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Chapter 9 Natural Convection

9-103E The components of an electronic device located in a horizontal duct of rectangular cross section is
cooled by forced air. The heat transfer from the outer surfaces of the duct by natural convection and the
average temperature of the duct are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 Radiation effects are negligible. 5 The thermal resistance of the duct is
negligible.

Properties The properties of air at 1 atm and the anticipated film 8'315:

temperature of (Ts+T,,)/2 = (120+80)/2 = 100°F are (Table A-15E)

Air duct
6inx6in 100°F
k =0.01529Btu/h.ft.°F B

v =0.1808x107° ft?/s

Pr=0.726

£ =1/T; =1/(100+460)R =0.001786R* Air
85°F
22 cfm

Analysis (a) Using air properties at the average temperature of (85+100))/2 = 92.5°F and 1 atm for the
forced air, the mass flow rate of air and the heat transfer rate by forced convection are determined to be

m=pV = (0.07186lbm/ft*)(22 ft*/min) =1.581Ibm/min
Q forced = MCp Ty —Tin) = (1.581x 60 Iom/h )(0.2405 Btw/lbm. °F) (L00— 85)°F = 342.1Btu/h

Noting that radiation heat transfer is negligible, the rest of the 180 W heat generated must be dissipated by
natural convection,

Qratwral = Quotal — Qrorced = (180x3.412) —342.1=272Btu/h

(b) We start the calculations by “guessing” the surface temperature to be 120°F for the evaluation of the
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary.

Horizontal top surface: The characteristic length is L, = i _ _(41)(e/12r) =0.2222ft . Then,

P 2(4ft+6/12ft)

_ 95, -T, )L (32.2 ft/s?)(0.001786R 1)(120—80 R) (0.2222ft)>

Ra  pr= (0.726) =5.604x10°

v? (0.1808x1072 ft?/s)?
Nu = 0.54Ra** = 0.54(5.604x10°)"* =14.77
hop = < Nu = LOLO29BWNILTE () 70y 4 016 Bruh 2 oF
L, 0.2222ft

Ap = (4T)(6/121t) = 2t% = Ayyion

Horizontal bottom surface: The Nusselt number for this geometry and orientation can be determined
from

Nu = 0.27Ra* =0.27(5.604x10%)"*4 = 7.387

A _ Ky - 0:01529Btuh.ftoF
bottom ) 0.2222ft

C

(7.387) = 0.5082Btuh.ft? .°F

Vertical side surfaces: The characteristic length in this case is the height of the duct, L, =L =6 in. Then,

_gpT -T )L oy (32.2t/s2)(0.001786R 1)(120—80R) (0.5 ft)®
- . =

Ra
v (0.1808x1072 ft?/s)?

(0.726) = 6.383x10°

9-97



Chapter 9 Natural Convection

2 2

1/6 611/6
\u = ) 0.5, 0387Ra _ ) o.go5., 0-387(6.383x10 )/27

8/27 8
0.492)°/16 0.492\%%
1+ 1+ ——
Pr 0.726

k 0.01529Btuwh.ft.°F
hside =—Nu=
L 0.5ft

Agge = 2(4Ft)(0.5Ft) =4 ft?
Then the total heat loss from the duct can be expressed as

Qtotal = Qtop + Qbottom + Qside = [(hA)top + (hA) pottom + (NA) e 1(Ts = T,,)
Substituting and solving for the surface temperature,

272Btu/h =[(1.016x2+0.5082x 2+0.843x 4) Btwh.°F](T, —80)°F

T, = 122.4°F

which is sufficiently close to the assumed value of 120°F used in the evaluation of properties and h.
Therefore, there is no need to repeat the calculations.

=2757

(27.57) = 0.843Btuh.ft °F
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Chapter 9 Natural Convection

9-104E The components of an electronic system located in a horizontal duct of circular cross section is
cooled by forced air. The heat transfer from the outer surfaces of the duct by natural convection and the
average temperature of the duct are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 Radiation effects are negligible. 5 The thermal resistance of the duct is
negligible.

