
Ex.9.1-1 Measurement of Thermal
Conductivity 270
Temperature and Pressure Dependence of Thermal
Conductivity 272
Ex.9.2-1 Effect of Pressure on Thermal
Conductivity 273
Theory of Thermal Conductivity of Gases at Low
Density 274
Ex. 9.3-1 Computation of the Thermal
Conductivity of a Monatomic Gas at Low
Density 277
Ex. 9.3-2 Estimation of the Thermal Conductivity
of a Polyatomic Gas at Low Density 278
Ex. 9.3-3 Prediction of the Thermal Conductivity
of a Gas Mixture at Low Density 278
Theory of Thermal Conductivity of
Liquids 279
Ex.9.4-1 Prediction of the Thermal Conductivity of
a Liquid 280
Thermal Conductivity of Solids 280
Effective Thermal Conductivity of Composite
Solids 281 :
Convective Transport of Energy 283
Work Associated with Molecular
Motions 284
Questions for Discussion 286
Problems 287

§9.2

§9.3°

§9.4°

§9.5°
§9.6°

§9.7
§9.8

Contents  vii

Chapter 10 Shell Energy Balances and
Temperature Distributions in
Solids and Laminar Flow 290

§10.1 Shell Energy Balances; Boundary
Conditions 291
Heat Conduction with an Electrical Heat
Source 292
Ex. 10.2-1 Voltage Required for a Given
Temperature Rise in a Wire Heated by an
Electric Current 295
Ex. 10.2-2 Heated Wire with Specified Heat
Transfer Coefficient and Ambient Air
Temperature 295
Heat Conduction with a Nuclear Heat
Source 296
Heat Conduction with a Viscous Heat
Source 298
Heat Conduction with a Chemical Heat
Source 300
Heat Conduction through Composite
Walls 303
Ex. 10.6-1 Composite Cylindrical Walls 305
Heat Conduction in a Cooling Fin 307
Ex. 10.7-1 Error in Thermocouple
Measurement 309
§10.8 Forced Convection 310
§10.9 Free Convection 316
Questions for Discussion 319
Problems 320

§10.2

§10.3
§10.4
§10.5

§10.6

§10.7

Chapter 11 The Equations of Change for
Nonisothermal Systems 333

§11.1
§11.2
§11.3

The Energy Equation 333
Special Forms of the Energy Equation 336
The Boussinesq Equation of Motion for Forced
and Free Convection 338
Use of the Equations of Change to Solve Steady-
State Problems 339
Ex. 11.4-1 Steady-State Forced-Convection Heat
Transfer in Laminar Flow in a Circular
Tube 342
Ex. 11.4-2 Tangential Flow in an Annulus with
Viscous Heat Generation 342
Ex. 11.4-3 Steady Flow in a Nonisothermal
Film 343
Ex. 11.4-4 Transpiration Cooling 344
Ex. 11.4-5 Free Convection Heat Transfer from a
Vertical Plate 346
Ex. 11.4-6 Adiabatic Frictionless Processes in an
Ideal Gas 349
Ex. 11.4-7 One-Dimensional Compressible Flow:
Velocity, Temperature, and Pressure Profiles in a
Stationary Shock Wave 350

§11.4



viii Contents
§11.5 Dimensional Analysis of the Equations of Change
for Nonisothermal Systems 353
Ex. 11.5-1 Temperature Distribution about a Long
Cylinder 356
Ex. 11.5-2 Free Convection in a Horizontal Fluid
Layer; Formation of Bénard Cells 358
Ex.11.5-3 Surface Temperature of an Electrical
Heating Coil 360
Questions for Discussion 361
Problems 361

Chapter 12 Temperature Distributions with More

than One Independent Variable 374
§12.1 Unsteady Heat Conduction in Solids 374
Ex. 12.1-1 Heating of a Semi-Infinite Slab 375

