2-57 Consider a large plane wall of thickness L = (0.3 m,
thermal conductivity k& = 2.5 Wim-K, and surface area A =
12 n'. The left side of the wall at x = 0 is subjected 1o a net
heat flux of ¢q = 700 W/m® while the temperature at that sur-
face is measured to be T} = B80°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, (5} obtain a
relation for the variation of temperature in the wall by solving
the differentaal equation, and {c} evaluate the temperature of the
right surface of the wall at x = L. Answer: (¢} —4°C

dy_
T|_'_ —
=
1 -
- L X
FIGURE P2-57
2
4T o
ae®
and =k ‘”}”] = iy, = 700 Wim
[F

T = TI =HIPC

(&1 Integrating the differential equation twice with respect to o viclds

Tix)=Gr+0;
where O and 5 are arbitrary constants, Applying the boundary conditions
Heat flux at x = (k -kC) =gy = f,:-il
Temperaturc at k=0 T = x0+C; =T, = Oy =]

Substituting ¢ and C: into the general solution, the variation of temperature

; 700 Wim °
Tl==T0 T = T L R0PC = =280 + 80
Lr ) T T S wmc" C Bl

i) The temperature at x = L (the right surface of the wall) is
TOL)Y m =280 (0.3 m) + $0 = -4°C

Note that the right surface temperature is lower as expected.



2-59 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 7. = 257°C with a heat transfer
coefficient of h = 24 W/m*K. Assuming constant thermal
conductivity and no heat generation in the wall, (@) express the

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

d°T

rs

oy =

and /_i k

M=T7 = X Ti=20"C
T =T, =90°C A= m? er TE;T -
Tl =24 Wim-'
e T -Ta] L=04m

-}

LY
(B} Intezrating the differential equation twice with respect to 1 yields

ar .
dx

Tixn= C'I.1.'+C:

where O, and C; are arbitrary constants. Applying the boundary conditions give
=0k Ti=C x0+C, —= C; =T
Wi — T, T -1,
x=L: kG = HIG L+ O Tyl = G=—o2te) oM ")
i &+ il K+ il
Sohatituting ) and C, into the general solution, the variation of temperature is determined o be
BT -Tey

Tixyp= i +T,
z 3 _ 7 ]
__ (24 Wm0 w0 : 250 s OPC
(L8 Wim -0+ (24 Wim ™ - 2CHid m)
=M — )3

i) The rate of heat conduction through the wall 15
. dT hT,-T,)
-k — = RAC, kA —
@ dr : L+ bl
— (L8 Wi -=C)(30 m?) (24 Wim ™ Lo 2]
(1.8 Wi -7+ 124 Wim ™ -"C N4 m)

= TIROW



2—148 When a long section of a compressed air line passes
through the outdoors, it is observed that the moisture in the
compressed air freezes in cold weather, disrupting and even
completely blocking the air flow in the pipe. To avoid this
problem, the outer surface of the pipe i1s wrapped with elec-
tric strip heaters and then insulated. Consider a compressed
air pipe of length L = 6 m, inner radius r;, = 3.7 cm, outer
radius r, = 4.0 cm, and thermal conductivity k = 14 W/m-K
equipped with a 300-W strip heater. Air is flowing through
the pipe at an average temperature of —10°C, and the aver-
age convection heat transfer coefficient on the inner surface is
h = 30 W/m?K. Assuming 15 percent of the heat generated
in the strip heater is lost through the insulation, (a) express the
differential equation and the boundary conditions for steady
one-dimensional heat conduction through the pipe, (5) obtain a
relation for the variation of temperature in the pipe material by
solving the differential equation, and (c) evaluate the inner and
outer surface temperatures of the pipe.

i - O, O,  085x300W
‘T4, 2m,L 2x(0.04m)6m)

=169.1 W/m?

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

d[ dTJ:D S

Bl el
Heater
dr\ dr ” /’

4T A Y
r

o =ML - T()] Air, -10°C ), " )
LT

el X / 4

(b) Integrating the differential equation once with respect to r gives
dr

r—=
dr

and

G

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

ar_c
dr r

Tir)y=Clnr+C,

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

r=ry kﬂ=q"‘ - =4
r ’ k
c _
rer: kL KT, —(Can +Cy)] - Cy =T, | nn —— o, =1, —[ gy - K |42
r hry hry )k

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

T(n=C/Inr+T, - lnr]—i C, =T+ 1r11r—]nr]+L C, =T+ lnL+L L2
hry hry n hn )k

= 2
14 Wim-°C (169.1Wm*)(0.04m) _ oo
14 W/m-°C

=—]0°C+[]ni+

L +12.61
1 (30 W/m? -°C)(0.037 m)

n



(c) The inner and outer surface temperatures are determined by direct substitution to be

Inner surface (r=r): T(n)= —10+0.483{ln r—]+12.61) =-10+0.483(0+12.61)=-3.91°C
1

Outer surface (r=ry): T(n)=-10+ 0.483(]11 r_1+ 12.61] =-10+ 0.483[]11 {)ug'? + 12.61] =-3.87°C
h

Note that the pipe is essentially isothermal at a temperature of about -3.9°C.



