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§ PROBLEMS*

physical Mechanism of Natural Convection

20-1C In which mode of heat transfer is the convection
heat transfer coefficient usually higher, natural convection or
forced convection? Why?

2-2C  What is buoyancy force? Compare the relative mag-
niudes of the buoyancy force acting on a body immersed in
these mediums: (@) air, (b) water, (¢) mercury, and (d) an
evacuated chamber.

e . e ——Sp e ST T T
Problems designated by a “C” are concept questions, and

students are encouraged to answer them all. Problems with the

0 & are solved using EES, and complete solutions together with
Perametric studies are included on the enclosed DVD. Problems

tith the icon @ are comprehensive in nature, and are intended to
be solved with 2 computer, preferably using the EES software that
“companies this text.

20-3C Consider a hot boiled egg in a spacecraft that is
filled with air at atmospheric pressure and temperature at all
times. Will the egg cool faster or slower when the spacecraft
is in space instead of on the ground? Explain.

20-4C  When will the hull of a ship sink in water deeper:
when the ship is sailing in fresh water or in seawater? Why?

20-5C  Consider two fluids, one with a large coefficient of
volume expansion and the other with a small one. In what fluid
will a hot surface initiate stronger natural convection cur-
rents? Why? Assume the viscosity of the fluids to be the same.

"\20-6C\\Physica]ly, what does the Grashof number represent?
‘How-does the Grashof number differ from the Reynolds number?

20-7 Show that the volume expansion coefficient of an
ideal gas is B = 1/T, where T is the absolute temperature.

20-8 Using its definition and the values listed in Table A—15.
determine the volume expression coefficient of saturated liquid
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b \A 450-W cylindrical resistance heater is ¢ 75
7, om in diameter. The resistance wire s piacéd hm-!ong
an- |n a fluid at 20°C. !)clc_:rminc the outer surface lel(l)lrl"‘cot]-
"‘I?‘,flhc resistance wire in steady operation if (he ﬂuﬁdrﬁlt
mﬂqir and (0) wz_llcr; lgx‘mrc- any heat transfer by radiati is
("lcc‘pmhcrlit’s at 500°C for air and 40°C o, water, Y
Us o1 In a plant that manufactures canpeq
M ;t;ms are temperature-tested in water baths
e jre shipped to ensure that they withsian
lhe)“; 55°C during transportation and shely
ving O a conveyor, enter the open hot-wa
osm deep. | m wide, and 3.5 m long, and
be h ot water toward the other end. Some of t

. he cans fai
:Ssl and explode in the water b{lth. The water conlainérthig
e of sheet metal, and the entire container is at about the
emperature as the hot water. The emissivity of the
s surface qf the container i.s 0.7. If the temperature of the
,-urroll"di”g air and‘ surﬁ.lces 1s 20°C, determine the rate of
weat loss from the four _snde' surfaces of the container (disre-
qard the t0p surface, which is open).
* The water is heatec! electrically by resistance heaters, and
e cost of electricity is $0.085/kWh. If the plant operates 24
e day 365 days a year and thus 8760 hours a year,
jetermine the annual cost of the heat losses from the con-

iner for this facility.
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FIGURE P20-23

2-24 Reconsider Prob. 20-23. In order to reduce the heat-
ing cost of the hot water, it is proposed to insulate the side
and bottom surfaces of the container with 5-cm-thick fiber-
glass insulation (k = 0.035 W/m-K) and to wrap the insula-
tion with aluminum foil (¢ = 0.1) in order to minimize the
heat loss by radiation. An estimate is obtained from a local
nsulation contractor, who proposes to do the insulation job
for $350, including materials and labor. Would you support
this proposal? How long will it take for the insulation to pay
foritself from the energy it saves?

\ . .

