Important solved problems by Ref. Incropera — sixth edition

337 A thin electrical heater is wrapped around the outer sur-
face of a long cylindrical wbe whose inner surface is
maintained at a iemperaiore of 5°C. The wbe wall has
inner and outer radii of 25 and 75 mm. respectively, and
a thermal conductivity of 10 W/m - K. The thermal con
tact resistance between the heater and the outer surface of
the tube (per unit length of the mbe) is R . = 0.0] m- K/W,
The outer surface of the heater 15 exposed to a fluid with
T.=—10°C and a convection coefficien of h=
100 W/m® - K, Determine the heater power per unit length
of tbe required (o maintain the heaterat T, = 25°C

PROBLEM 3.37

KNOWN: Inner and outer radii of a tube wall which is heated electrically at its outer surface

and is exposed to a fluid of preseribed h and T,,. Thermal contact resistance between heater
and tube wall and wall inner swrface temperature.

FIND: Heater power per unit length required to maintain a heater temperature of 25°C.

SCHEMATIC:

P, _10223°C Electrical heater (2')

o 75 mm ¢ .h 100Wfm2-K
7225 0 = m:

mm T=5T TTTTmrlO’C

k=10W/[m-K Ryc = 0.01m-K/W

ASSUMPTIONS: (1) Steady-state condifions, (2) One-dimensional conduction. (3) Constant
properties. (4) Negligible temperature drop across heater.

ANATLYSIS: The thermal circuit has the form
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Applying an energy balance to a control surface about the heater.
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T

r_ 4] _Ti + TG _TW
In(t,/5) _,  (UVhaDg)
— o tRte
2wk i
o= (25-5) C . [25-(-10)] €
In(7Sty25mm) |, o, MK {lf(loOmez-Kxnxo.lsm)]
2rx10 Wm-K W

q'=(728+1649) W/m

q'=2377 W/m. <

COMNMIENTS: The conduction. contact and convection resistances are 0.0175, 0.01 and
0.021 m -K/W., respectively.

343 A 2-mm-diameter electrical wire is insulated by a
2-mm-thick rubberized sheath (k = 0.13 W/m - K), and
the wire/sheath interface 15 characterized by a thermal

contact resistance of R, =3x107"m’ K/W. The
convection heal transfer coefficient at the outer surface of
the sheath is 10 W/m® - K, and the temperature of the am-
bient air is 20°C. If the temperature of the insulation may
not exceed 50°C, what is the maximum allowable electri-
cal power that may be dissipated per unit length of the
conductor? What is the critical radius of the insulation?



PROBLEM 3.43

KNOWN: Diameter of electrical wire. Thickness and thermal conductivity of rubberized sheath.
Contact resistance between sheath and wire. Convection coefficient and ambient air temperature.
Maximum allowable sheath temperature.

FIND: Maximum allowable power dissipation per unit length of wire. Critical radius of insulation.

SCHEMATIC:

. Wire
Egen. D=2 mm

q‘ Tw.c
R{',C = 3x10% ma-K/W j‘ +—
Insulation, t =2 mm

k= U13meK
Tmax = 50°C

Tm:l Tin.o Tm

R R R
T = 200C t.c cond conv

h =10 W/im2-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction through insulation, (3)
Constant properties, (4) Negligible radiation exchange with surroundings.

ANATYSIS: The maximum insulation temperature corresponds to its inner surface and 1s
idependent of the contact resistance. From the thermal circuit, we may write
E, =q = Tin:i - I _ Till,i -Ts
g - ’ ’ - \
Reond T Reonv [EII (1]1'1;:- "Illllzi J# ‘Ek:l + {1 / 2;1'1]11“011}

where g ; =D/2=0.00lm, 5, o =5, ; +t=0.003m, and T ; =T, =50°C yields the maximum

allowable power dissipation. Hence,

(5s0-20)°C 30°C
- =451W/m <
n3 1 (1.35+531)m-K/W

N
2r%0.13W/m K 27(0.003m)10W /m” K

Eg,u:lax =

The critical msulation radius 15 also unaffected by the contact resistance and is given by

=E=W=O.{}13m=13mm <
h jow/m? K

Hence, tijp o < T'er and Eg max could be increased by increasing iy o up fo a value of 13 mm (t= 12
).

