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CHAFPTER

Heat transfer 1s the science that seeks to predict the energy transfer that may take place

between material bodies as a result of a temperature difference.

1-1 | CONDUCTION HEAT TRANSFER

When a temperature gradient ¢xists m a body, expenence has shown that there 15 an energy
transfer from the high-temperature region to the low-temperature region. We say that the
cnergy is ranslerred by conduction and that the heat-transler rate per unil arca is proportional
to the normal temperature gradient:

A iy

A dx
When the proportionality constant 1s inserted.

gy =—kA = [1-1]



where ¢, 15 the heat-transler rate and o7/ dx 1s the temperature gradient in the direction ol
the heat flow. The positive constant & 1s called the thermal conductiviiy of the material, and
the minus sign 1s inserted so that the second prineiple of thermodynamies will be satisfied;
1.¢., heat must flow downhill on the temperature scale, as indicated in the coordinate system
of Figure 1-1. Equation (1-1) 1s called Fourier’s law of heat conduction after the French
mathematical phvsicist Joseph Fourier, who made very significant contributions to the
analytical treatment of conduction heat transfer. It 15 important to note that Equation (1-1)
15 the delining equation lor the thermal conductivity and that & has the units ol walls per
meter per Celsius degree in a typical system ol units 1n which the heat ow 1s expressed
in watts.

Figure 1-1 | Sketch showing
direction of heat flow.
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Make energy balance on the conducting element shown in Fig.1-2

Energy conducted n lell face 4 heat generated within element

= change in internal eney
L

2
T
=
1
" _ra
L]
=]
=
i3
e
-y
[}
=
-l
]

!
:

These energy quantities are given as follows:
. . al
Encrey in left face =g, =—kA
X

Lnergy generated within element = gA dx



Figure 1-2 | Tlemental volume for
one-dimensional heat-
conduction analvsis.
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where

§ = energy generated per unit volume, W/m?

¢ = specilic heal ol matenial, Jikg - °C

p = density, kp/m”
Combinmg the relations above pives
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This 15 the ome-dimensional heat-conduction equation. To treat more than one-dimensional

heat “nu, we need consider gu!\ the heal con
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coordinate dircctions, as shown i Figure 1-3a. The encrgy b'll:mu. yields
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Figure 1-3 | Elemental volume [or three-dimensional heat-conduction analysis:

{a) cartesian coordmates: (&) evlindrical coordinates, (o) spherical coordinates.
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s that the general three-dimensional heat-conduction cquation is
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For constant thermal conductivity, Equation (1-3) is written

BT PBT  #*T 4 1 ar

= + -+ =
s dv=  dzs ko it

[1-3]

[1-3a]

where the gquantily ¢ = &£/ pe 15 called the thermal diffusivicy of the material. The laroer the
value of o, the faster heat will diffuse through the material. This may be seen by examining
the quaniities that make up w. A high value of o could resull cither rom a high value of
thermal conduetivity, which would indicate a rapid energy-transfer rate, or from a Tow value

ol the thermal heat capacily poe. A low value ol the heat capacity would mean that less of the
energy moving through the material would be absorbed and used to raise the temperature off



the marerial; thus more energy would be available for further transter. Thermal diffusivity
¢ has units of square meters per second.

In the derivations above, the expression for the derivative at v + v has been written in
the form of a Tavlor-series expansion with only the first two terms of the series emploved
for the development.

Equation (1-3a) may be transformed into either eylindrical or spherical coordinates by
standard caleulus techniques. The results arce as follows:

Cylindriecal coordinates:

#T 18T 1 &T T § 1aT

J\ + A . + + - ]_'3":.
at o opar rtagt A kK adr [1-351
Spherical conrdinates:
133” 1 a?(_”.:»‘rT)Jr 1 #T ¢ 1aT [13¢]
T+ 5111 R T— =—— -3¢
Foord 4 osin 0 an ; rleins g sk w dr

The coordinate systems [or use with Equations (1-35) and (1-3¢) are mdicated in
Figurc 1-35 and ¢, respectively,

Steady-state one-dimensional heat flow (no heat generation):

=0 [1-4]

Note that this cquation is the same as Equation (1-1) when ¢ = constant,

Steady-state onc-dimensional heat flow in cylindrical coordinates (no heat
veneration):

P s T
=1 1«7
— - ——=10 1-5
dré  rodr [1-5]
Steady-state one-dimensional heat flow with heat sources:
e .
T o
— 4 ==10 1-6
dr? k [1-6]
Two-dimensional steady-state conduction without heat sources:
KT T
et | 1-7]
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1-2 | THERMAL CONDUCTIVITY

Lguation (1-1}) 19 the defining equation for thermal conductivity, On the basis of this def-
mition, experimental measurements may be made to determine the thermal conducthivity
of difterent materials. For gases at moderately low temperatures, analytical treatments in
the kinetic theory of gases mayv be used to predict accurately the experimentally observed
values. In some cases, theones are available for the prediction of thermal conductivities m

liquids and solids, but in general, many open questions and concepts still need clarification
where liquids and solids arc concerned.

