2-57 Consider a large plane wall of thickness L = 0.3 m,
thermal conductivity & = 2.5 W/m-K, and surface area A =
12 m?. The left side of the wall at x = 0 is subjected to a net
heat flux of g, = 700 W/m? while the temperature at that sur-
face 1s measured to be T} = 80°C. Assuming constant thermal
conductivity and no heat generation in the wall, (a) express the
differential equation and the boundary conditions for steady
one-dimensional heat conduction through the wall, (b) obtain a
relation for the variation of temperature in the wall by solving
the differential equation, and (c) evaluate the temperature of the
right surface of the wall at x = L. Answer: (c) —4°C

FIGURE P2-57

d°T 0
dx®

dT(0)

and -k =g, =700 W/m >

dx
T(0)=T, =80°C
(h) Integrating the differential equation twice with respect to v yields
dT i
— =,
x
T(x)=Cx+(C,

where €y and C; arc arbitrary constants. Applying the boundary conditions
Heat flux at x = () kG =qy = C/= —%
Temperaturc atx =0 T(0)=C,x0+C;, =T, = €, =T,

Substituting €'y and C: into the general solution, the variation of temperature

1 2
T(x)=— qi.r+T, _ 700 Wim

i - x4+ 80°C = =280x + 80

T 2.5Wim-°C

(¢) The temperature at x = L (the right surface of the wall) is

T(L)=-280x(0.3m)+80=-4°C

Note that the right surface temperature is lower as expected.



2—-59Y Consider a large plane wall of thickness L = 0.4 m,
thermal conductivity £ = 1.8 W/m:-K, and surface area A =
30 m”. The left side of the wall is maintained at a constant tem-
perature of T, = 90°C while the right side loses heat by con-
vection to the surrounding air at T, = 25°C with a heat transfer
coefficient of & = 24 W/m?. K. Assuming constant thermal
conductivity and no heat generation in the wall, (a) express the

differential equation and the boundary conditions for steady
one-dimensional heat conduction through the wall, (b) obtain
a relation for the variation of temperature in the wall by solv-
ing the differential equation, and (¢) evaluate the rate of heat
transfer through the wall. Answer: (¢) 7389 W

d-T _

dx =

and /ﬂ k

Ti=T, =90°C Ti=20°C )
O=1 A=30 m? Te =25°C

h=24 Wim.°C
dT(L
( }=MT[L} T, L=0.4 m

dx >

{#) Integrating the differential equation twice with respect to x yields

0

—k

dT

=L, -
dx X

T(x)=Cx+C,
where | and C, are arbitrary constants. Applying the boundary conditions give

x=0 T=C,x0+C, — C,=T,

C\—T. T, -T.
r=L — kG =H(C L+ C,)~T,] — C|=‘H—' =) - C__*Eklmf}

=
k+hL
Substituting €, and €, into the general solution, the variation of temperature is determined to be

WT —T
M T )y T,
k+ hlL
(24 W/m? - 2C)(90— 25PC

=— - X+ OFC
(1L.8W/m-"C)+ (24 W/im "~ -"C)(0.4 m)

=90 -903y

T{.f}: -

{c) The rate of heat conduction through the wall is
hiT, =T}
k+ hL
(24 Wim* -T)90 —25)C
(1.8 W/m-°C)+ (24 W/m~ - °C)(0.4 m)

: dT
Q an = KA d_ =—*kAC, =kA
[x

= (1.8 W/m-=C)30m?)

=T389 W



2—-69 A pipe in a manufacturing plant is transporting super-
heated vapor at a mass flow rate of 0.3 kg/s. The pipe is 10 m
long, has an inner diameter of 5 ¢m and pipe wall thickness of
6 mm. The pipe has a thermal conductivity of 17 W/m-K, and
the inner pipe surface is at a uniform temperature of 120°C. The
temperature drop between the inlet and exit of the pipe is 7°C,
and the constant pressure specific heat of vapor is 2190 J/kg-°C.
If the air temperature in the manufacturing plant is 25°C, deter-
mine the heat transfer coefficient as a result of convection be-
tween the outer pipe surface and the surrounding air.

Analysis The inner and outer radii of the pipe are
r=005m/2=0.025m
2= 0025m+ 0006 m= 0031 m
The rate of heat loss [rom the vapor in the pipe can be determined from
O =116 (T, =T, ) = (0.3kegls 21901 /kg -°C)(T)°C = 4599 W

For steady one-dimensional heatl conduction in cylindrical coordinates, the heat conduction ec

dfary_
drl dr )
dT(n Do )
and ) Gloss _ ,’('lﬁ (heat Nux at the inner pipe surface)
dr A 2anl

T(rn)=120°C (inner pipe surface lemperalure)
Integrating the differential equation once with respect Lo r gives
a_G,
dr r
Integrating with respect Lo r again gives

Tiry=Cylnr+C,

where € and ¢ are arbitrary constanis. Applying the boundary conditions gives

dT ; C )
r=p: ("1)=_l Choss et =_1_(-me
dr k2znL n 27 kL
. LS
r=r: Tir)=- ! Q‘“-"‘lnr,+ c, — Cl=—“{'}—’m Ins +T05)
27 kL - 2r kL