20-25 \Consider a 15-cm X 20-cm printed circuit board
_ that has electronic components on one side. The board
IS placed in a room at 20°C. The heat loss from the back sur-
face of the board is negligible. If the circuit board is dissipat-
g 8 W of power in steady operation, determine the average
emperature of the hot surface of the board, assuming _the

ard is (q) vertical; (b) horizontal with hot surface facing
";and (c) horizontal with hot surface facing down. Take the

- B59
CHAPTER 20
0.8 and assume

emissivity of the surface of the board to be the

. - ~ > ture as
the surrounding surfaces to be at the same lgmper’fl_ &
air in the room. Answers: (a) 46.£ b) 42.¢ ~

FIGURE P20-25

Reconsider Prob. 20-25. Using EES (or other)
&= software, investigate the effects of the room
temperature and the emissivity of the board on the.tempf:ra-
ture of the hot surface of the board for different orientations
of the board. Let the room temperature vary from 5°C to
35°C and the emissivity from 0.1 to 1.0. Plot the hot surface
temperature for different orientations of the board as the
functions of the room temperature and the emissivity, and
discuss the results.
20-27 Consider a vertical plate with length L, placed in
quiescent air. If the film temperature is 20°C and the average
Nusselt number in natural convection is of the form Nu =
CRa?, show that the average heat transfer coefficient can be
expressed as

h = 1.51(AT/L)*M [OR<C Raw< 107
h = 1.19AT'" 10! < Ra, < 10"

20-28 A circular grill of diameter 0.25 m has an emissivity
of 0.8. If the surface temperature is maintained at 150°C, deter-
mine the required electrical power when the room air and sur-
roundings are at 30°C.

20-29 f ’ > A manufacturer makes absorber plates that are
<€ 1.2 m X 0.8 m in size for use in solar collec-
tors. The back side of the plate is heavily insulated. while its

front surface is coated with black chrome, which has an

absorptivity of 0.87 for solar radiation and an emissivity of

0.09. Consider such a plate placed horizontally outdoors in
calm air at 25°C. Solar radiation is incident on the plate at a
rate of 600 W/m?>. Taking the effective sky temperature to be
10°C, determine the equilibrium temperature of the absorber
plate. What would your answer be if the absorber plate is made
of ordinary aluminum plate that has a solar absorptivity of 0.28
and an emissivity of 0.07?







“ puring 4 Visit (0 a Plastic sheeting plant, i
W thata 45-m-long section of 4 2-in noming| (E (;3 e
Ve e ipe extended =4 oRCI:
oS .r.dii““du) steam Ppe extended fyop, one end of (he
oule (o the other with no insulation oy it. The tem X
an o ¢ COVET a1 3 e - pcra‘urc
fl ! arements at several locations revealed that (he average
mt;pcﬂ“"n" of the exposed surfaces of the steam pipe was

s . a 2 *I'E > i ;
lL‘an while the temperature of (he surrounding: air wa
7 . ee o » i 3 =
[c‘ The outer surface of the pipe appeared be oxid; 7
] -CA 8L '-l ~an bc lflkw b\ s g ¢ ()XId|Zqu
e TemISSIVIEY L CILLORDEL (7! Taking the tempera-
M f the surrounding surfaces to be 20°c also, determine
mr‘mle of heat loss from the steam pipe.
hquﬂm is generated in a gas furnace that has an eﬂicicncy
){34 percent, and lhc:l plant pays $1.10 per therm (1 therm —

: S s

15500 kJ) of natural gas. The plant operates 24 hours a day
a year, and thus 8760 hours g year. Determine the

165 days @ J&< X
Annuﬂl cost of the heat losses from the steam pipe for this

facility:

170°C
20°C £=0.7

Steam
FIGURE P20-36

20-37 Reconsider Prob. 20-36. Using EES (or other) soft-
ware, investigate the effect of the surface temperature of the
steam pipe on the rate of heat loss from the pipe and the
annual cost of this heat loss. Let the surface temperature vary
from 100°C to 200°C. Plot the rate of heat loss and the annual
cost as a function of the surface temperature, and discuss the
results.