Table I-1 Hists typical values of the thermal conductivities for several materials to
indicate the relative orders of magmitude to be expected in practice. More complete tabular
miormation 15 given i Appendix A In general. the thermal conductivity 15 stromgly
temperature-dependent,

Table 1-1 | Thermal conductivity ol virious matersls al 07,
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| CONVECTION HEAT TRANSFER

Tt iz well knoswn that a hot plate of metal will cool faster when placed in front of a fan than
when exposed w sull air We say thai the heat 13 convected away, and we call the process
convection heat transfer. The term comvection provides the reader with an intuitive notion
concerning the heat-lransfer process; however, this intuitive nolion must be expanded Lo
enable one to arrive at anything like an adequate analytical treatment of the problem. For
cxample, we know that the veloeity at which the air blows over the hot plate obviously
mfluences the heat-transfer rate. But does it influence the cooling in a linear way: 1.e., if
the veloeiry 1s doubled, will the heat-iransler rate double? We should suspect that the heat-
transfer rate mmght be different 1f we cooled the plate wath water mstead of air, but, again,
how much dilference would there be? These questions may be answered with the aid of
some rather basic analvses presented in later chapters. For now, we sketch the physical
mechanism of convection heat iransler and show 1is relation o the conduction process.

To express the overall effect of convection, we nse Newton's law of cooling:

g=hA (T, — Tay) [1-5]

Figure 1-7  Convection heat transler rom a plate.
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1f a heated plate were exposed to ambient room air without an external source of motion,
a movement of the air would be expenienced as a result of the density gradients near the
plate. We call this matural. or free, convection as opposed to forced convection, which
15 experienced mn the case of the fan blowmg air over a plate. Bothng and condensation
phenomena are also grouped under the general subject of convection heat transfer. The
approximale ranges ol convection heat-transler coellicients are indicated in Table 1-3.

1-4 | RADIATION HEAT TRANSFER

In contrast to the mechanisms of conduction and convection, where energy transfer through a
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vacuum exists. The mechanism in this case 1s electromagnetic radiation. We shall limit
our discussion to electromagnetic radiation that is propagated as a result of a temperature

difference: this 1s called thermal radiation.

Thermodynamic considerations show™ that an ideal thermal radiator, or blackbody, will
emit energy at a rate proportional to the fourth power of the absolute temperature of the



body and directly proportional to its surface area. Thus

4
Henutted — aAT

where o 15 the proportionality constant and is called the Stefan-Boltzmann constant with
the value of 5.669 x 107 W/m?® - K*. Equation (1-9) is called the Stefan-Boltzmann law
of thermal radiation, and 1t applies only to blackbodies. It 15 important to note that this
equation 15 valid only for thermal radiation: other tvpes of electromagnetic radiation may
nol be treated so simply,

Equation (1-9) governs only radiation emitted by a blackbody. The net radiant exchange
between two surfaces will be proportional to the ditference in absolute temperatures to the
tourth power: 1.2..

Huet exchange

b xa(Ty —13) [1-10]

EXAMPLE 1-1 Conduction Through Copper Plate

One face of a copper plate 3 em thick 15 mamtaimed at 400°C, and the other face 1s maimtained at
1007 C, Howw much heat is translerred through the plate?

B Solution
From Appendix A, the thenmal conductivity for copper is 370 Wim - °C at 250°C. From Fourier's

law -
¥__ g8
A oy

Integrating gives

q__, AT — (3700100 — 400}

- . =3TMW/m®  [1.173 = 10° Btu/h - 7]
A Ax Ix10-2 :

Convection Calculation EXAMPLE 1.2

Adr at 20°C blows over a hot plate 50 by 75 o maintained at 250°C_ The convection heat-transfer
coefficient is 25 Wym? - °C. Calculate the heat transfer

B Solution
From Newton's law of cooling
g="hA (T, —Tx)
= (25M0.30){0.753(250 — 20)
=2.156 kW [73536 Bm/h|

[1-9]



Multimode Heul Transler EXAMPLE 1-3

Assurming that the plate in Example 1-2 is made of carbon steel {1%0) 2 cm thick and that 300 W
is lost from the plate surfsce by radistion, ealenlate the mside plate tempemmre.

B Solmtion

The hemi conducted through the plaie must be syual 1o the sum ol coovection and rmdiaiion heat
Levssens:

Feond = Feone + drad
—kA &—T = 2. 1504 0.3 =72 456 kW
Ax
[ —245363(0.02)

_-_ =1, ﬁ:' " -5, g‘:".
ar (0,300, 75147 3OFC [=5.49°F]

where the value of & 15 laken Tom Table 1-1. The mstde plale lemperature s Wthere ore
Ti = 250+ 3,05 = 253.05°C

Heat Source and Convection TXAMPIE 1.4

A electric current is passed throtgh a wite | mm in diamerer and 10 cm Joag, The wire is
submerged in ligud water al aimosphene pressure. and the curreni 15 mereased unul the waler

boils. Forthis siuation f = 3000 W m? - “C, and the water temperanire will ke 10070, How nech
clectrie power nust he supphed to the wire to mamtam the wire surtace at 1149072

B Solntion
Lhe total convect:om loss 15 given by Equation [1-8]:

4=hA (T — T}
Far this prohlem the surface arca of the wire 15
A=mdl =1 5 1073105 1072) = 3,142 5 107! m?
I'he heat transfer 15 therefore
o — (5000 Wym™ - 033142 = 10~ m7p(114 - 100y —21.99 W [75.03 Diush)

and 1his is equal 1o the electoie power that mst be applied.

