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Ficure 7.2 Dimensionless representation of convection heat transfer measurements.

This influence may be handled in one of two ways. In one method, Equation 7.1 is used
with all properties evaluated at a mean boundary layer temperature 7}, termed the film
temperature.

_T,+T.

> (7.2)

Iy

The alternate method is to evaluate all properties at 7, and to multiply the right-hand side
of Equation 7.1 by an additional parameter to account for the property variations. The param-
eter is commonly of the form (Pr,,/Pr,)" or (w../m,)’, where the subscripts o and s desig-
nate evaluation of the properties at the free stream and surface temperatures, respectively.
Both methods are used in the results that follow.

Finally, we note that experiments may also be performed to obtain convection mass
transfer correlations. However, under conditions for which the heat and mass transfer
analogy (Section 6.7.1) may be applied, the mass transfer correlation assumes the same
form as the corresponding heat transfer correlation. Accordingly, we anticipate correla-
tions of the form

Sh, = C Rel" Sc" (7.3)

where, for a given geometry and flow condition, the values of C, m, and n are the same as
those appearing in Equation 7.1.

7.2 The Flat Plate in Parallel Flow

Despite its simplicity, parallel flow over a flat plate (Figure 7.3) occurs in numerous engi-
neering applications. As discussed in Section 6.3, laminar boundary layer development
begins at the leading edge (x = 0) and transition to turbulence may occur at a downstream
location (x,) for which a critical Reynolds number Re, . is achieved. We begin by consider-
ing conditions in the laminar boundary layer. Specifically, we will analytically determine
the velocity, temperature, and concentration distributions that are shown qualitatively in
Figures 6.1, 6.2, and 6.3, respectively. From knowledge of these distributions, we will then
determine expressions for the local and average friction coefficients, Nusselt numbers, and
Sherwood numbers.



7.2 m The Flat Plate in Parallel Flow 437

< Laminar | Turbulent >
u,, T.

o1 L oo

Ficure 7.3  The flat plate in parallel flow.

7.2.1 Laminar Flow over an Isothermal Plate:
A Similarity Solution

The major convection parameters may be obtained by solving the appropriate form of the
boundary layer equations. Assuming steady, incompressible, laminar flow with constant
uid properties and negligible viscous dissipation and recognizing that dp/dx = 0, the
boundary layer equations (6.27, 6.28, 6.29, and 6.30) reduce to

Continuity:
%y % =0 (7.4)
Momentum:
u(;z-f-vgz:VZ;’; (7.5)
Energy:
u(;z+v(;)T)20122))72w (7.6)
Species:
u P+ 0P p,, ‘9;;’ - .7)

Solution of these equations is simplified by the fact that for constant properties, conditions
in the velocity (hydrodynamic) boundary layer are independent of temperature and species
concentration. Hence we may begin by solving the hydrodynamic problem, Equations 7.4
and 7.5, to the exclusion of Equations 7.6 and 7.7. Once the hydrodynamic problem has
been solved, solutions to Equations 7.6 and 7.7, which depend on « and v, may be obtained.

Hydrodynamic Solution The hydrodynamic solution follows the method of Blasius
[1, 2]. The first step is to define a stream function (x, y), such that
4

oy _ W
u @ and v= I (7.8)
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Equation 7.4 is then automatically satisfied and hence is no longer needed. New dependent
and independent variables, f and 7, respectively, are then defined such that

¥
UV Ux/Uty,

n=yVu,lvx (7.10)

As we will find, use of these variables simplifies matters by reducing the partial differential
equation, Equation 7.5, to an ordinary differential equation.

