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Introduction

2-1C The term steady implies no change with time at any point within the medium while transient implies variation with
time or time dependence. Therefore, the temperature or heat flux remains unchanged with time during steady heat transfer
through a medium at any location although both quantities may vary from one location to another. During transient heat
transfer, the temperature and heat flux may vary with time as well as location. Heat transfer is one-dimensional if it occurs
primarily in one direction. It is two-dimensional if heat tranfer in the third dimension is negligible.

2-2C Heat transfer is a vector quantity since it has direction as well as magnitude. Therefore, we must specify both direction
and magnitude in order to describe heat transfer completely at a point. Temperature, on the other hand, is a scalar quantity.

2-3C Yes, the heat flux vector at a point P on an isothermal surface of a medium has to be perpendicular to the surface at that
point.

2-4C Isotropic materials have the same properties in all directions, and we do not need to be concerned about the variation of
properties with direction for such materials. The properties of anisotropic materials such as the fibrous or composite
materials, however, may change with direction.

2-5C In heat conduction analysis, the conversion of electrical, chemical, or nuclear energy into heat (or thermal) energy in
solids is called heat generation.

2-6C The phrase “thermal energy generation” is equivalent to “heat generation,” and they are used interchangeably. They
imply the conversion of some other form of energy into thermal energy. The phrase “energy generation,” however, is vague
since the form of energy generated is not clear.

2-7C The heat transfer process from the kitchen air to the refrigerated space is
transient in nature since the thermal conditions in the kitchen and the refrigerator, Heat transfer
in general, change with time. However, we would analyze this problem as a

steady heat transfer problem under the worst anticipated conditions such as the

lowest thermostat setting for the refrigerated space, and the anticipated highest =
temperature in the kitchen (the so-called design conditions). If the compressor is A

large enough to keep the refrigerated space at the desired temperature setting ”

under the presumed worst conditions, then it is large enough to do so under all E H

conditions by cycling on and off. Heat transfer into the refrigerated space is
three-dimensional in nature since heat will be entering through all six sides of the
refrigerator. However, heat transfer through any wall or floor takes place in the
direction normal to the surface, and thus it can be analyzed as being one-
dimensional. Therefore, this problem can be simplified greatly by considering the

heat transfer to be onedimensional at each of the four sides as well as the top and
bottom sections, and then by adding the calculated values of heat transfer at each
surface.
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2-8C Heat transfer through the walls, door, and the top and bottom sections of an oven is transient in nature since the thermal
conditions in the kitchen and the oven, in general, change with time. However, we would analyze this problem as a steady
heat transfer problem under the worst anticipated conditions such as the highest temperature setting for the oven, and the
anticipated lowest temperature in the kitchen (the so called “design” conditions). If the heating element of the oven is large
enough to keep the oven at the desired temperature setting under the presumed worst conditions, then it is large enough to do
so under all conditions by cycling on and off.

Heat transfer from the oven is three-dimensional in nature since heat will be entering through all six sides of the
oven. However, heat transfer through any wall or floor takes place in the direction normal to the surface, and thus it can be
analyzed as being one-dimensional. Therefore, this problem can be simplified greatly by considering the heat transfer as being
one- dimensional at each of the four sides as well as the top and bottom sections, and then by adding the calculated values of
heat transfers at each surface.

2-9C Heat transfer to a potato in an oven can be modeled as one-dimensional since temperature differences (and thus heat
transfer) will exist in the radial direction only because of symmetry about the center point. This would be a transient heat
transfer process since the temperature at any point within the potato will change with time during cooking. Also, we would
use the spherical coordinate system to solve this problem since the entire outer surface of a spherical body can be described
by a constant value of the radius in spherical coordinates. We would place the origin at the center of the potato.

2-10C Assuming the egg to be round, heat transfer to an egg in boiling water can be modeled as one-dimensional since
temperature differences (and thus heat transfer) will primarily exist in the radial direction only because of symmetry about the
center point. This would be a transient heat transfer process since the temperature at any point within the egg will change
with time during cooking. Also, we would use the spherical coordinate system to solve this problem since the entire outer
surface of a spherical body can be described by a constant value of the radius in spherical coordinates. We would place the
origin at the center of the egg.

2-11C Heat transfer to a hot dog can be modeled as two-dimensional since temperature differences (and thus heat transfer)
will exist in the radial and axial directions (but there will be symmetry about the center line and no heat transfer in the
azimuthal direction. This would be a transient heat transfer process since the temperature at any point within the hot dog will
change with time during cooking. Also, we would use the cylindrical coordinate system to solve this problem since a cylinder
is best described in cylindrical coordinates. Also, we would place the origin somewhere on the center line, possibly at the
center of the hot dog. Heat transfer in a very long hot dog could be considered to be one-dimensional in preliminary
calculations.

2-12C Heat transfer to a roast beef in an oven would be transient since the temperature at any point within the roast will
change with time during cooking. Also, by approximating the roast as a spherical object, this heat transfer process can be
modeled as one-dimensional since temperature differences (and thus heat transfer) will primarily exist in the radial direction
because of symmetry about the center point.

2-13C Heat loss from a hot water tank in a house to the surrounding medium can be considered to be a steady heat transfer
problem. Also, it can be considered to be two-dimensional since temperature differences (and thus heat transfer) will exist in
the radial and axial directions (but there will be symmetry about the center line and no heat transfer in the azimuthal
direction.)
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2-14C Heat transfer to a canned drink can be modeled as two-dimensional since temperature differences (and thus heat
transfer) will exist in the radial and axial directions (but there will be symmetry about the center line and no heat transfer in
the azimuthal direction. This would be a transient heat transfer process since the temperature at any point within the drink will
change with time during heating. Also, we would use the cylindrical coordinate system to solve this problem since a cylinder
is best described in cylindrical coordinates. Also, we would place the origin somewhere on the center line, possibly at the
center of the bottom surface.

2-15 A certain thermopile used for heat flux meters is considered. The minimum heat flux this meter can detect is to be
determined.

Assumptions 1 Steady operating conditions exist.
Properties The thermal conductivity of kapton is given to be 0.345 W/m-K.
Analysis The minimum heat flux can be determined from

0.1°C

=~ =17.3W/m?
0.002m

q=k % — (0.345 W/m-°C)

2-16 The rate of heat generation per unit volume in a stainless steel plate is given. The heat flux on the surface of the plate is
to be determined.

Assumptions Heat is generated uniformly in steel plate.

Analysis We consider a unit surface area of 1 m?. The total rate of heat €
generation in this section of the plate is

Egen = 6genVptate = €gen (Ax L) = (5x10° W/m®)(1m?)(0.03m) =1.5x10° W

N
\ 4

Noting that this heat will be dissipated from both sides of the plate, the heat flux on
either surface of the plate becomes

Egen  1.5x10° W

Apla[e 2X1m2

§= = 75,000 W/m’ = 75 KW/m*?

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




2-5

2-17 The rate of heat generation per unit volume in the uranium rods is given. The total rate of heat generation in each rod is
to be determined.

Assumptions Heat is generated uniformly in the uranium rods. g = 2x10° w/m®
Analysis The total rate of heat generation in the rod is determined ( D=5cm ( )
by multiplying the rate of heat generation per unit volume by the

volume of the rod L=1m

Egen = 8genViod = €gen (1D 1 4)L = (2x10° W/m®)[(0.05m)? / 4](1m) = 3.93x10° W = 393KW

2-18 The variation of the absorption of solar energy in a solar pond with depth is given. A relation for the total rate of heat
generation in a water layer at the top of the pond is to be determined.

Assumptions Absorption of solar radiation by water is modeled as heat generation.
Analysis The total rate of heat generation in a water layer of surface area A and thickness L at the top of the pond is
determined by integration to be
L
e ™" Agy(1-e™™)
- b

= . L . - .
Egen = IV EgendV = L:o é,e "X (Adx) = Aé,

o

2-19E The power consumed by the resistance wire of an iron is given. The heat generation and the heat flux are to be
determined.

Assumptions Heat is generated uniformly in the resistance wire.

Analysis An 800 W iron will convert electrical energy into q=3800W
heat in the wire at a rate of 800 W. Therefore, the rate of heat /

generation in a resistance wire is simply equal to the power ( D =008 in ( )
rating of a resistance heater. Then the rate of heat generation in

the wire per unit volume is determined by dividing the total rate L=15in

of heat generation by the volume of the wire to be

e.gen = = 2 = 2
Viie  (AD?14)L  [#(0.08/121) % /4](15/12 )

Egen Eqgen 800 W (3.412 Btu/h

=6.256x10" Btu/h-ft®
1W

Similarly, heat flux on the outer surface of the wire as a result of this heat generation is determined by dividing the total rate
of heat generation by the surface area of the wire to be

_ Egen _ E.gen _ 800 W (3.412 Btu/h

- - = j =1.043x10° Btu/h- ft?
A DL  7(0.08/121)(15/12 1) 1W

Discussion Note that heat generation is expressed per unit volume in Btu/h-ft® whereas heat flux is expressed per unit surface
area in Btu/h-ft%.
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Heat Conduction Equation

2-20C The one-dimensional transient heat conduction equation for a plane wall with constant thermal conductivity and heat

R L 14T . . : L . .
generation is —-+ 9 — =2 Here T is the temperature, x is the space variable, €gen IS the heat generation per unit
OX

k a ot
volume, k is the thermal conductivity, « is the thermal diffusivity, and t is the time.

2-21C The one-dimensional transient heat conduction equation for a long cylinder with constant thermal conductivity and

€
Z—Tj + gl’(e” = 1% . Here T is the temperature, r is the space variable, g is the heat generation per
r o

unit volume, k is the thermal conductivity, a is the thermal diffusivity, and t is the time.

heat generation is Ei(r
ror

2-22 We consider a thin element of thickness Ax in a large plane wall (see Fig. 2-12 in the text). The density of the wall is p,
the specific heat is ¢, and the area of the wall normal to the direction of heat transfer is A. In the absence of any heat
generation, an energy balance on this thin element of thickness Ax during a small time interval At can be expressed as

. . AE
Qx = Quiax = —(thmem
where
AEgiement = Evpar =B =MC(Tpuar —Ti) = pCAMX(Tyipr = Ti)
Substituting,

. . T -T
Qx _Qx+Ax = pCAAX %

Dividing by AAx gives

1 Queax —Qx ZpCTtJrA’[ il
A AX At

Taking the limitas Ax — 0 and At — Oyields

10 [kAaTj oT
OX

_ = pCc——
A ox P

since from the definition of the derivative and Fourier’s law of heat conduction,

lim Qx+Ax_Qx :@:i(_ma_-r
Ax—0 AX oX  oX OX

Noting that the area A of a plane wall is constant, the one-dimensional transient heat conduction equation in a plane wall with
constant thermal conductivity k becomes

o _1ar
ox> o ot
where the property a =k / pc is the thermal diffusivity of the material.
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2-23 We consider a thin cylindrical shell element of thickness Ar in a long cylinder (see Fig. 2-14 in the text). The density of
the cylinder is p, the specific heat is ¢, and the length is L. The area of the cylinder normal to the direction of heat transfer at
any location is A=2arL where r is the value of the radius at that location. Note that the heat transfer area A depends on r in
this case, and thus it varies with location. An energy balance on this thin cylindrical shell element of thickness Ar during a
small time interval At can be expressed as

AEelement
At

Q Qr+Ar + Eelement -
where

AE giement = Evsar —Er =mC(Ty, o —Ty) = pCAAr(Ty o —Tt)

Eelement = égen Vetement = égen AAr

Substituting,

C . Toon =T
Qr —Qriar *€gen AAr = pCAAI’%tt

where A = 2zrL. Dividing the equation above by AAr gives

1 Qr+Ar Qr N Tt+At _Tt
+e = C—
A A gen =T

Taking the limitas Ar —» 0 and At — 0 yields
10 oT oT
—— | kKA— [+8€,, =pC—
Aar( 6rj gen = PS5

since, from the definition of the derivative and Fourier’s law of heat conduction,

lim =f+ar  ~r QI’+AI‘ QI’ :@:g( kAaTj
Ar—0 Ar or or or

Noting that the heat transfer area in this case is A= 2zarL and the thermal conductivity is constant, the one-dimensional
transient heat conduction equation in a cylinder becomes

1 8 8T . 1 8T
= +€gen =
r ar 0r a at

where a =k / pc is the thermal diffusivity of the material.
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2-24 We consider a thin spherical shell element of thickness Ar in a sphere (see Fig. 2-16 in the text).. The density of the
sphere is p, the specific heat is ¢, and the length is L. The area of the sphere normal to the direction of heat transfer at any

location is A=4zr? where r is the value of the radius at that location. Note that the heat transfer area A depends on r in this
case, and thus it varies with location. When there is no heat generation, an energy balance on this thin spherical shell element
of thickness Ar during a small time interval At can be expressed as

A 3 AEelen‘ent
Qr Qr+Ar - At

where
ABeiement = Epsat —E¢ =MC(Tiipr —Ti) = pCAAr (T p —Tt)

Substituting,

Qr _Qr+Ar = pcAAr %

where A =472 . Dividing the equation above by AAr gives

1 QHAr _Qr _ Tt+At _Tt
A a7

Taking the limitas Ar —» 0 and At — 0 yields

1g(mﬂ]:pcﬂ
Aor or ot

since, from the definition of the derivative and Fourier’s law of heat conduction,

lim QI’+AI‘ _QI’ :@_2(_kA aTj

A0 Ar or or or

Noting that the heat transfer area in this case is A =472 and the thermal conductivity k is constant, the one-dimensional
transient heat conduction equation in a sphere becomes

1of,20T)_ 10T
r2or or a ot

where a =k / pc is the thermal diffusivity of the material.

2
2-25 For a medium in which the heat conduction equation is given in its simplest by Z—l— = l%— :
X o

(a) Heat transfer is transient, (b) it is one-dimensional, (c) there is no heat generation, and (d) the thermal conductivity is
constant.
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2-26 For a medium in which the heat conduction equation is given by £+£ = 1ot :
x? oyt oot

(a) Heat transfer is transient, (b) it is two-dimensional, (c) there is no heat generation, and (d) the thermal conductivity is
constant.

2-27 For a medium in which the heat conduction equation is given in its simplest by Edi(rk d—T]Jrégen =0:
r dr

dr

(a) Heat transfer is steady, (b) it is one-dimensional, (c) there is heat generation, and (d) the thermal conductivity is variable.

2-28 For a medium in which the heat conduction equation is given by 19 krﬂ +i kﬂ +€gen =0
ror or) oL\ oz

(a) Heat transfer is steady, (b) it is two-dimensional, (c) there is heat generation, and (d) the thermal conductivity is variable.

2
2-29 For a medium in which the heat conduction equation is given in its simplest by ri—l— + 23—1— =0:
r r

(a) Heat transfer is steady, (b) it is one-dimensional, (c) there is no heat generation, and (d) the thermal conductivity is
constant.

2-30 For a medium in which the heat conduction equation is given by %g[rz ﬂj = 1ot
rs or or o ot

(a) Heat transfer is transient, (b) it is one-dimensional, (c) there is no heat generation, and (d) the thermal conductivity is
constant.
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2-31 For a medium in which the heat conduction equation is given by 10 (rz dl

1 8°T 19T
[ — PR + [ —
r2or or

r2sin? 0 0p? a ot
(a) Heat transfer is transient, (b) it is two-dimensional, (c) there is no heat generation, and (d) the thermal conductivity is
constant.

2-32 We consider a small rectangular element of length Ax, width Ay, and height Az = 1 (similar to the one in Fig. 2-20). The
density of the body is p and the specific heat is c. Noting that heat conduction is two-dimensional and assuming no heat
generation, an energy balance on this element during a small time interval At can be expressed as

Rate of heat Rate of heat conduction Rate of change of
conduction at the |- at thesurfaces at =| the energy content
surfaces at xand y X+Axand y + Ay of theelement
. . . . AE
or Qy +Qy —Quax _Qy+Ay = %

Noting that the volume of the element is ¥gment = AXAYAZ = AXAy x1, the change in the energy content of the element can be
expressed as

AEgiement = Etiat — Bt =mMC(Tiar —Ti) = pCAXAY(Tiipr —Tt)

_— . . . ) T o7
Substituting, Qy +Qy ~Qypax —Qyuay = PCAXAY t+A;t t

Dividing by AxAy gives

_i Qx+Ax_Qx _LQY‘*'AY _Qy :pCTH—At _Tt
Ay AX AX Ay At

Taking the thermal conductivity k to be constant and noting that the heat transfer surface areas of the element for heat
conduction in the x and y directions are A, = Ayxland A, = Axx1, respectively, and taking the limit as Ax, Ay,and At — 0

yields
o°T o0°T 10T
—_——
x?  oy? a ot

since, from the definition of the derivative and Fourier’s law of heat conduction,

C )
i 1 Qua=Qx_ 1 Q 1 & —kAyAzg __of ot __oT
M0 AYAZ A AyAz ox  AyAz X x| ox ox?
C A ,
fim L Qe Q1 1 of 0T of T | 0T
Ay—0 AXAZ Ay AXAz 0y  AXAZ oy oy\ oy oy?

Here the property a =k/ pc is the thermal diffusivity of the material.
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2-33 We consider a thin ring shaped volume element of width Az and thickness Ar in a cylinder. The density of the cylinder is
p and the specific heat is ¢. In general, an energy balance on this ring element during a small time interval At can be
expressed as

) —C S AE
(Qr _Qr+Ar)+(QZ _Qu_AZ):M N
N —| |
But the change in the energy content of the element can be expressed as

ABgement = Errar —Er =MC(Tiypr — Ty ) = pC(2RrAN)AZ(Ty, o —Tt) r+Ar
Substituting,

(Qr _Qr+Ar )+ (Qz _QZ+A2) = pe(2rAn)Az %

Dividing the equation above by (2zrAr)Az gives

_ 1 Qr+Ar _Qr _ 1 QZ+AZ _Qz zpCTHAt _Tt
27rAz Ar 27 Ar Az At

Noting that the heat transfer surface areas of the element for heat conduction in the r and z directions are
A, =2mrAzand A, =2arAr, respectively, and taking the limit as Ar, Az and At — 0 yields

10 oT 1 o0f(, 0T of(, ol oT
S0 i Lk | L k| =pe S
ror or) r2op\ o0p) oz\ oz ot

since, from the definition of the derivative and Fourier’s law of heat conduction,

Qriar-Q_ 1 Q_ 1 i(—k(anAZ)a—-rjz—lﬁ(kra_-r)
or or

im = =
Ar—0 21rAz Ar 2nrAz or  2mrAz or ror
1 Qz+Az_Qz — 1 @zLi —k(2nrAr)a—T =_£ ka_T
Az—0 2trAY Az 2nrAr oz 27rAr 0z 0z 0z oz

For the case of constant thermal conductivity the equation above reduces to
10 ( oT
r

1o( aT) 2°T 14T
ror or

+ [

oz a ot
where a =k / pc is the thermal diffusivity of the material. For the case of steady heat conduction with no heat generation it
reduces to

1 a[ oT\ 8T
——|r—|+—=0
ror or) oz2
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2-34 Consider a thin disk element of thickness Az and diameter D in a long cylinder. The density of the cylinder is p, the

specific heat is ¢, and the area of the cylinder normal to the direction of heat transfer is A=7D? /4, which is constant. An
energy balance on this thin element of thickness Az during a small time interval At can be expressed as

Rate of heat Rate of heat Rate of heat Rate of change of
conduction at |—| conduction at the |+| generation inside | =| the energy content
the surface at z surface at z + Az theelement of theelement

or,
AEelement

Q Qz+Az + Eelement - At

But the change in the energy content of the element and the rate of heat generation within the element can be expressed as
AE giement = Eruar —Er =mMC(Typr —Ty) = pCAAZ(Ty o —Ty)

and
E.element = e.gen Vetement = e.gen AAz
Substituting,
. . T -T
Qz _Qz+Az + e.gen AAZ = pcAAz %

Dividing by A4z gives

l Qz+Az Qz +é :pCTt+At _Tt
A Az gen At

Taking the limitas Az — 0 and At — 0 yields

S (NCLIR PP
Adz\ o )t Teen TPE

since, from the definition of the derivative and Fourier’s law of heat conduction,

lim =24z ~z Qz+Az Qz =aQ 2 kAﬂ
Az—0 Az oz oz oz

Noting that the area A and the thermal conductivity k are constant, the one-dimensional transient heat conduction equation in
the axial direction in a long cylinder becomes

T Cgen _ 10T
oz k o ot
where the property a =k / pc is the thermal diffusivity of the material.
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Boundary and Initial Conditions; Formulation of Heat Conduction Problems

2-35C The mathematical expressions of the thermal conditions at the boundaries are called the boundary conditions. To
describe a heat transfer problem completely, two boundary conditions must be given for each direction of the coordinate
system along which heat transfer is significant. Therefore, we need to specify four boundary conditions for two-dimensional
problems.

