Heat conduction with generation

2.23. A prototype nuclear reactor has a fuel element design consisting of a thin aluminum tube
(cladding) filled with the nuclear material. The resulting nuclear fuel pin is 2r, in diameter
where the subscript s denotes the nuclear material outer surface (or the cladding inner surface).

The interfacial temperature 7T, is measured via thermocouples. Parameters are:

gi' = 6.5 x 10’ W/m? T,=550K
ke=25W/m-K r, = 0.008 m

where subscript f denotes the nuclear fuel material. Determine the maximum temperature in

the nuclear fuel pin. Compare this with the temperature at r = 0.004 m.
From the last problem, the temperature in the nuclear material (rod) is given by
T=a-br?
where:

2 m 2 7 3
ng"_ SSOK + (0.008 m)* (6.5 x 10" W/m")
ak (25 Wim K)
=550+ 416 = 966 K
q" 6.5x 10" Wm®

=—— = (45X 2
& A EsWmK) oS X1 K/m

a=T,+

Thus, since 7 is maximum for » = 0 by inspection of (A),

Tox =7, =T(r=0)=a=96K

At r =0.004 m,

T =a-br’ =966 K - (6.5 x 10° K/m*){0.004 m)*
862 K

The reader should verify that eq. (1) yields 550K at r = 0.008 m = r,.

(7)

Resistance analogy for conduction and radiation
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A flat panel used on a spacecraft is fabricated from a single layer of SiC/SiC composite, 0.010 m
thick. The spacecraft has inner air temperature 7; = 298 K, and the spacecraft is in orbit with
the panel exposed only to deep space, where T, =0K (zero Kelvin). This material has
k.= 50W/m-K and ¢ = 0.8. The inner surface of the panel is exposed to airflow resulting in
h, = 70 W/m?-K. Determine the outer surface temperature T,. Determine g/A.

T, T,

oW,

q, 1k, Lk, 1A,

N

é
;

(a) ®)

Fig. 2-21

The electrical analog to this is shown in Fig. 2-21. Hence the heat flux is by (2.29) with £, instead
of h,

i _ T; - T(J
A (”El) + (Lx"rk{) + (”Er)

where
h, = €o(T; + 0)(T3 +0?) = €.0T3 = (0.8)(5.67 X 10* W/m*-K*) T} = 4.536 X 10™* W/m?-K* T}
So,
q (298 -0)K
A (70 (M KW + (0.01/5)(m*- K/W) + (1/4.536 X 107" W/m?-K* T3)] )

which can also be determined solely by radiation from the outer surface

% = €. 0(T4~ T?) = 0.8(5.67 X 10 * W/im?-K*)(T%) 2)

Combining expressions (1) and (2)

q _ 298 K
A [0.01428 + 0.002 + (1/4.536 X 107 T})]

= 4536 % 107 (T%)

Solving by trial and error and noting that 7, <298 K, the results are:

Assumed T, qiA by (1) ql/A by (2)
(K) {(W/m?) {(W/m?)
285 307.6 299.3
287 314.1 307.7
293 3338 3343
292 330.5 329.8
292.5 3321 332.03

A satisfactory solution is 7; = 292.5K and ¢g/A = 332 W/m?,

Critical thickness of Insulation
EXAMPLE 17-9 Heat Loss from an Insulated Electric Wire

A 17-mm-diameter and 5-m-long electric wire is tightly wrapped with a 2-mm-

thick plastic cover whose thermal conductivity is k = 0.15 W/m - °C. Electrical Q

measurements indicate that a current of 10 A passes through the wire and there
is a voltage drop of 8 V along the wire. If the insulated wire is exposed to a
medium at 7., = 30°C with a heat transfer coefficient of h = 12 W/m2 - °C, de-
termine the temperature at the interface of the wire and the plastic cover in
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IS a voltage drop Of ¥ V along the wire. IT the Insulated wire IS exposed 1o a
medium at 7, = 30°C with a heat transfer coefficient of h = 12 W/m?2 - °C, de-
termine the temperature at the interface of the wire and the plastic cover in
steady operation. Also determine whether doubling the thickness of the plastic
cover will increase or decrease this interface temperature.