Ex. 12.1-2 Heating of a Finite Slab 376
Ex. 12.1-3 Unsteady Heat Conduction near a Wall
with Sinusoidal Heat Flux 379
Ex. 12.1-4 Cooling of a Sphere in Contact with a
Well-Stirred Fluid 379
§12.2° Steady Heat Conduction in Laminar,
Incompressible Flow 381
Ex. 12.2-1 Laminar Tube Flow with Constant Heat
Flux at the Wall 383
Ex.12.2-2 Laminar Tube Flow with Constant Heat
Flux at the Wall: Asymptotic Solution for the
Entrance Region 384
§12.3° Steady Potential Flow of Heat in Solids
Ex. 12.3-1 Temperature Distribution in a
Wall 386
§12.4° Boundary Layer Theory for Nonisothermal
Flow 387
Ex. 12.4-1 Heat Transfer in Laminar Forced
Convection along a Heated Flat Plate (the von
Kdrmdn Integral Method) 388
Ex. 12.4-2 Heat Transfer in Laminar Forced
Convection along a Heated Flat Plate (Asymptotic
Solution for Large Prandtl Numbers) B9
Ex. 12.4-3 Forced Convection in Steady Three-
Dimensional Flow at High Prandtl

385

Numbers 392
Questions for Discussion 394
Problems 395

Chapter 13 Temperature Distributions in
Turbulent Flow 407

§13.1 Time-Smoothed Equations of Change for
Incompressible Nonisothermal Flow 407
The Time-Smoothed Temperature Profile near a
Wall 409
Empirical Expressions for the Turbulent Heat
Flux 410

Ex.13.3-1 An Approximate Relation for the Wall

Heat Flux for Turbulent Flow ina Tube 411

§13.2

§13.3

§13.4° Temperature Distribution for Turbulent Flow in
Tubes 411

§135° Temperature Distribution for Turbulent Flow in
Jets 415

§13.6* Fourier Analysis of Energy Transport in Tube Flow
at Large Prandtl Numbers 416

Questions for Discussion 421

Problems 421

Chapter 14 Interphase Transport in

Nonisothermal Systems 422

§14.1 Definitions of Heat Transfer Coefficients 423
Ex.14.1-1 Calculation of Heat Transfer Coefficients
from Experimental Data 426

§14.2 Analytical Calculations of Heat Transfer
Coefficients for Forced Convection through Tubes
and Slits 428

§14.3 Heat Transfer Coefficients for Forced Convection
in Tubes 433

Ex.14.3-1 Design of a Tubular Heater =~ 437

§14.4 Heat Transfer Coefficients for Forced Convection
around Submerged Objects 438

§14.5 Heat Transfer Coefficients for Forced Convection

through Packed Beds 441
§14.6° Heat Transfer Coefficients for Free and Mixed

Convection 442
Ex. 14.6-1 Heat Loss by Free Convection from a
Horizontal Pipe 445

§14.7° Heat Transfer Coefficients for Condensation of
Pure Vapors on Solid Surfaces 446
Ex.14.7-1 Condensation of Steam on a Vertical

Surface 449
Questions for Discussion 449
Problems 450

Chapter 15 Macroscopic Balances for

Nonisothermal Systems 454

§15.1 The Macroscopic Energy Balance = 455
§15.2 The Macroscopic Mechanical Energy
Balance 456
§15.3 Use of the Macroscopic Balances to Solve Steady-
State Problems with Flat Velocity Profiles =~ 458
Ex. 15.3-1 The Cooling of an Ideal Gas = 459
Ex. 15.3-2 Mixing of Two Ideal Gas
Streams 460
§15.4 The d-Forms of the Macroscopic Balances 461
Ex.15.4-1 Parallel- or Counter-Flow Heat
Exchangers 462
Ex.15.4-2 Power Requirement for Pumping a
Compressible Fluid through a Long Pipe
§15.5° Use of the Macroscopic Balances to Solve
Unsteady-State Problems and Problems with
Nonflat Velocity Profiles 465

