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3-2
Steady Heat Conduction in Plane Walls

3-1C The temperature distribution in a plane wall will be a straight line during steady and one dimensional heat transfer with
constant wall thermal conductivity.

3-2C In steady heat conduction, the rate of heat transfer into the wall is equal to the rate of heat transfer out of it. Also, the
temperature at any point in the wall remains constant. Therefore, the energy content of the wall does not change during steady
heat conduction. However, the temperature along the wall and thus the energy content of the wall will change during transient
conduction.

3-3C The thermal resistance of a medium represents the resistance of that medium against heat transfer.

3-4C Yes. The convection resistance can be defined as the inverse of the convection heat transfer coefficient per unit surface
area since it is defined as Rg,,, =1/(hA).

3-5C Convection heat transfer through the wall is expressed as Q = hA, (T, —T,,) . In steady heat transfer, heat transfer rate to

the wall and from the wall are equal. Therefore at the outer surface which has convection heat transfer coefficient three times
that of the inner surface will experience three times smaller temperature drop compared to the inner surface. Therefore, at the
outer surface, the temperature will be closer to the surrounding air temperature.

3-6C The combined heat transfer coefficient represents the combined effects of radiation and convection heat transfers on a
surface, and is defined as heombined = Neonvection + Nradiation- 1t Offers the convenience of incorporating the effects of radiation in
the convection heat transfer coefficient, and to ignore radiation in heat transfer calculations.

3-7C The convection and the radiation resistances at a surface are parallel since both the convection and radiation heat
transfers occur simultaneously.

3-8C The temperature of each surface in this case can be determined from
Q=T —T)/Rupss — T =Ty —(QR151)
Q=T ~T.)/ Ry —T5p =T,y +(QRy)

where R is the thermal resistance between the environment oo and surface i.

oo—i

3-9C Yes, itis.
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3-10C The blanket will introduce additional resistance to heat transfer and slow down the heat gain of the drink wrapped in a
blanket. Therefore, the drink left on a table will warm up faster.

3-11C The new design introduces the thermal resistance of the copper layer in addition to the thermal resistance of the
aluminum which has the same value for both designs. Therefore, the new design will be a poorer conductor of heat.

3-12C For a surface of A at which the convection and radiation heat transfer coefficients are h,,, and h,,4. the single
equivalent heat transfer coefficient is hgq, = hgoq, +Nrag When the medium and the surrounding surfaces are at the same

temperature. Then the equivalent thermal resistance will be Rgq, =1/(heq, A) .

3-13C The thermal resistance network associated with a five-layer composite wall involves five single-layer resistances
connected in series.

3-14C Once the rate of heat transfer Q is known, the temperature drop across any layer can be determined by multiplying

heat transfer rate by the thermal resistance across that layer, AT,,e = QRL,Wer

3-15C The window glass which consists of two 4 mm thick glass sheets pressed tightly against each other will probably have
thermal contact resistance which serves as an additional thermal resistance to heat transfer through window, and thus the heat
transfer rate will be smaller relative to the one which consists of a single 8 mm thick glass sheet.

3-16 The two surfaces of a wall are maintained at specified temperatures. The rate of heat loss through the wall is to be
determined.

Assumptions 1 Heat transfer through the wall is steady since the surface temperatures

remain constant at the specified values. 2 Heat transfer is one-dimensional since any . .\{\{?I.II I

significant temperature gradients will exist in the direction from the indoors to the o

outdoors. 3 Thermal conductivity is constant. EIJT:%IEF' L=0.3m

Properties The thermal conductivity is given to be k = 0.8 W/m-°C. LT .

Analysis The surface area of the wall and the rate of heat loss through the wall s Q

are 14°C —— 2°C
11 1 1

A=(3m)x(6m)=18m?

@4-2)°C
0.3m

Q:m%:(o.s W/m-°C)(18 m?) =576 W
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3-17 A person is dissipating heat at a rate of 150 W by natural convection and radiation to the surrounding air and surfaces.

For a given deep body temperature, the outer skin temperature is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat transfer coefficient is
constant and uniform over the entire exposed surface of the person. 3 The
surrounding surfaces are at the same temperature as the indoor air temperature. 4
Heat generation within the 0.5-cm thick outer layer of the tissue is negligible.

Properties The thermal conductivity of the tissue near the skin is given to
be k=0.3 W/m-°C.

Analysis The skin temperature can be determined directly from

. T —Tow
= KA 1 skin
Q L
Ty =T, — b _g70c_ (150 W)(0.005 m)2 ~35.5°C
kA (0.3 W/m-°C)(L.7 m?)

3-18E The inner and outer surfaces of the walls of an electrically heated house remain at specified temperatures during a

winter day. The amount of heat lost from the house that day and its cost are to be determined.

Assumptions 1 Heat transfer through the walls is steady since the surface temperatures of the walls remain constant at the
specified values during the time period considered. 2 Heat transfer is one-dimensional since any significant temperature

gradients will exist in the direction from the indoors to the outdoors. 3 Thermal conductivity of the walls is constant.
Properties The thermal conductivity of the brick wall is given to be k = 0.40 Btu/h-ft-°F.

Analysis We consider heat loss through the walls only. The total heat transfer area is

A=2(50x9+35x9) =1530 1 2 Wall
The rate of heat loss during the daytime is e
Quay = m@ = (0.40 Btu/h-ft - °F)(1530 ft 2)% = 6120 Btu/h : : : : : : : : :
The rate of heat loss during nighttime is -W_’ Q
NE
— (0.40 Btu/h-t -°F)(1530 % 2) w _ 12,240 Btu/h =
The amount of heat loss from the house that night will be
Q= %—)Q = QAt =10Q, +14Q g1 = (L0 h)(6120 Btu/h) + (14 h) (12,240 Btu/h)

=232,560Btu
Then the cost of this heat loss for that day becomes

Cost = (232,560 / 3412 KWh)($0.09/ KWh) = $6.13
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3-19 A circuit board houses 100 chips, each dissipating 0.06 W. The surface heat flux, the surface temperature of the chips,
and the thermal resistance between the surface of the board and the cooling medium are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the back surface of the board is negligible. 2 Heat is
transferred uniformly from the entire front surface.

Analysis (a) The heat flux on the surface of the circuit board is

_Q _(00x008)W _ o\

A, =(0.12m)(0.18 m) = 0.0216 m? ]
]

Q = hAs (Ts -T,)

T, =T, +—2 —40°C+ (1(;0x0.06)W -
hA, (10 W/m? -°C)(0.0216 m?)

67.8°C

(c) The thermal resistance is

A 0.0216m? B T,
(b) The surface temperature of the chips is :|/ .
]{
]

1 1
Reonv = = 2 2
hA, (10 W/m* -°C)(0.0216 m“)

=4.63°C/W

3-20 Heat is transferred steadily to the boiling water in an aluminum pan. The inner surface temperature of the bottom of the
pan is given. The boiling heat transfer coefficient and the outer surface temperature of the bottom of the pan are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional since the thickness of the bottom of the
pan is small relative to its diameter. 3 The thermal conductivity of the pan is constant.

Properties The thermal conductivity of the aluminum pan is given to be k = 237 W/m-°C.

Analysis (a) The boiling heat transfer coefficient is

2 2 — —
p =20 _7OBMT 049112
4 4 95°C
Q:hAs(Ts _Too) / 108°C
__ 9 - 820 w =1254 W/m?.°C
As(Ts=T,) (0.0491m?)(108—95)°C 800W | 5 cm
(b) The outer surface temperature of the bottom of the pan is
. T ~T,;
— kA s,outer s,inner
© L
Ts,outer = Ts,innerl + % =108°C + (800 W)(O-OOS m) I 08.3°C
kA (237 W/m-°C)(0.0491m*)
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3-21 A cylindrical resistor on a circuit board dissipates 0.15 W of power steadily in a specified environment. The amount of
heat dissipated in 24 h, the surface heat flux, and the surface temperature of the resistor are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat is transferred uniformly from all surfaces of the resistor.

Analysis (a) The amount of heat this resistor dissipates during a 24-hour period is

Q =QAt =(0.15 W)(24h) = 3.6 Wh

(b) The heat flux on the surface of the resistor is Q
2 2 .
A, =2 ”% 4 7DL = 2 7O003M) - 0.003m)(0.012m) = 0.000127 m? Eels'sss\’/r

. C 0.15W
q=g

_ _ 2
A, 0000127m2 LL79 Wim

(c) The surface temperature of the resistor can be determined from

Q:hAs(Ts _Too)——>TS :Tw+i:4ooc+ 0.15WwW

=171°C
hA (9 W/m? - °C)(0.000127 m?)

3-22 A power transistor dissipates 0.2 W of power steadily in a specified environment. The amount of heat dissipated in 24 h,
the surface heat flux, and the surface temperature of the resistor are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat is transferred uniformly from all surfaces of the transistor.

P a0

Analysis (a) The amount of heat this transistor dissipates during a
24-hour period is

Q =0At = (0.2 W)(24h) = 4.8 Wh=0.0048 KWh

(b) The heat flux on the surface of the transistor is

2
A =2 m° + DL Power
4 Transistor
0.2W

2
_p0005m)7 | 0,005 m)(0.004 m) = 0.0001021 m>

Q 02w

=== "  -1959 W/m?
A, 0.0001021m?

q
(c) The surface temperature of the transistor can be determined from

Q=hA (T, ~T,)— T, =T, + -2 =30°C + 0.2 W

=139°C
hA (18 W/m? - °C)(0.0001021m?)
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3-23 A double-pane window is considered. The rate of heat loss through the window and the temperature difference across the
largest thermal resistance are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer coefficients are constant.

Properties The thermal conductivities of glass and air are given to be 0.78 W/m-K and 0.025 W/m-K, respectively.
Analysis (a) The rate of heat transfer through the window is determined to be

AAT

Q=1 3

h, k

+——+—

k, h

o Lo bo 1
ka g o

g
(1x1.5m?)[20-(-20) PC

1 , 0004m ~ 0005m  0004m 1

40 W/m? -°C  0.78 W/m-°C ~ 0.025 W/m-°C = 0.78 W/m-°C ~ 20 W/m? -°C

2
_ (1x1.5m?%)[20-(-20)FC 210w
0.025+0.000513+ 0.2 +0.000513 +0.05

(b) Noting that the largest resistance is through the air gap, the temperature difference across the air gap is determined from

. L
AT, =OR, =Q—2 = (210 W) 0.005m —=28°C
Ky A (0.025 W/m-°C)(1x1.5m*)

3-24 The two surfaces of a window are maintained at specified temperatures. The rate of heat loss through the window and
the inner surface temperature are to be determined.

Assumptions 1 Heat transfer through the window is steady since the surface temperatures remain constant at the specified
values. 2 Heat transfer is one-dimensional since any significant temperature gradients will exist in the direction from the
indoors to the outdoors. 3 Thermal conductivity is constant. 4 Heat transfer by radiation is negligible.

Properties The thermal conductivity of the glass is given to be k = 0.78 W/m-°C.

Analysis The area of the window and the individual resistances are

A=(.2m)x(2.0m)=2.4m? Glass
1 1 L
Ri = Regpy1 = — = . —=0.04167 °C/W
" A (10 W/m?.°C)(2.4m?)
ass = = 0.006m = 0.00321°C/W > Q
kA (0.78 W/m°C)(2.4m*?)
1 1 Ty
Ro =Reonve = = 5 —=0.01667 °C/W
h,A (25 W/m?.°C)(2.4 m?)
Rtotal = Rconv,l + Rglass + Rconv,z
=0.04167 + 0.00321+ 0.01667 = 0.06155 °C/W
Ri quass Ro
The steady rate of heat transfer through window glass is then T WWW\: AMMAMA~ T..

o Ta~Ta _[24-(HIC _

= P —471IW
Row  0.06155°C/W

The inner surface temperature of the window glass can be determined from

Tool — Tl

Q= —T, =T,; —~QRynyz = 24°C — (471 W)(0.04167 °C/W) = 4.4°C

conv,1
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3-25 A double-pane window consists of two layers of glass separated by a stagnant air space. For specified indoors and
outdoors temperatures, the rate of heat loss through the window and the inner surface temperature of the window are to be
determined.

Assumptions 1 Heat transfer through the window is steady since the indoor and
outdoor temperatures remain constant at the specified values. 2 Heat transfer is
one-dimensional since any significant temperature gradients will exist in the
direction from the indoors to the outdoors. 3 Thermal conductivities of the glass
and air are constant. 4 Heat transfer by radiation is negligible.

Air

Properties The thermal conductivity of the glass and air are given to be Kgjass =
0.78 W/m-°C and k;, = 0.026 W/m-°C.

Analysis The area of the window and the individual resistances
are

A=(12m)x(2m)=2.4m?

. RO
R =R : : =0.04167 °C/W Tert A AN T2

PN T AT (10 Wim? °C) (2.4 m?)
L, 0.003m

R, =Ry = Ry, = —L = —0.00160°C/W

LR T AT (0.78 W/mPC)(2.4m?)

Ry = Rgir = e _ 0.012m —=0.19231°C/W
KA (0.026 W/m2C)(2.4m?)

Ro:Rconvzzi: :
“ h,A (25 W/m?.°C)(2.4m?)
Riotal = Reonut + 2Ry + Ry + Regny2 = 0.04167 + 2(0.00160) + 0.19231 + 0.01667
=0.25385°C/W

=0.01667 °C/W

The steady rate of heat transfer through window glass then becomes

o Ta-T [24-(C5FC_

- L _114W
Rom  0.25385°C/W

The inner surface temperature of the window glass can be determined from

Q:Tool -T

conv,1

— T, =T — QReopyz = 24°C — (114 W)(0.04167°C/W) = 19.2°C
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3-26 A double-pane window consists of two layers of glass separated by an evacuated space. For specified indoors and

outdoors temperatures, the rate of heat loss through the window and the inner surface temperature of the window are to be
determined.

Assumptions 1 Heat transfer through the window is steady since the indoor and outdoor temperatures remain constant at the
specified values. 2 Heat transfer is one-dimensional since any significant temperature gradients will exist in the direction from
the indoors to the outdoors. 3 Thermal conductivity of the glass is constant. 4 Heat transfer by radiation is negligible.

Properties The thermal conductivity of the glass is given to be Kgass = 0.78 W/m-°C.

Analysis Heat cannot be conducted through an evacuated space since the
thermal conductivity of vacuum is zero (no medium to conduct heat) and thus
its thermal resistance is zero. Therefore, if radiation is disregarded, the heat Vacuum
transfer through the window will be zero. Then the answer of this problem is
zero since the problem states to disregard radiation.

Discussion In reality, heat will be transferred between the glasses by
radiation. We do not know the inner surface temperatures of windows. In
order to determine radiation heat resistance we assume them to be 5°C and
15°C, respectively, and take the emissivity to be 1. Then individual
resistances are

A=(L2m)x(2m)=2.4m?

Ri Rl Rrad R3 Ro
1 1 T T
Ri =Ry = —— = = 0.04167 °C/W 21 AW AN T2
PN T h AT (10 Wim?.°C)(2.4 m?)
L .
Ry =Ry = Ryjess =7~ = 0.009m —=0.00160°C/W
kiA  (0.78 W/m?°C)(2.4m?)
R 1
rad —
go'A(TSZ + Tsurr2 )(Ts + Tourr)
_ 1
1(5.67 x107® W/m? .K*)(2.4 m?)[288% + 278%1[288 + 278]K *
=0.08103°C/W
1 1 .
Ry =Reonyz = =0.01667 °C/W

h,A ™ (25 W/m2.° C)(2.4 m?)
Riotal = Reonv1 + 2Ry + Rrag + Reony2 =0.04167 + 2(0.00160) + 0.08103 + 0.01667
=0.14257 °C/W
The steady rate of heat transfer through window glass then becomes

Q' _ Tool _Too2 _ [24 — (_5)] c =203 W
Row  0.14257°C/W

The inner surface temperature of the window glass can be determined from
R A, .
Q=-22 1 5T, =T,; ~QRny = 24°C — (203 W)(0.04167°C/W)=15.5°C

conv,1

Similarly, the inner surface temperatures of the glasses are calculated to be 15.2 and -1.6°C (we had assumed them to be 15
and 5°C when determining the radiation resistance). We can improve the result obtained by reevaluating the radiation
resistance and repeating the calculations.
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3-27 E Prob. 3-26 is reconsidered. The rate of heat transfer through the window as a function of the width of air space is
to be plotted.

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

"GIVEN"

A=1.2*2 [m"2]
L_glass=3 [mm]
k_glass=0.78 [W/m-C]
L_air=12 [mm]
k_air=0.026 [W/m-C]
T _infinity_1=24 [C]
T_infinity_2=-5 [C]
h_1=10 [W/m"2-C]
h_2=25 [W/m"2-C]

"ANALYSIS"

R_conv_1=1/(h_1*A)
R_glass=(L_glass*Convert(mm, m))/(k_glass*A)
R_air=(L_air*Convert(mm, m))/(k_air*A)
R_conv_2=1/(h_2*A)
R_total=R_conv_1+2*R_glass+R_air+R_conv_2
Q_dot=(T_infinity_1-T_infinity_2)/R_total

T _1=T infinity_1-Q_dot*R_conv_1
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3-28E A wall is constructed of two layers of sheetrock with fiberglass insulation in between. The thermal resistance of the
wall and its R-value of insulation are to be determined.

Assumptions 1 Heat transfer through the wall is one-dimensional. 2 Thermal conductivities are constant.

Properties The thermal conductivities are given to be —
ksheetrock =0.10 Btu/h-ft-°F and kinsulation = 0.020 Btu/h-ft-°F.
Analysis (a) The surface area of the wall is not given and thus we consider a unit
surface area (A = 1 ft?). Then the R-value of insulation of the wall becomes
equivalent to its thermal resistance, which is determined from.
L 0.7/121 = - -
R =R =Ry=—t=— """ 05833 2.°F.h/Btu
sheetrock = 71778 T, (0.10 Btu/h. 1.°F)
L
Rfibergla55:R2 =—2= 7712t :2917ﬂ20Fh/BtU
k, (0.020 Btu/h.ft.°F)
Riotal = 2Ry + R, =2x0.5833 + 29.17 = 30.34ft %.°F.h/Btu R: R, | Ra
(b) Therefore, this is approximately a R-30 wall in English units. _/W\/
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3-29 A very thin transparent heating element is attached to the inner surface of an automobile window for defogging purposes,
the inside surface temperature of the window is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the window is one-dimensional. 3 Thermal
properties are constant. 4 Heat transfer by radiation is negligible. 5 Thermal resistance of the thin heating element is
negligible.

Properties Thermal conductivity of the window is given

tobek=1.2 W/m- °C. Heating element
Analysis The thermal resistances are d,= 1300 W/m?
1 1 L
i T A Ry = and  Ryjn =+
h A h, A KA Inside air, 22 °C Rear window Outside air, -5 °C
h=15W/m?>-°C k=12W/m-°C h=100 W/m?-°C

From energy balance and using the thermal resistance
concept, the following equation is expressed:

Too,i _Tl+q A= Tl_Tao,O (
pA=— 7" L—J

Ri Ruwin +Ro I L=35mm
or =i h A= _ NiTeo R Ryin K,

l/(hi A) L/(kA) +1/(ho A) ._\/\/\/\"'\/W\/\'"\/\/\/\_‘
T T,-T T

0, 1 4 qh _ 1 0,0 .

1/h, L/k+1/h, @
22T 1300 Wi = n -5 2
1/15W/m®.°C (0.005m/1.2 W/m-°C)+(1/100 W/m" -°C)

Copy the following line and paste on a blank EES screen to solve the above equation:
(22-T_1)/(1/15)+1300=(T_1-(-5))/(0.005/1.2+1/100)

Solving by EES software, the inside surface temperature of the window is
T, =14.9°C

Discussion In actuality, the ambient temperature and the convective heat transfer coefficient outside the automobile vary with

weather conditions and the automobile speed. To maintain the inner surface temperature of the window, it is necessary to vary
the heat flux to the heating element according to the outside condition.
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3-30 A process of bonding a transparent film onto a solid plate is taking place inside a heated chamber. The temperatures
inside the heated chamber and on the transparent film surface are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal properties are constant. 4
Heat transfer by radiation is negligible. 5 Thermal contact resistance is negligible.

Properties The thermal conductivities of the

transparent film and the solid plate are given to T, Air 7= 70 W/m2-°C Transparent film
be 0.05 W/m - °C and 1.2 W/m - °C, respectively. \ ’ / k;=0.05 W/m-°C
Analysis The thermal resistances are o
L;=1mm ! :
1 - ]
Reonv = m
Solid plate
L L,=13mm k,= 1.2 W/m-°C T,=70°C
R =——
"k A
3
L
and Ry =—
k A
_ _ T,=52°C
Using the thermal resistance concept, the
following equation is expressed:
Rccnv Rf Rs
R NV AN AN
Rconv+ Rf - Rs
Tuo TI Tb TZ

Rearranging and solving for the temperature
inside the chamber yields

_ L;
T :Tb TZ(Rconv+Rf)+Tb Tb Tz(l } Tb

TR, L/k | h ok

(70-52)°C [ 1 0.001m

o = +70°C=127°C
©0.013m/1.2 W/m-°C\ 70 W/m? -°C 005 W/m- °C)
The surface temperature of the transparent film is

T-Th _T-T
Rf Rs

. Ly
le—TbR T2 R, 4T, TLb“IZ( ]+Tb
S

_ (70-52)°C ( 0.001m
=

+70°C=103°C
0.013m/1.2 W/m-°C\ 0.05 W/m-°C

Discussion If a thicker transparent film were to be bonded on the solid plate, then the inside temperature of the heated
chamber would have to be higher to maintain the temperature of the bond at 70 °C.
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3-31 Warm air blowing over the inner surface of an automobile windshield is used for defrosting ice accumulated on the outer
surface. The convection heat transfer coefficient for the warm air blowing over the inner surface of the windshield necessary
to cause the accumulated ice to begin melting is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the windshield is one-dimensional. 3 Thermal
properties are constant. 4 Heat transfer by radiation is negligible. 5 The automobile is operating at 1 atm.

Properties Thermal conductivity of the windshield is given to be k=1.4 W/m - °C.

Analysis The thermal resistances are

R = 1 L=5mm
R - 1
° hy A Outside air, -10 °C Windshield
— 2.0 _ .0
L h, = 200 W/im=C S LT Inside air, 25 °C
and Ruin = —
- it
From energy balance and using the thermal resistance
concept, the following equation is expressed: T,=0°C
Toc,o _Tl _ Tl _TOO,i RO Rwin Ri
o Runih AN SAN AN
Tl _Too,i
Ri = .o, Ro = Ruin
1 Tl _Too,i 1 L
or —=— | —-=
hy T,o-Tilhy) Kk

For the ice to begin melting, the outer surface temperature of the windshield (T, ) should be at least 0 °C. The convection heat
transfer coefficient for the warm air is

-1
h_ LHL
I Too,O _Tl ho K

[ (0-25)°C 1 ~0005m ]
(-10-0)°C{ 200 W/m? .°C/ 1.4W/m-°C

=112 W/m? .°C

Discussion In practical situations, the ambient temperature and the convective heat transfer coefficient outside the automobile
vary with weather conditions and the automobile speed. Therefore the convection heat transfer coefficient of the warm air
necessary to melt the ice should be varied as well. This is done by adjusting the warm air flow rate and temperature.
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3-32 The thermal contact conductance for an aluminum plate attached on a copper plate, that is heated electrically, is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal properties are constant. 4
Heat transfer by radiation is negligible.

Properties The thermal conductivity of the aluminum plate is given to be 235 W/m - °C.

Analysis The thermal resistances are

Air, 20 °C
. L h=67 W/m>-°C
cond — E
1 _ Aluminum plate
and  Regny =11 £=25mm k=235 W/m-°C
From energy balance and using the thermal resistance
concept, the following equation is expressed:
_ T,-T, T, =100°C
Qeiec A= /
Rc A+ Rcond + Rconv
Rconlacl Rcond Rconv
. T-T ;
o dueA= 1 VA YA YAnaVAVAVAV AR aVAVAVA
R. / A+ L/(kA) +1/(hA) T, T,

Rearranging the equation and solving for the contact resistance yields

T,-T
Rc = 1. = _L_l
Uelec k h

_ (100-20)°C  0.025m 1

=6.258x107° m? .°C/W

5300 W/m?  235W/m-°C 67 W/m? -°C
The thermal contact conductance is
he =1/ R, =16000 W/m? -°C

Discussion By comparing the value of the thermal contact conductance with the values listed in Table 3-2, the surface
conditions of the plates appear to be milled.
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3-33 The roof of a house with a gas furnace consists of a concrete that is losing heat to the outdoors by radiation and
convection. The rate of heat transfer through the roof and the money lost through the roof that night during a 14 hour period
are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The emissivity and T =100 K

thermal conductivity of the roof are constant. s Q
Properties The thermal conductivity of the concrete is given to be Tair =10°C /

k =2 W/m-°C. The emissivity of both surfaces of the roof is given L=15cm | V4 ]
to be 0.9. /

Analysis When the surrounding surface temperature is different than the ambient T,,=20°C

temperature, the thermal resistances network approach becomes cumbersome in
problems that involve radiation. Therefore, we will use a different but intuitive
approach.

In steady operation, heat transfer from the room to the roof (by convection
and radiation) must be equal to the heat transfer from the roof to the surroundings (by
convection and radiation), that must be equal to the heat transfer through the roof by
conduction. That is,

Q = Qroomto roof,convt+rad = Qroof,cond = Qroof tosurroundimys,conv+rad

Taking the inner and outer surface temperatures of the roof to be T, and Ts, respectively, the quantities above can be
expressed as

Qroomto roof,conv+rad — hi A(rroom _Ts,in ) + gAa(rroom4 _Ts,in4) = (5 W/m2 : OC)(300 m 2 )(20 _Ts,in )OC
+(0.9)(300m?)(5.67x10° Wim? -K*)[(20+273K)* - (T, +273K)* |

: Tsin —Ts.out . Tsin —Ts.out
Quaofcong = KA—="——= = (2 W/m-°C)(300m*) = ==

Qroof tosurr,conv+rad ho A(Ts,out _Tsurr) + 5A0-(rs,out4 _Tsurr4) = (12 W/m2 'OC)(3OO m2 )(Ts,out _1O)OC
+(0.9)(300 M?)(5.67x10% W/m? - K*)[(T, oy +273K)* — (100 K) ]
Solving the equations above simultaneously gives
Q=37,440W, T, =7.3°C,and T o, =—2.1°C

The total amount of natural gas consumption during a 14-hour period is

ans

_ Qumar _ QAL (37.440kJ/s)(14x3600s) (1 therm
0.80 0.80 0.80 105,500kJ

j = 22.36 therms

Finally, the money lost through the roof during that period is
Money lost = (22.36 therms)($1.20/ therm) = $26.8
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3-34 An exposed hot surface of an industrial natural gas furnace is to be insulated to reduce the heat loss through that section
of the wall by 90 percent. The thickness of the insulation that needs to be used is to be determined. Also, the length of time it
will take for the insulation to pay for itself from the energy it saves will be determined.

Assumptions 1 Heat transfer through the wall is steady and one-dimensional. 2 Thermal conductivities are constant. 3 The
furnace operates continuously. 4 The given heat transfer coefficient accounts for the radiation effects.

Properties The thermal conductivity of the glass wool insulation is given to be k =0.038 W/m-°C.

Analysis The rate of heat transfer without insulation is

A=(2m)(1.5m)=3m?
Insulation

Q=hA(T, —T,,) = (10 W/m? - °C)(3m?)(80 — 30)°C =1500 W

In order to reduce heat loss by 90%, the new heat transfer rate and Rinsulation R,

thermal resistance must be _/V\NV\N\/_ ‘WV\I’ To

Q=0.10x1500 W =150 W Ts ]
C AT Ry = AT _BOZ30C_; sagzeciwy
Rtotal Q 150 W

and in order to have this thermal resistance, the thickness of insulation must be

1 L
nsulation = m + E
_ 1 .\ L

(10 W/m? -°C)@3m?)  (0.038 W/m?°C)(3m?)
L =0.0342m =3.42cm

Rtotal = Rconv +R

=0.3333°C/W

Noting that heat is saved at a rate of 0.9x1500 =1350 W and the furnace operates continuously and thus 365x24 = 8760 h per
year, and that the furnace efficiency is 78%, the amount of natural gas saved per year is

Energy Saved = QuavegAt _ (1350 ki/s)(8760 h)(SGOOsj( 1 therm

— =517.4 therms
Efficiency 0.78 1h 105,500kJ

The money saved is
Money saved = (Energy Saved)(Cost of energy) = (517.4 therms)($1.10/therm) =$569.1 (per year)

The insulation will pay for its cost of $250 in

Money spent  $250

Payback period = =
Money saved ~ $569.1/yr

=0.439yr

which is equal to 5.3 months.
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3-35 The wall of a refrigerator is constructed of fiberglass insulation sandwiched between two layers of sheet metal. The
minimum thickness of insulation that needs to be used in the wall in order to avoid condensation on the outer surfaces is to be
determined.

Assumptions 1 Heat transfer through the refrigerator walls is steady since the temperatures of the food compartment and the
kitchen air remain constant at the specified values. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are constant.
4 Heat transfer coefficients account for the radiation effects.

Properties The thermal conductivities are given to be k = 15.1 W/m-°C for sheet metal and 0.035 W/m-°C for fiberglass
insulation.

Analysis The minimum thickness of insulation can be determined by assuming
the outer surface temperature of the refrigerator to be 20°C. In steady operation, ] ]
the rate of heat transfer through the refrigerator wall is constant, and thus heat insulation
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 area,

———————

Q =N, A(Tr00m _Ts,out) 1mm L 1mm
= (9 W/m? -°C)(1m?)(25 — 20)°C = 45 W

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

Ri | R Rins | Rs

Ro
Q' _ Troom _Trefrig Troom _/VVV\,_/VV\I _/VVV\,_ T refria

Rtotal

Troom _Trefrig

s T
—+2 — +| — +—
ho k metal k insulation hi

(25-3)°C

1 2x0.001m L 1

2 + 2 + 2 + 2
9W/m?-°C  15.1W/m?-°C  0.035 W/m?-°C 4 W/m? -°C

Q/A=

Substituting,

45 W/m? =

Solv ing for L, the minimum thickness of insulation is determined to be
L =0.004468 m =0.447 cm
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[13
3-36 E Prob. 3-35 is reconsidered. The effects of the thermal conductivities of the insulation material and the sheet metal
on the thickness of the insulation is to be investigated.

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

"GIVEN"

k_ins=0.035 [W/m-C]
L_metal=0.001 [m]
k_metal=15.1 [W/m-C]
T _refrig=2 [C]
T_kitchen=24 [C]
h_i=4 [W/m”2-C]
h_o0=9 [W/m"2-C]

T s out=20 [C]

"ANALYSIS"

A=1 [m”2] “a unit surface area is considered"
Q_dot=h_o*A*(T_kitchen-T_s_out)
Q_dot=(T_kitchen-T_refrig)/R_total
R_total=R_conv_i+2*R_metal+R_ins+R_conv_o
R_conv_i=1/(h_i*A)

R_metal=L_metal/(k_metal*A)
R_ins=(L_ins*Convert(cm, m))/(k_ins*A) "L_ins is in cm"
R_conv_o=1/(h_o*A)

kins I—ins 11 T T T T T T

[W/m.C] [cm] r

0.02 0.2553

0.025 0.3191

0.03 0.3829

0.035 0.4468

0.04 0.5106 —

0.045 0.5744 £

0.05 0.6382 —

0.055 0.702 2

0.06 0.7659 -

0.065 0.8297

0.07 0.8935

0.075 0.9573

0.08 1.021 ‘ ‘ ‘ ‘ ‘ ‘
0.02 0.03 0.04 0.05 0.06 0.07 0.08

kins [W/m-C]
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kmetal I—ins
[W/m.C] [cm]
10 0.4465
30.53 0.447
51.05 0.4471
71.58 0.4471
92.11 0.4471
112.6 0.4472
133.2 0.4472
153.7 0.4472
174.2 0.4472
194.7 0.4472
215.3 0.4472
235.8 0.4472
256.3 0.4472
276.8 0.4472
297.4 0.4472
317.9 0.4472
338.4 0.4472
358.9 0.4472
379.5 0.4472
400 0.4472
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0.447
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0.4467
0.4466

0.4465

0.4469

_T 0.4468
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100
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3-37 Heat is to be conducted along a circuit board with a copper layer on one side. The percentages of heat conduction along
the copper and epoxy layers as well as the effective thermal conductivity of the board are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional
since heat transfer from the side surfaces is disregarded 3 Thermal conductivities are

constant. Copper
Properties The thermal conductivities are given to be k = 386 W/m-°C for copper and /
0.26 W/m-°C for epoxy layers. 7—
Epox
Analysis We take the length in the direction of heat transfer to be L and the width of the poxy
board to be w. Then heat conduction along this two-layer board can be expressed as
C : AT AT
Q= Qcopper + eroxy = [kA_j + (kA_j
copper epoxy T
S
AT tcopper tepoxy
= [(kt)copper + (kt)epoxy}‘NT
Heat conduction along an “equivalent” board of thickness t = topper + tepoxy and thermal ‘
conductivity kegs can be expressed as
AT Q

. AT
Q= (kA—j = Kett (tcopper + tepoxy) W ——
board L

Setting the two relations above equal to each other and solving for the effective conductivity gives

(Kt) copper + (Kt)
keff (tcopper +tepoxy) = (kt)copper + (kt)epoxy 7 I(eff = opee o

tcopper +tepoxy

Note that heat conduction is proportional to kt. Substituting, the fractions of heat conducted along the copper and epoxy layers
as well as the effective thermal conductivity of the board are determined to be

(kt) copper = (386 W/m-°C)(0.0001m) = 0.0386 W/°C
(Kt) gpoxy = (0.26 W/m-°C)(0.0012 m) = 0.000312 WFC
(Kt) totar = (KE) copper + (Kt) gpory = 0.0386 +0.000312 = 0.038912 W/°C
~ (M)epoyy  0.000312
PO () o 0.038912

f _ (kt)copper _ 00386 _ 0 992 — 99 2%
OPPE (Kt) o 0.038912 .

f =0.008=0.8%

and

_ (386x0.0001+0.26x0.0012) W/°C

keff
(0.0001+0.0012) m

=29.9W/m.-C
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3-38E A thin copper plate is sandwiched between two layers of epoxy boards. The effective thermal conductivity of the
board along its 9 in long side and the fraction of the heat conducted through copper along that side are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-
dimensional since heat transfer from the side surfaces are disregarded 3

Thermal conductivities are constant. Copper
Properties The thermal conductivities are given to be k = 223 Btu/h-ft-°F for / —_
copper and 0.15 Btu/h-ft-°F for epoxy layers. Epoxy 7— Epoxy

Analysis We take the length in the direction of heat transfer to be L and the
width of the board to be w. Then heat conduction along this two-layer plate
can be expressed as (we treat the two layers of epoxy as a single layer that is

twice as thick) Ts
Q= Qcopper + eroxy 72 Tepoxy 8N o Y2 tepoxy
AT AT AT
:(kA_)copper+[kATjepoxy ) [(kt)copper+(kt)ep0xy}\/VT T— h
Heat conduction along an “equivalent” plate of thick ness t = tegpper + tepoxy
and thermal conductivity ke can be expressed as Q

. AT AT
Q= [kA_j = Ketr (toopper + Lepoxy) W=~
board

Setting the two relations above equal to each other and solving for the effective conductivity gives

(kt) +(kt)
keff (tcopper +tepoxy) = (kt) copper + (kt)epoxy kef‘f = PP el

tcopper +tepoxy

Note that heat conduction is proportional to kt. Substituting, the fraction of heat conducted along the copper layer and the
effective thermal conductivity of the plate are determined to be

(kt) opper = (223 Btu/h.f.°F)(0.03/12) = 0.5575 Btu/h.°F
(Kt) poxy = 2(0.15 Btu/h. &.°F)(0.15/12) = 0.00375 Btu/h°F
(kE) totat = (k) opper + (k) poxy = 0.5575 + 0.00375 = 0.56125 Btu/h °F

and

K (kt)copper+ (kt)epoxy
eff =
t +1

copper T tepoxy

0.56125 Btu/h.°F

- = 20.41Btu/h.ft°F
[(0.03/12) + 2(0.15/12)] &

f _ (kt)copper _ 0.5575 ~0.993=99.3%
O (@) 056125
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3-39 Two of the walls of a house have no windows while the other two walls have single- or double-pane windows. The
average rate of heat transfer through each wall, and the amount of money this household will save per heating season by
converting the single pane windows to double pane windows are to be determined.

