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1-1 Thermodynamics and Heat Transfer

You will recall from thermodynamics that energy exists in various forms. In this text we are primarily
interested in heat, which is the form of energy that can be transferred from one system to another as a
result of temperature difference.

The science that deals with the determination of the rates of such energy transfers is heat transfer.

You may be wondering why we need to undertake a detailed study on heat transfer. After all, we can
determine the amount of heat transfer for any system undergoing any process using a thermodynamic
analysis alone. The reason is that thermodynamics is concerned with the amount of heat transfer as a
system undergoes a process from one equilibrium state to another, and it gives no indication about
how long the process will take. A thermodynamic analysis simply tells us how much heat must be
transferred to realize a specified change of state to satisfy the conservation of energy principle.

In practice we are more concerned about the rate of heat transfer (heat transfer per unit time) than we
are with the amount of it. For example, we can determine the amount of heat transferred from a
thermos bottle as the hot coffee inside cools from 90°C to 80°C by a thermodynamic analysis alone.
But a typical user or designer of a thermos is primarily interested in how long it will be before the hot
coffee inside cools to 80°C, and a thermodynamic analysis cannot answer this question. Determining
the rates of heat transfer to or from a system and thus the times of cooling or heating, as well as the

iati i i i — Thermos
variation of the temperature, is the subject of heat transfer (Fig. 1-1). hermos

FIGURE 1-1
We are normally interested in how long Hal
it takes for the hot coffee in a thermos to coffee

cool to a certain temperature, which
cannot be determined from a

thermodynamic analysis alone. N/
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Thermodynamics deals with equilibrium states and changes from one equi-
librium state to another. Heat transfer, on the other hand, deals with systems
that lack thermal equilibrium, and thus it is a nonequilibrium phenomenon.
Therefore, the study of heat transfer cannot be based on the principles of
thermodynamics alone. However, the laws of thermodynamics lay the frame-
work for the science of heat transfer. The first law requires that the rate of
energy transfer into a system be equal to the rate of increase of the energy of
that system. The second law requires that heat be transferred in the direction
of decreasing temperature (Fig. 1-2). This is like a car parked on an inclined
road that must go downhill in the direction of decreasing elevation when its
brakes are released. It is also analogous to the electric current flowing in the
direction of decreasing voltage or the fluid flowing in the direction of de-
creasing total pressure.

Cool
environmenl
20°C
Heat

FIGURE 1-2

Heat flows in the direction of
decreasing temperature.



Application Areas of Heat Transfer

Heat transfer is commonly encountered in engineering systems and other as-
pects of life, and one does not need to go very far to see some application ar-
eas of heat transfer. In fact, one does not need to go anywhere. The human
body is constantly rejecting heat to its surroundings, and human comfort is
closely tied to the rate of this heat rejection. We try to control this heat trans-
fer rate by adjusting our clothing to the environmental conditions.

Many ordinary household appliances are designed, in whole or in part, by
using the principles of heat transfer. Some examples include the electric or gas
range, the heating and air-conditioning system, the refrigerator and freezer, the
water heater, the iron, and even the computer, the TV, and the VCR. Of course,
energy-efficient homes are designed on the basis of minimizing heat loss in
winter and heat gain in summer. Heat transfer plays a major role in the design
of many other devices, such as car radiators, solar collectors, various compo-
nents of power plants, and even spacecraft. The optimal insulation thickness L
in the walls and roofs of the houses, on hot water or steam pipes, or on water Air-conditioning
heaters is again determined on the basis of a heat transfer analysis with eco- SyRHems
nomic consideration (Fig. 1-3).

Water in

Water out

FIGURE 1-3

Some application areas of heat transfer. Coie radisling

Power planis



1-2 Engineering Heat Transfer

Heat transfer equipment such as heat exchangers, boilers, condensers, radia-
tors, heaters, furnaces, refrigerators, and solar collectors are designed pri-
marily on the basis of heat transfer analysis. The heat transfer problems
encountered in practice can be considered in two groups: (1) rating and
(2) sizing problems. The rating problems deal with the determination of the
heat transfer rate for an existing system at a specified temperature difference.
The sizing problems deal with the determination of the size of a system in
order to transfer heat at a specified rate for a specified temperature difference.

A heat transfer process or equipment can be studied either experimentally
(testing and taking measurements) or analytically (by analysis or calcula-
tions). The experimental approach has the advantage that we deal with the
actual physical system, and the desired quantity is determined by measure-
ment, within the limits of experimental error. However, this approach is ex-
pensive, time-consuming, and often impractical. Besides, the system we are
analyzing may not even exist. For example, the size of a heating system of
a building must usually be determined before the building is actually built
on the basis of the dimensions and specifications given.