464



Ex.15.5-1 Heating of a Liquid in an Agitated
Tank 466
Ex.15.5-2 Operation of a Simple Temperature
Controller 468
Ex.15.5-3 Flow of Compressible Fluids through
Heat Meters 471
Ex. 15.5-4 Free Batch Expansion of a Compressible
Fluid 472
Questions for Discussion
Problems 474

474

Chapter 16 Energy Transport by Radiation 487

§16.1
§16.2
§16.3

The Spectrum of Electromagnetic Radiation 488
Absorption and Emission at Solid Surfaces 490
Planck’s Distribution Law, Wien’s Displacement
Law, and the Stefan-Boltzmann Law 493
Ex.16.3-1 Temperature and Radiation-Energy
Emission of the Sun 496
Direct Radiation between Black Bodies in Vacuo at
Different Temperatures 497
Ex.16.4-1 Estimation of the Solar Constant
Ex. 16.4-2 Radiant Heat Transfer between
Disks 501
§16.5° Radiation between Nonblack Bodies at Different
Temperatures 502
Ex.16.5-1 Radiation Shields 503
Ex.16.5-2 Radiation and Free-Convection Heat
Losses from a Horizontal Pipe 504
Ex.16.5-3 Combined Radiation and
Convection 505
§16.6° Radiant Energy Transport in Absorbing
Media 506
Ex. 16.6-1 Absorption of a Monochromatic Radiant
Beam 507
Questions for Discussion
Problems 508

§16.4

501

508

Part Il Mass Transport

Chapter 17 Diffusivity and the Mechanisms of
Mass Transport 513

§17.1 Fick’s Law of Binary Diffusion (Molecular Mass
Transport) 514
Ex. 17.1-1. Diffusion of Helium through Pyrex
Glass 519
Ex.17.1-2 The Equivalence of D g and D,
§17.2 Temperature and Pressure Dependence of

520

Diffusivities 521
Ex. 17.2-1 Estimation of Diffusivity at Low
Density =~ 523

Ex. 17.2-2 Estimation of Self-Diffusivity at High
Density 523

Contents  ix

Ex. 17.2-3 Estimation of Binary Diffusivity at High
Density 524
§17.3° Theory of Diffusion in Gases at Low Density
Ex. 17.3-1 Computation of Mass Diffusivity for
Low-Density Monatomic Gases 528
§17.4° Theory of Diffusion in Binary Liquids ~ 528
Ex. 17.4-1 Estimation of Liquid Diffusivity
§17.5° Theory of Diffusion in Colloidal
Suspensions 531
§17.6° Theory of Diffusion in Polymers 532
§17.7 Mass and Molar Transport by Convection
§17.8 Summary of Mass and Molar Fluxes 536
§17.9° The Maxwell-Stefan Equations for Multicomponent
Diffusion in Gases at Low Density 538
Questions for Discussion 538
Problems 539

525

530

533

Chapter 18 Concentration Distributions in
Solids and Laminar Flow 543

§18.1 Shell Mass Balances; Boundary Conditions
§18.2 Diffusion through a Stagnant Gas Film
Ex. 18.2-1 Diffusion with a Moving
Interface 549
Ex. 18.2-2 Determination of Diffusivity 549
Ex. 18.2-3 Diffusion through a Nonisothermal
Spherical Film 550
Diffusion with a Heterogeneous Chemical
Reaction 551 :
Ex. 18.3-1 Diffusion with a Slow Heterogeneous
Reaction 553
Diffusion with a Homogeneous Chemical
Reaction 554
Ex. 18.4-1 Gas Absorption with Chemical Reaction
in an Agitated Tank 555
Diffusion into a Falling Liquid Film (Gas
Absorption) 558
Ex.18.5-1 Gas Absorption from Rising
Bubbles 560
Diffusion into a Falling Liquid Film (Solid
Dissolution) 562
Diffusion and Chemical Reaction inside a Porous
Catalyst 563
§18.8° Diffusion in a Three-Component Gas
System 567
Questions for Discussion
Problems 568