Assumptions 1 Heat transfer through the window is steady since the indoor and outdoor temperatures remain constant at the
specified values. 2 Heat transfer is one-dimensional since any significant temperature gradients will exist in the direction from
the indoors to the outdoors. 3 Thermal conductivities of the glass and air are constant. 4 Heat transfer by radiation is
disregarded.

Properties The thermal conductivities are given to be k = 0.026 W/m-°C for air, and 0.78 W/m-°C for glass.

Analysis The rate of heat transfer through each wall can be determined by applying thermal resistance network. The
convection resistances at the inner and outer surfaces are common in all cases.

Walls without windows:

. . Wall
R = = - — =0.003571°C/W
hiA (7 W/m? -°C)(10x4m?) b
L - 31m?.°
Ryt = wall _ R —value _ 2.31m* -°C/W — 0.05775°C/W .
KA A (10x4m?) > Q
R, = - 1 ~ 0.001389°C/W
hoA (18 W/m? -°C)(10x 4 m?)
Riotal = Ri + Ryt + R, = 0.003571+0.05775+0.001389 = 0.06271°C/W
Then
Q B Tool _-|-OO2 B (24—8)°C 255 1W Ri Rwall Ro
" Reom | 006271C/W AWM~

Wall with single pane windows:
1 1

== > > =0.001786 °C/W

hiA (7 W/m®-°C)(20x4 m*)

L - 2.0
Ry = el — R—value _ 2.31m* -°C/W _ - 0.083382°CIW

kA A (20x4)-5(1.2x1.8) m

L
dlass = = 2.005m = 0.002968°C/W

KA (0.78 W/m2-°C)(1.2x1.8)m
1 1 s 1 1 5 1 Reqy = 0.000583 °C/W
Reqv Ruwal  Rguss 0.033382  0.002968

1 1
R, = = 2 2
ho A" (18 W/m*-°C)(20x4 m*)
Ryl = Ri +Regy + R, = 0.001786 +0.000583+ 0.000694 = 0.003063 °C/W

=0.000694 °C/W

Then

Toa—Te,  (24-8)°C

- =5224 W
Row  0.003063°C/W

0=
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4th wall with double pane windows:

Rglass Rair Rglass

L _ 31m?.o
Ryall = wall _ R —value _ 2.31m* -°C/W : — 0.033382°C/W

KA A (20x 4) -5(1.2x1.8)m

L
glass =~ = o000 = 0.002968°°C/W

KA (0.78 W/m? -°C)(L.2x1.8)m
L, )
= _ 0.015m — 0.267094°C/W

KA (0,026 W/m?-° C)(1.2x1.8)m?

Ruindow = 2Rgiass + Reir = 2% 0.002968+0.267094 = 0.27303°C/W
L1 . 1 1 1
Rev  Rual  Ruingow 0.033382  0.27303

Riotal = Ri +Reqy + Ro = 0.001786 +0.020717 +0.000694 = 0.023197 °C/W

Requ = 0.020717 °C/W

Then

OQola=Tez  (4-8C o4y
Row  0.023197°C/W

The rate of heat transfer which will be saved if the single pane windows are converted to double pane windows is

Qsave = Qsingle - Qdouble =5224-690=4534 W

pane pane

The amount of energy and money saved during a 7-month long heating season by switching from single pane to double pane
windows become

Quave = QuaveAt = (4.534 KW)(7x30% 24 h) = 22,851kWh
Money savings = (Energy saved)(Unit cost of energy) = (22,851 kWh)($0.08/kWh) = $1828
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3-40E Two of the walls of a house have no windows while the other two walls have 4 windows each. The ratio of heat
transfer through the walls with and without windows is to be determined.

Assumptions 1 Heat transfer through the walls and the windows is steady and one-dimensional. 2 Thermal conductivity of
each wall is constant. 3 Any direct radiation gain or loss through the windows is negligible. 4 Heat transfer coefficients are
constant and uniform over the entire surface.

Properties The thermal conductivity of the glass is given to be Kgss = 0.45 Btu/h-ft-°F. The R-value of the wall is given to be
19 h-ft*-°F/Btu.

Analysis The thermal resistances through the wall without windows are
A= (12 f)(40 ) = 4801 ?
1 1
Rj=1—= 2 2
hiA  (2Btu/h.t? -°F)(4801 °)
19h-ft 2°F/Btu

= W =0.03958 h -°F/Btu

1 1
R, = = 2 2
h,A  (4Btu/h-t°-°F)(4801 °)
Riotalz = Ri + Rwan +Ro
=0.0010417 +0.03958 + 0.00052 = 0.0411417 h - °F/Btu
The thermal resistances through the wall with windows are R; Ruwarl R,

Ayingows = 4(3x5) = 60 1t 2 e T

Avail = Avotal — Awindows = 480 —60 = 420 ft 2

Wall
=0.0010417 h-°F/Btu L

L
Ryall = —
wall A

v
QO.

—0.00052 h - °F/Btu T

L 0.25/12 Rols

R, = Rylass = — = : ~—=0.0007716 h-°F/Btu
KA (0.45Btu/h-ft -°F)(60 ft %) R, o .

wall

L 19h-t2-°F/Btu

R, =R, = 2N HBW G acoah oF/Btu

4 wall KA (420 & 2) —MNVVV\/—
t .ttt ! > Regy =0.00076 - h°F/Btu
Rew  Rglass Ruan  0.0007716 ' 0.04524

Riota2 = Ri + Reqy + R, =0.001047 +0.00076 +0.00052 = 0.002327 h - °F/Btu
Then the ratio of the heat transfer through the walls with and without windows becomes

QtotaI,Z _ AT/ RtotaI,Z _ Rtotal,l _ 0.0411417 _
Quotalr AT /Riptaiz Rioralz  0.002327

Discussion In case of heat transfer through the walls with widows, additional heat transfer may occur due to air infiltration
through the cracks around the window edges. Heat transfer calculations for building heating and cooling applications account
for this additional heat transfer through the ‘crack’ method.
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3-41 M An engine cover is subjected to convection heat transfer on the inner surface and the outer surface. The thickness
of a thermal barrier coating (TBC) layer applied on the engine cover outer surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are constant. 4
Thermal contact resistance at interface is negligible.

Properties The thermal conductivities of the stainless steel and the TBC are given to be k; = 14 W/m-K and k; = 1.1 W/m-K,
respectively.

Analysis The thermal resistances of different layers are

1 TBC
R =——  (inside surface convection resistance)
conv,1 hlA

L . .
R, =—~  (stainless steel layer resistance)

k A .
Engine cover
R, = kL_iA (TBC layer resistance) k=14 Wm'K
2
1 . . .
Reonv.2= TA (outside surface convection resistance)
2
Then,
ARtotaI = A(Rconv,1+ Rl + RZ + Rconv,Z)
1L L, 1
hl kl I(2 hZ
_ 1 N 0.01m N 0.004m N 1
7W/m - K 14W/m-K 11W/m-K 7 W/nm? K
=0.2901m? - K/W
and
1 1 2
AR =—=——"——=0.1429m" - KIW
M2, 7 Wi K

The heat flux through the layers is

Q TOO,l _Too,Z _ T2 _Too,Z

R
> T2 = o2 (roo,l _Too,2) +Too,2

q = —=
A ARtotaI ARconv,z Rtotal
, = 0.1429 (333-69)°C + 69°C = 199°C
0.2901

Yes, a TBC layer with a thickness of 4 mm will keep the engine cover surface below 200°C.

Discussion Since the calculated cover surface temperature of 199°C is very close to the required temperature of 200°C to
prevent fire hazard, it is recommended to increase the TBC layer thickness and use a TBC layer of lower thermal
conductivity. Doubling the TBC layer (8mm) would reduce the cover surface temperature to about 197°C, a reduction of 2°C.
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3-42 M To prevent hot spots on a machine surface from causing thermal burns, the thickness of an insulation to cover the
machine surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are constant. 4
Thermal contact resistance at interface is negligible.

Properties The thermal conductivities of the aluminum and the insulation are given to be k; = 237 W/m-K and k, = 0.06
W/m-K, respectively. The thermal contact conductance at the interface is given as 3000 W/m?K.

Analysis The thermal resistances of different layers are

L . . Insulation
R, =—=  (aluminum layer resistance)
1
Rinten‘ace - h A
C

Aluminum machine surface

R, = L (insulation layer resistance)
k, A k=237 W/m-K

Then,
1 L & 150°C

L
ARtotaI = A(Rl + Rinten‘ace + RZ) = k_l " h_ + k_
1 C 2

The heat flux through the layers is

. Q. T-T,  T,-T, 5> Loglh T (L 1
q L 2 = K3 q h

A_ARtOta|_ﬁ+i+7 ] kl
kl hc k2
L, = (0.06 Wim. k| 10— 490K -[ 0005m L j
300 W/m 237 W/m-K 3000 W/m* - K
=0.021m
=21mm

Discussion By covering the surface of the machine with 21mm of insulation, the surface temperature can be kept below 45°C.

Thermal Contact Resistance

3-43C The resistance that an interface offers to heat transfer per unit interface area is called thermal contact resistance, R .
The inverse of thermal contact resistance is called the thermal contact conductance.

3-44C The thermal contact resistance will be greater for rough surfaces because an interface with rough surfaces will contain
more air gaps whose thermal conductivity is low.
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3-45C Thermal contact resistance can be minimized by (1) applying a thermally conducting liquid on the surfaces before they
are pressed against each other, (2) by replacing the air at the interface by a better conducting gas such as helium or hydrogen,
(3) by increasing the interface pressure, and (4) by inserting a soft metallic foil such as tin, silver, copper, nickel, or aluminum
between the two surfaces.

3-46C An interface acts like a very thin layer of insulation, and thus the thermal contact resistance has significance only for
highly conducting materials like metals. Therefore, the thermal contact resistance can be ignored for two layers of insulation
pressed against each other.

3-47C An interface acts like a very thin layer of insulation, and thus the thermal contact resistance is significant for highly
conducting materials like metals. Therefore, the thermal contact resistance must be considered for two layers of metals
pressed against each other.

3-48C Heat transfer through the voids at an interface is by conduction and radiation. Evacuating the interface eliminates heat
transfer by conduction, and thus increases the thermal contact resistance.

3-49 The thickness of copper plate whose thermal resistance is equal to the thermal contact resistance is to be determined.
Properties The thermal conductivity of copper is k = 386 W/m-°C.

Analysis Noting that thermal contact resistance is the inverse of thermal contact conductance, the thermal contact resistance is
determined to be

R, = el :;2 =5.556 x10° m?.°C/W
he 18,000 W/m?.°C

For a unit surface area, the thermal resistance of a flat plate is defined as R :E where L is the thickness of the plate and k is
the thermal conductivity. Setting R =R_, the equivalent thickness is determined from the relation above to be
L =kR =kR, = (386 W/m-°C)(5.556 x10~> m? - °C/W)=0.0214 m = 2.14cm

Therefore, the interface between the two plates offers as much resistance to heat transfer as a 2.14 cm thick copper. Note that
the thermal contact resistance in this case is greater than the sum of the thermal resistances of both plates.
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3-50 Two cylindrical aluminum bars with ground surfaces are pressed against each other in an insulation sleeve. For
specified top and bottom surface temperatures, the rate of heat transfer along the cylinders and the temperature drop at the
interface are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is
one-dimensional in the axial direction since the lateral surfaces of

both cylinders are well-insulated. 3 Thermal conductivities are A

constant.

Interface

Bar Bar

Properties The thermal conductivity of aluminum bars is given to be
k =176 W/m-°C. The contact conductance at the interface of R SRR
aluminum-aluminum plates for the case of ground surfaces and of 20

atm ~ 2 MPa pressure is h, = 11,400 W/m2.°C (Table 3-2).

Analysis (a) The thermal resistance network in this case consists of two Ri Ratass Ro

conduction resistance and the contact resistance, and they are T —’V\NWV\/—’VWV\N\/—’WW\N\/— Ta

determined to be

1 1
R = =

contact hc Ac (11'400 W/m2 . °C)[7z‘(005 m)2 /4]
. L 0.15m

P YA T (176 Wim-°C)[2(0.05 m) /4]

=0.0447 °C/W

=0.4341°C/W

Then the rate of heat transfer is determined to be

T AT (150 - 20)°C

A
Q= Riotal  Reontact + 2Rbar  (0.0447 +2x0.4341) °C/W

=142.4W

Therefore, the rate of heat transfer through the bars is 142.4 W.

(b) The temperature drop at the interface is determined to be

ATinterface = QRCOmﬂCt = (142.4 W)(0.0447°C/W)=6.4°C
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3-51 A thin copper plate is sandwiched between two epoxy boards. The error involved in the total thermal resistance of the
plate if the thermal contact conductances are ignored is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional since the plate is large. 3 Thermal
conductivities are constant.

Properties The thermal conductivities are given to be k = 386 W/m-°C for copper plates and k = 0.26 W/m-°C for epoxy
boards. The contact conductance at the interface of copper-epoxy layers is given to be h, = 6000 W/m?2.°C.

Analysis The thermal resistances of different layers for unit surface

area of 1 m? are Copper
1 1 plate
R = = =0.00017 °C/W Epoxy Epoxy
ot T h Ac (6000 W/m? -°C)Lm?) |
I
Rplate = L = 0.001m = 2.6x1078 °c/w
KA (386 W/m-°C)(1m*)
Repoxy = L = 0.005m N 0.01923°C/W Q
KA (0.26 W/m-°C)(1m*?) 5mm| [5mm

The total thermal resistance is
Rtotal = 2Rcontact + Rplate + 2Repoxy
=2x0.00017 + 2.6 x107® + 2x0.01923 = 0.03880 °C/W

Then the percent error involved in the total thermal resistance of the plate
if the thermal contact resistances are ignored is determined to be

T
2R contact %100 = M %100 =0.88% T —/VW\/_/V\A/_/V\/V\/_/VV\/_/VVV\/— 2

Rio 0.03880

%Error =

R R
which is negligible. contact contact
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3-52 Two identical aluminum plates are pressed against each other, where the interface is filled with glycerin. The thermal
contact conductance of the glycerin is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal conductivity is constant.
Properties The thermal conductivity of the aluminum plates is given to be k = 237 W/m-K.
Analysis The thermal resistances of different layers are
1 L
Rinterface = m and Rplate = E
C
The total thermal resistance is

1 2L
Riotal = Rinterface + 2Rplate = h.A + KA
c

The rate of heat transfer through the layers is

_ AT
h, +2L/k

AT AT
1 2L
7_’_7
hoA kA

or (=

Q

> |O-

F'Ztotal

Thus, the thermal contact conductance of the glycerin is

-1 -1
h - ﬂ—é :[(SO—SO)K ~2(0.30m) } _ 30,810 W/m? - K
q k 7800 W/m? 237 W/m-K

Discussion By comparing the calculated value of h, = 30,810 W/m?K for glycerin with the value listed in Table 3-1 for
glycerin (37,700 W/m?K), the calculated value is about 18% lower. The discrepancy between the calculated h, and the value
listed in Table 3-1 may be due to the surface roughness of the aluminum plates that causes imperfect contact between plate
surface and glycerin.
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3-53 A two-layer wall is made of stainless steel and aluminum plates pressed together. The stainless steel surface is subjected
to uniform heat flux, while the aluminum surface is subjected to convection heat transfer. The surface temperature of the
stainless steel plate is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are constant.

Properties The thermal conductivities of the stainless steel and aluminum plates are given to be k; = 14 W/m-K and k, = 237
W/m-K, respectively. The thermal contact conductance of the stainless steel-aluminum interface with a surface roughness of
about 25 pum at an average pressure of 10 MPa is h, = 2900 W/m*K (Table 3-2).

Analysis The thermal resistances of different layers are

L . .
R, = A (stainless steel plate resistance)
1

1
Rinterface = h A
c

L . .
R, =—2  (aluminum plate resistance)

1
conv hear/A

R

The total thermal resistance is

Riotal = Ri + Rinterface + Rz + Reony

The heat flux through the layers is

g=Q_T-T.__ T-T.
A ARtotaI i.{_i.ﬁ.ﬁ_’_i
kl hc k2 hconv

The surface temperature of the stainless steel plate is

T =q[h+i+ﬁ+ij+nO
kl hC k2 hconv

0.005m N 1 0.015m 1

= (800 W/mz){ —+ + -
14 W/m-K 2900 W/m? - K~ 237 W/m-K 12 W/n? - K

} +20°C

=87.3°C

Discussion Among the thermal resistances considered in this problem, the convection resistance has the largest value.
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3-54 An aluminum plate and a stainless steel plate are pressed against each other. The impact of the plate surface roughness
on the temperature drop at the interface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional.

Properties From Table 3-2, the thermal contact conductance of the stainless steel-aluminum interface at an average pressure
of 20 MPa is h¢ ougn = 3600 W/m*K (for roughness = 20 um) and h¢ smootn = 20,800 W/m*K (for roughness = 2 um).

Analysis The heat rate through the interface is

Q' _ ARTinterface _ ATinierface or

interface =

h.A

ATinterface = QRinterface
Thus,

1
(ATinterface)rough Q(Rinteﬁace)rough [hC,FOUghA] _ hc,smooth

(ATinterface)smooth Q(Rinteﬁace )smooth ( 1 J hc,rough
h

c,smoothA

(ATinterface )rough _ 20,800 W/n? - K _
(ATinten‘ace)smooth 3600 V\//m2 -K

5.78

If the surface roughness of the plates is increased by tenfold, then the temperature drop at the interface would increase by
about a factor of six

Discussion Thus, thermal contact resistance between two plates can be minimized by reducing the plate surface roughness or
by increasing the contact pressure.
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3-55 A thin electronic component is cooled by dissipating heat through a heat sink attached on its top surface. There is
contact resistance at the interface of the electronic component and the heat sink, and the temperature of the electronic
component is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 The electronic component maintains a
constant temperature.

Properties The thermal contact conductance at the electronic component/heat sink interface is given as h, = 25,000 W/m?K,
the combined convection and radiation thermal resistance of the heat sink is given as 1.3 K/W.

Analysis The thermal resistances of different layers are

1 1

2 =0.000421 K/W
heA (25,000 W/m? - K)(950 cm?)(1/100 m/cm)?

interface —

Rheatsink = 1.3 KIW
The total thermal resistance is

Riotal = Rinterface + Rheatsink =1.300421 KIW
The rate of heat transfer through the layers is
AT T,-T,

Rtotal Rtotal

Q =
The temperature of the electronic component is

T, = QR + T, = (45 W)(1.300421 K/W) + 30°C = 88.5°C

The contact resistance at the interface is only about 0.03% (0.000421/1.300421) of the total thermal resistance, thus it is
negligible in this case and does not play a significant role in the heat dissipation.
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3-56 An engine cover made with two layers of metal (stainless steel and aluminum) pressed together. Both the inside and
outside surface is subjected to convection heat transfer. The heat flux through the engine cover is to be determined

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are constant.

Properties The thermal conductivities of the stainless steel and aluminum plates are given to be k; = 14 W/m-K and k, = 237
W/m-K, respectively. The thermal contact conductance of the stainless steel-aluminum interface with a surface roughness of
about 23 um and at an average pressure of 20 MPa is h, = 3600 W/m?-K (Table 3-2).

Analysis The thermal resistances of different layers are

1 . . .
R =——  (inside surface convection resistance)
conv,1 hlA

L . .
R, = ﬁ (stainless steel layer resistance)
1

1
Rinterface = h A
c

L . .
R, = ﬁ (aluminum layer resistance)

2

conv,2 = TA (outside surface convection resistance)
2

The total thermal resistance is

Rtotal = Rconv,l+ R1 + Rinterface + RZ + Rconv,2

The heat flux through the layers is

G= Q _To1=Tw2
A ARtotal
Too,l W

B (150 — 40) K B ,
= 1 0.010m 1 0.005m 1 =780 W/m

5+ — s+ —t 5
10W/m*-K 14W/m-K 3600 W/m"-K 237 W/m-K 25W/m-K

Discussion The contact resistance at the interface is about 0.2% of the total thermal resistance.
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3-57 An Inconel® plate covered with a layer of thermal barrier coating (TBC). The plate is exposed to hot combustion gases
with known convection heat transfer coefficient. The temperature of the surface exposed to the hot gases is to be determined.
Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are constant.

Properties The thermal conductivities of the Inconel® and the thermal barrier coating are given to be k; = 25 W/m-K and k, =
1.5 W/m-K, respectively. The thermal contact conductance at the interface is given as h, = 10,500 W/m*K.

Analysis The thermal resistances of different layers are

L .
R, =—=  (Inconel layer resistance)

1
Rinterface =
Intertace hCA
L,

R, =—2
27 KA

(TBC layer resistance)

Then,

ARtotaI = A(Rl + Rinterf"ace + RZ + Rconv)
L, 1. L. 1
k, h. k, h
_0012/2m 1 +300><10*6mJr 1
25W/m-K 10500 W/m? -K ~ 1.5W/m-K 750 W/m? - K

=0.001869 m? - K/W

and

i1
h 750 Win? - K

The heat flux through the layers is

. Q_T-T, T.-T
A ARconv ARtotaI

=0.001333m? - K/W

conv =

Thus,

Tl :Too - ARtOtéﬂ (Too _TZ)
ARCOnV

2
~0.001869 m K/VV\\; (1500 —1200)°C

0.001333m? - K/
=1080°C

Discussion If the contact resistance is neglected in the analysis, the mid-plane temperature would be 1100°C.

=1500°C
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Generalized Thermal Resistance Networks

3-58C Two approaches used in development of the thermal resistance network in the x-direction for multi-dimensional
problems are (1) to assume any plane wall normal to the x-axis to be isothermal and (2) to assume any plane parallel to the x-
axis to be adiabatic.

3-59C The thermal resistance network approach will give adequate results for multi-dimensional heat transfer problems if
heat transfer occurs predominantly in one direction.

3-60C Parallel resistances indicate simultaneous heat transfer (such as convection and radiation on a surface). Series
resistances indicate sequential heat transfer (such as two homogeneous layers of a wall).

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.




3-38

3-61 A wall is to be constructed of 10-cm thick wood studs or with pairs of 5-cm thick wood studs nailed to each other. The
rate of heat transfer through the solid stud and through a stud pair nailed to each other, as well as the effective conductivity of
the nailed stud pair are 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 The thermal
contact resistance between the two layers is negligible. 4 Heat transfer by radiation is disregarded.

Properties The thermal conductivities are given to be k = 0.11 W/m-°C for wood studs and k = 50 W/m-°C for manganese
steel nails.

Analysis (a) The heat transfer area of the stud is A = (0.1 m)(2.5 m) = 0.25 m?. The thermal resistance and heat transfer rate
through the solid stud are

L 0.1m

R. = _ =3.636°C/W Stud
97 KA T (0.11 W/m-°C)(0.25m?) .
. o L
G- AT __8C _,ow
Reyg 3.636°C/W
(b) The thermal resistances of stud pair and nails are in parallel > Q
2 2
Poais = 50 ”'Z - 50[”(0'004 m) } - 0.000628 m” T, T,
Ryaits :LZ 01m > =3.18°C/W
kA (50 W/m-°C)(0.000628 m?)
Reg = - = 01m —~3.65°C/W T o T
d T A T (011 W/m-°C)(0.25—0.000628 M%) bW
t .t t.1 R =1.70°C/W
Rtotal Rstud Rnails 365 318
AT 8°C

4.7TW

Q=R “L70°CW
(c) The effective conductivity of the nailed stud pair can be determined from

9=k, Ag_)keﬁ _ QL _ (47wW)(0.1m)
L ATA  (8°C)(0.25m?)

=0.235W/m.°C
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3-62E The thermal resistance of an epoxy glass laminate across its thickness is to be reduced by planting cylindrical copper
fillings throughout. The thermal resistance of the epoxy board for heat conduction across its thickness as a result of this
modification is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the plate is one-dimensional. 3 Thermal
conductivities are constant.

Properties The thermal conductivities are given to be k = 0.10 Btu/h-ft-°F for epoxy glass laminate and k = 223 Btu/h-ft-°F for
copper fillings.

Analysis The thermal resistances of copper fillings and the epoxy board are in parallel. The number of copper fillings in the
board and the area they comprise are

A = (6/121) (8/12 1) = 0.33331 2

0.3333ft 2 _ R
n = =13,333 (number of copper fillings copper
oPPer = 0.06/12 1) (0.06/12 f) ( pper fillings)
2 2
Acopper = nﬂ% =13,333w =0.02909 ft

Acpoxy = Protat — Acopper = 0.3333—0.02909 = 0.3042 ft > Reposy

The thermal resistances are evaluated to be

Rcopper=£= 005712t —=0.0006423 h - °F/Btu
KA~ (223 Btu/h-t - °F)(0.02909 ft *)
L 0.05/121

Repoxy = 1 = —=0.1370h - °F/Biu
KA (0.10 Btu/h- ft - °F)(0.3042 1t 2)

Then the thermal resistance of the entire epoxy board becomes
1 1 1 1 1

= + = +
Rooard Reopper Repoyy 0.0006423 ~ 0.1370

Rpoarg =0.00064h - °F/Btu
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3-63 A coat is made of 5 layers of 0.1 mm thick synthetic fabric separated by 1.5 mm thick air space. The rate of heat loss
through the jacket is to be determined, and the result is to be compared to the heat loss through a jackets without the air space.
Also, the equivalent thickness of a wool coat is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer through the jacket is
one-dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients account for the radiation heat transfer.

Properties The thermal conductivities are given to be k = 0.13 W/m-°C for synthetic fabric, k = 0.026 W/m-°C for air, and k =
0.035 W/m-°C for wool fabric.

Analysis The thermal resistance network and the individual thermal resistances are

Ry R Rs R4 Rs Re Rs Rs Rg

Ro
T AMA—AMN—AM—AMN—AMN A~~~ W= T2

L 0.0001m
Riabric = Ry = Ry = Rg = Ry = Ry = — =
fore 7T TR TS T A (0,13 W/m-°C)(L.25 m?)

Ryir =Ry =Ry =Rg =Ry == = 0OM g oas2°crw
kA (0.026 W/m-°C)(L.25m?)

=0.0006154 °C/W

1 1
~hA (25 W/m? -°C)(1.25m?)
Rigtal = SR apric + 4Ry + Ry =5x 0.0006154 + 4 x 0.0462 + 0.0320 = 0.2199 °C/W

=0.0320°C/W

0

and

o Ta-T_ (@8-00C _ .\,
Row  0.2199°C/W

If the jacket is made of a single layer of 0.5 mm thick synthetic fabric, the rate of heat transfer would be

0= Ta T Ta-To (28-0)°C

= = —_=798W
Row 5% Rppric+ Ry (5% 0.0006154 + 0.0320) °C/W

The thickness of a wool fabric that has the same thermal resistance is determined from

L 1
Riotal = Rfvz\alt??i:: +R, = E + m
0.2199°C/W = L 3 +0.0320—— L =0.00822 m =8.22mm
(0.035 W/m-°C)(1.25m*)
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3-64 A Kkiln is made of 20 cm thick concrete walls and ceiling. The two ends of the kiln are made of thin sheet metal covered
with 2-cm thick styrofoam. For specified indoor and outdoor temperatures, the rate of heat transfer from the kiln is to be
determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer through the walls and
ceiling is one-dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients account for the radiation heat
transfer. 5 Heat loss through the floor is negligible. 6 Thermal resistance of sheet metal is negligible.

Properties The thermal conductivities are given to be k = 0.9 W/m-°C for concrete and k = 0.033 W/m-°C for styrofoam
insulation.

Analysis In this problem there is a question of which surface area to use. We will use the outer surface area for outer
convection resistance, the inner surface area for inner convection resistance, and the average area for the conduction
resistance. Or we could use the inner or the outer surface areas in the calculation of all thermal resistances with little loss in
accuracy. For top and the two side surfaces:

Ri Rconcrete Ro
T AMWAAMAA - To
R, = L . ! =0.0071x107* °C/W
hiAi (3000 W/m? -°C)[(40 m)(13-1.2) m]
Regnree = —— = 0.2m — 4.480x107% °C/W
kA, (0.9 W/m-°C)[(40m)(13—-0.6) m]
1 1

=0.769x10~4 °C/W

° heA,  (25W/mZ -°C)[(40 m)(13m)]
Riotar = Ri + Reoperets + Ro = (0.0071+4.480+0.769) x10 ™4 =5.256x10~* °C/W

Tin _Tout _ [40 - (_4)]OC

r =83,700 W
Rotal  5.256x10~* °C/W

and Qtop+sides =
Heat loss through the end surface of the kiln with styrofoam:

Ri Rstvrofoam Ro

o ANV~ Tos

. 5 : —=0.201x10"* °C/W
hi Al (3000 W/m? -°C)[(4—0.4)(5-0.4) m?]
Rstyrofoam = = = 0.02m o= 0.0332°C/W
KAye  (0.033W/m-°C)[(4—0.2)(5-0.2) m?]
L L =0.0020°C/W

®hyA,  (25W/m? -°C)[4x5m?]
Riotal = Ri + Regyrpfoam+ Ro = 0.201x10™* +0.0332+0.0020 = 0.0352 °C/W/

_ Tin _Tout _ [40_(_4)]OC

and ' = = =1250 W
Qend surface Rtotal 0.0352 °C/W

Then the total rate of heat transfer from the kiln becomes

Qtotal = Qtop+sides + 2Qside =83,700+2x1250 = 86,200 W
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[13
3-65 E Prob. 3-64 is reconsidered. The effects of the thickness of the wall and the convection heat transfer coefficient on
the outer surface of the rate of heat loss from the kiln are to be investigated.

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

"GIVEN"
width=5 [m]
height=4 [m]
length=40 [m]
L_wall=0.2 [m]

k_concrete=0.9 [W/m-C]

T_in=40 [C]
T _out=-4 [C]
L_sheet=0.003 [m]

L_styrofoam=0.02 [m]

k_styrofoam=0.033 [W/m-C]

h_i=3000 [W/m"2-C]

h_0=25 [W/m”2-C]

"ANALYSIS"

R_conv_i=1/(h_i*A_1)

A_1=(2*height+width-6*L_wall)*length
R_concrete=L_wall/(k_concrete*A_2)
A_2=(2*height+width-3*L_wall)*length

R_conv_o=1/(h_o*A_3)

A_3=(2*height+width)*length
R_total top_sides=R_conv_i+R_concrete+R_conv_o
Q_dot_top_sides=(T_in-T_out)/R_total_top_sides "Heat loss from top and the two side surfaces"

R_conv_i_end=1/(h_i*A_4)
A_4=(height-2*L_wall)*(width-2*L_wall)

R_styrofoam=L_styrofoam/(k_styrofoam*A_5)

A_5=(height-L_wall)*(width-L_wall)
R_conv_o_end=1/(h_o*A_6)

A_6=height*width

R_total_end=R_conv_i_end+R_styrofoam+R_conv_o_end

Q_dot_end=(T_in-T_out)/R_total_end "Heat loss from one end surface

Q_dot_total=Q_dot_top_sides+2*Q_dot_end

Qtotal [VV]

I—wall Qtotal
[m] (W]
0.1 151098
0.12 131499
0.14 116335
0.16 104251
0.18 94395
0.2 86201
0.22 79281
0.24 73359
0.26 68233
0.28 63751
0.3 59800
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h02 Qtotal 95000 ———————————————————————————
[Wim”.C] W] i
5 54834 90000
10 70939 65000
15 78670 i
20 83212 80000
25 86201 2 ool
30 88318 3 _
35 89895 & 70000
40 91116 !
45 92089 65000
50 92882 60000
55000.
50000- L L L 1 L 1 n 1 L 1 L 1 L 1 L L L
5 10 15 20 25 30 35 40 45 50

ho [W/m?-C]
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3-66 A typical section of a building wall is considered. The average heat flux through the wall is to be determined.
Assumptions 1 Steady operating conditions exist.

Properties The thermal conductivities are given to be ka3, = 50 W/m-K, ka3, = 0.03 W/m-K, ki, = 0.5 W/m-K, ks, = 1.0
Wim-K.

Analysis We consider 1 m? of wall area. The thermal resistances are 012 3 4 5
t1o 0.01m
Rz = ko (05 W/m-°C)
12 (0.5W/m-°C)
La
t23 T
Kaza(la +Lp)

=0.02m? .°C/W

Roza =

— (0.08m) 06m — 2.645m2 -°C/W
(0.03 W/m-°C)(0.6+ 0.005)

Lb
[ Sy re—
Kaap(La +Lp)
— (0.08m) 0.005m ~1.32x1075 m? -°C/W
(50 W/m-°C)(0.6+ 0.005)
Y 0.1m

yp=——="————=01 m? -°C/W

Rog =

The total thermal resistance and the rate of heat transfer are

R23 R23b
Ri = Ryp 4| —22-20 |4 R
total 12 (R23a+R23b 34

1.32x107°
2.645+1.32x107°

=0.02+2.645[ J+0.1=o.120 m? .°C/W

- =125W/m?
Riom  0.120m?-C/W
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3-67 A wall consists of horizontal bricks separated by plaster layers. There are also plaster layers on each side of the wall, and
a rigid foam on the inner side of the wall. 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 through the wall is one-
dimensional. 3 Thermal conductivities are constant. 4 Heat transfer by radiation is disregarded.

Properties The thermal conductivities are given to be k = 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 We consider 1 m deep and 0.33 m high portion of wall which is representative of the entire wall. The thermal
resistance network and individual resistances are

Rs
Ri Rl R2 R4 Re R7
Tt =AM —ANAA — R | NAA—AAA— Tz

1 1

'O T h AT (10 Wim? -°C)(0.33x1m?)
Ry =R gam === %.92m —=2.331°C/W
kA (0.026 W/m-°C)(0.33x1m?)
R, =R = I:Qplaster = L = 0.02m N 0.2755°C/W
side KA (0.22 W/m-°C)(0.33x1m?)
Ry =Rs = Rplaster = L = 0.15m o= 45.45°C/W
center  NoA  (0.22 W/m-°C)(0.015x1m?)
Ry = Rpriek = L 0.18m —=0.8333°C/W
kA (0.72 W/m-°C)(0.30x1m?)
Ry =Reonv2 = 1 1 =0.1515°C/W

h,A (20 W/m-°C)(0.33x1m?)
1 1 1 1 1 1 1
e + +

Ryig =0.804°C/W

4+ —=
Rmia Rs Rs Rs 4545 0.8333 4545
Riotal = Ri + Ry + 2R, + Ryig + R, =0.3030 + 2.331+ 2(0.2755) + 0.804 + 0.1515 = 4.140 °C/W

The steady rate of heat transfer through the wall per 0.33m? is

Q' _ Tool _TDOZ — [(22 — (_4)] C —6.280 W
Rom  4.140°C/W

Then steady rate of heat transfer through the entire wall becomes

(4x6)m?