2-36C The mathematical expression for the temperature distribution of the medium initially is called the initial condition.
We need only one initial condition for a heat conduction problem regardless of the dimension since the conduction equation is
first order in time (it involves the first derivative of temperature with respect to time). Therefore, we need only 1 initial
condition for a two-dimensional problem.

2-37C A heat transfer problem that is symmetric about a plane, line, or point is said to have thermal symmetry about that
plane, line, or point. The thermal symmetry boundary condition is a mathematical expression of this thermal symmetry. It is
equivalent to insulation or zero heat flux boundary condition, and is expressed at a point xo as JT (Xy,t)/ox=0.

2-38C The boundary condition at a perfectly insulated surface (at x = 0, for example) can be expressed as

aT(01t) aT(0,1)
ox oX

-k 0 =0 which indicates zero heat flux.

2-39C Yes, the temperature profile in a medium must be perpendicular to an insulated surface since the slope 0T /ox=0 at
that surface.

2-40C We try to avoid the radiation boundary condition in heat transfer analysis because it is a non-linear expression that
causes mathematical difficulties while solving the problem; often making it impossible to obtain analytical solutions.
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2-41 Heat conduction through the bottom section of an aluminum pan that is used to cook stew on top of an electric range is
considered. Assuming variable thermal conductivity and one-dimensional heat transfer, the mathematical formulation (the
differential equation and the boundary conditions) of this heat conduction problem is to be obtained for steady operation.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to be variable. 3
There is no heat generation in the medium. 4 The top surface at x = L is subjected to specified temperature and the bottom
surface at x = 0 is subjected to uniform heat flux.

Analysis The heat flux at the bottom of the pan is

Qs Egen  0.90x(900 W)
As D?/14 x(0.18m)% /4

=31,831 W/m?

S

Then the differential equation and the boundary conditions for this heat conduction problem can be expressed as
i[k LI )
dx\  dx

—k @ =q, = 31,831 W/m?
X

T(L)=T, =108°C

2-42 Heat conduction through the bottom section of a steel pan that is used to boil water on top of an electric range is
considered. Assuming constant thermal conductivity and one-dimensional heat transfer, the mathematical formulation (the
differential equation and the boundary conditions) of this heat conduction problem is to be obtained for steady operation.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to be constant. 3
There is no heat generation in the medium. 4 The top surface at x = L is subjected to convection and the bottom surface at x =
0 is subjected to uniform heat flux.

Analysis The heat flux at the bottom of the pan is

_ Qs Egm  0.85x(1250 W)

=== 9 . = 33,820 W/m?
As D%/4  7(0.20m)? /4

S

Then the differential equation and the boundary conditions for this heat conduction problem can be expressed as

2
LR
dx

k9O _ ds = 33,280 W/m?
dx

_km = h[T(L)_TOC]
dx
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2-43 The outer surface of the East wall of a house exchanges heat with both convection and radiation., while the interior
surface is subjected to convection only. Assuming the heat transfer through the wall to be steady and one-dimensional, the
mathematical formulation (the differential equation and the boundary and initial conditions) of this heat conduction problem
is to be obtained.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal
conductivity is given to be constant. 3 There is no heat generation in the medium.
4 The outer surface at x = L is subjected to convection and radiation while the inner
surface at x = 0 is subjected to convection only.

Analysis Expressing all the temperatures in Kelvin, the differential equation and the T, T
boundary conditions for this heat conduction problem can be expressed as hy h"j

4T
dx?
dT (O)

=0

v

= [T -T(0)]

dT(L)

i =h[T(L)- Too2]+‘920h-(l') Tsky]

2-44 Heat is generated in a long wire of radius r, covered with a plastic insulation layer at a constant rate of €, . The heat

flux boundary condition at the interface (radius r,) in terms of the heat generated is to be expressed. The total heat generated
in the wire and the heat flux at the interface are

= . o 2
Egen = egenvwire = egen (”ro L) ( 5 z ( )
: : . . gen
q _ QS _ Egen _ egen (7Zr02 L) _ egen r‘0 L
s=—= = =

A A (2ar,)L 2
Assuming steady one-dimensional conduction in the radial direction, the heat flux boundary condition can be expressed as

L 0T() gl
dr 2

2-45 A long pipe of inner radius ry, outer radius r,, and thermal conductivity
k is considered. The outer surface of the pipe is subjected to convection to a
medium at T with a heat transfer coefficient of h. Assuming steady one-

dimensional conduction in the radial direction, the convection boundary
condition on the outer surface of the pipe can be expressed as
dT a7 (ry)
dr

h’ T(X)

=h[T () ~T,(]
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2-46E A 2-kW resistance heater wire is used for space heating. Assuming constant thermal conductivity and one-dimensional

heat transfer, the mathematical formulation (the differential equation and the boundary conditions) of this heat conduction
problem is to be obtained for steady operation.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to be constant. 3

Heat is generated uniformly in the wire.

. - 2 kW
Analysis The heat flux at the surface of the wire is

D-012in ()
L=15in

o (
_Q_ Sen | 200W o g vy
A, 2m L  27(0.06in)(15in)

ds

Noting that there is thermal symmetry about the center line and there is uniform heat flux at the outer surface, the differential
equation and the boundary conditions for this heat conduction problem can be expressed as

é
li rd_T +ﬂ:0
rdr\ dr k
daT(0)
ar

_ 9T(%)
dr

0

45 =353.7 W/in?

2-47 Water flows through a pipe whose outer surface is wrapped with a thin electric heater that consumes 400 W per m
length of the pipe. The exposed surface of the heater is heavily insulated so that the entire heat generated in the heater is
transferred to the pipe. Heat is transferred from the inner surface of the pipe to the water by convection. Assuming constant
thermal conductivity and one-dimensional heat transfer, the mathematical formulation (the differential equation and the
boundary conditions) of the heat conduction in the pipe is to be obtained for steady operation.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity is given to be constant. 3
There is no heat generation in the medium. 4 The outer surface at r = r, is subjected to uniform heat flux and the inner surface
at r = ry is subjected to convection.

Analysis The heat flux at the outer surface of the pipe is

Q. Qs 400 W

s = =979.4 W/m?
A, 2mr,L  27(0.065cm)(1m)
Noting that there is thermal symmetry about the center line and there is Q=400 W

uniform heat flux at the outer surface, the differential equation and the
boundary conditions for this heat conduction problem can be expressed as

i rd_T =0

dr\ dr

AT ()
dr

r

=h[T(r;) - T,1=85[T (r;) -90]

k % =, =734.6 W/m?
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2-48 A spherical container of inner radius r,, outer radius r, , and thermal conductivity k is

given. The boundary condition on the inner surface of the container for steady one-dimensional
conduction is to be expressed for the following cases:

(a) Specified temperature of 50°C: T(r;) =50°C

=45 W/m?

(b) Specified heat flux of 45 W/m? towards the center: k ar(n)
dr

(c) Convection to a medium at T_, with a heat transfer coefficient of h: k

dT
S () -7,

2-49 A spherical shell of inner radius ry, outer radius r,, and thermal

conductivity k is considered. The outer surface of the shell is subjected to K

radiation to surrounding surfaces at T, . Assuming no convection and T
surr

steady one-dimensional conduction in the radial direction, the radiation )

boundary condition on the outer surface of the shell can be expressed as

dT (r
_k% = go'[T(rz)4 _Tsﬁn]

2-50 A spherical container consists of two spherical layers A and B that are at
perfect contact. The radius of the interface is r,. Assuming transient one-
dimensional conduction in the radial direction, the boundary conditions at the
interface can be expressed as

TA(rO’t) :TB (rO’t)

OTa(ry,t) K OTg(ry,1)
AT A~ — RBT A
or or

and -k
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2-51 A spherical metal ball that is heated in an oven to a temperature of T; throughout is dropped into a large body of water
at T,, where it is cooled by convection. Assuming constant thermal conductivity and transient one-dimensional heat transfer,
the mathematical formulation (the differential equation and the boundary and initial conditions) of this heat conduction
problem is to be obtained.

Assumptions 1 Heat transfer is given to be transient and one-dimensional. 2 Thermal conductivity is given to be constant. 3
There is no heat generation in the medium. 4 The outer surface at r = ry is subjected to convection.

Analysis Noting that there is thermal symmetry about the midpoint and convection at the outer surface, the differential
equation and the boundary conditions for this heat conduction problem can be expressed as

10 [rz 6Tj_£aT

2ol or) aat .
h

ey _,

or

oT(r,,1)
Kk T (r,)-T

o [T(ry)-T,]

T(r,0)=T;

2-52 A spherical metal ball that is heated in an oven to a temperature of T; throughout is allowed to cool in ambient air at T,
by convection and radiation. Assuming constant thermal conductivity and transient one-dimensional heat transfer, the
mathematical formulation (the differential equation and the boundary and initial conditions) of this heat conduction problem
is to be obtained.

Assumptions 1 Heat transfer is given to be transient and one-dimensional. 2 Thermal conductivity is given to be variable. 3
There is no heat generation in the medium. 4 The outer surface at r = r, is subjected to convection and radiation.

Analysis Noting that there is thermal symmetry about the midpoint and convection and radiation at the outer surface and
expressing all temperatures in Rankine, the differential equation and the boundary conditions for this heat conduction problem
can be expressed as
1 T T £

(12 T

_ =pC—
2ol o) P Tar

Te

awey_, h
o
_k% - h[T(ro)—Tw]+80[T(ro)4 _Tsﬁrr]

T(r,0)=T,
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Solution of Steady One-Dimensional Heat Conduction Problems

2-53C Yes, the temperature in a plane wall with constant thermal conductivity and no heat generation will vary linearly during
steady one-dimensional heat conduction even when the wall loses heat by radiation from its surfaces. This is because the

steady heat conduction equation in a plane wall is d 2T / dx?= 0 whose solution is T(x) = C,x+C, regardless of the
boundary conditions. The solution function represents a straight line whose slope is C;.

2-54C Yes, this claim is reasonable since in the absence of any heat generation the rate of heat transfer through a plain wall in
steady operation must be constant. But the value of this constant must be zero since one side of the wall is perfectly insulated.
Therefore, there can be no temperature difference between different parts of the wall; that is, the temperature in a plane wall
must be uniform in steady operation.

2-55C Yes, this claim is reasonable since no heat is entering the cylinder and thus there can be no heat transfer from the
cylinder in steady operation. This condition will be satisfied only when there are no temperature differences within the
cylinder and the outer surface temperature of the cylinder is the equal to the temperature of the surrounding medium.

2-56C Yes, in the case of constant thermal conductivity and no heat generation, the temperature in a solid cylindrical rod
whose ends are maintained at constant but different temperatures while the side surface is perfectly insulated will vary linearly
during steady one-dimensional heat conduction. This is because the steady heat conduction equation in this case is

d 2T / dx?= 0 whose solution is T(x) =C,x+C, which represents a straight line whose slope is C;.
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2-57 A large plane wall is subjected to specified heat flux and temperature on the left surface and no conditions on the right
surface. The mathematical formulation, the variation of temperature in the plate, and the right surface temperature are to be
determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the wall is large relative to its thickness, and the thermal
conditions on both sides of the wall are uniform. 2 Thermal conductivity is constant. 3 There is no heat generation in the
wall.

Properties The thermal conductivity is given to be k =2.5 W/m-°C.

Analysis (a) Taking the direction normal to the surface of the wall to
be the x direction with x = 0 at the left surface, the mathematical /&

formulation of this problem can be expressed as k
2 q=700 W/m?
T =0 T,=80°C
dx?
L=0.3m
and - m:qo =700 W/m? < >
dx
T(0)=T, =80°C .
X
(b) Integrating the differential equation twice with respect to x yields
dar c
dx !
T(X)=Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give
Heat flux at x = 0: -kC=¢y > C,=——

Temperatureatx=0: T(0)=C;x0+C,=T; —» C, =T,
Substituting C; and C, into the general solution, the variation of temperature is determined to be

700 W/nm?

————— X+80°C =-280x+80
2.5W/m-°C

T(x):—qTox+T1 =

(c) The temperature at x = L (the right surface of the wall) is
T(L)=-280%(0.3m)+80=-4°C

Note that the right surface temperature is lower as expected.
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2-58 The base plate of a household iron is subjected to specified heat flux on the left surface and to specified temperature on
the right surface. The mathematical formulation, the variation of temperature in the plate, and the inner surface temperature
are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the surface area of the base plate is large relative to its
thickness, and the thermal conditions on both sides of the plate are uniform. 2 Thermal conductivity is constant. 3 There is no
heat generation in the plate. 4 Heat loss through the upper part of the iron is negligible.

Properties The thermal conductivity is given to be k =60 W/m-°C.

Analysis (a) Noting that the upper part of the iron is well insulated and thus the entire heat generated in the resistance wires is
transferred to the base plate, the heat flux through the inner surface is determined to be

Go =20 = BOW ___ 55000 wim?
Abase 160x10™" m
Taking the direction normal to the surface of the wall to be the x -
direction with x = 0 at the left surface, the mathematical formulation
of this problem can be expressed as /$ 2 o
, Q =800 W K T,=112°C
4Ty A=160 cm’
- =
dx L=0.6 cm
and  —kIT@ _ 4.~ 50000 win? : :
dx
T(L)=T, =112°C >

(b) Integrating the differential equation twice with respect to x yields
ar _
dx

T(x) =Cx+C,

1

where C; and C, are arbitrary constants. Applying the boundary conditions give

X=0: KC, =G, — cl=—q70
_. _ _ _ _ doL
x=L: T(L)=C,L+C, =T, —» C,=T,-C,L » C, _T2+T

Substituting C, and C, into the general solution, the variation of temperature is determined to be

T(X)Z—q—0X+T2 +qL:M+T2
k k k
2
_ (50,000 W/m=)(0.006 — x)m +112°C
60 W/m-°C

=833.3(0.006 — x) +112

(c) The temperature at x = 0 (the inner surface of the plate) is
T(0) =833.3(0.006 - 0) +112=117°C

Note that the inner surface temperature is higher than the exposed surface temperature, as expected.
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2-59 A large plane wall is subjected to specified temperature on the left surface and convection on the right surface. The
mathematical formulation, the variation of temperature, and the rate of heat transfer are to be determined for steady one-

dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat

generation.

Properties The thermal conductivity is given to be k =1.8 W/m-°C.

Analysis (a) Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the left surface, the

mathematical formulation of this problem can be expressed as

2
d_: 0
dx
and /ﬂ k
T _one T1=90°C
T(O) =T, =90°C A1:30 m?2 T, =25°C
h=24 W/m?°C
d-I(—j(L) h[T(L)-T,.] L=0.4m
(b) Integrating the differential equation twice with respectto x yields
dT >
—=C
dx 1 X
T(x)=Cx+C,

where C, and C, are arbitrary constants. Applying the boundary conditions give
x=0: TO0)=C,x0+C, —» C, =T,

hC,-T.) | o __h@-T,)

x=L: —kCy =h[(CL+Co) =Tl > Cp=—— " S

Substituting C, and C, into the general solution, the variation of temperature is determined to be

_h(T, -T,)
T(x)= X+T
(X) L 1
2 o _ o
_ (24 W/m? - °C)(90 — 25)°C X+ 90°C
(1.8 W/m-°C) + (24 W/m? - °C)(0.4 m)
=90 -90.3x

(c) The rate of heat conduction through the wall is
dT 9T __ac, _kAh(I'l -T,)
d k +hL
(24 W/m? - °C)(90 — 25)°C
(1.8 W/m-°C) + (24 W/m? -°C)(0.4 m)

Qwall =

= (1.8 W/m-°C)(30 m?)

=7389 W

Note that under steady conditions the rate of heat conduction through a plain wall is constant.
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2-60 A large plane wall is subjected to convection on the inner and outer surfaces. The mathematical formulation, the
variation of temperature, and the temperatures at the inner and outer surfaces to be determined for steady one-dimensional

heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat

generation.
Properties The thermal conductivity is given to be k =0.77 W/m-K.

Analysis (a) Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the inner surface, the

mathematical formulation of this problem can be expressed as

2
L
dx
The boundary conditions for this problem are:
dT (0
AT -k T r
X hy

IO Tt

=h[T(L) - Tl

(b) Integrating the differential equation twice with respect to x yields

Y "\ h,

TooZ

N

dT
- -C
dx !

\ 4

T(x)=C;x+C,
where C; and C, are arbitrary constants. Applying the boundary conditions give
x=0: [T,y —(C, x0+C,)]=-kC;
x=L: —&C, =h,[(C,L+C,)-T,,]
Substituting the given values, the above boundary condition equations can be written as
5(27-C,)=-0.77C,
—0.77C, = (12)(0.2C, + C, - 8)
Solving these equations simultaneously give
C,=-4545 C,=20
Substituting C; and C,, into the general solution, the variation of temperature is determined to be
T(x) =20—45.45x

(c) The temperatures at the inner and outer surfaces are
T(0)=20-45.45x0=20°C
T(L)=20-45.45x0.2=10.9°C
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2-61 F@ An engine housing (plane wall) is subjected to a uniform heat flux on the inner surface, while the outer surface is
subjected to convection heat transfer. The variation of temperature in the engine housing and the temperatures of the inner and
outer surfaces are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation in the engine housing (plane wall). 4 The inner surface at x = 0 is subjected to uniform heat flux while the outer
surface at x = L is subjected to convection.

Properties Thermal conductivity is given to be k = 13.5 W/m'K.

Analysis Taking the direction normal to the surface of the wall to be the x direction with x =0 at the inner surface, the
mathematical formulation can be expressed as

2
T _, (L) < 200°C
dx? X
Integrating the differential equation twice with respect to x yields

ar c £
ax Engine housing
T(x)=C;x+C, k=13.5 W/m-K
where C,; and C, are arbitrary constants. Applying the boundary 0
conditions give T T T T T T T T T T \
_0- ar©) _. _ __%
Xx=0: —kT—qo——kC]_ d Cl——? (.]0:6kW/m2

x=L: _k$=hn(L)_Tw]=h(clL+c2—Tm) > KC,=h(C,L+C,-T,)
X

Solving for C, gives

C, :—C{% Lj+Tw :%(%+ Lj+Tw

Substituting C, and C, into the general solution, the variation of temperature is determined to be

T(X):C1X—C1(%+ LJJFTOO - T(X)=q70(%+ L- XJ+TOO

The temperature at x = 0 (the inner surface) is

) 2
T(0)= q?f)(% .\ Lj o1, _ 8000 Wm {13.5 Wim- K

= +0.010 m} +35°C =339°C
13.5W/m-K| 20 W/m? - K

The temperature at x = L = 0.01 m (the outer surface) is
: 2

r(y-do 7, G000 Wi’

h 20 W/m* - K

Discussion The outer surface temperature of the engine is 135°C higher than the safe temperature of 200°C. The outer surface
of the engine should be covered with protective insulation to prevent fire hazard in the event of oil leakage.

+35°C=335°C
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2-62 A plane wall is subjected to uniform heat flux on the left surface, while the right surface is subjected to convection and
radiation heat transfer. The variation of temperature in the wall and the left surface temperature are to be determined for
steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Temperatures on both sides of the wall are uniform. 3
Thermal conductivity is constant. 4 There is no heat generation in the wall. 5 The surrounding temperature T,, = Ty, = 25°C.

Properties Emissivity and thermal conductivity are given to be 0.70 and 25 W/m-K, respectively.

Analysis Taking the direction normal to the surface of the wall to be the x direction with x =0 at the left surface, the
mathematical formulation can be expressed as

2
e°T o
dx T,.=25C

—_—
Pl
Integrating the differential equation twice with respect to x yields - Wﬁf
—_—
LIPS Too = 25°C
dx * -
4y k=25 W/m-K h=15 W/m2 K
—_—
i : e 0.7 T,=225°C
where C,; and C, are arbitrary constants. Applying the boundary
conditions give
. dr(0) _ . do
x=0: —-k——==¢,=-kC; - C,=--"+ S
™ o 1 1 K R
] — |0 L X
x=L: T(L)=T_=CL+C, — CZ:—ClL+T,_:q?°L+T,_ —

Substituting C; and C, into the general solution, the variation of temperature is determined to be
T() :—%‘)Hq?ol_ﬂL ST :q—kO(L—x)+T,_

The uniform heat flux subjected on the left surface is equal to the sum of heat fluxes transferred by convection and radiation
on the right surface:

do =h(T, -T..) + e (T ~Teor)
Go = (15 WIm? - K)(225 - 25) K + (0.70)(5.67 x 108 W/m? - K*)[(225 + 273)* — (25 + 273)*1K*

Go =5128 W/m?
The temperature at x = 0 (the left surface of the wall) is

: 2
T(0) =q—°(L -0)+T, :M(O.SO m) + 225°C = 327.6 °C
k 25 W/m- K
Discussion As expected, the left surface temperature is higher than the right surface temperature. The absence of radiative
boundary condition may lower the resistance to heat transfer at the right surface of the wall resulting in a temperature drop on
the left wall surface by about 40°C.
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2-63 A flat-plate solar collector is used to heat water. The top surface (x = 0) is subjected to convection, radiation, and
incident solar radiation. The variation of temperature in the solar absorber and the net heat flux absorbed by the solar
collector are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation in the plate. 4 The top surface at x = 0 is subjected to convection, radiation, and incident solar radiation.