EXAMPLE 1.5 Radiation Heat Transfer

T infinite Black plates ar RO and WO exchange heat by radiation. Calculate the heat
Iransfer per unil acsa.

B Sulution
Equation {1-100 may be emploved for this preblem so we find immediate ]y

gl = -:,r[l"J4 Tj]
= (5.609 = 10 51073% — 573h
= 6003 KWim®  [21,884 Bouh - 15




AMPLE 1-6 Total Teat Loss by Convection and Radiation

Ahorieontal stesl pipe having a diameler of 3 om s mamlaned al a lemperature of 3090 m a larse
room where the air and wall temperature are at 207, The surface enmssiaty of the sweel may be
laken as 0.8, Uany (he data ol Table 1-3, caleulate the wetal heal lost by the pipe per unil lenpgth.

B Solution

The total hear loss 15 the sum of convection and radiation. From Table 1-3 we see that an estimate
for the heat-transfer coefficient for free convection with this geometry and airis b = 6.5 Wim® - %,
The surface area s mo L. so the convection loss per unil length s

G |cony = filmdb [ Vi — Toa)
= (6.3 0.05)030 — 200 = 30,03 Wim

I'he pipe 15 & body surroumded by a large enclosure so the radiation heat transfer can be
caleulated from Equation (1-12). With T = 30°C = 323°K and T3 = 20°C = 293°K., we have

il |ggq =& (el pert 7Y — 73
= (LRI 0055660 = 107 Fi323% — 203
=25.04 Wim

The fotal heat Joss is therelore
IZ,I,‘-':L ]mr = q-"l]f‘ﬂﬂl' SIS '51'-"1 ]'r:ui
= 30634 25,04 = 55,67 Wim

In thus example we see that the convection and radiation ace about the same. To peglect eber
wonld be a serious mistake.




PROBLEMS

1-1

1-3

1-6

1-7

- . . . . . a . .
If 3 kW 15 conducted through a section of mmsulating material (1.6 m~ in cross section
and 2.5 ¢m thick and the thermal conductivity may be taken as 0.2 W/m - °C, compute
the temperature difference across the material.

A temperature difference ol 85°C 1s impressed across a fiberglass layer of 13 em

thickness, The thermal conductivity of the fiberglass 1s 0,035 W/m - °C. Compute the
heat translerred through the material per hour per unit arca.

A truncated cone 30 om high is constructed of aluminum. The diameter at the top 1s
7.5 em, and the diameter at the bottom is 12.5 cm. The lower surface 1s maintained
at 93°("; the upper surface, at 540°C. The other surface 1s insulated. Assuming one-
{I1111L1151:.1ndl heat low, what 1s the rate ol heat transler in watls?

The temperatures on the faces of a plane wail 15 em thack are 375 and 857°C. The waill
15 construcied ol a spectal glass wilh lhc Tollowmyg properties: £ =078 W/m-°C,
p=2700 kg;ma, cp=0.84 kl/kg-°C. What 1s the heat flow through the wall at
steady-state conditions?

Acerlain superinsulation material having a thermal conductivity o2 x 107 W/m - °C

1s used o msulate a tank ol hquid mirogen that 1s 111¢|1nld111»..-;l at —196°C; 199 kT 15
equired to vaporize each kilogram mass of nitr
that the tank 15 a sphere having an inner diameter (ID) of 0,52 m, estimate the amount
ol nitrogen vaporized per day lor an insulation thickness ol 2.5 ¢em and an ambient
temperature of 21°C, Assume that the outer temperature of the insulation is 21°C.

Rank the following materials in order of (a) transient response and (b) steady-state
conduction. lTaking the material with the highest rank, give the other materials as
a percentage of the maximum: aluminum, copper. silver, iron, lead. chrome steel

(18% Cr, 8% Ni). magnesum. What do vou conclude from this ranking?

A S0-em-diameter pipeline 1n the Arctic carries hot o1l at 30°C and 15 exposed to a
surrounding temperature of —20°C. A special powder mnsulation 5 em thick swrounds

the pipe and has a thermal conductivity of 7 mW/m - °C. The convection heat-transfer
coefficient on the outside of the pipe is 9 W/m? - °C. Estimate the energy loss from
the pipe per meter ol length.

1-8 Some people might recall being told to be sure to put on a hat when outside in cold
weather because “vou lose all the heat out the top of vour head.” Comment on the

v

1-9 AS

alidily ol thus stalemeni.

-cm layer of loosely packed asbestos 1s placed between two plates at 100 and

200°C. Caleulate the heat transfer across the laver,

1-10 A certain msulation has a thermal conductivity of 10 W/m - “C. What thickness is
necessary to effect a temperature drop of 300°C for a heat flow of 400 W/m?*?