545
545

§18.3

§18.4

§18.5

§18.6

§18.7

568

Chapter 19 Equations of Change for

Multicomponent Systems 582

§19.1 The Equations of Continuity for a Multicomponent
Mixture - 582
Ex. 19.1-1 Diffusion, Convection, and Chemical
Reaction 585



x Contents

§19.2 Summary of the Multicomponent Equations of
Change 586
Summary of the Multicomponent Fluxes 590
Ex.19.3-1 The Partial Molar Enthalpy =~ 591
Use of the Equations of Change for Mixtures 592
Ex.194-1 Simultaneous Heat and Mass
Transport 592
Ex. 19.4-2 Concentration Profile in a Tubular
Reactor 595
Ex.19.4-3 Catalytic Oxidation of Carbon
Monoxide 596
Ex. 19.4-4 Thermal Conductivity of a Polyatomic
Gas 598
Dimensional Analysis of the Equations of Change
for Nonreacting Binary Mixtures 599
Ex. 19.5-1 Concentration Distribution about a Long

§19.3

§19.4

§19.5.

Cylinder 601
Ex.19.5-2 Fog Formation during
Dehumidification 602

Ex. 19.5-3 Blending of Miscible Fluids
Questions for Discussion 605
Problems 606

604

Chapter 20 Concentration Distributions with
More than One Independent
Variable 612

§20.1 Time-Dependent Diffusion 613
Ex.20.1-1 Unsteady-State Evaporation of a Liquid
(the “Arnold Problem”) 613
Ex. 20.1-2 Gas Absorption with Rapid
Reaction 617
Ex. 20.1-3 Unsteady Diffusion with First-Order
Homogeneous Reaction 619
Ex.20.1-4 Influence of Changing Interfacial Area
on Mass Transfer at an Interface 621
§20.2° Steady-State Transport in Binary Boundary
Layers 623
Ex. 20.2-1 Diffusion and Chemical Reaction in
Isothermal Laminar Flow along a Soluble Flat
Plate 625
Ex. 20.2-2 Forced Convection from a Flat Plate at
High Mass-Transfer Rates 627
Ex.20.2-3 Approximate Analogies for the Flat Plate
at Low Mass-Transfer Rates 632
§20.3¢ Steady-State Boundary-Layer Theory for Flow
around Objects 633
Ex.20.3-1 Mass Transfer for Creeping Flow around
a Gas Bubble 636
§20.4¢ Boundary Layer Mass Transport with Complex
Interfacial Motion 637
Ex. 20.4-1 Mass Transfer with Nonuniform
Interfacial Deformation 641
Ex. 20.4-2 Gas Absorption with Rapid Reaction and
Interfacial Deformation 642

§20.5¢ “Taylor Dispersion” in Laminar Tube Flow 643
Questions for Discussion 647
Problems 648

Chapter 21 Concentration Distributions in
Turbulent Flow 657

§21.1 Concentration Fluctuations and the Time-

Smoothed Concentration 657

Time-Smoothing of the Equation of Continuity

of A 658

Semi-Empirical Expressions for the Turbulent Mass

Flux 659

§21.4° Enhancement of Mass Transfer by a First-Order
Reaction in Turbulent Flow 659