1-3 Heat and Other Forms of Energy Specific Heats of Gases, Liquids, and Solids

Energy can exist in numerous forms such as thermal, mechanical, kinetic, po-
tential, electrical, magnetic, chemical, and nuclear, and their sum constitutes
the total energy £ (or € on a unit mass basis) of a system. The forms of energy
related to the molecular structure of a system and the degree of the molecular
activity are referred to as the microscopic energy. The sum of all microscopic
forms of energy is called the internal energy of a system, and is denoted by Flcitwin
Z

U/ (or # on a unit mass basis). =t fluid ===~ Energy = h

The international unit of energy is joule (J) or kilojoule (1 kI = 1000 J).
In the English system, the unit of energy is the British thermal unit (Btu),
which is defined as the energy needed to raise the temperature of 1 lbm of
water at 60°F by 1°F. The magnitudes of kJ and Btu are almost identical
(1 Btu = 1.055036 kJ). Another well-known unit of energy is the calorie Stalionary Energy = u
(1 cal = 4.1868 I), which is defined as the energy needed to raise the temper- o ‘
ature of 1 gram of water at 14.5°C by 1°C.

Internal energy may be viewed as the sum of the kinetic and potential ener- FIGURE 1-6
gies of the molecules. The portion of the internal energy of a system asso- The internal energy u represents the mi-
ciated with the kinetic energy of the molecules is called sensible energy or ~ croscopic energy of a nonflowing fluid,
sensible heat. The average velocity and the degree of activity of the mole-  ‘Whereas enthalpy h represents the micro-
cules are proportional to the temperature. Thus, at higher temperatures the scopic energy of a flowing fluid.
molecules will possess higher kinetic energy, and as a result, the system will
have a higher internal energy.

In the analysis of systems that involve fluid flow, we frequently encounter
the combination of properties u# and Pv. For the sake of simplicity and conve-
nience, this combination is defined as enthalpy A. That is, h = ¢ + Pv where
the term Pv represents the flow energy of the fluid (also called the flow work),
which is the energy needed to push a fluid and to maintain flow. In the energy
analysis of flowing fluids, it is convenient to treat the flow energy as part of
the energy of the fluid and to represent the microscopic energy of a fluid
stream by enthalpy £ (Fig. 1-6).



Specific Heats of Gases, Liqguids, and Solids

You may recall that an ideal gas is defined as a gas that obeys the relation

Pv=RT or P = pRT

where P is the absolute pressure, v is the specific volume, T is the absolute
temperature, p is the density, and R is the gas constant. It has been experi-
mentally observed that the ideal gas relation given above closely approxi-
mates the P-v-T behavior of real gases at low densities. At low pressures and
high temperatures, the density of a gas decreases and the gas behaves like an
ideal gas. In the range of practical interest, many familiar gases such as air,
nitrogen, oxygen, hydrogen, helium, argon, neon, and krypton and even heav-
ier gases such as carbon dioxide can be treated as ideal gases with negligible
error (often less than one percent). Dense gases such as water vapor in
steam power plants and refrigerant vapor in refrigerators, however, should not
always be treated as ideal gases since they usually exist at a state near
saturation.

You may also recall that specific heat is defined as the energy required to
raise the temperature of a unit mass of a substance by one degree (Fig. 1-7).
In general, this energy depends on how the process is executed. In thermo-
dynamics, we are interested in two kinds of specific heats: specific heat at
constant volume C, and specific heat at constant pressure C,. The specific
heat at constant volume C, can be viewed as the energy required to raise the
temperature of a unit mass of a substance by one degree as the volume is held
constant. The energy required to do the same as the pressure is held constant
is the specific heat at constant pressure C,. The specific heat at constant

pressure C, is greater than C, because at constant pressure the system is al-
lowed to expand and the energy for this expansion work must also be supplied
to the system. For ideal gases, these two specific heats are related to each
other by C, = C, + R.

m=1ke
AT =1%C
Specific heat = 3 kKlfkg-°C

§

SKEJ
FIGURE 1-7
Specific heat is the energy required to
raise the temperature of a unit mass
of a substance by one degree in a
specified way.




A common unit for specific heats is kJ/kg - "C or kJ/kg - K. Notice that these
two units are identical since AT(°C) = AT(K), and 1°C change in temperature
is equivalent to a change of 1 K. Also.

| ki/kg - 9C=1J/g-°C=1kl/kg - K=1J/g-K i A%
m=1kg m=1kg
30— 301 K 1000 — 1001 K

The specific heats of a substance, in general, depend on two independent
properties such as temperature and pressure. For an ideal gas, however. they t t
depend on femperature only (Fig. 1-8). At low pressures all real gases ap-
proach ideal gas behavior, and therefore their specific heats depend on tem- R gRiod
perature only. FIGURE 1-8

The differential changes in the internal energy u and enthalpy / of an ideal T%'B specific heat of a substance changes
gas can be expressed in terms of the specific heats as with temperature.

du = C,dT and dh = C,dT (1-2)



Energy Transfer

Energy can be transferred to or from a given mass by two mechanisms: heat
() and work W. An energy interaction is heat transfer if its driving force is a
temperature difference. Otherwise, it is work. A rising piston, a rotating shaft,
and an electrical wire crossing the system boundaries are all associated with
work interactions. Work done per unit time is called power, and is denoted
by W. The unit of power is W or hp (1 hp = 746 W). Car engines and hy-
draulic, steam, and gas turbines produce work; compressors, pumps, and
mixers consume work. Notice that the energy of a system decreases as it does
work, and increases as work is done on if.