SOLUTION An electric wire is tightly wrapped with a plastic cover. The inter-
face temperature and the effect of doubling the thickness of the plastic cover
on the interface temperature 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 centerline and no variation in the axial direction. 3 Thermal
conductivities are constant. 4 The thermal contact resistance at the interface is
negligible. 5 Heat transfer coefficient incorporates the radiation effects, if any.
Properties The thermal conductivity of plastic is given to be kK = 0.15
W/m - °C.

Analysis Heat is generated in the wire and its temperature rises as a result of
resistance heating. We assume heat is generated uniformly throughout the wire
and is transferred to the surrounding medium in the radial direction. In steady
operation, the rate of heat transfer becomes equal to the heat generated within
the wire, which is determined to be

Q=W =VIi=(8V)(10A) =80W

The thermal resistance network for this problem involves a conduction resis-
tance for the plastic cover and a convection resistance for the outer surface in
series, as shown in Fig. 17-32. The values of these two resistances are deter-
mined to be

A, = (2mr,) L = 27(0.0035 m)(5 m) = 0.110 m?
1 1
Ko = 52, = T2 Wim? ) 0.110 m)
o _lnnim) _ m@5LY
plasic = 27kl 27r(0.15 W/m - °C) (5 m)

= 0.76°C/W

= 0.18°C/W

and therefore

Rt = Rysc + Reony = 0.76 + 0.18 = 0.94°C/W

Then the interface temperature can be determined from

g T}R—Tm . Ty=T. + OR
otal

= 30°C + (80 W)(0.94°C/W) = 105°C

Note that we did not involve the electrical wire directly in the thermal resistance
network, since the wire involves heat generation.

To answer the second part of the question, we need to know the critical radius
of insulation of the plastic cover. It is determined from Eq. 17-50 to be

_k_015W/m-°C _ =
e = = 12 Wim-°C 0.0125 m = 12.5 mm

which is larger than the radius of the plastic cover. Therefore, increasing the
thickness of the plastic cover will enhance heat transfer until the outer radius
of the cover reaches 12.5 mm. As a result, the rate of heat transfer Q will in-
crease when the interface temperature T, is held constant, or 7, will decrease
when Q is held constant, which is the case here.
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of the cover reaches 12.5 mm. As a result, the rate of heat transfer Q will in-
crease when the interface temperature T, is held constant, or 7, will decrease
when Q is held constant, which is the case here.

Discussion It can be shown by repeating the calculations above for a 4-mm-
thick plastic cover that the interface temperature drops to 90.6°C when the
thickness of the plastic cover is doubled. It can also be shown in a similar man-
ner that the interface reaches a minimum temperature of 83°C when the outer

radius of the plastic cover equals the critical radius.

Composite Walls

[1.5¢em

cm

_1.5 cm
'

v 11 o v

: EXAMPLE 17-6 Heat Loss through a Composite Wall

= A 17-m-high and 5-m-wide wall consists of long 16-cm X 22-cm cross section
e horizontal bricks (k = 0.72 W/m - °C) separated by 17-cm-thick plaster layers

(k = 0.22 W/m - °C). There are also 2-cm-thick plaster layers on each side of
the brick and a 17-cm-thick rigid foam (k = 0.026 W/m - °C) on the inner side

m of the wall, as shown in Fig. 17-21. The indoor and the outdoor temperatures

are 20°C and —10°C, respectively, and the convection heat transfer coefficients
on the inner and the outer sides are h; = 10 W/m? - °C and h, = 25 W/m? - °C,
respectively. Assuming one-dimensional heat transfer and disregarding radia-

s tion, determine the rate of heat transfer through the wall.