COMMENTS: The contact resistance affects the temperature of the wire, and for q' = ]'E:E_!_ma_,,1
=4.51W/m, the outer surface temperature of the wire 1s Ty o = Tinj +q Rj . =50°C +(4.51W/m)

(3>< 1074w’ fw]a‘ 7 (0.002m )= 50.2°C. Hence, the temperature change across the contact

resistance is negligible.



3.52 Steam flowing through a long, thin-walled pipe main-
tains the pipe wall at a uniform temperature of 500 K.
The pipe i1s covered with an insulation blanket comprised
of two different materials, A and B.

ky = 2 WimK

—— kg = 0.25 Wim+K

///’""'

The interface between the two materials may be as-
sumed to have an infinite contact resistance, and the
entire outer surface is exposed to air for which 7, =
300 K and A = 25 Wim’ - K.

(a) Sketch the thermal circuit of the system. Label
(using the above symbols) all pertinent nodes and
resistances.

(b) For the prescribed conditions, what is the total
heat loss from the pipe? What are the outer surface
temperatures 7, 54, and 7, 54,7

PROBLEM 3.52

KNOWN: Inner surface temperature of insulation blanket comprised of two semi-cyhindrical shells of different
materials. Ambient air conditions.

FIND: (a) Equivalent thermal circuit, (b) Total heat loss and material outer surface temperatures.

SCHEMATIC:
kaz2 Win K ry=50nm

— =25 WfmzK
S T.-300K

Lsam ry=100mm

kg =0.25 Wi K& T.,=500K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dumensional, radial conduction, (3) Infinite contact
resistance between materials, (4) Constant properties.

ANALYSIS: (a) The thermal circuit is,

Reonv.A =ReopyB =1/7 nh R;onde) ) R:onvA

FRPLICLLY. % L, =
i EEL 7

) In(r, /g ‘ )
R cond(B) :% Rondt i

The conduction resistances follow from Section 3.3.1 and Eq. 3.28. Each resistance 1s larger by a factor of 2 than
the result of Eq. 3.28 due to the reduced area.

(b) Evaluating the thermal resistances and the heat rate (q=q’s +q3 ).

-1
Reonv = (EXO- lmx25 Wm” . K ) =0.1273 m-K/'W



In(0.1m/0.05m)

Reond(A) = P =0.1103 m-K/'W Riond(B) =8 Reond(a) = 0-8825 m - K/W
r TS,] _TN TS}] _Tm
q- r ¥’ + r r
chnd{A) +Reony chud{B] +Reony
, 500-300)K 500-300)K
q= ( ) ( ) =(842+198) W/m=1040 W/m_ <
(0.1103+0.1273)m -K/'W  (0.8825+0.1273)m-K/W
Hence. the temperatures are
v ’ W m-K
T 5(a) = Ts1—9aRcond(a) = 500K—842Hx0. 1 103T = 407K <
ro W m-K
T52(B) = Ts.1 - 4BReond(p) = 00K ~ 198~ —-x0.8825 == =325K. <

COMMENTS: The total heat loss can also be computed from q'= (Ts,l -T. )r’ Requiv-

-1
# * -1 ’ # -1
where Requiyv :[(Rmd(A) +Rmm,,A) +(Rtond() +ReonvB ) ] =0.1923 m- K/W.

Hence q=(500-300)K/0.1923 m-K/W=1040 W/m.

3.60 A spherical vessel used as a reactor for producing phar-
maceuticals has a 10-mm-thick stainless steel wall (k=
17 W/m+ K) and an inner diameter of | m. The extenor
surface of the vessel is exposed to ambient air (7, =
25°C) for which a convection coefficient of 6 W/m’ K
may be assumed.

(2) During steady-state operation, an inner surface
temperature of 50°C is maintained by energy gener-
ated within the reactor. What is the heat loss from
the vessel?