0.33m? =ASTW

Qiotar = (6.280 W)
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3-68 E Prob. 3-67 is reconsidered. The rate of heat transfer through the wall as a function of the thickness of the rigid
foam is to be plotted.

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

"GIVEN"

A=4*6 [m"2]
L_brick=0.18 [m]
L_plaster_center=0.15 [m]
L_plaster_side=0.02 [m]
L_foam=2 [cm]
k_brick=0.72 [W/m-C]
k_plaster=0.22 [W/m-C]
k_foam=0.026 [W/m-C]
T_infinity_1=22 [C]
T_infinity_2=-4 [C]
h_1=10 [W/m"2-C]
h_2=20 [W/m"2-C]

1=0.33*1 [m"2]
2=0.30*1 [m"2]
3

A_3=0.015*1 [m"2]

A
A

"ANALYSIS"

R_conv_1=1/(h_1*A_1)

R_foam=(L_foam*Convert(cm, m))/(k_foam*A_1) "L_foam is in cm"
R_plaster_side=L_plaster_side/(k_plaster*A_1)
R_plaster_center=L_plaster_center/(k_plaster*A_3)
R_brick=L_brick/(k_brick*A_2)

R_conv_2=1/(h_2*A_1)
1/R_mid=2*1/R_plaster_center+1/R_brick
R_total=R_conv_1+R_foam+2*R_plaster_side+R_mid+R_conv_2
Q_dot=(T_infinity_1-T_infinity_2)/R_total
Q_dot_total=Q_dot*A/A 1

I—foam Qtotal 700 T T T T T T T T T
[cm] [W] I |
1 635.6
2 456.7 600
3 356.4
4 292.2 500
5 247.6 —
6 214.8 =
7 189.7 = 400
8 169.8 S
9 153.7 & 300
10 140.4
200
100 L— - - - . . . . .
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3-69 A wall is constructed of two layers of sheetrock spaced by 5 cm x 16 cm wood studs. The space between the studs is
filled with fiberglass insulation. The thermal resistance of the wall and the rate of heat transfer through the wall are to be
determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer through the wall is one-
dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients account for the radiation heat transfer.

Properties The thermal conductivities are given to be k = 0.17 W/m-°C for sheetrock, k = 0.11 W/m-°C for wood studs, and
k = 0.034 W/m-°C for fiberglass insulation.

Analysis (a) The representative surface area is A=1x0.65=0.65m?. The thermal resistance network and the individual
thermal resistances are

R
Ri R]_ 2 R4
T AN VY
Rs

Rs
TooZ

1 1

R a ~—=0.185°C/W
hiA  (8.3W/m*-°C)(0.65m*)
L 0.01m
R, =R, =R - = =0.090°C/W
1 4 sheetrock KA (0.17 W/m-°C)(O.65 m2)
Ry = Ryg = — = 019Mm______59.0010cw
kA (0.11W/m-°C)(0.05m*)
L 0.16m
R.=R. =— = =7.843°C/W
37 bergles T kA T (0,034 W/m-°C)(0.60m?)
L L — 0.045°C/W

R, = h A 2 0 2
oA (34 W/m2.°C)(0.65m?2)
11,1 1 1

Rug R, Rs 29.091 7.843

Riotal = Ri + Ry + Rppig + R, + R,
=0.185+0.090+6.178+0.090 + 0.045 = 6.588 °C/W (for a1m x0.65m section)
o_Ta-Tz [20-(9IC
Riotal 6.588°C/W

=440 W

(b) Then steady rate of heat transfer through entire wall becomes

G = 440 W) EEWOM _ 56
0

65m
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3-70E A wall is to be constructed using solid bricks or identical size bricks with 9 square air holes. There isa 0.5 in thick
sheetrock layer between two adjacent bricks on all four sides, and on both sides of the wall. The rates of heat transfer through
the wall constructed of solid bricks and of bricks with air holes are to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer through the wall is one-
dimensional. 3 Thermal conductivities are constant. 4 Heat transfer coefficients account for the radiation heat transfer.

Properties The thermal conductivities are given to be k = 0.40 Btu/h-ft-°F for bricks, k = 0.015 Btu/h-ft-°F for air, and k =
0.10 Btu/h-ft-°F for sheetrock.

Analysis (a) The representative surface area is A=(7.5/12)(7.5/12) =0.3906 % 2. The thermal resistance network and the
individual thermal resistances if the wall is constructed of solid bricks are

Rz

Ri Rl R3 R5 RO

T —AAA—AAA— R |~ AAA—AAA— T2

1 1

Rj=—>= 5 > =1.7068 h°F/Btu
hiA  (1.5Btu/h-ft © -°F)(0.3906 &t *)
Ri=Rs = Rplaster = L = 05/121 > =1.0667 h-°F/Btu
kA (0.10 Btu/h-f -°F)(0.3906 ft )
R, :Rplaster:LZ S/12t - =288h-°F/Btu
kKA (0.10Btu/h-t -°F)[(7.5/12) x (0.5/12)]f
L 9/121

R3 = Rpjaster = A =308.57 h-°F/Btu

" (010 Btuh-t-° F)[(7/12)x (05 / 12)] 2

Ry = Ryrick Lo 9/121 ~=551h-°F/Btu
KA (0.40Btu/h-ft - °F)[(7/12) x (7 /12)]ft
0= ! > 1 ~—=0.6400h - °F/Btu
hoA  (4Btu/h-ft 2 - °F)(0.3906 ft ?)
! —i+i+i:i ! + ! Rmig =5.3135h - °F/Btu
Rma R, R; R, 288 30857 551

Rotar = Ri + Ry + Ryig + Rg + R, =1.7068 +1.0667 + 5.3135 + 1.0667 + 0.6400 = 9.7937 h - °F/Btu
6 Ta-Too __ (B0-30)F

= —5.105Btu/h
Row  9.7937h-°F/Btu

Then steady rate of heat transfer through entire wall becomes

(30 1) (1O )

0.3906 m? =3921Btu/h
. m

Quotas = (5.105 Btu/h)

(b) The thermal resistance network and the individual thermal resistances if the wall is constructed of bricks with air holes are

R.
Ri Ry Rs R Ro
Tool —/\/\/\/—/\/\/\/— R4 —/\/\/\/_/\/\/\/_ TooZ
Rs

Agirhotes = 91.5/12) x (1.5/12) = 0.1406 ft 2
Apricks = (7112 1) 2 _0.1406 = 0.1997 ft 2
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R4 = Rairhotes = L = S/12t o= 355.62 h-°F/Btu
kA (0.015Btu/h-ft -°F)(0.1406 1t <)
Rs = Ryrick = L = S/121 = 9.389 h-°F/Btu
kA (0.40Btu/h-t -°F)(0.1997 1 <)
1 1 1 1 1 1 1 1 1

=t —+—+—=— + + Rmig =8.618h - °F/Btu
Rma R, Ry R, Rs 288 30857 355.62 9.389

Rital = Ri + Ry + Ryig + Rg + R, =1.7068 +1.0667 + 8.618 +1.0667 + 0.6400 =13.098 h - °F/Btu
6-TuaToz __ (80-30)F
Row  13.098h-°F/Btu

=3.817 Btu/h

Then steady rate of heat transfer through entire wall becomes

NEULIEIL)
0.

Quotal = (3817 Btu/h 7 —29828Btuh
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3-71 A composite wall consists of several horizontal and vertical layers. The left and right surfaces of the wall are maintained
at uniform temperatures. The rate of heat transfer through the wall, the interface temperatures, and the temperature drop
across the section F are to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer through the wall is one-
dimensional. 3 Thermal conductivities are constant. 4 Thermal contact resistances at the interfaces are disregarded.

Properties The thermal conductivities are given to be ka = kg = 2, kg = 8, k¢ = 20, kp = 15, kg = 35 W/m-°C.

Analysis (a) The representative surface area is A=0.12x1=0.12 m?. The thermal resistance network and the individual
thermal resistances are

R2
Rl R3 R5 R7
. —\VV\— —] —\V\V\— T
R, Re

R, =Ry = LJ - QOIM____ _04cciw
KAJn (2W/m-°C)(0.12m?)

R, =Ry =Rc = i) - 0.05m ~—=0.06°C/W

kA Je (20 Wim-°C)(0.04 m?)

Rs = Ry :[Lj - 0O5m _____g160cw
kKA)g (8 W/m-°C)(0.04m?)

Rg = Rp, :(Lj - UM _o1recw
kAo (15 W/m®C)(0.06 m?)

Rg = Re :(L] - 2M_____ _o0s°ciw
kA Je (35 Wim-°C)(0.06 m?)

R, =R :(L - 005m ____ _oa5eciw
KAJe (2 w/m-°C)(0.12m?)

=

1 1 1 1 1 1
=—+—+—= + +
Rmg:i R, Ry R, 006 0.16 0.06
1 1 1 1 1
Rmg2 Rs Rs 0.1 005
Rtotal = Rl + Rmid,l + Rmid,2 + R7 = 004 + 0025 + 0034 + 025 = 0349 OC/W
6= To — T2 _ (300-100)°C
Riptal 0.349°C/W

Rmid,l = 0025 OC/W

=572 W (for a0.12m x1m section)

Then steady rate of heat transfer through entire wall becomes
(Gm)(8m)

> =1.91x10° W

Quora = (572 W)
total 0.12m

(b) The total thermal resistance between left surface and the point where the sections B, D, and E meet is
Riotal = Ry + Rpjg 1 =0.04+0.025 =0.065°C/W

Then the temperature at the point where the sections B, D, and E meet becomes

. T, -T .
Q=—2—— T =T, —QRyyas = 300°C — (572 W)(0.065°C/W) = 263°C
total
(c) The temperature drop across the section F can be determined from
o= é—T 5 AT =OR;. = (572 W)(0.25°C/W) = 143°C
F
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3-72 In an experiment, the convection heat transfer coefficients of (a) air and (b) water flowing over the metal foil are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 Thermal properties are constant. 4
Thermal resistance of the thin metal foil is negligible.

Properties Thermal conductivity of the slab is given to be k = 0.023 W/m - K and the emissivity of the metal foil is 0.02.

Analysis The thermal resistances are

Metal foil
L 1 £=0.02
R . —— R —_= — T, =20°C
cond KA conv hA _’—;- Fluid, Tno —20°C surr
’ . 1 et = 3000 W/m?
an =—
rad hradA Tl
From energy balance and using the thermal resistance k= 0.023 W/m-—<C
concept, the following equation is expressed:
T,-T 4 Tour =T + Qe A= T-T T,=20°C
Rconv Rrad cond
1 (=T, Taw-To . A 1
or R - R R Uelec ﬁ
conv cond rad w 11

h:(Tl_TZ_Tsurr_Tl_ql J 1
elec
L/k  1/hg T, -T,

(a) For air flowing over the metal foil, the radiation heat transfer coefficient is
Nrag = go-(Tsz +Tsirr)(Ts +Tsurr)
=(0.02)(5.67 x107® W/m? - K*)(423% + 293%) K? (423 + 293) K
=0.215 W/m* - K

The convection heat transfer coefficient for air flowing over the metal foil is

h :{ (150 — 20) K _ (20-150)K 5000 W/mﬂ 1
0.025m/0.023W/m-K  1/0.215 W/m? - K (20-150) K
=37.3W/m? .K
(b) For water flowing over the metal foil, the radiation heat transfer coefficient is
g = 80 (T + T2 )(Ts + Tourr)
=(0.02)(5.67 x107® W/m? - K*)(303? + 293%) K?(303 + 293) K
=0.1201 W/m? - K
The convection heat transfer coefficient for water flowing over the metal foil is
h{ (30-20) K _ (20-30)K —5000W/m2} 1
0.025m/0.023W/m-K  1/0.1201 W/m? - K (20-30)K
=499 W/m? . K

Discussion If heat transfer by conduction through the slab and radiation on the metal foil surface is neglected, the convection
heat transfer coefficient for the case with air flow would deviate by 3.2% from the result in part (a), while the convection heat
transfer coefficient for the case with water flow would deviate by 0.2% from the result in part (b).
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Heat Conduction in Cylinders and Spheres

3-73C When the diameter of cylinder is very small compared to its length, it can be treated as an infinitely long cylinder.
Cylindrical rods can also be treated as being infinitely long when dealing with heat transfer at locations far from the top or
bottom surfaces. However, it is not proper to use this model when finding temperatures near the bottom and the top of the
cylinder.

3-74C No. In steady-operation the temperature of a solid cylinder or sphere does not change in radial direction (unless there is
heat generation).

3-75C Heat transfer in this short cylinder is one-dimensional since there will be no heat transfer in the axial and tangential
directions.
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3-76 A steam pipe covered with 3-cm thick 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 center line 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 = 15 W/m-°C for steel and k = 0.038 W/m-°C for glass wool
insulation

Analysis The inner and the outer surface areas of the insulated pipe per unit length are
A, = 7D;L = 7(0.05m)(Lm) = 0.157 m?
A, = D, L = 7(0.055+0.06 m)(1m) = 0.361m*?

The individual thermal resistances are Ri Ri R, Ro
= — —=0.08°C/W
hi/A (80 W/m? -°C)(0.157 m?)
Ry =Rypipe = Inrp /1) __ IN@75/28) 5010700
27kl 27(15 Wim-°C)(Lm)
| / ) .
R2 = Rinsulation: n(rs rZ) = In(5 75/2 ZS) =3.089°C/W
27,1 27(0.038 W/m-°C)(Lm)

1 1
Ro = = 2 2
hyA, (15 W/m? -°C)(0.361m?)
R = Ri + Ry + R, + R, =0.08 +0.00101+ 3.089 + 0.1845 = 3.354 °C/W

=0.1845°C/W

Then the steady rate of heat loss from the steam per m. pipe length becomes

§-Toa-Toz _(320-5°C
Row  3.354°C/W

=93.9W

The temperature drops across the pipe and the insulation are
AT pipe = QR pipe = (93.9 W)(0.00101°C/W)=0.095°C
ATinsuIation = QRinsuIation = (939 W)(3 0890C/W) = 290 1OC
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[13
3-77 E Prob. 3-76 is reconsidered. The effect of the thickness of the insulation on the rate of heat loss from the steam and
the temperature drop across the insulation layer are to be investigated.

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

"GIVEN"
T_infinity_1=320 [C]
T_infinity_2=5 [C]
k_steel=15 [W/m-C]
D_i=0.05 [m]
D_0=0.055 [m]
r_1=D_i/l2

r 2=D o/2

t ins=3 [cm]
k_ins=0.038 [W/m-C]
h_0=15 [W/m”2-C]
h_i=80 [W/m"2-C]
L=1 [m]

"ANALYSIS"

A _i=pi*D_i*L
A_o=pi*(D_o+2*_ins*Convert(cm, m))*L
R_conv_i=1/(h_i*A_i)
R_pipe=In(r_2/r_1)/(2*pi*k_steel*L)
R_ins=In(r_3/r_2)/(2*pi*k_ins*L)
r_3=r_2+t_ins*Convert(cm, m) "t_ins is in cm"
R_conv_o=1/(h_o*A_0)
R_total=R_conv_i+R_pipe+R_ins+R_conv_o
Q_dot=(T_infinity_1-T_infinity_2)/R_total
DELTAT_pipe=Q_dot*R_pipe
DELTAT_ins=Q_dot*R_ins

tins Q ATins 310
[cm] [W] [C] ]
1 189.5 | 246.1 300
2 1215 | 278.1 |
3 93.91 | 290.1 290
4 78.78 | 296.3 _
5 69.13 | 300 1 @)
6 6238 | 3024 280 =
7 57.37 | 304.1 1 k=
8 53.49 | 305.4 270 '5
9 50.37 | 306.4 ]
10 47.81 | 307.2 260
250
1240
10
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3-78 A 50-m long section of a steam pipe passes through an open space at 15°C. The rate of heat loss from the steam
pipe, the annual cost of this heat loss, and the thickness of fiberglass insulation needed to save 90 percent of the heat lost 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 variation in the axial direction. 3 Thermal conductivity is
constant. 4 The thermal contact resistance at the interface is negligible. 5 The pipe temperature remains constant at about 150
°C with or without insulation. 6 The combined heat transfer coefficient on the outer surface remains constant even after the
pipe is insulated.

Properties The thermal conductivity of fiberglass insulation is given to be k = 0.035 W/m-°C.

Analysis (a) The rate of heat loss from the steam pipe is

A, = DL = 7(0.1m)(50 m) =15.71m?

Qbare = No A(Tg —Tyir) = (20 W/m? -°C)(15.71m?)(150 —15)°C = 42,412 W
(b) The amount of heat loss per year is

Q = QAt = (42.412 kJ/s)(365 x 24 x 3600 s/yr) =1.337x10° ki/yr

The amount of gas consumption from the natural gas furnace that has an efficiency of 75% is

ans =

1.337x10° kd/yr( 1therm
0.75 105,500kJ

) =16,903 therms/yr
The annual cost of this energy lost is
Energy cost = (Energy used)(Unit cost of energy)
= (16,903 therms/yr)($0.52 / therm) = $8790/yr

(c) In order to save 90% of the heat loss and thus to reduce it to 0.1x42,412 = 4241 W, the thickness of insulation needed is
determined from

Ts _Tair _ Ts _Tair
R0 + Rinsulation 1 + In(r2 /rl) Rinsulation Ro

A, 2 BN T

Qinsulated =

Substituting and solving for r,, we get
(150-15)°C
1 N In(r, /0.05)
(20 W/m? -°C)[(2ar, (50 m)]  27(0.035 W/m-°C)(50 m)

4241 W =

r, =0.0692m

Then the thickness of insulation becomes

tinsu|ati0n = r2 - I’l = 692 —5 = 192 cm
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3-79 Steam flows in a steel pipe, which is insulated by gypsum plaster. The rate of heat transfer from the steam and the
temperature on the outside surface of the insulation are 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 (a) The thermal conductivities of steel and gypsum plaster are given to .
be 50 and 0.5 W/m-°C, respectively. Insulation

Analysis The thermal resistances are

Ri Rsteel Rins Ro

T AWM~ T

Steam

L
i = L _ > : =0.0003316°C/W
hiAl (800 W/m? -°C)7(0.06 m)(20 m)
In(D, / D
Rsteel = (D, 1) = In(8/o6) =0.0000458°C/W
27Kl 27(50 W/m-°C)(20 m)
~_In(D3/D,) _ In(16/8)  0.011032°CIW
" 27kl 27(0.5W/m-°C)20m)
L L = 0.0004974°C/W

° “hyA, (200 W/m? -°C)(0.16 m)(20 m)
The total thermal resistance and the rate of heat transfer are
Riotal = Ri + Rgteel + Rins + R, = 0.0003316 + 0.0000458 +0.011032 + 0.0004974 = 0.011907°C/W

o= T,-T,  (200-10)°C
R  0.011907m? -C/W

=15,957W

(b) The temperature at the outer surface of the insulation is determined from

. T -T ~10)°
== 15957 W= (T; ~10)°C

o 0.0004974m? .°C/W

T, =17.9°C
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3-80E Steam exiting the turbine of a steam power plant at 100°F is to be condensed in a large condenser by cooling water

flowing through copper tubes. For specified heat transfer coefficients, the length of the tube required to condense steam at a
rate of 120 Ibm/h 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 variation in the axial direction. 3 Thermal properties are constant.
4 Heat transfer coefficients are constant and uniform over the surfaces.

Properties The thermal conductivity of copper tube is given to be k = 223 Btu/h-ft-°F. The heat of vaporization of water at
100°F is given to be 1037 Btu/lbm.

Analysis The individual resistances are R
R; pipe Ro

A =D, L= z(0.4/121) (L) = 0.1047 f 2 Tt A=A T2

A, =D,L =7(0.6/12%) (1) =0.15711 2

Ry == - = 0.27284h°F/Bty
hiA (35 Btu/h.ft?.°F)(0.1047 ft ?)

o _In(ry/n) _ In(3/2)  0.000289 heE/BLL

PP 27kl 27(223Btu/h.foF)(1Lt)

1 1
hoA, (1500 Btu/h.ft2.°F)(0.157 ft %)
Ritat = Ri + Roipe + Ry =0.27284 +0.000289 + 0.004244 = 0.27737 h°F/Btu

=0.004244 h°F/Btu

pipe
The heat transfer rate per ft length of the tube is

o= T —Te2  (100-70)°F

= =108.2Btu/h
R 0.27737 °F/Btu

total

The total rate of heat transfer required to condense steam at a rate of 120 Ibm/h and the length of the tube required is
determined to be

Quotal = Mhyg = (120 Ibm/h)(1037 Btu/lbm)=124,440 Btu/h

Qutal _ 124,440
) 108.2

Tubelength = =1150ft
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3-81E Steam exiting the turbine of a steam power plant at 100°F is to be condensed in a large condenser by cooling water

flowing through copper tubes. For specified heat transfer coefficients and 0.01-in thick scale build up on the inner surface, the
length of the tube required to condense steam at a rate of 120 Ibm/h 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 centerline and no variation in the axial direction. 3 Thermal properties are constant.
4 Heat transfer coefficients are constant and uniform over the surfaces.

Properties The thermal conductivities are given to be k = 223 Btu/h-ft-°F for copper tube and be k = 0.5 Btu/h-ft-°F for the
mineral deposit. The heat of vaporization of water at 100°F is given to be 1037 Btu/lbm.

Analysis When a 0.01-in thick layer of deposit forms on the inner surface of the pipe, the inner diameter of the pipe will
reduce from 0.4 in to 0.38 in. The individual thermal resistances are

A, =7D;L = 7(0.38/12 ) (1 1) = 0.09948 f ? R, Reeposit  Roipr R,
A, =D, L =7(06/128) (1) =0.1571%* Tt AWM~ =2
oL - —_ ~0.28720h°F/Bty
hA  (35Btu/h.t?.°F)(0.09948 1 )
pe= /1) In(3/2) - 0.000289 h°F/Btu
2Kkl 27(223 Btu/h. L oF)(LT)
In(r, /r,
deposit = (W /fae) | In02/0.19) 016301 oppyy
2k,L  272(0.5Btu/h.toF)(LT)

1 1
° hoA, (1500 Btu/h.ft2.°F)(0.15711 ?)
Reotat = Ri + Rpipe + Rgposic + Ro = 0.28720 + 0.000289 + 0.01633 + 0.004244 = 0.30806 h°F/Btu

=0.004244 h°F/Btu

The heat transfer rate per ft length of the tube is

QTet =T (OOZTOPF _ o7 ggpyyn
Rom  0.30806°F/Biu

The total rate of heat transfer required to condense steam at a rate of 120 Ibm/h and the length of the tube required can be
determined to be

Quotar = Mhyy = (120 1bm/h)(1037 Btu/lbm)=124,440 Btu/h

Quotal 124,440
' 97.38

Tubelength = =1278ft
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3-82E E Prob. 3-81E is reconsidered. The effects of the thermal conductivity of the pipe material and the outer diameter
of the pipe on the length of the tube required are to be investigated.

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

"GIVEN"

T_infinity_1=100 [F]
T_infinity_2=70 [F]

k_pipe=223 [Btu/h-ft-F]

D_i=0.4 [in]
D_0=0.6 [in]
r_1=D_i/l2
r 2=D o/2

h_fg=1037 [Btu/lom]

h_0=1500 [Btu/h-ft"2-F]

h_i=35 [Btu/h-ft"2-F]
m_dot=120 [lbm/h]

"ANALYSIS"

L=1 [ft] “for 1 ft length of the tube"
A_i=pi*(D_i*Convert(in, ft))*L
A_o=pi*(D_o*Convert(in, ft))*L

R_conv_i=1/(h_i*A_i)

R_pipe=In(r_2/r_1)/(2*pi*k_pipe*L)
R_conv_o=1/(h_o*A_o0)

R_total=R_conv_i+R_pipe+R_conv_o
Q_dot=(T_infinity_1-T_infinity_2)/R_total

Q_dot_total=m_dot*h_fg
L_tube=Q_dot_total/Q_dot

I(pipe I—tube
[Btu/h.ftF] | [f]

10 1176
30.53 1158
51.05 1155
71.58 1153
92.11 1152
112.6 1152
133.2 1151
153.7 1151
174.2 1151
194.7 1151
215.3 1151
235.8 1150
256.3 1150
276.8 1150
297.4 1150
317.9 1150
338.4 1150
358.9 1150
379.5 1150
400 1150
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50

100

150

200 |
Kpipe [Btu/n-ft-F]

250

300

350

400



Do I—tube
[in] [ft]
0.5 1154
0.525 1153
0.55 1152
0.575 1151
0.6 1151
0.625 1150
0.65 1149
0.675 1149
0.7 1148
0.725 1148
0.75 1148
0.775 1147
0.8 1147
0.825 1147
0.85 1146
0.875 1146
0.9 1146
0.925 1146
0.95 1145
0.975 1145
1 1145
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I—tube [ft]

1155.0

1152.5

1150.0

1147.5

1145.0
0.5

0.6

0.7

0.8
Do [in]

0.9
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3-83 An electric wire is tightly wrapped with a 1-mm thick plastic cover. The interface 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 properties are constant.
4 The thermal contact resistance at the interface is negligible. 5 Heat transfer coefficient accounts for the radiation effects, if
any.

Properties The thermal conductivity of plastic cover is given to be k = 0.15 W/m-°C.

Analysis In steady operation, the rate of heat transfer from the wire is equal to the heat generated within the wire,

Q=W, =VI =(8V)(13A) =104 W Romsic  Reony
The total thermal resistance is T _/\/\N\/\N\,—/W\/\,— To
Reonv = 1 = 5 ! =0.3158°C/W
hoA, (24 W/m?.°C)[(0.0042 m)(10 m)]
R _n(r, /) In(2.1/1.7) _ 0.0686°C/W

plastic =5k 27(0.15 W/m°C)(10 m)
Riotal = Reonv + Rplastic =0.3158 + 0.0686 = 0.3844 °C/W

Then the interface temperature becomes

T

. T — .
Q=-—22___ T, =T, +QRy, =30°C + (104 W)(0.3844 °C/W) = 70.0°C

total
The critical radius of plastic insulation is

_k _0ISWIMC _ 4 10625 m = 6.25 mm

h 24 W/mt.oC

cr

Doubling the thickness of the plastic cover will increase the outer radius of the wire to 3 mm, which is less than the critical
radius of insulation. Therefore, doubling the thickness of plastic cover will increase the rate of heat loss and decrease the
interface temperature.
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3-84 An electric hot water tank is made of two concentric cylindrical metal sheets with foam insulation in between. The
fraction of the hot water cost that is due to the heat loss from the tank and the payback period of the do-it-yourself insulation
kit 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 variation in the axial direction. 3 Thermal conductivities are
constant. 4 The thermal resistances of the water tank and the outer thin sheet metal shell are negligible. 5 Heat loss from the
top and bottom surfaces is negligible.

Properties The thermal conductivities are given to be k = 0.03 W/m-°C for foam insulation and k = 0.035 W/m-°C for fiber
glass insulation

Analysis We consider only the side surfaces of the water heater for simplicity, and disregard the top and bottom surfaces (it
will make difference of about 10 percent). The individual thermal resistances are

A =D, L = 7(0.40 m)(2 m) = 2.513m?
1 1

hA (50 W/m?.°C)(2.513m?)
Ri Rfoam RO
A, =D, L = (046 m)(2m) ~2.890m’ T AN T
02
JR 1 —=0.02883°C/W
hoA, (12 W/m*.°C)(2.890 m*)
_In(ry /'ry) _ In(23/20) — 0.3707°C/W

2T 2Al 272(0.03 W/m? -°C)(2m)
Riotal = R + Ry + Rpam =0.007958 + 0.02883 + 0.3707 = 0.4075 °C/W
The rate of heat loss from the hot water tank is
ol Tw—Top _ (55-27)°C
Riotal 0.4075°C/W
The amount and cost of heat loss per year are
Q = QAt = (0.06871 kW)(365 x 24 h/yr) = 601.9 KWh/yr
Cost of Energy = (Amount of energy)(Un it cost) = (601.9 kWh)($0.08/ kwWh) = $48.15
fo $48.15
$280
If 3 cm thick fiber glass insulation is used to wrap the entire tank, the individual resistances becomes
A, = 7D, L = 7(0.52 m)(2 m) =3.267 m?

=68.71W

=0.172=17.2%

Ri Ripan Riier R
Ry =— = - —=0.02551°C/W/ foam T o
A, G2 Wi oy 287 o A
_In(r /1) In(23/ 20) 0.3707°CIW
©am T 2L 22(0.03 W/m? -°C)(2m)
In(rs /1y) _ In(26/23) _ 0.2788°C/W

fiberglass ™ 27k,L 27(0.035 W/m? -°C)(2m)
Riotal = Ri + Ry + Rigam * Riiberglass = 0-007958 + 0.02551 + 0.3707 + 0.2788 = 0.6830 °C/W
The rate of heat loss from the hot water heater in this case is
ol Tw =Tz _ (55-27)°C _
Riotal 0.6830°C/W
The energy saving is
saving =68.71 - 41.00 = 27.71 W
The time necessary for this additional insulation to pay for its cost of $30 is then determined to be
Cost = (0.02771KkW)(T imeperiod)($0.08/ kWh) = $30

—— Timeperiod =13,533 hours = 564 days ~ 19 months

41.00 W
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3-85 Chilled water is flowing inside a pipe. The thickness of the insulation needed to reduce the temperature rise of water to
one-fourth of the original value 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 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 conductivity is given to be k = 0.05 W/m-°C for insulation.
Insulation

Analysis The rate of heat transfer without the insulation is
Qg = e pAT = (0.98kg/s)(4180 J/kg-°C)(8-7)°C = 4096 W

The total resistance in this case is

T T Water
Q = o 'w
° Rtotal L
4006 W = B0=79)C Riotal = 0.005493°C/W Ry Ro Rins
total Too]_ TooZ

The convection resistance on the outer surface is

R L _ 1
® heA, (9 W/m? -°C)z(0.05 m)(150 m)

=0.004716 °C/W

The rest of thermal resistances are due to convection resistance on the inner surface and the resistance of the pipe and it is
determined from

R; = Ry — R, = 0.005493 — 0.004716 = 0.000777 °C/W
The rate of heat transfer with the insulation is

Qpew =Mc, AT = (0.98kg/s)(4180 J/kg-°C)(0.25°C) =1024 W
The total thermal resistance with the insulation is

T, -T, [30—(7+7.25)/ 2)]°C
R

—1024 W =

total,new Rtotal new

Qnew = > Riotanew = 0.02234°C/W

It is expressed by
. 1 N In(D, / D)
hvo 27Zkins|-
1 N In(D, /0.05)
(9 W/m? -°C)zD, (150 m) ~ 27(0.05 W/m-°C)(150 m)

Rtotal,new = R1 + Ro,new + Rins = Rl

0.02234°C/W =0.000777 +

Solving this equation by trial-error or by using an equation solver such as EES, we obtain
D, =0.1265m
The following line in EES is used:
0.02234=0.000777+1/(9*pi*D2*150)+In(D2/0.05)/(2*pi*0.05*200)
Then the required thickness of the insulation becomes

tje = (D, — D)/ 2=(0.1265—0.05)/ 2=0.0383m =3.83cm
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3-86E A steam pipe covered with 2-in thick fiberglass insulation is subjected to convection on its surfaces. The rate of heat
loss from the steam per unit length and the error involved in neglecting the thermal resistance of the steel pipe in calculations
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 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 = 8.7 Btu/h-ft-°F for steel and k = 0.020 Btu/h-ft-°F for fiberglass
insulation.

Analysis The inner and outer surface areas of the insulated pipe are

— —_ _ 2
A =D;L = 7(3.5/12 ) (L) =0.916 f R Ry Risutaion Re

Ao =L =S GIZNAN 20MET A

The individual resistances are

R S 21 —=0.036 h-°F/Btu
hiA; (30 Btu/h.ft2.°F)(0.916 ft %)
R ZR. = In(r, /1ry) _ In(2/1.75) 0002 h-°E/Btu
Looeee T oL 27(8.7Bw/h.teF)AR)
R, R _In(s/r) _ In(/2) — 5516 h-°F/Btu
27 Vinsulation ™o L 27(0.020 Btu/h. ROF)AR)

R, = = 1
° h B 20 2
oA (5Btu/h.t%.°F)(2.094 1 )
Riotal = R + Ry + R, + R, =0.036+0.002+5.516 +0.096 = 5.65 h - °F/Btu

=0.096 h-°F/Btu

Then the steady rate of heat loss from the steam per ft. pipe length becomes

. T,-T,, (450-55)°F
o_Ta~To (45059

- > ~69.91Btu/h
Row  5.65h-°F/Btu

If the thermal resistance of the steel pipe is neglected, the new value of total thermal resistance will be
Riotal = Rj + R, + R, =0.036+5.516 +0.096 = 5.648 h°F/Btu
Then the percentage error involved in calculations becomes

(5.65—5.648)h°F/Btu
5.65 h°F/Btu

error% = x100=0.035%

which is insignificant.
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3-87 Hot water is flowing through a 15-m section of a cast iron pipe. The pipe is exposed to cold air and surfaces in the
basement. The rate of heat loss from the hot water and the average velocity of the water in the pipe as it passes through the
basement 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 variation in the axial direction. 3 Thermal properties are constant.

Properties The thermal conductivity and emissivity of cast iron are given to be k = 52 W/m-°C and ¢=0.7.

Analysis The individual resistances are

A, =D, L = 7(0.04 m)(15 m) =1.885m? R; Rpipe R,
A, = 7D, L = (0.046 m)(15m) = 2.168 m? Tt AN T2
R——L - _ ! = 0.00442°C/W
hi A (120 W/m*.°C)(1.885m*)
n(ry /) In(2.3/2) — 0.00003°C/W

PiPe ™ oak, L 27(52 W/m°C)(15m)

The outer surface temperature of the pipe will be somewhat below the water temperature. Assuming the outer surface
temperature of the pipe to be 60°C (we will check this assumption later), the radiation heat transfer coefficient is determined
to be

2 2
rag =80 (T2 + Tourr NT2 + Turr)
=(0.7)(5.67 x10™® W/m? . K*)[(333K)? + (283 K)?](333 + 283) = 4.669 W/m?.K
Since the surrounding medium and surfaces are at the same temperature, the radiation and convection heat transfer
coefficients can be added and the result can be taken as the combined heat transfer coefficient. Then,
Neombined = Nrag + Neony2 = 4.669 +15=19.67 W/m?.°C
1 1

heombined®  (19.67 W/m?.°C)(2.168 m?)
Ritar = Ri + Rojne + Ry =0.00442 + 0.00003 + 0.02345 = 0.02790 °C/W

R, = =0.02345°C/W

pipe
The rate of heat loss from the hot water pipe then becomes

o= T —Te2  (70-10)°C

= =2151W
Row  0.02790°C/W

For a temperature drop of 3°C, the mass flow rate of water and the average velocity of water must be

0 2151J/s

Q=mc,AT m = = =0.1715kg/s
CpAT  (4180J/kg.°C)(3°C)
M= pVA, — sV =1 = 01715 kgfs —=0.136m/s
PA 1000 kgim?) w
Discussion The outer surface temperature of the pipe is
Q=@%2151W= (70T, °C —T, =60.4°C
R + Rpipe (0.00442 + 0.00003)°C/W

which is very close to the value assumed for the surface temperature in the evaluation of the radiation resistance. Therefore,
there is no need to repeat the calculations.
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3-88 To avoid condensation on the outer surface, the necessary thickness of the insulation around a copper pipe that carries
liquid oxygen is to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Thermal contact
resistance is negligible.