Substituting €, and €5 into the general solution, the variation of tlemperature is determined @

1 O 1 Q.
v T T T
1 Qh.l”ﬂ

= I f )T )

The outer pipe surlace lemperature 15

(o)
Ty )=——=E=In( s/ §)+ T(5)
= 27 kL 2 i

ra &

_ 1 4599 W i 2931, 120ec
27 (17 Wim-=C)(10m) | 0.025

=119.1°C

From Newton's law of cooling, the rate of heat loss al the outer pipe surlace by convectic
Oioss =27 1, L[T(r)-T,]
Rearranging and the convection heat transler coelTicient is determined 1o be

[ 1599 W

- - — =251Wm?*-°C
e 0N s)-T ] 270031 mp(10m)i119.1 —25) °C




Chapter 2, Problem 146P

Exhaust gases from a manufacturing plant are being discharged through a 10-m tall exhaust
Stack with outer diameter of 1 m, wall thickness of 10 cm, and thermal conductivity of 40
W/m - K. The exhaust gases are discharged at a rate of 1.2 kg/s, while temperature drop
between inlet and exit of the exhaust Stack is 30 °C, and the constant pressure specific heat
of the exhaust gasses is 1600 J/kg - K. On a particular day, the outer surface of the exhaust
Stack experiences radiation with the surrounding at 27 °C, and convection with the ambient
air at 27 °C also, with an average convection heat transfer coefficient of 8 W/im2 - K_Solar
radiation is incident on the exhaust Stack outer surface at a rate of 150 W/m2, and both the
emissivity and solar absorptivity of the outer surface are 0.9 Assuming steady one-
dimensional heat transfer, (a) obtain the Variation of temperature in the exhaust Stack wall
and (b) determine the inner surface temperature of the exhaust Stack.

F5y

S Exhaust h
gases
d Y @ =£=0%

Air, 27°C
Edianst =8 Wim'K
Omf] Seck
li"iu - Tnul = 300(:
Manufacmring

7 plant

FiGURE P2-151

Fundamentals of Engineering (FE) Exam Problems




Calculate the outer radius of the exhaust stack.

Here, dz is the outer diameter of the exhaust stack.

Substitute 1 m for d, .

|
j‘1 —
-2
=05m
Calculate the inner radius of the stack,
K==t
Here, {is the wall thickness of the stack.
Substitute 0.5 m for r. and 0.1 m for .
r=05-0.1
=04 m

Step 2

Calculate the surface area of the exhaust stack by using the relation,
A, =2xnL

Here, L is the length of the exhaust stack.

Substitute (.5 m for . and 10 m for L.

A =2xx05x10
=31416m°

Calculate the heat carred out by the exhaust gases by using the relation,

Qh'h.t = ”‘H",u A?;;.lw.

Here, m is the mass flow rate of the exhaust gases, ¢

"

is the specific heat of exhaust gas at
constant pressure, and AT, is the temperature drop between the inlet and exit of the

exhaust stack.

Substitute 1.2 kg/s form, 1600 J/kg-°C for ¢, and 30°C for AT

gas "

g

= lost

=1.2x1600=30
= 57600 W




Step 3

Calculate the outer surface temperature of the pipe by using the relation,

Ges {7, 1. e (1} 1)t

Here, i is the heat transfer coefficient of air, T is the outer surface temperature of the
pipe, T isthe temperature of the surrounding air, ¢ is the emissivity of the outer surface,
o is the Stephen Boltzmann constant, ¢« is the absorplivity of the outer surface. and

Y otar is the rate of heat transfer by radiation at the outer surface of the pipe.
Substitute 57600 W Tor Q.. 31.416m* Tor 4. 8 W,"m: K forh, 300Kfor 7,09
for e,.and 150 W/m* for g, .

37600 =8(7, ~300)+0.9x5.67x10"* (7! 300" | 0.9 150
31.416 : :

1833.46 =87, ~2400+5.103x 10T ~ 413,343 -135
5.103x 1077 + 87, =1833.46+2400+413.343+135
5.103x10°°T* +87, =4781.803

T =412.694 K

Step 4

Write the equation for the heat flux at the inner surface of the stack.

Qn'mr — _lk ﬂ
A dr
./
2l
9Ty _ Qi
dr 2rion L

Write the one dimensional heat conduction equation for the cylindrical coordinates,

i[:£] =0
drl\ dr

Integrate with respect to r.

J’i[jd_r] ~-0
drl dr

L]

L 0
dr
dar  C,

dr o r




Apply the boundary condition, » = r;

1-

daT, G
dr &
- Q.ru.-n'
2k L
- Q.'mr
' 2wkl

Again integrate the equation (1) with respect to r.

Here. ¢, and (, are the arbitrary constants.

Apply the boundary condition, »=r,.