§21.5¢ Turbulent Mixing and Turbulent Flow with
Second-Order Reaction 663

Questions for Discussion 667

Problems 668

§21.2

§21.3

Chapter 22 Interphase Transport in
Nonisothermal Mixtures 671

Definition of Transfer Coefficients in One
Phase 672
Analytical Expressionis for Mass Transfer
Coefficients 676
Correlation of Binary Transfer Coefficients in One
Phase 679
Ex. 22.3-1 Evaporation from a Freely Falling
Drop 682
Ex. 22.3-2 The Wet and Dry Bulb
Psychrometer 683
Ex. 22.3-3 Mass Transfer in Creeping Flow through
Packed Beds 685
Ex.22.3-4 Mass Transfer to Drops and
Bubbles 687
Definition of Transfer Coefficients in Two
Phases 687
Ex.22.4-1 Determination of the Controlling
Resistance 690
Ex.22.4-2 Interaction of Phase Resistances 691
Ex.22.4-3 Area Averaging 693
§22.5° Mass Transfer and Chemical Reactions 694
Ex. 22.5-1 Estimation of the Interfacial Area in a
Packed Column 694
Ex. 22.5-2 Estimation of Volumetric Mass Transfer
Coefficients 695
Ex. 22.5-3 Model-Insensitive Correlations for
Absorption with Rapid Reaction 696
§22.6° Combined Heat and Mass Transfer by Free
Convection 698
Ex. 22.6-1 Additivity of Grashof Numbers 698
Ex.22.6-2 Free-Convection Heat Transfer as a Source
of Forced-Convection Mass Transfer ~ 698

§22.1
§22.2

§22.3

§22.4



§22.7° Effects of Interfacial Forces on Heat and Mass
Transfer 699
Ex. 22.7-1 Elimination of Circulation in a Rising
Gas Bubble 701
Ex. 22.7-2 Marangoni Instability in a Falling
Film — 702
§22.8° Transfer Coefficients at High Net Mass Transfer
Rates 703
Ex. 22.8-1 Rapid Evaporation of a Liquid from a
Plane Surface 710
Ex. 22.8-2 Correction Factors in Droplet
Evaporation 711
Ex. 22.8-3 Wet-Bulb Performance Corrected for
Mass-Transfer Rate 711
Ex. 22.8-4 Comparison of Film and Penetration
Models for Unsteady Evaporation in a Long
Tube 712
Ex.22.8-5 Concentration Polarization in
Ultrafiltration 713
§22.9¢ Matrix Approximations for Multicomponent Mass
Transport 716
Questions for Discussion 721
Problems 722

Chapter 23 Macroscopic Balances for
Multicomponent Systems 726

§23.1 The Macroscopic Mass Balances 727
Ex. 23.1-1 Disposal of an Unstable Waste
Product 728
Ex. 23.1-2 Binary Splitters 730
Ex. 23.1-3 The Macroscopic Balances and Dirac’s
“Separative Capacity” and “Value
Function” 731
Ex. 23.1-4 Compartmental Analysis 733
Ex. 23.1-5 Time Constants and Model
Insensitivity 736
§23.2° The Macroscopic Momentum and Angular
Momentum Balances 738
§23.3 The Macroscopic Energy Balance 738
§234 The Macroscopic Mechanical Energy
Balance 739
§23.5 Use of the Macroscopic Balances to Solve Steady-
State Problems 739
Ex. 23.5-1 Energy Balances for a Sulfur Dioxide
Converter 739
Ex. 23.5-2 Height of a Packed-Tower
Absorber 742
Ex. 23.5-3 Linear Cascades 746
Ex. 23.5-4 Expansion of a Reactive Gas Mixture
through a Frictionless Adiabatic Nozzle 749
§23.6° Use of the Macroscopic Balances to Solve
Unsteady-State Problems 752
Ex. 23.6-1 Start-Up of a Chemical
Reactor 752

Contents  xi

Ex. 23.6-2 Unsteady Operation of a Packed
Column 793
Ex. 23.6-3 The Utility of Low-Order
Moments 756
Questions for Discussion 758
Problems 759

Chapter 24 Other Mechanisms for
Mass Transport 764

§24.1¢ The Equation of Change for Entropy 765
§24.2¢ The Flux Expressions for Heat and Mass 767
Ex. 24.2-1 Thermal Diffusion and the
Clusius-Dickel Column 770