In daily life, we frequently refer to the sensible and latent forms of internal
energy as heat, and we talk about the heat content of bodies (Fig. 1-10). In
thermodynamics, however, those forms of energy are usually referred to as
thermal energy to prevent any confusion with feat transfer.

The term heat and the associated phrases such as heat flow, heat addition,
heat rejection, heat absorption, heat gain, heat loss, heat storage, heat gener-
ation, electrical heating, latent heat, body heat, and heat source are in com-
mon use today, and the attempt to replace heaf in these phrases by thermal
energy had only limited success. These phrases are deeply rooted in our vo-
cabulary and they are used by both the ordinary people and scientists without
causing any misunderstanding. For example, the phrase body heat is under-
stood to mean the thermal energy confent of a body. Likewise, heat flow is
understood to mean the fransfer of thermal energy, not the flow of a fluid-like
substance called fzeat, although the latter incorrect interpretation, based on the
caloric theory, is the origin of this phrase. Also, the transfer of heat into a sys-
tem is frequently referred to as fieat addition and the transfer of heat out of a
system as fieat rejection.

Wapor
80°C Heal
transfer
Ligquid 25°%C
B0"C
FIGURE 1-10

The sensible and latent forms of internal
energy can be transferred as a result of
a temperature difference, and they are
referred to as heat or thermal energy.



Keeping in line with current practice, we will refer to the thermal energy as
heat and the transfer of thermal energy as heat transfer. The amount of heat
transferred during the process is denoted by Q. The amount of heat transferred
per unit time is called heat transfer rate, and is denoted by Q. The overdot
stands for the time derivative, or “per unit time.” The heat transfer rate Q has
the unit I/s, which is equivalent to W.

When the rafe of heat transfer O is available, then the total amount of heat
transfer J during a time interval Af can be determined from

Ar |
Q= h Qdt (1

The rate of heat transfer per unit area normal to the direction of heat transfer
is called heat flux, and the average heat flux is expressed as (Fig. 1-11)

)
= i (W/m?)

where A is the heat transfer area. The unit of heat flux in English units is
Btu/h - ft?. Note that heat flux may vary with time as well as position on a
surface.

O=24W
= COnst.

ﬂf|_/_,2m

0 24W_ .
=T =4 Wim
FIGURE 1-11

Heat flux is heat transfer per unit
time and per unif area, and is equal
to g = (/A when Q is uniform over
the area A.
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EXAMPLE 1-1 Heating of a Copper Ball
A 10-cm diameter copper ball is to be heated from 100°C to an average temperature of 150°C in 30
minutes (Fig. 1-12). Taking the average density and specific heat of copper in this temperature range
to be p= 8950 kg/m3 and Cp = 0.395 kl/kg - °C, respectively, determine (a) the total amount of heat
transfer to the copper ball, (b) the average rate of heat transfer to the ball, and (c) the average heat
flux.

——

P
(a) The amount of heat transferred to the copper ball is simply the change in its /’ o s
internal energy, and is determined from 2 \
Energy transfer to the system = Energy increase of the system b
T, = 100°C
Q=AU=mC,.(T,—T)) >\ *
- . SO g
m=pV =ZpD* = Z(8050 kg/m?)(0.1 m)* = 4.69 kg Aimmll:
6 6 FIGURE 1-12
Substituting, Sehematic for Example 1-1.

Q= (1.6Y kue)0.5395 klfkg - ~C)(120 — 100)"C =926 k)
Therefore, 92.6 kJ of heat needs to be transferred to the copper ball to heat it from 100°C to 150°C.

(b) The rate of heat transfer normally changes during a process with time. However,
we can determine the average rate of heat transfer by dividing the total
amount of heat transfer by the time interval. Therefore,

Q- _E_QE.GI{J
e oAy 1800 s

—0aIdElfs — 514 W

(c) Heat flux is defined as the heat transfer per unit time per unit area, or the rate of heat transfer per
unit area. Therefore, the average heat flux in this case is

. P Gae  S14W
Beve = 4 = w01 m)

— 1636 W/m?



1-4 Heat Transfer Mechanisms

In Section 1-1 we defined heat as the form of energy that can be transferred
from one system to another as a result of temperature difference. A thermo-
dynamic analysis is concerned with the amount of heat transfer as a system
undergoes a process from one equilibrium state to another. The science that
deals with the determination of the rates of such energy transfers is the heat
transfer. The transfer of enerpy as heat is always from the higher-temperature
medium to the lower-temperature one, and heat transfer stops when the two
mediums reach the same temperature.