Properties The absorber surface has an absorptivity of 0.9 and an emissivity of 0.9.

Analysis Taking the direction normal to the surface of the plate to be the x direction with x =0 at the top surface, the
mathematical formulation can be expressed as

%:0 caT \ ////E]solar h, Ty,
X ]

Integrating the differential equation Absorber plate

twice with respect to x yields T
a7 * © @ ©— Water tubes

—=C
dx !

Insulation

where C; and C, are arbitrary constants. Applying the boundary conditions give

dT(0) . j
x=0: —k%:qoz_kcl N Cl:_qro

x=0: T(0)=T,=C,
Substituting C; and C, into the general solution, the variation of temperature is determined to be
T(x)= —?(—0 X+Ty
At the top surface (x = 0), the net heat flux absorbed by the solar collector is
o = sorer (T ~Taur) ~N(To =)
Go = (0.9)(500 W/n?) — (0.9)(5.67 108 Wint - KH)[(35 + 273)* — (0 +273)*)] K* — (5 W/n? - K)(35 — 25) K
Go = 224 W/m?

Discussion The absorber plate is generally very thin. Thus, the temperature difference between the top and bottom surface
temperatures of the plate is miniscule. The net heat flux absorbed by the solar collector increases with the increase in the
ambient and surrounding temperatures and thus the use of solar collectors is justified in hot climatic conditions.
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2-64 A 20-mm thick draw batch furnace front is subjected to s
uniform heat flux on the inside surface, while the outside .
surface is subjected to convection and radiation heat transfer. '
The inside surface temperature of the furnace front is to be
determined.

Furnace surr
front

Assumptions 1 Heat conduction is steady. 2 One dimensional
heat conduction across the furnace front thickness. 3 Thermal
properties are constant. 4 Inside and outside surface
temperatures are constant.

4y =15 kW/m? Air, 20 °C
=030 h=10 Wm?K
k=25 W/m-K

Properties Emissivity and thermal conductivity are given to be
0.30 and 25 W/m - K, respectively

Analysis The uniform heat flux subjected on the inside surface
is equal to the sum of heat fluxes transferred by convection and
radiation on the outside surface:

Go =h(T, —T,.) +eo (T —Teim)

5000 W/m? = (10 W/m? - K)[T, — (20 +273)] K T, T,
+(0.30)(5.67x107® W/m? - KN)[T* - (20 + 273)*1K*

A EEEERRER

Copy the following line and paste on a blank EES screen to solve the above equation:
5000=10*(T_L-(20+273))+0.30*5.67e-8*(T_L"4-(20+273)"4)

Solving by EES software, the outside surface temperature of the furnace front is

T, =594K
For steady heat conduction, the Fourier’s law of heat conduction can be expressed as
dT
- dr
Yo dx

Knowing that the heat flux and thermal conductivity are constant, integrating the differential equation once with respect to x
yields

T(X):—qTOX-i-Cl

Applying the boundary condition gives

x=L: T(L)=T,_=—q?°L+C1 > Cl=qT°L+T,_

Substituting C, into the general solution, the variation of temperature in the furnace front is determined to be
_ Yo
T(X) _?(L—x) +T,

The inside surface temperature of the furnace front is

- 2
T =T, = o 7, ~S000WIMT ) 020 m)+594 K = 598 K
k 25 Wim K

Discussion By insulating the furnace front, heat loss from the outer surface can be reduced.
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2-65E A large plate is subjected to convection, radiation, and specified temperature on the top surface and no conditions on
the bottom surface. The mathematical formulation, the variation of temperature in the plate, and the bottom surface
temperature are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the plate is large relative to its thickness, and the thermal
conditions on both sides of the plate are uniform. 2 Thermal conductivity is constant. 3 There is no heat generation in the
plate.

Properties The thermal conductivity and emissivity are given to be
k =7.2 Btu/h-ft-°F and € = 0.7.

the x direction with x = 0 at the bottom surface, and the mathematical

Analysis (a) Taking the direction normal to the surface of the plate to be A f e T
h
formulation of this problem can be expressed as

2
C
dx

U]
dx

and =h[T(L)-T,1+eofT(L)* —Tg,]=hT, =T, 1+ &0 (T, +460)* —Tg,]

T(L)=T, =80°F

(b) Integrating the differential equation twice with respectto x yields

dT _¢
dx '
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give
—kCy =h[T, - T, ]+ &o[(T, +460)* —~Tg, ]
— Cy =—{h[T, T, ]+&o[(T, +460)* - T4 I}/ k

Convection at x = L:

Temperature at x = L: T(L)=C;xL+C, =T, > C,=T,-C,L

Substituting C; and C, into the general solution, the variation of temperature is determined to be

h[T, - T, 1+ so[(T, + 460)* —
k

F, 12Btw/h-# 2.°F)(80—90)°F +0.7(0.1714x10°® Btu/h -t 2- R*)[(540 R)* — (480 R)*]
7.2Btu/h-ft -°F

Ta ]
T(X) =Cx+(T,-CL)=T,—(L-X)C, =T, + kY2 (L-x)

=80°

(4/12-x)t
=80-11.3(1/3-x)

(c) The temperature at x = 0 (the bottom surface of the plate) is
T(0)=80-11.3x(1/3-0)=76.2°F
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2-66 The top and bottom surfaces of a solid cylindrical rod are maintained at constant temperatures of 20°C and 95°C while
the side surface is perfectly insulated. The rate of heat transfer through the rod is to be determined for the cases of copper,
steel, and granite rod.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation.

Properties The thermal conductivities are given to be k =380 W/m-°C for copper, k = 18 W/m-°C for steel, and k = 1.2
W/m-°C for granite.

Analysis Noting that the heat transfer area (the area normal to

the direction of heat transfer) is constant, the rate of heat /‘ Insulated
transfer along the rod is determined from N
. T,-T
—kA_L 2 - _0zo
Q 1 T1=25°C D=0.05m T,=95°C
where L = 0.15 m and the heat transfer area A is A
A=7D? /4= (0.05m)? /4=1.964x10"% m? L=0.15m
Then the heat transfer rate for each case is determined as follows:
X T -T —-20)°
(@) Copper: O =KA-L_2 _ (380 W/m-°C)(1.964x10~% m?) % ~373.1W
.15m
(b) Steel: Q= a2 _ (18 W/m-°C)(1.964x10 73 mz)w =17.7W
L 0.15m
. : T -T —-20)°
(c) Granite: 0= kA% = (1.2 W/m-°C)(1.964x10 2 m?) % =1.2W
.15m

Discussion: The steady rate of heat conduction can differ by orders of magnitude, depending on the thermal conductivity of
the material.
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2-67 Chilled water flows in a pipe that is well insulated from outside. The mathematical formulation and the variation of
temperature in the pipe are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its thickness, and there is
thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There is no heat generation in the pipe.

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical formulation of this
problem can be expressed as

d( dT Insulated

—|r—1|=0

dr{ dr

aT(r,) r

and —k—2L —h[T; =T(r. Water
o [Ty =T(r)] T

dT(r,)
=0
dr L
(b) Integrating the differential equation once with respect to r gives
dT
Fr— =
dr

C

Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,

ar _G
ar r

T(r)=C;Inr+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

C
r=r, —1=0-C,=0
r
Cy
r=ry n

0=h(T; -C;) >C, =Ty
Substituting C; and C, into the general solution, the variation of temperature is determined to be
T(r)=T;

This result is not surprising since steady operating conditions exist.
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2-68E A steam pipe is subjected to convection on the inner surface and to specified temperature on the outer surface. The
mathematical formulation, the variation of temperature in the pipe, and the rate of heat loss are to be determined for steady
one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its thickness, and there is
thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There is no heat generation in the pipe.

Properties The thermal conductivity is given to be k = 7.2 Btu/h-ft-°F.

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical formulation of this
problem can be expressed as

i rd_T -0 T =175°F
dr\ dr
dT(r Steam
and —k# = h[T, -T(r,)] 300°F
h=12.5
T(r,)=T, =175°F
. . . . . . L=30ft
(b) Integrating the differential equation once with respect to r gives | |
dr
Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
a_G
da r

T(r)=C;Inr+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

Cc
r=rg —kr—lzh[Too—(Cllnrl+C2)]
1
Solving for C; and C, simultaneously gives
T,-T T, -T
r, k r,
In=+— In=+—
nohn rn hr

Substituting C; and C, into the general solution, the variation of temperature is determined to be

T(r)=C,Inr+T, —C,Inr, =C;(Inr—Inr,) + T, =ﬁlnL+T2
5 k r,
In=+—
n hn
(175 - 300)°F r r
= I 175°F =-34.361 175°F
24 72BwhtF  aain o oM
2 (12.5Btuth-ft 2 -°F)(2/12 1)
(c) The rate of heat conduction through the pipe is
Q:_kAd_T:_k(sz)ﬁ:_zﬂLkﬂ
dr r "2 k
n—=+—
n hn
_ R (175-300)°F B
=-27(30)(7.2Btu/h- ft F)|nﬁ+ =~ Bt/ T °F =46,630Btu/h

2 (12.5Btu/h-ft 2 -°F)(2/121)
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2-69 The convection heat transfer coefficient between the surface of a pipe carrying superheated vapor and the surrounding
air is to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional and there is thermal symmetry about the centerline. 2 Thermal
properties are constant. 3 There is no heat generation in the pipe. 4 Heat transfer by radiation is negligible.

Properties The constant pressure specific heat of vapor is given to be 2190 J/kg - °C and the pipe thermal conductivity is 17
W/m - °C.

T(r,) = 120°C Air, 25°C
Superheated '
vapor - —-
0.3 kg/s
h L=10m B
r.-1r =7°C

in~ ‘out

Analysis The inner and outer radii of the pipe are
rp=0.05m/2=0.025m

r, =0.025m+0.006 m=0.031m
The rate of heat loss from the vapor in the pipe can be determined from
Qjpss = MC p (Tin = Tour) = (0.3kg/s)(2190 J/kg - °C)(7) °C = 4599 W

For steady one-dimensional heat conduction in cylindrical coordinates, the heat conduction equation can be expressed as

i rd_T :O
dr dr

—k dT(rl) — Qloss — Qloss
dr A 2r L

and (heat flux at the inner pipe surface)

T(r,) =120°C  (inner pipe surface temperature)
Integrating the differential equation once with respect to r gives
a_&
dr r
Integrating with respect to r again gives
T(r)=C;Inr+C,

where C; and C, are arbitrary constants. Applying the boundary conditions gives

r=r: dT(rl) 2_1 QIOSS :ﬂ N C :_i QIOSS
! dr k2zrrl n 1T o kL
r=rn: T(rl):—i%lnrﬁfcz - G, I%—leol_sslnl’l +T(rp)

Substituting C; and C, into the general solution, the variation of temperature is determined to be
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T(r)= _ L Quoss i—Qk"’LSS Inr, +T(r)

27 kL 2

1Q
=5 (/) +T(n)

The outer pipe surface temperature is

%%In(r2 ) +T(r)

_ 1 4599w In[0'031
27 (17 W/m-°C)(10m) 0.025

=119.1°C

T(rp)=-

j+120 °C

From Newton’s law of cooling, the rate of heat loss at the outer pipe surface by convection is

Quoss = 27 R, L)[T(r,) - T,,]

Rearranging and the convection heat transfer coefficient is determined to be

h = Qloss = 4599 W =25.1W/m?.°C
27 ,L[T(r,)-T,] 27(0.031m)(10 m)(119.1—25)°C

Discussion If the pipe wall is thicker, the temperature difference between the inner and outer pipe surfaces will be greater. If
the pipe has very high thermal conductivity or the pipe wall thickness is very small, then the temperature difference between
the inner and outer pipe surfaces may be negligible.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




2-34

2-70 A subsea pipeline is transporting liquid hydrocarbon. The temperature variation in the pipeline wall, the inner surface
temperature of the pipeline, the mathematical expression for the rate of heat loss from the liquid hydrocarbon, and the heat
flux through the outer pipeline surface are to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional and there is thermal symmetry about the centerline. 2 Thermal
properties are constant. 3 There is no heat generation in the pipeline.

Properties The pipeline thermal conductivity is given to be 60 W/m - °C.

Subsea, 5 °C hy =150 W/m?°C
h, =250 W/m?-°C f

Liquid '
hydrocarbon g  —
70 °C

k=60 W/m-°C
Analysis The inner and outer radii of the pipeline are
n=05m/2=025m

r, =0.25m+0.008 m =0.258 m

(a) For steady one-dimensional heat conduction in cylindrical coordinates, the heat conduction equation can be expressed as

i rd_T :0
dr{ dr

and - k% =h[T,, —T(rp)] (convection at the inner pipeline surface)
dT(ry) . -
-k —ar =h,[T(r,)-T,,] (convection at the outer pipeline surface)
r :
Integrating the differential equation once with respect to r gives
avm_G
dr r

Integrating with respect to r again gives
T(r)=C;Inr+GC,

where C; and C, are arbitrary constants. Applying the boundary conditions gives

dr n
dr ry ’

C, and C, can be expressed explicitly as

Too,l _Too 2
C - _ )
! k/(rph)+In(r, /1) +k/(ryhy)
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k/(rh) +1In(r, /i) +k/(rphy) Ly
Substituting C; and C, into the general solution, the variation of temperature is determined to be

Too,l - Too,2 |: k

- ——+In(r/r) |+T,,
k/(r;h) +1In(r, /1) + k/(ryhy)

T()=
(r -

(b) The inner surface temperature of the pipeline is

Too,l _Too,Z k
k/(rh) +In(ry /) +k/(ryhy) | nhy
(70-5)°C 60 W/m. c2
(0.25m)(250 W/m? -°C)
- _ +70°C
60 W/m-°C .\ In(o.zss] . 60 W/m-°C

(0.25m)(250 W/m? - °C) 0.25 ) (0.258m)(150 W/m? - °C)

=45.5°C

(c) The mathematical expression for the rate of heat loss through the pipeline can be determined from Fourier’s law to be

: dT
= _kA—
Qloss dr
r
Too,l _Too,Z

1 N In(r, /1) . 1
2z nLh 27k 2z ryLh,

(d) Again from Fourier’s law, the heat flux through the outer pipeline surface is

d, :_kd_T:_kM:_k&
dr dr ry
_ TOO,l _TOO,Z k
T k() +In(r, /1) +KI(6,hy) Ty
(70-5)°C 60 W/m-°C
- 60 W/m-°C . m(o.zsaj+ 60 W/m-°C ( 0.258m j
(0.25m)(250 W/m? - °C) 0.25 ) (0.258 m)(150 W/m? -°C)

= 5947 W/m?

Discussion Knowledge of the inner pipeline surface temperature can be used to control wax deposition blockages in the
pipeline.
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2-71 F@ Liquid ethanol is being transported in a pipe where the outer surface is subjected to heat flux. Convection heat
transfer occurs on the inner surface of the pipe. The variation of temperature in the pipe wall and the inner and outer surface
temperatures are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation in the wall. 4 The inner surface at r = r; is subjected to convection while the outer surface at r = r, is subjected to
uniform heat flux.

Properties Thermal conductivity is given to be 15 W/m-K.

Analysis For one-dimensional heat transfer in the radial r direction, the differential equation for heat conduction in cylindrical
coordinate can be expressed as

d( dT .
E ra :0 q‘5,=1kW/m2
Integrating the differential equation twice 2
with respect to r yields Liquid ethanol @ )
h, T,
r ar =C, or ar = G o
dr dr r "

T(r)=C,Inr+C,
where C; and C, are arbitrary constants. Applying the boundary conditions give

L T®) G

r=r,:
2 dr s r

r
— C,. =—-qg.-2
1 qsk
C
r=n: kT -] > —k2=hCng+C,-T,)
1

Solving for C, gives

1

Substituting C; and C, into the general solution, the variation of temperature is determined to be

r k1l k1l ¢
T(r)=C,Inr+C, =—qs-2Inr+q,-2| —=+Ing [+T, — T(I)=§s-2| ——+InL [+T
() 1 2 qsk qsk[hl’l 1J © () qsk hl’l r )
The temperature at r = r; = 0.015 m (the inner surface of the pipe) is
. 2
Try=Js 2 _ 1000 W/m (0.018 m)+lO°C=34°C
hn 50 W/m? - K | 0.015m
T(r)=34.0°C
The temperature at r = r, = 0.018 m (the outer surface of the pipe) is
T =65 2[ XL |47, = @ooo wimp) 2018 M (15W/mz'Kj L in 20 0ec
kihn r, 15W/m-K {50 W/ -K /0.015m 0.018

T(r,) =33.8°C
Both the inner and outer surfaces of the pipe are at higher temperatures than the flashpoint of ethanol (16.6°C).

Discussion The outer surface of the pipe should be wrapped with protective insulation to keep the heat input from heating the
ethanol inside the pipe.
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2-72 A spherical container is subjected to uniform heat flux on the inner surface, while the outer surface maintains a constant
temperature. The variation of temperature in the container wall and the inner surface temperature are to be determined for
steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Temperatures on both surfaces are uniform. 3 Thermal
conductivity is constant. 4 There is no heat generation in the wall. 5 The inner surface at r = r; is subjected to uniform heat
flux while the outer surface at r = r, is at constant temperature T,.

Properties Thermal conductivity is given to be k = 1.5 W/m-K.

Analysis For one-dimensional heat transfer in the radial direction, the differential equation for heat conduction in spherical
coordinate can be expressed as

i rzd_T =0
dr dr

Integrating the differential equation twice with respect to r yields
eI e o LS

Spherical
container

dar  * dr r2

Tn=-21c, ry T
r

where C; and C, are arbitrary constants. Applying the boundary
conditions give

dr(n) . P
r=r: -k—=g=-k=% —> C=-G*
1 ar G 2 1 Q1k

cL2

r=r,: T(rz):TZ:—&JrC2 — C2=T2+&=T2—ii

r r, k r,

Substituting C; and C, into the general solution, the variation of temperature is determined to be

. 2 .2 2
. n o n (11
Tr=2h v %% piy=g o2 |4T
(r Kr 2 kT, (r) qlk[r " 2

The temperature at r = r; = 1 m (the inner surface of the container) is

@my

T, = (7000 W/nm?) ————~"——
(1.5W/m-K)

L1 ) oscooarec
im 1.05m

Discussion As expected the inner surface temperature is higher than the outer surface temperature.
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2-73 A spherical shell is subjected to uniform heat flux on the inner surface, while the outer surface is subjected to
convection heat transfer. The variation of temperature in the shell wall and the outer surface temperature are to be determined
for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation in the wall. 4 The inner surface at r =r; is subjected to uniform heat flux while the outer surface at r =r; is
subjected to convection.

Analysis For one-dimensional heat transfer in the radial r direction, the differential equation for heat conduction in spherical
coordinate can be expressed as
d( ,dT Spherical
E r W =0 container

Integrating the differential equation twice with respect to r yields h, T,
r2 d_T — Cl r d_T = %
dr dr r
F"z r

T(r):—%+c2

where C; and C, are arbitrary constants. Applying the boundary conditions give

_kmzq = - Cl:_ql_

r=r: =—k—
ar g2 k

L LU (TS SN _k%zh(_&mz_uj
dr n

Solving for C, gives

2
c, =qli(5i—ij+m

C 1 ikl 1 (1 k1 1
TN=-T4Co=¢ =+ | —=——|+T - T(r)=¢->| =+—=-—|+T
(r) . ZQ1er1k[ > ] o (r)=q, (r 2 ] w©
The temperature at r = r, (the outer surface of the shell) can be expressed as

. 2
0| h
T)=2| 1| 41
(2) h[r]—‘rw

2

Discussion Increasing the convection heat transfer coefficient h would decrease the outer surface temperature T(r).
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2-74 A spherical container is subjected to specified temperature on the inner surface and convection on the outer surface. The

mathematical formulation, the variation of temperature, and the rate of heat transfer are to be determined for steady one-
dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and there is thermal
symmetry about the midpoint. 2 Thermal conductivity is constant. 3 There is no heat generation.