Ex. 24.2-2 Pressure Diffusion and the Ultra-
centrifuge 772
§24.3° Concentration Diffusion and Driving Forces 774
§24.4° Applications of the Generalized Maxwell-Stefan
Equations 775
Ex. 24.4-1 Centrifugation of Proteins 776
Ex. 24.4-2 Proteins as Hydrodynamic
Particles 779
Ex. 24.4-3 Diffusion of Salts in an Aqueous
Solution 780
Ex. 24.4-4 Departures from Local Electroneutrality:
Electro-Osmosis 782
Ex. 24.4-5 Additional Mass-Transfer Driving
Forces 784
§24.5° Mass Transport across Selectively Permeable
Membranes 785 :
Ex. 24.5-1 Concentration Diffusion between
Preexisting Bulk Phases 788
Ex. 24.5-2 Ultrafiltration and Reverse
Osmosis 789
Ex. 24.5-3 Charged Membranes and Donnan
Exclusion 791
§24.6° Mass Transport in Porous Media 793
Ex. 24.6-1 Knudsen Diffusion 795
Ex. 24.6-2 Transport from a Binary External
Solution 797
Questions for Discussion 798
Problems 799

Postface 805

Appendix A Vector and Tensor Notation 807
§A.1

Vector Operations from a Geometrical
Viewpoint 808
Vector Operations in Terms of
Components 810

Ex. A.2-1 Proof of a Vector Identity =~ 814

§A.2



xii Contents

§A.3  Tensor Operations in Terms of
Components 815
§A.4  Vector and Tensor Differential Operations 819
Ex. A4-1 Proof of a Tensor Identity ~ 822
§A.5  Vector and Tensor Integral Theorems 824
§A.6  Vector and Tensor Algebra in Curvilinear
Coordinates 825
§A.7  Differential Operations in Curvilinear
Coordinates 829
Ex. A.7-1 Differential Operations in Cylindrical
Coordinates 831
Ex. A.7-2 Differential Operations in Spherical
Coordinates 838
§A.8 Integral Operations in Curvilinear
Coordinates 839
§A.9  Further Comments on Vector-Tensor
Notation 841

Appendix B Fluxes and the Equations of
Change 843

§B.1  Newton’s Law of Viscosity =~ 843

§B.2 Fourier's Law of Heat Conduction 845

§B.3 Fick’s (First) Law of Binary Diffusion 846

§B.4  The Equation of Continuity =~ 846

§B.5  The Equation of Motion in Termsof r 847

§B.6  The Equation of Motion for a Newtonian Fluid
with Constant p and u 848

§B.7 The Dissipation Function ®, for Newtonian
Fluids 849

§B.8  The Equation of Energy in Termsof q 849

§B.9  The Equation of Energy for Pure Newtonian
Fluids with Constant p and k 850

§B.10  The Equation of Continuity for Species « in Terms
ofijy; =850

§B.11  The Equation of Continuity for Species A in
Terms of w, for Constant p@ 45 851

Appendix C Mathematical Topics 852

§C.1  Some Ordinary Differential Equations and Their
Solutions 852

§C.2  Expansions of Functions in Taylor
Series 853

§C.3  Differentiation of Integrals (the Leibniz
Formula) 854

§C4 The Gamma Function 855

§C.5  The Hyperbolic Functions 856

§C.6  The Error Function 857

Appendix D The Kinetic Theory of Gases 858

§D.1  The Boltzmann Equation 858

§D.2  The Equations of Change 859

§D.3  The Molecular Expressions for the

* Fluxes 859

§D.4  The Solution to the Boltzmann Equation 860

§D.5  The Fluxes in Terms of the Transport
Properties 860

§D.6  The Transport Properties in Terms of the
Intermolecular Forces 861

§D.7  Concluding Comments 861

Appendix E Tables for Prediction of
Transport Properties 863

§E.1 Intermolecular Force Parameters and Critical
Properties 864

§E.2 Functions for Prediction of Transport Properties
of Gases at Low Densities 866