Heat can be transferred in three different modes: conduction, convection,
and radiation. All modes of heat transfer require the existence of a tempera-
ture difference, and all modes are from the high-temperature medium to a
lower-temperature one. Below we give a brief description of each mode. A de-
tailed study of these modes is given in later chapters of this text.



A- CONDUCTION

Conduction is the transfer of energy from the more energetic particles of a
substance to the adjacent less energetic ones as a result of interactions be-
tween the particles. Conduction can take place in solids, liquids, or gases. In
gases and liquids, conduction is due to the collisions and diffusion of the

molecules during their random motion. In solids, it is due to the combination
of vibrations of the molecules in a lattice and the energy transport by free
electrons. A cold canned drink in a warm room, for example, eventually
warms up to the room temperature as a result of heat transfer from the room
to the drink through the aluminum can by conduction.

Consider steady heat conduction through a large plane wall of thickness
Ax = L and area A, as shown in Fig. 1-21. The temperature difference across
the wall is AT = T, — T,. Experiments have shown that the rate of heat trans-
fer Q through the wall is doubled when the temperature difference AT across
the wall or the area A normal to the direction of heat transfer is doubled, but is
fralved when the wall thickness L is doubled. Thus we conclude that the rate
of heat conduction through a plane laver is proportional to the temperature
difference across the layer and the heat transfer area, but is inversely propor-
tional to the thickness of the layer. That is,

(Area)(Temperature difference)
Rate of heat conduction = :
Thickness

-7 AT )
!. ? = - - = —I{.-d. Pr— 'I;lF'I.b
cond = KA Ax Ax (W)

where the constant of proportionality £ is the thermal conduectivity of the
material, which is a measure of the ability of a material to conduct heat
(Fig. 1-22). In the limiting case of Ax — 0, the equation above reduces to the
differential form

4 4T

annd =:=Jed E {.W.}

PR G
Ofb—x
FIGURE 1-2°
Heat condircrinn <hmogh a laree plane
wall of thizkness Ax and asea A

I0°C 4
\- 200C
e  — 4010 W/m*

1m

{a} Copper (k— 101 W/in.°C)

0L 4
\- NPT
m— ¢ = 1450 Wim?

I'm

(0} Bilcon (e — 118 Wim-C)

FIGURE 1-22

The ratz of heat conduction through a
sefliel i directly proporional o

its tharmel coaductivity,



EXAMPLE 1-2 The Cost of Heat Loss through a Roof

The roof of an electrically heated home is 6 m long, 8 m wide, and 0.25 m
thick, and is made of a flat layer of concrete whose thermal conductivity is
k = 0.8 W/m - °C (Fig. 1-24). The temperatures of the inner and the outer sur-
faces of the roof one night are measured to be 15°C and 4°C, respectively, for a
period of 10 hours. Determine (a) the rate of heat loss through the roof that
night and (b} the cost of that heat loss to the home owner if the cost of elec-
tricity is $0.08/kWh.

Concrete roof \ 025 m

(a) Noting that heat transfer through the roof is by conduction and the
area of the roof is A =6 m x 8 m = 48 m2, the steady rate of heat
transfer through the roof is determined to be

r—T, (15 — 4)°C FIGURE 1-24

0 =kA 5= (0.8 W/m - °C)(48 mﬂ}m = 1690 W = 1.69 kW

(b) The amount of heat lost through the roof during a 10-hour period and its
cost are determined from

0=0 At=(1.69kW)(10h) = 169 kWh
Cost = (Amount of energy)(Unit cost of energy)
= (16.9 kWh)(50.08/kWh) = 51.35

Discussion The cost to the home owner of the heat loss through the roof that
night was $1.35. The total heating bill of the house will be much larger since
the heat losses through the walls are not considered in these calculations.



Thermal Conductivity

We have seen that different materials store heat differently, and we have de-
fined the property specific heat C, as a measure of a material’s ability to store
thermal energy. For example, C, = 4.18 kl/kg - °C for water and C, = 0.45
kJfkg - °C for iron at room temperature, which indicates that water can store
almost 10 times the energy that iron can per unit mass. Likewise, the thermal
conductivity & is a measure of a material’s ability to conduct heat. For exam-
ple, k = 0.608 W/m - °C for water and k = 80.2 W/m - °C for iron at room
temperature, which indicates that iron conducts heat more than 100 times
faster than water can. Thus we say that water is a poor heat conductor relative
to iron, although water is an excellent medium to store thermal energy.

A layer of material of known thickness and
area can be heated from one side by an
electric resistance heater of known output. If
the outer surfaces of the heater are well
insulated, all the heat generated by the
resistance heater will be transferred through
the material whose conductivity is to be
determined. Then measuring the two surface
temperatures of the material when steady
heat transfer is reached and substituting
them into equation

. e i £
Q:;‘-JJ .- kA dx
Eq. 1-22 together with other known
guantities give the thermal conductivity (Fig.
1-25).