Properties The thermal conductivities of the copper pipe and the insulation are given to be 400 W/m - °C and 0.05 W/m - °C,
respectively.
Lig. O,, -200 °C

h=120 W/m*°C Pipe, k, =400 W/m-°C

Insulation
k;=0.05 W/m-°C
Surrounding air, 20 °C
2.0
\ hcombincd =20 W/m=°C
Dew point = 10 °C
D, =20 mm
D, =25 mm
D
Analysis From energy balance and using the thermal resistance concept, the following equation is expressed:
Too,o _Too,i Too,o _TS

Rcombined + Rcondi + Rcondp + Rconv Rcombined

Toa,o _Too,i Too,o _Ts
1 +In(D3/D2)+In(D2/D1)+i_ 1
hcombinedA 2ﬂki L 27ch L hA hcombinedA
Too,O _Too,i Too,o _TS
1 In(D;3/D,)  In(D,/D;) 1 - 1
hcombinedﬂDS L 27Zki L Zﬂkc L hﬂDlL hcombinedﬂDB L
Rearranging yields
Too T In(D;/D,) In(D,/D;) 1
% =1+ hcombinedD3|: 23k 22+ 22k L +ﬁ
0,0 's i c 1
(20+200) °C — 14 (20 W/ °C)D, In(D; /0.025 m)
(20-10)°C 2(0.05 W/m-°C)
N In(0.025 m/0.020 m) N 1
2(400W/m-°C) (120 W/m? -°C)(0.020 m)

Copy the following line and paste on a blank EES screen to solve the above equation:
(20+200)/(20-10)=1+20*D_3*(In(D_3/25e-3)/(2*0.05)+In(25/20)/(2*400)+1/(120*20e-3))
Solving by EES software, the outer diameter of the insulation is
D; =0.0839m

The thickness of the insulation necessary to avoid condensation on the outer surface is

£ D; -D, _0.0839m-0.025m _ 0.0295m
2 2
Discussion If the insulation thickness is less than 29.5 mm, the outer surface temperature would decrease to the dew point at

10 °C where condensation would occur.
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3-89 E Liquid H, flows in a pipe, which is insulated. The insulation thickness on the pipe that is necessary to keep the
liquid H, temperature below —300°C 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 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 of the pipe and the insulation are given to be Kyie = 23 W/m-K and kins = 0.6 W/m-K,
respectively.

Analysis The thermal resistances of different layers are

Ro 1 _ 1
" hA hzDL

(lig. H, convection resistance)

Roipe = In(D, 7By) (pipe layer resistance)
ins = M (insulation layer resistance)
Zﬂ-kinsL
1 1

R, = =———  (ambient air convection resistance)
h,A, hyzDsL

The total thermal resistance and the rate of heat transfer are

— To _Ti — To _TS

Riow =Ri +R
o I Rtotal Ro

pipe T Rins + Ro and Q

and the insulation thickness is
D, - D,

t=—=_22

2
Solving for the insulation thickness yields t =0.051m=5.1cm

Solved by EES Software. Copy-and-paste the following lines on a blank EES screen to verify the solutions.

"GIVEN"

h_i=200 [W/m”2-K] "lig. H2 convection heat transfer coefficient"
h_o=50 [W/m”2-K] "ambient air convection heat transfer coefficient"
k_pipe=23 [W/m-K] "pipe thermal conductivity"

k_ins=0.6 [W/m-K] "insulation thermal conductivity"

L=20 [m] "pipe length"

D_1=0.03 [m] "inner pipe diameter"

D_2=0.04 [m] "outer pipe diameter"

T_3=5[C] "outer insulation surface temperature"

T_i=-300 [C] "lig. NH3 temperature"

T_0=40[C] "ambient air temperature"

"THERMAL RESISTANCES"

R_i=1/(h_i*pi#*D_1*L) "lig. H2 convection resistance"
R_pipe=In(D_2/D_1)/(2*pi#*k_pipe*L) "pipe layer resistance"
R_ins=In(D_3/D_2)/(2*pi#*k_ins*L) "insulation layer resistance"
R_o=1/(h_o*pi#*D_3*L) "ambient air convection resistance"
R_total=R_i+R_pipe+R_ins+R_o

"SOLVING FOR THE INSULATION THICKNESS"
Q_dot=(T_o-T_i)/(R_total)

Q_dot=(T_o-T_3)/(R_0)

t=(D_3-D_2)/2

Discussion To keep the liquid H, below —300°C, the pipe insulation thickness must be at least 5.1 cm thick.
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3-90 M E Liquid NH; flows in a pipe, which is insulated. The insulation thickness on the pipe that is necessary to keep
the liquid NH3 temperature below —35°C 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 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 of the pipe and the insulation are given to be Kpip. = 25 W/m-K and kj,s = 0.75 W/m-K,
respectively.

Analysis The thermal resistances of different layers are

Ro L __ 1
""hA hzDL

(lig. NH; convection resistance)

_In(D,/Dy)

L= ipe layer resistance
T (pipe lay )

_In(D;/D,)

e = insulation layer resistance
Ins 27Tkinsl_ ( y )

Ro 1 _ 1
° h,A, hyzDsL

(ambient air convection resistance)

The total thermal resistance and the rate of heat transfer are

- T,-T. T,-T
Riota = Ri + Rpipe +R,s+R, and Q= % = OR—3
total 0
and the insulation thickness is
t= DS — D2
2

Solving for the insulation thickness yields t=0.063m=6.3cm

Solved by EES Software. Copy-and-paste the following lines on a blank EES screen to verify the solutions.

"GIVEN"

h_i=100 [W/m"2-K] "lig. NH3 convection heat transfer coefficient"
h_o=20 [W/m”2-K] "ambient air convection heat transfer coefficient"
k_pipe=25 [W/m-K] "pipe thermal conductivity"

k_ins=0.75 [W/m-K] "insulation thermal conductivity"

L=10 [m] "pipe length"

D_1=0.025 [m] "inner pipe diameter"

D_2=0.04 [m] "outer pipe diameter"

T_3=10[C] "outer insulation surface temperature"

T_i=-35[C] "lig. NH3 temperature"

T_0=20[C] "ambient air temperature"

"THERMAL RESISTANCES"

R_i=1/(h_i*pi#*D_1*L) "lig. NH3 convection resistance"
R_pipe=In(D_2/D_1)/(2*pi#*k_pipe*L) "pipe layer resistance"
R_ins=In(D_3/D_2)/(2*pi#*k_ins*L) "insulation layer resistance"
R_o=1/(h_o*pi#*D_3*L) "ambient air convection resistance"
R_total=R_i+R_pipe+R_ins+R_o

"SOLVING FOR THE INSULATION THICKNESS"
Q_dot=(T_o-T_i)/(R_total)

Q_dot=(T_o-T_3)/(R_0)

t=(D_3-D_2)/2

Discussion To keep the liquid NH; below —35°C, the pipe insulation thickness must be at least 6.3 cm thick.
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3-91 F@ E A mixture of chemicals undergoing exothermic reaction is being transported in a pipe. The insulation
thermal conductivity on the pipe that is necessary to keep the outer surface at 45°C or lower 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 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 of the pipe is given to be kpipe = 14 W/m-K.
Analysis The thermal resistances of different layers are

Ro L _ 1
" hA hzDL

(mixture convection resistance)

In(D, / Dy)

R. =

(pipe layer resistance)
_In(D;/D,)

L= insulation layer resistance
Ins 27Z'kin5|_ ( y )

1 1 . : . .
R, =——=——-—— (ambient air convection resistance)
h,A, hyzDsL
where, D;=2t+D,

the rate of heat transfer is

Ti _T3 _ T3 _TO
I:Qi + Rpipe + Rins Ro

0=

Solving for the insulation thermal conductivity yields k;,s =0.321W/m-K

Solved by EES Software. Copy-and-paste the following lines on a blank EES screen to verify the solutions.

"GIVEN"

h_i=150 [W/m"2-K] "mix. convection heat transfer coefficient"
h_o=25 [W/m"2-K] "ambient air convection heat transfer coefficient"
k_pipe=14 [W/m-K] "pipe thermal conductivity"

L=10[m] "pipe length"

D_1=0.025 [m] "inner pipe diameter"

D_2=0.03 [m] "outer pipe diameter"

D_3=0.08 [m]

T_3=45[C] "outer insulation surface temperature"

T_i=135[C] "avg. mix. temperature"

T_0=20[C] "ambient air temperature"

"THERMAL RESISTANCES"

R_i=1/(h_i*pi#*D_1*L) "mix. convection resistance"
R_pipe=In(D_2/D_1)/(2*pi#*k_pipe*L) "pipe layer resistance"
R_ins=In(D_3/D_2)/(2*pi#*k_ins*L) "insulation layer resistance"
R_o=1/(h_o*pi#*D_3*L) "ambient air convection resistance"
"SOLVING FOR THE INSULATION THICKNESS"
Q_dot=(T_i-T_3)/(R_i+R_pipe+R_ins)

Q_dot=(T_3-T_o)/(R_0)

Discussion To keep the outer surface below 45°C, the thermal conductivity of the pipe insulation must be 0.321 W/m-K or lower.
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3-92 M E Ice slurry is being transported in an insulated pipe. The insulation thickness on the pipe that is necessary to
prevent condensation on the outer surface 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 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 of the pipe and the insulation are given to be Kkpip. = 15 W/m-K and kj,s = 0.95 W/m-K,
respectively.

Analysis The thermal resistances of different layers are
In(D, / D,)

Ryipe = 27kl (pipe layer resistance)
In(D;/D . . .
ins = In(Ds/D,) (insulation layer resistance)
2”kinsL
1 1

R, = =———  (ambient air convection resistance)
h,A, hyzDsL

The total thermal resistance and the rate of heat transfer are

. T,-T, T,-T.
Riotal = Rpipe + Rins + R, and Q= Ez—l - 0R—3
total 0
and the insulation thickness is
t= D3 — D2
2

Solving for the insulation thickness yields t =0.0496 m=5.0cm

Solved by EES Software. Copy-and-paste the following lines on a blank EES screen to verify the solutions.

"GIVEN"

h_o=10 [W/m”2-K] "ambient air convection heat transfer coefficient"
k_pipe=15 [W/m-K] "pipe thermal conductivity"

k_ins=0.95 [W/m-K] "insulation thermal conductivity"

L=5[m] "pipe length"

D_1=0.025 [m] "inner pipe diameter"

D_2=0.03 [m] "outer pipe diameter"

T_1=0[C] "inner pipe surface temperature"

T_3=10[C] "outer insulation surface temperature"

T_0=20[C] "ambient air temperature"

"THERMAL RESISTANCES"

"R_i=1/(h_i*pi#*D_1*L)" "lig. NH3 convection resistance"
R_pipe=In(D_2/D_1)/(2*pi#*k_pipe*L) "pipe layer resistance"
R_ins=In(D_3/D_2)/(2*pi#*k_ins*L) "insulation layer resistance"
R_o=1/(h_o*pi#*D_3*L) "ambient air convection resistance"
R_total=R_pipe+R_ins+R_o

"SOLVING FOR THE INSULATION THICKNESS"
Q_dot=(T_o-T_1)/(R_total)

Q_dot=(T_o-T_3)/(R_0)

t=(D_3-D_2)/2

Discussion To keep the outer surface temperature from dropping below the dew point at 10°C, the insulation thickness needs
to be 5 cm or more.

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.




3-71

3-93 A spherical container filled with iced water is subjected to convection and radiation heat transfer at its outer surface. The
rate of heat transfer and the amount of ice that melts per day are to be determined.

Assumptions 1 Heat transfer is steady since the specified thermal conditions at the boundaries do not change with time. 2
Heat transfer is one-dimensional since there is thermal symmetry about the midpoint. 3 Thermal conductivity is constant.

Properties The thermal conductivity of steel is given to be k = 15 W/m-°C. The heat of fusion of water at 1 atm is
h;; =333.7 kJ/kg . The outer surface of the tank is black and thus its emissivity is € = 1.

Analysis (a) The inner and the outer surface areas of sphere are
A = D% = 7(8m)? = 201.06 m?
A, = D,? = 7(8.03m)? = 202.57 m?

We assume the outer surface temperature T, to be 5°C after comparing convection heat transfer coefficients at the inner and
the outer surfaces of the tank. With this assumption, the radiation heat transfer coefficient can be determined from

Nrag = SO_(TZZ +Tsurr2 )(T2 +Tourr)
=1(5.67x1078 W/m? -K*)[(273+5K)? + (273+25K)?](273+ 25 K)(273+5 K)]

=5.424 W/m?.K Rux
The individual thermal resistances are T.. Ml:m T
0, wz
Ro
1 1 .
convii — . A 2 N 0.000062 °C/W
hiA (80 W/m? -°C)(201.06 m?)
R, = Rephere = -2 L = (4.015-4.0) m — 0.000005°C/W
4nkrir, 4715 W/m-°C)(4.015m)(4.0 m)
Rconv,o = 1 = 2 ! N 0.000494 °C/W
hoA (10 W/m? -°C)(202.57 m?)
Ryag = = ; . —=0.000910 °C/W
heagA  (5.424 W/m? -°C)(202.57 m*?)
1 1 1 1 1

b= + Reqv = 0.000320 °C/W
Rev Reomo Rrag 0.000494  0.000910

Reotal = Reonyi + R + Regy = 0.000062 +0.000005 +0.000320 = 0.000387 °C/W

Then the steady rate of heat transfer to the iced water becomes

Tea—Te2  (25-0)°C

Q=R ~0000387°CW

=64,600 W

(b) The total amount of heat transfer during a 24-hour period and the amount of ice that will melt during this period are

Q = QAt = (64.600 kJ/s)(24 x 3600's) = 5.581x10° kJ

6
m = Q _5S8Lx10° Ko
he  333.7ki/kg

Check: The outer surface temperature of the tank is
Q = hconv+rad A (Tool _Ts)

Q9 e
hconv+rad Ao

which is very close to the assumed temperature of 5°C for the outer surface temperature used in the evaluation of the radiation
heat transfer coefficient. Therefore, there is no need to repeat the calculations.

64,600 W

T, =T - — =
o (10 +5.424 W/m? -°C)(202.57 m?)

4.3°C
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3-94 A spherical tank filled with liquid nitrogen at 1 atm and -196°C is exposed to convection and radiation with the
surrounding air and surfaces. The rate of evaporation of liquid nitrogen in the tank as a result of the heat gain from the
surroundings for the cases of no insulation, 5-cm thick fiberglass insulation, and 2-cm thick superinsulation are to be
determined.

Assumptions 1 Heat transfer is steady since the specified thermal conditions at the boundaries do not change with time. 2
Heat transfer is one-dimensional since there is thermal symmetry about the midpoint. 3 The combined heat transfer coefficient
is constant and uniform over the entire surface. 4 The temperature of the thin-shelled spherical tank is said to be nearly equal
to the temperature of the nitrogen inside, and thus thermal resistance of the tank and the internal convection resistance are
negligible.

Properties The heat of vaporization and density of liquid nitrogen at 1 atm are given to be 198 ki/kg and 810 kg/m®,
respectively. The thermal conductivities are given to be k = 0.035 W/m-°C for fiberglass insulation and k = 0.00005 W/m-°C
for super insulation.

Analysis (a) The heat transfer rate and the rate of evaporation of the liquid without insulation are

A=7D?% = 7(3m)? =28.27 m?

R 1 = 0.00101°C/W
hoA (35 W/m2.°C)(28.27 m?) Ro
. Ty-T — (~196)]° T
Q — sl 02 — [15 ( 196)] C — 208,910 W Sl_/WVV\/V\/— TwZ
R, 0.00101°C/W
Q:mhfg_)m gzw:1_055kg/s

“hy  198kl/kg
(b) The heat transfer rate and the rate of evaporation of the liquid with a 5-cm thick layer of fiberglass insulation are

A=7D? = 7(3.1m)? =30.19 m?
I:einsulaltion RO
1 1 T Tz
.= = - ~—=0.000946 °C/W ot
hyA  (35W/m?.°C)(30.19 m?)
_np-rn (1.55-1.5)m

noulation™ 4zker,  47(0.035 W/meC)(L.55 m)(L5m)
Riotal = Ro + Rinsulation = 0-000946 +0.0489 = 0.0498 °C/W

R =0.0489 °C/W

Ta -T2 _[15-(-196)]°C
Row  0.0498°C/W

Q =rihyg, —>m=&:M:o.ozl4kg/s
hy 198ki/kg

0= =4233W

(c) The heat transfer rate and the rate of evaporation of the liquid with 2-cm thick layer of superinsulation is

A=7D? = 7(3.04m)? =29.03m?

Rinsulation RO

1 1 Tsl TocZ

Ry =1—= 2 7, —0.000984°C/W MWW~
hoA (35 W/m?.°C)(29.03m?)

Rinsulation: 2~ = (1.52_15) m =13.96°C/W
47kryr,  47(0.00005 W/meC)(1.52 m)(1.5 m)

Riotal = Ro + Rinsulation = 0-000984 +13.96 = 13.96 °C/W

Ta -T2 _[15-(-196)]°C
Rt 13.96°C/W

Q=rhy ——>m= Q _001511kis _ 0.000076kg/s
hy  198kJ/kg

=15.11W

o=
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3-95 A spherical tank filled with liquid oxygen at 1 atm and -183°C is exposed to convection and radiation with the
surrounding air and surfaces. The rate of evaporation of liquid oxygen in the tank as a result of the heat gain from the
surroundings for the cases of no insulation, 5-cm thick fiberglass insulation, and 2-cm thick superinsulation are to be
determined.

Assumptions 1 Heat transfer is steady since the specified thermal conditions at the boundaries do not change with time. 2
Heat transfer is one-dimensional since there is thermal symmetry about the midpoint. 3 The combined heat transfer coefficient
is constant and uniform over the entire surface. 4 The temperature of the thin-shelled spherical tank is said to be nearly equal
to the temperature of the oxygen inside, and thus thermal resistance of the tank and the internal convection resistance are
negligible.

Properties The heat of vaporization and density of liquid oxygen at 1 atm are given to be 213 ki/kg and 1140 kg/m?®,
respectively. The thermal conductivities are given to be k = 0.035 W/m-°C for fiberglass insulation and k = 0.00005 W/m-°C
for super insulation.

Analysis (a) The heat transfer rate and the rate of evaporation of the liquid without insulation are

A=7D?% = 7(3m)? =28.27 m?

Y = ! ; ! — =0.00101°C/W R
hyA (35 W/m?.°C)(28.27 m?) T 0
sl
Ty T, OS5 (183 AN T
R, 0.00101°C/W
Q=rihfy ——>m i:wﬂ.gzom/s

“hy  213k/kg
(b) The heat transfer rate and the rate of evaporation of the liquid with a 5-cm thick layer of fiberglass insulation are

A=7D? = 7(3.1m)? =30.19 m?
I:einsulaltion RO

T T,
Ry =~ = L = 0.000946 °C/W T AMMM W
hoA (35 W/m?.°C)(30.19 m?)
_np-rn (1.55-1.5)m
noulation™ 4zker,  47(0.035 W/meC)(L.55 m)(L5m)
Riotal = Ro + Rinsulation = 0.000946 + 0.0489 = 0.0498 °C/W

R =0.0489 °C/W

Ty -T2 _[15-(-183)]°C
Row  0.0498°C/W

Q =rihyg, —>m=&:M:O.0187kg/s
hy 213ki/kg

Q= —3976 W

(c) The heat transfer rate and the rate of evaporation of the liquid with a 2-cm superinsulation is

A=D? = z(3.04m)? = 29.03m? o
Rlnsulatlon Ro
TSl TwZ

1 1 =0.000984 °C/W _/V\NV\/V\/_/VV\A/—

R = =
® hyA (35 W/m?.°C)(29.03m?)
R Tk (2.52-1.5)m —13.96°C/W
nsulation ™ 4 krr,  47(0.00005 W/meC)(L52m)(L5m)
Riotal = Ro + Rinsutation = 0-000984 +13.96 = 13.96 °C/W

Ta—T.o _[15-(-183)]°C
Rt 13.96°C/W

Q=rithy — =2 = QOB 4 50067kgrs
hy  213kJ/kg

=14.18 W

o=
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Critical Radius of Insulation

3-96C In a cylindrical pipe or a spherical shell, the additional insulation increases the conduction resistance of insulation, but
decreases the convection resistance of the surface because of the increase in the outer surface area. Due to these opposite
effects, a critical radius of insulation is defined as the outer radius that provides maximum rate of heat transfer. For a
cylindrical layer, it is defined as r, =k /h where k is the thermal conductivity of insulation and h is the external convection

heat transfer coefficient.

3-97C For a cylindrical pipe, the critical radius of insulation is defined as r,, =k /h. On windy days, the external convection
heat transfer coefficient is greater compared to calm days. Therefore critical radius of insulation will be greater on calm days.

3-98C Yes, the measurements can be right. If the radius of insulation is less than critical radius of insulation of the pipe, the
rate of heat loss will increase.

3-99C No.

3-100C It will decrease.

3-101E An electrical wire is covered with 0.02-in thick plastic insulation. It is to be determined if the plastic insulation on the
wire will increase or decrease heat transfer from the wire.

Assumptions 1 Heat transfer from the wire 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
properties are constant. 4 The thermal contact resistance at the interface is negligible.

Properties The thermal conductivity of plastic cover is given to be k = 0.075 Btu/h-ft-°F. Wire
Analysis The critical radius of plastic insulation is \[ Insulation
K _OOBWARF 43 —0.36in > r, (= 0.0615in) ]

h  25Btu/h.f2.°F

Since the outer radius of the wire with insulation is smaller than critical radius of insulation, plastic insulation will increase
heat transfer from the wire.
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3-102E An electrical wire is covered with 0.02-in thick plastic insulation. By considering the effect of thermal contact
resistance, it is to be determined if the plastic insulation on the wire will increase or decrease heat transfer from the wire.

Assumptions 1 Heat transfer from the wire 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
properties are constant

Properties The thermal conductivity of plastic cover is given to be k = 0.075 Btu/h-ft-°F.

Analysis Without insulation, the total thermal Wire | .
. ; . Ropw. R R nsulation
resistance is (per ft length of the wire) plastic interface conv
Te AWM T
I
Riot = Reonv = L ! =18.4h.°F/Btu

oA, (2.5 Btu/h.t2.°F)[z(0.083/12 f)(L )]

With insulation, the total thermal resistance is

Regpy = —— = . 1 =12.42 h.°F/Btu
hoA,  (2.5Btu/h.it2.°F)[z(0.123/12)(1 )]
_In(r,/r)  In(0.123/0.083)

=0.835h.°F/Btu

Rolastic = =
plastic ™5 kL  27(0.075Btu/h.ft.oF)(L 1)

20
_Ne _ 0001hRZCF/BU _ oyt omme

R. =
interface A, [#(0.083/12%)(1 )]
Rtotal = Rconv + Rplastic + Rinten‘ace =12.42+0835+0046 =13.30h"F/Bt

Since the total thermal resistance decreases after insulation, plastic insulation will increase heat transfer from the wire. The
thermal contact resistance appears to have negligible effect in this case.

3-103 A spherical ball is covered with 1-mm thick plastic insulation. It is to be determined if the plastic insulation on the ball
will increase or decrease heat transfer from it.

Assumptions 1 Heat transfer from the ball 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 midpoint. 3 Thermal properties are constant. 4 The thermal
contact resistance at the interface is negligible.

. L . L Insulation
Properties The thermal conductivity of plastic cover is given to be k = 0.13 W/m-°C.
Analysis The critical radius of plastic insulation for the spherical ball is

2k _ 2(0.13W/m°C)

=0.013m=13mm>r, (=3mm)
“"h T 20w/miec 2

Since the outer radius of the ball with insulation is smaller than critical
radius of insulation, plastic insulation will increase heat transfer from
the wire.
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3-104 E Prob. 3-103 is reconsidered. The rate of heat transfer from the ball as a function of the plastic insulation
thickness is to be plotted.

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

"GIVEN"
D_1=0.005 [m]

t ins=1 [mm]
k_ins=0.13 [W/m-C]
T_ball=50 [C]
T_infinity=15 [C]
h_0=20 [W/m"2-C]

"ANALYSIS"
D_2=D_1+2*t_ins*Convert(mm, m)
A_o=pi*D_2"2
R_conv_o=1/(h_o*A_0)
R_ins=(r_2-r_1)/(4*pi*r_1*r_2*k_ins)
=D_1/2

2=D_2/2
R_total=R_conv_o+R_ins
Q_dot=(T_ball-T_infinity)/R_total

r 1
r 2

tins Q 016

[mm] [W] L

0.5 0.07248 0.15

1.526 0.1035 L

2.553 0.1252 0.14

3.579 0.139 L

4.605 0.1474 0.13

5.632 0.1523 L

6.658 0.1552 g 0.12

7.684 0.1569 fui L

8.711 0.1577 Ne 0.11

9.737 0.1581 L

10.76 0.1581 0.1

11.79 0.158 L

12.82 0.1578 0.09

13.84 0.1574 L

14.87 0.1571 0.08

15.89 0.1567 L

16.92 0.1563 0.07 . : . . .
17.95 0.1559 0 4 8 12 16 20
R trs (i

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.




3-77
Heat Transfer from Finned Surfaces

3-105C Fins should be attached to the outside since the heat transfer coefficient inside the tube will be higher due to forced
convection. Fins should be added to both sides of the tubes when the convection coefficients at the inner and outer surfaces
are comparable in magnitude.

3-106C Increasing the rate of heat transfer from a surface by increasing the heat transfer surface area.

3-107C The fin efficiency is defined as the ratio of actual heat transfer rate from the fin to the ideal heat transfer rate from the
fin if the entire fin were at base temperature, and its value is between 0 and 1. Fin effectiveness is defined as the ratio of heat
transfer rate from a finned surface to the heat transfer rate from the same surface if there were no fins, and its value is
expected to be greater than 1.

3-108C Heat transfer rate will decrease since a fin effectiveness smaller than 1 indicates that the fin acts as insulation.

3-109C Fins enhance heat transfer from a surface by increasing heat transfer surface area for convection heat transfer.
However, adding too many fins on a surface can suffocate the fluid and retard convection, and thus it may cause the overall
heat transfer coefficient and heat transfer to decrease.

3-110C Effectiveness of a single fin is the ratio of the heat transfer rate from the entire exposed surface of the fin to the heat
transfer rate from the fin base area. The overall effectiveness of a finned surface is defined as the ratio of the total heat
transfer from the finned surface to the heat transfer from the same surface if there were no fins.

3-111C Fins should be attached on the air side since the convection heat transfer coefficient is lower on the air side than it is
on the water side.

3-112C Welding or tight fitting introduces thermal contact resistance at the interface, and thus retards heat transfer.
Therefore, the fins formed by casting or extrusion will provide greater enhancement in heat transfer.

3-113C If the fin is too long, the temperature of the fin tip will approach the surrounding temperature and we can neglect heat
transfer from the fin tip. Also, if the surface area of the fin tip is very small compared to the total surface area of the fin, heat
transfer from the tip can again be neglected.

3-114C Increasing the length of a fin decreases its efficiency but increases its effectiveness.
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3-115C Increasing the diameter of a fin increases its efficiency but decreases its effectiveness.

3-116C The thicker fin has higher efficiency; the thinner one has higher effectiveness.

3-117C The fin with the lower heat transfer coefficient has the higher efficiency and the higher effectiveness.

3-118 A rrelation is to be obtained for the fin efficiency for a fin of constant cross-sectional area A, , perimeter p, length L,
and thermal conductivity k exposed to convection to a medium at T, with a heat transfer coefficient h. The relation is to be
simplified for circular fin of diameter D and for a rectangular fin of thickness t.

Assumptions 1 The fins are sufficiently long so that the temperature of the fin at the tip is nearly T_. 2 Heat transfer from
the fin tips is negligible.

Analysis Taking the temperature of the fin at the base to be T, and using the heat transfer relation for a long fin, fin efficiency
for long fins can be expressed as

~_Actual heat transfer rate from thefin h, T,
0 = | deal heat transfer rate from the fin
if theentire fin were at base temperature Ty ( D ( )
1/hpkA (T, -T ) hpkA, p=nD
hA6, Ty —T.) hpL A, = D4

This relation can be simplified for a circular fin of diameter D and rectangular
C

fin of thickness t and width w to be
7zD / 4) /kD
ph aD)h ToL

_1
L
1, 1 [k _ng(wt)_i K
Mfin rectangula ph L 2(W+t)h L\ 2wh L V2h

Mfin circular =
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3-119 A fin is attached to a surface. The percent error in the rate of heat transfer from the fin when the infinitely long fin
assumption is used instead of the adiabatic fin tip assumption is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction only (normal to the
plate). 3 The heat transfer coefficient is constant and uniform over the entire fin surface. 4 The thermal properties of the fins
are constant. 5 The heat transfer coefficient accounts for the effect of radiation from the fins.

Properties The thermal conductivity of the aluminum fin is given to be k = 237 W/m-°C.

Analysis The expressions for the heat transfer from a fin under infinitely long fin
and adiabatic fin tip assumptions are

Qlongfin = hpkA, (Tp —T,,) D=4
' : =4 mm
Qins.tip =4 hpkA. (Ty, —T,,) tanh(mL) L=10cm

The percent error in using long fin assumption can be expressed as

Quongin ~Qins i _ NPKA (T ~T.o) —JhpkA (Ty ~T, ) tanh(mb) 1
Qins.ip JhpkA_ (T, —T,,) tanh(mL) tanh(mL)

% Error =

where

hp | (12 W/m®.°C)7(0.004 m)

m= = ~— =7.116 m*
kA, (237 W/m°C)z(0.004 m)? / 4

Substituting,

1

1= . ~1-0.635=63.5%
tanh(mL) ~ tanh|(7.116 m™)(0.10 m)|

% Error =

This result shows that using infinitely long fin assumption may yield results grossly in error.

3-120 A very long fin is attached to a flat surface. The fin temperature at a certain distance from the base and the rate of heat
loss from the entire fin are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction only (normal to the
plate). 3 The heat transfer coefficient is constant and uniform over the entire fin surface. 4 The thermal properties of the fins
are constant. 5 The heat transfer coefficient accounts for the effect of radiation from the fins.

Properties The thermal conductivity of the fin is given to be k = 200 W/m-°C.

Analysis The fin temperature at a distance of 5 cm from the base is determined from

20
o [he _ |owm?. C)(zxo.05+2xo.0021)m _143md 20°C
KA, (200 W/m2C)(0.05x0.001)m ]
ToTo _gomo 1220 _-aes009 7 -9 grC 20°C
Ty -T.. 40-20

The rate of heat loss from this very long fin is

Qlongfin =4 hpkAc (Tb -T)
= \/(20)(2 x0.05+2x0.001)(200(0.05% 0.001) (40— 20)
=2.9W
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3-121 A turbine blade is exposed to hot gas from the combustion chamber. The heat transfer rate to the turbine blade and the
temperature at the tip are to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat transfer by
radiation is negligible. 4 The cross-sectional area of the turbine blade is uniform.

Properties The thermal conductivity of the turbine blade is given as 17 W/m - °C.
T

L
_-.-—-"
__-.—" -.-__‘
Hot gas, 973 °C e N
h =538 W/m?-°C >

Turbine blade

k=17 W/m-°C

p=Illcm,L=5.3cm

A,=5.13 cm?
T,=450°C

Analysis The turbine blade can be treated as a uniform cross section fin with adiabatic tip. The heat transfer rate to the turbine
blade can be expressed as

Qbtade = v/hPKA (T, —Ty)) tanh mL

where

05 ) 05
o (e )T | (s38 Wi C)(0.114m)2 (0.053m) = 4.366
KA, (17 W/m-°C)(5.13x10~* m?)

JhpkA, = \/ (538 W/m? - °C)(0.11m)(17 W/m-°C)(5.13x10™* m?) = 0.7184 WFC
The heat transfer rate to the turbine blade is
Qblage = (0.7184 W/PC)(973 — 450) °C(tanh 4.366) = 376 W

For adiabatic tip, the temperature distribution is expressed as

T(X)-T, coshm(L—x)
T, —T cosh mL

The temperature at the tip of the turbine blade is

T,-T —973)°
_To-T,  _(450-973°C

= " +973°C =960°C
cosh mL cosh 4.366

L

Discussion The tolerance of the turbine blade to high temperature can be increased by applying Zirconia based thermal
barrier coatings (TBCs) on the blade surface.
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3-122E The handle of a stainless steel spoon partially immersed in boiling water extends 7 in. in the air from the free surface
of the water. The temperature difference across the exposed surface of the spoon handle is to be determined.

Assumptions 1 The temperature of the submerged portion of the spoon is equal to the water temperature. 2 The temperature
in the spoon varies in the axial direction only (along the spoon), T(x). 3 The heat transfer from the tip of the spoon is
negligible. 4 The heat transfer coefficient is constant and uniform over the entire spoon surface. 5 The thermal properties of
the spoon are constant. 6 The heat transfer coefficient accounts for the effect of radiation from the spoon.

Properties The thermal conductivity of the spoon is given to be k = 8.7 Btu/h-ft-°F.

Analysis Noting that the cross-sectional area of the spoon is constant and measuring x from the free surface of water, the
variation of temperature along the spoon can be expressed as

T(X)-T,, _ cosh m(L—Xx)

T,-T, cosh mL nT
where T, 0.08 in
p=2(0.5/121 +0.08/12) = 0.0967 ft — 0.5in
A. =(0.5/121)(0.08/12 1) =0.000278 t *

20
M- /ﬁ _ (3Btu/h.ft”. F)(0.09671t)2 1095 1
kA, (8.7 Btu/h.1.°F)(0.000278 ft <)
Noting that x = L = 7/12=0.583 ft at the tip and substituting, the tip temperature of the spoon is
determined to be
coshm(L—-L)
cosh mL

cosh 0
cosh(10.95% 0.583)

T(L) =T, +(T, -T,)

= 75°F + (200 — 75)

= 75°F + (200 - 75) 1
296
=75.4°F
Therefore, the temperature difference across the exposed section of the spoon handle is
AT =T, Ty, =(200-75.4)°F = 124.6°F

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.




3-82

¢€
3-123E E Prob. 3-122E is reconsidered. The effects of the thermal conductivity of the spoon material and the length of

its extension in the air on the temperature difference across the exposed surface of the spoon handle are to be investigated.

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

"GIVEN"

k_spoon=8.7 [Btu/h-ft-F]

T_w=200 [F]
T_infinity=75 [F]

A_c=(0.08/12*0.5/12) [ft"2]

L=7 [in]

h=3 [Btu/h-ft"2-F]

"ANALYSIS"

p=2%(0.08/12+0.5/12)

a=sqrt((h*p)/(k_spoon*A_c))

(T_tip-T_infinity)/(T_w-T_infinity)=cosh(a*(L-x)*Convert(in, ft))/cosh(a*L*Convert(in, ft))

x=L "for tip temperature”

DELTAT=T_w-T_tip

kspoon AT
[BtuhftF] | [F]

5 124.9
16.58 122.6
28.16 117.8
39.74 112.5
51.32 107.1
62.89 102
74.47 97.21
86.05 92.78
97.63 88.69
109.2 84.91
120.8 81.42
132.4 78.19
143.9 75.19
1555 72.41
167.1 69.82
178.7 67.4
190.3 65.14
201.8 63.02
213.4 61.04
225 59.17
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180

225



L AT
[in] [F]
5 1224
55 1234
6 124
6.5 124.3
7 124.6
75 1247
8 124.8
8.5 124.9
9 124.9
9.5 125
10 125
105 125
11 125
115 125
12 125
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10
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3-124 A DC motor draws electrical power and delivers mechanical power to rotate a stainless steel shaft. The surface
temperature of the motor housing is to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat transfer by
radiation is negligible. 4 The surface temperature of the motor housing is uniform. 5 The base temperature of the shaft is
equal to the surface temperature of the motor housing.

Properties The thermal conductivity of the stainless steel shaft is given as 15.1 W/m - °C.

