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Unit One
Fundamentals of Heat Transfer

I. Text®

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 section is to extend thermodynamic analysis through
study of the modes of heat transfer and through development of relations to calculate heat
transfer rates.

We do so by raising several questions. What is heat transfer? How is heat transferred?
Why is it important to study it? In answering these questions, we will begin to appreciate the
physical mechanisms that underlie heat transfer processes and the relevance of these processes to

our industrial and environmental problems.

1. Introduction

.

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

Heat transfer (or heat) is energy in transit due to a temperature difference. Whenever there
exists a temperature difference in a medium or between media, heat transfer must occur.

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 §urfaces
at different temperatures. 4

@ #48H : Incropera F P, De Witt D P. Introduction to Heat Transfer. 4th ed. New York: Wiley, 2001
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2. Conduction

Examples of conduction heat transfer are legion. The exposed end of a metal spoon
suddenly immersed in a cup of hot ¢offee will eventually be 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.

. ; ; . T
It is possible to quantify heat transfer processes in terms

of appropriate rate equations. These equations may be used I
to compute the amount of energy being transferred per unit m

tir_ne.v For heat conduction, the rate equation is known as A
Fourier’ s Law. For the one-dimensional plane wall shown 0I i -
in Fig. 1.1, bhaving a temperature distribution T'(x), the
rate equation is expressed as Figure 1.1 One-dimensional heat
transfer by conduction
9, = — dx (1-1) ( diffusion of energy)

The heat flux g, (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, d7/dx, ‘in this. direction. The proportional constant k is a transport
property kn(;wn 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 Fig. 1. 1 where the
temperature distribution is linear, the temperature gradjent may be expressed as

T, -T,
and the heat flux is then
| "qx='kA7T (1-3)

3.. Coilvectioh

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) generally dominates near the surface where the fluid velocity is
low. In fact, at the interface between the surface and the fluid (y =0), heat is transferred by
this mechanism only. The contribution due to bulk fluid motion originates from the fact that the
boundary layers grow as the flow progresses in the x direction.

Convection heat transfer may be categorized according to the nature of the flow. We speak
of forced convection when the flow is caused by some external means, such as by a fan, a
pump, or atmospheric winds. In contrast, for free (or natural) convection the flow is induced
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by buoyancy forces in the fluid. These forces arise from density variations caused by
temperature variations in the fluid. An example is the free convection heat transfer that occurs
from a hot pavement to the atmosphere on a still day. Air that is in contact with the hot
pavement has a lower density than that of the cooler air above the pavement. Hence, a
circulation pattern exists in which the warm air moves up from the pavement and the cooler air
moves downward. However, in the. presence of atmospheric winds, heat transfer from the

pavement to the air is likely to be dominated by forced convection, even though the free

convection mode still exists. *

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. In general, the energy
that is being transferred is the sensible, or internal thermal, energy of the fluid. Howevér, there
are convection processes for which 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 are boiling and condensation.

Regardless of the particular natureé of the convection heat transfer mode, the appropriate

' rate equation is of the form,
q=h(T,-T,) = " (1-4)
where g, the convective heat flux ( W/m®) , is proportional to the difference between the
surface and fluid temperatures, 7, and 7',
Law of Cooling, and the proportionality constant # ( W/(m® + K)) is referred to as the
convection heat transfer coefficient, the film conductance, or the film coefficient. It

, respectively. This expression is known as Newton’ s

encompasses all the effects that influence the convection mode. It depends on conditions in the
boundary layer, which are influenced by surface geometry, the nature of the fluid motion, and
a number of the fluid thermodynamic and transport properties.* Moreover, any study of

convection ultimately reduces to a study of the means by which 4 may be determined.

4. Radiation .

Thermal radiation is energy emitted by matter that is at a finite temperature. Although we
focus primarily 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.

The maximum heat flux (W/m’) at which radiation may be emitted from. a surface is
given by the Stefan-Boltzmann Law: v
q=oT; (1-5)
where T is the absolute temperature (K) of the surface and 0' is the Stefan-Boltzmann constant
(o =5. 67x10°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 the ideal radiator and is given by



AR HRETEZWIE

g=¢e0Ts (1-6)
where ¢ is a radiative property of the surface called the emissivity. This property indicates how
efficiently the surface emits compared to an ideal radiator.