Properties The properties of air at 1 atm and the anticipated film
temperature of (Ts+T,,)/2 = (150+80)/2 = 115°F are (Table A-15E) Air

Air duct 80°F 100°F
D=4in

k = 0.01564Btu/h.ft °F
v =0.1894x10"2 ft?/s
Pr=0.7268

T
T,  (L15+460)R

1 Air
= 0001739R 85°F
22 cfm

Analysis (a) Using air properties at the average temperature of (85+100))/2 = 92.5°F and 1 atm for the
forced air, the mass flow rate of air and the heat transfer rate by forced convection are determined to be

m = pV = (0.071861bm/ft®)(22 ft/min) =1.581Ibm/min
Q torcea = MC p (Tout —Tin) = (1.581x 60 Iom/h )(0.2405 Btw/lbm. °F)(100—85)°F = 342.1Btuh

Noting that radiation heat transfer is negligible, the rest of the 180 W heat generated must be dissipated by
natural convection,

Qratural = Quoral = Qorced = (180x3.412) —342.1=272Btu/h

(b) We start the calculations by “guessing” the surface temperature to be 150°F for the evaluation of the
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary.
The characteristic length in this case is the outer diameter of the duct, L. = D =4 in. Then,

_ 9A(, -T,)D? Br— (32.2 ft/s?)(0.001739R 1) (150—80 R) (4 /12 ft)®

Ra 0.7268) = 2.930x10°
v? (0.1894x107° t?/s)? ( )
1/6 2 611/6
Nu <)o 0.387Ra _Jog, . 0387(2.930x10°) 1979
9/16 /27 9/16 B/ 27
b+(o.559/ Pr) ]B b+(o.559/o.7268) ]8
ho Xy = QOLSB4BWNILF o g 200 6 9287 Brwh 2 oF
D 4/12ft
A, = DL = (4112 ft) (4 ft) = 4.19ft?
Then the surface temperature is determined to be
Q=hA(T,-T,) - T, =T, 9 _goops 212 B;”/h -~ =149.9°F
hA (0.9287Btuh.ft? °F)(4.19 ft%)

which is practically equal to the assumed value of 150°F used in the evaluation of properties and h.
Therefore, there is no need to repeat the calculations.
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Chapter 9 Natural Convection

9-105E The components of an electronic system located in a horizontal duct of rectangular cross section is
cooled by natural convection. The heat transfer from the outer surfaces of the duct by natural convection
and the average temperature of the duct are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 Radiation effects are negligible. 5 The thermal resistance of the duct is
negligible.

. . . . . Ai
Properties The properties of air at 1 atm and the anticipated film 801::
temperature of (Ts+T,,)/2 = (160+80)/2 = 120°F are (Table A-15E)

Air duct
6inx6in 100°F
k =0.01576Btu/h.ft°F B

v =0.1923x1072 ft?/s

Pr=0.723
B =1/T; =1/(120+460R) =0.001724R " ol
22 cfm

Analysis (a) Noting that radiation heat transfer is negligible and no heat is removed by forced convection
because of the failure of the fan, the entire 180 W heat generated must be dissipated by natural convection,

Qnatural = Qtotal =180 W

(b) We start the calculations by “guessing” the surface temperature to be 160°F for the evaluation of the
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary.

Horizontal top surface: The characteristic length is L, = i = m =0.2222ft. Then,

p  2(4ft+6/12ft)
_ 940, ~T, )L (322ft/s?)(0.001724R 1)(160—80R)(0.2222ft)°

Ra ° pPr= 0.723) =9.534x10°
v? (0.1923x107° ft?/s)? 0.723
Nu = 0.54Ra%* = 0.54(9.534x10°%)"* =16.87
Miop = Ky = 2.01576Btu.ft °F (16.87) =1.197 Btuh.ft2 °F

L, 0.2222ft

Agp = (4T0(6/12ft) = 2t* = Aygon

Horizontal bottom surface: The Nusselt number for this geometry and orientation can be determined
from