(W)

Sample
material

Electric
heater
]
\ Insulaticn
S k|-
IE g-\r TE
2 ¢=W
HE B
. S
W, =
D—=
Insuolation
2 L ]

FIGURE 1-25

TABLE 1-1

The thermal corductivities of some
materlals at room temperature

Ivaierial k. Wim - G
Diamand 2300
Silver 4249
Copper 401
Gold 317
Aluminum 237

[ron 80.2
Wercury (1] £.54
Glass 0.7E
Brick 0.72
Water (1} 0.613
| luman =kin .37
Wood {nak) 0.17
Helium {g) 0.182
Soft ruaber .13
Glass Miber 0.043
Air (g} 0.0Z6
Urethane, rigid foam 0.026

*Multiply by J.5778 to convert to Bouh - 1 - °F



Fig. 1-26. The thermal conductivities of gases such as air vary by a factor of
10* from those of pure metals such as copper. Note that pure crystals and met-
als have the highest thermal conductivities, and gases and insulating materials

the lowest.
NONMETALLIC
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lEIDGI Diﬂ.ﬂ'lﬂl'.ld
Graphite
: PURE
.‘r\lru'llT;qC METALS Silicon
iﬁ'}ﬂé Silver carbide
FIGURE 1-26 - Copper :
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dioxide
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The mechanism of heat conduction in a liquid is complicated by the fact that the molecules are more
closely spaced, and they exert a stronger intermolecular force field. The thermal conductivities of
liquids usually lie between those

of solids and gases. The thermal conductivity of a substance is
normally highest in the solid phase and lowest in the gas phase.

Unlike gases, the thermal conductivities of most liquids decrease P s,
with increasing temperature, with water being a notable exception. ) collisions

Like gases, the conductivity of liquids decreases with increasing N\ "L e
molar mass. Liquid metals such as mercury and sodium have high -/

thermal conductivities and are very suitable for use in applications

where a high heat transfer rate to a liquid is desired, as in nuclear -

power plants. ﬁ?ﬁf ) t;;{”f;u

In solids, heat conduction is due to two effects: the /lattice .3‘:;,?:; collisions
vibrational waves induced by the vibrational motions of the ":L-IJ;L ijorhaiﬂ
molecules positioned at relatively fixed positions in a periodic

manner called a lattice, and the energy transported via the free flow

of electrons in the solid (Fig. 1-27). The thermal conductivity of a £ o

solid is obtained by adding the lattice and electronic components. ;G()J:} ;E‘,J:::;E,,mmmnﬁ
The relatively high thermal conductivities of pure metals are PP * Flow of free
primarily due to the electronic component. The lattice component il N7 ko

of thermal conductivity strongly depends on the way the molecules FIGURE 1-27
are arranged. For example, diamond, which is a highly ordered  The mechanisms of heat conduction in
crystalline solid, has the highest known thermal conductivity at different phases of a substance.

room temperature.



Thermal conductivities of materials

vary with temperature

I K Copper Aluminum
100 4827 302
200 413 237
300 401 237
400 383 240
600 379 231
800 366 218

10,000

W/m-"C

1000

100

10

Solids
Diamonds = ———=—= Laquids
....... Gases
\ Type Ila
\ Type IIb

Typel

Silver  Copper
— _—__'___._—__—:——_:____l

\“\—--.____________r’kluminum ; Gold - e
Tungsten ; =
A e

Aluminum oxide

————_ Pyroceram glass
Clear fused quarlz

________
______

0.1 [ "==~_ Carbon tetrachlorid
Citaitaighlonds| Goum 3 -
AR _::- T e SRS T A}é{;ﬂ-
001~
200 400 600 RO0 1000 1200 1400
T K
FIGURE 1-28

The variation of the thermal
conductivity of various solids,
liquids, and gases with temperature



Thermal Diffusivity
The product pC,, which is frequently encountered in heat transfer analysis, is
called the heat capacity of a material. Both the specific heat C, and the heat
capacity pC, represent the heat storage capability of a material. But C, ex-
presses it per unit mass whereas pC, expresses it per unit volume, as can be
noticed from their units J/kg - °C and J/m? - °C, respectively.

Another material property that appears in the transient heat conduction
analysis is the thermal diffusivity, which represents how fast heat diffuses
through a material and is defined as

_ Heat conducted _ _& (m2s)
Heat stored pC ‘

P

Note that the thermal conductivity & represents how well a material con-
ducts heat, and the heat capacity pC, represents how much energy a material
stores per unit volume. Therefore, the thermal diffusivity of a material can be
viewed as the ratio of the heat conducted through the material to the heat
stored per unit volume. A material that has a high thermal conductivity or a
low heat capacity will obviously have a large thermal diffusivity. The larger
the thermal diffusivity, the faster the propagation of heat into the medium.
A small value of thermal diffusivity means that heat is mostly absorbed by the
material and a small amount of heat will be conducted further.

