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1-D steady-state conduction, 32

2-D steady-state conduction, 255

absorption coefficient, 101

adaptive step size, 343

adiabatic, 82

advective mass transfer, 842

adverse pressure gradient, 558

analytical solution, 35, 105, 316

Bessel function, 196

boundary conditions, 39, 80, 191, 389

bounded problems, 398

conduction in a cylindrical shell, 56

conduction in a plane wall, 45

conduction in a spherical shell, 58

constants of integration, 40

differential energy balance, 38

eigencondition, 399

eigenvalues, 399

extended surface, 188

general solution, 40, 55, 80

homogeneous ODE, 189, 195, 318

hyperbolic functions, 194, 202

initial condition, 390

interface energy balance, 82, 90, 256

linear ODE, 189

lumped capacitance, 317

method of undetermined coefficients, 190, 319

nonhomogeneous ODE, 189

nonseparable ODE, 189

order of ODE, 189

particular ODE, 189, 318

particular solution, 331

plane wall transient problem, 398

semi-infinite body problems, 393

separable ODE, 39, 319

spherical shell, 57

table of linear homogeneous ODEs, 196

thermal energy generation, 80, 95

transient conduction, 388

annular flow, 730

apparent friction factor, 599

applications

absorption of radiation, 101

buildings, 1

climate change, 1

comfort, 1

cryogenics, 67

current leads, 95

diffusion tube, 845

finned surfaces, 217

fins, 201

freezer, 3

fuel rod, 640

fuse, 224

greenhouse effect, 886

heat exchangers, 754

heat pump, 646

hot-wire anemometer, 565

humidification, 827

photosynthesis, 871

photovoltaic, 12

power electronics, 219

power generation, 1

psychrometry, 853

pump curve, 622

refrigeration, 720

renewable energy, 1

solar collector, 893, 898

thermoelectric cooler, 3

thermometry, 313

vehicles, 1

water purification, 738

assignments vs. equations, 125

automesh, 443

average friction coefficient, 519

average Nusselt number, 521

balanced heat exchanger, 788

Bessel function, 196, 408

binary diffusion coefficient, 831

Biot number, 186–187, 269, 310, 400

blackbody, 867, 872

blackbody radiation exchange, 879

blackbody spectral emissive power, 868

blowing factor, 850

boiling, 536, 720

boiling crisis, 723

boiling number, 731

boundary conditions, 39, 80, 91, 390

boundary layer, 477

boundary layer equations, 515

boundary layer growth rate, 511

boundary layer simplifications, 491, 511

bounded problems, 398

Buckingham’s Pi Theorem, 515
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bulk mass transfer, 842