SOLUTION The composition of a composite wall is given. The rate of heat
transfer through the wall is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change
with time. 2 Heat transfer can be approximated as being one-dimensional since
it is predominantly in the x-direction. 3 Thermal conductivities are constant.
4 Heat transfer by radiation is negligible.

Properties The thermal conductivities are given to be kK = 0.72 W/m - °C
for bricks, k = 0.22 W/m - °C for plaster layers, and k = 0.026 W/m - °C for the
rigid foam.

Analysis There is a pattern in the construction of this wall that repeats itself
every 25-cm distance in the vertical direction. There is no variation in the hori-
zontal direction. Therefore, we consider a 1-m-deep and 0.25-m-high portion of
the wall, since it is representative of the entire wall.

{"} Assuming any cross section of the wall normal to the x-direction to be
R R R R; R, R, isothermal, the thermal resistance network for the representative section of
Ty oot —ae Tcp the wall becomes as shown in Fig. 17-21. The individual resistances are eval-
R uated as:
FIGURE 17-21 1 e
Schematic for Example 17-6. Ri= Ro1 = Iy A (10 W/m? - °C)(0.25 X 1 m?) Bt
- G 0.03 m e
R = Roam = 34 = 0026 Wim - (0025 x 1m) ~ +OC/W
e e = 0.02 m
Ro = Rs = Ryasr e = 34 (0.22 W/m - °C)(0.25 X 1 m?)
= 0.36°C/'W
SN L _ 0.16 m
Ry = Rs = Rotasercomee = 37 (0.22 W/m - °C) (0.015 X 1 m?)
= 48.48°C/W
Ri= Ry =5 = L - 1.01°C/W
kA (0.72 W/m - °C)(0.22 X 1 m?)

i

= 0.16°C/W

R;= Reonyz = A (25 W/m?-°C)(0.25 X 1 m9)

The three resistances R3, Ry, and Rs in the middle are parallel, and their equiv-

alent resistance is determined from

1

h|u—

et ol
RmRR 48.48

= 0l A WG

1 48.48

1
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N A 0.16 m
Ri= R = 34~ 072 Wim - 0022 X Tm)

= e 1
Ro= Rom2 = 3,2 = 25 Wim? -°0)0.25 X 1)

= 1.01°C/W

= 0.16°C/W

The three resistances R3, R4, and Rs in the middle are parallel, and their equiv-
alent resistance is determined from

S 1 1 1

] e | S [T e
Re RIRTR T 1ol Bmas - HBWC

which gives

R = 0.97°C/W

Now all the resistances are in series, and the total resistance is

Roua =R+ R+ R+ R+ K +R,
=04+46+ 036+ 097 +0.36 +0.16
= 6.85°C/W

Then the steady rate of heat transfer through the wall becomes

Tsi=T., 20 =(=10)]°C
= = =438W 0.25 m? ;
Q R 6.85°C/W 43 (per 0.25 m?® surface area)

or 4.38/0.25 = 17.5 W per m? area. The total area of the wallis A=3m X 5
m = 15 m2. Then the rate of heat transfer through the entire wall becomes

Ot = (17.5 W/m?) (15 m?) = 263 W

Of course, this result is approximate, since we assumed the temperature within
the wall to vary in one direction only and ignored any temperature change (and
thus heat transfer) in the other two directions.

Discussion In the above solution, we assumed the temperature at any cross
section of the wall normal to the x-direction to be isothermal. We could also
solve this problem by going to the other extreme and assuming the surfaces par-
allel to the x-direction to be adiabatic. The thermal resistance network in this
case will be as shown in Fig. 17-22. By following the approach outlined above,
the total thermal resistance in this case is determined to be Ry, = 6.97°C/W,
which is very close to the value 6.85°C/W obtained before. Thus either ap-
proach would give roughly the same result in this case. This example demon-
strates that either approach can be used in practice to obtain satisfactory
results.