Properties The thermal conductivity is given to be k =30 W/m-°C.

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical formulation of this
problem can be expressed as

i r2 d_T =0 Tl
dr dr
T
and T(rp)=T,=0°C h
dT(r,)
BDSSLLU 2N, JOSTE
ar [T(r)-T.]
(b) Integrating the differential equation once with respect to r gives
29T _ C,
dr
Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
a_&
dr 2

r

where C; and C, are arbitrary constants. Applying the boundary conditions give

C
r=r: T(h)=—-2+C, =T,
n
r=ry —k%:h—&+CZ—Tw
r r
Solving for C; and C, simultaneously gives
-T C T,-T
C, :M and C, :T1+—l:T1+#r—2
Lk n 1 ko
n o hn n o hn

Substituting C; and C, into the general solution, the variation of temperature is determined to be

c C T, -T
T(r):——l+T1+—1:cl(l_1J+Tl:—1 © (r_z_r_zqu
r r r 1 k r

1 n _h_Kin
rnhr
B (0-25)°C 21 24) . on B
=—5 SR S~ |r0°C= 2963105 -2.1/r)

2 (18 W/m?-°C)(2.1m)
(c) The rate of heat conduction through the wall is

: dT C L(T =T
Q =—kA— =—k(4ar?) =% = -47kC, = -4k HM-T.) T<)
dr r 1Rk
L hr
= —47(30 W/m-°C) (2.1m)(0=25)°C = 23,460 W

2.1 30 W/m-°C

2 (18 W/m?-°C)(2.1m)
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2-75 m A spherical container is used for storing chemicals undergoing exothermic reaction that provides a uniform heat
flux to its inner surface. The outer surface is subjected to convection heat transfer. The variation of temperature in the
container wall and the inner and outer surface temperatures are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation in the wall. 4 The inner surface at r = ry is subjected to uniform heat flux while the outer surface at r=r, is
subjected to convection.

Properties Thermal conductivity is given to be 15 W/m-K.

Analysis For one-dimensional heat transfer in the radial r direction, the differential equation for heat conduction in spherical
coordinate can be expressed as

i[rz d—Tj =0
dr dr

Integrating the differential equation twice with respect to r yields

rzd—Tzc1 or d_T:C_21
dr dr r T(r,)

Spherical
container

Exothermic
reaction

T(r):—%+C2

where C; and C, are arbitrary constants. Applying the boundary
conditions give

AT G

r=r: =—(
dr r’ k

r=r: kI pyre)T) > —k%=h(—&+c2—noj
dr r;

Solving for C, gives

2
Co=g i X2 -2,
kihr, n,
Substituting C; and C, into the general solution, the variation of temperature is determined to be
r ﬁg rr, *

2 2 2
T(r)=—%+cz=q1%1+qli[5i—1]+u > T(r)=q1%{“+l_iJ+T

The temperature at r = r; = 0.5 m (the inner surface of the container) is

2
Rkl 1 1
T(I’l)qu—i [——2 +___J+Too

hry, n n
2
T (1) = (60000 W/n?) &> ( 15 Wim. K j 1 1 lixmc
(15 W/m-K) || 1000 W/n? -K ) (055m)? ~ (05m)  (0.55m)

T(r,) = 254.4°C

The temperature at r = r, = 0.55 m (the outer surface of the container) is

. 2 2 2
T(ry=%[f| 47, 00000 Wm (O'Sm] +23°C=T72.6°C
hir, 1000 W/m? - K1 0.55m

The outer surface temperature of the container is above the safe temperature of 50°C.

Discussion To prevent thermal burn, the container’s outer surface should be covered with insulation.
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2-76 A spherical container is subjected to uniform heat flux on the outer surface and specified temperature on the inner
surface. The mathematical formulation, the variation of temperature in the pipe, and the outer surface temperature, and the
maximum rate of hot water supply are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since there is no change with time and there is thermal
symmetry about the mid point. 2 Thermal conductivity is constant. 3 There is no heat generation in the container.

Properties The thermal conductivity is given to be k = 1.5 W/m-°C. The specific heat of water at the average temperature of
(100+20)/2 = 60°C is 4.185 kJ/kg-°C (Table A-9).

Analysis (a) Noting that the 90% of the 800 W generated by the strip heater is transferred to the container, the heat flux
through the outer surface is determined to be

Q, _ Q, _0.90x800W
A, 4w} 4z(0.41m)?

Noting that heat transfer is one-dimensional in the radial r direction and heat flux is in the negative r direction, the
mathematical formulation of this problem can be expressed as

i r2 d_T — 0
dr dr
and T(r) =T, =120°C
dTr(r,) .
k —_—
ar Qs
(b) Integrating the differential equation once with respect to r gives
I’Z d—T - Cl
dr
Dividing both sides of the equation above by r* and then integrating,
a_ G
dr r2

=340.8 W/m?

ds =

Insulation

Heater

T(r)=—%+02

where C; and C, are arbitrary constants. Applying the boundary conditions give

C j.r2
r=ry k=5=qd; - c, =kl
ry k
C, C, q I'22
n n kr;

Substituting C; and C, into the general solution, the variation of temperature is determined to be

s 2
T(r):_&+cz :_&+Tl+&:'|'1 +(l_ijcl :Tl_}_(l_lJ&
r r n n r n r)k

2 2
—120°C 4 [ 1| GAOBWIMT)O0AIM)T _ 15 3519551
040m r 1.5W/m-°C r
(c) The outer surface temperature is determined by direct substitution to be
Outer surface (r =ry): T(r,)=120+ 38.19(2.5 - ij =120+ 38.19[2.5 - ﬁ) =122.3°C
rz .

Noting that the maximum rate of heat supply to the water is 0.9 x800 W =720 W, water can be heated from 20 to 100°C at a
rate of

Q 0.720 kJ/s
CpAT  (4.185kJ/kg - °C)(100 - 20)°C

Q=mc,AT — m= =0.002151kg/s = 7.74kg/h
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2-77 E Prob. 2-76 is reconsidered. The temperature as a function of the radius is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
r_1=0.40 [m]

r 2=0.41 [m]
k=1.5 [W/m-C]
T_1=120[C]
Q_dot=800 [W]
f loss=0.10

"ANALYSIS"

g_dot_s=((1-f_loss)*Q_dot)/A

A=4*pi*r_2/2

T=T_1+(1/r_1-1/r)*(q_dot_s*r_2"2)/k "Variation of temperature"

r T 122.5 —

[m] [C]

0.4 120 [
0.4011 | 120.3 122}
0.4022 | 120.5 i
0.4033 | 120.8 I
04044 | 121 1215/
0.4056 | 121.3 ) I
0.4067 | 121.6 R
0.4078 | 121.8 I
0.4089 | 122.1 [
0.41 122.3 120.5 i

ol .. ... ... .. . ..,
0.4 0.402 0.404 0.406 0.408 0.41

r [m]

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.

2-42



2-43
Heat Generation in a Solid

2-78C Heat generation in a solid is simply conversion of some form of energy into sensible heat energy. Some examples of
heat generations are resistance heating in wires, exothermic chemical reactions in a solid, and nuclear reactions in nuclear fuel
rods.

2-79C No. Heat generation in a solid is simply the conversion of some form of energy into sensible heat energy. For example
resistance heating in wires is conversion of electrical energy to heat.

2-80C The cylinder will have a higher center temperature since the cylinder has less surface area to lose heat from per unit
volume than the sphere.

2-81C The rate of heat generation inside an iron becomes equal to the rate of heat loss from the iron when steady operating
conditions are reached and the temperature of the iron stabilizes.

2-82C No, it is not possible since the highest temperature in the plate will occur at its center, and heat cannot flow “uphill.”

2-83 Heat is generated uniformly in a large brass plate. One side of the plate is insulated while the other side is subjected to
convection. The location and values of the highest and the lowest temperatures in the plate are to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer is one-dimensional
since the plate is large relative to its thickness, and there is thermal symmetry about the center plane 3 Thermal conductivity is
constant. 4 Heat generation is uniform.

Properties The thermal conductivity is given to be k =111 W/m-°C.

Analysis This insulated plate whose thickness is L is equivalent to one-half of
an uninsulated plate whose thickness is 2L since the midplane of the

uninsulated plate can be treated as insulated surface. The highest temperature
will occur at the insulated surface while the lowest temperature will occur at /ﬂ k

the surface which is exposed to the environment. Note that L in the following €gen

relations is the full thickness of the given plate since the insulated side T. =25°C

. . Insulated o
represents the center surface of a plate whose thickness is doubled. The h=44 W/m2.°C
desired values are determined directly from L=5cm

A
N

(2x10° W/m®)(0.05 m)

=252.3°C
44 W/m? -°C

S 0

6 L
T.=T +%=25°C+

€en L2
T, =T, +—= = 252.3°C+
2k

(2x10° W/m®)(0.05 m)?
2(111 W/m-°C)

=254.6°C
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2-84 E Prob. 2-83 is reconsidered. The effect of the heat transfer coefficient on the highest and lowest temperatures in
the plate is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

L=0.05 [m]

k=111 [W/m-C]
g_dot=2E5 [W/m"3]
T _infinity=25 [C]
h=44 [W/m"2-C]

"ANALYSIS"
T_min=T_infinity+(g_dot*L)/h
T_max=T_min+(g_dot*L"2)/(2*k)

h Tmin Tmax
[wim”.C] | [C] [C]
20 525 527.3
25 425 427.3
30 358.3 360.6
35 310.7 313
40 275 277.3
45 247.2 249.5
50 225 227.3
55 206.8 209.1
60 191.7 193.9
65 178.8 181.1
70 167.9 170.1
75 158.3 160.6
80 150 152.3
85 142.6 144.9
90 136.1 138.4
95 130.3 1325
100 125 127.3

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




2-45
550

500
450 -
400 -
350 -

300

Tmin [C]

250
200

150

100 L— : : : : : : :
20 30 40 50 60 70 80 90 100
h [W/m?-C]

550

500
450 -
400 -
350 -

300

Tmax [C]

250
200

150

100— : : : : : : :
20 30 40 50 60 70 80 a0 100
h [W/m?-C]
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2-85 Both sides of a large stainless steel plate in which heat is generated uniformly are exposed to convection with the
environment. The location and values of the highest and the lowest temperatures in the plate are to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer is one-dimensional
since the plate is large relative to its thickness, and there is thermal symmetry about the center plane 3 Thermal conductivity is
constant. 4 Heat generation is uniform.

Properties The thermal conductivity is given to be k =15.1 W/m-°C.

k
Analysis The lowest temperature will occur at surfaces of plate €gen
while the highest temperature will occur at the midplane. Their T, =30°C T, =30°C
values are determined directly from h=60 W/m%°C he60 W/m?2.°C
€genl. (5x10° W/m®*)(0.015m) 2b=3 cm
Ty =T, +———=30°C+ : ~155°C < >
h 60 W/m? -°C

2

6 | 5 3 2
T, =T, + ge2nk =155°C+(5X10 W/m?)(0.015m)

2(15.1 W/m-°C)

=158.7°C

0
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2-86 Heat is generated in a large plane wall whose one side is insulated while the other side is subjected to convection. The
mathematical formulation, the variation of temperature in the wall, the relation for the surface temperature, and the relation
for the maximum temperature rise in the plate are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer is one-dimensional
since the wall is large relative to its thickness. 3 Thermal conductivity is constant. 4 Heat generation is uniform.

Analysis (a) Noting that heat transfer is steady and one-dimensional in x direction, the mathematical formulation of this
problem can be expressed as

ﬂ + egi =0
dx? kK
and aro =0 (insulated surface at x = 0) k
dx /‘ €gen
dT (L Insulated Te
I -1, !
X

(b) Rearranging the differential equation and integrating,

v

CT_ AT e o —
dx? k dx k
Integrating one more time,
. 2
—€an X
T(x):%JrClx+C2 (1)
Applying the boundary conditions:
-6
B.C.at x=0: m=0—>ﬂ(0)+cl=o - C; =0
dx k
—é 6, L2
k| —2 L |=h 4, -T,
k 2k
B.C.at x=L:
—he,, L2 hé,. L2
€genl = 2@’;" ~hT, +C, > C, =€ge L+ g;: +hT,
é..L &, L2
Dividingbyh: C,=—20"4 9" .7
g y 2 h 2k 0

Substituting the C; and C, relations into Eq. (1) and rearranging give

. 2 . . . .
€ on X [ I - S é €,0n L
gen n gen n gen +Tw _ gen (L2 —X2)+ gen 4T
2k h 2k 2k h

_ 2
T(x) =

o0

which is the desired solution for the temperature distribution in the wall as a function of x.

(c) The temperatures at two surfaces and the temperature difference between these surfaces are

2

€genl’  6genl
TO) =-S5+ 2247,
2k h

€enl
T(L)="2"47,
h
2

€yenl
AT o =T(O)—T(L):%

Discussion These relations are obtained without using differential equations in the text (see Eqgs. 2-67 and 2-73).
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2-87E Heat is generated in a large plane wall whose one side is insulated while the other side is maintained at a specified
temperature. The mathematical formulation, the variation of temperature in the wall, and the highest temperature in the wall are

to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional, and there is thermal symmetry about the center
plane. 3 Thermal conductivity is constant. 4 Heat generation varies with location in the x direction.

Properties The thermal conductivity is given to be k =5 Btu/h-ft-°F.

Analysis (a) Noting that heat transfer is steady and one-dimensional in x direction, the mathematical formulation of this

problem can be expressed as

d2T . égen (x) _0
dx? k

where é_ =ax?

gen

d?T _ égen (x) _
dx? k

a
——X2
k

The boundary conditions for this problem are:
T(0)=T, (specified surface temperature at x = 0)
dT(L) _
dx

(b) Rearranging the differential equation and integrating,

0 (insulated surface at x = L)

d’T  a_, daT  1la ,

T =——X = —=—-=X"+C;
dx k dx 3k
Integrating one more time,
1a 4
T(X)=———Xx"+Cx+C 1
O=—5 X +Cx+C, ()

Applying the boundary conditions:

3
mz_lgﬁJrCl:o N Clzi
dx 3k 3k

Substituting the C; and C, relations into Eq. (1) and rearranging gives

B.C. at x=1L:

1a , a®
T(X)=———=x"+——Xx+T, 2
== a o @

Ty

gen

N

Insulated

v

(c) The highest (maximum) temperature occurs at the insulate surface (x = L) and is determined by substituting the given

quantities into Eq. (2), the result is

TL) = Ty =———— L+ L+Ty ==— +T,

~ (1200Btu/h-#°) (11 )
4(5Btu/h-t - °F)
=760 °F

+700°F
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2-88 Heat is generated in a large plane wall whose one side is insulated while the other side is maintained at a specified
temperature. The mathematical formulation, the variation of temperature in the wall, and the temperature of the insulated
surface are to be determined for steady one-dimensional heat transfer.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer is one-dimensional
since the wall is large relative to its thickness, and there is thermal symmetry about the center plane. 3 Thermal conductivity is
constant. 4 Heat generation varies with location in the x direction.

Properties The thermal conductivity is given to be k = 30 W/m-°C.

Analysis (a) Noting that heat transfer is steady and one-dimensional in x
direction, the mathematical formulation of this problem can be expressed as

d’T " e.gen (x) _

0 k
2 k q
dx /™ Egen L~
where €0, =606 %>/t and 6,=8x10° W/m® Insulated T,=30°C
and @ =0 (insulated surface at x = 0)
X
T(L)=T, =30°C (specified surface temperature) L "X

(b) Rearranging the differential equation and integrating,

gz_é—oe‘o'&”" - d_Tz_é_Oeio.SX/L +C, > d—Tz—ZéoLe_o‘SX/L +C,
dx k dx k —05/L dx k
Integrating one more time,
T(x)=—2 +Cx+C T(X)=———e "L C,x+C 1
(X) K _os5/L ! 2 = T(X) K 1 2 1)
Applying the boundary conditions:
2¢,L 2é,L 2é,L
B.C.at x=0: m=e—°e‘°'5X°/L+C1 > =22 +C, > C,=- %o
dx k k k
4¢,L2 46,7 26,L2
B.C.at x=L: T(L)=T,=——02—e L1 C/L+C, > C, =T, +—2— ¢ 054220
k k k

Substituting the C, and C, relations into Eq. (1) and rearranging give

. 2
eokL [4(670'5 _e*O'SX/L)—i-Z(l—X/ |_)]

which is the desired solution for the temperature distribution in the wall as a function of x.

TX)=T, +

(c) The temperature at the insulate surface (x = 0) is determined by substituting the known quantities to be

212
B [a(e 0 —e)+ (2-0/L)]

(8 x10° W/m?)(0.05 m)?
(30 W/m-°C)

TO)=T, +

—30°C + [4e % -1 +(2-0)]

=314°C

Therefore, there is a temperature difference of almost 300°C between the two sides of the plate.
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2-89 E Prob. 2-88 is reconsidered. The heat generation as a function of the distance is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
L=0.05 [m]

T s=30[C]
k=30 [W/m-C]

e_dot_0=8E6 [W/m"3]

"ANALYSIS"
e_dot=e_dot_0*exp((-0.5*x)/L) "Heat generation as a function of x"

"X is the parameter to be varied"

X e
[m] [W/m?]

0 8.000E+06
0.005 7.610E+06
0.01 7.239E+06
0.015 6.886E+06
0.02 6.550E+06
0.025 6.230E+06
0.03 5.927E+06
0.035 5.638E+06
0.04 5.363E+06
0.045 5.101E+06
0.05 4.852E+06

8.000x10°
7.500x10°
7.000x10°
&
S 6s00a0°
=
]
6.000x10°
5.500x10°
5.000x10°
4.500x108
0
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2-90 A nuclear fuel rod with a specified surface temperature is used as the fuel in a nuclear reactor. The center temperature of

the rod is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of any
change with time. 2 Heat transfer is one-dimensional since there is thermal
symmetry about the center line and no change in the axial direction.

3 Thermal conductivity is constant. 4 Heat generation in the rod is uniform.

Properties The thermal conductivity is given to be k = 29.5 W/m-°C.

Analysis The center temperature of the rod is determined from

A 2 7 3 2
€qenl
gen'o 220° (4><l() W/m )(0.00SHI)

T, =T, +
4k 4(29.5 W/m*C)

=228°C

: Uranium rod

2-91E Heat is generated uniformly in a resistance heater wire. The temperature difference between the center and the surface

of the wire is to be determined.

Assumptions 1 Heat transfer is steady since there is no change with time. 2 Heat
transfer is one-dimensional since there is thermal symmetry about the center line
and no change in the axial direction. 3 Thermal conductivity is constant. 4 Heat

generation in the heater is uniform.
Properties The thermal conductivity is given to be k = 5.8 Btu/h-ft-°F.

Analysis The resistance heater converts electric energy into heat at a rate
of 3 kW. The rate of heat generation per unit length of the wire is

. Eqgen ~ E gen _ (3x3412.14 Btu/h)
N WVie 2L 7(0.04/121) 2 (1)

=2.933x10°8 Btu/h-t ®

Then the temperature difference between the centerline and the surface becomes

ot G r; (2.933x10° Btu/h-°)(0.04/12 )2
X 4k 4(5.8 Btu/h-t -°F)

=140.5F

: Heater
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2-92 A 2-kW resistance heater wire with a specified surface temperature is used to boil water. The center temperature of the

wire is to be determined.

Assumptions 1 Heat transfer is steady since there is no change with time. 2 Heat transfer is
one-dimensional since there is thermal symmetry about the center line and no change in
the axial direction. 3 Thermal conductivity is constant. 4 Heat generation in the heater is
uniform.

Properties The thermal conductivity is given to be k = 20 W/m-°C.

Analysis The resistance heater converts electric energy into heat at a rate of 2 kW. The
rate of heat generation per unit volume of the wire is

E E
Bgen = —— =—" = 2000;’\/ =1.768x10° W/m®
Viie  ar2L 7(0.002m)?(0.9m)

The center temperature of the wire is then determined from Eq. 2-71 to be

2

6 r 8 3 2
gzr;(o —230°C + (1.768x10° W/m?)(0.002 m)

Ty =T +
4(20 W/m*C)

=238.8°C

2-93 Heat is generated in a long solid cylinder with a specified surface temperature. The variation of temperature in the

cylinder is given by
: 2 2
€qen'
T(r) =—ge|: 0 1—(—r J +T,

(a) Heat conduction is steady since there is no time t variable involved.
(b) Heat conduction is a one-dimensional.