Nu = 0.27Ra* = 0.27(9.534x10°%)"* =8.437

ok 0-01576Btuh.ftoF
bottom ) 0.2222ft

C

(8.437) = 0.5983Btuh.ft> .°F

Vertical side surfaces: The characteristic length in this case is the height of the duct, L, =L =6 in. Then,
9B -T )L (32.2ft/5?)(0.001724R )(160-80 R) (0.5 ft)*

Ra Pr 0.723) =1.086x10’
v? (0.1923x1072 ft?/s)? 07239
2 2
1/6 7\1/6
\u - o805, 0-387Ra L _Joszss 0.387(1.086x10 33/27 3203
9/16 9/16
0.492 0.492
1+ 1+ ——
Pr 0.723
Mg :% Nu = 0'0157g§t;'/h'ﬁ' F (32.08) = 1.009 Btwh.ft? °F

Agge = 2(4Tt)(0.5t) = 4 ft?
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Chapter 9 Natural Convection

Then the total heat loss from the duct can be expressed as
Qtotal = Qtop + Qbottom + Qside = [(hA)top +(hA) bottom t (hA) side](Ts -T.)
Substituting and solving for the surface temperature,

3.41214Btu/h
1w

180W( = [(1.197x 2+ 0.5983x 2 +1.009x 4) Btwh.°F](T, —80)°F

T, = 160.5°F

which is sufficiently close to the assumed value of 160°F used in the evaluation of properties and h.
Therefore, there is no need to repeat the calculations.
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Chapter 9 Natural Convection

9-106 A cold aluminum canned drink is exposed to ambient air. The time it will take for the average
temperature to rise to a specified value is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 Any heat transfer from the bottom surface of the can is disregarded. 5 The
thermal resistance of the can is negligible.

Properties The properties of air at 1 atm and the anticipated film SN
temperature of (Ts+T,,)/2 = (6+25)/2 = 15.5°C are (Table A-15) \@/
Air
k =0.0248W/m.°C COLA
25°C 5°C
v=1.475x10"> m?/s £=06
Pr=0.7321 12.5cm D=6cm
B=1/T; =1/(15.5+273K) = 0.003466K ™ ~—

Analysis We assume the surface temperature of aluminum can to be equal to the temperature of the drink in
the can since the can is made of a very thin layer of aluminum. Noting that the temperature of the drink
rises from 5°C to 7°C, we take the average surface temperature to be 6°C. The characteristic length in this
case is the height of the box L, = L = 0.125 m. Then,

_9p(, -THL? Br— (9.81m/s?)(0.003466K 1)(25-6 K)(0.125m)?>

Ra 0.7321) = 4.246x10°
v? (1.475x107° m?/s)? ( Y
At this point we should check if we can treat this aluminum can as a vertical plate. The criteria is
D> 351',‘4 35(1§'5°m) - =9.92cm
Gr (4.246x10° /0.732)

which is not smaller than the diameter of the can (6 cm), but close to it. Therefore, we can still use vertical
plate relation approximately (besides, we do not have another relation available). Then the Nusselt number

becomes from
2 2

0.387Ral/® 0.387(4.246x10°)Y/®

Nu =40.825+ =:0.825+ a7 —2381

8/27

0.492\%/% 0.492 \*'*
1+ 14—
Pr 0.7321

k . 0.0248W/m.°C

h=—Nu
L 0.125m

2 2
A, = DL +”% — 7£(0.06 m)(0.125m) +m

(23.81) = 4.887W/m?.°C

=0.02639m?