Air, 20 °C
_ . - T,
A,=0.075 m \ 0, . Y h
4 N\

h=25 W/m2-°C
DC motor

0. T,=22°C

W

elec

=300 W

Stainless steel shaft

k=15.1 W/m-°C
EEEaa e

Analysis From energy balance, the following equation is expressed:

Welec =V\‘lmech +Qh +Qs or Welec = 0'55V\.lelec +Qh + Qs
The heat transfer rate from the motor housing surface is
Qh =hA (T, -T,)

The motor shaft can be treated as a circular fin with a specified fin tip temperature. The heat transfer rate from the motor shaft
can be written as

o :\/hp—kAUh T )costh—(TL =T )T, —-T,)

sinhmL

:\/EU -T )COsth_G-L “T )T, ~T.)
4t sinhmL

hp \*° (4n )% seswimt o) 1°
mL=| 2| L= (—j L= (25 W/m* - °C) (0.25m) = 4.069
KA, kD (15.1 W/m-°C)(0.025 m)

where

2 2
J hk ”T D? = J (25 W/m? - °C)(15.1 W/m-°C)(0.025 m)? ”T — 0.1206 W/°C

Substituting the listed terms into the energy balance equation we get

' / ? coshmL — (T, -T,)/(T, -T,
o'45\Nelec = hAs (Th _Too)+ hk% D3 (Th _Too) (TL ) (Th )

sinhmL

Rearranging the equation, the surface temperature of the motor housing is

. 2 -T _20)°
0.45W, o, +1/ hk ”T D3 % 0.45(300 W) + (0.1206 Wrc) (22 =20 °C
T, =T, + sinhml_ _ 5500, sinh 4.069h o 87.7°C
2
b o e Fo o3[ coshmL (25 W/m? -°C)(0.075 m?) + (0.1206 WC)| S22 =209
s Ty sinhmL sinh 4.069

Discussion If the surface of the motor housing has a high emissivity, heat transfer by radiation from the motor housing would
decrease the surface temperature.
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3-125 Using Table 3-3 and Figure 3-43, the efficiency, heat transfer rate, and effectiveness of a straight rectangular fin are to
be determined.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat transfer by
radiation is negligible.

Properties The thermal conductivity of

oco
the fin is given as 235 W/m - °C. A28 °0

h=154 W/m?-°C
Analysis (a) From Table 3-3, for straight
rectangular fins, we have ' ?

| t=5mm
2 .o k=235 W/m-°C
m= %h - \/(235235/4 W/Cn;](o 023 y 1o m T |
m-° .005m /
L. =L+t/2=(0.05m)+(0.005m)/2 =0.0525m w= 100 mm

Ag, =2wL, = 2(0.1m)(0.0525 m) = 0.0105 m? - mm/'/ l./
The fin efficiency is 74:

_tanhml, tanh[(16.19 m™)(0.0525 m)] o
mL (16.19 m™)(0.0525 m) '

813

Mfin

The heat transfer rate for a single fin is
Qs = 75 MAg, (T —T.,.) = (0.813)(154 W/m? - °C)(0.0105 m?)(350 — 25) °C = 427 W
The fin effectiveness is

Qfin _ Qsin _ 427 W

" AT, —T.) ()T, ~T..) (154 W/m? -°C)(0.005 m)(0.Lm)(350—25)°C e
(b) To use Figure 3-43, we need
L, =0.0525m and A, =Lt
Hence,
1/2 1/2
Lﬁ’Z(LJ — (0.0525 m)”{ 154 W/m’ - °C ~0.60
kA, (235 W/m- °C)(0.0525 m)(0.005 m)
Using Figure 3-43, the fin efficiency is
n¢ =0.81
The heat transfer rate for a single fin is
Qs = 75 MAg, (T, —T.,) = (0.81)(154 W/m? - °C)(0.0105 m? )(350 — 25) °C = 426 W
The fin effectiveness is
Qfin _ Qfin _ 426 W 17.0

“n T hA (T, —T,.)  h(W)(T,—T..) (154 W/m? -°C)(0.005 m)(0.1m)(350—25)°C

Discussion The results determined using Table 3-3 and Figure 3-43 are very comparable. However, it should be noted that
results determined using Table 3-3 are more accurate.
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3-126 Two cast iron steam pipes are connected to each other through two 1-cm thick flanges exposed to cold ambient air.

The average outer surface temperature of the pipe, the fin efficiency, the rate of heat transfer from the flanges, and the
equivalent pipe length of the flange for heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the flanges (fins) varies in one direction only
(normal to the pipe). 3 The heat transfer coefficient is constant and uniform over the entire fin surface. 4 The thermal
properties of the fins are constant. 5 The heat transfer coefficient accounts for the effect of radiation from the fins.

Properties The thermal conductivity of the cast iron is given to be k = 52 W/m-°C.

Analysis (a) We treat the flanges as fins. The individual thermal resistances are

A, =D, L = 7(0.092 m)(6 m) =1.734 m? R; Reond R,
A, =D, L = 7(0.1m)(6 m)=1.885m? Tt AWM T
T T,
1 1 .
P = = - —=0.003204°C/W
hi A (180 W/m®.°C)(1.734 m*)
| .
o= 0) __ InG/48) 004300
27k 27(52 W/meC)(6 m)
1 1

.= = . ——=0.021220°C/W
hoA, (25 W/m2.°C)(L.885m?)

Riow = Ri + Reong + Ry =0.003204 + 0.000043 + 0.021220 = 0.02447 °C/W

The rate of heat transfer and average outer surface temperature of the pipe are
ol T.1-Ter (200-12)°C
Riotal 0.02447°C
T,-T

Q-= R—°"2—>T2 =T,, + QR, =12°C + (7684 W)(0.021220 °C/W)=175.0°C
(0]

=7684 W

(b) The fin efficiency can be determined from (Fig. 3-44)
r, +% O.1+—0'02

- 2 __92
r 0.05

1/2
20
AN L :(L+£] /ﬂ:(o_osm+0'02 mj W C____ 4o
KA, 2 Vit 2 )\ (52 Wim°C)(0.02m)

Agy =27(ry% —1,%) + 271,t = 27{(0.1m)? — (0.05 m)2] + 272(0.1m)(0.02 m) = 0.05969 m?

M4 =0.93

The heat transfer rate from the flanges is

innned = Mfin inn,max = 1fin MAfin (Tp —To0)
=0.93(25 W/m?.°C)(0.05969 m?)(175.0 —12)°C = 226 W

(c) A 6-m long section of the steam pipe is losing heat at a rate of 7684 W or 7684/6 = 1281 W per m length. Then for heat
transfer purposes the flange section is equivalent to
226 W

Equivalent length=————=0.176 m=17.6cm
1281 W/m
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3-127 Pipes used for transporting superheated vapor are connected together by flanges. The temperature at the base of the
flange and the rate of heat loss through the flange are to be determined.
Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat transfer by
radiation is negligible. 4 The flanges profile is similar to circular fins of rectangular profile.

Properties The thermal conductivity of the pipes is given as 16 W/m - °C.
Air, 25 °C
h=10 W/m2-°C

D,=90 mm | D, =50 mm T,= 150 °C

T \\J Pipe, k=16 W/m-°C
D, =60 mm
AJ L* =20 mm

Analysis The heat transfer rate through the pipe wall is equal to the heat transfer rate through the flanges:

: : T, -T,
e = or  2tkr——L =y hA; (T, -T
Qplpe Qf 7T|I’I(D0/Di) UK f( b oo)
Rearranging the equation yields
n¢hA(T, +& [
T - In(D, / D;)
b 2tk
In(D, / D;)
From Table 3-3, for circular fins of rectangular profile we have
Fo =T +1/2= 0'03”“ +202M _ 6 055 m

As =27z(rh —r?) = 22{(0.055m)? — (0.05/2 m)?] = 0.0151m?
_0.09m-0.06m  0.02m

L.=L+t/2 =0.025m
2 2
A, = L.t =(0.025m)(0.02m) = 0.0005 m
Hence,
h 1/2 10W/ P oC 1/2
F=132 | = (0.025m)%? m —| =o0130%
KA, (16 W/m-°C)(0.0005 m?)
0.030m

Using Figure 3-44, the fin efficiency is 77; = 0.97. The temperature at the base of the flange is

(0.97)(10 W/m? -°C)(0.0151m2)(25°C) + 2092 T)(;g/vsvé M-“C)% ws0°c)
T, = n(60/50) ~148°C

(0.97)(10 W/ -°C)(0.0151m?) + 2002 M6 W/m-°C)
In(60/50)

The rate of heat loss through the flange is
Q¢ =n¢hA; (T, —T.,) = (0.97)(10 W/m? -°C)(0.0151m?)(148 - 25) °C =18 W

Discussion The flanges act as extended surfaces, which enhanced heat transfer from the pipes.
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3-128 Circular aluminum fins are to be attached to the tubes of a heating system. The increase in heat transfer from the tubes
per unit length as a result of adding fins is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat transfer coefficient is constant and uniform over the entire fin
surfaces. 3 Thermal conductivity is constant. 4 Heat transfer by radiation is negligible.

Properties The thermal conductivity of the fins is given to be k = 186 W/m-°C.

Analysis In case of no fins, heat transfer from the tube per meter of its length is

Ay = DL = 2(0.05m)(Lm) = 0.1571 m? 130°C
Quofin =PAvosin (Tp —T..) = (40 W/m? °C)(0.1571m?)(180 — 25)°C =974 W
The efficiency of these circular fins is, from the efficiency curve, Fig. 3-43
25°C

L= (D, -Dy)/2=(0.06—0.05)/ 2 =0.005m
r,+(t/2) 0.03+(0.001/2)
I, 0.025

1/2
Li/z h =(L+£j\/E M4in = 0.97
kA, 2 )\ kt

o.omj 40 W/im*°C 0
2 )\ (186 W/m°C)(0.001m)

=1.22

= [0.005+

Heat transfer from a single fin is
A, =27(ry% —1,2) + 27r,t = 272(0.03% — 0.025%) + 27(0.03)(0.001) = 0.001916 m?
Qﬁn = Mfin Qﬁn,max = Nfin PAin (Ty = To)
=0.97(40 W/m?.°C)(0.001916 m?)(180 — 25)°C
=11.52 W

Heat transfer from a single unfinned portion of the tube is

Aynfin = 7D;8 = £(0.05m)(0.003m) = 0.0004712 m?
Quntin = NAunsin Ty = T.,) = (40 W/m? .°C)(0.0004712 m?)(180 — 25)°C = 2.92 W

There are 250 fins and thus 250 interfin spacings per meter length of the tube. The total heat transfer from the finned tube is
then determined from

Quotatfin =N(Qfin +Qunfin) = 250(L1.52 +2.92) = 3610 W
Therefore the increase in heat transfer from the tube per meter of its length as a result of the addition of the fins is

Qincrease = Qtotal,fin - Qnoﬁn =3610-974=2636 W
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3-129 A circuit board houses 80 logic chips on one side, dissipating 0.04 W each through the back side of the board to the
surrounding medium. The temperatures on the two sides of the circuit board are to be determined for the cases of no fins and
864 aluminum pin fins on the back surface.

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies in one direction
only (normal to the board). 3 All the heat generated in the chips is conducted across the circuit board, and is dissipated from
the back side of the board. 4 Heat transfer from the fin tips is negligible. 5 The heat transfer coefficient is constant and
uniform over the entire fin surface. 6 The thermal properties of the fins are constant. 7 The heat transfer coefficient accounts
for the effect of radiation from the fins.

Properties The thermal conductivities are given to be k = 30 W/m-°C for the circuit board, k = 237 W/m-°C for the aluminum
plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive.

Analysis (a) The total rate of heat transfer dissipated by the chips is

Q - 80 % (0'04 W) - 3'2 W Rboard Repoxy RAluminum Rconv 2 cm
The individual resistances are Tl—/WWW\/—WVWV\/—WVWV\/’IV\M/W\F T, I
A=(0.12m)(0.18 m) = 0.0216 m? T I
2
Rooard = L 0.003m —=0.00463°C/W I
kA (30 W/meC)(0.0216 m?) —
1 1

=1.15741°C/W

conv —

hA (40 W/m?.°C)(0.0216 m?)
Rt = Rooarg + Regny = 0.00463 1 1.15741=1.1620 °C/W

,_ﬁ_\ﬁ_lﬁ_lﬁ_l
|

The temperatures on the two sides of the circuit board are
Q= T =T —— T, =T, + QRypp =40°C + (3.2 W)(1.1620 °C/W) = 43.72°C = 43.7°C I
total :
A Tl _T2 A o o o )
Q= - —T, =T; —QRygaq =43.72°C — (3.2 W)(0.00463 °C/W) = 43.71°C = 43.7°C
board

Therefore, the board is nearly isothermal.
(b) Noting that the cross-sectional areas of the fins are constant, the efficiency of the circular fins can be determined to be

2 o
o hp :\/ﬂz /4_h= 4(40 W/m? °C) _16.43m3
kA. VkzD2/4 VKD | (237 W/m°C)(0.0025 m)

_tanhmL _ tanh(16.43m™ x 0.02 m)

Tin = L 16.43m™ x0.02m
The fins can be assumed to be at base temperature provided that the fin area is modified by multiplying it by 0.9655. Then the
various thermal resistances are
L 0.0002 m
Repoxy =TA " 2
KA (1.8 W/m?2C)(0.0216 m*)
L 0.002m

Ry =— = ——=0.00039 °C/W
KA (237 W/m°C)(0.0216 m?)

Agned = 5 NZDL = 0.9655 x 8647(0.0025 m)(0.02 m) = 0.1310 m?
D2 7(0.0025)2

=0.9655

=0.00514 °C/W

Aunfinnes =0-0216 ~864 = — = 0.0216 — 864 x =0.0174m?
Atotal,with fins = Afinned + Aunﬁnned =0.1310+0.0174=0.1484 m2
Reonv = 1 ! =0.1685°C/W

At fins (40 W/m2.2C)(0.1484 m?)
Riotal = Rboard + Repoxy + Ratuminum + Reony = 0.00463 + 0.00514 + 0.00039 + 0.1685=0.1787 °C/W
Then the temperatures on the two sides of the circuit board becomes

. T -T )
Q=122 T =T,, + QR =40°C + (3.2 W)(0.1787 °C/W)= 40.57°C = 40.6°C

total

Q= Ti=Tp ——T, =T; = QR parq = 40.57°C — (3.2 W)(0.00463 °C/W) = 40.56 = 40.6°C

board
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3-130 A hot plate is to be cooled by attaching aluminum pin fins on one side. The rate of heat transfer fromthe 1 mby 1 m
section of the plate and the effectiveness of the fins are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction only (normal to the
plate). 3 Heat transfer from the fin tips is negligible. 4 The heat transfer coefficient is constant and uniform over the entire fin
surface. 5 The thermal properties of the fins are constant. 6 The heat transfer coefficient accounts for the effect of radiation
from the fins.

Properties The thermal conductivity of the aluminum plate and fins is given to be k = 237 W/m-°C.

Analysis Noting that the cross-sectional areas of the fins are constant, the efficiency
of the circular fins can be determined to be

— 3Ccm
o_[he _ [haD _ [ah _ 4BWIMC) _oar ] D=0.25 ¢m
kA, kaD2/4 VkD | (237 W/meC)(0.0025m) ' A
po o tanhml tanh(15.37 m™ x0.03m) 0.935 E—
T mL 15.37m1 x0.03m ' I—
The number of fins, finned and unfinned surface areas, and heat transfer I—
rates from those areas are
2
n= im =27.777 ]
(0.006 m)(0.006 m) —
2 2 j
Aq, = 27777[7:DL +”%} = 27777{;;(0.0025)(0.03) + ”(0'0225) } =

=6.68m?

2 2
Auntinmeg =1— 27777{”%] —1- 27777[%} —0.86m?

innned = Tfin inn,rm\x = 1in PAGn (T = To)
=0.935(35 W/m?.°C)(6.68 m?)(100 —30)°C
=15,300 W
Qunfinned = Munfinnea(To —T.o) = (35 W/m? °C)(0.86 m*)(100 — 30)°C
=2107 W

Then the total heat transfer from the finned plate becomes

Qootatsfin = Qfinned + Qunfinned =15,300+2107 =1.74x10* W =17.4kW
The rate of heat transfer if there were no fin attached to the plate would be

Anofin =(@m)(Lm) =1m?

Qrosin = Anosn (T, —T..) = (35 W/m?.°C)(1 m?)(100 —30)°C = 2450 W
Then the fin effectiveness becomes

_ Qp, 17,400

5ﬁn = =710
Qnofin 2450
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[13
3-131 E Prob. 3-130 is reconsidered. The effect of the center-to center distance of the fins on the rate of heat transfer
from the surface and the overall effectiveness of the fins is to be investigated.

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

"GIVEN"

T_b=100 [C]

L=0.03 [m]

D=0.0025 [m]
k=237 [W/m-C]

S=0.6 [cm]

T _infinity=30 [C]
h=35 [W/m"2-C]

A surface=1*1 [m"2]

"ANALYSIS"

p=pi*D

A_c=pi*D"2/4

a=sqrt((h*p)/(k*A_c))

eta_fin=tanh(a*L)/(a*L)

n=A_surface/(S"2*Convert(cm”2, m”2)) "number of fins"

A_fin=n*(pi*D*L+pi*D2/4)

A_unfinned=A_surface-n*(pi*D"2/4)

Q_dot_finned=eta_fin*h*A_fin*(T_b-T_infinity)
Q_dot_unfinned=h*A_unfinned*(T_b-T_infinity)
Q_dot_total_fin=Q_dot_finned+Q_dot_unfinned
Q_dot_nofin=h*A_surface*(T_b-T_infinity)

epsilon_fin=Q_dot_total_fin/Q_dot_nofin

Qtotal,fin [VV]

S Qrotat fin &fin
[cm] [W]

0.4 36123 14.74
0.5 24001 9.796
0.6 17416 7.108
0.7 13445 5.488
0.8 10868 4.436
0.9 9101 3.715
1 7838 3.199
1.1 6903 2.817
1.2 6191 2.527
1.3 5638 2.301
1.4 5199 2.122
15 4845 1.977
1.6 4555 1.859
1.7 4314 1.761
1.8 4113 1.679
1.9 3942 1.609
2 3797 1.55

40000

35000

30000

25000

20000

15000

10000

5000

0
0.25

0.95 13

S [cm]

Efin
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3-132 Circular fins made of copper are considered. The function &x) = T(x) - T., along a fin is to be expressed and the
temperature at the middle is to be determined. Also, the rate of heat transfer from each fin, the fin effectiveness, and the total
rate of heat transfer from the wall are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction only (normal to the
plate). 3 The heat transfer coefficient is constant and uniform over the entire finned and unfinned wall surfaces. 4 The
thermal properties of the fins are constant. 5 The heat transfer coefficient accounts for the effect of radiation from the fins.

Properties The thermal conductivity of the copper fin is given to be k = 400 W/m-°C.
Analysis (a)
Forx =L/2:

n_ [P _ | (100)z(0.001)
- 2 -

-1

=31.62m
(400)7(0.001)° /4

C

Noting that T,—T,, = T and T_- T, =0,

(TL_T‘”jsinh(mx) +sinhm(L — x)
T)-T, (T —Ts _sinh[m(L — x)]
T,-T, sinhmL ~ sinhmL
T(L/2)-0 sinh[m(L - x)]
132-0  sinhmL
T(L/2)-132 sinh[31.62(0.0254 ~0.015)] _ ;o .~

sinh(31.62 x 0.0254)

(b) The rate of heat transfer from a single fin is
cosh(mL) — T-T.
Tb _Too
sinh(mL)

Qonefin = G-b _Too)\/hpkAc

— (132 — 0)+/(100)7(0.001)(400)7(0.001)? / 4

cosh(31.62 x 0.0254) — 0
sinh(31.62 x 0.0254)

=1.970W

The effectiveness of the fin is

o Q 1.970 100
hA (T, —T.))  (100)0.257(0.001)% (132 - 0)

Since g >> 2, the fins are well justified.

(c) The total rate of heat transfer is

Qtotal = inns + Qbase
= Nfin Qonefin + (Awai = Nan AT, = To)
=(625)(1.970) +[0.1x 0.1 - 625 x 0.257(0.001) 2 1(100)(132)
=1357W
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3-133 A commercially available heat sink is to be selected to keep the case temperature of a transistor below 90°C in an
environment at 20°C.

Assumptions 1 Steady operating conditions exist. 2 The transistor case is
isothermal at 90°C. 3 The contact resistance between the transistor and the
heat sink is negligible.

Analysis The thermal resistance between the transistor attached to the sink
and the ambient air is determined to be
Q‘ _ AT SR _— Ttransistor _Too _ (90_ ZO)OC
Rcase—ambient case-amblent Q 40 W

The thermal resistance of the heat sink must be below 1.75°C/W. Table 3-6 reveals that HS6071 in vertical position, HS5030
and HS6115 in both horizontal and vertical position can be selected.

=1.75°C/W

3-134 A commercially available heat sink is to be selected to keep the case temperature of a transistor below 55°C in an
environment at 18°C.

Assumptions 1 Steady operating conditions exist. 2 The transistor case is isothermal
at 55°C. 3 The contact resistance between the transistor and the heat sink is
negligible.

Analysis The thermal resistance between the transistor attached to the sink and the
ambient air is determined to be

Q' _ AT R . — Ttransistor _Too _ (55_18)OC
Rcase—ambient case-ambient Q 25W
The thermal resistance of the heat sink must be below 1.5°C/W. Table 3-6 reveals that HS5030 in both horizontal and vertical
positions, HS6071 in vertical position, and HS6115 in both horizontal and vertical positions can be selected.

=1.5°C/W
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Bioheat Transfer Equation

3-135 The different human body types with three different thicknesses of skin/fat layes are subjected to the varying ambient
temperature. The rate of metabolic heat generation is to be determined so as to maintain the skin temperarue constant at 34°C.

Assumptions 1 Muscle and skin/fat layer considered as a 1-D plain wall. 2 Steady state conditions. 3 Blood properties,
thermal conductivities, arterial temperature, core body temperature, and perfusion rate are all constant. 4 The surrounding
temperature is the same as that of the ambient temperature. 5 Solar radiation is negligible.

Propertie: Constant thermophysical properties for skin and blood. Ambient temperature is varied between -20 and 20°C. Ly =
0.075, 0.005 and 0.003 m for three different body types.

Analysis Solve the bioheat transfer differential equation along with the appropriate boundary conditions to develop an
expression for the interface temperature (T;) between the muscle and the outer skin/fat layer. The bioheat transfer differential
equation is given by Eq. 3-88.
2

d—f -B*0=0

dx
where B?= pp, ¢, /khas units of (/m) and =T - T, - € / P o Cbo. The boundary conditions for the problem in terms of
temperature excess 6 are:

A0)=Tc—Ta— ém IPpC =6 and ALy =T-Ty— ém / p,Dqu =6
The solution to Eqg. 3-88 with the two specified temperature boundary conditions &, and 8, is given by Eq. 3-67 developed for
fins (case 3 — specified temperature). For our case Eq. 3-67 becomes

0 _ (6/6;)sinh Bx + sinh B(Ly, —x)

0, sinh BL,,
Using the Fourier’s law of heat conduction, the rate of heat transfer that leaves the muscle at x = L, and enters the skin/fat
layer is

dT

Qspecified temp. = —KmA i

=—kyA ? =—k,ABO, (6/6;)cosh BLy, —1

Xlxot, sinh BL,,

X=Ly

The rate at which heat is transferred through the skin/fat layer and into the environment is obtained by using the thermal
resistance network concept. The total rate of heat transfer through the skin/fat layer and into the environment (the rate of heat
loss from the body) is,

Q'b _Ti _Too Ti _Ts —(T T )Rconv+Rrad
- —\s 0

Rtotal Rsf Rconv x Rrad

where the total resistance is
Rconv Rrad
Riotal = Rt + Reonvrad = Ret + R
Rconv+ rad

and the individual resistances are
Lsf

1 1
o A 2(W /m? - K)x1.8m?
1 1

rad A 5.9W /m?.K)x1.8m?

From the above heat balance, for the known values of skin temperature and the environment temperature, we find interface
temperature as,

T =T +Qb Rt

=0.2778 KIW

R =
conv =

Rrag =+ =0.0941 K/W

Equating the rate of heat transfer that leaves the muscle at x = L, and enters the skin/fat layer with the rate at which heat is
transferred through the skin/fat layer and into the environment yields
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(6,16,)coshBL, -1  T,-T,
sinh BL,,, Reotal

—k,AB 6,

The rearrangement of above equation by replacing & and &, with appropriate equations results in the equation to determine
the metabolic heat generation rate,

(T, =T, )sinh(BL,,)
K, ABR,,; cosh(BL,)

1
cosh(BL,)+1

€ = ppbcb( +(T; —Ta)cosh(BLm)Jx

where, B = /% —60m?, sinh(BL,, )=2.94, cosh(BL,,)=3.107, k,, =0.5W/m-K and A=1.8mZ.
m

The muscle and skin/fat interface temperature is a variable that will change with the change in the ambient temperature and
the thickness of skin/fat layer. For all other known values, the metabolic heat generation rate (€, ) is calculated as shown in
table below.

Metabolic heat generation rate as a function of ambient air temperature and skin/fat layer thickness

Metabolic heat generation rate €, (W/m?)

T, (°C) Ly =0.0075m Ls=0.005m Lg=0.0025 m
-20 28750 23908 19065
-15 25709 21316 16922
-10 22669 18724 14778
-5 19629 16132 12634
0 16588 13540 10491
5 13548 10948 8347
10 10508 8356 6203
15 7467 5763 4060
20 4427 3171 1916

Variation of the metabolic heat generation rate with change in the ambient temperature for three different skin/fat layer
thicknesses is shown graphically in the figure below.

35000 , . . |
‘:,E -o L, =00075m
s 0 e —o- L,=0005m | ]

~
% 25000 - e, -m— L;=0.0025m | |
— m N
5 e
™ 20000 | - . |
) - -
S \-*\ \v LN
o 15000 - e \. |
o ~
8 ‘\\V\\ N
< 10000 - LNNR |
U ~
S BV e
'8 N TN
© 5000 f O |
46 .‘\\'g
= “n
0 L I 1 . )

Ambient temperature (°C)

Discussion It is clear that the metabolic heat generation rate required to keep a skin temperature increases with drop in the
ambient temperature. The effect of increase in the skin/fat layer thickness on the metabolic heat generation rate is also
evident. This also implies that, in oder to maintain the interface and core body temperature within a comfortable zone, a
human being with lesser skin/fat layer thickness will have to have higher metabolism.
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3-136 The metabolic heat generation rate within human body is to be determined so as to maintain the skin temperature at
34°C.

Assumptions 1 Muscle and skin/fat layer considered as a 1-D plain wall. 2 Steady state conditions. 3 Blood properties,
thermal conductivities, arterial temperature, core body temperature, and perfusion rate are all constant. 4 The surrounding
temperature is the same as that of the ambient temperature. 5 Solar radiation is negligible. 6. Same heat transfer everywhere
throughout the different parts of body.

Properties The convective heat transfer coefficients at T, = 15°C for air and water are 2 W/m*K and 20 W/m*K,
respectively. All other properties remain same as that of the example problem 3-14 in the text.

Analysis For this problem, the properties of human body parameters remain the same as that considered in example problem
3-14 in the text. However, the ambient and surrounding temperature is lowered to 15°C and has different convective heat
transfer coefficient when the human body is exposed to air and water.

The thermal resistance due to convection is

For air: Reonv = ! . > ! > =02T7TKIW
hcon\/A 2 W/m -Kx1.8m

For water: Reony = ! _ 5 ! > =0.0277 KIW
hconvA 20 W/m -Kx1.8m

The thermal resistance due to radiation remains unchanged and is same as that in the example problem 3-14 in the text,

Rrag = hL =0.09416 K/W

rad

Since we know the environment and skin temperatures, we find the rate of heat loss from the skin surface to the environment
as a combined effect of convection and radiation.

. Reony + R
Qp =(T, -, )—een " Prad _ 570 2\

Rconv X Rrad

From of heat transfer calculated above we can then find the skin and muscle/fat layer interface temperature using heat
balance.

. T -T ) Ko A . 2
&y =k AT and T :TS+Qb A _ agoc, 210.2Wx03W/M-KxL8M® _ o
Ly Ly 0.003m

We also know that, the muscle and skin/fat layer interface temperature T; can be calculated using

T, sinh BL, + k, ABRy | 6, +[Ta +Cm jcosh BL,,
PAuCh

sinh BL, + K, ABRy, COsh BL,

T- =

Rearrangement of this equation to find unknown metabolic heat generation rate yields

(T, -T,, )sinh(BL,,)
K, ABR,,; cosh(BL,)

1
cosh(BL,)+1

€m = ppbcb( +(Ti _Ta)COSh(BLm)JX

For the given conditions,

B_ [PPuCy _ [0.0005(s™)x1000 (kg/m®)x3600 (kg -K) _ . 4
K, 0.5(W/m-K)

sinh(BL,,)=2.94, cosh(BL,, )=3.107

Putting these values in the equation for metabolic heat generation rate gives,
é,, = 4401 W/m® (air environment).
Similarly using the convective heat transfer coefficient of 20 W/m?-K for water, we find,
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: R R
Q, = ('rs —Tw) conv ¥ Rrad _ (34 1S)OCX(0.02778><0.09416j _885.8W
Reonv X Rrag 0.02778+0.09416
Q' ke A
and T =T+ b st _37.66°C

sf
Using the equation for metabolic heat generation rate as above we get,
é,, = 23937 W/m? (water environment).

Discussion The human body is adaptable to adjust with the surrounding thermal environment. For instance, if the
environmental conditions are cold, human body will adjust itself through the involuntarily motion of shivering. In this case,
for lower ambient temperature, metabolic heat generation achieved through shivering is about 6 times higher than that given
in example problem 3-14 in the text. In case of the water as surrounding fluid with about 10 times higher convective heat
transfer coefficient, the metabolic heat generation rate required to maintain the skin temperature at 34 °C is about 35 times
higher compared to that given in the example problem. This indicates that, for such a case only shivering motion may not be
sufficient to raise the body temperature and the human body may have to perform certain physical activity to increase the
metabolic heat generation rate.

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.




3-98

3-137 The metabolic heat generation rate in a person’s body increases from 700 to 7000 W/m? due to rigorous exercise over a
period of time. The perspiration rate in lit/s is to be determined to maintain the skin temperature at 34 °C.

Assumptions 1 Muscle and skin/fat layer considered as a 1-D plain wall. 2 Steady state conditions. 3 Blood properties,
thermal conductivities, arterial temperature, core body temperature, and perfusion rate are all constant. 4 The surrounding
temperature is the same as that of the ambient temperature. 5 Solar radiation is negligible. 6. Same heat transfer everywhere
throughout the different parts of body.

Properties Constant thermophysical properties for skin and blood. The perfusion rate stays constant at 0.0005 s

Analysis Since the convective heat transfer coefficient, ambient and surrounding temperatures, skin and blood thermophysical
properties and the perfusion rate are same as that in the example problem 3-14 in the text, the values of B, Ry, Reonv, Rrag @nd
Riotar Femain unchanged. Thus, B = 60 m™, p, =1000kg/m®, c, =3600J/kg- K, L, =0.03m, Ry = 0.00555 K/W, Reony =
0.2778 KIW, Ryag = 0.0941 K/W and Ry = 0.07588 K/W.

With the increase in metabolic rate from 700 to 7000 W/m? and for the ambient temperature of 30°C, the skin and muscle/fat
layer interface temperature is calculated using,

POuCy
sinh BL,, + K, ABRyg4 COSh BL,,

T, sinhBL,, + kmABRtota{&C +[Ta 4 Cm ]cosh BLm}
T =

where
sinh(BL,, )= 2.94, cosh(BL,,)=3.107and 6, =T, T, ——" =-3.11°C
PPLCy
30°Cx2.94+ 0.5W/m-Kx1.8m? x60m ™ x0.0758 K/W [-3.11°C +(37°C +3.11°C)x 3.107]
2.94+ (0.5W/m-K x1.8m? x60 m x0.0758 K/W x3.107)

T =

~T; =37.4°C.
From the value of interface temperature, the total heat loss from the body to the environment is calculated as,
_T;-T, 37.4°C-30°C

Qp = =97.52W
Riotal 0.07588 KIW
Now, the skin temperature is calculated using Fourier’s law of heat conduction to the skin/fat layer i.e.,
: T, -T
Qp =ksf A= >
sf
Thus the skin temperature is calculated as,
dokst A
Toin =T — kst A _ 36 86°c.

sf
The skin temperature is 2.86 °C higher than the desired temperature. If the skin temperature is to be maintained at 34 °C, then
the excess heat generated within the body due to increased metabolic heat generation rate has to be removed through
perspiration. The heat removal rate from the body when the skin temperature is 36.86°C is 97.52 W. However in order to
maintain the skin temperature at 34 °C, the amount of heat to be removed is
. T,-34
Qb =
sf
Thus the excess amount of heat to be removed from body is 514.5W. If this heat has to be removed through perspiration then,
Qp =mMphy
Given that the perspiration properties are same as that of water evaluated at a skin surface temperature of 35.5°C, from Table
A-9, we have p, =994kg/m® and hy, = 2417 ki/kg.
Thus the volume of perspiration in lit/s is determined as,
my  Qp 514.5J/s

P pp pphyy  2417x10° Jkgx 994 kg/m®

Discussion The volumetric perspiration rate of 2.136x107*(L/s) =0.76(L/h) is moderate perspiration rate expected during

rigorous exercise. If the perspiration rate exceeds about 2 L/h, human body may get dehydrated quickly resulting in sudden
collapse. It was assumed in this problem that the perfusion rate stays constant. However, in reality, the body will
automatically increase the perfusion rate that will increase the temperature at the muscle and skin/fat layer interface. Thus the
body heat is rejected to the environment in form of convection and radiation and hence may result into less perspiration.

=612W

=2.141x107" m%/s = 2.141x107* L/s
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3-138 For a forearm we have been given the dimensions and thermal conductivities of a muscle layer and a skin/fat layer,
metabolic heat generation and perfusion rate within the muscle layer, arterial temperature, blood density, specific heat, and
ambient conditions. The mathematical formulation, the temperature at the outer surface of the muscle, and the maximum
temperature in the forearm are to be determined.

Assumptions 1 Muscle and skin/fat layer considered as a 1-D cylinder. 2 Steady state conditions. 3 Blood properties, thermal
conductivities, arterial temperature, core body temperature, metabolic heat generation rate, and perfusion rate are all constant.
4 Radiation exchange between the skin surface and the surroundings is between a small surface and a large enclosure at the air
temperature. 5 Solar radiation is negligible.

Properties Muscle thermal conductivity k,, = 0.5 W/m-K, skin/fat layer thermal conductivity ks = 0.3 W/m-K, blood density
= 1000 kg/m® and blood specific heat ¢, = 3600 J/kg-K.