(c) Using Eq. (1), the heat flux on the surface of the cylinder at r = r,
is determined from its definition to be

q -k dT(I’o) -k égenro2 _E
? dr k r2
r=ry

. 2
€geno [ 2r,
gen'o . _
= —k[ [— —°J] = 26461, = 2(35 W/em®)(4.cm) = 280 W/em?

2
rO
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2-94 E Prob. 2-93 is reconsidered. The temperature as a function of the radius is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

r_0=0.04 [m]

k=25 [W/m-C]
e_dot_gen=35E+6 [W/m"3]
T_s=80[C]

"ANALYSIS"
T=(e_dot_gen*r_0"2)/k*(1-(r/r_0)"2)+T_s "Variation of temperature”

r [m] T[C]
0 2320
0.004444 2292
0.008889 2209
0.01333 2071
0.01778 1878
0.02222 1629
0.02667 1324
0.03111 964.9
0.03556 550.1
0.04 80

2500
2000/

1500 |

T [C]

1000 |

500 |

0 0.01 0.02 0.03 0.04
r [m]
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2-95 A cylindrical nuclear fuel rod is cooled by water flowing through its encased concentric tube. The average temperature
of the cooling water is to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat generation in the
fuel rod is uniform.

Properties The thermal conductivity is given to be 30 W/m - °C.
h, =2000 W/m?-°C

hl s irTs-,rod \ Ts‘,tube =40 °C
lyD2 =2ry=2cm

— \ |
= 3
— - / T TD]=2rl=1c:m
\ Fuel rod /
Cooling water k=30 W/m-°C

Analysis The rate of heat transfer by convection at the fuel rod surface is equal to that of the concentric tube surface:
hlAs,l(Ts,rod -Te) = h2As,2 (Te _Ts,tube)
h (27 L)(Ts,rod -T,)=h, 2z r,L)(T, _Ts,tube)

§ = h,r,
s,rod —
hyr

(Too _Ts,tube) +Too (a)

The average temperature of the cooling water can be determined by applying Eq. 2-68:

€qenlt
Ts,rod :Too + ;el: (b)
1

Substituting Eqg. (a) into Eq. (b) and solving for the average temperature of the cooling water gives

h2 I, e.gen n
h (Too _TS,tube)+Too :Too + 2h
11 i
n égenrl T
o T + s,tube
r, 2h,

~0.005m | (50x10° W/m®)(0.005 m)
0.010m 2(2000 W/m? - °C)
=71.3°C

+40°C

Discussion The given information is not sufficient for one to determine the fuel rod surface temperature. The convection heat
transfer coefficient for the fuel rod surface (h;) or the centerline temperature of the fuel rod (T,) is needed to determine the
fuel rod surface temperature.
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2-96 The heat generation and the maximum temperature rise in a solid stainless steel wire.

Assumptions 1 Heat transfer is steady since there is no change with time. 2 Heat transfer is one-dimensional since there is
thermal symmetry about the centerline and no change in the axial direction. 3 Thermal conductivity is constant. 4 Heat
generation in the heater is uniform.

Properties The thermal conductivity is given to be k = 14 W/m-K.

Analysis (a) The heat generation per unit volume of the wire is

é _ E'gen,c-zlectric _ IZRe
e Vwire - T roz L D=1mm ____-_______________-—-\]
& e,
With electrical resistance defined as |' . Cg
[=120A'w.—
pL
Re = Q)

where p = electrical resistivity (Qm), L = wire length (m), A = wire cross-sectional area zD°/4 (m?)

Combining equations for égen and R, we have

s _Pp_ 1%p  _161%
gen A2 (7ZD2/4)2 7T2D4
2 -8
gen:16(120A) (45x10°Q-m) _ . o 400w

72 (0.001m)*

(b) The maximum temperature rise in the solid stainless steel wire is obtained from
2

e.gen ro 3
T,-T,=4T (W/m°)

maxc linder —
Y 4k

_ (1.05x10" W /m*)(0.0005m)

= 47°C
mex 414 W Im-K)

AT,

Discussion The maximum temperature rise in the wire can be reduced by increasing the convective heat transfer coefficient
and thus reducing the surface temperature.
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2-97 A long homogeneous resistance heater wire with specified convection conditions at the surface is used to boil water. The
mathematical formulation, the variation of temperature in the wire, and the temperature at the centerline of the wire are to be
determined.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer is one-dimensional
since there is thermal symmetry about the center line and no change in the axial direction. 3 Thermal conductivity is constant.
4 Heat generation in the wire is uniform.

Properties The thermal conductivity is given to be k = 15.2 W/m-K.

Analysis Noting that heat transfer is steady and one-dimensional in
the radial r direction, the mathematical formulation of this problem
can be expressed as

e
1d(.dT), %o
rdr\ dr k

aT (%) =h[T(r,)-T,] (convection at the outer surface) t Heater

dr
dT(0)

dr
Multiplying both sides of the differential equation by r and rearranging gives

d( dT €gen
—|r—|==—r
dr dr k

Integrating with respect to r gives

dT e.gen r2
— = —+C a
dr k 2 ! @
It is convenient at this point to apply the second boundary condition since it is related to the first derivative of the temperature

by replacing all occurrences of r and dT/dr in the equation above by zero. It yields

and -k

=0 (thermal symmetry about the centerline)

BC.atr=0. 0xITO__Ceen x0+C;, — C,=0
dr 2k
Dividing both sides of Eq. (a) by r to bring it to a readily integrable form and integrating,
ar __fgen |
dr 2k
and T(r)=- Sen |2 +C, (b)
4k

Applying the second boundary conditionat r =r,,

egenro egen r2
2h ak °

égen Iy

B.C.at r=r,: k ok

é
:h(_ ZE” r02+C2—TOOJ - C,=T_+

Substituting this C, relation into Eq. (b) and rearranging give

é €, enl,
T =T, +—(r2-r?)+ 22
(r) m (rg =r%) on
which is the desired solution for the temperature distribution in the wire as a function of r. Then the temperature at the center
line (r = 0) is determined by substituting the known quantities to be

é €. .nl
TO)=T, + 2024 900
4k 2h
6 3 2 6 3
_100°C + (16:4x10° W/m®)(0.006m)*  (16.4x10° W/m )(20.006 M) _1oeec
4x (15.2 W/m- K) 2x (3200 W/m? - K)

Thus the centerline temperature will be 25°C above the temperature of the surface of the wire.
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2-98 A long resistance heater wire is subjected to convection at its outer surface. The surface temperature of the wire is to be
determined using the applicable relations directly and by solving the applicable differential equation.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer is one-dimensional
since there is thermal symmetry about the center line and no change in the axial direction. 3 Thermal conductivity is constant.
4 Heat generation in the wire is uniform.

Properties The thermal conductivity is given to be k = 15.1 W/m-°C. |

Analysis (a) The heat generation per unit volume of the wire is *

E E |
g = = 0 _ 3000 VZV =1.592x10° W/m’ |
Vie  7r,°L 7(0.001m)* (6 m) I - T
The surface temperature of the wire is then (Eq. 2-68) h €gen : h
Saen 8 Wi’ —t—> 1
T, =T, + -9 _o0ec 4 (1.592x10 W/m2 )(0.001m) _475°C 0i r
2h 2(175 W/m? - °C) i
(b) The mathematical formulation of this problem can be expressed as *
e S
14/ dT) b i
rdr\ dr k
dT(r,) .
and -k —ar =h[T(r,)-T,] (convection at the outer surface)
r
@ =0 (thermal symmetry about the centerline)
r
Multiplying both sides of the differential equation by r and integrating gives
€ é 2
a9 _Sen ., 9T __ o ' yc, (a)
dr dr k dr k 2

Applying the boundary condition at the center line,

é
xmz_ﬂxowl — C, =0
dr 2k

Dividing both sides of Eq. (a) by r to bring it to a readily integrable form and integrating,

B.C.at r=0: 0

é ¢
ar__feen - T(r)=- ji" r’+C, (b)

dr 2k
Applying the boundary condition at r =r,,

€,enl é e r. @
B.C.at r=r,: —k—>—2 :h(— gen r02+CZ_ij 5 C,=T, 20
4k

gen 2
I'-0
2k 2h 4k

Substituting this C, relation into Eq. (b) and rearranging give

e €qen'
T) =T, +—= (r2 —r2)+ 222
(r) a o TP,
which is the temperature distribution in the wire as a function of r. Then the temperature of the wire at the surface (r =r,) is
determined by substituting the known quantities to be

€gen
4k

€gen’o Ty €gen’o _ 20°C 4 (1.592 x10® W/m®)(0.001m)

T(rp) =T, +
(o) 2h 2h 2(175 W/m? - °C)

(rF 1)+ —475°C

Note that both approaches give the same result.
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2-99 A long homogeneous resistance heater wire with specified surface temperature is used to heat the air. The temperature of
the wire 3.5 mm from the center is to be determined in steady operation.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer is one-dimensional
since there is thermal symmetry about the center line and no change in the axial direction. 3 Thermal conductivity is constant.
4 Heat generation in the wire is uniform.

Properties The thermal conductivity is given to be k = 6 W/m-°C.

Analysis Noting that heat transfer is steady and one-dimensional in the radial r
direction, the mathematical formulation of this problem can be expressed as

]
1d(.dT), %o
rdr\ dr k

and T(r,) =T, =180°C (specified surface temperature)

T . _b
m =0 (thermal symmetry about the centerline)
dr Resistance wire

Multiplying both sides of the differential equation by r and rearranging gives

d( dT €gen
—|r—|=- r
dr dr k

Integrating with respect to r gives

dT  €gen r?
@k 2o @

It is convenient at this point to apply the boundary condition at the center since it is related to the first derivative of the

temperature. It yields

LATO) _ g
dr 2k

B.C.at r=0: 0 x0+C;, — C; =0

Dividing both sides of Eq. (a) by r to bring it to a readily integrable form and integrating,

d_T__egen
dr 2k
€gen
and T(r)=- 2K r<+C, (b)

Applying the other boundary conditionat r =r,,

¢ é
B.C.at r=ry: Ts=- jin r02+C2 - Cp=T+ jiﬂ Iroz

Substituting this C, relation into Eq. (b) and rearranging give
égen 2 2
T(r)sz +K(ro —-r )

which is the desired solution for the temperature distribution in the wire as a function of r. The temperature 3.5 mm from the
center line (r = 0.0035 m) is determined by substituting the known quantities to be

€
gen 2 2

re —r<)=180°C +
Ak (rs )

5x107 W/m®

S [(0.005m)? — (0.0035m)?] = 207°C
4 (6 W/m-°C)

T(0.0035m) =T, +

Thus the temperature at that location will be about 20°C above the temperature of the outer surface of the wire.
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2-100 W A cylindrical fuel rod is cooled by water flowing through its encased concentric tube while generating a uniform
heat. The variation of temperature in the fuel rod and the center and surface temperatures are to be determined for steady one-

dimensional heat transfer.

Assumptions 1 Heat transfer is steady and one-dimensional with thermal symmetry about the center line. 2 Thermal

conductivity is constant. 3 The rod surface at r = r, is subjected convection. 4 Heat generation in the rod is uniform.

Properties The thermal conductivity is given to be 30 W/m-K.

Analysis For one-dimensional heat transfer in the radial r direction, the differential equation for heat conduction in cylindrical

coordinate with heat generation can be expressed as

€ €
li rd_T +ﬂ=0 or i rd_T :_ﬂr T(r
rdr\ dr k dr\ dr k AN
Integrating the differential equation twice with » \ l’
respect to r yields égen = 100 MW/m®
/
é é —

LI /I O T LI, ] N ,” !

dr 2k dr 2k r Cooling water Fuel rod — D

2500 Wim2K, 75°C

é
T(r)=- 2&” r’+C,Inr+C,
where C; and C, are arbitrary constants. Applying the boundary conditions give

r=0: m:0 - C; =0
dr

é é
r=r,: 9T () hT(r,)-T,] — k=2 rozh(— gen r02+Cz—TOO)

dar 2k 4k

Solving for C, gives

€ €
C, =3 79N 2, T
27 2h ° 4k ° ™

Substituting C; and C, into the general solution, the variation of temperature is determined to be

é é € € € €
T =2 4Cp= -2 9N O 207 5 T() =22 -r?)+ 20y 4T
( ) 2 4k 2h o] 4k o] © ( ) 4k (0 ) 2h (o] o0

The temperature at r = 0 (the centerline of the rod) is

100x10° W/m®
2(2500 W/n? - K)

€gen r2+égen r+T _100><106 w/m?®

T(0)=-2 ~gen _ o2y Wi
© 4 °  2h ° " 4B0W/m-K)

(0.01m)? + (0.01m) +75°C

T(0) = 358°C

The temperature at r = r, = 0.01 m (the surface of the rod) is

é 6 3
T(r,)= gen (4T, = 100x10°> W/m

= ——(0.01m) + 75°C = 275°C
2h 2(2500 W/m? - K)

Fuel rod surface not cooled adequately.

Discussion The temperature of the fuel rod surface is 75°C higher than the temperature necessary to prevent the cooling water
from reaching the CHF. To keep the temperature of the fuel rod surface below 200°C, the convection heat transfer coefficient
of the cooling water should be kept above 4000 W/m*K. This can be done either by increasing the mass flow rate of the
cooling water or by decreasing the inlet temperature of the cooling water. The topic of critical heat flux is covered in Chapter

10 (Boiling and Condensation).
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2-101 Heat is generated uniformly in a spherical radioactive material with specified surface temperature. The mathematical
formulation, the variation of temperature in the sphere, and the center temperature are to be determined for steady one-
dimensional heat transfer.

Assumptions 1 Heat transfer is steady since there is no indication of any changes with time. 2 Heat transfer is one-
dimensional since there is thermal symmetry about the mid point. 3 Thermal conductivity is constant. 4 Heat generation is
uniform.

Properties The thermal conductivity is given to be k = 15 W/m-°C.

Analysis (a) Noting that heat transfer is steady and one-dimensional in the radial
r direction, the mathematical formulation of this problem can be expressed as

1 d( ,dT) gen o k Te=10%C
— | = [+——=0 with &, = constant o
r? dr dr k gen
and T(r,) =T, =110°C (specified surface temperature) 0 r r
dz_(O) =0 (thermal symmetry about the mid point)
r

(b) Multiplying both sides of the differential equation by r? and rearranging gives

9 (2 0T)_fom
dr dr k

Integrating with respect to r gives

— = a
dr k 3 “ @

Applying the boundary condition at the mid point,

dT(0) _  Egen
dr 3k

B.C.at r=0: 0x x0+C;, — C; =0

Dividing both sides of Eq. (a) by r? to bring it to a readily integrable form and integrating,

dr _ _Cgen
dr 3k
égen 2
and T(r)=- ok r-+cC, (b)

Applying the other boundary condition at r =1,

€ é
B.C.at r=r,: T =- = I’02+C2 - G, :TS+_gen r02

Substituting this C, relation into Eq. (b) and rearranging give

e
TO) =Te+— (5 =)

which is the desired solution for the temperature distribution in the wire as a function of r.

(c) The temperature at the center of the sphere (r = 0) is determined by substituting the known quantities to be

. , Co 2
€ €gen
T(0)=T, +§_ekn(r02 _0?2)=T, + gg;(o _ 1100 + 8x107 Wim’*)(0.04m)

6x (15 W/m-°C)

=999°C

Thus the temperature at center will be 999°C above the temperature of the outer surface of the sphere.
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2-102 E Prob. 2-101 is reconsidered. The temperature as a function of the radius is to be plotted. Also, the center

temperature of the sphere as a function of the thermal conductivity is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

r_0=0.04 [m]
g_dot=5E7 [W/m"3]
T_s=110[C]

k=15 [W/m-C]

r=0 [m]

"ANALYSIS"
T=T_s+g_dot/(6*k)*(r_0"2-r*2) "Temperature distribution as a function of r"
T_0=T_s+g_dot/(6*k)*r_0"2 "Temperature at the center (r=0)"

r T 1000
[m] [C] 900 |
0 998.9 s
0.002105 | 996.4 800}
0.004211 | 989 700

0.006316 | 976.7 L
600

0.008421 | 959.5 (&) |

0.01053 | 937.3 500

0.01263 910.2 L

0.01474 | 878.2 400

0.01684 | 841.3 300

0.01895 799.4 L

0.02105 752.7 200

0.02316 | 701 100l , , , , . . .
0.02526 | 644.3 0 0005 001 0015 0.02 0.025 003 0.035 0.04
0.02737 | 582.8 r [m]

0.02947 | 516.3
0.03158 | 4449
0.03368 | 368.5
0.03579 | 287.3
0.03789 | 201.1
0.04 110
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k To
[W/m.C] [C]
10 1443
30.53 546.8
51.05 371.2
71.58 296.3
92.11 254.8
112.6 228.4
133.2 210.1
153.7 196.8
174.2 186.5
194.7 178.5
215.3 171.9
235.8 166.5
256.3 162
276.8 158.2
297.4 154.8
317.9 151.9
338.4 149.4
358.9 147.1
379.5 145.1
400 143.3
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2-103 A spherical communication satellite orbiting in space absorbs solar radiation while losing heat to deep space by thermal
radiation. The heat generation rate and the surface temperature of the satellite are to be determined.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 Heat generation is uniform. 3 Thermal properties are constant.
Properties The properties of the satellite are given to be £=0.75, «=0.10,and k=5 W/m - K.
Analysis For steady one-dimensional heat conduction in sphere, the differential equation is

6
ii(rz dT}Lﬁ:O

r2 dr E k T a,=0.10

/ D abs

and T(0) =T, =273K  (midpoint temperature of the satellite)

dT(0) _

5 0 (thermal symmetry about the midpoint)
r

Satellite
k=5 W/m-K
Ty=0°C

Multiply both sides of the differential equation by r? and rearranging gives

i(rzd_T]:_éﬂrz
dr dr k

egen

e=0.75
Integrating with respect to r gives Arad

LU Y
dr k 3
Applying the boundary condition at the midpoint (thermal symmetry about the midpoint),

+C (@)

€
><m:—ﬂ><0+cl - C; =0
dr k

r=0: 0

Dividing both sides of Eq. (a) by r? and integrating,

ar _ Ceen
dr 3k
€gen -
and T(r)=- oK r<+cC, (b)

Applying the boundary condition at the midpoint (midpoint temperature of the satellite),

égen
r:0 T0:_6k X0+C2 —> C2:T0

Substituting C, into Eq. (b), the variation of temperature is determined to be

€gen

T(r)=——2r2 4T,
()=~ 0

At the satellite surface (r =r,), the temperature is

é
Ty =- é}in ro2 +To (©

Also, the rate of heat transfer at the surface of the satellite can be expressed as
boun| 2703 | = T j where T, =0
gen §7Z' o |~ Ang-(Ts - space)_ Asas%olar ere space —

The surface temperature of the satellite can be explicitly expressed as

1 (4 V4 e o1 /3+a q v
T = 57 r(?e.gen + Ay Usolar =22 s ol (d)
Ajso \ 3 &o
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Substituting Eg. (c) into Eq. (d)

. /3 . 1/4 .
(egenro +asqsolarJ _ _egen 2

r

ok o +Tp

EOC

] 5\ U4 ] )
[egen (1.25m) /3 + (0.10)(1000 W/m )} __Gum@2m)°

(0.75)(5.67 x10°® W/m? - K*) 6(5 W/m- K)
Copy the following line and paste on a blank EES screen to solve the above equation:

((e_gen*1.25/3+0.10*1000)/(0.75*5.67e-8))(1/4)=-e_gen*1.25"2/(6*5)+273

Solving by EES software, the heat generation rate is
€gen = 233 W/m®
Using Eqg. (c), the surface temperature of the satellite is determined to be

3
T, = \ZBWIT) 4 55 my2 1 273K = 261K
6(5 W/m-K)

Discussion The surface temperature of the satellite in space is well below freezing point of water.
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2-65
Variable Thermal Conductivity, k(T)

2-104C The thermal conductivity of a medium, in general, varies with temperature.

2-105C Yes, when the thermal conductivity of a medium varies linearly with temperature, the average thermal conductivity is
always equivalent to the conductivity value at the average temperature.

2-106C No, the temperature variation in a plain wall will not be linear when the thermal conductivity varies with temperature.

2-107C During steady one-dimensional heat conduction in a plane wall in which the thermal conductivity varies linearly, the
error involved in heat transfer calculation by assuming constant thermal conductivity at the average temperature is (a) none.