2-99 A long homogeneous resistance wire of radius r, =
5 mm is being used to heat the air in a room by the passage
of electric current. Heat is generated in the wire uniformly at
arate of 5 X 107 W/m? as a result of resistance heating. If the
temperature of the outer surface of the wire remains at 180°C,
determine the temperature at r = 3.5 mm after steady opera-
tion conditions are reached. Take the thermal conductivity of
the wire to be k = 6 W/m-K. Answer: 207°C

1d [,. £)+ £ o
rdrl dr) &
and T(ny) =T, = 180°C (specified surface temperature)
dT(0)
dr
Multiplying both sides of the differential equation by r and rearranging gives

d{ dr\ g
—|r—|===r
drl dr k
Integrating with respect to r gives
dar  gr
Pl A o3 (a)
dr k2

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

=10 (thermal symmetry about the centerline)

Resistance wire

BCatr=0: 0xTO__& 0. 5 -0
dr 2k

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

dl £

s __ 5,

dr 2k
ad  T(=-Lr:0 (b)

4k -

Applying the other boundary condition at r = »,,
g . . g
B.C.at r=ur;: L=——r+C = Li=T+—r
[} £ 4.{' fﬁ 2 2 f | 4k o
Substituting this ; relation into Eq. (b) and rearranging give
Nry=T, +£I:ru1 —-rl)
oAk

which is the desired solution for the temperature distribution in the wire as a function of r. The temperature
2 mm from the center line (r = 0,002 m) is determined by substituting the known quantities to be

5x10" W/m®
4x(8W/ m.°C)

Thus the temperature at that location will be about 33°C above the temperature of the outer surface of the
wire.

70002 m) =T, + ﬁ{r.f —r)=180°C+ [(0.005 m)® —(0.002 m)’ | = 212.8°C



3-35 The wall of a refrigerator is constructed of fiberglass
insulation (kK = 0.035 W/m-K) sandwiched between two layers
of 1-mm-thick sheet metal (kK = 15.1 W/m-K). The refriger-
ated space is maintained at 3°C, and the average heat trans-
fer coefficients at the inner and outer surfaces of the wall are
4 W/m?-K and 9 W/m?-K, respectively. The kitchen tem-
perature averages 25°C. It is observed that condensation
occurs on the outer surfaces of the refrigerator when the
temperature of the outer surface drops to 20°C. Determine
the minimum thickness of fiberglass insulation that needs
to be used in the wall in order to avoid condensation on the
outer surfaces.

Analysis The minimum thickness of insulation can be determined
by assuming the outer surface temperature of the refrigerator to be
10°C. In steady operation, the rate of heat transfer through the
refrigerator wall is constant, and thus heat transfer between the
room and the refrigerated space is equal to the heat transfer
between the room and the outer surface of the refrigerator.
Considering a unit surface arca,

Q=h AT, —T,.,)=(0W/m*>C)(1 m*)(25-20°C=45W 1 mm L | mm

Using the thermal resistance network, heat transfer between the
room and the refrigerated space can be expressed as " .

msulation

rmnw - Trefng

. e ————— —

R Teater!

R,
o Trn AW A T
A
—_—t - +| - +—
hu k metal k insrlerion h:’

(25-3)°C
1 20001 m L 1
- -

3 3 + 3
IW/m*.°C 151 W/m".*C 0035W/m".*C 4W/m".°C
Solv ing for L, the minimum thickness of insulation is determined to be

£=0.0045 m= 045 cm

.

Lpeii )

O/ A=

Substituting,

45W/m” =




To defrost ice accumulated on the outer surface of an automobile windshield, warm air is
blown over the inner surface of the windshield. Consider an automobile windshield with
thickness of 5 mm and thermal conductivity of 1.4 W/m-K. The outside ambient temperature
is -10°C and the convection heat transfer coefficient is 200 W/m2-K, while the ambient
temperature inside the automobile is 25°C. Determine the value of the convection heat
transfer coefficient for the warm air blowing over the inner surface of the windshield nec-
essary to cause the accumulated ice to begin melting.

L L=5mm

I ™
Outside air, =10°C
h, = 200 Wim* K

Inside air, 25°C
i
FIGURE P3-41
Given data:

Thermal conductivity of the wind shield, % =1.4W/m-K.

Thickness of the wind shield, L =S5mm =0.005m.

Temperature of outside air, 7, =-10°C.

Temperature of inside air, 7, =25°C.

Heat transfer coefficient at the outer surface of the wind shield, /i, = 200 W/m*-K.

Temperature of the outer surface the wind shield, 7, = 0°C.

Step 2
- 1 E f) APAR)
< S
BTN ~ ~ ~ [
p LS wle wWird §\“€L.\
L'y
10°C K= 14 WIN’\—K k\m;(‘ \e ain
b o W\ WK 5¢C° ¢
A A
li=0¢t ™
NN R - “4

Figure 1 Schematic



The temperature of the outer surface of the wind shield assumed to be 7, = 0°C, since ihe

accumulated ice to begin melling. In order to determine ihe conveclive heat transfer
coefficient for the warm air blowing over inner surface of the wind shield, the heat flux
Ihrough the wind shield to be determined. Therefore, the heat fux through the wind shiekd
can be calculated as

g=h(T,-T, )
= 200(W/m’-K)<(0—(-10})
= 2000 W/m®

step 40 5

By using the ihermal resistance network approach, the total thermal resistance can be
calculated as

G AT
L
R =£
'?
Tei=Teu
R =—
q
{25-(=10))
- 2000(W/m®)
= (L0175 m’ - KW

The iotal thermal resistance per unit area can be expressed as
I L1
R =—4+—+—
oh ok hy
By re writing the abowve equation, the comvective heat transter coefficient for the wamn air
blowing ower Inner surface of the wind shield can be expressed as

T )

- N - i 0.005(K)
[ﬂ.ﬂl?ﬁ{m K/W) [sz Wim'-K) * 14Wim-K) )]

h,

=112Wm"-K

| =1 ]Iw.fm*.}qlTherelure. convective heal transfer coefficient is