20-38 Reconsider Prob. 20-36. In order to reduce heat
losses, it is proposed to insulate the steam pipe with 5-cm-
thick fiberglass insulation (k = 0.038 W/m-K) and to wrap it
with aluminum foil (¢ = 0.1) in order to minimize the radia-
tion losses. Also, an estimate is obtained from a local insula-
tion contractor, who proposed to do the insulation job for
$750, including materials and labor. Would you support this
proposal? How long will it take for the insulation to pay for

the steam pipe to remain constant at 170°C.

"2\'?"35\)/\ 50-cm X 50-cm circuit board that contains 121
square chips on one side is to be cooled by combined natural
tonvection and radiation by mounting it on a vertical surface in
4room at 25°C. Each chip dissipates 0.18 W of power, and the
tmissivity of the chip surfaces is 0.7. Assuming the heat trans-
fer from the back side of the circuit board to be negligible, and
the tmperature of the surrounding surfaces to be the same as

iself from the energy it saves? Assume the temperature of

tempera-

the air temperature of the room, determine the surface
ture of the chips. Answer: 6.2 C
20-40  Repeat Prob. 20-39 assuming thg circult
positioned horizontally with (a) chips facing up a
facing down. s’ 3
20-41 /p. The side surfaces of a 3-m-high cubic m_dus:
{’t s/ trial furnace burning natural gas are .ﬂ(’f '_”;"“n
lated, and the temperature at the outer surface o_f this ?CLIIO :
is measured to be 110°C. The temperature of lhc ,‘u.mac"r
room, including its surfaces, is 30°C, and the emissivity (_1.
the outer surface of the furnace is 0.7. It is proposed that this
section of the furnace wall be insulated with glass wool insu-
lation (k = 0.038 W/m-K) wrapped by a reflective sheet (& =
0.2) in order to reduce the heat loss by 90 percent. ‘Assuml_m_.:
the outer surface temperature of the metal section still remains
at about 110°C, determine the thickness of the insulation that
needs to be used.

The furnace operates continuously throughout the year an_d
has an efficiency of 78 percent. The price of the natural gas 1s
$1.10/therm (1 therm = 105,500 kJ of energy content). If the
installation of the insulation will cost $550 for materials and
labor, determine how long it will take for the insulation to
pay for itself from the energy it saves.

board lole
nd (h) chips

Hot
gases

30°C

3m
Furnace

1o°c
£=0.17

3m

FIGURE P20-41

2042 A l.5-m-diameter, 4-m-long cylindrical propane
tank is initially filled with liquid propane, whose density is
581 kg/m’. The tank is exposed to the ambient air at 25°C in
calm weather. The outer surface of the tank is polished so
that the radiation heat transfer is negligible. Now a crack
develops at the top of the tank, and the pressure inside drops
to I atm while the temperature drops to —42°C, which is the
boiling temperature of propane at 1 atm. The heat of vapor-
ization of propane at | atm is 425 kJ/kg. The propane is slowly
vaporized as a result of the heat transfer from the ambient air
into the tank, and the propane vapor escapes the tank at —42°C
through the crack. Assuming the propane tank to be at about
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 average surface temperature ql’ the cylindey is
the ll 20°C in the 20°C room air when seaqy,
:-fach:‘ . determine the n.?‘mlru\l coln‘vcclio‘n heat trgyygg, rllon i
CentiIt (he emissivity O m‘ ‘Ollt.bl‘ surface of the ¢ icocﬂ»‘
0.1 and a 5 percent error 15 “Cfdt.p‘?" le, do YOu think yg.
do any correction for the radiation effect? ASsume lh: d

o 2)°
rounding surfaces to be at 20 C also. Sur.

