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HEAT TRANSFER.

Introduction

From the study of thermodynamics, you have learned that energy can be transferred by
interactions of a system with its surroundings. These interactions are called work and heat.
However, thermodynamics deals with the end states of the process during which an
interaction occurs and provides no information concerning the nature of the interaction or the
time rate at which it occurs. The objective of this text is to extend thermodynamic analysis
through the study of the modes of heat transfer and through the development of relations to
calculate heat transfer rates. In this chapter we lay the foundation for much of the material
treated in the text. We do so by raising several questions: What is heat transfer? How is heat
transferred? Why is it important? One objective is to develop an appreciation for the
fundamental concepts and principles that underlie heat transfer processes. A second objective
is to illustrate the manner in which a knowledge of heat transfer may be used with the first
law of thermodynamics (conservation of energy) to solve problems relevant to technology
and society.

What and How?

A simple, yet general, definition provides sufficient response to the question: What is heat
transfer?

Heat transfer (or heat) is thermal energy in transit due to a spatial temperature difference.
Whenever a temperature difference exists in a medium or between media, heat transfer must
occur. As shown in Figure 1, we refer to different types of heat transfer processes as modes.
When a temperature gradient exists in a stationary medium, which may be a solid or a fluid,
we use the term conduction to refer to the heat transfer that will occur across the medium. In
contrast, the term convection refers to heat transfer that will occur between a surface and a
moving fluid when they are at different temperatures. The third mode of heat transfer is
termed thermal radiation. All surfaces of finite temperature emit energy in the form of
electromagnetic waves. Hence, in the absence of an intervening medium, there is net heat
transfer by radiation between two surfaces at different temperatures.

| Conduction through a solid | Convection from a surface | Net radiation heat exchange




or a stationary fluid to a moving fluid between two surfaces
T h>T Iy 1> T, — Surface, T
—
Moving fiuid, 7, e
> Surface, T
> q — q"
_’ |
—_— ‘.' [— T,

FIGURE 1 Conduction, convection, and radiation heat transfer modes.
Physical Origins and Rate Equations

As engineers, it is important that we understand the physical mechanisms which underlie the
heat transfer modes and that we be able to use the rate equations that quantify the amount of
energy being transferred per unit time.

Conduction

At mention of the word conduction, we should immediately conjure up concepts of atomic
and molecular activity because processes at these levels sustain this mode of heat transfer.
Conduction may be viewed as the transfer of energy from the more energetic to the less
energetic particles of a substance due to interactions between the particles. The physical
mechanism of conduction is most easily explained by considering a gas and using ideas
familiar from your thermodynamics background. Consider a gas in which a temperature
gradient exists, and assume that there is no bulk, or macroscopic, motion. The gas may
occupy the space between two surfaces that are maintained at different temperatures, as
shown in Figure 2. We associate the temperature at any point with the energy of gas
molecules in proximity to the point. This energy is related to the random translational motion,
as well as to the internal rotational and vibrational motions, of the molecules. Higher
temperatures are associated with higher molecular energies. When neighboring molecules
collide, as they are constantly doing, a transfer of energy from the more energetic to the less
energetic molecules must occur. In the presence of a temperature gradient, energy transfer by
conduction must then occur in the direction of decreasing temperature. This would be true
even in the absence of collisions, as is evident from Figure 2. The hypothetical plane at is
constantly being crossed by molecules from above and below due to their random motion.
However, molecules from above are associated with a higher temperature than those from
below, in which case there must be a net transfer of energy in the positive x direction.
Collisions between molecules enhance this energy transfer. We may speak of the net transfer
of energy by random molecular motion as a diffusion of energy. The situation is much the
same in liquids, although the molecules are more closely spaced and the molecular
interactions are stronger and more frequent. Similarly, in a solid, conduction may be
attributed to atomic activity in the form of lattice vibrations.
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FIGURE 2 Association of conduction heat transfer with diffusion of energy due to molecular
activity.
The modern view is to ascribe the energy transfer to lattice waves induced by atomic motion.

In an electrical nonconductor, the energy transfer is exclusively via these lattice waves; in a
conductor, it is also due to the translational motion of the free electrons.
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FIGURE 3 One-dimensional heat transfer by conduction (diffusion of energy).