bulk temperature, 602

bulk velocity, 593

buoyancy, 672

buoyancy velocity, 674

burnout point, 722

capacitance rate, 760

capacitance ratio, 787–788

Chapman–Enskog method, 831

chemically inert, 827

Chilton–Colburn analogy, 493

Coefficient of Performance, 3

Colburn jH factor, 773

compact heat exchangers, 773

composition, 827

computational fluid dynamic, 477

computer software, 5

condensation, 536, 720, 736

conduction, 6, 375

continuum approach, 32

energy carriers, 6, 32, 35

conduction length, 310

constants of integration, 40

contact resistance, 60

area specific, 60

typical values of, 61

continuity equation, 504, 511, 516

convection, 7, 59, 477

apparent friction factor, 599

average friction coefficient, 519

average Nusselt number, 521

boiling, 720

boiling number, 731

boundary layer, 477

boundary layer equations, 515

boundary layer growth rate, 511

boundary layer Reynolds number, 499

boundary layer simplifications, 491, 511

Buckingham’s Pi Theorem, 515

bulk temperature, 602

bulk velocity, 593

buoyancy velocity, 674

Chilton–Colburn analogy, 493

condensation, 720

continuity equation, 504, 511, 516

convection number, 731

correlations, 477, 518

critical heat flux, 721

critical Rayleigh number, 677, 706

critical Reynolds number, 500, 596

Darcy friction factor, 599

dimensional analysis, 515

dimensionless numbers, 477

drag coefficient, 495, 520

drag force, 495

drop condensation, 736

Eckert number, 517

eddy conductivity, 502

energy balance on internal flow, 637

energy conservation equation, 513

evaporation, 720

external flows, 536, 591

Fanning friction factor, 599

film boiling, 723

film condensation, 736

flow boiling, 721, 730–731

flow condensation, 743

forced convection, 8, 536

form drag, 495

free convection, 672

free stream pressure gradient, 513

free stream temperature, 480

friction coefficient, 490, 519

fully rough region, 539

governing equations, 504

governing equations, Cartesian, 504

governing equations, radial, 504

Grashof number, 676

heat transfer coefficient, 7, 486, 602

hydraulic diameter, 593

hydrodynamic entry length, 591, 594, 596

hydrodynamically developing region, 592

hydrodynamically fully developed region, 592

internal flows, 536, 591

laminar flow, 477

local Nusselt number, 520

local vs. average quantities, 494

mean temperature, 602, 637

mean velocity, 593

mixed convection, 708

modified Reynolds analogy, 493

momentum balance, 597

momentum boundary layer, 478

momentum principle, 506

Moody friction factor, 599

natural convection, 8, 536, 672

natural convection reference velocity, 674

Navier–Stokes Equations, 508

normal stress, 507

no-slip condition, 478

nucleate boiling, 721

Nusselt number, 490–491

order of magnitude analysis, 511

pool boiling, 721

Prandtl number, 483, 490, 517

pressure gradient, 597

ratio of boundary layer thicknesses, 490

Rayleigh number, 676

relationship to conduction, 483
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relative roughness, 539