Appendix F Constants and Conversion
Factors 867

§F.1 Mathematical Constants 867
§F.2  Physical Constants 867
§F.3 Conversion Factors 868

Notation 872
Author Index 877

Subject Index 885



Chapter 0

The Subject of Transport
Phenomena

§0.1 What are the transport phenomena?
§0.2 Three levels at which transport phenomena can be studied
§0.3 The conservation laws: an example

§0.4 Concluding comments

The purpose of this introductory chapter is to describe the scope, aims, and methods of
the subject of transport phenomena. It is important to have some idea about the struc-
ture of the field before plunging into the details; without this perspective it is not possi-
ble to appreciate the unifying principles of the subject and the interrelation of the
various individual topics. A good grasp of transport phenomena is essential for under-
standing many processes in engineering, agriculture, meteorology, physiology, biology,
analytical chemistry, materials science, pharmacy, and other areas. Transport phenom-
ena is a well-developed and eminently useful branch of physics that pervades many
areas of applied science.

§0.1 WHAT ARE THE TRANSPORT PHENOMENA?

The subject of transport phenomena includes three closely related topics: fluid dynam-
ics, heat transfer, and mass transfer. Fluid dynamics involves the transport of momentum,
heat transfer deals with the transport of energy, and mass transfer is concerned with the
transport of mass of various chemical species. These three transport phenomena should,
at the introductory level, be studied together for the following reasons:

* They frequently occur simultaneously in industrial, biological, agricultural, and
meteorological problems; in fact, the occurrence of any one transport process by it-
self is the exception rather than the rule.

* The basic equations that describe the three transport phenomena are closely re-
lated. The similarity of the equations under simple conditions is the basis for solv-
ing problems “by analogy.”

¢ The mathematical tools needed for describing these phenomena are very similar.
Although it is not the aim of this book to teach mathematics, the student will be re-
quired to review various mathematical topics as the development unfolds. Learn-
ing how to use mathematics may be a very valuable by-product of studying
transport phenomena.

® The molecular mechanisms underlying the various transport phenomena are very
closely related. All materials are made up of molecules, and the same molecular
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motions and interactions are responsible for viscosity, thermal conductivity, and
diffusion.

The main aim of this book is to give a balanced overview of the field of transport phe-
nomena, present the fundamental equations of the subject, and illustrate how to use
them to solve problems.

There are many excellent treatises on fluid dynamics, heat transfer, and mass trans-
fer. In addition, there are many research and review journals devoted to these individual
subjects and even to specialized subfields. The reader who has mastered the contents of
this book should find it possible to consult the treatises and journals and go more deeply
into other aspects of the theory, experimental techniques, empirical correlations, design
methods, and applications. That is, this book should not be regarded as the complete

presentation of the subject, but rather as a stepping stone to a wealth of knowledge that
lies beyond.

§0.2 THREE LEVELS AT WHICH TRANSPORT
PHENOMENA CAN BE STUDIED

In Fig. 0.2-1 we show a schematic diagram of a large system—for example, a large piece
of equipment through which a fluid mixture is flowing. We can describe the transport of
mass, momentum, energy, and angular momentum at three different levels.

At the macroscopic level (Fig. 0.2-1a) we write down a set of equations called the
“macroscopic balances,” which describe how the mass, momentum, energy, and angular
momentum in the system change because of the introduction and removal of these enti-
ties via the entering and leaving streams, and because of various other inputs to the sys-
tem from the surroundings. No attempt is made to understand all the details of the
system. In studying an engineering or biological system it is a good idea to start with
this macroscopic description in order to make a global assessment of the problem; in
some instances it is only this overall view that is needed.