Examples of conduction heat transfer are legion. The exposed end of a metal spoon suddenly
immersed in a cup of hot coffee is eventually warmed due to the conduction of energy
through the spoon. On a winter day, there is significant energy loss from a heated room to the
outside air. This loss is principally due to conduction heat transfer through the wall that
separates the room air from the outside air. Heat transfer processes can be quantified in terms
of appropriate rate equations. These equations may be used to compute the amount of energy
being transferred per unit time. For heat conduction, the rate equation is known as Fourier.s
law. For the one-dimensional plane wall shown in Figure 1.3, having a temperature

distribution T(x), the rate equation is expressed as

The heat flux q,(w/m?) is the heat transfer rate in the x-direction per unit area
perpendicular to the direction of transfer, and it is proportional to the temperature gradient,
dT/dx, in this direction. The parameter k is a transport property known as the thermal
conductivity (W/m. K) and is a characteristic of the wall material. The minus sign is a
consequence of the fact that heat is transferred in the direction of decreasing temperature.
Under the steady-state conditions shown in Figure 3, where the temperature distribution is
linear, the temperature gradient may be expressed as

Z_z = 2% and the heat flux is then



q. = —k —TZZTl or
Qx = = k2= k— .................... 2

Note that thls equatlon provides a heat flux , that is, the rate of heat transfer per unit area. The
heat rate by conduction, gx (W), through a plane wall of area A is then the product of the flux
and the area g, = q,.A.

EXAMPLE 1

The wall of an industrial furnace is constructed from 0.15-m-thick fireclay brick having a
thermal conductivity of 1.7 W/m.K. Measurements made during steady-state operation reveal
temperatures of 1400 and 1150 K at the inner and outer surfaces, respectively. What is the
rate of heat loss through a wall that is 0.5 m x 1.2 m on a side?

SOLUTION

Known: Steady-state conditions with prescribed wall thickness, area, thermal conductivity,
and surface temperatures.

Find: Wall heat loss.

Schematic:
ol
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Assumptions:

1. Steady-state conditions.

2. One-dimensional conduction through the wall.

3. Constant thermal conductivity.

Analysis: Since heat transfer through the wall is by conduction, the heat flux may be
determined from Fourier’s law. Using Equation 2, we have

G = k== kT =17W/m.K x == = 2833 W /m?
The heat flux represents the rate of heat transfer through a section of unit area, and it is
uniform (invariant) across the surface of the wall. The heat loss through the wall of area is
then

= (HW)q, = (0.5mx 1.2m)2833W/m? = 1700 W
Comments: Note the direction of heat flow and the distinction between heat flux and heat

rate.

Convection

The convection heat transfer mode is comprised of two mechanisms. In addition to energy
transfer due to random molecular motion (diffusion), energy is also transferred by the bulk, or
macroscopic, motion of the fluid. This fluid motion is associated with the fact that, at any
instant, large numbers of molecules are moving collectively or as aggregates. Such motion, in
the presence of a temperature gradient, contributes to heat transfer. Because the molecules in
the aggregate retain their random motion, the total heat transfer is then due to a superposition



of energy transport by the random motion of the molecules and by the bulk motion of the
fluid. The term convection is customarily used when referring to this cumulative transport,
and the term advection refers to transport due to bulk fluid motion. We are especially
interested in convection heat transfer, which occurs between a fluid in motion and a bounding
surface when the two are at different temperatures. Consider fluid flow over the heated
surface of Figure 4. A consequence of the fluid—surface interaction is the development of a
region in the fluid through which the velocity varies from zero at the surface to a finite value
U, associated with the flow. This region of the fluid is known as the hydrodynamic, or
velocity, boundary layer. Moreover, if the surface and flow temperatures differ, there will be
a region of the fluid through which the temperature varies from Tsat y = 0 to T,, in the outer
flow. This region, called the thermal boundary layer, may be smaller, larger, or the same size
as that through which the velocity varies. In any case, if Ts > T, convection heat transfer will
occur from the surface to the outer flow. The convection heat transfer mode is sustained both
by random molecular motion and by the bulk motion of the fluid within the boundary layer.
The contribution due to random molecular motion (diffusion) dominates near the surface
where the fluid velocity is low. In fact, at the interface between the surface and the fluid (y =
0), the fluid velocity is zero, and heat is transferred by this mechanism only. The contribution
due to bulk fluid motion originates from the fact that the boundary layer grows as the flow
progresses in the x-direction. In effect, the heat that is conducted into this layer is swept
downstream and is eventually transferred to the fluid outside the boundary layer.
Appreciation of boundary layer phenomena is essential to understanding convection heat
transfer. For this reason, the discipline of fluid mechanics will play a vital role in our later
analysis of convection. Convection heat transfer may be classified according to the nature of
the flow. We speak of forced convection when the flow is caused by external means, such as
by a fan, a pump, or atmospheric winds. As an example, consider the use of a fan to provide
forced convection air cooling of hot electrical components on a stack of printed circuit boards
(Figure 5a). In contrast, for free (or natural) convection, the flow is induced by buoyancy
forces, which are due to density differences caused by temperature variations in the fluid. An
example is the free convection heat transfer that occurs from hot components on a vertical
array of circuit boards in air (Figure 5b). Air that makes contact with the components
experiences an increase in temperature and hence a reduction in density. Since it is now
lighter than the surrounding air, buoyancy forces induce a vertical motion for which warm air
ascending from the boards is replaced by an inflow of cooler ambient air.
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FIGURE 4 Boundary layer development in convection heat transfer.
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While we have presumed pure forced convection in Figure 5a and pure natural convection in
Figure 5b, conditions corresponding to mixed (combined) forced and natural convection may
exist. For example, if velocities associated with the flow of Figure 5a are small and/or
buoyancy forces are large, a secondary flow that is comparable to the imposed forced flow
could be induced. In this case, the buoyancy-induced flow would be normal to the forced