5046 The water in a 40-L tank i.s to be heateg o

1-o 45°C by a 6-cm-diameter spherical heater Whose

T . . o ;

{emperature is maintained at 85°C. Determipe how losurracc
n

heater.should be kept on. e

547 Consider a cylindef with a length of 15vem
~('jiamt‘w" of 10 cm. The cylmder has a surface tep,
43°C, while the room air lemp'erature is 17°C.
whether placing the cylltlfier horizontally or verticy
ve higher heat transfer rate.

Q a
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; 1y woulg
achie

Natural Convection inside Enclosures

5(-48 The upper and lower compartments of a well-in
container are separated by two parallel sheets of glass wi,
an air space between them. One of the compartments o
be filled with a hot fluid and the other with a cold flyjq Ifit
is desired that heat transfer between the two compartmens
be minimal, would you recommend putting the hot fluig
into the upper or the lower compartment of the container
Why?

20-49C Someone claims that the air space in a double-pane
window enhances the heat transfer from a house because of
the natural convection currents that occur in the air space and
recommends that the double-pane window be replaced by a
single sheet of glass whose thickness is equal to the sum of
the thicknesses of the two glasses of the double-pane window
to save energy. Do vou agree with this claim?

Sulateg

20-50C Consider a double-bane window consisting of two
glass sheets separated by a 1-cm-wide air space. Someone
suggests inserting a thin vinyl sheet in the middle of the two
glasses 1o form two 0.5-cm-wide compartments in the win-
dow in order to reduce natural convection heat transfer
through the window. From a heat transfer point of view, would
you be in favor of this idea to reduce heat losses through the
window?

20-51C What does the effective conductivity of an er}C!O'
sure represent? How is the ratio of the effective conductivity
to thermal conductivity related to the Nusselt number?

.—/ 20-52 | Consider a 3-m-high rectangular enclosure consisting

3 surfaces separated by a 0.1-m air gap at 1 atm- i :he
surf‘ace_ temperatures across the air gap are 30°C and .-10 Ci
de.{e“m“e the ratio of the heat transfer rate for the horiz i

orientation (with hotter surface at the bottom) to that for vertl

cal Orientation, Answer: 1.66

-10°C 30°C
\ Ll
Air
F— -10°C 3m
—
/’T”——— (.| m—»
0.1 m Air

//-’_’:”- ﬁ—— 30°C Sy,

053 Two concentric spheres with ra(_iii qu cm and 10 ¢m
® having the surface temperatures maintained at 100°C and
;’BOOC, respectively. The enclosure between the two concentric
oherical surfaces is filled with nitrogen gas at 1 atm. Determine
TE ¢ rate of heat transfer through the enclosure.

D,=10cm
1,=200°C

D;=35cm
T, =100°C

FIGURE P20-53

20-54 Show that the thermal resistance of a rectangular
enclosure can be expressed as R = L /(Ak Nu), where k is the
thermal conductivity of the fluid in the enclosure.

20-55 A vertical 1.5-m-high and 3.0-m-wide enclosure
consists of two surfaces separated by a 0.4-m air gap at
ﬂfmospheric pressure. If the surface temperatures across the
aIr gap are measured to be 280 K and 336 K and the surface
emissivities to be 0.15 and 0.90, determine the fraction of heat
transferred through the enclosure by radiation. Answer: 0.30

20-56 A vertical 1.5-m-high, 2.8-m-wide double-pane win-
dow consists of two layers of glass separated by a 2.0-cm air
83p at atmospheric pressure. The room temperature is 26°C
While the inner glass temperature is 18°C. Disregarding radia-
tion heat transfer, determine the temperature of the outer glass

Wer and the rate of heat loss through the window by natural
Convection
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NATURAL CONVECTION

Solar
radiation

Water

Garden hose
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FIGURE P20-60

Reconsider Prob. 20-60. Using EES (or other)
software, plot the rate of heat loss from lh‘c
on of the ambient air
and

20-61 S

water by natural convection as a functi
temperature as the temperature varies from 4°C to 40°C,
discuss the results.