2-108C During steady one-dimensional heat conduction in a plane wall, long cylinder, and sphere with constant thermal
conductivity and no heat generation, the temperature in only the plane wall will vary linearly.
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2-109 A silicon wafer with variable thermal conductivity is subjected to uniform heat flux at the lower surface. The maximum
allowable heat flux such that the temperature difference across the wafer thickness does not exceed 2 °C is to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 There is no heat generation. 3 Thermal conductivity varies
with temperature.

Properties The thermal conductivity is given to be k(T) = (a + bT + ¢T?) W/m - K.

Analysis For steady heat transfer, the Fourier’s law of heat conduction can be expressed as
q=—k(T)d_T=—(a+bT+CT2)d—T X
dx dx

T,
Separating variable and integrating from x =0 where ‘/7 B
T(0)=T, to x=L where T(L) =T, , we obtain

L T, Silicon wafer
Ide:—J‘T (a+bT +cT 2)dT
0 1 KT)=a+bT+cT?

TI
Performing the integration gives v/_

qL=—{a(T2—Tl)+g(T§—T12)+§(T§-T13)} O t t ' t 1 ! ' ' ' ' '

The maximum allowable heat flux such that the temperature difference across the wafer thickness does not exceeding 2 °C is

[437(598 —600) % (5982 — 6002) + % (598° - 6003)} W/m

=" (925x10°° m)

=1.35x10° W/m?

Discussion For heat flux less than 135 kW/m?, the temperature difference across the silicon wafer thickness will be
maintained below 2 °C.
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2-110 A plate with variable conductivity is subjected to specified temperatures on both sides. The rate of heat transfer
through the plate is to be determined.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies linearly. 3 There is no
heat generation.

Properties The thermal conductivity is given to be k(T) =k, 1+ AT).

Analysis The average thermal conductivity of the medium in this case is simply

the conductivity value at the average temperature since the thermal conductivity k(T)
varies linearly with temperature, and is determined to be /O
T o\
T, +T, T2
kave:k(Tavg):k0[1+ﬁ 2 j
-8 W/m~K)[1+(8.7x10'4 K'l)w] L

=24.66 W/m-K

Then the rate of heat conduction through the plate becomes

T, -T,

Q= kanAlT =(24.66 W/m- K)(1.5 mx O.6m)w

=22,190 W=22.2kW
0.15m

Discussion We would obtain the same result if we substituted the given k(T) relation into the second part of Eq, 2-76, and
performed the indicated integration.

2-111 On one side, a steel plate is subjected to a uniform heat flux and maintained at a constant temperature. On the other
side, the temperature is maintained at a lower temperature. The plate thickness is to be determined.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There is no heat generation. 3 Thermal conductivity varies with
temperature.

Properties The thermal conductivity is given to be k(T) = ko (1 + B7).

Analysis For steady heat transfer, the Fourier’s law of heat conduction can be expressed as

. T,-T
q= I(avg L L 2 I
Solving for the plate thickness from the above equation
L = Kyyg 212 q
T ey —_—
k(T) = ko(1+4T)
The average thermal conductivity of the steel plate is
—_—
Kavg = k0(1+ ﬁ%) =(9.14W/m- K){l+ (0.0023 K'l)w} =23.86 W/m-K .
e [
Substituting into the equation for the plate thickness,
L= (23.86Wim. k) B —O0K _4 qo5m .0 ™\
50000 W/m

Discussion We would obtain the same result if we substituted the given k(T) relation into
the second part of Eq. 2-76, and performed the indicated integration.
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2-112 A plate with variable conductivity is subjected to specified temperatures on both sides. The rate of heat transfer through
the plate is to be determined.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2

Thermal conductivity varies quadratically. 3 There is no heat generation.

Properties The thermal conductivity is given to be k(T) =ko 1+ 4T %). /\A k(T) T,
T

Analysis When the variation of thermal conductivity with temperature k(T) is !

known, the average value of the thermal conductivity in the temperature range

between T, and T, can be determined from

T,

v

T

T, T, B3
L k(T)dT L ko (1+ BT 2)dT ko[T+3T J ko{(Tz —T1)+§(T23— 13)} L X
9 T2 _Tl T2 _Tl T2 _Tl T2 _Tl

- k{ug(ﬁ +T,T, +T72 )}

This relation is based on the requirement that the rate of heat transfer through a medium with constant average thermal
conductivity ka,q equals the rate of heat transfer through the same medium with variable conductivity k(T). Then the rate of
heat conduction through the plate can be determined to be

T,-T, T,-T,

_ k0{1+§('l'22 LT, 4T )JAT

Q= KavgA

Discussion We would obtain the same result if we substituted the given k(T) relation into the second part of Eq. 2-76, and
performed the indicated integration.
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2-113 The thermal conductivity of stainless steel has been characterized experimentally to vary with temperature. The

average thermal conductivity over a given temperature range and the k(T) = ko (1 + BT) expression are to be determined.

Assumptions 1 Thermal conductivity varies with temperature.

Properties The thermal conductivity is given to be k(T) = 9.14 + 0.021T for 273 < T < 1500 K.
Analysis The average thermal conductivity can be determined using

1200

T, 1200
I k(T)dT j (9.14+0.021T)dT  (9.14T +0.0105T2)
i = £300 = 300 - 24.9W/m-K

Kavg = T, -T, 1200 — 300 1200 — 300
271 - -

To express k(T) =9.14 + 0.021T as k(T) = ko (1 + BT), we have
k(T) =ko +koT

and comparing with k(T) = 9.14 + 0.021T, we have
ko=9.14W/m-K and ko =0.021W/m-K?

which gives

2 2
5= 0.021W/m-K* _ 0.021W/m-K* _ 00023 K™
Ko 9.14 W/m-K

Thus,
K(T)=ko@+AT) where ky=9.14W/m-K and B=0.0023K"

Discussion The average thermal conductivity can also be determined using the average temperature:

Kavg = K(Tayg) =9.14+ o.oz(wj — 249 Wim-K
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2-114 A pipe outer surface is subjected to a uniform heat flux and has a known temperature. The metal pipe has a variable
thermal conductivity. The inner surface temperature of the pipe is to be determined.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There is no heat generation. 3 Thermal conductivity varies with

temperature.
Pipe wall

Properties The thermal conductivity is given to be k(T) = ko (1 + S7). K(T) = k(14 BT)
)
Analysis For steady heat transfer, the heat conduction through a

cylindrical layer can be expressed as

Q ZZ”Lkavg L-T _@ T,-T

_27rr2L 2zl In(r,/r) r, In(rn/n)

The inner and outer radii of the pipe are

rn=01/2m=0.05m and r,=(0.05+0.0)m=0.06m

The average thermal conductivity is

T,+T,

=[7.5+0.0045(773 + T, )] W/m- K

J =(5Wim- K){l +(0.0012K %) (773)#}

Thus,

5000 W/m? =

[7.5+0.0045(773 + T)]Wim K[ 773-T,
0.06m In(0.06/0.05)

Solving for the inner pipe temperature Ty,
T, =769.21K =496.2°C

Discussion There is about 4°C drop in temperature across the pipe wall.
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(€ H
2-115 E m A pipe is used for transporting boiling water with a known inner surface temperature in surroundings of
cooler ambient temperature and known convection heat transfer coefficient. The pipe wall has a variable thermal conductivity.
The outer surface temperature of the pipe is to be determined to ensure that it is below 50°C.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There is no heat generation. 3 Thermal conductivity varies with
temperature. 4 Inner pipe surface temperature is constant at 100°C.

Properties The thermal conductivity is given to be k(T) = ko (1 + S7). Pipe wall

Analysis The inner and outer radii of the pipe are K(T) = ky(1+5T)
r=0.030/2m=0.015m

r, = (0.015+0.003)m = 0.018 m

Boiling
water
The rate of heat transfer at the pipe’s outer surface can be expressed
as &)

Qcylinder = Qconv

T,-T
21Ky L ——2—=h(Q2zr,L)(T, -T

7T Kavg In(r, /1) 2z, L)(T,-T,)

k -

20 12 (T, -T,) @

r, In(r,/n)
where
h=70 W/m?*K, T,=373K, and T,=283K

The average thermal conductivity is

Kavg = ko(“ p %} =(1.23W/m- K){1+(0.002 K )%}

Koug = [1.23+0.00123(T, +373)]W/m- K @)

Solving Egs. (1) & (2) for the outer surface temperature yields
T,=364.3K=91.3°C

Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES screen.

"GIVEN"

h=70 [W/(m”~2*K)] "convection heat transfer coefficient"
r_1=0.030/2 [m] "inner radius"

r_2=r_1+0.003 [m] "outer radius"

T_1=100+273 [K] "inner surface temperature"

T_inf=10+273 [K] "ambient temperature"

k_0=1.23 [W/(m*K)]

beta=0.002 [K"-1]

"SOLVING FOR OUTER SURFACE TEMPERATURE"
k_avg=k_0*(1+beta*(T_2+T_1)/2)
Q_dot_cylinder=2*pi*k_avg*(T_1-T_2)/In(r_2/r_1) "heat rate through the cylindrical layer"
Q_dot_conv=h*2*pi*r_2*(T_2-T_inf) "heat rate by convection”
Q_dot_cylinder=Q_dot_conv

The outer surface temperature of the pipe is more than 40°C above the safe temperature of 50°C to prevent thermal burn on
skin tissues.

Discussion It is necessary to wrap the pipe with insulation to prevent thermal burn.
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2-116 E A pipe is used for transporting hot fluid with a known inner surface temperature. The pipe wall has a variable
thermal conductivity. The pipe’s outer surface is subjected to radiation and convection heat transfer. The outer surface
temperature of the pipe is to be determined.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There is

Pipe wall
no heat generation. 3 Thermal conductivity varies with temperature.

K(T) = ky(1+4T)

e
"

.7

Properties The thermal conductivity is given to be k(T) = ko (1 + S7),
a = ¢ = 0.9 at the outer pipe surface.

Analysis The inner and outer radii of the pipe are
r,=0.15/2m=0.075m T

r, = (0.075+0.005)m =0.08 m

The rate of heat transfer at the pipe’s outer surface can be expressed as

Qcyl = Qeonv * Qrad — Qaps

27K ggl 12— h(@ar,L)(T, - T,) + e0 At L)(TE ~Téy) ~ @5,
In(r, /r)

Kavg T,—T .

=812 _ h(TZ _Too) + 60'(Tz4 _Tsﬁrr) - aqsolar (1)

r, In(r,/n)
where h=60 W/M*K, (e = 100 W/m?, T; =423 K, and T, = Tgy =273 K

The average thermal conductivity is

kavg = ko(l—}- ﬂ%j — (85W/m K)|:1+ (OOOlKl)w:l
Ky = [8.5+0.00425(T, +423)] W/m- K o

Solving Egs. (1) & (2) for the outer surface temperature yields
T,=418.8K =145.8°C

Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES screen.

"GIVEN"

h=60 [W/(m”~2*K)] "outer surface h"

r_1=0.15/2 [m] “inner radius"

r_2=r_1+0.005 [m] "outer radius"

T_1=423 [K] "inner surface T"

T_inf=273 [K] "ambient T"

T_surr=273 [K] "surrounding surface T"

alpha=0.9 "outer surface absorptivity"

epsilon=0.9 "outer surface emissivity"

g_dot_solar=100 [W/m”2] "incident solar radiation"

k_0=8.5 [W/(m*K)]

beta=0.001 [K"-1]

"SOLVING FOR OUTER SURFACE TEMPERATURE"
k_avg=k_0*(1+beta*(T_2+T_1)/2)

g_dot_cyl=k_avg/r_2*(T_1-T_2)/In(r_2/r_1) "heat flux through the cylindrical layer"
g_dot_conv=h*(T_2-T_inf) "heat flux by convection"
g_dot_rad=epsilon*sigma#*(T_2"-T_surr*4) "heat flux by radiation emission"
g_dot_abs=alpha*q_dot_solar "heat flux by radiation absorption”
g_dot_cyl-q_dot_conv-q_dot_rad+qg_dot_abs=0

Discussion Increasing h or decreasing ka,q Would decrease the pipe’s outer surface temperature.
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2-117 A spherical container has its inner surface subjected to a uniform heat flux and its outer surface is at a known
temperature. The container wall has a variable thermal conductivity. The temperature drop across the container wall thickness
is to be determined.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There
is no heat generation. 3 Thermal conductivity varies with
temperature.

Spherical
container

) o K(T) = ky(1+5T)
Properties The thermal conductivity is given to be k(T) = ko (1 + AT).

Analysis For steady heat transfer, the heat conduction through a
spherical layer can be expressed as

Q — 4ﬂkavgr1r2 Tl_TZ =k ETl_TZ

2

q:
4z, A A ]

The inner and outer radii of the container are

n=1m
r, =1m+0.005m=1.005m
The average thermal conductivity is
Kaug = k0(1+ ﬁ%) =(1.33W/m- K)[1+(0.0023 K* )%}
=[1.33+0.00153(293+ T,)] W/m- K
Thus,

7000W/n? = [1.33+0.00153(293+ T, )] W/m- K(1-005 mj(Tl ~293 5]

Im 0.005 m

Solving for the inner pipe temperature T,
T, =308.5K

The temperature drop across the container wall is,
T,-T,=3085K-293K=15.5°C

Discussion The temperature drop across the container wall would decrease if a material with a higher k4 value is used.
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2-118 A spherical shell with variable conductivity is subjected to specified temperatures on both sides. The variation of
temperature and the rate of heat transfer through the shell are to be determined.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies linearly. 3 There is no
heat generation.

Properties The thermal conductivity is given to be k(T) =k, 1+ AT).

Analysis (a) The rate of heat transfer through the shell is expressed as ' T2
T
3 Tl _TZ 1
Qsphere = 47Zkavg nr,
21
where rq is the inner radius, r, is the outer radius, and r

T, +T,
I(avg = k(Tavg) = ko(l"'ﬂ%j

is the average thermal conductivity.

(b) To determine the temperature distribution in the shell, we begin with the Fourier’s law of heat conduction expressed as
: dT
Q=—k(M)AS
dr

where the rate of conduction heat transfer Q is constant and the heat conduction area A = 4xr? is variable. Separating the
variables in the above equation and integrating from r = r; where T(r;) =T, toanyr where T(r) =T, we get

. ¢rdr T
Q| —=—4~| k(T)dT
'[ﬁ r2 -[I'1 (T)
Substituting k(T) =k, 1+ £T) and performing the integrations gives

Q[%—%J = Ak [(T ~Ty) + AT 2 ~T2) /2]

1

Substituting the Q expression from part (a) and rearranging give

2k _
72427, fLae R-N) (r=n) (T, -T,)-T2 —ETl =0
PRy 1(r; —1) s

which is a quadratic equation in the unknown temperature T. Using the quadratic formula, the temperature distribution T(r) in
the cylindrical shell is determined to be

1 \/1 2Kayg rp(r—n)

__1 Rr=h)  _ 2,2
MO T o T

Discussion The proper sign of the square root term (+ or -) is determined from the requirement that the temperature at any
point within the medium must remain between T, and T, .
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2-119 M A spherical vessel, filled with chemicals undergoing an exothermic reaction, has a known inner surface
temperature. The wall of the vessel has a variable thermal conductivity. Convection heat transfer occurs on the outer surface
of the vessel. The minimum wall thickness of the vessel is to be determined so that the outer surface temperature is 50°C or
lower.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There is no heat generation. 3 Thermal conductivity varies with
temperature.

Properties The thermal conductivity is given to be k(T) = ko (1 + S7).

Analysis The inner and outer radii of the vessel are ]
Spherical vessel

n=5/2m=25m and r,=(r +t) K(T) = ky(1+5T)

where t = wall thickness

Exothermic
reaction

The rate of heat transfer at the vessel’s outer surface can be
expressed as

Qsph = Qconv T 7y
A7 Kayg il =T _ h(4zr2)(T, -T,)
2—h
ntT-T
kavg_lg = h(TZ -T.) (1)
L nL-n

where
h=80W/m°K, T;=393K, T,=323K, and T,=288K
The average thermal conductivity is

Ky = k0(1+ ﬂmJ = (1.01W/m-K ){1+ (0.0018K™)

2 5 =1.6611W/m- K

(323 K) + (393 K)}
2

Solving Eq. (1) for r, yields
r,=2541m

Thus, the minimum wall thickness of the vessel should be
t=r,—r=0.041m=41mm

Discussion To prevent the outer surface temperature of the vessel from causing thermal burn, the wall thickness should be at
least 41 mm. As the wall thickness increases, it would decrease the outer surface temperature.
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2-120 E A spherical tank, filled with ice slurry, has a known inner surface temperature. The tank wall has a variable
thermal conductivity. The tank’s outer surface is subjected to radiation and convection heat transfer. The outer surface
temperature of the tank is to be determined.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There
is no heat generation. 3 Thermal conductivity varies with
temperature.

Spherical tank
KT) = ky(1+41)

/
:; L']solar
n o/

Properties The thermal conductivity is given to be k(T) = ko (1 + S7),
a = ¢ =0.75 at the outer tank surface.

Analysis The inner and outer radii of the tank are T

rn=9/2m=45m and r,=(45+0.02)m=452m

The rate of heat transfer at the tank’s outer surface can be expressed
as

Qsph = Qconv + Qrag + Qubs

T, -T
47Z-kavg nr ! 2= h(472'l'22 )(Too _TZ) + 50(47”-22 )(Tsﬁrr _T24) + a(4”r22)q$olar
271
nT-T .
kavg - 2 = h(roo _TZ) + EG(Tsﬁrr _T24) + oo (1)
b h—-n

where
h=70 WIm*K, Qe = 150 W/M?, T; =273 K, and T, = Teur = 308 K

The average thermal conductivity is

Kavg = k0(1+ ﬂTz—;_le =(0.33W/m- K)|:1+ (0.0025K™) W}
Kayg =[0.33+0.0004125(T, +273)]W/m- K @)

Solving Egs. (1) & (2) for the outer surface temperature yields
T,=299.5K =26.5°C

Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES screen.

"GIVEN"

h=70 [W/(m”~2*K)] "outer surface h"

r_1=9/2 [m] "“inner radius"

r_2=r_1+0.020 [m] "outer radius"

T_1=273 [K] "inner surface T"

T_inf=308 [K] "ambient T"

T_surr=308 [K] "surrounding surface T"

alpha=0.75 "outer surface absorptivity"

epsilon=0.75 "outer surface emissivity"

g_dot_solar=150 [W/m”2] "incident solar radiation"

k_0=0.33 [W/(m*K)]

beta=0.0025 [K"-1]

"SOLVING FOR OUTER SURFACE TEMPERATURE"
k_avg=k_0*(1+beta*(T_2+T_1)/2)
g_dot_sph=k_avg*r_1/r_2*(T_1-T_2)/(r_2-r_1) "heat flux through the spherical layer"
g_dot_conv=h*(T_inf-T_2) "heat flux by convection"
g_dot_rad=epsilon*sigma#*(T_surr*4-T_274) "heat flux by radiation emission"
g_dot_abs=alpha*q_dot_solar "heat flux by radiation absorption”
g_dot_sph+q_dot_conv+qg_dot_rad+q_dot_abs=0

Discussion Increasing the tank wall thickness would increase the tanks’ outer surface temperature.
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Special Topic: Review of Differential equations

2-121C We utilize appropriate simplifying assumptions when deriving differential equations to obtain an equation that we can
deal with and solve.

2-122C A variable is a quantity which may assume various values during a study. A variable whose value can be changed
arbitrarily is called an independent variable (or argument). A variable whose value depends on the value of other variables
and thus cannot be varied independently is called a dependent variable (or a function).

2-123C A differential equation may involve more than one dependent or independent variable. For example, the equation
O*T(x1) Egen _10T(xD)

has one dependent (T) and 2 independent variables (x and t). the equation

ox? k «a
2
oT(.Y) + W (1) _L oY) +l W (x.1) has 2 dependent (T and W) and 2 independent variables (x and t).
ox? OX o ot o

2-124C Geometrically, the derivative of a function y(x) at a point represents the slope of the tangent line to the graph of the
function at that point. The derivative of a function that depends on two or more independent variables with respect to one
variable while holding the other variables constant is called the partial derivative. Ordinary and partial derivatives are
equivalent for functions that depend on a single independent variable.

2-125C The order of a derivative represents the number of times a function is differentiated, whereas the degree of a
derivative represents how many times a derivative is multiplied by itself. For example, y” is the third order derivative of y,

whereas (y')® is the third degree of the first derivative of y.

2-126C For a function f(x,y), the partial derivative of /ox will be equal to the ordinary derivative df /dx when f does not
depend on y or this dependence is negligible.

2-127C For a function f(x), the derivative df /dx does not have to be a function of x. The derivative will be a constant
when the f is a linear function of x.