At the microscopic level (Fig. 0.2-1b) we examine what is happening to the fluid mix-
ture in a small region within the equipment. We write down a set of equations called the
“equations of change,” which describe how the mass, momentum, energy, and angular
momentum change within this small region. The aim here is to get information about ve-
locity, temperature, pressure, and concentration profiles within the system. This more
detailed information may be required for the understanding of some processes.

At the molecular level (Fig. 0.2-1c) we seek a fundamental understanding of the mech-
anisms of mass, momentum, energy, and angular momentum transport in terms of mol-

lQ = heat added to system

wqo § .
1/\/ Fig. 0.2-1 (a) A macro-
— scopic flow system contain-
/\( W,,= Work done on the system by in };\I y.
: g N,and Oy; (b) a
the surroundings by means : : 2 s
of moving parts microscopic region within
the macroscopic system
containing N, and O,,

(@) which are in a state of flow;

(c) a collision between a
® molecule of N, and a mole-
(c) cule of O,.



§0.2 Three Levels At Which Transport Phenomena Can Be Studied 3

ecular structure and intermolecular forces. Generally this is the realm of the theoretical
physicist or physical chemist, but occasionally engineers and applied scientists have to
get involved at this level. This is particularly true if the processes being studied involve
complex molecules, extreme ranges of temperature and pressure, or chemically reacting
systems.

It should be evident that these three levels of description involve different “length
scales”: for example, in a typical industrial problem, at the macroscopic level the dimen-
sions of the flow systems may be of the order of centimeters or meters; the microscopic
level involves what is happening in the micron to the centimeter range; and molecular-
level problems involve ranges of about 1 to 1000 nanometers.

This book is divided into three parts dealing with

¢ Flow of pure fluids at constant temperature (with emphasis on viscous and con-
vective momentum transport)—Chapters 1-8

* Flow of pure fluids with varying temperature (with emphasis on conductive, con-
vective, and radiative energy transport)—Chapters 9-16

e Flow of fluid mixtures with varying composition (with emphasis on diffusive and
convective mass transport)}—Chapters 17-24

That is, we build from the simpler to the more difficult problems. Within each of these
parts, we start with an initial chapter dealing with some results of the molecular theory
of the transport properties (viscosity, thermal conductivity, and diffusivity). Then we
proceed to the microscopic level and learn how to determine the velocity, temperature,
and concentration profiles in various kinds of systems. The discussion concludes with
the macroscopic level and the description of large systems.

As the discussion unfolds, the reader will appreciate that there are many connec-
tions between the levels of description. The transport properties that are described by
molecular theory are used at the microscopic level. Furthermore, the equations devel-
oped at the microscopic level are needed in order to provide some input into problem
solving at the macroscopic level.

There are also many connections between the three areas of momentum, energy,
and mass transport. By learning how to solve problems in one area, one also learns the
techniques for solving problems in another area. The similarities of the equations in the
three areas mean that in many instances one can solve a problem “by analogy”—that is,
by taking over a solution directly from one area and, then changing the symbols in the
equations, write down the solution to a problem in another area.

The student will find that these connections—among levels, and among the various
transport phenomena—reinforce the learning process. As one goes from the first part of
the book (momentum transport) to the second part (energy transport) and then on to the
third part (mass transport) the story will be very similar but the “names of the players”
will change.

Table 0.2-1 shows the arrangement of the chapters in the form of a 3 X 8 “matrix.”
Just a brief glance at the matrix will make it abundantly clear what kinds of interconnec-
tions can be expected in the course of the study of the book. We recommend that the
book be studied by columns, particularly in undergraduate courses. For graduate stu-
dents, on the other hand, studying the topics by rows may provide a chance to reinforce
the connections between the three areas of transport phenomena.

At all three levels of description—molecular, microscopic, and macroscopic—the
conservation laws play a key role. The derivation of the conservation laws for molecu-
lar systems is straightforward and instructive. With elementary physics and a mini-
mum of mathematics we can illustrate the main concepts and review key physical
quantities that will be encountered throughout this book. That is the topic of the next
section.