Analysis

T surr

() The bioheat transfer differential equation in cylindrical coordinates with constant properties is

li rd_T +M:0
r dr dr k

where €, and €, are the metabolic and perfusion heat source terms (W/m®). The expression proposed by Pennes for the
exchange of thermal energy between flowing blood and the surrounding tissue (perfusion) is as

ép = ppocb (Ta=T)

Substituting the Pennes’ perfusion heat source term expression, into the differential equation in cylindrical coordinates, results
in

1d(dT) & +ppc(T,-T)_,
r dr dr k

With the following boundary conditions:

dT

—1 =0 and Trm) =T,
dr

r=0

Assuming constant é_,p,p,,C, and T,, the above differential equation reduces to

2:
d I 199 gep_g
dr r dr

1i(d9
dr

= r—|-B*0=0 or
rdr j

where B?= pp, ¢, / k has units of (I/m)and =TT, - €mn / P o Co. The boundary conditions for the problem in terms of
temperature excess 6 are:

do
r=0 bl
e dr

=0

r=0
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@r=ry arm):Ti_Ta_e‘m /anCb:el

The differential equation in terms of temperature excess € is a modified Bessel equation of order zero, and its general
solution is of the form

Ar) = Culo (Br) + CK, (Br)
where Iy and K, are modified, zero-order Bessel functions of the first and second kinds, respectively.
Applying the boundary condition at r=0: (;—9 = C4BI; (0) + C,BK;(0) =0
r r=0
Since Ky(0) is infinite, we must have C, = 0.
Applying the boundary condition atr = ry: &rm) =Ti—Ta— €, / P pCo = 6 = Cilo (Brp)

Solving for C; we get Ci=611y(Bry)
The complete solution for 6 (r) is
o _ 6 1o(Br) {Ti I j lo(Br)
IO(Brm) ppbcb IO(Brm)
(b) In order to find T;, use the above equation (note that T; that appears in & in Eq. (1) above is unknown). Follow the general
procedure used in the example problem on the application of the bioheat transfer equation. Use Eq. (1) to calculate the rate at

which heat leaves the muscle and enters the skin/fat layer at r = r,, and equate it with the rate at which heat is transferred
through the skin/fat layer and into the environment.

@

Using the Fourier’s law of heat conduction, the rate of heat transfer that leaves the muscle at r = r, and enters the skin/fat
layer is

do

—k, (27r,)B6, 1,(Br,) (2
dr

r=r, IO( Brm )

The rate at which heat is transferred through the skin/fat layer and into the environment is obtained by using the thermal
resistance network concept. In this case the thermal resistance is a combined series-parallel arrangement. Heat is transferred
through the skin/fat layer by conduction in series and is in parallel with heat transfer by convection and radiation. The total
rate of heat transfer through the skin/fat layer and into the environment (the rate of heat loss from the forearm) is

_ 1} __120
R

= _kmAr

r=r,

: dT
Qspecifiedtemp. = _km AY E

Q,

@)

total

Reow R

conv " ‘rad
Ry +—conv rad

where the total resistance is Riota = R¢ + Reonvrad =
Reonw + Riag

conv

and the individual resistances assuming unit length for the cylinder are

In(rm + J
r
Ry=— " / = L and R 1

27k, ™ 27(r, +t,)h T ox(r, + t, )h

rad

conv

Equating the rate of heat transfer that leaves the muscle at r = r,, and enters the skin/fat layer, Eq. (2), with the rate at which
heat is transferred through the skin/fat layer and into the environment, Eg. (3), yields

Il(Brm) _ Ti _Toc

-k, (2zr,)B&, =
I,(Br,) R

total

The above equation can be solved for T;, the final expression is
T.1,(Br, )+ k, (27T, )BR, (Ta 4 Em ] 1,(Br,)
PoLC

T-: b~b
I IO( Brm )+ km(27z. rm )BRtotaI Il( Brm)

(4)
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(c) Using the data given in the problem statement and the expression for the interface temperature (T;) between the muscle and
the outer skin/fat layer, Eq. (4), the interface temperature between the muscle and the outer skin/fat layer is

Ti=34.2°C
The maximum temperature in the forearm (T,s) occurs at the center of the forearm (r = 0). Thus from Eq. (1), with I, (Br) =
lp (0) = 1, we have

P :(T ot J:alo(O) :(,_ & j 1
ppbcb IO(Brm) ppbcb IO(Brm)

or

T, =T, +—nm +(Ti—Ta—,emj L (5)
PPy Gy PP, Gy ) 1o(Bry)

Using the data given in the problem statement and the expression for the maximum temperature (T4 in the forearm, Eq. (5),
we get
Tax = 36.7°C

Discussion The core body temperature is 37°C. The maximum temperature is very close to the core body temperature which
appears to be very reasonable.
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Heat Transfer in Common Configurations
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3-139C Under steady conditions, the rate of heat transfer between two surfaces is expressed as Q = Sk(T. 1 —T,) where Siis the
conduction shape factor. It is related to the thermal resistance by S=1/(kR).

3-140C It provides an easy way of calculating the steady rate of heat transfer between two isothermal surfaces in common

configurations.

3-141 The hot water pipe of a district heating system is buried in the soil. The rate of heat loss from the pipe is to be

determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3

Thermal conductivity of the soil is constant.

Properties The thermal conductivity of the soil is given
to be k =0.9 W/m-°C.

Analysis Since z >1.5D, the shape factor for this
configuration is given in Table 3-7 to be

27 27(20m)

S _ =34.07m
In(4z/D) _ In[4(0.8m)/(0.08 m)]

Then the steady rate of heat transfer from the pipe becomes

Q = Sk(T, —T,) = (34.07 m)(0.9 W/m? C)(60 — 5)°C =

5°C
f_

80 cm
60°C

f

L=20m

0

ID=8cm

A

1686 W
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3-142 A thin-walled cylindrical container, filled with chemicals undergoing exothermic reaction, is buried in fresh snow. The
reaction provides a uniform heat generation. The snow surface is maintained at a specified temperature. The container surface
temperature is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the ground is constant. 4 Isothermal container surface.

Properties The thermal conductivity of fresh snow is k = 0.60 W/m-K (Table A-8).
Analysis The shape factor for this configuration is given in Table 3-7 (Case 1) to be

g__ 2 _ 27(1.5m)
" In(4z/D)  In[4(0.30 m)/(0.10 m)]

=3.793m

The heat transfer rate from the cylindrical container is
Q= e.gen‘/ =kS(T; -T>)
Thus, the surface temperature of the container is

& .V é DL 3 2
eV g _ (900W/m®)z(0.10m)*(L5m) (L5°C) =

, ~0.34°C
ks 4KS 4(0.60 W/m- K)(3.793m)

T

Discussion The surface temperature of the container is below the freezing point of water, therefore the snow around the
container will not melt.

3-143 Hot water flows through a 5-m long section of a thin walled hot water pipe that passes through the center of a 14-cm
thick wall filled with fiberglass insulation. The rate of heat transfer from the pipe to the air in the rooms and the temperature
drop of the hot water as it flows through the pipe are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the fiberglass insulation is constant. 4 The pipe is at the same temperature as the hot water.

Properties The thermal conductivity of fiberglass insulation is given to be
k =0.035 W/m-°C. D=25cm

Analysis (a) The shape factor for this configuration is given in Table 3-7 to be

r— 53°C
S 27 _ 27z(5m) _16m
18°C
L=5m f

|n[82j In{ 8(0.07 m) }
D 7(0.025m)

Then the steady rate of heat transfer from the pipe becomes

Q = Sk(T, —T,) = (16 m)(0.035 W/m°C)(53—18)°C = 19.6 W

(b) Using the water properties at the room temperature, the temperature drop .
of the hot water as it flows through this 5-m section of the wall becomes
Q =rc,AT
aT=9 = St - VS - 19.6 s A —0.024°C
mc pVA.C .
P A% P (1000 kg/m®)(0.4 m/s){”(wi‘r’m)}(mso J/kg.°C)
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3-144 Hot and cold water pipes run parallel to each other in a thick concrete layer. The rate of heat transfer between the pipes
is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-
dimensional (no change in the axial direction). 3 Thermal conductivity of the T. = 60°C
concrete is constant. y

Properties The thermal conductivity of concrete is given to be k = 0.75 T,=15°C
Wim-°C.

Analysis The shape factor for this configuration is given in
Table 3-7 to be

S= = z=40cm D=5cm
47> - D,? - D,? =
coshi| -2 — 71 =2 8m
[ 2D,D,
- 27(8m) ~9.078m
cosh-1[ 404 m)? —(0.05m)? — (0.05m)?
2(0.05m)(0.05 m)

Then the steady rate of heat transfer between the pipes becomes

Q=Sk(T, —T,) = (9.078 m)(0.75 W/m?°C)(60 — 15)°C = 306 W

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.




3-105

T3
3-145 E Prob. 3-144 is reconsidered. The rate of heat transfer between the pipes as a function of the distance between the
centerlines of the pipes is to be plotted.

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

"GIVEN"

L=8 [m]
D_1=0.05 [m]
D 2=D 1
z=0.40 [m]
T_1=60 [C]
T_2=15[C]
k=0.75 [W/m-C]

"ANALYSIS"

S=(2*pi*L)/(arccosh((4*z"2-D_172-D_2"2)/(2*D_1*D_2)))

Q_dot=S*k*(T_1-T_2)

z Q
[m] [W]
0.1 644.1
0.2 411.1
0.3 3423
0.4 306.4
05 2834
0.6 267
0.7 254.7
0.8 2448
0.9 236.8
1 230
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3-146E A row of used uranium fuel rods are buried in the ground parallel to each other. The rate of heat transfer from the
fuel rods to the atmosphere through the soil is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the soil is constant.

Properties The thermal conductivity of the soil is given to be k = 0.6 Btu/h-ft-°F.

Analysis The shape factor for this configuration T, = 60°F
is given in Table 3-7 to be 'y r
271 — 2Eno
Stotal =4X—F7———~ Ty = 350°F
In 2—Wsinh%
D w 15 ft
- 4x 27(31) — 05208 J D=1in
In 2(8/121t)Sinh 27(151) L=3ft
7(L/121) (8/12t)

8in
Then the steady rate of heat transfer from the fuel rods becomes

O = S,y K (T, =T,) = (0.5298 1t )(0.6 Btu/h. f.°F)(350 — 60)°F = 92.2 Btu/h
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3-147 Hot water is flowing through a pipe that extends 2 m in the ambient air and continues in the ground before it enters the
next building. The surface of the ground is covered with snow at 0°C. The total rate of heat loss from the hot water and the
temperature drop of the hot water in the pipe are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the ground is constant. 4 The pipe is at the same temperature as the hot water.

Properties The thermal conductivity of the ground is given to be k = 1.5 W/m-°C.

Analysis (a) We assume that the surface temperature of the tube is equal to the temperature of the water. Then the heat loss
from the part of the tube that is on the ground is

A, = zDL = 7(0.05m)(2m) = 0.3142 m?

. 8°C
Q:hAs(Ts _Too) r—OOC
= (22 W/m?.°C)(0.3142 m?)(80 — 8)°C = 498 W
Considering the shape factor, the heat loss for vertical part of the 3m
tube can be determined from
80°C
20m
so_2t __27GM) _su4m '

|n(4Lj In{ A3 m) }
D (0.05m)

Q=Sk(T, —T,) = (3.44 m)(1.5 W/m°C)(80 — 0)°C = 413 W
The shape factor, and the rate of heat loss on the horizontal part that is in the ground are

g_ 2 _ 2m(20m) g

|n[4zj In{ 4(3m) }
D (0.05m)

Q = Sk(T, - T,) = (22.9 m)(L.5 W/m°C)(80 — 0)°C = 2748 W

and the total rate of heat loss from the hot water becomes
Quotal = 498+ 413+ 2748 = 3659 W

(b) Using the water properties at the room temperature, the temperature drop of the hot water as it flows through this 25-m
section of the wall becomes

Q=mc,AT
AT = .Q -7 5) - VEC) _ 3659 /s : _0.30°C
mc C C
P VG L P (1000 kg/m®)(1.5 mls)[”(o'ojrm}(MSOJ/kg."C)
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3-148 Hot water passes through a row of 8 parallel pipes placed vertically in the middle of a concrete wall whose surfaces are
exposed to a medium at 32°C with a heat transfer coefficient of 8 W/mZ2.°C. The rate of heat loss from the hot water, and the
surface temperature of the wall are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of concrete is constant.

Properties The thermal conductivity of concrete is given to be k = 0.75 W/m-°C.

Analysis The shape factor for this configuration is given in Table 3-7 to be r- 32°C
7 3
g2t __ 27(M) _jagen 85°C
In( 8z ] - 80.075m) ' z
D #(0.03m) ( D ()
Then rate of heat loss from the hot water in 8 parallel pipes L=4m :
becomes AJ

Q=8Sk(T, —T,) =8(13.58 m)(0.75 W/m°C)(85 — 32)°C = 4318 W
The surface temperature of the wall can be determined from

A, =2(4m)(8m)=64m? (from both sides)

Q:hAS(rS—Tw)—>Ts:Tw+i=32°C+ 4318 W

=37.6°C
hA, (12 W/m?.°C)(64 m?)
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3-149 Two flow passages of the same length but of different cross-sectional shapes. Each flow passage is centered in a square
solid bar of the same length. The configuration that has the higher rate of heat transfer through the square solid bar is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivities are constant. 4 Isothermal surfaces.

Analysis The shape factor of a circular flow passage centered in a square solid bar is given in Table 3-7 (Case 6) to be

g . e 2
" In(.08w/D) In(1.08a/b)

The shape factor of a square flow passage centered in a square solid bar is given in Table
3-7 (Case 10), for a/b > 1.4, to be

27L

Sgy=————— (foralb<1l4
%4 0.785In(a/b) ( )
and
S = 27 (for a/b > 1.4)
0.931n(0.948a/b)

The rate of heat transfer for both configurations can be expressed as

qu _ kSsq(Tl _Tz) :ﬁ

Qcir I(Scir(Tl _Tz) Scir
(@) Fora=1.2b (a/b <1.4),

Qq S _ In(.08a/b) _ In(L.08x12) )

50 - - 812
Oy Sg 0.785In(a/b)  0.785In(1.2)

(b) Fora=2b (a/b>1.4),

Quq _Swg __ In@08a/b) _  In(LO8x2) .o,
Qur Sar 0.93In(0.948a/b) 0.93In(0.948x2)

Discussion For both cases, the square flow passage has higher rate of heat transfer through the square solid bar than the
circular flow passage. For a/b < 1.4, the square flow passage has 81.2% higher heat transfer rate than the circular flow
passage. For a/b > 1.4, the square flow passage has 29.4% higher heat transfer rate than the circular flow passage.
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3-150 A tube transporting steam is inserted eccentrically in a cylindrically insulation. The rate of heat transfer per unit length
is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity is constant. 4 Isothermal surfaces.

Properties The thermal conductivity of the insulation is given as k= 0.73 W/m-K.

Analysis The shape factor for this configuration is given in Table 3-7 (Case 7) to be

S_ 27 = 27 =11.26
L cosh-! D? + D3 - 477 cosh1| (0:02 m)? +(0.04 m)? —4(0.005 m)*
2D,D, 2(0.02 m)(0.04 m)

The heat transfer rate per unit length through the insulation is

Q
L

= k%(Tl ~T,) =(0.73W/m-K)(11.26)(100 — 30)(K) = 575 W / m

Discussion To reduce heat loss from the steam, the tube should be centered in the
insulation.
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3-151 Two circular tubes, one is properly centered in a cylindrical insulation material but the other is not. The configuration
that has the higher rate of heat transfer through the insulation is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity is constant. 4 Isothermal surfaces.

Analysis The shape factor for a tube centered in a cylindrical insulation is given in Table 3-7 (Case 9) to be
27l
Scen T r—
In(D, /D)
The shape factor for a tube that is eccentric in a cylindrical insulation is given in
Table 3-7 (Case 7) to be

271

eeen wosh1[ D + D5 —47°
2D,D,

S

The rate of heat transfer for both configurations can be expressed as

Q?ccen _ kS eccen (Tl _Tz) _ Seccen
chn kS cen (Tl _T?_) Scen
In(D, / D;)

D12+D22—422]

cosh !
2D,D,

_ In(0.04 m/0.02 m)
cosh-1| (002 m)? + (0.04 m)? — 4(0.005 m)?
2(0.02m)(0.04 m)

=1.149

The tube that is eccentric in the cylindrical insulation has a 14.9% higher rate of heat transfer through the insulation than the
one that is properly centered.

Discussion Thus, to limit heat loss the tube should be centered in the insulation.
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3-152 The inner and outer surfaces of a long thick-walled concrete duct are maintained at specified temperatures. The rate of
heat transfer through the walls of the duct is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no 30°C
change in the axial direction). 3 Thermal conductivity of the concrete is constant.

Properties The thermal conductivity of concrete is given to be k = 0.75

W/m-°C. 100°C
Analysis The shape factor for this configuration is given in Table 3-7 to be
%:%:1.254.41 s 027’;&5 T;S ~896.7m
0.785 |n(2] /912 16 cm

Then the steady rate of heat transfer through the walls of the duct becomes
20cm

Q = Sk(T, —T,) = (896.7 m)(0.75 W/m°C)(100 — 30)°C = 4.71x10* W = 47.1kW
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3-153 The walls and the roof of the house are made of 20-cm thick concrete, and the inner and outer surfaces of the house are
maintained at specified temperatures. The rate of heat loss from the house through its walls and the roof is to be determined,
and the error involved in ignoring the edge and corner effects is to be assessed.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer at the edges and corners is two-or three-dimensional. 3
Thermal conductivity of the concrete is constant. 4 The edge effects of adjoining surfaces on heat transfer are to be
considered.

Properties The thermal conductivity of the concrete is given to be k = 0.75 W/m-°C.

Analysis The rate of heat transfer excluding the edges and corners is first determined to
be 3°C

At =(12-0.4)(12—-0.4) +4(12-0.4)(6 -0.2) = 403.7 m? | L I

. kA 0.75 W/m®°C)(403.7 m?

(15-3)°C =18,167 W 15°C
0.2m

The heat transfer rate through the edges can be determined using the shape factor —
relations in Table 3-7,

S

=4 xcormers +4xedges = 4x0.15L +4x0.54w
=4x0.15(0.2m) +4x0.54(12m) = 26.04 m
Qcomers+edges = Scomers+edgesk(Tl _Tz) = (26-04 m)(0-75 W/m-OC)(15_3)OC =234 W

comers+edges

and Quoral =18167 4234 =1.840x10% W =18.4kW
Ignoring the edge effects of adjoining surfaces, the rate of heat transfer is determined from
Avotar = (12)(12) +4(12)(6) = 432 m”

7. (0.75 W/meC)(432 m?)
= — —T =
Q L (T —T5) 02m

(15-3)°C =1.94x10"* =19.4 kW

The percentage error involved in ignoring the effects of the edges then becomes

%error = 19'418#%00 =5.4%

3-154 A spherical tank containing some radioactive material is buried in the ground. The tank and the ground surface are
maintained at specified temperatures. The rate of heat transfer from the tank is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the ground is constant.

Properties The thermal conductivity of the ground is given to be T, =15°C
k= 1.4 W/m-°C. '
A
Analysis The shape factor for this configuration is given in Table
3-7to be T1=140°C
z=55m
22D 2z(3m)
S = 3m =21.83m ! D=3m

1—0.25E 1-0.25——
z

55m
Then the steady rate of heat transfer from the tank becomes

Q = Sk(T, —T,) = (21.83 m)(1.4 W/m°C)(140—15)°C = 3820 W
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3-155 Radioactive material is stored in a spherical vessel that is buried underground. The ground surface temperature directly
above the vessel is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the ground is constant. 4 Isothermal surfaces.

Properties The thermal conductivity of the ground is given to be k = 2.0 W/m-K.
Analysis The shape factor for this configuration is given in Table 3-7 (Case 15) to be

g-_ 2™ == 2”(3'53”;)m ~24.1m
1-025° 1-025>>M
z 10m

The heat transfer rate from the spherical container is
Q = e.gen‘/ =kS(T, - T,)

Thus, the surface temperature of the ground is

€yenV €
T, =T, -2 7, e T py3
ks ks 6
3 3
_ sa0ec_ QO0OWIM)YB5Mr _ L, oo

(2.0W/m-K)(24.1m)6

Since the ground surface directly above the vessel is at a temperature above freezing, snow will not cover that area but will be
melted away.
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Special Topic: Heat Transfer through the Walls and Roofs

3-156C The R-value of a wall is the thermal resistance of the wall per unit surface area. It is the same as the unit thermal
resistance of the wall. It is the inverse of the U-factor of the wall, R = 1/U.

3-157C The effective emissivity for a plane-parallel air space is the “equivalent” emissivity of one surface for use in the
relation Qg = Eefrective @A (To' —T;*) that results in the same rate of radiation heat transfer between the two surfaces across
the air space. It is determined from

1 :i+i_l

Eeffective €1 &

where ¢; and g, are the emissivities of the surfaces of the air space. When the effective emissivity is known, the radiation
heat transfer through the air space is determined from the Q4 relation above.

3-158C The unit thermal resistances (R-value) of both 40-mm and 90-mm vertical air spaces are given to be the same, which
implies that more than doubling the thickness of air space in a wall has no effect on heat transfer through the wall. This is not
surprising since the convection currents that set in in the thicker air space offset any additional resistance due to a thicker air
space.

3-159C Radiant barriers are highly reflective materials that minimize the radiation heat transfer between surfaces. Highly
reflective materials such as aluminum foil or aluminum coated paper are suitable for use as radiant barriers. Yes, it is
worthwhile to use radiant barriers in the attics of homes by covering at least one side of the attic (the roof or the ceiling side)
since they reduce radiation heat transfer between the ceiling and the roof considerably.

3-160C The roof of a house whose attic space is ventilated effectively so that the air temperature in the attic is the same as
the ambient air temperature at all times will still have an effect on heat transfer through the ceiling since the roof in this case
will act as a radiation shield, and reduce heat transfer by radiation.
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3-161 The R-value and the U-factor of a wood frame wall are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant.

Properties The R-values of different materials are given in Table 3-8.

Analysis The schematic of the wall as well as the different elements used in its construction are shown below. Heat transfer
through the insulation and through the studs will meet different resistances, and thus we need to analyze the thermal resistance
for each path separately. Once the unit thermal resistances and the U-factors for the insulation and stud sections are available,
the overall average thermal resistance for the entire wall can be determined from

Roverall = 1/Uoverall where Uoverall = (Ufarea )insulation + (Ufarea )stud

and the value of the area fraction f,, is 0.80 for insulation section and 0.20 for stud section since the headers that constitute
a small part of the wall are to be treated as studs. Using the available R-values from Table 3-8 and calculating others, the total
R-values for each section is determined in the table below.

R -value, m?.°C/W ®
Construction Between At studs
studs
1. Outside surface, 12 km/h wind 0.044 0.044
2. Wood bevel lapped siding 0.14 0.14
3. Fiberboard sheathing, 13 mm 0.23 0.23
4a. Mineral fiber insulation, 140 mm 3.696 - ‘\\\56
4b. Wood stud, 38 mm by 140 mm - 0.98 5 4
5. Gypsum wallboard, 13 mm 0.079 0.079 1
6. Inside surface, still air 0.12 0.12
Total unit thermal resistance of each section, R (in m2.°C/W) 4.309 1.593
The U-factor of each section, U = 1/R, in W/m”.°C 0.232 0.628
Area fraction of each section, fyea 0.80 0.20
Overall U-factor, U = Zfy,U; = 0.80x0.232+0.20%x0.628 0.311 W/m2.eC
Overall unit thermal resistance, R = 1/U 3.213 m’.°C/W

Therefore, the R-value and U-factor of the wall are R = 3.213 m2.°C/W and U = 0.311 W/m?.°C.
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3-162 The change in the R-value of a wood frame wall due to replacing fiberwood sheathing in the wall by rigid foam
sheathing is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant.

Properties The R-values of different materials are given in Table 3-8.

Analysis The schematic of the wall as well as the different elements used in its construction are shown below. Heat transfer
through the insulation and through the studs will meet different resistances, and thus we need to analyze the thermal resistance
for each path separately. Once the unit thermal resistances and the U-factors for the insulation and stud sections are available,
the overall average thermal resistance for the entire wall can be determined from

Roverall = 1/Uoverall where Uoverall = (Ufarea )insulation + (Ufarea )stud

and the value of the area fraction f,, is 0.80 for insulation section and 0.20 for stud section since the headers that constitute
a small part of the wall are to be treated as studs. Using the available R-values from Table 3-6 and calculating others, the total
R-values for each section of the existing wall is determined in the table below.

R -value, m?.°C/W 4b
Construction Between At studs
studs
1. Outside surface, 12 km/h wind 0.044 0.044
2. Wood bevel lapped siding 0.14 0.14
3. Rigid foam, 25 mm 0.98 0.98
4a. Mineral fiber insulation, 140 mm 3.696 -- ‘\\\56
4b. Wood stud, 38 mm by 140 mm - 0.98 L a
5. Gypsum wallboard, 13 mm 0.079 0.079 1 2
6. Inside surface, still air 0.12 0.12
Total unit thermal resistance of each section, R (in m2.°C/W) 5.059 2.343
The U-factor of each section, U = 1/R, in W/m”.°C 0.198 0.426
Area fraction of each section, fyea 0.80 0.20
Overall U-factor, U = ZfyqU; = 0.80x0.232+0.20%x0.628 0.2436 W/mZ2.°C
Overall unit thermal resistance, R = 1/U 4.105 m*.°C/W

The R-value of the existing wall is R = 3.213 m?.°C/W. Then the change in the R-value becomes

AR—value  4.105-3.213

% Change = =
R —value, old 4.105

=0.217 (or 21.7%)
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3-163 The U-value of a wall is given. A layer of face brick is added to the outside of a wall, leaving a 20-mm air space
between the wall and the bricks. The new U-value of the wall and the rate of heat transfer through the wall is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant.

Properties The U-value of a wall is given to be U = 2.25 W/m2.°C. The R - values of 100-mm face brick and a 20-mm air
space between the wall and the bricks various layers are 0.075 and 0.170 m®.°C/W, respectively.

Analysis The R-value of the existing wall for the winter
conditions is
R

1/U | =1/2.25=0.444m? .°C/W

existingwall = existingwal

Noting that the added thermal resistances are in series, the overall R-value
of the wall becomes

Rmodified wall = Rexistingwatl T Rorick * Rair tayer
=0.44+0.075+0.170 = 0.689 m? - °C/W

Then the U-value of the wall after modification becomes
Existing

Rirodified wall =:I'/Urnodifiedwall =1/0.689 =1.45m? - °C/W Face wall

The rate of heat transfer through the modified wall is brick

Quan = (UA) ot (T; =T, ) = (1.45 W/m? -°C)(3x 7 m?)[22 — (-25)°C] = 1431 W
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3-164 The winter R-value and the U-factor of a flat ceiling with an air space are to be determined for the cases of air space
with reflective and nonreflective surfaces.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the ceiling is one-dimensional. 3 Thermal properties
of the ceiling and the heat transfer coefficients are constant.

Properties The R-values are given in Table 3-8 for different materials, and in Table 3-11 for air layers.

Analysis The schematic of the ceiling as well as the different elements used in its construction are shown below. Heat transfer
through the air space and through the studs will meet different resistances, and thus we need to analyze the thermal resistance
for each path separately. Once the unit thermal resistances and the U-factors for the air space and stud sections are available,
the overall average thermal resistance for the entire wall can be determined from

Roverall = 1/Uoverall where Uoverall = (Ufarea )airspace + (Ufarea )stud
and the value of the area fraction f,., is 0.82 for air space and 0.18 for stud section since the headers which constitute a small
part of the wall are to be treated as studs.

1 B 1 B
1/e+1/e,-1 1/09+1/0.9-1

(a) Nonreflective surfaces, &, =&, =0.9 and thus &ggrecive =

0.82

R -value, m%.°C/W
Construction Between | At studs
studs
1. Still air above ceiling 0.12 0.044
2. Linoleum (R = 0.009 m*.°C/W) 0.009 0.14
3. Felt (R = 0.011 m2.°C/W) 0.011 0.23
4. Plywood, 13 mm 0.11
5. Wood subfloor (R =0.166 m2.°C/W) 0.166
6a. Air space, 90 mm, nonreflective 0.16
6b. Wood stud, 38 mm by 90 mm 0.63
7. Gypsum wallboard, 13 mm 0.079 0.079
8. Still air below ceiling 0.12 0.12
Total unit thermal resistance of each section, R (in m%°C/W) | 0.775 1.243
The U-factor of each section, U = 1/R, in W/m?.°C 1.290 0.805
Area fraction of each section, fyea 0.82 0.18
Overall U-factor, U = Xf,,iU; = 0.82x1.290+0.18x0.805 1.203 W/m%.°C
Overall unit thermal resistance, R = 1/U 0.831 m*.°C/W

1 1
/g +1/e,-1 1/0.05+1/09-1

In this case we replace item 6a from 0.16 to 0.47 m2.°C/W. It gives R = 1.085 m.°C/W and U = 0.922 W/ m2.°C for the air
space. Then,

(b) One-reflective surface, g, =0.05and &, =0.9 > Egfrective = 0.05

Overall U-factor, U = ZfyqU; = 0.82x1.085+0.18%0.805 1.035 W/m?.°C
Overall unit thermal resistance, R = 1/U 0.967 m%.°C/W

1 = L =0.03
1/ +1/e,-1 1/0.05+1/0.05-1

In this case we replace item 6a from 0.16 to 0.49 m?.°C/W. It gives R = 1.105 m?.°C/W and U = 0.905 W/ m2.°C for the air
space. Then,

(c) Two-reflective surface, &, =&, =0.05 —  Egfrective =

Overall U-factor, U = ZfyeaU;i = 0.82x1.105+0.18x0.805 | 1.051 W/m?.°C
Overall unit thermal resistance, R = 1/U 0.951 m%.°C/W
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3-165 The winter R-value and the U-factor of a masonry cavity wall are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant.

Properties The R-values of different materials are given in Table 3-8.

Analysis The schematic of the wall as well as the different elements used in its construction are shown below. Heat transfer
through the air space and through the studs will meet different resistances, and thus we need to analyze the thermal resistance
for each path separately. Once the unit thermal resistances and the U-factors for the air space and stud sections are available,
the overall average thermal resistance for the entire wall can be determined from

Roverall = 1/Uoverall where Uoverall = (Ufarea )airspace + (Ufarea )stud

and the value of the area fraction f,., is 0.84 for air space and 0.16 for the ferrings and similar structures. Using the available
R-values from Tables 3-8 and 3-11 and calculating others, the total R-values for each section of the existing wall is
determined in the table below.

R -value, m?.°C/W

Construction Between | At

furring furring
1. Outside surface, 24 km/h 0.030 0.030
2. Face brick, 100 mm 0.12 0.12
3. Air space, 90-mm, nonreflective 0.16 0.16
4. Concrete block, lightweight, 100- 0.27 0.27
mm

5a. Air space, 20 mm, nonreflective 0.17

5b. Vertical ferring, 20 mm thick 0.94

6. Gypsum wallboard, 13 0.079 0.079

7. Inside surface, still air 0.12 0.12

Total unit thermal resistance of each section, R 0.949 1.719
The U-factor of each section, U = 1/R, in W/m?.°C 1.054 0.582
Area fraction of each section, e, 0.84 0.16

Overall U-factor, U = Sf,e,U; = 0.84x1.054+0.16x0.582 | 0.978 W/m2.°C

Overall unit thermal resistance, R = 1/U 1.02 m?.°C/W

Therefore, the overall unit thermal resistance of the wall is R = 1.02 m2.°C/W and the overall U-factor is U = 0.978 W/mZ.°C.
These values account for the effects of the vertical ferring.
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3-166 The winter R-value and the U-factor of a masonry cavity wall with a reflective surface are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant.

Properties The R-values of different materials are given in Table 3-8. The R-values of air spaces are given in Table 3-11.

Analysis The schematic of the wall as well as the different elements used in its construction are shown below. Heat transfer
through the air space and through the studs will meet different resistances, and thus we need to analyze the thermal resistance
for each path separately. Once the unit thermal resistances and the U-factors for the air space and stud sections are available,
the overall average thermal resistance for the entire wall can be determined from

Roverall = 1/Uoverall where Uoverall = (Ufarea )airspace + (Ufarea )stud
and the value of the area fraction f,., is 0.84 for air space and 0.16 for the ferrings and similar structures. For an air space
with one-reflective surface, we have & =0.05and &, =0.9, and thus

1 1

o _ ~0.05
Eeffective 1/81 +1/(92 -1 1/0.05+1/09-1

Using the available R-values from Tables 3-8 and 3-11 and calculating others, the total R-values for each section of the
existing wall is determined in the table below.

R -value, m?.°C/W

Construction Between | At
furring furring
1. Outside surface, 24 km/h 0.030 0.030
2. Face brick, 100 mm 0.12 0.12
3. Air space, 90-mm, reflective with ¢ = 0.45 0.45 N
0.05 6
4. Concrete block, lightweight, 100-mm | 0.27 0.27 XY oa
5a. Air space, 20 mm, reflective with ¢ 0.49 3
=0.05 0.94 —1 2
5b. Vertical ferring, 20 mm thick
6. Gypsum wallboard, 13 0.079 0.079
7. Inside surface, still air 0.12 0.12
Total unit thermal resistance of each section, R 1.559 2.009
The U-factor of each section, U = 1/R, in W/m?.°C 0.641 0.498
Area fraction of each section, e, 0.84 0.16

Overall U-factor, U = Zfyrea Ui = 0.84x0.641+0.16x0.498 | 0.618 W/m?.°C

Overall unit thermal resistance, R = 1/U 1.62 m2.°C/W

Therefore, the overall unit thermal resistance of the wall is R = 1.62 m2.°C/W and the overall U-factor is U = 0.618 W/mZ.°C.
These values account for the effects of the vertical ferring.

Discussion The change in the U-value as a result of adding reflective surfaces is

AU —value ~0.978-0.618

— = =0.368
U — value, nonreflect ive 0.978

Change =

Therefore, the rate of heat transfer through the wall will decrease by 36.8% as a result of adding a reflective surface.
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3-167 The winter R-value and the U-factor of a masonry wall are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant.

Properties The R-values of different materials are given in Table 3-8.

Analysis Using the available R-values from Tables 3-8, the total R-value of the wall is determined in the table below.

R-value,
Construction m?.°C/W AT | =
1. Outside surface, 24 km/h 0.030 | | | |
2. Face brick, 100 mm 0.075 \ \
3. Common brick, 100 mm 0.12 t /T/\\’T/ 1
4. Urethane foam insulation, 25-mm | 0.98 1 2 3 4 5 @
5. Gypsum wallboard, 13 mm 0.079
6. Inside surface, still air 0.12

Total unit thermal resistance of each section, R 1.404 m?.°C/W

The U-factor of each section, U = 1/R 0.712 W/m?.°C

Therefore, the overall unit thermal resistance of the wall is R = 1.404 m2.°C/W and the overall U-factor is U = 0.712
W/m?.°C.

3-168 The U-value of a wall under winter design conditions is given. The U-value of the wall under summer design
conditions is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant except the one at the outer surface.

Properties The R-values at the outer surface of a wall for summer (12 km/h winds) and winter (24 km/h winds) conditions are
given in Table 3-8 to be Ry summer = 0.044 m?.°C/W and Ry winter = 0.030 m*.°C/W.

Analysis The R-value of the existing wall is

W' ———"\
o inter
Ruinter =1/U winer =1/1.40 =0.714m? .°C/W WALL | Ro, winter
Noting that the added and removed thermal resistances are in series, the g
overall R-value of the wall under summer conditions becomes
Rsummer = Rwinter - Ro,winter + Ro,summer W
=0.714-0.030+0.044
2 o Summer )
=0.728m*" -°C/W WALL Ro, summer
Then the summer U-value of the wall becomes <
Reummer =1/ Ugymmer =1/0.728 = 1.37m? -°C/W
Y
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3-169E The R-value and the U-factor of a masonry cavity wall are to be determined.

3-123

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties

of the wall and the heat transfer coefficients are constant.

Properties The R-values of different materials are given in Table 3-8.