2-128C Integration is the inverse of derivation. Derivation increases the order of a derivative by one, integration reduces it by
one.
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2-129C A differential equation involves derivatives, an algebraic equation does not.

2-130C A differential equation that involves only ordinary derivatives is called an ordinary differential equation, and a
differential equation that involves partial derivatives is called a partial differential equation.

2-131C The order of a differential equation is the order of the highest order derivative in the equation.

2-132C A differential equation is said to be linear if the dependent variable and all of its derivatives are of the first degree,
and their coefficients depend on the independent variable only. In other words, a differential equation is linear if it can be

written in a form which does not involve (1) any powers of the dependent variable or its derivatives such as y3 or (y’)2 , (2)
any products of the dependent variable or its derivatives such as yy’ or y'y", and (3) any other nonlinear functions of the

dependent variable such as siny or e . Otherwise, it is nonlinear.

2-133C A linear homogeneous differential equation of order n is expressed in the most general form as
YO+ .00y 4t L 0y F ()Y =0

Each term in a linear homogeneous equation contains the dependent variable or one of its derivatives after the equation is
cleared of any common factors. The equation y”—4x2y =0 is linear and homogeneous since each term is linear in y, and
contains the dependent variable or one of its derivatives.

2-134C A differential equation is said to have constant coefficients if the coefficients of all the terms which involve the
dependent variable or its derivatives are constants. If, after cleared of any common factors, any of the terms with the
dependent variable or its derivatives involve the independent variable as a coefficient, that equation is said to have variable

coefficients The equation y”—4x?y =0 has variable coefficients whereas the equation y”—4y =0 has constant coefficients.

2-135C A linear differential equation that involves a single term with the derivatives can be solved by direct integration.

2-136C The general solution of a 3rd order linear and homogeneous differential equation will involve 3 arbitrary constants.
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Review Problems

2-137 A plane wall is subjected to uniform heat flux on the left surface, while the right surface is subjected to convection and
radiation heat transfer. The boundary conditions and the differential equation of this heat conduction problem are to be
obtained.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation in the wall. 4 The left surface at x = 0 is subjected to uniform heat flux while the right surface at x = L is subjected
to convection and radiation. 5 The surrounding temperature is T,, = Ty

Analysis Taking the direction normal to the surface of the wall to be the x
direction with x = 0 at the left surface, the differential equation for heat T
conduction can be expressed as - surr
2 -
4T _y do
dx?
-y - e
The boundary conditions for the left and right surfaces are
— & h, T
dr(0) .
x=0: —k———== —
dx %
dT (L
x=L: kT T -T 1+ a0l (L) -] N TR
where
—_—
Too = Tsurr

Discussion Due to the radiation heat transfer equation, all temperatures are expressed in absolute temperatures, i.e. K or °R.

2-138 A long rectangular bar is initially at a uniform temperature of T;. The surfaces of the bar at x = 0 and y = 0 are insulated
while heat is lost from the other two surfaces by convection. The mathematical formulation of this heat conduction problem is
to be expressed for transient two-dimensional heat transfer with no heat generation.

Assumptions 1 Heat transfer is transient and two-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation.

Analysis The differential equation and the boundary conditions for this heat conduction problem can be expressed as

aZT aZT 1 8T *
_2+—2:__ "
ox° oyt o dt
b

aT(x01 _,

OX
M_O h, T,

oy
_kW:hn(aa yvt)_Too] J i

Insulated
kDY kb, ) -T, ]
OX

T(X! y'O):TI
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2-139E A large plane wall is subjected to a specified temperature on the left (inner) surface and solar radiation and heat loss
by radiation to space on the right (outer) surface. The temperature of the right surface of the wall and the rate of heat transfer
are to be determined when steady operating conditions are reached.

Assumptions 1 Steady operating conditions are reached. 2 Heat transfer is one-
dimensional since the wall is large relative to its thickness, and the thermal conditions on
both sides of the wall are uniform. 3 Thermal properties are constant. 4 There is no heat
generation in the wall.

Properties The properties of the plate are given to be k = 1.2 Btu/h-ft-°F and Y\ T,
¢=0.80, and o, =0.60.
Analysis In steady operation, heat conduction through the wall must be equal 520 R ol

to net heat transfer from the outer surface. Therefore, taking the outer surface
temperature of the plate to be T, (absolute, in R),

v

h-T
L

kAs = go-AsTZA — s AGsoar

Canceling the area A and substituting the known quantities,
(520R)-T,

(1.2 Btu/h-t -°F) =0.8(0.1714x107® Btu/h-1t  -R*)T,} —0.60(300 Btu/h- 1t %)

Solving for T, gives the outer surface temperature to be
T,=553.9R
Then the rate of heat transfer through the wall becomes

(520-553.9)R

=-50.9Btu/h-ft? (per unit area)
0.8

T,-T
4= k1T2=(1.2 Btu/h-ft - °F)

Discussion The negative sign indicates that the direction of heat transfer is from the outside to the inside. Therefore, the
structure is gaining heat.
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2-140 A spherical vessel is subjected to uniform heat flux on the inner surface, while the outer surface is subjected to
convection and radiation heat transfer. The boundary conditions and the differential equation of this heat conduction problem
are to be obtained.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation in the wall. 4 The inner surface at r =r; is subjected to uniform heat flux while the outer surface at r =r; is
subjected to convection and radiation. 5 The surrounding temperature is T,, = Ty

Analysis For one-dimensional heat transfer in the radial r direction, the Spherical vessel
differential equation for heat conduction in spherical coordinate can be
expressed as

4f2dT)_,
dr dr

The boundary conditions for the inner and outer surfaces are e h, T
) dT(r) .
r=r: -—-k—1-=
1 ar Gy
dT(r.
r=ty: kI () T, T4 solT (1) ~ T

dr
where T, = Teur

Discussion Due to the radiation heat transfer equation, all temperatures are expressed in absolute temperatures, i.e. K or °R.

2-141 Heat is generated at a constant rate in a short cylinder. Heat is lost from the cylindrical surface at r = r, by convection
to the surrounding medium at temperature T with a heat transfer coefficient of h. The bottom surface of the cylinder at r =0

is insulated, the top surface at z = H is subjected to uniform heat flux g,,, and the cylindrical surface at r = r, is subjected to
convection. The mathematical formulation of this problem is to be expressed for steady two-dimensional heat transfer.

Assumptions 1 Heat transfer is given to be steady and two-dimensional. 2 Thermal conductivity is constant. 3 Heat is
generated uniformly.

Analysis The differential equation and the boundary conditions for this heat conduction problem can be expressed as

10( T\ 8°T Egen
— | |+—+ =0
ror or) oz2 k

aT(r,O):O

oz h
oT(r,H) . T
K AT o

o an

0.2 _,

or

T ]
—szhl_‘r(ro,z)—Tw]

or
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2-142 A small hot metal object is allowed to cool in an environment by convection. The differential equation that describes
the variation of temperature of the ball with time is to be derived.

Assumptions 1 The temperature of the metal object changes uniformly with time during cooling so that T = T(t). 2 The
density, specific heat, and thermal conductivity of the body are constant. 3 There is no heat generation.

Analysis Consider a body of arbitrary shape of mass m, volume ¢ surface area A, density p, and specific heat c, initially at a
uniform temperature T;. At time t = 0, the body is placed into a medium at temperature T, , and heat transfer takes place
between the body and its environment with a heat transfer coefficient h.
During a differential time interval dt, the temperature of the body rises by a J A
differential amount dT. Noting that the temperature changes with time only, an energy
balance of the solid for the time interval dt can be expressed as h
Heat transfer from thebody ) (Thedecrease in theenergy
during dt | of thebody during dt

—
8

or hA (T —T,,)dt =mc, (-dT)
Noting that m= pV and dT =d(T —T,) since T = constant, the equation above can be rearranged as

d(T_Too):_ hAS dt
T-T, p,

which is the desired differential equation.
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2-143 The base plate of an iron is subjected to specified heat flux on the left surface and convection and radiation on the right
surface. The mathematical formulation, and an expression for the outer surface temperature and its value are to be determined
for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation. 4 Heat loss through the upper part of the iron is negligible.

Properties The thermal conductivity and emissivity are given to be k=18 W/m-°C and ¢ =0.7.

Analysis (a) Noting that the upper part of the iron is well insulated and thus the entire
heat generated in the resistance wires is transferred to the base plate, the heat flux

through the inner surface is determined to be Ve T
surr
. Q 1200 W ) q
Ao = = =80,0000 W/m AN
" Apge 150x107* m? ¢
Taking the direction normal to the surface of the wall to be the x direction with x = 0 at h
the left surface, the mathematical formulation of this problem can be expressed as T
dT 5
dx? L X
and d‘;(O) =4, =80,000 W/m?
k9T T (L) 7,1+ 0lT (L)* ~ T ] = hIT, T, 1+ eo(T, + 273)° ~T,
dx o surl =Nl =l ]+ o]l + ) surr]
(b) Integrating the differential equation twice with respect to x yields
dT
—=C
dx :
T(x) =Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

x=0: -kC;=qy — C1=—q70
x=L: —kCy = h[T, ~T,.1+ &o(T, + 273)* ~Tetr]

Eliminating the constant C, from the two relations above gives the following expression for the outer surface temperature T,,
h(T, ~T..) + s0l(T, +273)* ~Tei] = 6o

(c) Substituting the known quantities into the implicit relation above gives
(30 W/m? -°C)(T,, — 26) +0.7(5.67 x10~® W/m? - K*)[(T,, +273)* —295*] = 80,000 W/m?

Using an equation solver (or a trial and error approach), the outer surface temperature is determined from the relation above
to be

T, =819°C
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2-144 A large plane wall is subjected to convection on the inner and outer surfaces. The mathematical formulation, the
variation of temperature, and the temperatures at the inner and outer surfaces to be determined for steady one-dimensional
heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal conductivity is constant. 3 There is no heat
generation.

Properties The thermal conductivity is given to be k =0.77 W/m-°C.

Analysis (a) Taking the direction normal to the surface of the wall to be the x direction with x = 0 at the inner surface, the
mathematical formulation of this problem can be expressed as

2:
Ll
dx
and k
dT (0
[T -T(O] =k IO h, /™~ h,
Tool TwZ
dT(L
kI b D) -T.)
X L
(b) Integrating the differential equation twice with respect to x yields € >
dT
~—_=-C
dx !
T(X)=Cx+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give
x=0: hy[T,; —(C, x0+C,)] = —kC,
X =L: —kC; =h,[(C,L+C,)-T,,]
Substituting the given values, these equations can be written as
8(22—-C,)=-0.77C,
—0.77C, = (12)(0.2C, +C, —8)
Solving these equations simultaneously give
C,=-3884 C,=18.26
Substituting C, and C, into the general solution, the variation of temperature is determined to be
T(x) =18.26 — 38.84x

(c) The temperatures at the inner and outer surfaces are

T(0)=18.26—38.84x0=18.3°C
T(L)=18.26 —38.84x0.2=10.5°C
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2-145 A steam pipe is subjected to convection on both the inner and outer surfaces. The mathematical formulation of the
problem and expressions for the variation of temperature in the pipe and on the outer surface temperature are to be obtained
for steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its thickness, and there is
thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There is no heat generation in the pipe.

Analysis (a) Noting that heat transfer is steady and one-dimensional in the radial
r direction, the mathematical formulation of this problem can be expressed as

i rd_T :0
dr{ dr

d
and kT o)
r
kS ) -7,) T,

(b) Integrating the differential equation once with respect to r gives

rd—T:Cl
dr

Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
a_&
drr
T(r)=C;Inr+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

r=ry _k%:hi[Ti_(Cllnﬁ+C2)]
1

— _k%:ho[(cllnerrCZ)—To]
2

Solving for C, and C, simultaneously gives

L LI

r, k k ) r ]
In24+ =+~ i In24+ =+ hiny

o hno hn o hno hn
Substituting C, and C, into the general solution and simplifying, we get the variation of temperature to be

) (To-TyIn D+
T(r)=C/Inr+T,-C,(In,——) =T; + h hin
hil In<-+—+—

(c) The outer surface temperature is determined by simply replacing r in the relation above by r,. We get

(To-Ton 2+
r il
T(r) =T+ —
r, k k
In*+—+
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2-146 A 10-m tall exhaust stack discharging exhaust gases at a rate of 1.2 kg/s is subjected to solar radiation and convection
at the outer surface. The variation of temperature in the exhaust stack and the inner surface temperature of the exhaust stack
are to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional and there is thermal symmetry about the centerline. 2 Thermal
properties are constant. 3 There is no heat generation in the pipe.

Properties The constant pressure specific heat of exhaust gases is given to be 1600 J/kg - °C and the pipe thermal conductivity
is 40 W/m - K. Both the emissivity and solar absorptivity of the exhaust stack outer surface are 0.9.

S 8Exhaust N
() gases >~
Ny B N
()
. —“—!-—\ {13'= =09
]Cl)l'l\'
Exhaust Air, 27 °C

stack wall

h=8 W/m2K
=40 W/m-K Exhaust

L=10m| | stack
T, -T,=30°C

Manufacturing

- U: plant

Analysis The outer and inner radii of the pipe are
r,=1m/2=05m
n=05m-01Im=04m
The outer surface area of the exhaust stack is
A, =2x1,L=27(0.5m)(10m) = 31.42m?
The rate of heat loss from the exhaust gases in the exhaust stack can be determined from
Qioss = MCp (Tiy = Tour) = (1.2 kg/s)(1600 J/kg - °C)(30) °C = 57600 W

The heat loss on the outer surface of the exhaust stack by radiation and convection can be expressed as

Qioss =h[T(r,) _Tw]+gg['|'(r2)4 _Tsﬁ”]—asqsolar
A2
57600 W 2

=BW/m°-K)[T(r,)— (27 + 273)] K
31.42m? ( AT = )

+(0.9)(5.67 1078 W/m? - K)[T (r,)* — (27 + 273)*1K* - (0.9)(150 W/m?)
Copy the following line and paste on a blank EES screen to solve the above equation:
57600/31.42=8*(T_r2-(27+273))+0.9*5.67e-8*(T_r2"4-(27+273)"4)-0.9*150
Solving by EES software, the outside surface temperature of the furnace front is
T(r,)=4127K

(a) For steady one-dimensional heat conduction in cylindrical coordinates, the heat conduction equation can be expressed as

i(rd_-rj =0
dr{ dr

—k dT (rl) — Qloss — Qloss
dr A, 2mrlL

and (heat flux at the inner exhaust stack surface)

T(r,) =412.7K  (outer exhaust stack surface temperature)
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Integrating the differential equation once with respect to r gives
ar _G
d r

Integrating with respect to r again gives

T(r)=C;Inr+C,

where C, and C, are arbitrary constants. Applying the boundary conditions gives

r=rn: dT(rl) :_1 Qloss :& N Cl :_i Qloss
dr k2znL n 27 kL
1 Qloss 1 Qloss
r=r,: T(r,)=———""Inr, +C - C,=—=2=Inr, +T(r
2 (r2) o7 KL 2+l 275 2 +T(rp)

Substituting C; and C, into the general solution, the variation of temperature is determined to be

1 Qloss 1 Qloss
T(r)=———"==Inr+—=—"=1Inr, +T(r.
) 27 kL 27 kL 2 (r2)

1 Q.Ioss
=——=2>In(r/r T(r.
o7 KL (r/r)+T(ry)

(b) The inner surface temperature of the exhaust stack is

1 Qloss
T() =——=22In(r, /1r,) +T(r.
(1) 272_ kL (1 2) (2)
=—i 57600 W n 04 +412.7K
27 (40 W/m-K)(20m) \ 0.5
=417.7 K =418K

Discussion There is a temperature drop of 5 °C from the inner to the outer surface of the exhaust stack.
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2-147E A steam pipe is subjected to convection on the inner surface and to specified temperature on the outer surface. The
mathematical formulation, the variation of temperature in the pipe, and the rate of heat loss are to be determined for steady
one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its thickness, and there is
thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There is no heat generation in the pipe.

Properties The thermal conductivity is given to be k = 8 Btu/h-ft-°F.

Analysis (a) Noting that heat transfer is one-dimensional in the radial r direction, the mathematical formulation of this
problem can be expressed as

i rd_T -0 T =160°F
dr\ dr
The boundary conditions for this problem are: Steam
250°F
dT(r
—kﬁ =h[T, -T(r)] h=125
dr
T(r,)=T,=160°F L=35ft

(b) Integrating the differential equation once with respect to r gives
ra =C,
Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
a_&
da r
T(r)=C;Inr+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

C
r=rg: —k=L=n[T, —(C,Inr, +C,)]
1
Solving for C; and C, simultaneously gives
Clzi and CZ:TZ—Cllan:TZ—iInr2
L.k 5 K
In2+— In24+—
noohr rohr

Substituting C; and C, into the general solution, the variation of temperature is determined to be

T,-T
T(r)=CyInr+T, —C,Inr, =Cy(Inr—Inry) +T,=—2 = n 41,
2 k rg
In—=+—
n hn
(160 — 250)°F r r
= | 160°F =—26.611 160°F
2.4 8Btwh-f -°F "oain "

In— + 5
2 (15Btu/h-ft = -°F)(2/12 1)

(c) The rate of heat conduction through the pipe is

Q:_kAd_T:_k(sz)&:_zﬂLkﬂ
dr r r, Kk
In—= +—
n hn
o . (160 — 250)°F B
=-27(351t)(8 Btu/h-ft - °F) n2'4+ SBtuh T °F =46,813Btu/h

2 (15Btuh- 2 -°F)(2/121)
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2-148 A compressed air pipe is subjected to uniform heat flux on the outer surface and convection on the inner surface. The
mathematical formulation, the variation of temperature in the pipe, and the surface temperatures are to be determined for
steady one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its thickness, and there is
thermal symmetry about the center line. 2 Thermal conductivity is constant. 3 There is no heat generation in the pipe.

Properties The thermal conductivity is given to be k =14 W/m-K.

Analysis (a) Noting that the 85% of the 300 W generated by the strip heater is transferred to the pipe, the heat flux through
the outer surface is determined to be
Q. Q 0.85x 300 W

0, === = =169.1W/m?
A, 2m,L  27(0.04m)6m)

Noting that heat transfer is one-dimensional in the radial r direction and heat flux is in the negative r direction, the
mathematical formulation of this problem can be expressed as

i[rd_Tj =0 r
dri dr 1 Heater
The boundary conditions for this problem are: \r2 /- ~
L AT _ T T ()] Air, -10°C ) N >
dr . —_  ———_— —_——_ —. .-
dT(rp) _ . L 2
k—===q,
dr L=6m
(b) Integrating the differential equation once with respect to r gives
rd—T =C,
dr
Dividing both sides of the equation above by r to bring it to a readily integrable form and then integrating,
a_<
d r

T(r)=C,Inr+C,

where C; and C, are arbitrary constants. Applying the boundary conditions give

c . q.r,
r=ry k== C,=—%
2 rz qs - 1 k
r=r kLT, S +C) > Cy =T, —| e, =T, —[ing - K |2
1 hr, hr, ) k

Substituting C; and C, into the general solution, the variation of temperature is determined to be

QSrZ

T(r)=CyInr+T, —(Inrl —%}Cl =T, +(Inr—|nr1 +%]C1 =T, +(InL+hLJ "

1 1 n n

:—lO°C+(InL+

14 W/m- K (169.1W/m?)(0.04m)
n (30 W/m? - K)(0.037 m)

~-10+0.483 In— +12.61
14 W/m- K n

(c) The inner and outer surface temperatures are determined by direct substitution to be

Inner surface (r=ry): T(r)=-10+ 0.483(In b + 12.61J =-10+ 0.483(0 + 12.61) =-3.91°C
n

0.04
0.037

Outer surface (r=rp): T(r,)=-10+ 0.483[Inr—2 +12.61J =-10+ 0.483(In

+ 12.61} =-3.87°C
n

Discussion Note that the pipe is essentially isothermal at a temperature of about -3.9°C.
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2-149 In a quenching process, steel ball bearings at a given instant have a rate of temperature decrease of 50 K/s. The rate of
heat loss is to be determined.