Reynolds analogy, 492, 524

Reynolds number, 489, 517

roughness of ducts, 621

saturated pool boiling., 721

self-similar solution, 489

shear stress, 478, 484

sub-cooled pool boiling, 721

tangential stress, 507

thermal boundary layer, 480

thermal entry length, 601

thermally developing region, 601

thermally fully developed region, 601

total capacitance rate, 639

turbulence, 498

velocity boundary layer, 478

viscous dissipation function, 509

viscous sublayer, 501, 539, 596

x-momentum equation, 512

y-momentum equation, 513

convection number, 731

convective boiling, 730

convergence error, 120

correlation, 477, 518

average Cf, plate, 540

average f, rectangular duct, 614

average f, round duct, 611

average f, smooth turbulent duct, 620

average Nu, cylinder, 562

average Nu, extrusions, 569

average Nu, horizontal upward heated plate, 680

average Nu, plate, 545

average Nu, round duct, 628

average Nu, sphere, 574

CD, cylinder, 560

CD, sphere, 573

condensation, bank of horizontal cylinders, 742

condensation, horizontal downward plate, 741

condensation, horizontal upward plate, 742

condensation, single finned tube, 742

condensation, single horizontal cylinder, 742

condensation, vertical wall, 738

drag coefficient, 520

enclosure, free convection, 706

film temperature, 537

fully developed f, annular duct, 614

fully developed f, rectangular duct, 613

fully developed f, rough turbulent duct, 620

fully developed f, round duct, 611

fully developed f, smooth turbulent duct, 619

fully developed Nu, annular duct, 631

fully developed Nu, rectangular duct, 631

fully developed Nu, round duct, 627

fully developed Nu, turbulent duct, 632

horizontal cylinder, free convection, 694

horizontal downward heated plate, 681

local Cf, plate, 538

local Cf, plate, fully rough, 540

local Cf, rough plate, 539

local Nu, cylinder, 561

local Nu, plate, 543

local Nu, plate w/constant flux, 555

local Nu, plate w/unheated length, 553

methodology for using, 536, 609

mixed convection, 708

plate at an angle, free convection, 688

pool boiling, 725

sphere, free convection, 693

vertical channel, free convection, 701

vertical cylinder, free convection, 695

vertical plate, free convection, 677

counter-flow heat exchanger, 756

Crank–Nicolson, 444

critical heat flux, 721, 723

critical Rayleigh number, 677, 706

critical Reynolds number, 500, 596

critical time step, 335, 420

crossed and uncrossed strings method, 876

cross-flow heat exchanger, 803

cylindrical shell, 54

Darcy friction factor, 599

definition of a derivative, 38

design process, 84

Dewar, 67

differential control volume, 37

diffuse, 867, 897

diffuse gray surface, 898

diffuse gray surface approximation, 896

diffuse gray surface radiation exchange, 900

diffuse surface, 897

diffuse surface approximation, 895

diffusion, 827

diffusion coefficient, 831

diffusion penetration depth, 839

diffusion tube, 845

diffusive energy transport, 375

diffusive time constant, 380

dilute solution, 833

dimensional analysis, 515

dimensionless numbers, 477

direct transfer heat exchanger, 755

drag coefficient, 495, 520

drag force, 495

drop condensation, 736

dry out, 731

dry-bulb temperature, 854

Eckert number, 517

eddy conductivity, 502
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EES, 13

$IntegralAutoStep, 432

$IntegralTable, 344

$UnitSystem, 16

$UpdateGuesses, 72

$VarInfo, 111

1-D transient solution with, 417

2-D conduction solutions with, 273

array, 110, 126

Arrays Window, 110

Compact Heat Exchanger Library, 774

Conductivity, 16, 71

constants, 10

Convection Library, 686

Convert, 10

ConvertTemp, 10

Cylinder_T_ND, 409

D_12_gas, 831

D_12|o_liquid, 834

Duplicate command, 110

equations vs. assignments, 125

Equations Window, 10

External_Flow_Plate_ND, 546

function, 125

guess values, 70, 126, 227

Heat Exchanger Library, 792

Heat Transfer Library, 203

ideal gas model, 17

Integral command, 343, 430, 577

IntEnergy, 16

Internal Flow Convection Library, 621

Max, 112

nested Duplicate loops, 275

numerical solutions in, 110

optimization, 99

Parametric Table, 14, 73

Planewall_T_ND, 400

plot, 14

procedures, 546

properties, 16

secondary units, 11

setting unit system, 16

Shape Factor Library, 258

Solution Window, 11

solving implicit equations with, 13, 70

solving ODEs with, 343

Sphere_T_ND, 410

string variable, 267

Transient Conduction Library, 398

Variable Information Window, 126

View Factor Library, 879

effective heat transfer coefficient, 412

effectiveness, 787

effectiveness–NTU, 778, 787

effectiveness–NTU solution, 792

eigencondition, 399

eigenvalues, 399, 405

electromagnetic radiation, 866

electromagnetic waves, 8, 866

emissivity, 8, 62

enclosure, 706

enclosure rule, 874

energy balance, 5, 37, 637

engineering judgment, 291

enthalpy, 2, 509

equations vs. assignments, 126

Euler Method, 333, 418

evaporation, 536, 720

excess temperature difference, 721

explicit equations, 119

explicit technique, 334

extended surface, 185

analytical solution, 188

approximation, 185–186

Biot number, 186–187

fin, 201

fin corrected length, 209

fin effectiveness, 207

fin efficiency, 202, 276

fin efficiency solutions, 204

fin resistance, 213

fin tip convection, 207

finned surfaces, 217

overall surface efficiency, 219

prime surface, 219

external equilibration, 383

external fractional function, 869

Fanning friction factor, 599

favorable pressure gradient, 558

FEHT, 288

automesh, 443

temperature contours, 444

Fick’s Law, 830

film boiling, 723

film condensation, 736

film temperature, 537

fin corrected length, 209

fin effectiveness, 207

fin efficiency, 202, 276

fin efficiency solutions, 204

fin resistance, 213

fin tip convection, 207

finite difference, 105, 268

finite element technique, 288, 441

mesh, 289, 443

mesh convergence, 290, 444

specifying the problem, 289

finned surfaces, 217

fins, 185, 201, See extended surface
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First Law of Thermodynamics, 509