‘Equation (1-6) determines the rate at which energy is emitted by a surface. Determination
of the net rate at which radiation is exchanged between surfaces is generally a good deal
complicated. However, a special case that occurs very frequently in practice involves the net
exchange between a small surface and a much larger surface that completely surrounds the
smaller one. The surface and the surroundings are separated by a gas that has no effect on the
radiation transfer. The net rate of radiatlon heat exchange between the surface and its
surroundmgs expressed per unit area of the surface, 's

g=e0(Ts-T,,) (1-7)
In this expression, £ is the emissivity of the surface while T, is the temperature of the
surroundings. For this special case, the area and emissivity of the surroundings do not influence
the net heat exchange rate.

II. Words and Expressions

attribute n. B, FFE
v. AT, AT
conduction n. {55
configuration n. 458,75/,
constituent 7. B4, s
adj. MR, HEK
convection n. Xfifi,fEik
distibution n. 25,5 EC,. 0K
emissivity n. IBHTR PBHERK
finite adj. HFRH
intervening n. H4t
mechanism n. PR, VL, JR3E, LA
perpendicular n. EHLK,EHHKMVE
adj. THW,HIH
quantify v. E&,Bf
temperature gradient R EEHEE
thermal radiation RS
thermodynamics n. ~ # £

m. Notes

1. #7: ...during which...f0...at which... 53515 F— AR #itEE 18 M H] , during which K
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Sef71a R process,at which f{5E4TiA) & time rate,

B MANFRRBAGBAOVLRE A ERA S BOE TS EHTHERE,

2. #r: In answering these questions ...43i7)4 5 H KR &, the physical mechanisms FI

the relevance of these processes J& appreciate f{JZ 1% ,...that underlie heat transfer processes...
JEE1E MNA], {51 the physical mechanisms, '

B BT EIESX SRR, RAINKSE T A& A Y B 38 DL R A% 305 Tl F 37 58 ) B
BIRR,

3. ¥r: ...heat transfer... & A/ 1%, ...is likely to be dominated by forced convection...
BN EBERZEXTAVER" even though 5| FARIEMNA],

4. ¥r: which 5] 5 — A IEBR HItE £ 1E M 4], 5 conditions;...a number of the fluid
thermodynamic and transport properties... 4 “ WK IR B RS2 P NIFHE”

IV. Translation Skill

P RIEBR S BERIS(—)
PHEE SRS A

BRPHFFE R AR SRR E BRXBEERACFEIN B ETHFR(RE
38 R BB TR%) G5 H R B MR BN %5 5 TR PR SRR B o0, K Soik
AR FICERBIEARRR K, A A B SFRE, THRMEERE AN S
B TERLBRIER AR,

1. B=ZARO%

REXEEER N T HABERARE ST HRGER EHNELREANHEAR
HEWME, MARNARAEHEWRZ, Hit, I XEEEARE— F AR, T
ZHE=AWKA], _

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) generally dominates near the surface where the fluid velocity is
low. In fact, at the interface between the surface and the fluid (y =0), heat is transferred by
this mechanism only. The contribution due to bulk fluid motion originates from the fact that the
boundary layers grow as the flow progresses in the x direction.

RAR, U EBETFEAEE - B AR,

2. XBREAZRALEH

BB E R RAFENSEE, MR8, TR B ME AL RS, MAB®E E
EFERETYYE.
i,

The earth rotates on its own axis, which causes the change from day to night.
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The rotation of the earth on own axis causes the change from day to night.

% 174k 45 F9 The rotation of the earth on own axis {EEA’ﬂfﬁ'ﬂ:ﬁEfﬁﬁfj ﬂﬁ%ﬁé@ﬁ
BEMBY

3. "ZER#EDR

PHE CEMEAF R EEW . ER, MRS ARSR, ERHMNES
R B PRIEIEAR D> R B INES,

Bian .

Heat is transported from the heat production plant to the heat centre, which may be some
distance away, in the heat transmission pipeline.

4. FiRIEZIAS

B xESRBE RS SRS, B KR HIERESD W, ¥ %6 REERE
SE B ] 5 B 430 5T 25 M AR IRTE BT B35 434 s 6 I 3 IR R 2 AR & 0 AT 5
“4vi8) + 3h & A" B E I A ERRIE AT,

i .

1. Depending on the terrain coved by the water transmission line, pumping stations may be

required to maintain the pressure drop between the supply and return pipelines.

43¥7: coved by the water transmission line, 3 A EE B EBNTMEIE, BH
“terrain” ; Depending on... 3@ 7 S5 ARERRIE NS XA, BRI 404 F, L HLEEEE .