The Blasius solution is termed a similarity solution, and m is a similarity variable. This
terminology is used because, despite growth of the boundary layer with distance x from the
leading edge, the velocity profile u/u., remains geometrically similar. This similarity is of
the functional form

fn) = (7.9)

where 6 is the boundary layer thickness. We will find from the Blasius solution that &
varies as (vx/u)"?; thus, it follows that

= b (7.11)

Hence the velocity profile is uniquely determined by the similarity variable m), which
depends on both x and y.
From Equations 7.8 through 7.10 we obtain

g _dbom_ - fvx df u. - df (7.12)
dy dmdy T\ Us dy\ VX T dy .

oy af -
i v ‘(”w\/x&%\/@f)
1 fvue(df
v= > ¥ (nd’ﬂ > (7.13)

By differentiating the velocity components, it may also be shown that

and

ou_ _u, df
ax 2xndn2

u u, d’f
% /ﬁde (7.15)

Pu_i dY

9y? VX de

(7.14)

(7.16)
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Substituting these expressions into Equation 7.5, we then obtain

d? d*
2 —]; + —J: =0 (7.17)
dn dn
Hence the hydrodynamic boundary layer problem is reduced to one of solving a nonlinear,
third-order ordinary differential equation. The appropriate boundary conditions are

u(x,0)=v(x,0=0 and u(x, )= u,

or, in terms of the similarity variables,

4 = f(0)=0 and a

— =1 (7.18)
dn y=o dn [y

The solution to Equation 7.17, subject to the conditions of Equations 7.18, may be
obtained by a series expansion [2] or by numerical integration [3]. Selected results are pre-
sented in Table 7.1, from which useful information may be extracted. The x-component
velocity distribution from the third column of the table is plotted in Figure 7.4a. We also
note that, to a good approximation, (#/u.,) = 0.99 for = 5.0. Defining the boundary layer
thickness & as that value of y for which (u/u,,) = 0.99, it follows from Equation 7.10 that

H=—zi) = 7 (7.19)

Vu,vx VRe

X

TaBLE 7.1 Flat plate laminar boundary
layer functions [3]

B \/7 if o d*f
nN=Y./vx f % =u, dinz
0 0 0 0.332
0.4 0.027 0.133 0.331
0.8 0.106 0.265 0.327
1.2 0.238 0.394 0.317
1.6 0.420 0.517 0.297
2.0 0.650 0.630 0.267
2.4 0.922 0.729 0.228
2.8 1.231 0.812 0.184
3.2 1.569 0.876 0.139
3.6 1.930 0.923 0.098
4.0 2.306 0.956 0.064
4.4 2.692 0.976 0.039
4.8 3.085 0.988 0.022
52 3.482 0.994 0.011
5.6 3.880 0.997 0.005
6.0 4.280 0.999 0.002
6.4 4.679 1.000 0.001

6.8 5.079 1.000 0.000
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FIGURE 7.4 Similarity solution for laminar flow over an isothermal plate. (a) The
x-component of the velocity. (b) Temperature distributions for Pr = 0.6, 1, and 7.

From Equation 7.19 it is clear that § increases with increasing x and » but decreases with
increasing u,, (the larger the free stream velocity, the thinner the boundary layer). In addi-
tion, from Equation 7.15 the wall shear stress may be expressed as

d2
Ju = Uy, V U, lVX L)

TS M
T 9y |y=0 772 n=0
Hence from Table 7.1

7, = 0.332u,,V ppu.,/x

The local friction coefficient is then

Ts.x

C.= = 0.664 Re, ' 7.20
t pui/Z ( )

Heat Transfer Solution From knowledge of conditions in the velocity boundary layer, the
energy equation may now be solved. We begin by introducing the dimensionless tempera-
ture T* = [(T — T)/(T, — T,)] and assume a similarity solution of the form T* = T*(n).
Making the necessary substitutions, Equation 7.6 reduces to

d*T*
dn2

Pr . dT*
+—=f=—=0 7.21

o (:21)
Note the dependence of the thermal solution on hydrodynamic conditions through appear-
ance of the variable fin Equation 7.21. The appropriate boundary conditions are

T#0)=0 and T*(»)=1 (7.22)

Subject to the conditions of Equation 7.22, Equation 7.21 may be solved by numerical
integration for different values of the Prandtl number; representative temperature distribu-
tions for Pr = 0.6, 1, and 7 are shown in Figure 7.4b. Thermal effects penetrate farther
into the velocity boundary layer with decreasing Prandtl number and transcend the
velocity boundary layer for Pr << 1. One important consequence of this solution is that, for
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Pr = 0.6, results for the surface temperature gradient dT%/dn| »=o0 May be correlated by the
following relation:

Azl — 0332 e
dn [y=0
Expressing the local convection coefficient as
ho_ 4 _ _T-—T, or*
T, - T, T,—T. 9y |0
12
= k(yx> dr
dn [q=0
it follows that the local Nusselt number is of the form
h.x 12 p,1/3
Nu, = . 0.332 Re,”” Pr Pr=0.6 (7.23)

From the solution to Equation 7.21, it also follows that, for Pr = 0.6, the ratio of the veloc-
ity to thermal boundary layer thickness is

1

t

where 6 is given by Equation 7.19. For example, for Pr = 7, 6/6, = 1.91 (5,/6 = 0.523), as
shown in Figure 7.4b.

pr'? (7.24)

Mass Transfer Solution The species boundary layer equation, Equation 7.7, is of the
same form as the energy boundary layer equation, Equation 7.6, with D,y replacing a.
Introducing a normalized species density pi = [(pa — pas)/(Pa» — Pa.)] and noting that,
for a fixed surface species concentration

piO)=0 and pi(e) =1 (7.25)

we also see that the species boundary conditions are of the same form as the temperature
boundary conditions given in Equation 7.22. Therefore, as discussed in Section 6.7.1, the
heat and mass transfer analogy may be applied since the differential equation and boundary
conditions for the species concentration are of the same form as for temperature. Hence,
with reference to Equation 7.23,

h,, .x
Sh, = D, =0.332 Re!* Sc'” Sc=0.6 (7.26)
AB

By analogy to Equation 7.24, it also follows that the ratio of boundary layer thicknesses is

LNS

5 Sc'” (7.27)

c

The foregoing results may be used to compute important laminar boundary layer param-
eters for 0 < x < x,, where x, is the distance from the leading edge at which transition



	Cover
	Title Page
	Copyright
	Contents
	Symbols
	CHAPTER 1 Introduction
	1.1 What and How?
	1.2 Physical Origins and Rate Equations
	1.2.1 Conduction
	1.2.2 Convection
	1.2.3 Radiation
	1.2.4 The Thermal Resistance Concept

	1.3 Relationship to Thermodynamics
	1.3.1 Relationship to the First Law of Thermodynamics (Conservation of Energy)
	1.3.2 Relationship to the Second Law of Thermodynamics and the Efficiency of Heat Engines

	1.4 Units and Dimensions
	1.5 Analysis of Heat Transfer Problems: Methodology
	1.6 Relevance of Heat Transfer
	1.7 Summary
	References
	Problems

	CHAPTER 2 Introduction to Conduction
	2.1 The Conduction Rate Equation
	2.2 The Thermal Properties of Matter
	2.2.1 Thermal Conductivity
	2.2.2 Other Relevant Properties

	2.3 The Heat Diffusion Equation
	2.4 Boundary and Initial Conditions
	2.5 Summary
	References
	Problems

	CHAPTER 3 One-Dimensional, Steady-State Conduction
	3.1 The Plane Wall
	3.1.1 Temperature Distribution
	3.1.2 Thermal Resistance
	3.1.3 The Composite Wall
	3.1.4 Contact Resistance
	3.1.5 Porous Media

	3.2 An Alternative Conduction Analysis
	3.3 Radial Systems
	3.3.1 The Cylinder
	3.3.2 The Sphere

	3.4 Summary of One-Dimensional Conduction Results
	3.5 Conduction with Thermal Energy Generation
	3.5.1 The Plane Wall
	3.5.2 Radial Systems
	3.5.3 Tabulated Solutions
	3.5.4 Application of Resistance Concepts

	3.6 Heat Transfer from Extended Surfaces
	3.6.1 A General Conduction Analysis
	3.6.2 Fins of Uniform Cross-Sectional Area
	3.6.3 Fin Performance
	3.6.4 Fins of Nonuniform Cross-Sectional Area
	3.6.5 Overall Surface Efficiency

	3.7 The Bioheat Equation
	3.8 Thermoelectric Power Generation
	3.9 Micro- and Nanoscale Conduction
	3.9.1 Conduction Through Thin Gas Layers
	3.9.2 Conduction Through Thin Solid Films