Analysis The schematic of the wall as well as the different elements used in its construction are shown below. Heat transfer

through the air space and through the studs will meet different resistances, and thus we need to analyze the thermal resistance
for each path separately. Once the unit thermal resistances and the U-factors for the air space and stud sections are available,
the overall average thermal resistance for the entire wall can be determined from

Roverall = 1/Uoverall where Uoverall = (Ufarea )airspace + (Ufarea )stud

and the value of the area fraction f,., is 0.80 for air space and 0.20 for the ferrings and similar structures. Using the available
R-values from Table 3-8 and calculating others, the total R-values for each section of the existing wall is determined in the

table below.
R -value, h.ft>.°F/Btu
Construction Between At
furring furring
1. Outside surface, 15 mph wind 0.17 0.17
2. Face brick, 4 in 0.43 0.43
3. Cement mortar, 0.5 in 0.10 0.10
4. Concrete block, 4-in 151 151
5a. Air space, 3/4-in, nonreflective 291 --
5b. Nominal 1 x 3 vertical furring - 0.94
6. Gypsum wallboard, 0.5 in 0.45 0.45
7. Inside surface, still air 0.68 0.68
Total unit thermal resistance of each section, R 6.25 4.28
The U-factor of each section, U = 1/R, in Btu/h.ft?.°F 0.160 0.234
Area fraction of each section, fyea 0.80 0.20
Overall U-factor, U = ZfyqiU; = 0.80x0.160+0.20x0.234 | 0.175 Btu/h.ft?.°F
Overall unit thermal resistance, R = 1/U 5.72 h.ft’.°F/Btu

5b

5a

Therefore, the overall unit thermal resistance of the wall is R = 5.72 h.ft*>.°F/Btu and the overall U-factor is U = 0.175

Btu/h.ft2.°F. These values account for the effects of the vertical ferring.
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3-170 The summer and winter R-values of a masonry wall are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant. 4 The air cavity does not have any reflecting surfaces.

Properties The R-values of different materials are given in Table 3-8.

Analysis Using the available R-values from Tables 3-8, the total R-value of the wall is determined in the table below.

R -value, m?.°C/W
Construction Summer | Winter
1a. Outside surface, 24 km/h  (winter) 0.030
1b. Outside surface, 12 km/h (summer) 0.044
2. Face brick, 100 mm 0.075 0.075
3. Cement mortar, 13 mm 0.018 0.018
4. Concrete block, lightweight, 100 mm 0.27 0.27
5. Air space, nonreflecting, 40-mm 0.16 0.16
5. Plaster board, 20 mm 0.122 0.122
6. Inside surface, still air 0.12 0.12
Total unit thermal resistance of each section (the R-value) , m?.°C/W 0.809 0.795

Therefore, the overall unit thermal resistance of the wall is R = 0.809 m2.°C/W in summer and R = 0.795 m?.°C/W in winter.
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3-171E The U-value of a wall for 7.5 mph winds outside are given. The U-value of the wall for the case of 15 mph winds

outside is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the wall is one-dimensional. 3 Thermal properties
of the wall and the heat transfer coefficients are constant except the one at the outer surface.

Properties The R-values at the outer surface of a wall for summer (7.5
mph winds) and winter (15 mph winds) conditions are given in Table 3-8
to be

Ro, 75mph = Ro, summer = 0.25 h.ft?.°F/Btu
and Ro, 15 mph = Ro, winter = 0.17 h.ft’.°F/Btu

Analysis The R-value of the wall at 7.5 mph winds (summer) is

Ryt 7.5mph =1/ Unait. 7.5mpn =1/0.075=13.33h.&t* - °F/Btu

Noting that the added and removed thermal resistances are in series, the overall
R-value of the wall at 15 mph (winter) conditions is obtained by replacing the
summer value of outer convection resistance by the winter value,

RWall,l5mph = Rwall,7.5mph - R0,7.5mph + Ro,15mph
=13.33-0.25+0.17 =13.25h.ft 2 - °F/Btu

Then the U-value of the wall at 15 mph winds becomes

Ryt smph =1/ U el 1smph =1/13.25 =0.0755 Btu/h.ff -°F

Outside
WALL 7.5 mph

=

Inside Outside
WALL 15 mph

Inside

Discussion Note that the effect of doubling the wind velocity on the U-value of the wall is less than 1 percent since

AU —value  0.0755-0.075
U —value 0.075

Change = =0.0067 (or 0.67%)
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3-172 Two homes are identical, except that their walls are constructed differently. The house that is more energy efficient is
to be determined.

Assumptions 1 The homes are identical, except that their walls are constructed differently. 2 Heat transfer through the wall is
one-dimensional. 3 Thermal properties of the wall and the heat transfer coefficients are constant.

Properties The R-values of different materials are given in Table 3-8.

Analysis Using the available R-values from Tables 3-8, the total R-value of the masonry wall is determined in the table below.

R -value, <
Construction m2.°C/W | |
1. Outside surface, 24 km/h (winter) 0.030 |
2. Concrete block, light weight, 200 mm | 2x0.27=0.54 t )T/\ 1 1
3. Air space, nonreflecting, 20 mm 0.17 1 2 3 4 5 6
5. Plasterboard, 20 mm 0.12
6. Inside surface, still air 0.12
Total unit thermal resistance (the R-value) | 0.98 m2.°C/W

which is less than 2.4 m2.°C/W. Therefore, the standard R-2.4 m?.°C/W wall is better insulated and thus it is more energy
efficient.

3-173 A ceiling consists of a layer of reflective acoustical tiles. The R-value of the ceiling is to be determined for winter
conditions.

Assumptions 1 Heat transfer through the ceiling is one-dimensional. 3 Thermal properties of the ceiling and the heat transfer
coefficients are constant.

Properties The R-values of different materials are given in Tables 3-8 and 3-9.

Analysis Using the available R-values, the total R-value of the ceiling is determined in the table below.

R -value, Highl_y
Reflective
Construction m?.°C/W foil
1. Still air, reflective horizontal R=1h=1/4.32
surface facing up ~023
2. Acoustic tile, 19 mm 0.32
19 mm

3. Still air, horizontal surface, R=1/h=1/9.26 Acoustical
facing down —011 tiles
Total unit thermal resistance (the R-value) | 0.66 m2.°C/W

Therefore, the R-value of the hanging ceiling is 0.66 m?.°C/W.
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Review Problems

3-174 Two persons are wearing different clothes made of different materials with different surface areas. The fractions of heat
lost from each person’s body by perspiration are to be determined.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are constant. 4 Heat
transfer by radiation is accounted for in the heat transfer coefficient. 5 The human body is assumed to be cylindrical in shape
for heat transfer purposes.

Properties The thermal conductivities of the leather and synthetic fabric are given to be k = 0.159 W/m-°C and k = 0.13
W/m-°C, respectively.

Analysis The surface area of each body is first determined from

A, =7DL/2 = z(0.25m)(1.7 m)/2 = 0.6675m?
A, =2A, =2x0.6675=1.335m?

The sensible heat lost from the first person’s body is

L 0.001m = 0.00942°C/W
kA (0.159 W/m."C)(O.6675 m ) Rieather Reonv

1 1 Tl TooZ
R, =t o . — =0.09988°C/W WA~

hA ~ (15 W/m? °C)(0.6675 m?)
Reotal = Ricather + Regny = 0.00942 +0.09988 = 010930 °C/W/

leather =

The total sensible heat transfer is the sum of heat transferred through the clothes and the skin
T,-T,, (32-30)°C
Riotal 0.10930°C/W

T-To _ (32-30°C 00w
Ryny  0.09988°C/W

Qsensible = chothes + stin =18.3+20=383W

=183 W

chothes =

stin =

Then the fraction of heat lost by respiration becomes

. Qrespiration _ Qtotal _Qsensible _ 60-38.3

f=— - =0.362
Qtotal Qtotal 60
Repeating similar calculations for the second person’s body
L 0.001m

=0.00576 °C/W

Rsynthetic =TUA 2
KA~ (0.13W/m°C)(L.335m?) Ryttt Reony

L : = 0.04994 °C/W T AN~ T2

R = —_—=
™ hA (15 W/m?.°C)(1.335 m?)
Rigial = Ricather + Reony = 0.00576+0.04994 = 0.05570 °C/W

T, T,  (32-30)°C

= —359W
Row  0.05570°C/W

Qsensible =

£ Qrespiration _ Qtotal _Qsensible _ 60-35.9

- - =0.402
Qtotal Qtotal 60
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3-175 Cold conditioned air is flowing inside a duct of square cross-section. The maximum length of the duct for a specified
temperature increase in the duct is to be determined.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are constant. 4 Steady
one-dimensional heat conduction relations can be used due to small thickness of the duct wall. 5 When calculating the
conduction thermal resistance of aluminum, the average of inner and outer surface areas will be used.

Properties The thermal conductivity of aluminum is given to be 237 W/m-°C. The specific heat of air at the given temperature
is p = 1006 J/kg-°C (Table A-15).

Analysis The inner and the outer surface areas of the duct per unit length and the individual thermal resistances are
A =4a, L =4(0.22m)(1m) = 0.88 m?
A, =4a,L=4(0.25m)(1m)=1.0m? Ri Ratum R

0
Tool TwZ
! ! —0.01515°C/W WA

" hA (75 W/m?.°C)(0.88 m?)

== 0.015m - =0.00007 °C/W!
KA (237 W/m°C)[(0.88+1)/2]m
- 1 — 0.07692°C/W

~h,A T (13W/m?.°C)L.0m?)
Rigi = Ri + Ryym + R, = 0.01515 +0.00007 +0.07692 = 0.09214 °C/W

The rate of heat loss from the air inside the duct is

o Tz =T | (-127C 0,
Row  0.09214°C/W

For a temperature rise of 1°C, the air inside the duct should gain heat at a rate of
Quoral = MMC pAT = (0.8 kg/s)(1006 J/kg.°C)(1°C) =805 W
Then the maximum length of the duct becomes

: =3.53m
Q 228 W
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3-176 Hot water is flowing through a 15-m section of a cast iron pipe. The pipe is exposed to cold air and surfaces in the
basement, and it experiences a 3°C-temperature drop. The combined convection and radiation heat transfer coefficient at the
outer surface of the pipe is to be determined.

Assumptions 1 Heat transfer is steady since there is no indication of any significant change with time. 2 Heat transfer is one-
dimensional since there is thermal symmetry about the centerline and no significant variation in the axial direction. 3 Thermal
properties are constant.

Properties The thermal conductivity of cast iron is given to be k = 52 W/m-°C.

Analysis Using water properties at room temperature, the mass flow rate of water and rate of heat
transfer from the water are determined to be

th = pV, = pVA, = (1000 kg/m®)(L5 m/s)z(0.03)° / 4jn? =1.06 k/s
Q =rc , AT = (1.06 kg/s)(4180 J/kg.°C)(70—67)°C = 13,296 W

The thermal resistances for convection in the pipe and

the pipe itself are Reonv i Rpipe  Reombined 0
In(r, /1) T AAWAMMAAMAN- T2
o In@ILSD) _ hogosieciw
27(52 W/m?2C)(15m)
! ! =0.001768°C/W

convj —

hA (400 W/m?2.°C)[(0.03)(15)Jm?
Using arithmetic mean temperature (70+67)/2 = 68.5°C for water, the heat transfer can be expressed as

_ Too,l,ave —Tooz Toc,l,ave —Tooz Too,l,ave —Tooz

R R +Rpipe +R 1

combinedAo

total convj combinedp R

+R

convj pipe + h

Substituting,
(68.5-15)°C

13,296 W =
1

(0.000031°C/W)+ (0.001768 °C/W)+ .
hcombined [7[(0- 035)(15)]m

Solving for the combined heat transfer coefficient gives

hcombined = 2725 W/m2 .OC
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3-177 The plumbing system of a house involves some section of a plastic pipe exposed to the ambient air. The pipe is initially
filled with stationary water at 0°C. It is to be determined if the water in the pipe will completely freeze during a cold night.

Assumptions 1 Heat transfer is transient, but can be treated as steady since the water temperature remains constant during
freezing. 2 Heat transfer is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial
direction. 3 Thermal properties of water are constant. 4 The water in the pipe is stationary, and its initial temperature is 0°C.
5 The convection resistance inside the pipe is negligible so that the inner surface temperature of the pipe is 0°C.

Properties The thermal conductivity of the pipe is given to be k = 0.16 W/m-°C. The density and latent heat of fusion of water
at 0°C are p = 1000 kg/m?® and h;; = 333.7 kJ/kg (Table A-9).

Analysis We assume the inner surface of the pipe to be at 0°C at all times. The thermal resistances involved and the rate of
heat transfer are

C_In(p /) _ In(1.2/1)  0.3627°C/W
PIPE  27kL 27(0.16 W/meC)(0.5m) T = seC
Reonvp = ! _ : 1 =0.6631°C/W
hoA (40 W/m?.°C)[z(0.024 m)(0.5 m)] Water o
Roott = Roipe + Reonyp = 0-3627 +0.6631 = 1.0258 °C/W ater pipe
Q':Tsl_TooZ _[O0-C9C _,ou vy
Rpw  1.0258°C/W _
Soil

The total amount of heat lost by the water during a 14-h period that night is
Q = QAt = (4.874 J/s)(14x 3600) = 245.7 ki
The amount of heat required to freeze the water in the pipe completely is

m= pV = par?L = (1000 kg/m*®)7(0.01m)? (0.5 m) = 0.157 kg
Q =mhy, =(0.157 kg)(333.7 ki/kg) = 52.4 kJ

The water in the pipe will freeze completely that night since the amount heat loss is greater than the amount it takes to freeze
the water completely (245.7 >52.4) .
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3-178 A nuclear fuel rod is encased in a concentric hollow ceramic cylinder, which created an air gap between the rod and the
hollow cylinder. The surface temperature of the fuel rod 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. 4 Heat transfer by radiation is negligible.
Properties The thermal conductivity of ceramic is given to be 0.07 W/m - °C.

Fuel rod
1 MW/m?3

Ceramic
k=0.07 Wim-°C

Air gap, h =10 W/m?2-°C

FH:BOOC

D, =15mm
D, =35 mm
D; =110 mm

Analysis The combined thermal resistance between the nuclear fuel rod surface and the outer surface of the ceramic cylinder
is

Rcombined = Rconv,rod + Rconv,cyl + Rcond,cyl

__ 1 1 In(D/Dy)
aD,Lh aD,Lh 27k

or
1 1 In(D;/D,)
Reompinedl = + +
combined ﬂDlh ﬂDzh 27k
B 1 . 1 , In(0.110/0.035)
7(0.015m)(10 W/m? -°C)  #(0.035m)(10 W/m? -°C) ~ 272(0.07 W/m-°C)
=5.635m-°C/W

The heat generated by the fuel rod is dissipated through the air gap and the ceramic cylinder, and can be expressed as

. Tl - T3 Qgen Tl _T3
Qgen =—— or =
Rcombined L RcombinedL

The surface temperature of the fuel rod is

Q
T = {% Reombinedl + T3

T, = (1x10° W/ms)%(0.015 m)?(5.635 m - °C/W) + 30 °C = 1026 °C

Discussion The air gap between the fuel rod and the hollow ceramic cylinder contributed about 54% to the combined thermal
resistance between the nuclear fuel rod surface and the outer surface of the ceramic cylinder.
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3-179 Steam is flowing inside a steel pipe. The thickness of the insulation needed to reduce the heat loss by 95 percent and
the thickness of the insulation needed to reduce outer surface temperature to 40°C 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 = 61 W/m-°C for steel and k = 0.038 W/m-°C for insulation.
Analysis (a) Considering a unit length of the pipe, the inner and the outer surface areas of the pipe and the insulation are

A, = D; L = 7(0.10 m)(1 m) = 0.3142 m?

A, = D, L = 7(0.12m)@Am) = 0.3770 m? R, R R, R,
Aq = 7D5L = D4 (1 m) = 3.1416 D, m? Tt T2
The individual thermal resistances are
Ri=— = 1 —=0.03031°C/W
hiA (105 W/m?.°C)(0.3142 m?)
R, = Rypo = 2/11) _ In(6/5) — 0.00048°C/W
27 L 27(61W/m°C)@Lm)
In(rg /1y) In(D;/0.12) In(D;/0.12) _
R2 = Rinsutation = 27 2 > = : C/IW
27k,L  27(0.038W/m°C)(lm)  0.23876
Rosteel = L = 2 ! > =0.18947 °C/W
: heA, (14 W/m?.°C)(0.3770 m?)
1 1 _0.02274

°C/wW

R . . = = =
ofmsulaion ™ h A, (14 W/m2.°C)(3.1416D, m2)  Ds
Reota noinsuation = Ri + Rp + Ro st =0.03031+ 0.00048 + 0.18947 = 0.22026 °C/W

In(D; /0.12) N 0.02274
0.23876 Ds

Rtotal,insulation = Ri + Rl + R2 + Ro,insulation =0.03031+0.00048 +

In(D; /0.12) N 0.02274
0.23876 D,
Then the steady rate of heat loss from the steam per meter pipe length for the case of no insulation becomes
. T.a-Te, (235-20)°C
Q=R T0.22026°C/W

The thickness of the insulation needed in order to save 95 percent of this heat loss can be determined from

=0.03079 + °C/W

=976.1W

: T,-T, 235-20)°C
Qmsutaion =g — (0.05xg76H W= In(t() /0 12)) 0.02274
total,insulation 0.03079 + 3 ' 4= °c/W
0.23876 D,

whose solution is
D;-D, 33.55-12
2

(b) The thickness of the insulation needed that would maintain the outer surface of the insulation at a maximum temperature
0f 40°C can be determined from

D5 =0.3355 m—— thickness = =10.8cm

o T T,  T,-T,, (235 - 20)°C _ (40-20)°C
insulation = - =
medtation Rtotal,insulation Ro,insulation 0.03079 + |n(D3 /0.12) . 0.02274 °C/W 0.02274 °C/W
' 0.23876 D, Ds
whose solution is
D, = 0.1644 m——> thickness = Ds =D, 164412 5 soem

2

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.




3-180 A spherical vessel is used to store a fluid. The thermal resistances, the rate of heat transfer, and the temperature

difference across the insulation layer are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional.
Properties The thermal conductivity of the insulation is given to be 0.20 W/m-K.

Analysis (a) The thermal resistances are

R = 1 _ 5 1 ~=8.84x107* K/W
hi A (40 W/m* -K)z(3m)
R rp-n _ (1.55-1.5)m 8.56x103 K/W
" 4mrk  4z(1.5m)(1.55m)(0.2 W/m-K)
1 1

=3.31x1073 K/W

°heA, (10 W/m? -K)x(3.10 m)?
(b) The rate of heat transfer is

. AT - (22-0)K
Ri +Rips +R,  (8.84x10™ +8.56x10% +3.31x107%) K/IW

Q =1725W
(c) The temperature difference across the insulation layer is
AT

. ' AT
Q=" 51725 W= e AT, =14.8K
Rins 8.56x107° K/IW
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3-181 One wall of a refrigerated warehouse is made of three layers. The rates of heat transfer across the warehouse without
and with the metal bolts, and the percent change in the rate of heat transfer across the wall due to metal bolts are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer coefficients are constant.

Properties The thermal conductivities are given to be kaj = 200 W/m-K, Kripergiass = 0.038 W/m-K, Kgypsum = 0.48 W/m-K, and
kbolts =43 W/m-K.

Analysis (a) The rate of heat transfer through the warehouse is

1
P Lo Ly 1
hi  ka  Kig  kgy o
= L =0.451W/m?-°C
1 001m 008m 0.03m 1

40 W/m? -°C " 200 W/m-°C  0.038 W/m-°C " 0.48 W/m-°C 40 W/m? -°C
Q. =U,A(T, —T;) = (0.451 W/m? - °C)(5x10 m?)[20 — (-10)°C] = 6 76 W
(b) The rate of heat transfer with the consideration of metal bolts is
Q =U,A(T,-T))= (0.451)t10x5—400xo.25;z(o.02)2 [20—(—10)] =674.8W

1 1 2
U, = = =18.94 W/m? -°C
271 Ly 1 1 0.12m 1
— 4+

il + +
hi  Kpos ho 40 W/m?.°C  43W/m-°C 40 W/m?.°C

Q, =U, Ay (T, —T,) = (18.94 W/m2 -°C)[400x 0.257(0.02) m2][20— (~10)°C] = 71.4 W
Q=0,+0, =6748+71.4=746 W

(c) The percent change in the rate of heat transfer across the wall due to metal bolts is

% change = % =0.103=10.3%

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.




3-135
3-182 A wall is constructed of two large steel plates separated by 1-cm thick steel bars placed 99 cm apart. The remaining
space between the steel plates is filled with fiberglass insulation. The rate of heat transfer through the wall is to be determined,

and it is to be assessed if the steel bars between the plates can be ignored in heat transfer analysis since they occupy only 1
percent of the heat transfer surface area.

Assumptions 1 Heat transfer is steady since there is no indication of change with time. 2 Heat transfer through the wall can be
approximated to be one-dimensional. 3 Thermal conductivities are constant. 4 The surfaces of the wall are maintained at
constant temperatures.

Properties The thermal conductivities are given to be k = 15 W/m-°C for steel plates and k = 0.035 W/m-°C for fiberglass
insulation.

Analysis We consider 1 m high and 1 m wide portion of the wall which is representative of entire wall.
Thermal resistance network and individual resistances are

R, R, Re
T —N\/\/—Em—w\/\/— T
Rs

L 0.02m .
R; =Ry = Rypeey A 5 WimC)Lm) =0.00133°C/W 2cm 20cm  2cm
Ry = Ryget = = = 029Mm 1 33333°C/W
KA (15W/m°C)(0.01m*)
L 0.20m .
R3 = Rinsulation =75 = N 5.77201°C/W
kA (0.035 W/m?2C)(0.99 m?) . &
Rqv R, Rs; 133333 577201 % v cm
Riotal = Ry + Regqy + Rg =0.00133 +1.08313 + 0.00133 =1.0858 °C/W BT O
2 | A AL
The rate of heat transfer per m” surface area of the wall is e s T1em
R e e
] ° -N\‘M"‘\"
Q= AT 2°C _n06w A e e o A
Rom 1.0858°C/W

The total rate of heat transfer through the entire wall is then determined to be
Qu = (4% 6)Q = 24(20.26 W) =486.3 W

If the steel bars were ignored since they constitute only 1% of the wall section, the Requi, Would simply be equal to the thermal
resistance of the insulation, and the heat transfer rate in this case would be

o AT AT 3 22°C
Rt Ri + Rinsutation+ Ra (0.00133 +5.77201+ 0.00133)°C/W

=3.81W

which is mush less than 20.26 W obtained earlier. Therefore, (20.26-3.81)/20.26 = 81.2% of the heat transfer occurs through
the steel bars across the wall despite the negligible space that they occupy, and obviously their effect cannot be neglected. The
connecting bars are serving as “thermal bridges.”
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3-183 A typical section of a building wall is considered. The temperature on the interior brick surface is to be determined.
Assumptions 1 Steady operating conditions exist.

Properties The thermal conductivities are given to be K3, = 50 W/m-K, Ky, = 0.03 W/m-K, ki = 0.5 W/m-K, kz; = 1.0
Wim-K.

Analysis We consider 1 m? of wall area. The thermal resistances are o 12 3 4 5
d i ]
Ry =z 00Im 0502 oy
k12 (0.5 W/m'OC)
R =t L.
2 Kz3a(La +Lp) L,
— (0.08 m) 0.6m — 2.645m2 .°C/W
(0.03 W/m-°C)(0.6+0.005)
Ly
Rogp =ty —————
Kasp(La +Lp) Ly
— (0.08m) 0.005m ~1.32x10°5 m2 .°C/W
(50 W/m-°C)(0.6+0.005)

t .
34:—34 :—Olm =0.1 m?.°C/W

The total thermal resistance and the rate of heat transfer are

R23 R23b
Riotal = R12 +( R a+ R +Rg4
23a 23

(2.645)(1.32x107°)
2.645+1.32x107°

=0.02+2.645( J+0.1=o.120 m? .°C/W

- =125 W/nm?
Riom  0.120m?-C/W

The temperature on the interior brick surface is

T,-T 35-T,)°C
G=—2—"2 125 W/nm’? = ( X 3)
Raq 0.1m?-C/W

T, =22.5°C
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3-184 A square cross-section bar consists of a copper layer and an epoxy layer. The rates of heat transfer in different
directions are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-

dimensional. po
oppe
Properties The thermal conductivities of copper and epoxy are given to be 400

and 0.4 W/m-K, respectively.

Analysis (a) Noting that the resistances in this case are in parallel, the heat
transfer from front to back is

s GG

_ H (400 W/m- K)(0.02 x 0.01) m? j N {(0.4 W/m- K)(0.02 x 0.01) m? JT

2cm

10 cm

0.10m 0.10m
=1.249 KIW
Q= AT __ 50K _ 40.0W
R 1.249K/W

(b) Noting that the resistances in this case are in series, the heat transfer from left to right is

L L
R=Rc, +Rgy =| —| +|—
c & (kAqu (kAjEp

- 0.01m . 0.01m 12 ELKIW
(400 W/m- K)(0.02 x 0.10) m? (0.4 W/m- K)(0.02 x 0.10) m? '

AT _ 50K
R 12.51K/W

(c) Noting that the resistances in this case are in parallel, the heat transfer from top to bottom is

), (%))

| (400 W/m- K)(0.01x 0.10) m? . [ (04 W/m- K)(0.01x0.10) m?
B 0.02m 0.02m

0= —4.0W

-1
ﬂ =0.04995 K/IW

. AT 50K
Q="-

=———=1001W
R 0.04995K/W
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3-185 The heat transfer rates are to be determined and the temperature variations are to be plotted for infinitely long fin,
adiabatic fin tip, fin tip with temperature of 250 °C, and convection from the fin tip.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat transfer by
radiation is negligible.

Properties The thermal conductivity of the fin is given as 240 W/m - °C.

Analysis For a circular fin with uniform cross section, the
perimeter and cross section area are

p = 7D = 7(0.01m) = 0.03142m

o

Ay

aD?  7(0.01m)?
4

and A = =7.854x107° m?

Also, we have
2 o
Mo /h_p _ (250 W/m* - C)(O.031425m)2 _o041m
KA, (240 W/m-°C)(7.854x10™> m*-)

JhpkA, = /(250 W/m? - °C)(0.03142 m)(240 W/m. °C)(7.854x 10> m?) = 0.3848 W/C

—e—
Iz _ -
Pl
q—b-—
R i et

| ————+
>
[
.

=

(@) For an infinitely long fin, the heat transfer rate can be calculated as
Qiongtin = vNPKA, (T, —T.,) = (0.3848 WFC)(350 - 25) °C =125 W

The temperature variation along the fin is given as
TOO-T, _om
To—Te
(b) For an adiabatic fin tip, the heat transfer rate can be calculated as
Qadiabatictip = \/M(Tb -T,)tanhmL

~ (0.3848 W/PC)(350 °C — 25°C) tanh|(20.41m)(0.050 m)
—96.3W

The temperature variation along the fin is given as

T(x)-T, _coshm(L —x)
T, =T cosh mL

(c) For fin with tip temperature of 250 °C, the heat transfer rate can be calculated as

: coshmL— (T, -T,)/(T, -T,,)
Qspecified temp = V hpkA (T, ~T..) Sil}‘lh mL :

= (0.3848 WPC)(350 °C — 25°C)(0.7250)
=90.7W

The temperature variation along the fin is as

TX)-T, (T -T,)/(T, —T,)sinhmx +sinhm(L —x)
T, —T sinhmL

o0

(d) For fin with convection from the tip, the heat transfer rate can be calculated as
: sinhmL + (h/mk) cosh mL
- =.JhpkA, (T, - T
Qeonviip = VIPKA (T =T.0) o+ (h/mk)sinhmL
= (0.3848 W/°C)(350 °C — 25°C)(0.7901)
=98.8W
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The temperature variation along the fin is given as

TX)-T, _ coshm(L —x) + (h/mk)sinhm(L — x)

T, -T

o0

The values for the temperature variations for parts (a) to (d) are tabulated in the following table:

cosh mL + (h/mk)sinh mL

Lo T(x), °C
' Part(a) Part(b) Part(c) Part(d)

0 350 350 350 350
0.005 318 326 328 325
0.010 290 305 308 304
0.015 264 288 292 285
0.020 241 272 279 270
0.025 220 260 268 256
0.030 201 250 259 246
0.035 184 242 253 237
0.040 169 237 250 231
0.045 155 233 249 227
0.050 142 232 250 224

The temperature variations for parts (a) to (d) are plotted in the following figure:

350
300 A
~A_
I ~ ~~A__ N
o 250 1 \g\ ———A——A—— A
) R r \9 s% —_— 0 — o
- v v
200 A
r ——O—— Infinitely long fin
150 1 — —© —  Adiabatic fin tip
——-&-—— Fin with tip temperature of 250 °C
v Convection from the fin tip
100 * * * T * * * T * T T T
0.00 0.01 0.02 0.03 0.04 0.05
X, m

3-139

Discussion The differences in the temperature variations show that applying the proper boundary condition is very important

in order to perform the analysis correctly.
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3-186 Ten rectangular aluminum fins are placed on the outside surface of an electronic device. The rate of heat loss from the
electronic device to the surrounding air and the fin effectiveness are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction only (normal to the
plate). 3 The heat transfer coefficient is constant and uniform over the entire fin surface. 4 The thermal properties of the fins
are constant. 5 The heat transfer coefficient accounts for the effect of radiation from the fins.

Properties The thermal conductivity of the aluminum fin is given to be k = 203 W/m-K.
Analysis The fin efficiency is to be determined using Fig. 3-43 in the text.

100
=L%2 [ni(kA,) = (L +t/2)/h/(kt) = (0.020 + 0.004/2) |———— =0.244 =093
S=Lg 2\ h/(KA,) = (L +t/2)yh/(kt) = ( + )(203)(0.004) —>Nfin

The rate of heat loss can be determined as follows

Agn = 2x10(0.020 x 0.100 + 0.004 x 0.020) = 0.0416 m?
Apase =10(0.100 x 0.004) = 0.004 m?

Miin == Om ___ Om »0.93= Qin
Qfin,max M (Th = To0) (100)(0.0416)(60 — 20)
Qpase = MAyase (T — T.,) = (100)(0.004)(60 — 20) =16 W

Qtotal = inn + Qbase =155+16=171W

Qpp =155 W

The fin effectiveness is

— Qﬁn — inn — 171 — 534
Qnofin hAbase,nofin (Tb _Too) (100)(0-080 X 0-100)(60 - 20)

Efin
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3-187 Using Table 3-3, the efficiency, heat transfer rate, and effectiveness of a straight triangular fin are to be determined.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat transfer by
radiation is negligible.

Properties The thermal conductivity of the fin is given as 236 W/m - °C.

k=236 W/m-°C

Air, 25 °C
h=25W/m?-°C

r=4mnili

Analysis From Table 3-3, for straight triangular fins, we have

2 o
mL= |2 o | 22EWIM-PC) e my 0.4
Kt (236 W/m-°C)(0.004 m)

w=110 mm

Ac. = 2wy L2 +(t/2)% =2(0.110 m)\/(o.oss m)? +(0.004m/2)? =0.01211m?
1 1y(2mL)

Tin =L T, (2mL)
From Table 3-4, the modified Bessel functions are

e?™1,(2mL) =e*81,(0.8) =0.5241 or 1,(0.8)=1.166

e?™1,(2mL) =e™*81,(0.8) =0.1945 or 1,(0.8) = 0.4329
Hence, the fin efficiency is

1 Iy(2mL) _i£0-4329

T mL Iy(2mL) 0.4\ 1.166

i j =0.928

The heat transfer rate for a single fin is
Qsin = 76in NAGn (T, —T..) = (0.928)(25 W/m? - °C)(0.01211m?)(300 — 25) °C = 77.3 W
The fin effectiveness is

e~ Om _ OQw  _ 77.3W i
" hAy (T, —T,.)  h(wW)(T, —T..) (25 W/m? -°C)(0.004 m)(0.11m)(300— 25) °C

25.5

Discussion The fin efficiency can also be determined using the EES with the following line:
eta_fin=1/0.4*Bessel_11(0.8)/Bessel_10(0.8)
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3-188 Aluminum pin fins of parabolic profile with blunt tips are attached to a plane surrface. The heat transfer rate from a
single fin and the increase in the heat transfer as a result of attaching fins are to be determined.
Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat transfer by
radiation is negligible.
Properties The thermal conductivity of the fin is given as 230 W/m - °C.

7,=200°C Air, 25 °C
h = 45 W/m?-°C

D=4 mm

Analysis From Table 3-3, for pin fins of parabolic profile (blunt tip), we have

4h _ 4(45 W/m? - °C)
kD (230 W/m-°C)(0.004 m)

4 2 32 4 2 3/2
Asin = ”D2 16(5) +1| -1}= 7r(0.004m)2 16[0.025mj a1
96L D 96(0.025m) 0.004m
=2.099%x10"* m?

3 1,(4mL/3) 3 1,[4(0.3497)/3]
Tin = omL lo(4mL/3)  2(0.3497) 1,[4(0.3497)/3]

Copy the following line and paste on a blank EES screen to solve the above equation:
eta_fin=3/(2*0.3497)*Bessel_11(4*0.3497/3)/Bessel_10(4*0.3497/3)
Solving by EES software, the fin efficiency is
Msn = 0.9738

The heat transfer rate for a single fin is
Qs = 75in A (T —T.,.) = (0.9738)(45 W/m? - °C)(2.099x10~* m?)(200—25) °C =1.610W
Heat transfer from 100 fins is
Qfin.totar = (100)(1.610 W) =161 W
The surface area of the unfinned portion is
Aunfin = Ax1) m? —100(zD? / 4) =1-1007(0.004 m)? / 4 = 0.9987 m?
The heat transfer from the unfinned portion is
Qunfin = MAnfin Ty —T..) = (0.9987 m?)(45 W/m? - °C)(200 — 25) °C = 7865 W
The total heat transfer from the surface is
Quotal = Qfintotal + Qunfin =161+ 7865 = 8026 W
If there was no fin at the surface,
Qnofin = MAunfin (Ty = T..) = (m?)(45 W/m? - °C)(200 — 25) °C = 7875 W
The increase in heat transfer as a result of attaching fins is then
Qincresse = Quotal — Qnofin = 8026 — 7875 = 151W
Discussion The values for the Bessel functions may also be approximated using Table 3-4.

mL =

(0.025m) = 0.3497
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3-189 Circular aluminum alloy fins are to be attached to the tubes of a heating system. The increase in heat transfer from the
tubes per unit length as a result of adding fins is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat transfer coefficient is constant and uniform over the entire fin
surfaces. 3 Thermal conductivity is constant. 4 Heat transfer by radiation is negligible.

Properties The thermal conductivity of the fins is given to be k = 180 W/m-°C.

Analysis In case of no fins, heat transfer from the tube per meter of its length is

Anofin = DL = 7(0.03m)(L m) = 0.0942 m? ry=3cm rp=15cm
Ororn = MAoin (Ty —T..) = (60 W/m?.2C)(0.0942 m?)(120 — 25)°C = 537 W
T,
The efficiency of these circular fins is, from the efficiency curve, Fig. 3-44 h“
L=(D, - D;)/2=(0.06-0.03)/2=0.015m Ty N
r, +(t/2) 0.03+(0.002/2) —_t=2mm
B =201 l 5= 3mm
n 0.015 §=2
1/2
L3/2 L = |_+£ D Tfin = 0.96
© kA, 2 Nkt
20
_ [0.015+ o.oozj 60 W/m*°C _ 0.20
2 (180 W/m° C)(0.002 m)

Heat transfer from a single fin is
As, = 272(r,° —1%) + 2a1,t = 272(0.03% — 0.0152) + 277(0.03)(0.002) = 0.004624 m?
inn = Tfin Qﬁn,max = N7fin NAg, (Ty = To0)

=0.96(60 W/m?.°C)(0.004624 m?)(120 — 25)°C
=253W

Heat transfer from a single unfinned portion of the tube is

Aynsin = D;8 = 7(0.03m)(0.003 m) = 0.000283 m?
Quntin = MAuntin Ty —T..) = (60 W/m? .°C)(0.000283 m?)(120 — 25)°C =1.6 W

There are 200 fins and thus 200 interfin spacings per meter length of the tube. The total heat transfer from the finned tube is
then determined from

Quotatfin = N(Qfin +Qunin) = 200(25.3+1.6) =5380 W
Therefore, the increase in heat transfer from the tube per meter of its length as a result of the addition of the fins is
Qincrease = Qtotal,fin - Qnoﬁn =5380—-537 =4843 W

Discussion The The overall effectiveness of the finned tube is 5380/537 = 10. That is, the rate of heat transfer from the steam
tube increases by a factor of 10 as a result of adding fins. This explains the widespread use of finned surfaces.
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3-190 A circuit board houses electronic components on one side, dissipating a total of 15 W through the backside of the board
to the surrounding medium. The temperatures on the two sides of the circuit board are to be determined for the cases of no
fins and 20 aluminum fins of rectangular profile on the backside.