2. A further factor with an extraction turbine system is that electricity output decfeases,' as
the extraction temperature increases, resulting in greater fuel consumption to provide the same
energy output. ;

A3 resulting in... 4R IE S RARIE ;... to provide the same energy output {i F 3]
ARERIEERE HHRIEN,

5. GBEIE

BEXENS—HARAREAREEE. ¥ANATENA: MALEEE A
AREAREESE AFEEE EENIEE.

B4 .

A further factor with an extraction turbine system is that electricity output decreases. .. (4v
AEEEE)

6. KA

HTRE-ANEIE, EZBRF, A XERF AT LKA,
Bilgn .

The cost of hot water heat distribution, which includes pumping as well as control systems

in the local heat network, depends on a number of factors, incliding: the heat demand density ;
the supply and return temperatures ;the characteristics of the terrain and the local infrastructure;
and whether the development is new or involves retrofitting.
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V. Exercises

1. Say whether the following statements are true (T) or false (F) according to
the text.

(1) The term convection refers to heat transfer that will occur between a surface and a
moving fluid when they are at different temperatures.

(2) The exposed end of a metal spoon suddenly immersed in a cup of hot coffee will
eventually be warmed due to the convection of energy through the spoon.

(3) This latent heat exchange is generally associated with a phase change between the solid
and vapor states of the fluid. :

(4) Although we focus primarily on radiation from solid surfaces, emission may also
occur from liquids and gases.

(5) The transfer of energy by radiation requires the presence of a material medium.

2. Fill in the blank with the information given in the text.

(1) deals with the end states of the process during which an interaction occures
and provides no information conéeming the natural of the time rate at which it occures.

(2) It is possible to quantify heat transfer processes in terms of appropriate .

(3) The convection heat transfer mode is sustained both by molecular motion

and by the motion of the fluid within the boundary layer.
(4) When a temperature exists in a stationary medium, which may be a solid or
fluid, we use the term conduction to refer to the heat transfer that will occur across the medium.
(5) The energy of the radiation field is transported by (or alternatively,
photons) .

3. Fill in the blanks with the words and expressions given below. Change the
forms if necessary.

bulk buoyancy emissivity intervene configuration interaction

(1) For free convection the flow is induced by - forces in the fluid.

(2) In the absence of medium, there is net heat transfer by radiation between
two surfaces at different temperatures.

(3) The contribution due to fluid motion originates from the fact that the
boundary layers grow as the flow progresses in the x direction.

(4) The radiative property of the surface is described as the

(5) Thermodynamics deals with the end states of the process during which
occurs.
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1. Historical development of fluid mechanics

The science of fluid mechanics began with the need to control water for irrigation and
navigation purposes in ancient China, Egypt, Mesopotamia, and India. Although these
civilizations understood the nature of channel flow, there is no evidence that any quantitative

relationships had been developed to guide them in their work. It was not until 250 B. C. that

Archimedes discovered and recorded the principles of hydrostatics and buoyancy. In spite of the
fact that the empirical understanding of hydrodynamics continued to improve with the
development of fluid machinery, better sailing vessels, and more intricate cannal systems, the
fundamental principles of classical hydrodynamics were not founded until the seventeenth and
eighteenth centuries. Newton, Daniel Bemnoulli, and Leonard Euler made the greatest
contributions to the founding of these principles.

In the nineteenth century, two schools of thought arose in the treatment of fluid mechanics,
one dealing with the theoretical and the other with practical aspects of fluid flow. Classical
hydrodynamics, though a fascinating subject that appealed to mathematicians, was not
applicable to many practical problems because the theory was based on inviscid fluids. The
practicing engineers at that time needed design procedures that involved the flow of viscous

fluids; consequently, they developed empirical equations that were usable but narrow in scope. '

Thus, on the one hand, the mathematicians and physicists developed theories that in many cases

could not be used by the engineers, and on the other hand, engineers used empirical "equations

that could not be used outside the limited range of application from which they were derived.

In a sense, these two schools of thought have persisted to the present day, resulting in the
mathematical field of hydrodynamics and the practical science of hydraulics.
Near the beginning of the twentieth century, however, it was necessary to merge the

@ #5488 : Roberson J A, Crowe C T. Engineering Fluid Mechanics. 3rd ed. Boston: Houghton Mifflin, 1985