	3.10 Summary
	References
	Problems

	CHAPTER 4 Two-Dimensional, Steady-State Conduction
	4.1 Alternative Approaches
	4.2 The Method of Separation of Variables
	4.3 The Conduction Shape Factor and the Dimensionless Conduction Heat Rate
	4.4 Finite-Difference Equations
	4.4.1 The Nodal Network
	4.4.2 Finite-Difference Form of the Heat Equation
	4.4.3 The Energy Balance Method

	4.5 Solving the Finite-Difference Equations
	4.5.1 Formulation as a Matrix Equation
	4.5.2 Verifying the Accuracy of the Solution

	4.6 Summary
	References
	Problems

	CHAPTER 5 Transient Conduction
	5.1 The Lumped Capacitance Method
	5.2 Validity of the Lumped Capacitance Method
	5.3 General Lumped Capacitance Analysis
	5.3.1 Radiation Only
	5.3.2 Negligible Radiation
	5.3.3 Convection Only with Variable Convection Coefficient
	5.3.4 Additional Considerations

	5.4 Spatial Effects
	5.5 The Plane Wall with Convection
	5.5.1 Exact Solution
	5.5.2 Approximate Solution
	5.5.3 Total Energy Transfer
	5.5.4 Additional Considerations

	5.6 Radial Systems with Convection
	5.6.1 Exact Solutions
	5.6.2 Approximate Solutions
	5.6.3 Total Energy Transfer
	5.6.4 Additional Considerations

	5.7 The Semi-Infinite Solid
	5.8 Objects with Constant Surface Temperatures or Surface Heat Fluxes
	5.8.1 Constant Temperature Boundary Conditions
	5.8.2 Constant Heat Flux Boundary Conditions
	5.8.3 Approximate Solutions

	5.9 Periodic Heating
	5.10 Finite-Difference Methods
	5.10.1 Discretization of the Heat Equation: The Explicit Method
	5.10.2 Discretization of the Heat Equation: The Implicit Method

	5.11 Summary
	References
	Problems

	CHAPTER 6 Introduction to Convection
	6.1 The Convection Boundary Layers
	6.1.1 The Velocity Boundary Layer
	6.1.2 The Thermal Boundary Layer
	6.1.3 The Concentration Boundary Layer
	6.1.4 Significance of the Boundary Layers

	6.2 Local and Average Convection Coefficients
	6.2.1 Heat Transfer
	6.2.2 Mass Transfer
	6.2.3 The Problem of Convection

	6.3 Laminar and Turbulent Flow
	6.3.1 Laminar and Turbulent Velocity Boundary Layers
	6.3.2 Laminar and Turbulent Thermal and Species Concentration Boundary Layers

	6.4 The Boundary Layer Equations
	6.4.1 Boundary Layer Equations for Laminar Flow
	6.4.2 Compressible Flow

	6.5 Boundary Layer Similarity: The Normalized Boundary Layer Equations
	6.5.1 Boundary Layer Similarity Parameters
	6.5.2 Functional Form of the Solutions

	6.6 Physical Interpretation of the Dimensionless Parameters
	6.7 Boundary Layer Analogies
	6.7.1 The Heat and Mass Transfer Analogy
	6.7.2 Evaporative Cooling
	6.7.3 The Reynolds Analogy

	6.8 Summary
	References
	Problems

	CHAPTER 7 External Flow
	7.1 The Empirical Method
	7.2 The Flat Plate in Parallel Flow
	7.2.1 Laminar Flow over an Isothermal Plate: A Similarity Solution
	7.2.2 Turbulent Flow over an Isothermal Plate
	7.2.3 Mixed Boundary Layer Conditions
	7.2.4 Unheated Starting Length
	7.2.5 Flat Plates with Constant Heat Flux Conditions
	7.2.6 Limitations on Use of Convection Coefficients

	7.3 Methodology for a Convection Calculation
	7.4 The Cylinder in Cross Flow
	7.4.1 Flow Considerations
	7.4.2 Convection Heat and Mass Transfer

	7.5 The Sphere
	7.6 Flow Across Banks of Tubes
	7.7 Impinging Jets
	7.7.1 Hydrodynamic and Geometric Considerations
	7.7.2 Convection Heat and Mass Transfer