Assumptions 1 Heat conduction is one-dimensional. 2 There is no heat generation. 3 Thermal properties are constant.
Properties The properties of the steel ball bearings are given to be ¢ = 500 J/kg - K, k =60 W/m - K, and p = 7900 kg/m°.
Analysis The thermal diffusivity on the steel ball bearing is

k 60 W/m- K

o= _ 8 =15.19%x107% m?/s
£C (7900 kg/m®)(500 J/kg - K)

The given rate of temperature decrease can be expressed as

IO _ 50 ks
dt

For one-dimensional transient heat conduction in a sphere with no heat generation, the differential equation is
10 [rz aTj_ 1aT

r2or or) aot

Substituting the thermal diffusivity and the rate of temperature decrease, the differential equation can be written as
ii(rzd_T): ~50KIs
r2dr dr) 1519x10°m?%/s

Multiply both sides of the differential equation by r? and rearranging gives
d (I’Z de —-50K/s r2

©15.19x10° m%/s
Integrating with respect to r gives

dT ~50K/s re
2
r’—-= —|[+C (@)
dr  1519x10°° mzls( 3 J '

drl dr)”

Applying the boundary condition at the midpoint (thermal symmetry about the midpoint),

xdT(O): _SOKéS > (9j+C1 - C,=0
dr 15.19x107° m*“/s

r=0: 0
3

Dividing both sides of Eq. (a) by r? gives
dar -50K/s (Lj
dr  1519x10° m?/s\3

The rate of heat loss through the steel ball bearing surface can be determined from Fourier’s law to be

- dT
- kA—
Qloss dr
dT(ry) 2 50 K/s r
=—k(4r1$)— 2= =k(4z15) (—"j
°7 dr °71519%x10° m?/s| 3

= (60 W/m-K)(47)(0.125m)?

50 K/s (0.125 mj
15.19x10°® m?/s 3
=1.62kW

Discussion The rate of heat loss through the steel ball bearing surface determined here is for the given instant when the rate of
temperature decrease is 50 K/s.
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2-150 A hollow pipe is subjected to specified temperatures at the inner and outer surfaces. There is also heat generation in the
pipe. The variation of temperature in the pipe and the center surface temperature of the pipe are to be determined for steady
one-dimensional heat transfer.

Assumptions 1 Heat conduction is steady and one-dimensional since the pipe is long relative to its thickness, and there is
thermal symmetry about the centerline. 2 Thermal conductivity is constant.

Properties The thermal conductivity is given to be k =14 W/m-°C.

Analysis The rate of heat generation is determined from

_W w 25,000 W = 26,750 W/m°

V  2(D,2-D)L/4  7|0.4m)? —(0.3m)2 (17 m)/4
Noting that heat transfer is one-dimensional in the radial r direction, the mathematical formulation of this problem can be
expressed as
1d( dT) Egen
Farrar e
and T(r,) =T, =60°C
T(r,)=T, =80°C
Rearranging the differential equation
d( dT ) —€genl
e
and then integrating once with respect to r,
dr 2k
Rearranging the differential equation again

—6...f C
dT _ fgen’ Gy

dr 2k r

and finally integrating again with respect to r, we obtain
. 2
—8,enl
T(r)=—2_+C,Inr+C
(r) 2K 1 2
where C; and C, are arbitrary constants. Applying the boundary conditions give

< 2
_egen n

€gen

+C;

r=rg: T(r) = +C;Inrp +C,

< 2
_egen p)

r=ry: T(r,) = +C;Inr, +C,

Substituting the given values, these equations can be written as
—(26,750)(0.15)>
4(14)

—(26,750)(0.20)2
- 4(14)
Solving for C; and C, simultaneously gives
C,=9858 C,=25738
Substituting C; and C, into the general solution, the variation of temperature is determined to be

_ 2
T(r)= M+98.58 Inr+257.8=257.8—477.7r> +98.58Inr
4(14)
The temperature at the center surface of the pipe is determined by setting radius r to be 17.5 cm, which is the average of the
inner radius and outer radius.

T(r) = 257.8—477.7(0.175)% +98.58In(0.175) = 71.3°C

60 =

+C, In(0.15)+C,

+C, In(0.20)+C,
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2-151 A spherical ball in which heat is generated uniformly is exposed to iced-water. The temperatures at the center and at the
surface of the ball are to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer is one-
dimensional., and there is thermal symmetry about the center point. 3 Thermal conductivity is constant. 4 Heat generation is
uniform.

Properties The thermal conductivity is given to be k = 45 W/m-°C.

Analysis The temperatures at the center and at the surface of the ball

are determined directly from D h
€. on 6 < To
Ts =TOO+ gen'o —0°C + (42><10 W/m )(012m) —140°C )
3(1200 W/m?.°C) gen
r2 6 2
Ty =T, + 200 €gen’o —140°C + (4.2x10 wim? )(0.12 m) —364°C
6k 6(45 W/m?2C)

2-152 A spherical reactor of 5-cm diameter operating at steady condition has its heat generation suddenly set to 9 MW/m?,
The time rate of temperature change in the reactor is to be determined.

Assumptions 1 Heat conduction is one-dimensional. 2 Heat generation is uniform. 3 Thermal properties are constant.
Properties The properties of the reactor are given to be ¢ = 200 J/kg-°C, k = 40 W/m-°C, and p = 9000 kg/m®.
Analysis The thermal diffusivity of the reactor is

k 40 W/m-°C

o= _ - =22.22x107% m?/s
£C (9000 kg/m®)(200 J/kg - °C)

For one-dimensional transient heat conduction in a sphere with heat generation, the differential equation is

1 6(26T) €gen 10T aT 1 0(,0T) Egen

——|r°—=|+ =—— o —=al——|r°"—|+

r2 or or k «adot ot r2 or or k
At the instant when the heat generation of reactor is suddenly set to 90 MW/m? (t = 0), the temperature variation can be
expressed by the given T(r) = a— br?, hence

Gl 19 en 10 €gen
E—a{ 2 a |: (a bl’ ):| £|J( }=a{r—25[r2(—2bl’)]+g?}

—0{—( 6br?) + gke”}o{—smég%]

The time rate of temperature change in the reactor when the heat generation suddenly set to 9 MW/m? is determined to be

ar

6 3
[ o kJ (22:22>10° mZ/S){ 6(5x105°c:/m2)+w}

40 W/m-°C
=-61.7°C/s

Discussion Since the time rate of temperature change is a negative value, this indicates that the heat generation of reactor is
suddenly decreased to 9 MW/m®,
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2-153 A cylindrical shell with variable conductivity is subjected to specified temperatures on both sides. The rate of heat
transfer through the shell is to be determined.

Assumptions 1 Heat transfer is given to be steady and one-dimensional. 2 Thermal conductivity varies quadratically. 3 There
is no heat generation.

Properties The thermal conductivity is given to be k(T) =k, (1+ 4T ?).

Analysis When the variation of thermal conductivity with temperature k(T) is known, the average value of the thermal
conductivity in the temperature range between T, and T, is determined from

TZ
j K(T)dT
R PR

T, P
L Ko (L+ AT 2)dT
T2 _Tl

k

T2 _Tl

Ko [(Tz —T1)+ g(Tzs —T13 )}
T,-T

= k0[1+ g(Tf +TT, +T2 )}

This relation is based on the requirement that the rate of heat transfer through a medium with constant average thermal
conductivity k,,4equals the rate of heat transfer through the same medium with variable conductivity k(T). Then the rate of

heat conduction through the cylindrical shell can be determined from Eq. 2-77 to be
' L-T
Qcylinder = 27Zkavgl-m
T1 _TZ

B2 2
=27Kn 1+ =I\T T.T, +T L
‘{ +3(2 Tl 1)} In(r, /1)

Discussion We would obtain the same result if we substituted the given k(T) relation into the second part of Eq. 2-77, and
performed the indicated integration.
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(e
2-154 E A pipe is used for transporting boiling water with a known inner surface temperature in a surrounding of cooler
ambient temperature and known convection heat transfer coefficient. The pipe wall has a variable thermal conductivity. The
outer surface temperature of the pipe is to be determined.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There is no heat generation. 3 Thermal conductivity varies with
temperature. 4 Inner pipe surface temperature is constant at 100°C.

Properties The thermal conductivity is given to be k(T) = ko (1 + S7).
Analysis The inner and outer radii of the pipe are

rp=0025/2m=0.0125m and r, =(0.0125+0.003)m=0.0155m

The rate of heat transfer at the pipe’s outer surface can be expressed as

. . Pi 1l
Qcylinder: Qeonv kl(pch)vjE;'c (1+47)
Mo
27k Lﬁ—h(zm L)(T, -T,)
Y9 In(r, /1) prhe e
. h, Ty
T,-T
avg "1 2 _ h -T 1
r, In(r,/n) (T =) @ h "2

where
h=50W/m° K, T;=373K, and T,=293K
The average thermal conductivity is

K = k0(1+ ﬂ%) —(L5W/m- K)[1+ (0.003 K'l)m}

Ky = [1.5+0.00225(T, +373)]W/m-K  (2)

Solving Egs. (1) & (2) for the outer surface temperature yields
T,=369 K =96°C

Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES screen.

"GIVEN"

h=50 [W/(m”~2*K)] "convection heat transfer coefficient"
r_1=0.025/2 [m] “inner radius"

r_2=r_1+0.003 [m] "outer radius"

T_1=373 [K] "inner surface temperature"

T_inf=293 [K] "ambient temperature"

k_0=1.5 [W/(m*K)]

beta=0.003 [K"-1]

"SOLVING FOR OUTER SURFACE TEMPERATURE"
k_avg=k_0*(1+beta*(T_2+T_1)/2)
Q_dot_cylinder=2*pi*k_avg*(T_1-T_2)/In(r_2/r_1) "heat rate through the cylindrical layer"
Q_dot_conv=h*2*pi*r_2*(T_2-T_inf) "heat rate by convection"
Q_dot_cylinder=Q_dot_conv

Discussion Increasing h or decreasing ka,y Would decrease the pipe’s outer surface temperature.
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(e
2-155 E A metal spherical tank, filled with chemicals undergoing an exothermic reaction, has a known inner surface
temperature. The tank wall has a variable thermal conductivity. Convection heat transfer occurs on the outer tank surface. The
heat flux on the inner surface of the tank is to be determined.

Assumptions 1 Heat transfer is steady and one-dimensional. 2 There is no heat generation. 3 Thermal conductivity varies with
temperature.

Properties The thermal conductivity is given to be k(T) = ko (1 + A7).
Analysis The inner and outer radii of the tank are
n=5/2m=25m and 1, =(25+0.0)m=251m

The rate of heat transfer at the tank’s outer surface can be
expressed as

Qsph = Qconv

T, -T
A7Kayg iV, =—2 = h(4zrf)(T, - T,,)
h—-n

Spherical tank
K(T) = ko(1+8T)

Exothermic
reaction

-
2

nT-T,
My n-n

= h(TZ _Too) (1)

where
h=80W/m?’K, T;=393K, and T,=288K

The average thermal conductivity is

kavg = ko[].-‘r ﬂ%) = ( 9.1W/m- K)|:l+ (00018 K-l)w:l

Kayg = [9.1+0.00819(T, +393)] W/m- K )
Solving Egs. (1) & (2) for T, and Ky yields
T,=3878K and K,4,=15.5W/m-K

avg

Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES screen.

"GIVEN"

h=80 [W/(m”~2*K)] "outer surface h"

r_1=5/2 [m] "“inner radius"

r_2=r_1+0.010 [m] "outer radius"

T_1=120+273 [K] "inner surface T"

T_inf=15+273 [K] "ambient T"

k_0=9.1 [W/(m*K)]

beta=0.0018 [K"-1]

"SOLVING FOR OUTER SURFACE TEMPERATURE AND k_avg"
k_avg=k_0*(1+beta*(T_2+T_1)/2)
g_dot_sph=k_avg*r_21/r_2*(T_1-T_2)/(r_2-r_1) "heat flux through the spherical layer"
g_dot_conv=h*(T_inf-T_2) "heat flux by convection"
g_dot_sph+q_dot_conv=0

Thus, the heat flux on the inner surface of the tank is

— Qsph :4ﬂkavgr1r2 Tl_Tz :k ETl_TZ
4} Ax? o n-n non—g

1

= (15.5W/m- K)(Z'Slj (393-387.8) K

2.5 0.01m
¢, = 8092.2W/m’

Discussion The inner-to-outer surface heat flux ratio can be related to ry and ry: ¢, /d, = (r, / 1)?.
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Fundamentals of Engineering (FE) Exam Problems

2-156 The heat conduction equation in a medium is given in its simplest form as ldi(rk (;—Tj+égen =0 Select the wrong
rdr r

statement below.

(a) the medium is of cylindrical shape.

(b) the thermal conductivity of the medium is constant.

(c) heat transfer through the medium is steady.

(d) there is heat generation within the medium.

(e) heat conduction through the medium is one-dimensional.

Answer (b) thermal conductivity of the medium is constant

2-157 Consider a medium in which the heat conduction equation is given in its simplest form as

1 00T _10aT
r2 or or) o ét

(a) Is heat transfer steady or transient?

(b) Is heat transfer one-, two-, or three-dimensional?

(c) Is there heat generation in the medium?

(d) Is the thermal conductivity of the medium constant or variable?

(e) Is the medium a plane wall, a cylinder, or a sphere?

(f) Is this differential equation for heat conduction linear or nonlinear?

Answers: (a) transient, (b) one-dimensional, (c) no, (d) constant, (e) sphere, (f) linear

2-158 Consider a large plane wall of thickness L, thermal conductivity k, and surface area A. The left surface of the wall is
exposed to the ambient air at T,, with a heat transfer coefficient of h while the right surface is insulated. The variation of
temperature in the wall for steady one-dimensional heat conduction with no heat generation is

@TE="C0T, ) TR =mu © T {1—%&0 (@) T(X) =(L-X)T,

€ T =T,

Answer (&) T(xX)=T,

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




2-97
2-159 A solar heat flux ¢, is incident on a sidewalk whose thermal conductivity is k, solar absorptivity is &[] and convective

heat transfer coefficient is h. Taking the positive x direction to be towards the sky and disregarding radiation exchange with
the surroundings surfaces, the correct boundary condition for this sidewalk surface is

@ kS =asq, () —kSL=hT-T,) (@ —kS-=h(T-T,)-ad,

(d) h(T -T,) =a.qs (e) None of them

Answer (c) —k Z—T =h(T -T,)—aq;
X

2-160 A plane wall of thickness L is subjected to convection at both surfaces with ambient temperature T.,; and heat transfer
coefficient hy at inner surface, and corresponding T.., and h, values at the outer surface. Taking the positive direction of x to
be from the inner surface to the outer surface, the correct expression for the convection boundary condition is

@ kT2 hrO-T]  ® kT =TT,
( ) - L (0) hl [Tool _Too2 )] (d) - % = h2 [Tool _TOCZ )] (E) None of them

dT(0)

Answer (a) k——==h,[T(0)-T,,)]

2-161 Consider steady one-dimensional heat conduction through a plane wall, a cylindrical shell, and a spherical shell of
uniform thickness with constant thermophysical properties and no thermal energy generation. The geometry in which the
variation of temperature in the direction of heat transfer be linear is

(@) plane wall (b) cylindrical shell (c) spherical shell ~ (d) all of them (e) none of them

Answer (a) plane wall
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2-162 The conduction equation boundary condition for an adiabatic surface with direction n being normal to the surface is
@T=0 (b) dT/dn=0 (c)d*T/dn*=0 (d) d®T/dn®*=0 (e) -kdT/dn=1

Answer (b) dT/dn=0

2-163 The variation of temperature in a plane wall is determined to be T(x)=52x+25 where x isin mand T is in °C. If the
temperature at one surface is 38°C, the thickness of the wall is

(@) 0.10 m (b) 0.20 m (c) 0.25m (d)0.40 m (e) 0.50 m

Answer (c) 0.25m

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

38=52*L+25

2-164 The variation of temperature in a plane wall is determined to be T(x)=110 - 60x where x isin m and T is in °C. If the
thickness of the wall is 0.75 m, the temperature difference between the inner and outer surfaces of the wall is

() 30°C (b) 45°C (c) 60°C (d) 75°C (e) 84°C

Answer (b) 45°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T1=110[C]

L=0.75

T2=110-60*L

DELTAT=T1-T2
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2-165 The temperatures at the inner and outer surfaces of a 15-cm-thick plane wall are measured to be 40°C and 28°C,
respectively. The expression for steady, one-dimensional variation of temperature in the wall is

(@) T(x)=28x+40 (b) T(x) =—40x+28 (c) T(x)=40x+28

(d) T(x)=-80x+40 (e) T(x)=40x—-80

Answer (d) T(x) =-80x+40

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T1=40 [C]

T2=28 [C]

L=0.15 [m]

"T(x)=C1x+C2"

C2=T1

T2=C1*L+T1

2-166 The thermal conductivity of a solid depends upon the solid’s temperature as kK = aT + b where a and b are constants.
The temperature in a planar layer of this solid as it conducts heat is given by

(@aT+b=x+C, (b)aT +b=Cx*+C, (c) aT?+bT=Cix + C,

(d)aT?+bT=Cx*+C, (e) None of them

Answer (c) aT?+bT=Cix+C,

2-167 Hot water flows through a PVC (k = 0.092 W/m-K) pipe whose inner diameter is 2 cm and outer diameter is 2.5 cm.
The temperature of the interior surface of this pipe is 50°C and the temperature of the exterior surface is 20°C. The rate of
heat transfer per unit of pipe length is

@) 77.7 Wim (b) 89.5 W/m (c) 98.0 W/m (d) 112 W/m (e) 168 W/m

Answer (a) 77.7 W/m

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

do=2.5 [cm]

di=2.0 [cm]

k=0.092 [W/m-C]

T2=50 [C]

T1=20 [C]
Q=2*pi*k*(T2-T1)/LN(do/di)

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




2-100

2-168 Heat is generated in a long 0.3-cm-diameter cylindrical electric heater at a rate of 180 W/cm?®. The heat flux at the
surface of the heater in steady operation is

(a) 12.7 W/cm?  (b) 13.5 W/cm? (c) 64.7 W/cm?  (d) 180 W/cm? () 191 W/cm?

Answer (b) 13.5 W/cm?

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

"Consider a 1-cm long heater:"

L=1 [cm]

e=180 [W/cm”3]

D=0.3 [cm]

V=pi*(D"2/4)*L

A=pi*D*L "[cm”"2]’

Egen=e*V "[W]"

Qflux=Egen/A "[W/cm”"2]"

“Some Wrong Solutions with Common Mistakes:”
W1=Egen "Ignoring area effect and using the total
W2=e/A "Threating g as total generation rate"
W3=e “ignoring volume and area effects”

2-169 Heat is generated uniformly in a 4-cm-diameter, 12-cm-long solid bar (k = 2.4 W/m-°C). The temperatures at the center
and at the surface of the bar are measured to be 210°C and 45°C, respectively. The rate of heat generation within the bar is

(a) 597 W (b) 760 W b) 826 W (c) 928 W (d) 1020 W

Answer (a) 597 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=0.04 [m]

L=0.12 [m]

k=2.4 [W/m-C]

T0=210 [C]

T _s=45[C]

TO-T_s=(e*(D/2)"2)/(4*k)

V=pi*D"2/4*L

E_dot_gen=e*V

"Some Wrong Solutions with Common Mistakes"

W1_V=pi*D*L "Using surface area equation for volume"

W1_E_dot_gen=e*W1_V

TO=(W2_e*(D/2)"2)/(4*k) "Using center temperature instead of temperature difference”
W2_Q_dot_gen=W2_e*V

W3_Q_dot_gen=e "Using heat generation per unit volume instead of total heat generation as the result"
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2-170 Heat is generated in a 10-cm-diameter spherical radioactive material whose thermal conductivity is 25 W/m.°C
uniformly at a rate of 15 W/cm®. If the surface temperature of the material is measured to be 120°C, the center temperature of
the material during steady operation is

(a) 160°C (b) 205°C (c) 280°C (d) 370°C () 495°C

Answer (d) 370°C

D=0.10

Ts=120

k=25

e_gen=15E+6

T=Ts+e_gen*(D/2)"2/(6*Kk)

“Some Wrong Solutions with Common Mistakes:”
W1_T=e_gen*(D/2)*2/(6*k) "Not using Ts"

W2_T= Ts+e_gen*(D/2)*2/(4*k) "Using the relation for cylinder"
W3_T= Ts+e_gen*(D/2)"2/(2*k) "Using the relation for slab"

2-171 Heat is generated in a 3-cm-diameter spherical radioactive material uniformly at a rate of 15 W/cm?®. Heat is dissipated
to the surrounding medium at 25°C with a heat transfer coefficient of 120 W/m?-°C. The surface temperature of the material
in steady operation is

() 56°C (b) 84°C (c) 494°C (d) 650°C (e) 108°C

Answer (d) 650°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

h=120 [W/m"2-C]

e=15 [W/cm"3]

Tinf=25 [C]

D=3 [cm]

V=pi*D"3/6 "[cm"3]"

A=pi*D"2/10000 "[m~"2]"

Egen=e*V "[W]"

Qgen=h*A*(Ts-Tinf)

2-172 .... 2-174 Design and Essay Problems
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