The thermal diffusivities of some
materials at room temperature

Material a, mifs*

Silver 149 x 107°®
Gold 127 x 105
Copper 113 x 10-8
Aluminum 97.5 x 10-®
Iron 22.8 x 10-%
Mercury (1) A7 e 108
Marble 1.2 x 108
Ice 1.2 % 10-6
Concrete 0.76 % 10-®
Brick 0.52 x 105
Heavy soil (dry) 0.52 x 107®
Glass 0:34 5 107"
Glass wool 0.23 x 105
Water () 0.14 x 10-®
Beef 0.14 x 10-%
Wood (oak) 0.13 x 107"

*Multiply by 10.76 to convert to ftifs.



1-6 Convection

Convection is the mode of energy transfer between a solid surface and the
adjacent liquid or gas that is in motion, and it involves the combined effects
of conduction and fluid motion. The faster the fluid motion, the greater the
convection heat transfer. In the absence of any bulk fluid motion, heat
transfer between a solid surface and the adjacent fluid is by pure
conduction. The presence of bulk motion of the fluid enhances the heat
transfer between the solid surface and the fluid, but it also complicates the
determination of heat transfer rates.

Consider the cooling of a hot block by blowing cool air over its top surface
(Fig. 1-31). Energy is first transferred to the air layer adjacent to the block
by conduction. This energy is then carried away from the surface by
convection, that is, by the combined effects of conduction within the air
that is due to random motion of air molecules and the bulk or macroscopic
motion of the air that removes the heated air near the surface and replaces
it by the cooler air. Convection is called forced convection if the fluid is
forced to flow over the surface by external means such as a fan, pump, or
the wind. In contrast, convection is called natural (or free) convection if
the fluid motion is caused by buoyancy forces that are induced by density
differences due to the variation of temperature in the fluid (Fig. 1-32).

Velocity
variation
of air Ty
A T
, Temperature
Alr .~ variation
—f flow of air
= -1 A - = COHLY
/ -
| Haot Block
FIGURE 1-31
Heat transfer from a hot
surface to air by convection.
Forced Matural
convection convection
Alr
Air J'i \\
== . .{,J‘ K,‘\'i\*,
%: hotegg) = A x@m /
| e Lk & 3 b
FIGURE 1-32

The cooling of a boiled egg
by forced and natural convection.



Despite the complexity of convection, the rate of convection heat transfer is observed to be
proportional to the temperature difference, and is conveniently expressed by Newton’s law of cooling

as

O o = A (T —T0) (W)

where h is the convection heat transfer coefficient in W/m? - °C or
Btu/h - ft2 - °F, As is the surface area through which convection heat
transfer takes place, T, is the surface temperature, and T is the
temperature of the fluid sufficiently far from the surface. Note that at
the surface, the fluid temperature equals the surface temperature of
the solid.

The convection heat transfer coefficient h is not a property of the fluid.
It is an experimentally determined parameter whose value depends on
all the variables influencing convection such as the surface geometry,
the nature of fluid motion, the properties of the fluid, and the bulk
fluid velocity. Typical values of h are given in Table 1-5.

Typical values of convection heat
transfer coefficient

Type of
convection h, Wim2 . °C*

Free convection of

gases 2-25
Free convection of

liquids 10-1000
Forced convection

of gases 25250
Forced convection

of ligquids 50-20,000
Boiling and

condensation 2500-100,000

*Multiply by 0.176 to convert to Btum - ft2 . °F



EXAMPLE 1-2 Measuring Convection Heat Transfer Coefficient

A 2-m-long, 0.3-cm-diameter electrical wire extends across a room at 15°C, as shown in Fig. below.
Heat is generated in the wire as a result of resistance heating, and the surface temperature of the wire
is measured to be 152°C in steady operation. Also, the voltage drop and electric current through the
wire are measured to be 60 V and 1.5 A, respectively. Disregarding any heat transfer by radiation,

determine the convection heat transfer coefficient for heat transfer between the outer surface of the
wire and the air in the room.

the rate of heat loss from the wire will equal the rate T, =15°C

of heat generation in the wire as a result of 15 A r 1527C

resistance heating. That is, ﬂ — )
- a0V -

0 =E, s = VI = (60VILSA) =90 W

The surface area of the wire is
A, = aDL = w(0.003 m)(2 m) = 0.01885 m’

Newton’s law of cooling for convection heat transfer is expressed as
‘.r-._jr_'c;m = '“""15 { ]" - T'-']

Disregarding any heat transfer by radiation and thus assuming all the heat loss from the
wire to occur by convection, the convection heat transfer coefficient is determined to be

9 00 W

"= T —T.) ~ (0.018%5 m)(152 — 15)°C

= 34.9 Wim®: °C



1-6 Radiation

Radiation is the energy emitted by matter in the form of electromagnetic
waves (or photons) as a result of the changes in the electronic
configurations of the atoms or molecules. Unlike conduction and
convection, the transfer of energy by radiation does not require the
presence of an intervening medium. In fact, energy transfer by radiation is
fastest (at the speed of light) and it suffers no attenuation in a vacuum.
This is how the energy of the sun reaches the earth. In heat transfer
studies we are interested in thermal radiation, which is the form of
radiation emitted by bodies because of their temperature. It differs from
other forms of electromagnetic radiation such as x-rays, gamma rays,
microwaves, radio waves, and television waves that are not related to
temperature.