(b) If a 20-mm-thick layer of fiberglass insulation (k =
0.040 W/m « K) is applied to the exterior of the ves-
sel and the rate of thermal energy generation is un-
changed, what is the inner surface temperature of
the vessel?



PROBLEM 3.60

KNOWN: Inner diameter, wall thickness and thermal conductivity of spherical vessel containing
heat generating medium. Inner surface temperature without insulation. Thickness and thermal
conductivity of insulation. Ambient air temperature and convection coefficient.

FIND: (a) Thermal energy generated within vessel, (b) Inner surface temperature of vessel with
msulation.

SCHEMATIC:
Insulation Tsa 9 "= fi50 m
ki = 0.04 Wim-K rz=0.51m T
r3=0.53m T 4nki["2 l'a] T
Stateel wall L AW
kw =17 WimK ERir> P v
T = 25°C a1 ] hded

f

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional, radial conduction, (3) Constant properties,
(4) Negligible contact resistance, (5) Negligible radiation.

Pharmaceuticals, égen h =6 W/m2-K

ANALYSIS: (a) From an energy balance performed at an instant for a control surface about the
pharmaceuticals, 'EE = q. in which case, without the insulation

T1-Ts (50-25)°C

Eg=q=
¢ 1 (11 1 1 (1 1 ]+ 1
ik, lg o 4m22h 4:r(1?w.#m-K}{o_som 051m ) 47(051m)? 6W/m? K

. 25°C
Eg=q= =489 W <

[1.84x10“‘+5.10x10‘2]K_.-*W

(b) With the insulation,

1 1 1 1 I 1 1
Li1=T.tq — P
: Arky |y ) dnkiln 3] a4 132 h

T, 1 =25°C+480W|[1.84x107* + 1 1 ]+ 1 K

4;:(0.04)[0.51_ 0.53 ) 4r(0.5326 |W

i K
T 1 =25°C+489W 1'84X10_4+0'14?+0'04T]W= 120°C <

COMMENTS: The thermal resistance associated with the vessel wall is negligible, and without the
msulation the domunant resistance is due to convection. The thermal resistance of the msulation 1s
approximately three times that due to convection.



3.72 A plane wall of thackness 0.1 m and thermal conductiv-
ity 25 W/m - K having uniform volumetric heat penera-
tion of 0.3 MW/m" is insulated on one side, while the
other side is exposed to a fiuid at 92°C. The convection
heat transfer coefficient between the wall and the fluid
is 500 W/m* - K, Determine the maximum lemperature
in the wall.

PROBLEM 3.72

KNOWN: Plane wall with infernal heat generation which is insulated at the inner surface and
subjected to a convection process at the outer surface.

FIND: Maximum temperature in the wall.

SCHEMATIC: /
k=25W[m-K
4t 9-03x10‘Wme

. r_ ® ’
Insufahoﬂ'_‘z’ | TTTh 5%20%/1#2
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ASSUMPTIONS: (1) Steady-state conditions. (2) One-dimensional conduction with uniform
volumetric heat generation. (3) Inner surface is adiabatic.

ANALYSIS: From Eq. 3.42, the temperature at the inner surface is given by Eq. 3.43 and is
the maximum temperature within the wall,

To = L% / 2k+T.
The outer surface temperature follows from Eq. 3.46,
T, =T, +dLh

3 W o .
T, =92 cr—0.3x105—3>< 0.1m/500W/m? - K=92°C+60°C=152°C.
m

It follows that

T, =0.3x108 W/m® x (0.1m)? / 2x 25W/m - K+152°C
T, =60"C+152°C=212"C. <

COMMENTS: The heat flux leaving the wall can be determined from knowledge of h. T,

and To. using Newton’s law of cooling.
Qrony = (T — Tee ) = 500W/m? - K (152—92)° C=30kW/m?.

This same result can be determined from an energy balance on the entire wall. which has the
form

Eg —Egut =0
where

Eg = qAL and Eout =Acony A
Hence,

Qrony = GL=0.3x10°W/m?> x 0. 1m=30kW/m".