	7.8 Packed Beds
	7.9 Summary
	References
	Problems

	CHAPTER 8 Internal Flow
	8.1 Hydrodynamic Considerations
	8.1.1 Flow Conditions
	8.1.2 The Mean Velocity
	8.1.3 Velocity Profile in the Fully Developed Region
	8.1.4 Pressure Gradient and Friction Factor in Fully Developed Flow

	8.2 Thermal Considerations
	8.2.1 The Mean Temperature
	8.2.2 Newton’s Law of Cooling
	8.2.3 Fully Developed Conditions

	8.3 The Energy Balance
	8.3.1 General Considerations
	8.3.2 Constant Surface Heat Flux
	8.3 .3 Constant Surface Temperature

	8.4 Laminar Flow in Circular Tubes: Thermal Analysis and Convection Correlations
	8.4.1 The Fully Developed Region
	8.4.2 The Entry Region
	8.4.3 Temperature-Dependent Properties

	8.5 Convection Correlations: Turbulent Flow in Circular Tubes
	8.6 Convection Correlations: Noncircular Tubes and the Concentric Tube Annulus
	8.7 Heat Transfer Enhancement
	8.8 Flow in Small Channels
	8.8.1 Microscale Convection in Gases (0.1 μm ≤ D[sub(h)] ≤ 100 μm)
	8.8.2 Microscale Convection in Liquids
	8.8.3 Nanoscale Convection (D[sub(h)] ≤
 100 nm)

	8.9 Convection Mass Transfer
	8.10 Summary
	References
	Problems

	CHAPTER 9 Free Convection
	9.1 Physical Considerations
	9.2 The Governing Equations for Laminar Boundary Layers
	9.3 Similarity Considerations
	9.4 Laminar Free Convection on a Vertical Surface
	9.5 The Effects of Turbulence
	9.6 Empirical Correlations: External Free Convection Flows
	9.6.1 The Vertical Plate
	9.6.2 Inclined and Horizontal Plates
	9.6.3 The Long Horizontal Cylinder
	9.6.4 Spheres

	9.7 Free Convection Within Parallel Plate Channels
	9.7.1 Vertical Channels
	9.7.2 Inclined Channels

	9.8 Empirical Correlations: Enclosures
	9.8.1 Rectangular Cavities
	9.8.2 Concentric Cylinders
	9.8.3 Concentric Spheres

	9.9 Combined Free and Forced Convection
	9.10 Convection Mass Transfer
	9.11 Summary
	References
	Problems

	CHAPTER 10 Boiling and Condensation
	10.1 Dimensionless Parameters in Boiling and Condensation
	10.2 Boiling Modes
	10.3 Pool Boiling
	10.3.1 The Boiling Curve
	10.3.2 Modes of Pool Boiling

	10.4 Pool Boiling Correlations
	10.4.1 Nucleate Pool Boiling
	10.4.2 Critical Heat Flux for Nucleate Pool Boiling
	10.4.3 Minimum Heat Flux
	10.4.4 Film Pool Boiling
	10.4.5 Parametric Effects on Pool Boiling

	10.5 Forced Convection Boiling
	10.5.1 External Forced Convection Boiling
	10.5.2 Two-Phase Flow
	10.5.3 Two-Phase Flow in Microchannels

	10.6 Condensation: Physical Mechanisms
	10.7 Laminar Film Condensation on a Vertical Plate
	10.8 Turbulent Film Condensation
	10.9 Film Condensation on Radial Systems
	10.10 Condensation in Horizontal Tubes
	10.11 Dropwise Condensation
	10.12 Summary
	References
	Problems

	CHAPTER 11 Heat Exchangers
	11.1 Heat Exchanger Types
	11.2 The Overall Heat Transfer Coefficient
	11.3 Heat Exchanger Analysis: Use of the Log Mean Temperature Difference
	11.3.1 The Parallel-Flow Heat Exchanger
	11.3.2 The Counterflow Heat Exchanger
	11.3.3 Special Operating Conditions