flow boiling, 721, 730–731

flow condensation, 743

for loop, 117

forced convection, 8

form drag, 495

fouling, 645, 762

fouling factor, 762

fouling resistance, 762

Fourier number, 399–400, 404, 408, 410

Fourier’s Law, 6, 32, 478

free convection, 672

free stream pressure gradient, 513

free stream temperature, 480

free stream velocity, 477

frequency, 866

friction coefficient, 490, 519

Froude number, 744

fully implicit method, 425

fully rough region, 539, 620

function, 125

fuse, 224

Galileo number, 744

gas constant, 830

Gauss–Seidel iteration, 119, 131, 283, 428

general solution, 40, 55, 80

global error, 334

Graetz number, 628

Grashof number, 676

gravitational (potential) energy, 509

gravitational force, 507

greenhouse effect, 886

heat exchanger, 646, 754

balanced, 788

behavior at low capacitance ratio, 793

behavior at low NTU, 795

capacitance rate, 760

capacitance ratio, 787–788

classification, 755

compact heat exchanger, 773

correction factor for LMTD, 786

counter-flow, 756, 783

cross-flow, 758, 786

design, 797

design-type problems, 790

direct transfer, 755

effect of configuration, 796

effectiveness, 787

effectiveness–NTU, 787

effectiveness–NTU solution, 792

fouling, 762

fouling factor, 762

indirect transfer, 755

log-mean temperature difference, 782

mixed vs. unmixed, 758

number of transfer units, 787–788

overall energy balance, 759

parallel-flow, 755, 784

plate, 756

regenerators, 755

rotary regenerator, 755

shell-and-tube, 756

simulation-type problems, 790

total conductance, 646, 761

tube banks, 765

tube-in-tube, 755

heat exchanger design, 797

heat flux, 6

heat mass transfer analogy, 849

heat transfer, 1

definition of, 2

goal of, 2

mechanisms of, 6

relevance of, 1

heat transfer coefficient, 7, 59, 486, 502, See also convection

effective, 412

laminar vs. turbulent, 502

typical values of, 8

Heat Transfer Library, 203

Heisler charts, 400

hemispherical emissivity, 893

Henry constant, 836

Henry number, 836

Henry’s Law, 836

Heun’s Method, 338, 423

homogeneous ODE, 189

hydraulic diameter, 593

hydrodynamic entry length, 591, 594, 596

hydrodynamically developing region, 592

hydrodynamically fully developed region, 592

hydrophobic, 737

hyperbolic functions, 194

Ideal Gas Law, 675

ideal gas mixture, 830

ideal gas model, 17

implicit equations, 125

implicit technique, 340

incompressible, 21, 504

indirect transfer heat exchanger, 755

initial condition, 318, 390

Integral command, 343

integral techniques, 553

interface energy balance, 82, 97, 256

internal energy, 2, 509

internal equilibration, 383

internal flow, 591

irradiation, 900
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Kapitza effect, 60