flow and could have a significant effect on convection heat transfer from the components. In
Figure 5b, mixed convection would result if a fan were used to force air upward between the
circuit boards, thereby assisting the buoyancy flow, or downward, thereby opposing the
buoyancy flow. We have described the convection heat transfer mode as energy transfer
occurring within a fluid due to the combined effects of conduction and bulk fluid motion.
Typically, the energy that is being transferred is the sensible, or internal thermal, energy of
the fluid. However, for some convection processes, there is, in addition, latent heat exchange.
This latent heat exchange is generally associated with a phase change between the liquid and
vapor states of the fluid. Two special cases of interest in this text are boiling and
condensation. For example, convection heat transfer results from fluid motion induced by
vapor bubbles generated at the bottom of a pan of boiling water (Figure 5c) or by the
condensation of water vapor on the outer surface of a cold water pipe (Figure 5d).
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FIGURE 5 Convection heat transfer processes. (a) Forced convection. (b) Natural
convection. (c) Boiling. (d) Condensation.

TABLE 1 Typical values of the convection heat transfer coefficient

Process h

(W/m? . K)
Free convection Gases 2-25
Liquids 50 - 1000
Forced convection Gases 25 - 250
Liquids 100 — 20,000
Convection with phase change Boiling or | 2500 —
condensation 100,000

Regardless of the nature of the convection heat transfer process, the appropriate rate equation

is of the form
q =h(T,— Ty )



where, the convective heat flux (W/m?), is proportional to the difference between the surface
and fluid temperatures, Ts and T.,, respectively. This expression is known as Newton.s law of
cooling, and the parameter h (W/m?K) is termed the convection heat transfer coefficient.
This coefficient depends on conditions in the boundary layer, which are influenced by surface
geometry, the nature of the fluid motion, and an assortment of fluid thermodynamic and
transport properties. Any study of convection ultimately reduces to a study of the means by
which h may be determined. In the solution of such problems we presume h to be known,
using typical values given in Table 1. When Equation 3a is used, the convection heat flux is
presumed to be positive if heat is transferred from the surface (Ts > T.,) and negative if heat is
transferred to the surface (T, > Ts). However, nothing precludes us from expressing
Newton’s law of cooling as

g =h(To— Ts) e, 3b

in which case heat transfer is positive if it is to the surface.

Radiation

Thermal radiation is energy emitted by matter that is at a nonzero temperature. Although we
will focus on radiation from solid surfaces, emission may also occur from liquids and gases.
Regardless of the form of matter, the emission may be attributed to changes in the electron
configurations of the constituent atoms or molecules. The energy of the radiation field is
transported by electromagnetic waves (or alternatively, photons). While the transfer of energy
by conduction or convection requires the presence of a material medium, radiation does not.
In fact, radiation transfer occurs most efficiently in a vacuum. Consider radiation transfer
processes for the surface of Figure 6a. Radiation that is emitted by the surface originates from
the thermal energy of matter bounded by the surface, and the rate at which energy is released
per unit area (W/m?) is termed the surface emissive power, E. There is an upper limit to the
emissive power, which is prescribed by the Stefan.Boltzmann law

Ey= oT& ... 4

where T is the absolute temperature (K) of the surface and o is the Stefan. Boltzmann
constant (o = 5.67 x 10® W/m?. K*). Such a surface is called an ideal radiator or blackbody.
The heat flux emitted by a real surface is less than that of a blackbody at the same
temperature and is given by

E=€oTd oo, 5
where ¢ is a radiative property of the surface termed the emissivity. With values in the range
0 <e<1, this property provides a measure of how efficiently a surface emits energy

relative to a blackbody. It depends strongly on the surface material and finish, and
representative values are provided in Appendix A.