Adiabatic
lines

|

T. y s
2 | @AW —AMA— AW — AW~ T
|

FIGURE 17-22

Alternative thermal resistance
network for Example 17-6 for the
case of surfaces parallel to the
primary direction of heat

transfer being adiabatic.

EXAMPLE 17-8 Heat Loss through an Insulated Steam Pipe

Steam at T, = 320°C flows in a cast iron pipe (k = 80 W/m - °C) whose inner
and outer diameters are D; = 5 cm and D, = 5.5 cm, respectively. The pipe is
covered with 17-cm-thick glass wool insulation with kK = 0.05 W/m - °C. Heat is
lost to the surroundings at 7., = 5°C by natural convection and radiation, with
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: a combined heat transfer coefficient of h, = 18 W/m2 - °C. Taking the heat
m transfer coefficient inside the pipe to be h; = 60 W/m?2 - °C, determine the rate
m of heat loss from the steam per unit length of the pipe. Also determine the tem-
: perature drops across the pipe shell and the insulation.

SOLUTION A steam pipe covered with glass wool insulation is subjected to
convection on its surfaces. The rate of heat transfer per unit length and the
temperature drops across the pipe and the insulation 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 centerline and no variation in the axial direction. 3 Thermal
conductivities are constant. 4 The thermal contact resistance at the interface is
negligible.
Properties The thermal conductivities are given to be k = 80 W/m - °C for cast
iron and k = 0.05 W/m - °C for glass wool insulation.
hy Analysis The thermal resistance network for this problem involves four resis-
Tep tances in series and is given in Fig. 17-29. Taking L = 1 m, the areas of the
3 surfaces exposed to convection are determined to be

A, = 2w L = 2m(0.025 m)(1 m) = 0.157 m?
A; = 27l = 2m(0.0575 m)(1 m) = 0.361 m?

Insulation

Then the individual thermal resistances become
1

R, = Row1 = ,,%A = GOWiE *O) 0157 )~ *106°C/W
: e 5500 g e
R = Risuaion = ]';:'2/222) - 21r(0.(l)l]5(‘\)’.\;’/151:2~.3?)( 1 m) =i
T T T,
ey l R, : W}:’Yﬁwfﬂ . R, = Reny.2 = hzlA:, = 8 Wiz - °1C)(0.361 AR
FIGURE 17-29

Noting that all resistances are in series, the total resistance is determined to be
Roya=R+ R +R,+ R =0.106 + 0.0002 + 2.35 + 0.154 = 2.61°C/W

Schematic for Example 17-8.

Then the steady rate of heat loss from the steam becomes
—T., (320—95)°C

. T__El
Q=R ~ 261°CW

=121W (per m pipe length)

The heat loss for a given pipe length can be determined by multiplying the
above quantity by the pipe length L.

The temperature drops across the pipe and the insulation are determined
from Eq. 17-17 to be

ATppe = OR e = (121 W) (0.0002°C/ W) = 0.02°C
ATlnsulaum = QRInsulatIOn = (121 W)(ZSSOCIW) = 284°C

That is, the temperatures between the inner and the outer surfaces of the pipe
differ by 0.02°C, whereas the temperatures between the inner and the outer
surfaces of the insulation differ by 284°C.

Discussion Note that the thermal resistance of the pipe is too small relative to
the other resistances and can be neglected without causing any significant
error. Also note that the temperature drop across the pipe is practically zero,
and thus the pipe can be assumed to be isothermal. The resistance to heat flow
in insulated pipes is primarily due to insulation.
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Discussion Note that the thermal resistance of the pipe is too small relative to
the other resistances and can be neglected without causing any significant
error. Also note that the temperature drop across the pipe is practically zero,
and thus the pipe can be assumed to be isothermal. The resistance to heat flow

in insulated pipes is primarily due to insulation.
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