T, = —&in r+C,
S 2@kl ¢

o, =T, +ﬁlnn
- S 2@kl T

Step 6

Substitute the values of (| and ¢, in equation (2}

T = ~ Qs Inr+ Trq+—Q’“" Inr,
2wkl 2wkl C

JT

0]
—_— Q.'mr |E'IJ"+I;_-,+ = fasy lnl'z

2wkl S 2wkl
Qn'.m.

=—=tqn(rir, )+ T,
2rkL (r/r)+ Tz

Therefore, the relation for the variation of temperature in the exhaust stack is

Qfm:
——="CIn(win )+ T,
2kl n(r/n)+ T,

Step 7

)]
Calculate the inner surface temperature of the exhaust stack by using the relation,

&=—;ﬁimhﬁﬂ+ﬂz

Substitute 57600 Wfor @, . 40 W/m-K for k. 10mforL, 0.4 mfor », 0.5mfor p,.
and 412,694 K for T,.

7600
7, =101 (0.4/0.5)+ 412,694
2rx40x10
=417.7K

Therefore, the inner surface temperature of the exhaust stack is [417.7 K]-




Chapter 2, Problem 143P

A 1200-W ironls left on the iron board with its base exposed to ambient air at 26°C. The
base plate of the iron has a thickness of L = 0.5 cm, base area of A = 150 cm2, and thermal
conductivity of k=18 W/m - K. The inner surface of the base plate is subjected to uniform
heat flux generated by the resistance heaters inside. The outer surface of the base plate
whose emissivity is £ = 0.7, loses heat by convection to ambient air with an average heat
transfer coefficient of i = 30 W/m2 - K as well as by radiation to the surrounding surfaces at
an average temperature of Tsurr = 295 K. Disregarding any heat loss through the upper
part of the iron. (&) express the differential equation and the boundary conditions for steady
one- dimensional heat conduction through the plate, (£) obtain a relation for the
temperature of the outer surface of the plate by solving the differential equation, and (c)
evaluate the outer surface temperature.

Liliidll

|
h

Aol

FIGURE P2-138




(@)
Find the heat flux through the inner surface of the base plate
. _ 0

qll = .f-]‘ =

Here, Q. is amount of heat on left side of the base plate and "‘ﬂm: is base area of the base

hase

plate of the iron.
Substitute 1200W for @,and 150107 m’for A, .
1200

T 150%10°
— 80,000 W/m"

4o

Step 2

Write the steady state, one dimensional differential heat conduction equation with no

internal heat generation,

T
T
dx

The boundary conditions to solve the differential equations are:

At x =0, the amount of heat generation is equal to the heat conduction

—k [ﬂj =g,
dy J_,

Here, k is thermal conductivity of the plate.

The other boundary condition is at y = [, the amount of heat conduction in the iron plate is
equal to the sum of heat transfers due to convection and radiation.

_'k [ﬂ] = ng\.‘ + Q:l:,ul
r=i

dir
—ff[d—]‘ ) = -’T[TT L —T‘]-I—EG'[TJJ L _?::rr:l

o
_;f[“’_r] = h[T,~T, |+ o[ 1%, -T2,
ﬂ{r x=L

Here, i is heat transfer coefficient. T Is ambient air temperature, T, is surrounding air
temperature. 7, is temperature on the outer surface of the plate, «is emissivity and ois

Stefan Boltzmann's constant.
Therefore, the two boundary conditions to solve the differential heat conduction is

—k[ﬁ] =4,| and
dx ),

dTl
] el




(b)

Integrate the differential heat conduction equation twice.

J‘d'?: -0
dx”
ar_.
dx

dT ,
ke

T(x)=Cx+C,

Here, CI and (_': are arbitrary constants.

Step 4

Apply the two boundary conditions and solve the arbitrary constants in the equation,
T(x)=Cx+C,

Consider the following first boundary condition at v = (.

dr ;
(2] -
dy ),

—kC, =4q,
¢ =
k
Consider the following Second boundary condition at y = [,

_"[EJA =TT J+ o[ -TL ]

s

~kC, =.".=[l?'"2 —T,_]+!;(F|:(T3 ]_1 -7 }

Step 5

Eliminate the constant C1 from the two relations above gives the following expression for the
outer surface temperature T2.

—kC, = h|T, _T,_]+a:a[[?}}" —3::«]

o). Yoo ) -7

Gy =h[T,-T, ]+scr[(?3}* -7 ]

ST

Step &

h|T,-T, ]+

co[(T)' -7 |

Therefore, the temperature of the outer surface of the plate is




(©)

Find the outer surface temperature by using the equation,

G, = [T —TT_]+.T;(J'|:(T: ) - }

Substitute 30 W/m®-Kforh, 26°Cfor 7,07 for &, 5.67x10° W/m®.K'for o, 295K
for T,

Go = [T, ~T.]+eo| (1, +273)' - T, |
80000 =30 (7, -26)+0.7(5.67x10°* ) (T, +273)" - 295" |

Solve the equation for temperature,

T,=819.306°C

Therefore, outer surface temperature of the plate is (819.306°C