Radiation may also be incident on a surface from its surroundings. The radiation may
originate from a special source, such as the sun, or from other surfaces to which the surface
of interest is exposed. Irrespective of the source(s), we designate the rate at which all such
radiation is incident on a unit area of the surface as the irradiation G (Figure 6a).

A portion, or all, of the irradiation may be absorbed by the surface, thereby increasing the
thermal energy of the material. The rate at which radiant energy is absorbed per unit surface
area may be evaluated from knowledge of a surface radiative property termed the absorptivity
. That is,

Gaps = QG oo, 6

Where 0 <e<1. If «a <1 and the surface is opaque, portions of the irradiation are
reflected. If the surface is semitransparent, portions of the irradiation may also be
transmitted. However, whereas absorbed and emitted radiation increase and reduce,
respectively, the thermal energy of matter, reflected and transmitted radiation have no effect
on this energy.



Note that the value of a depends on the nature of the irradiation, as well as on the surface
itself. For example, the absorptivity of a surface to solar radiation may differ from its
absorptivity to radiation emitted by the walls of a furnace.
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FIGURE 6 Radiation exchange: (a) at a surface and (b) between a surface and large
surroundings.

In many engineering problems (a notable exception being problems involving solar radiation
or radiation from other very high temperature sources), liquids can be considered opaque to
radiation heat transfer, and gases can be considered transparent to it. Solids can be opaque (as
is the case for metals) or semitransparent (as is the case for thin sheets of some polymers and
some semiconducting materials). A special case that occurs frequently involves radiation
exchange between a small surface at T;and a much larger, isothermal surface that completely
surrounds the smaller one (Figure 6b). The surroundings could, for example, be the walls of a
room or a furnace whose temperature T, differs from that of an enclosed surface (T # Ts).
We will show in Chapter 12 that, for such a condition, the irradiation may be approximated
by emission from a blackbody at Ty, in which case G = oT4,,.. If the surface is assumed to
be one for which a = ¢ (a gray surface), the net rate of radiation heat transfer from the
surface, expressed per unit area of the surface, is

q;"ad = %: eEL(Ty) — aG = €0 (T — Tay) oo, 7
This expression provides the difference between thermal energy that is released due to

radiation emission and that gained due to radiation absorption. For many applications, it is
convenient to express the net radiation heat exchange in the form

Qrada = WMA(Ts — Toyr) coeviinniniinnnn. 8
where, from Equation 1.7, the radiation heat transfer coefficient h r is
hy =e0(Tg+ Top)(TE+ T2 covoiiiiinnn. 9

Here we have modeled the radiation mode in a manner similar to convection. In this sense we
have linearized the radiation rate equation, making the heat rate proportional to a temperature
difference rather than to the difference between two temperatures to the fourth power. Note,
however, that hr depends strongly on temperature, whereas the temperature dependence of
the convection heat transfer coefficient h is generally weak. The surfaces of Figure 6 may
also simultaneously transfer heat by convection to an adjoining gas. For the conditions of
Figure 6b, the total rate of heat transfer from the surface is then

d= Geony + Graa = hMA(Ts — T,) + cAc(Td — Tay) coveiiieiiinin. 10

Example 1.
An uninsulated steam pipe passes through a room in which the air and walls are at 25°C.
The outside diameter of the pipe is 70 mm, and its surface temperature and emissivity are



200°C and 0.8, respectively. What are the surface emissive power and irradiation? If the
coefficient associated with free convection heat transfer from the surface to the air is 15
W/m?. K, what is the rate of heat loss from the surface per unit length of pipe?

SOLUTION

Known: Uninsulated pipe of prescribed diameter, emissivity, and surface temperature in a
room with fixed wall and air temperatures.

Find:

1. Surface emissive power and irradiation.

2. Pipe heat loss per unit length, q’.

Schematic:

T — OO
D= 7‘:' rnm\S( 1:.." =£2'L

Assumptions:

1. Steady-state conditions.

2. Radiation exchange between the pipe and the room is between a small surface and a much
larger enclosure.

3. The surface emissivity and absorptivity are equal.

Analysis:

1. The surface emissive power may be evaluated from Equation 1.5, while the irradiation
corresponds to G = oT4,.. Hence

E = eoTg = 0.8(5.67 x 1078 W /m?2. K*)(473)* = 2270 W /m?