kinematic viscosity, 483

kinetic energy, 509

Kirchhoff’s Law, 897, 901

Knudsen number, 33

laminar flow, 477

Laplace transform, 390

Laplace’s equation, 256

Leidenfrost point, 723

Lewis number, 848

linear ODE, 189

local error, 335

Lockhart Martinelli parameter, 744

log-mean temperature difference, 778, 782

lumped capacitance, 310, 375

“long-time” solution, 331

assumption, 310

external equilibration, 383

numerical solution, 332

ramped temperature, 320

response, 313

step change in temperature, 320

time constant, 311, 326

mass concentration, 828

mass flux, 732

mass fraction, 827

mass transfer, 827

diffusion coefficient, 831

Fick’s Law, 830

heat mass transfer analogy, 849

mass transfer coefficient, 848

Sherwood number, 849

simultaneous heat and mass transfer, 853

stationary solid, 838

Stefan flow, 842–843

Stefan’s Law, 845

mass transfer coefficient, 849

mass velocity, 732, 774

MATLAB, 113–115

% symbol, 115

3-D plotting, 283

backslash operator, 118

clear command, 115

comment in, 115

for loop, 117

inv command, 118

inverting a matrix in, 118

mapping to a function, 434

nonlinear equations, 123

ode45, 346, 432

odeset, 347

plot command, 118

script, 115

Script Editor, 115

semicolon, 115, 122

solving 1-D transient problems in, 421

solving ODEs in, 345

successive substitution with, 129

while loop, 121

who command, 115

workspace, 118

zeros function, 116

matrix decomposition, 113, 427

matrix equation, 114

mean temperature, 602, 637

mean velocity, 593

mechanism equations, 38

mesh, 288

mesh convergence, 290, 444

method of undetermined coefficients, 190, 319

mixed convection, 708

modified Froude number, 745

modified Reynolds analogy, 493

molar concentration, 828

molar mass, 17, 828

mole, 828

mole fraction, 828

molecular properties, 501

momentum, 506

momentum balance, 597

momentum boundary layer, 478

momentum principle, 506

Moody friction factor, 599

natural convection, 8, 672

natural convection reference velocity, 674

Navier–Stokes Equations, 508

nested Duplicate loops, 275

Newton’s Law of Cooling, 7, 59, 486

Newton’s Law of Viscosity, 508

Newtonian fluid, 508

NIST Standard Reference Database 23, 16

nodes, 105

noncircular extrusions, 568

nonhomogeneous ODE, 189

nonlinear equations, 123, 125

nonseparable ODE, 189

normal stress, 507

N-surface solutions, radiation, 887

nucleate boiling, 721

nucleation sites, 722

number of transfer units, 787–788

numerical solution, 35, 105

2-D problems in EES, 273

adaptive step size, 343

boundary nodes, 108, 271

coefficient matrix, 114, 278

constant vector, 114, 278
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critical time step, 335, 420

distributing nodes, 107

energy balance for, 107

error for Gauss–Seidel, 120, 284

error for successive substitution, 130

Euler method, 333, 418

explicit technique, 334, 340, 421, 425

extended surface, 223

finite difference, 105, 268

finite element technique, 288, 966

fully implicit method, 340, 425

Gauss–Seidel iteration, 119, 283, 428

global error, 334, 339

Heun’s method, 338, 423

implicit technique, 340, 425

local error, 335

matrix decomposition, 278, 427

matrix equation, 114

matrix inversion, 118

mesh, 288

nodes, 105, 269, 415

ODE solvers, 343

order of technique, 334, 423

predictor–corrector methods, 338, 423

state equation, 332, 417

successive substitution, 127

temperature-dependent properties, 123

time steps, 333, 417

tolerance for Gauss–Seidel, 120

unstable, 335, 419

verification of, 106, 112, 228, 277, 290, 333

with EES, 110, 125

with MATLAB, 113

with matrix decomposition, 113

Nusselt number, 490–491, 520

ODE solvers, 343

ode45, 346

ODEs, See analytical solution

Ohm’s Law, 46

ohmic dissipation, 75

opaque, 896

optimization, 99

order of magnitude analysis, 511

overall energy balance, 759

overall surface efficiency, 219

ozone, 867

parallel-flow heat exchanger, 755

partial differential equation, 256

partial pressure, 830

particular ODE, 189

penetration depth, 376

Phase Rule, 15

photovoltaic, 12

Planck’s Law, 868–869

plane wall, 36, 76, 398

plate heat exchanger, 756

pool boiling, 721

Prandtl number, 483, 490, 517

predictor–corrector methods, 338, 423

pressure, 507

pressure gradient, 597

prime surface, 218–219

problem solving methodology, 5

analysis, 5

assumptions, 5

exploration, 5

SI units, 10

sketch, 5

solution, 5

procedures, 546

properties, 15

binary diffusion coefficient, 831

conductivity, 18

density, 17

diffusion coefficient, 831

enthalpy, 22

from EES, 16

incompressible, 21

kinematic viscosity, 483

molecular, 501

real fluid, 15

saturated liquid, 15

saturated vapor, 15

specific heat capacity, 17, 21

thermal diffusivity, 378

thermodynamic, 15

transport, 15

viscosity, 18

volumetric thermal expansion coefficient, 674

volumetric thermal expansion coefficient, ideal gas, 675

psychrometer, 853

pump curve, 622

radiation, 8, 62

radiation heat transfer coefficient, 69

radiosity, 900

ramped temperature, 320

rate equations, 2, 7, 33, 38

Rayleigh number, 676

real surface radiation, 892

reciprocity, 875

reference state, 17

REFPROP, 16

regenerators, 755

relative roughness, 539

re-radiating surface, 905

resistance equation, 46, 57

Reynolds analogy, 492, 524
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Reynolds number, 489, 499, 517