All bodies at a temperature above absolute zero emit thermal radiation.
Radiation is a volumetric phenomenon, and all solids, liquids, and gases
emit, absorb, or transmit radiation to varying degrees.

The maximum rate of radiation that can be emitted from a surface at an
absolute temperature Ts (in K or R) is given by the Stefan—-Boltzmann law

as
e

= emil. mas

— oA T (W)

where 0 =5.67x10® W/m?2.K%is the Stefan-Boltzmann constant.
The idealized surface that emits radiation at this maximum rate is
called black body radiation.

{i:ru:mlt.max = O‘T:"
T;={f:“ K t — 1452 W/m?
Blackbody (£ = 1) ﬁ.\

Blackbody radiation represents the
maxinum amount of radiation tha
can be emitted from a surface

at a specified temperature.



The radiation emitted by all real surfaces is less than the radiation emitted by a blackbody at the same
temperature, and is expressed as

Qumil = EU—A.I.'T:I (W)

where € is the emissivity of surface. The property emissivity, whose value is in the range 0<e<1 is a
measure of how closely a surface approximate a blackbody for which € =1. The emissivities of some
surfaces are given in Table below

To calculate the heat exchange between two surfaces at Emissivities of some materials
absolute temperatures of T, and T, respectively by radiation at 300 K
can be use the following relation. Material Emissivity
When a surface of emissivity and surface area A, at an absolute i'um.m”m ol et
i nodized aluminum 0.82
temperature T, is completely enclosed by a much larger (or black) Polished copper 0.03
surface at absolute temperature T, separated by a gas (such as Polished gold 0.03
air) that does not intervene with radiation, the net rate of Polished silver 0.02
radiation heat transfer between these two surfaces is given by Polished stainless steel  0.17
Black paint 0.98
Qr:'_J = B':T"d'.-.' ':,T:I' - r:;urrb (W) White paint 0.90
Surrounding White paper 0.62-0.97
surfaces at Asphalt pavement 0.85-0.93
Tsum Red brick 0.93-0.96
Human skin 0.95
Wood 0.82-0.92
Soil 0.93-0.96
Water 0.96
Vegetation 0.92-0.96

de = Ef]'ﬂT{Tf = T:un}



EXAMPLE 1-3 Radiation Effect on Thermal Comfort

It is a common experience to feel “chilly” in winter and “warm” in summer in our homes even when
the thermostat setting is kept the same. This is due to the so called “radiation effect” resulting from
radiation heat exchange between our bodies and the surrounding surfaces of the walls and the ceiling.
Consider a person standing in a room maintained at 22°C at all times. The inner surfaces of the walls,
floors, and the ceiling of the house are observed to be at an average temperature of 10°C in winter and
25°C in summer. Determine the rate of radiation heat transfer between this person and the
surrounding surfaces if the exposed surface area and the average outer surface temperature of the
person are 1.4 m2 and 30°C, respectively

Room

The emissivity of a person is e = 0.95

] e 4 74
de,win[ur = g{_}‘AS {Ts T‘SLI[!’, wlnlcr}

= (0.95)(5.67 X 1078 W/m? - KH(1.4 m%)
X [(30 + 273)* — (10 + 273)*] K*

=152 W

Q.md. SUMImer = EG—AT {T'li = T;iurf 5L‘|mﬂ'.|ﬂ'f]
= (0.95)(5.67 X 1073 W/m? - K¥)(1.4 m?)
X [(30 +273)¢ = (25 + 273 K?
— 409 W




SUMMARY

Heat can be transferred in three different modes: conduction,
convection, and radiation. Conduction is the transfer of eneroy
from the more energetic particles of a substance to the adjacent
less energetic ones as a result of interactions between the parti-
cles, and is expressed by Fourier s law of heat conduction as

: o

— —m—

Qcmd dx
where k£ is the thermal conductivity of the material, A is the
areq normal to the direction of heat transfer, and J77dx is the
temperature gradient. The magnitude of the rate of heat con-

duction across a plane layer of thickness L is given by

. AT
lJll.-—".,'c-:lr:tl = MT

where AT is the temperature difference across the layer.

Convection is the mode of heat transfer between a solid sur-
face and the adjacent liquid or gas that is in motion, and in-
volves the combined effects of conduction and fluid motion.
The rate of convection heat transfer is expressed by Newfon's
law of cooling as

anm:ljurl = (=T

where /i is the conveciion heat fransfer coefficient in W/m? - °C
or Btu/h « ft? - °F, A, is the surface area through which con-
vection heat transfer takes place, T, is the surface temperature,
and T, is the femperature of the fluid sufficiently far from the
surface.