20-62 A vertical 1.5-m-high and 1.8-m-wide double-pane
window consists of two sheets of glass separated by 2 2-cm
r g rface tempera-
tures across the air gap are measured to be 18°C and 4°C,
determine the rate of heat transfer through the window by
() natural convection and (b) radiation. Also, determine the
R-value of insulation of this window such that multiplying
the inverse of the R-value by the surface area and the tem-
f heat transfer

iir gap at atmospheric pressure. If the glass su

difference gives the total rate o
through the window. The effective emissivity for use in radi-

ation calculations between two large parallel glass plates can

perature

be 1aken to be 0.82.

FIGURE P20-62

20-63 Ref(t:onsider Prob. 20-62. Using EES (or other)

: s software, investigate the effect of the air gap
ltucknqs on the rates of heat transfer by natural convect%ozl
and radiation, and the R-value of insulation. Let the air gap
thickness vary from 0.5 em to 5 cm. Plot the rates of heat
transfer by natural convection and radiation, and the R-value

as a function of the air gap thickpegg A
» dn d
Is.

of insulation
cuss the results.
20-64 Consider WO concentric horizontal cylinder of

eters 35 cm and 65 7, and length 125 cm. The Surfye {am,

and outer cylinders are maintained z¢ 54°CC5 of

the inner ‘ e e s
106°C, respectively- Determine the rate of hegy e nq
petween (he cylinders by natural convection if the an:lls:‘er

Ular

space 1 filled with (a) water and (b) air.

Review Problems
50-65 Consider an L X L horizontal plate that s placeg ;
quiescent air with the hot surface facing up. If the fijy, l in
erature is 20°C and the average Nusselt number jp em.
convection is of the form Nu = CRaj, show that the 4

heat transfer coefficient can be expressed as

h=195(ATIL)"™
A= L

Alurg|

10* < Ra, < 107
107 < Ra, < 10"

(20-66 A plate (0.5 m X 0.5 m) is inclined at an an

J : : gle of

30° The top surface of the plate is well insulated. Estimay
the rate of heat loss from the plate when the bottom Surface ie
maintained at 60°C and the surrounding atmospheric quiess

cent air is at 0°C.  Answer: 81.5W

20-67 A 12-cm-diameter and 15-m-long cylinder with

surface temperature of 10°C is placed horizontally in aj; ai:
40°C. Calculate the steady rate of heat transfer for (pe
cases of (a) free-stream air velocity of 10 m/s due to norma]
winds and (b) no winds and thus a free-stream velocity of zer,

20-68 A spherical vessel, with 30.0-cm outside diameter, i
used as a reactor for a slow endothermic reaction. The ves;el
is completely submerged in a large water-filled tank, held at
constant temperature of 30°C. The outside surface tempera-
ture of the vessel is 20°C. Calculate the rate of heat transfer
in steady operation for the following cases: (¢) the water in
the tank is still, (b) the water in the tank is still (as in part a)
however, the buoyancy force caused by the difference i:{
water density 1s assumed to be negligible, and (c) the water
in the tank is circulated at an average velocity of 20 cm/s.

20-69 Hot water is flowing at an average velocity of
.1'2 m/s through a cast iron pipe (k = 52 \i//m-"C) whose
inner z.md outer diameters are 2.5 cm and 3 cm, respectively.
I'he pipe passes through a 15-m-long section of a basement
whose‘tcmpcrature is 15°C. The emissivity of the outer sur-
face of the pipe is 0.5, and the walls of the basement are also
at about 15°C. If the inlet temperature of the water is 65°C
ar'ui ll}e heat transfer coefficient on the inner surface of the
pipe is 170 W/m*-°C, determine the temperature drop of
water as it passes through the basement.

2 ¢
;3;70 Consider a flat-plate solar collector placed horizon-
andy4ogl the flat roof of a house. The collector is 1.5 m wide

= M long, and the average temperature of the exposed