rotary regenerator, 755

roughened surfaces, radiation from, 897

roughness, 621

saturated pool boiling., 721

Schmidt number, 848

script, 115

selective surface, 894

self-similar solution, 489, 544

self-similar techniques, 390

semi-gray surface, 895

semi-infinite, 375, 393

semi-infinite medium, 258

separable ODE, 39

separation, 558

separation of variables, 408

shape factor, 258

shape factor resistance, 261

shape factor, interpretation of, 263

shear stress, 478, 484

shell-and-tube heat exchanger, 756

Sherwood number, 849

SI units, 10

sign errors & how to avoid them, 90

simultaneously developing flow, 629

slenderness ratio, 511

solubility, 835

space resistance, 881

sparse matrix, 114

specific heat capacity, 17

spectral distribution, 867

spectral, directional absorptivity, 896

spectral, directional emissivity, 892

spectral, directional reflectivity, 896

spectral, directional transmissivity, 896

spectrum, 866

specular, 897

speed of light, 866

sphere, 693

spherical coordinates, 892

spherical shell, 57

staggered tubes, 766

stagnation point, 558

Stanton number, 774

state equation, 332

steady state, 21, 36

Steam Tables, 15

Stefan flow, 842–843

Stefan’s Law, 845

Stefan–Boltzmann constant, 8, 869

step change in temperature, 320

sub-cooled pool boiling, 721

successive substitution, 127

superficial heat transfer coefficient, 732

surface resistance, 901

surface roughness, 610

symmetry, 92, 269, 435

Taylor series, 335

thermal boundary layer, 480

thermal capacitance, 311

thermal conductivity, 6, 16, 18, 32, 35

eddy conductivity, 502

expressed in terms of energy carriers, 35

meaning of, 35

molecular vs. turbulent, 502

of alloys, 35

of liquids, 35

of pure metals, 35

of typical materials, 7, 35

temperature-dependent, 124

thermal diffusion, 6

thermal diffusivity, 378

thermal energy balance, 75

thermal energy generation, 76

summary of formulae, 95

volumetric, 76

thermal entry length, 601

thermal radiation, 866

thermal resistance, 46

approximations with, 92, 186, 292, 376, 385, 486, 503

contact resistance, 60

convection, 59

fin, 213

finned surface, 219

fouling, 762

heat exchanger, 760

in parallel, 47, 53, 59

in series, 47, 50, 59

laminar boundary layer, 486

network, 47

plane wall, 47

radial conduction through cylinder, 57

radiation, 62, 66

semi-infinite resistance, 386

shape factor, 261

spherical shell, 59

table of equations for, 63

turbulent boundary layer, 503

viscous sublayer, 503

thermal wave, 376

thermally developing region, 601

thermally fully developed region, 601

thermodynamic equilibrium, 835

thermodynamics, 2

energy balance, 2

maximum efficiency, 1

review of, 2

systems, 2
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time constant, 311, 380

time steps, 333

total blackbody emissive power, 868

total capacitance rate, 639

total conductance, 646, 720, 761

total hemispherical emissivity, 893

total thermal resistance, 760

transient, 310

transient conduction

bounded problems, 398

diffusive time constant, 380

external equilibration, 383

Fourier number, 399

Heisler charts, 400

internal equilibration, 383

penetration depth, 376, 378

semi-infinite resistance, 386

single term solutions, 404

table of 1st eigenvalues, 405

transition boiling, 724

tube banks, 765

tube-in-tube heat exchanger, 755

turbulence, 498

ultraviolet, 867

unit system, 5

universal gas constant, 17, 830

unstable numerical technique, 335

velocity boundary layer, 478

view factor, 872

view factor integral, 873

viscosity, 18

viscous dissipation function, 509

viscous stress, 507

viscous sublayer, 501, 539, 596

visible light, 866, 868

void fraction, 745

volumetric thermal energy generation rate, 76

volumetric thermal expansion coefficient, 674

wake region, 558

wavelength, 866

wet-bulb temperature, 854

while loop, 121

Wien’s Law, 868

work transfer, 509
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