Assumptions 1 Steady operating conditions exist. 2 The temperature in the board and along the fins varies in one direction
only (normal to the board). 3 All the heat generated in the chips is conducted across the circuit board, and is dissipated from
the backside of the board. 4 Heat transfer from the fin tips is negligible. 5 The heat transfer coefficient is constant and uniform
over the entire fin surface. 6 The thermal properties of the fins are constant. 7 The heat transfer coefficient accounts for the
effect of radiation from the fins.

Properties The thermal conductivities are given to be k = 12 W/m-°C for the circuit board, k = 237 W/m-°C for the aluminum
plate and fins, and k = 1.8 W/m-°C for the epoxy adhesive.

Analysis (a) The thermal resistance of the board and the convection resistance

on the backside of the board are

Rpoms = = = 0.002m —~0.011°C/W
kA (12 W/m?°C)(0.1m)(0.15 m) Rboard Reonv

1 1 TAMAAVA- T
Reonv =77 = =1.481°C/W T
hA  (45W/m?2C)(0.1m)(0.15m) 2
Riotal = Rpoard + Reony = 0.011+1.481=1.492 °C/W
Then surface temperatures on the two sides of the circuit board becomes
. T =T .
Q="2—2— 5T, =T, +QRyyyy = 37°C+ (15 W)(1.492°C/W) = 59.4°C

total

. T, =T ) P 2Cm
Q=22 5T, =T, —QRypaq = 59.4°C — (15 W)(0.011°C/W) = 59.2°C I

board
(b) Noting that the cross-sectional areas of the fins are constant, the efficiency of these
rectangular fins is determined to be

2o
M- hp h(2w) _ f2_h _ 2(45W/m*.°C) _13.78m*
KA, K (tw) kt (237 W/m*C)(0.002 m)

_tanhmL _ tanh(13.78m™ x0.02 m)

mL 13.78m1 x0.02m
The finned and unfinned surface areas are
0.002

Agnneg = (20)2w(L+%j = (20)2(0.15)(0.02+ >

Aynfinned = (0.1)(0.15) — 20(0.002)(0.15) = 0.0090 m>

1

=0.975

Mfin

j=0.126m2

rﬁﬂﬁﬂﬁﬂﬁ—‘
H

I

Then,
innned = Mfin Qﬁn,max = Nfin hAﬁn (Tbase _Too)
Qunfinned = hAunﬁnned(Tbase _Toc)

Qtotal = Qunfinned + innned = h(Tbase =Ty )(77fin Agin + Aunfinned)

Substituting, the base temperature of the finned surfaces is determined to be

Raluminum Reuoxy Rboard

Thase = Too + Qe =37°C+ 2 oW 2 o 39.5°C
h(75in Atin + Aunfinned) (45 W/m?.°C)[(0.975)(0.126 m?) +(0.0090 m?)]
Then the temperatures on both sides of the board are determined using the thermal resistance network to be
Ratuminum = = 0.001m =0.00028°C/W
KA (237 W/m?2C)(0.1m)(0.15m)
Repoey = = = 0.0003m ~0.01111°C/W
kA (1.8 W/m*C)(0.1m)(0.15m)
: T, -T —39.5)°
Q= 1 base = (T, ~39.5°C T, =39.5°C + (15 W)(0.02239 °C/W) = 39.8°C
Rauminum + Repoxy = Rpoard (000028 +0.01111+0.011) °C/W
. T, =T .
Q=—"—2 5T, =T, ~QRypaq = 39.8°C — (15 W)(0.011°C/W) = 39.6°C

board
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3-191 M An electronic device is cooled by dissipating heat through a heat sink attached on its top surface. There is contact
resistance at the interface of the electronic component and the heat sink. The surface temperature of the electronic device is to
be determined whether it is below 85°C or not.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is one-dimensional. 3 The electronic device maintains a
constant surface temperature.

Properties The thermal contact conductance for aluminum plates with air at the interface, a roughness of about 10 um and an
average interface pressure of 1 atm is h, = 3640 W/mK (Table 3-1), the combined thermal resistance of an HS 5030 heat
sink, attached horizontally, is 1.2 K/W (Table 3-6).

Analysis The thermal resistances of different layers are

1 1

R -t = 0.06868 K/W
ntefece " h A (3640 W/ - K)(0.100 m)(0.040 m)

Rheatsink =12K/W
The total thermal resistance is

Riotal = Rinterface T Rheatsink =1.26868 KIW

The rate of heat transfer through the layers is

G- AT _T-T,

Rtotal Rtotal

The surface temperature of the electronic device is
Ty = QRyar + T, = (45 W)(1.26868 K/W) +30°C = 87.1°C > 85°C

Since the surface temperature of the electronic device is above 85°C, there is a risk of overheating. To reduce the surface
temperature, the total thermal resistance needs to be reduced to promote more heat dissipation through the heat sink. One way
to solve this problem is by reducing the contact resistance at the interface. This can be achieved by filling the interface with a
fluid having higher thermal contact conductance than air.

-1
. AT T,-T, T,-T,
Q= Rtota| = 1 S > hc =|:A{ > Q - Rhealtsinij|

hCA + Rheatsink

=]
h, = {(0.100 m)(0.040 m)(85 —30 —1.2](£ﬂ 11,250 W/t - K
25 W

Thus, the surface temperature of the electronic device can be reduced to below 85°C by filling the interface with a fluid
having a thermal contact conductance value higher than 11,250 W/m*K. From Table 3-1 hydrogen, silicone oil and glycerin
all have thermal contact conductance greater than 11,250 W/m?K.

Discussion In practice, the interfaces between electronic devices and heat sinks are filled with thermally conductive epoxy
adhesives to reduce thermal contact resistance.
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3-192 Steam passes through a row of 10 parallel pipes placed horizontally in a concrete floor exposed to room air at 20°C
with a heat transfer coefficient of 12 W/m?2.°C. If the surface temperature of the concrete floor is not to exceed 35°C, the
minimum burial depth of the steam pipes below the floor surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the concrete is constant.

Properties The thermal conductivity of concrete is given to be k = 0.75 W/m-°C.

Analysis In steady operation, the rate of heat loss from the steam through the

concrete floor by conduction must be equal to the rate of heat transfer from Room

the concrete floor to the room by combined convection and radiation, which is 10 m 20°C

determined to be < >
Q=hA(T, -T,) /e

= (12 W/m?.°C)[(10 m)(5 m)](35 — 20)°C = 9000 W
OO000O0O0O0000

Then the depth the steam pipes should be buried can be determined with
the aid of shape factor for this configuration from Table 3-7 to be

- Q 9000 W
nk(T, —T,)  10(0.75 W/m2C)(145 — 35)°C

Q=nSk(T, -T,) =10.91m (per pipe)

W= % = % =1m (center -to-center distance of pipes)
B 27
In[2W sinh 27;2)
D w
27z(5m)

10.91m = z=0.205m=20.5cm

In{ 2(1m) sinh Zﬂz}
7(0.06 m) (L m)
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3-193 A cylindrical tank containing liquefied natural gas (LNG) is placed at the center of a square solid bar. The rate of heat
transfer to the tank and the LNG temperature at the end of a one-month period are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the bar is constant. 4 The tank surface is at the same temperature as the LNG.

Properties The thermal conductivity of the bar is given to be k = 0.0002 W/m-°C. The density and the specific heat of LNG

are given to be 425 kg/m?® and 3.475 kJ/kg-°C, respectively,
Analysis The shape factor for this configuration is given in Table 3-7 to be

S- 2a. 27(1.9m) _12.92m

In 1.08w il 1.08 1.4m
D 0.6m

Then the steady rate of heat transfer to the tank becomes

'/- 12°C

f— -160°C

(

[o-06m ()

L=19m

Q = Sk(T; —T,) = (12.92 m)(0.0002 W/m?C)[12 - (-160) PC = 0.4444 W

The mass of LNG is

D? (0.6m)3

m=pV = pr - (425 kg/m?) 7z =48.07kg

The amount heat transfer to the tank for a one-month period is
Q = QAt = (0.4444 W)(30x 24 x 3600 s) =1.152x10° J

Then the temperature of LNG at the end of the month becomes

Q=mc p (rl _TZ)
1.152x10° J = (48.07 kg)(3475 J/kg.°C)[(~160) - T, PC
T, =-153.1°C

14m
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3-194 A tube carrying hot steam is centered at a square cross-section concrete bar. The width of the square concrete bar and
the rate of heat loss in (W/m) are to be determined for the temperature difference between the outer surface of the square
concrete bar and the ambient air to be maintained at 5 °C.

Assumptions 1 Heat conduction is steady and one-dimensional. 2 Thermal properties are constant. 3 Heat transfer by
radiation is negligible. 4 Heat conduction through the tube wall is negligible. 5 Thermal contact resistance between the tube
and the concrete bar is negligible.

Properties The thermal conductivity of the concrete is given as 1.7 W/m - °C.
Air, -5 °C
h=20 W/m?-°C

Concrete bar

f k=1.7W/m-°C
T,=120°C

D=127mm % |

Analysis Using Table 3-7 (Case 6), the shape factor is given to be

g__ 2t
~ In(L.08w/ D)

From energy balance, we have
kS(Ty —T,) =hA(T, - T.,)

27KL

W(T1 ~T,) = 4hwL(T, -T,)

Rearrange to get
[1.08W T, -T, (K
wlin = —
D T,-T,\2h
Wln( 1.08w ] _ (120-0)°C| (1.7 W/m-°C)
0.127m 5°C | 2(20 W/m? -°C)

Copy the following line and paste on a blank EES screen to solve the above equation:
w*In(1.08*w/0.127)=120/5*(3.1416*1.7)/(2*20)

Solving by EES software, the width of the square concrete bar is
w=1.324m

The heat loss to the ambient air is
Q/L = 4hw(T, —T, ) = 4(20 W/m? - °C)(1.324 m)(5°C) = 530 W/m

Discussion If the width of the concrete bar were less than 1.324 m, then the temperature difference between the outer surface
of the concrete bar and the ambient air would be greater than 5 °C. This would mean more heat loss to the ambient air.
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3-195 A spherical tank containing iced water is buried underground. The rate of heat transfer to the tank is to be determined
for the insulated and uninsulated ground surface cases.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the soil is constant. 4 The tank surface is assumed to be at the same temperature as the iced water
because of negligible resistance through the steel.

Properties The thermal conductivity of the soil is given to be k = 0.55 W/m-°C.

Analysis The shape factor for this configuration is given in Table 3-7 to be

s 27D . 27r(1.4lr2)m 10.30m r_ T,=18°C
1-025— 1-025—"—— ]
z 24m
Then the steady rate of heat transfer from the tank becomes z=24m

Q = Sk(T, —T,) = (10.30 m)(0.55 W/m?°C)(18 — 0)°C =102 W

If the ground surface is insulated,

g 2™ - 2”(1'41”;)m —7.677m
140257 14025270
YA

Am

Q= Sk(T, —T,) = (7.677 m)(0.55 W/m°C)(18 — 0)°C = 76.0 W

3-196 A thin-walled spherical tank, filled with chemicals undergoing exothermic reaction, is buried in the ground. The
reaction provides uniform heat flux on the tank inner surface and the ground surface is maintained at a specified temperature.
The tank surface temperature is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer is two-dimensional (no change in the axial direction). 3
Thermal conductivity of the ground is constant. 4 Isothermal tank surface.

Properties The thermal conductivity of the ground is given to be k = 1.3 W/m-K.
Analysis The shape factor for this configuration is given in Table 3-7 (Case 15) to be

g-_ 2D 5= 2”(1'51"51)m -10.77m
1-025~ 1-025->"
z 3m

The heat transfer rate from the spherical tank is
Qsph = qu = kS(Tl _TZ)
Thus, the surface temperature of the tank is

4zD? T (1000 W/m?)z(1.5m)?

(1.3W/m-K)(10.77 m)

T
17 ks kS

+10°C =515°C

Discussion The deeper the tank is buried in the ground, the higher its surface temperature will be. This is because the ground
depth acts as a thermal resistance, limiting heat transfer between the tank surface and the ground surface.
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Fundamentals of Engineering (FE) Exam Problems

3-197 Heat is lost at a rate of 275 W per m? area of a 15-cm-thick wall with a thermal conductivity of k=1.1 W/m-°C. The
temperature drop across the wall is

(a) 37.5°C (b) 27.5°C (c) 16.0°C (d) 8.0°C (e) 4.0°C

Answer (a) 37.5°C

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

L=0.15 [m]

k=1.1 [W/m-C]

=275 [W/m"2]

g=k*DELTAT/L

3-198 Consider a wall that consists of two layers, A and B, with the following values: ky = 0.8 W/m-°C, L, =8 cm, kg = 0.2
W/m-°C, Lg = 5 cm. If the temperature drop across the wall is 18°C, the rate of heat transfer through the wall per unit area of
the wall is

() 180 W/m? (b) 153 W/m? (c) 89.6 W/m? (d) 72 W/m? (e) 51.4 W/m?

Answer (a) 51.4 W/m?

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

k_A=0.8 [W/m-C]

L_A=0.08 [m]

k_B=0.2 [W/m-C]

L_B=0.05 [m]

DELTAT=18 [C]

R_total=L_A/k_A+L B/k_B

g_dot=DELTAT/R_total

"Some Wrong Solutions with Common Mistakes"

W1 _q_dot=DELTAT/(L_A/k_A) "Considering layer A only"
W2_q_dot=DELTAT/(L_B/k_B) "Considering layer B only"
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3-199 Heat is generated steadily in a 3-cm-diameter spherical ball. The ball is exposed to ambient air at 26°C with a heat
transfer coefficient of 7.5 W/m?°C. The ball is to be covered with a material of thermal conductivity 0.15 W/m-°C. The
thickness of the covering material that will maximize heat generation within the ball while maintaining ball surface
temperature constant is

(@ 0.5cm (b) 1.0cm (c)1.5cm (d) 2.0cm (e) 25cm

Answer () 2.5cm

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

D=0.03 [m]

r=D/2

T _infinity=26 [C]

h=7.5 [W/m"2-C]

k=0.15 [W/m-C]

r_cr=(2*k)/h r_cr=(2*k)/h "critical radius of insulation for a sphere"
thickness=r_cr-r

"Some Wrong Solutions with Common Mistakes"

W _r_cr=k/h

W1_thickness=W_r_cr-r "Using the equation for cylinder"

3-200 Consider a 1.5-m-high and 2-m-wide triple pane window. The thickness of each glass layer (k = 0.80 W/m.°C) is 0.5
cm, and the thickness of each air space (k = 0.025 W/m.°C ) is 1 cm. If the inner and outer surface temperatures of the
window are 10°C and 0°C, respectively, the rate of heat loss through the window is

(a) 75 W (b) 12 W (c) 46 W (d) 25 W (€) 37 W

Answer: (e) 37 W

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

"Using the thermal resistances per unit area, Q can be expressed as Q=A*DeltaT/R _total”
Lglass=0.005 {m}

kglass=0.80 {W/mC}

Rglass=Lglass/kglass

Lair=0.01 {m}

kair=0.025 {W/mC}

Rair=Lair/kair

A=1.5*2

T1=10

T2=0

Q=A*(T1-T2)/(3*Rglass+2*Rair)

“Some Wrong Solutions with Common Mistakes:”

W1 Q=(T1-T2)/(3*Rglass+2*Rair) “Not using area”
W2_Q=A*(T1-T2)*(3*Rglass+2*Rair) “Multiplying resistance instead of dividing”
W3_Q=A*(T1-T2)/(Rglass+Rair) “Using one layer only”
W4_Q=(T1-T2)/(3*Rglass+2*Rair)/A “Dividing by area instead of multiplying”
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3-201 Consider two metal plates pressed against each other. Other things being equal, which of the measures below will cause
the thermal contact resistance to increase?

(@) Cleaning the surfaces to make them shinier

(b) Pressing the plates against each other with a greater force
(c) Filling the gab with a conducting fluid

(d) Using softer metals

(e) Coating the contact surfaces with a thin layer of soft metal such as tin

Answer (a) Cleaning the surfaces to make them shinier

3-202 A 10-m-long, 5-cm-outer-radius cylindrical steam pipe is covered with 3-cm thick cylindrical insulation with a thermal
conductivity of 0.05 W/m.°C. If the rate of heat loss from the pipe is 1000 W, the temperature drop across the insulation is

(a) 163°C (b) 600°C (c) 48°C (d) 79°C (e) 251°C

Answer (e) 251°C

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

R1=0.05

S=0.03

R2=0.11

L=10

K=0.05

Q=1000
R=In(r2/r1)/(2*pi*L*k)
dT=Q*R

“Some Wrong Solutions with Common Mistakes:”
W1_T=Q/k "Wrong relation"
RR1=In(s/r1)/(2*pi*L*k)
W2_T=Q*RR1"Wrong radius"
RR2=s/k
W3_T=Q*RR2"Wrong radius"
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3-203 A 6-m diameter spherical tank is filled with liquid oxygen (p = 1141 kg/m®, C, = 1.71 kl/kg-°C) at -184°C. Tt is
observed that the temperature of oxygen increases to -183°C in a 144-hour period. The average rate of heat transfer to the tank
is

(a) 249 W (b) 426 W (c) 570 W (d) 1640 W (€) 2207 W

Answer (b) 426 W

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

D=6 [m]

rho=1141 [kg/m"3]

c_p=1710 [J/kg-C]

T1=-184 [C]

T2=-183 [C]

time=144*3600 [s]

V=pi*D*3/6

m=rho*V

Q=m*c_p*(T2-T1)

Q_dot=Q/time

"Some Wrong Solutions with Common Mistakes"

W1 Q_dot=Q "Using amount of heat transfer as the answer"
Q1=m*(T2-T1)

W2_Q_dot=Q1/time "Not using specific heat in the equation”

3-204 A 2.5-m-high, 4-m-wide, and 20-cm-thick wall of a house has a thermal resistance of 0.0125°C/W. The thermal
conductivity of the wall is

@) 0.72W/im°C  (b) 1.1 W/im-°C () 1.6 W/m-C (d) 16 W/m-°C () 32 W/m-°C

Answer (c) 1.6 W/m-°C

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

Height=2.5 [m]

Width=4 [m]

L=0.20 [m]

R_wall=0.0125 [C/W]

A=Height*Width

R_wall=L/(k*A)

"Some Wrong Solutions with Common Mistakes"

R_wall=L/W1_k "Not using area in the equation”
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3-205 Consider two walls, A and B, with the same surface areas and the same temperature drops across their thicknesses. The
ratio of thermal conductivities is ka/kg = 4 and the ratio of the wall thicknesses is La/Lg = 2. The ratio of heat transfer rates

through the walls Q, / Qg is
() 0.5 (b) 1 © 2 (d) 4 © 8

Answer (c) 2

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

k_A\k_B=4

L_A\L_B=2

Q_dot_A\Q dot_B=k_A\k_B*(1/L_A\L_B) "From Fourier's Law of Heat Conduction"

3-206 A hot plane surface at 100°C is exposed to air at 25°C with a combined heat transfer coefficient of 20 W/m*°C. The
heat loss from the surface is to be reduced by half by covering it with sufficient insulation with a thermal conductivity of 0.10
W/m-°C. Assuming the heat transfer coefficient to remain constant, the required thickness of insulation is

(@ 0.1cm (b) 0.5cm (c)1.0cm (d) 2.0cm (e)5¢cm

Answer (b) 0.5cm

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

Ts=100

Tinf=25

h=20

k=0.1

Rconv=1/h

Rins=L/k
Rtotal=Rconv+Rins
Q1=h*(Ts-Tinf)
Q2=(Ts-Tinf)/(Rconv+Rins)
Q2=Q1/2
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3-207 A room at 20°C air temperature is loosing heat to the outdoor air at 0°C at a rate of 1000 W through a 2.5-m-high and
4-m-long wall. Now the wall is insulated with 2-cm-thick insulation with a conductivity of 0.02 W/m.°C. Determine the rate
of heat loss from the room through this wall after insulation. Assume the heat transfer coefficients on the inner and outer
surface of the wall, the room air temperature, and the outdoor air temperature to remain unchanged. Also, disregard radiation.

(@) 20w (b) 561 W (c) 388 W (d) 167 W (e) 200 W

Answer (d) 167 W

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

Tin=20

Tout=0

Q=1000

A=2.5%4

L=0.02

k=0.02

Rins=L/(k*A)

Q=(Tin-Tout)/R

Qnew=(Tin-Tout)/(R+Rins)

"Some Wrong Solutions with Common Mistakes:"

W1 Q=(Tin-Tout)/Rins "Disregarding original resistance"
W2_Q=(Tin-Tout)*(R+L/k) "Disregarding area"
W3_Q=(Tin-Tout)*(R+Rins)"Multiplying by resistances"

3-208 A 1-cm-diameter, 30-cm long fin made of aluminum (k = 237 W/m-°C) is attached to a surface at 80°C. The surface is
exposed to ambient air at 22°C with a heat transfer coefficient of 11 W/m?°C. If the fin can be assumed to be very long, the
rate of heat transfer from the fin is

(@) 2.2 W (b) 3.0 W ) 3.7W (d) 4.0 W ) 47W

Answer (e) 4.7 W

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

D=0.01 [m]

L=0.30 [m]

k=237 [W/m-C]

T_b=80 [C]

T_infinity=22 [C]

h=11 [W/m"2-C]

p=pi*D

A_c=pi*D"2/4

Q_dot=sqrt(h*p*k*A_c)*(T_b-T_infinity)

"Some Wrong Solutions with Common Mistakes"

a=sqrt((h*p)/(k*A_c))

W1_Q_dot=sgrt(h*p*k*A_c)*(T_b-T_infinity)*tanh(a*L) "Using the relation for insulated fin tip"
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3-209 A 1-cm-diameter, 30-cm-long fin made of aluminum (k = 237 W/m-°C) is attached to a surface at 80°C. The surface is
exposed to ambient air at 22°C with a heat transfer coefficient of 11 W/m?°C. If the fin can be assumed to be very long, its
efficiency is

() 0.60 (b) 0.67 () 0.72 (d)0.77 (e) 0.88

Answer (d) 0.77

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

D=0.01 [m]

L=0.30 [m]

k=237 [W/m-C]

T_b=80 [C]

T _infinity=22 [C]

h=11 [W/m"2-C]

p=pi*D

A_c=pi*D"*2/4

a=sqrt((h*p)/(k*A_c))

eta_fin=1/(a*L)

"Some Wrong Solutions with Common Mistakes"

W1 _eta_fin=tanh(a*L)/(a*L) "Using the relation for insulated fin tip"

3-210 A hot surface at 80°C in air at 20°C is to be cooled by attaching 10-cm-long and 1-cm-diameter cylindrical fins. The
combined heat transfer coefficient is 30 W/m?-°C, and heat transfer from the fin tip is negligible. If the fin efficiency is 0.75,
the rate of heat loss from 100 fins is

(a) 325 W (b) 707 W (c) 566 W (d) 424 W (€) 754 W

Answer (d) 424 W

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

N=100

Ts=80

Tinf=20

L=0.1

D=0.01

h=30

Eff=0.75

A=N*pi*D*L

Q=Eff*h*A*(Ts-Tinf)

“Some Wrong Solutions with Common Mistakes:”
W1_Q= h*A*(Ts-Tinf) "Using Qmax"

W2_Q= h*A*(Ts-Tinf)/Eff "Dividing by fin efficiency"
W3_Q= Eff*h*A*(Ts+Tinf) "Adding temperatures”
W4_Q= Eff*h*(pi*D"2/4)*L*N*(Ts-Tinf) "Wrong area"
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3-211 A cylindrical pin fin of diameter 0.6 cm and length of 3 cm with negligible heat loss from the tip has an efficiency of
0.7. The effectiveness of this fin is

(@) 0.3 (b) 0.7 () 2 (d) 8 (e) 14

Answer (e) 14

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

"The relation between fin efficiency and fin effectiveness is effect = (A_fin/A_base)*Efficiency"
D=0.6 {cm}

L=3 {cm}

Effici=0.7

Effect=(pi*D*L/(pi*D"2/4))*Effici

"Some Wrong Solutions with Common Mistakes:"

W1_Effect= Effici "Taking it equal to efficiency"

W2_Effect= (D/L)*Effici "Using wrong ratio”

W3_Effect= 1-Effici "Using wrong relation"

W4_Effect= (pi*D*L/(pi*D))*Effici "Using area over perimeter"

3-212 A 3-cm-long, 2 mm x 2 mm rectangular cross-section aluminum fin (k = 237 W/m-°C) is attached to a surface. If
the fin efficiency is 65 percent, the effectiveness of this single fin is

() 39 (b) 30 () 24 (d) 18 (€)7

Answer (a) 39

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

L=0.03 [m]

s$=0.002 [m]

k=237 [W/m-C]

eta_ fin=0.65

A_fin=4*s*L

A _b=s*s

epsilon_fin=A_fin/A_b*eta_fin
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3-213 Two finned surfaces with long fins are identical, except that the convection heat transfer coefficient for the first finned
surface is twice that of the second one. What statement below is accurate for the efficiency and effectiveness of the first
finned surface relative to the second one?

(@) higher efficiency and higher effectiveness
(b) higher efficiency but lower effectiveness
(c) lower efficiency but higher effectiveness
(d) lower efficiency and lower effectiveness

(e) equal efficiency and equal effectiveness

Answer (d) lower efficiency and lower effectiveness

Solution The efficiency of long fin is given by 1 =./kA, /hp /L, which is inversely proportional to convection coefficient h.

Therefore, efficiency of first finned surface with higher h will be lower. This is also the case for effectiveness since
effectiveness is proportional to efficiency, € =n(Asq, / Apase) -

3-214 A 20-cm-diameter hot sphere at 120°C is buried in the ground with a thermal conductivity of 1.2 W/m-°C. The distance
between the center of the sphere and the ground surface is 0.8 m, and the ground surface temperature is 15°C. The rate of heat
loss from the sphere is

(a) 169 W (b) 20 W (€) 217 W (d) 312 W () 1.8 W

Answer (a) 169 W

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

D=0.2

T1=120

T2=15

K=1.2

Z=0.8

S=2*pi*D/(1-0.25*D/z)

Q=S*k*(T1-T2)

“Some Wrong Solutions with Common Mistakes:”
A=pi*D"2

W1_Q=2*pi*z/In(4*z/D) "Using the relation for cylinder"
W2_Q=k*A*(T1-T2)/z "Using wrong relation"

W3_Q= S*k*(T1+T2) "Adding temperatures"

W4_Q= S*k*A*(T1-T2) "Multiplying vy area also"
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3-215 A 25-cm-diameter, 2.4-m-long vertical cylinder containing ice at 0°C is buried right under the ground. The cylinder is
thin-shelled and is made of a high thermal conductivity material. The surface temperature and the thermal conductivity of the
ground are 18°C and 0.85 W/m-°C, respectively. The rate of heat transfer to the cylinder is

(a) 37.2W (b) 63.2 W (c) 158 W (d) 480 W (€) 1210 W

Answer (b) 63.2 W

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

D=0.25 [m]

L=2.4 [m]

T ice=0[C]

T_ground=18 [C]

k=0.85 [W/m-C]

S=(2*pi*L)/In((4*L)/D)

Q_dot=S*k*(T_ground-T _ice)

3-216 Hot water (c = 4.179 kJ/kg-K) flows through a 200 m long PVC (k = 0.092 W/m-K) pipe whose inner diameter is 2 cm
and outer diameter is 2.5 cm at a rate of 1 kg/s, entering at 40°C. If the entire interior surface of this pipe is maintained at
35°C and the entire exterior surface at 20°C, the outlet temperature of water is

(a) 39°C (b) 38°C (c) 37°C (d) 36°C (€) 35°C

Answer (b) 38°C

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=35 [C]

T1=20 [C]
Q=2*pi*k*I*(T2-T1)/LN(do/di)
Tin=40 [C]
c=4179 [J/kg-K]
m=1 [kg/s]

[=200 [m]
Q=m*c*(Tin-Tout)
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3-217 The walls of a food storage facility are made of a 2-cm-thick layer of wood (k = 0.1 W/m-K) in contact with a 5-cm-
thick layer of polyurethane foam (k = 0.03 W/m-K). If the temperature of the surface of the wood is -10°C and the
temperature of the surface of the polyurethane foam is 20°C, the temperature of the surface where the two layers are in contact
is

() -7°C (b) -2°C (c) 3°C (d) 8°C (e) 11°C

Answer (a) -7°C

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

kw=0.1 [W/m-C]

tkw=0.02 [m]

Tw=-10 [C]

kf=0.03 [W/m-C]

tkf=0.05 [W/m-C]

Tf=20 [C]
T=((kw*Twi/tkw)+(kf*Tf/tkf))/((kw/tkw)+(kf/tkf))

3-218 The equivalent thermal resistance for the thermal circuit shown here is
Rip  Rysa
R,
T, T
Roy  Ryp

(@) R2Ro1+RpsaRaoss +Ras

Ro3aRos8
(b) R12R01+(— +Rgy
Rosa + Rogs

(c)[ Ri2Ro1 JJ{ R23aRa3s j+i
Ri2 +Ro1 Rosa + Rass R34

(d)[ RlZROl J+( RZSARZSB J+R34

Ri2 + Ros Rasa +Rass

(e) None of them

R,,R R,2aR
Answer (d) ( 12701 ]+( 23A 238 ]+ Ras
12+ Rog Rosa +Rass

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.




3-161

3-219 The 700 m? ceiling of a building has a thermal resistance of 0.52 m?K/W. The rate at which heat is lost through this
ceiling on a cold winter day when the ambient temperature is -10°C and the interior is at 20°C is

(@ 23.1kW  (b)40.4kW  (c) 55.6kW  (d) 68.1kKW  (¢) 88.6 KW

Answer (b) 40.4 kW

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

R=0.52 [m*2-C/W]
A=700 [m*2]

T 1=20[C]

T 2=-10[C]
Q=A%(T_2-T_1)R

3-220 A 1 m-inner diameter liquid oxygen storage tank at a hospital keeps the liquid oxygen at 90 K. This tank consists of a
0.5-cm thick aluminum (k = 170 W/m-K) shell whose exterior is covered with a 10-cm-thick layer of insulation (k = 0.02
W/m-K). The insulation is exposed to the ambient air at 20°C and the heat transfer coefficient on the exterior side of the
insulation is 5 W/m*K. The rate at which the liquid oxygen gains heat is

(a) 141 W (b) 176 W (c) 181 W (d) 201 W (€) 221 W

Answer (b) 176 W

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

R1=0.5 [m]

R2=0.55 [m]

R3=0.65 [m]

k1=170 [W/m-K]

k2=0.02 [W/m-K]
h=5[W/m"2-K]

T2=293 [K]

T1=90 [K]
R12=(R2-R1)/(4*pi*k1*R1*R2)
R23=(R3-R2)/(4*pi*k2*R2*R3)
R45=1/(h*4*pi*R3"2)
Re=R12+R23+R45
Q=(T2-T1)/Re
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3-221 A 1-m-inner diameter liquid oxygen storage tank at a hospital keeps the liquid oxygen at 90 K. This tank consists of a
0.5-cm-thick aluminum (k = 170 W/m-K) shell whose exterior is covered with a 10-cm-thick layer of insulation (k = 0.02
W/m-K). The insulation is exposed to the ambient air at 20°C and the heat transfer coefficient on the exterior side of the
insulation is 5 W/m®.K. The temperature of the exterior surface of the insulation is

() 13°C (b) 9°C (c) 2°C (d) -3°C (e) -12°C

Answer (a) 13°C

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

R1=0.5[m]

R2=0.55 [m]

R3=0.65 [m]

k1=170 [W/m-K]

k2=0.02 [W/m-K]
h=5[W/m"2-K]

T2=293 [K]

T1=90 [K]
R12=(R2-R1)/(4*pi*k1*R1*R2)
R23=(R3-R2)/(4*pi*k2*R2*R3)
R45=1/(h*4*pi*R3"2)
Re=R12+R23+R45
Q=(T2-T1)/Re

Q=(T2-T3)/R45

3-222 The fin efficiency is defined as the ratio of the actual heat transfer from the fin to

() The heat transfer from the same fin with an adiabatic tip

(b) The heat transfer from an equivalent fin which is infinitely long

(c) The heat transfer from the same fin if the temperature along the entire length of the fin is the same as the base temperature
(d) The heat transfer through the base area of the same fin

(e) None of the above

Answer: (c) The heat transfer from the same fin if the temperature along the entire length of the fin is the same as the base
temperature
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3-223 Computer memory chips are mounted on a finned metallic mount to protect them from overheating. A 512 MB memory
chip dissipates 5 W of heat to air at 25°C. If the temperature of this chip is not exceed 50°C, the overall heat transfer
coefficient — area product of the finned metal mount must be at least

(a) 0.2 W/°C (b) 0.3 W/°C (c) 0.4 W/°C (d) 0.5 W/°C (€) 0.6 W/°C

Answer (a) 0.2 W/°C

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

T_1=50 [C]

T_2=25][C]

Q=5 [W]

Q=UAX(T_1-T_2)

3-224 In the United States, building insulation is specified by the R-value (thermal resistance in h-ft®>-°F/Btu units). A home
owner decides to save on the cost of heating the home by adding additional insulation in the attic. If the total R-value is
increased from 15 to 25, the home owner can expect the heat loss through the ceiling to be reduced by

(a) 25% (b) 40% (c) 50% (d) 60% () 75%

Answer (b) 40%

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

R_1=15

R_2=25

DeltaT=1 "Any value can be chosen"

Q1=DeltaT/R_1

Q2=DeltaT/R_2

Reduction%=100*(Q1-Q2)/Q1
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3-225 A triangular shaped fin on a motorcycle engine is 0.5-cm thick at its base and 3-cm long (normal distance between the
base and the tip of the triangle), and is made of aluminum (k = 150 W/m-K). This fin is exposed to air with a convective heat
transfer coefficient of 30 W/m?K acting on its surfaces. The efficiency of the fin is 50 percent. If the fin base temperature is
130°C and the air temperature is 25°C, the heat transfer from this fin per unit width is

(@) 32 W/m (b) 47 W/m (c) 68 W/m (d) 82 W/m (e) 95 W/m

Answer (e) 95 W/m

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

h=30 [W/m-K]
b=0.005 [m]

[=0.03 [m]

eff=0.50

Ta=25 [C]

Tb=130 [C]
A=2%(1"2+(b/2)*2)"0.5
Qideal=h*A*(Tb-Ta)
Q=eff*Qideal

3-226 A plane brick wall (k = 0.7 W/m-K) is 10 cm thick. The thermal resistance of this wall per unit of wall area is
(@) 0.143 m%K/W  (b) 0.250 m*>K/W  (c) 0.327 m*K/W  (d) 0.448 m*K/W  (e) 0.524 m*K/W

Answer (a) 0.143 m?-K/W

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

k=0.7 [W/m-K]

t=0.1 [m]

R=t/k

3-227 --- 3-233 Design and Essay Problems
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