G = oTg, =567x1078W/m?.K* (298 K)* = 447 W /m?

2. Heat loss from the pipe is by convection to the room air and by radiation exchange with the
walls. Hence,q = q.ony + qrqq @nd from Equation 1.10, with 4 =zDL,
q= h(ﬂDL)(Ts - Too) + g(ﬂDL)U(Ts4 - Tsztlr)

The heat loss per unit length of pipe is then

r_ 9 _
=7

15W /m?. K(mr x 0.07 m)(200 — 25)°C +

0.8(r x 0.07 m)5.67 x 1078 W /m? . K*(473* — 298*)K*

q =577W/m+421 W/m =998W /m

Comments:

1. Note that temperature may be expressed in units of °C or K when evaluating the
temperature difference for a convection (or conduction) heat transfer rate. However,
temperature must be expressed in kelvins (K) when evaluating a radiation transfer rate.

2. The net rate of radiation heat transfer from the pipe may be expressed as

Graq = TD(E — aG)

Grga = Tx0.07m (2270 — 0.8 x 447) W /m? = 421 W /m

3. In this situation, the radiation and convection heat transfer rates are comparable because Ts
is large compared to T, and the coefficient associated with free convection is small. For



more moderate values of T and the larger values of h associated with forced convection, the
effect of radiation may often be neglected. The radiation heat transfer coefficient may be
computed from Equation 1.9. For the conditions of this problem, its value is h, =
11W/m? K.

Appendix A
TABLE A. Solar Radiative Properties for Selected Material.
Description/Composition ag et agle Ts
Aluminum
Polished 0.09 0.03 3.0
Anodized 0.14 0.84 0.17
Quartz overcoated 0.11 0.37 0.30
Foil 0.15 0.05 3.0
Brick. red (Purdue) 0.63 (.93 0.68
Concrete 0.60 0.88 0.68
Galvanized sheet metal
Clean, new 0.65 0.13 5.0
Oxidized, weathered (.80 0.28 29
Glass. 3.2-mm thickness
Float or tempered 0.79
Low iron oxide type 0.88
Metal, plated
Black sulfide 0.92 0.10 9.2
Black cobalt oxide 0.93 0.30 3.1
Black nickel oxide 0.92 0.08 11
Black chrome 0.87 0.09 9.7
Mylar, 0.13-mm thickness 0.87
Paints
Black (Parsons) 0.98 0.98 1.0
White, acrylic 0.26 0.90 0.29
White. zinc oxide 0.16 0.93 0.17
Plexiglas, 3.2-mm thickness 0.90
Snow
Fine particles, fresh 0.13 (.82 0.16
Ice granules 0.33 0.89 0.37
Tedlar, (). 10-mm thickness 0.92
Teflon, 0.13-mm thickness 0.92

*The emissivity values in this table correspond to a surface temperature of approximately 300
K.

Analysis of Heat Transfer Problems:

Methodology

A major objective of this text is to prepare you to solve engineering problems that involve
heat transfer processes. To this end, numerous problems are provided at the end of each
chapter. In working these problems you will gain a deeper appreciation for the fundamentals
of the subject, and you will gain confidence in your ability to apply these fundamentals to the
solution of engineering problems. In solving problems, we advocate the use of a systematic
procedure characterized by a prescribed format. We consistently employ this procedure in our
examples, and we require our students to use it in their problem solutions. It consists of the
following steps:



1. Known: After carefully reading the problem, state briefly and concisely what is known
about the problem. Do not repeat the problem statement.

2. Find: State briefly and concisely what must be found.

3. Schematic: Draw a schematic of the physical system. If application of the conservation
laws is anticipated, represent the required control surface or surfaces by dashed lines on the
schematic. Identify relevant heat transfer processes by appropriately labeled arrows on the
schematic.

4. Assumptions: List all pertinent simplifying assumptions.

5. Properties: Compile property values needed for subsequent calculations and identify the
source from which they are obtained.

6. Analysis: Begin your analysis by applying appropriate conservation laws, and introduce
rate equations as needed. Develop the analysis as completely as possible before substituting
numerical values. Perform the calculations needed to obtain the desired results.

7. Comments: Discuss your results. Such a discussion may include a summary of key
conclusions, a critique of the original assumptions, and an inference of trends obtained by
performing additional what-if and parameter sensitivity calculations.