Note that we also include top surface area of the can to the total surface area, and assume the heat transfer
coefficient for that area to be the same for simplicity (actually, it will be a little lower). Then heat transfer
rate from outer surfaces of the can by natural convection becomes

Q=hA (T, —T,) = (4.887W/m? .°C)(0.02639m?)(25—6)°C = 2.45W
The radiation heat loss is
Qrad = 'gAs‘j(rsurr4 _Ts4)
=(0.6)(0.02639m?)(5.67x10~8 W/m? . K*)[(25+ 273K)* — (6 +273K)*]=1.64 W

and Qutal =2.41+1.64=4.09W

Using the properties of water for the cold drink at 6°C, the amount of heat transfer to the drink is
determined from

2 2
D m(o.lzsm) —0.3534kg

m=pV =P L =(1000kg/m?)
Q=mC, (T, —T;) = (0.353kg) (4197 J/kg.°C)(7 - 5)°C = 2967

Then the time required for the temperature of the cold drink to rise to 7°C becomes
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Chapter 9 Natural Convection

2967
4.09J/s

=7255=12.1min

Q=QAt—>At=%=
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Chapter 9 Natural Convection

9-107 An electric hot water heater is located in a small room. A hot water tank insulation kit is available
for $30. The payback period of this insulation to pay for itself from the energy it saves is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 Any heat transfer from the top and bottom surfaces of the tank is
disregarded. 5 The thermal resistance of the metal sheet is negligible.

Properties The properties of air at 1 atm and the film temperature of 3cm| | 40em| [3cm
(Ts+T.,)/2 = (40+20)/2 = 30°C are (Table A-15)

k =0.02588W/m.°C

Room b
T, = 40°C
v =1.608x10"° m?/s 20°C .
_ Water
Pr=0.7282 heater H=2m
ﬂ:i ;:0_0033}('l F i

T, (30+273K

Analysis The characteristic length in this case is the height of the heater, L, =L =2 m. Then,

_ 980, -THL3 or— (9.81m/s%)(0.0033K 1)(40—-20K)(2 m)*

0.7282) =1.459x10"°
v? (1.608x107° m?/s)? ( )

Ra

2 2

0.387Ra'/® 0.387(1.459x10'%)Y6

Nu =40.825+ s [ = 0.825+ 727

0.492\%% 0.492 \°'*
1+ 1+
Pr 0.7282

h= % NU = o.ozsszsw (285.4) = 3.693W/m?.°C
m

A, = DL = 7(0.46 m)(2 m) = 2.89 m?

=2854

and Q=hA (T, —T,) = (3.693W/m?.°C)(2.89 m?)(40—20)°C = 2135 W
The radiation heat loss is

Qag = AT (T —T*) = (0.7)(2.89m?)(5.67x10 8 W/m?.K*)[(40+ 273K)* — (20+273K)*]=255.6 W
and Qg =2135+2556=469 W
The reduction in heat loss after adding insulation is
Q =(0.80)(469W) =3752 W
The amount of heat and money saved per hour is
Qsaved = Qeaveq At = (0.3752kW)(1h) = 0.3752kWh
Moneysaved = (0.3752kWh)($0.08kWh) = $0.03002

Then it will take

$30

At=———=999.4 h=41.64days
$0.03002

for the additional insulation to pay for itself from the energy it saves.
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Chapter 9 Natural Convection
9-108 A hot part of the vertical front section of a natural gas furnace in a plant is considered. The rate of
heat loss from this section and the annual cost of this heat loss are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 Any heat transfer from other surfaces of the tank is disregarded.

Properties The properties of air at 1 atm and the film temperature of
(Ts+T,,)/2 = (110+25)/2 = 67.5°C are (Table A-15)

Plate on
k =0.02863W/m.°cC furnace
15 15
0=1.97x10"° m%fs mx =
Pr=0.7184 Room
1 1 N 25°C
p=—=———=0.002937K" e=0.7
T; (675+273K T.=110°C

Analysis The characteristic length in this case is the height of that section
of furnace, L, =L =15 m. Then,

_gpT -T )L Br— (9.81m/s2)(0.002937K 1)(110-25K)(1.5m)?
- . -

Ra L87x10° m2s)? (0.7184) =1.530x10"°
1% DX m-/s
2 2
1/6 10411/6
Nu =) ogos,  0-387Ra _lo.gos5, 0-387(1.530x10"") _ 2891
9/16 8/27 9/16 8/27
0.492 0.492
1+ 1+ ——
Pr 0.7184
h= K Ny = $02863WIM°C 09 1y 5,518 Wim?2.°C
L 15m