	11.4 Heat Exchanger Analysis: The Effectiveness–NTU Method
	11.4.1 Definitions
	11.4.2 Effectiveness–NTU Relations

	11.5 Heat Exchanger Design and Performance Calculations
	11.6 Additional Considerations
	11.7 Summary
	References
	Problems

	CHAPTER 12 Radiation: Processes and Properties
	12.1 Fundamental Concepts
	12.2 Radiation Heat Fluxes
	12.3 Radiation Intensity
	12.3.1 Mathematical Definitions
	12.3.2 Radiation Intensity and Its Relation to Emission
	12.3.3 Relation to Irradiation
	12.3.4 Relation to Radiosity for an Opaque Surface
	12.3.5 Relation to the Net Radiative Flux for an Opaque Surface

	12.4 Blackbody Radiation
	12.4.1 The Planck Distribution
	12.4.2 Wien’s Displacement Law
	12.4.3 The Stefan–Boltzmann Law
	12.4.4 Band Emission

	12.5 Emission from Real Surfaces
	12.6 Absorption, Reflection, and Transmission by Real Surfaces
	12.6.1 Absorptivity
	12.6.2 Reflectivity
	12.6.3 Transmissivity
	12.6.4 Special Considerations

	12.7 Kirchhoff’s Law
	12.8 The Gray Surface
	12.9 Environmental Radiation
	12.9.1 Solar Radiation
	12.9.2 The Atmospheric Radiation Balance
	12.9.3 Terrestrial Solar Irradiation

	12.10 Summary
	References
	Problems

	CHAPTER 13 Radiation Exchange Between Surfaces
	13.1 The View Factor
	13.1.1 The View Factor Integral
	13.1.2 View Factor Relations

	13.2 Blackbody Radiation Exchange
	13.3 Radiation Exchange Between Opaque, Diffuse, Gray Surfaces in an Enclosure
	13.3.1 Net Radiation Exchange at a Surface
	13.3.2 Radiation Exchange Between Surfaces
	13.3.3 The Two-Surface Enclosure
	13.3.4 Radiation Shields
	13.3.5 The Reradiating Surface

	13.4 Multimode Heat Transfer
	13.5 Implications of the Simplifying Assumptions
	13.6 Radiation Exchange with Participating Media
	13.6.1 Volumetric Absorption
	13.6.2 Gaseous Emission and Absorption

	13.7 Summary
	References
	Problems

	CHAPTER 14 Diffusion Mass Transfer
	14.1 Physical Origins and Rate Equations
	14.1.1 Physical Origins
	14.1.2 Mixture Composition
	14.1.3 Fick’s Law of Diffusion
	14.1.4 Mass Diffusivity

	14.2 Mass Transfer in Nonstationary Media
	14.2.1 Absolute and Diffusive Species Fluxes
	14.2.2 Evaporation in a Column

	14.3 The Stationary Medium Approximation
	14.4 Conservation of Species for a Stationary Medium
	14.4.1 Conservation of Species for a Control Volume
	14.4.2 The Mass Diffusion Equation
	14.4.3 Stationary Media with Specified Surface Concentrations

	14.5 Boundary Conditions and Discontinuous Concentrations at Interfaces
	14.5.1 Evaporation and Sublimation
	14.5.2 Solubility of Gases in Liquids and Solids
	14.5.3 Catalytic Surface Reactions

	14.6 Mass Diffusion with Homogeneous Chemical Reactions
	14.7 Transient Diffusion
	14.8 Summary
	References
	Problems

	APPENDIX A: Thermophysical Properties of Matter
	APPENDIX B: Mathematical Relations and Functions
	APPENDIX C: Thermal Conditions Associated with Uniform Energy Generation in One-Dimensional, Steady-State Systems
	APPENDIX D: The Gauss–Seidel Method
	APPENDIX E: The Convection Transfer Equations
	E.1 Conservation of Mass
	E.2 Newton’s Second Law of Motion
	E.3 Conservation of Energy
	E.4 Conservation of Species

	APPENDIX F: Boundary Layer Equations for Turbulent Flow
	APPENDIX G: An Integral Laminar Boundary Layer Solution for Parallel Flow over a Flat Plate
	Index