Radiafion is the energy emitted by matter in the form of
electromagnetic waves (or photons) as a result of the changes
in the electronic configurations of the atoms or molecules. The
maximum rate of radiation that can be emitted from a surface
at an absolute temperature T, is given by the Stefan—Boltzmann
law 28 Qi mae = AT where o = 5.67 ¥ 1075 W/m? - K*
ar 0.1714 »% 107" Biw/h - ft* - R* is the Stefan—Boltzmann
constant,

When a surface of emissivity £ and surface area A, at an ab-
solute temperature T, is completely enclosed by a much larger
{or black) surface at absolute temperature T, separated by a
gas (such as air) that does not intervene with radiation, the net
rate of radiation heat transfer between these two surfaces is
piven by

) = ecA (Ti— T4
Q:‘nd 5 x SHIT

In this case, the emissivity and the surface area of the sur-
rounding surface do not have any effect on the net radiation
heat transfer.

The rate at which a surface absorbs radiation is determined
from @ spened = O incigen: Where O qsn 15 the rate at which ra-
diation is incident on the surface and « is the absorptivity of
the surface.



Conduction

1.1 Determine the heat flux across a 0.05m-thick iron plate [with
thermal conductivity of 70W/m. "C] if one of its surface is
maintained at 60°C and the other at 10°C. What is the heat flow
rate across the plate over a swrface area of 2. Answer:
140kW

1.2 A temperature difference of 100°C is applied across board Scm
thick with thenmal conductivity of 0.04W/m.°C. Determine the
heat flow rate across a 3-m” per hour. Answer: 0.24kW

1,3 Two large plates, one at 80°C and the other at 200°C, are 12cm
apart, If the space between them 1s filled with loosely packed rock
wool of thermal conductivity 0.08W/n.°C. Calculate the heat flux
across the plates. Answer: 80W/m’

1.4 The hot surface of a 5-cm-thick insulating material of thermal
conductivity 0.1W/m."C. is maintained at 200°C. If the heat flux
across the material is 120W/m”, what is the temperature of the
cold surface? Answer; 140°C

1.5 The heat flow through a 4-m-thick insulation laver for a
temperature difference of 200°C across the surfaces is S00W/m’.
What is the thermal conductivity of the mmsulating material ?

Answer: 0.1W/m.°C

1.6 A brick wall 30cm thick with thermal conductivity 0.5W/m.°C is
maintained at 50°C at one surface and 20°C at the other surface.
Determine the heat flow rate across a 1-m” surface area of the
wall. Aunswer; 0.05kW

1.7 A window glass 0.5cm thick with thermal conductivity
0.8W/m.°C is maintained at 30°C at one surface and 20°C at the
other surface. Determine the heat flow rate across a 1-m® surface
area of the glass.

Answer: 1.6kW

Convection

1.8 Water at 20°C flows over a flat plate at 80°C. If the heat transfer
coefficient is 200W/m”°C. determine the heat flow per square
meter of the plate (heat flux). Answer: 12KW/m”

1.9 Air at 200°C flows over a flat plate maintained at 50°C. If the heat
transfer coefficient for forced convection is 300W/m".°C.
determine the heat transferred to the plate throngh 5m’ over a
period of 2h.

Answer: 450kW_h

1.10 Water at 50°C flows through a 5-cm diameter, 2-m-long with an
inside surface temperature maintained at 150°C. If the heat
transfer coefficient between the water and inside surface of the
tube is 1000W/m>.°C, determine the heat transfer rate between
the tube and the water. Answer: 31 4kW

1.11 A 20-cm-diameter sphere with a surface temperature of 70°Cis
suspended in a stagnant gas at 20°C. If the free convection heat
transfer coefficient between the sphere and the gas 10W/m".°C.
determune the rate of heat loss from the sphere.  Answer: 62.8W

1.12 A 2-cm-diameter sphere with a surface temperature maintained at
50°C is suspended in water at 25°C. determine the heat flow rate
by free convection from the sphere to the water.

1.13 Cold air at 0°C is forced to flow over a flat plate maintained at
30°C. the mean heat transfer coefficient is 50W/m".°C. find the
heat flow rate from the plate to the air per unit plate area.
Answer: 1.5kW/m’

1.14 A 25-cm vertical plate with a surface temperature maintained at
50°C is suspended in atmospheric air at 25°C. Determine the heat
fAow rate by free convection from the plate to the air.



Radiation

1.15 A hot surface at a temperanws of 400K has an 2missivity of 0.8.
calenlare radiation flux emitted by the surface. Answer:
161K Wim?

1.16 A radialion Jux of 1000W/an® is inciden upon a surzes Lhal
absorbs 80 poreent of the incident radiatien, Caleularte the amount
of radiatien cnergy absorbed by a 4-m” area of the surface over a
period of 2h.

Answer: 9.4KW.h

11T The temparatire T of a plate changes with fima 1 as T=T{,rl'4.
whare (be consbal Uy 15 m cbhsolole tmoperatme. How dogs e
Blick body empssive power ol Wee plale change with noe?

1.18 A blackbody at 30°C i3 heated to 80°C. Caleulate the increase in
its cndssive power.  Answer 403.01°0W/m”