A =(1m)L5m)=15m?
and

Q=hA (T, -T,) = (5518 W/m?.°C)(1.5m?)(110—-25)°C = 7035 W
The radiation heat loss is

Qrad = gAso_(Tsurr4 _Ts4)
=(0.7)(1.5m?)(5.67x107® W/m? K*)[(110+273K)* - (25+273K)*]1=812W

Quw =7035+812=1515 W

The amount and cost of natural gas used to overcome this heat loss per year is

Quiar ,, _ (L5151k5)

(310days/yr x10 hr/day x 3600s/hr) = 2.14x10" kJ
0.79 0.79

ans = ansAt =

Cost = (2.14x10" /105500 therm)($075/therm)= $152.2
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Chapter 9 Natural Convection

9-109 A group of 25 transistors are cooled by attaching them to a square aluminum plate and mounting the
plate on the wall of a room. The required size of the plate to limit the surface temperature to 50°C is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 Any heat transfer from the back side of the plate is negligible.

Properties The properties of air at 1 atm and the film temperature of

(T++T.)/2 = (50+30)/2 = 40°C are (Table A-15) Plate _
LxL Transistors,
k =0.02662W/m.°C 25x1.5 W
0 =1.702x10"° m?/s
Room
Pr=0.7255 30°C
1 1 3
f=——=——"—=0003195K £=09
Tf (40+ 273)K T, =50°C

Analysis The Rayleigh number can be determined in terms of the
characteristic length (length of the plate) to be

_ 960, -T)L3 pr— (9.81m/s%)(0.003195K *)(50—30K)(L)?

v? (1.702x10° m?/s)?

Ra (0.7255) =1.571x10° L®

The Nusselt number relation is

Nu =

0.825+

0.387Ra/®

B

8/27
0.492\%%
Pr

=<0.825+

0.387(1.571x10° L®)/®

8/27
0.492 9/16

1+
0.7255

The heat transfer coefficient is

h :% NU = 0.02662LW/m. C NU

A =L

Noting that both the surface and surrounding temperatures are known, the rate of convection and radiation
heat transfer are expressed as

Qconv = hAs (rs -T,)=

Qrag = A (Ts* — Ty, *) = (0.9)L (5.67x107° W/m?® . K*)[(50+273)* —(30+273)*]K* =1253L

0.02662LW/m. C NUL (50— 30)°C

The rate of total heat transfer is expressed as

Qtotal = Qconv + Qrad

0.02662W/m.°C
L

25x (1.5 W) = NuL? (50—30)°C +125.3L2

Substituting Nusselt number expression above into this equation and solving for L, the length of the plate is
determined to be

L=0.426m
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9-110 A group of 25 transistors are cooled by attaching them to a square aluminum plate and positioning
the plate horizontally in a room. The required size of the plate to limit the surface temperature to 50°C is to
be determined for two cases.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 Any heat transfer from the back side of the plate is negligible.

Properties The properties of air at 1 atm and the film temperature of

— — 100 _ Plate
(Ts+T,)/2 = (50+30)/2 = 40°C are (Table A-15) g Transistors,
k =0.02662W/m.°C 25x1.5 W
— -5 2
v=1702x10" m*/s Room
Pr=0.7255 30°C
ﬂ=i=;:0.003195|<'1 £=09
Ty (40+273K T,=50°C

Analysis The characteristic length and the Rayleigh number for the horizontal case are determined to be

AL L
‘" p 4L 4
T3 . 20, -1 _ 3
Ra - 980 : $)Le p,_ (9.81mis®)(0 003195K5 )(F;O 230K)(|_/4) (0.7256) = 2.454x107 L°
v (1.702x107> m*“/s)

Noting that both the surface and surrounding temperatures are known, the rate of radiation heat transfer is
determined to be

Qrag = A (Ts* —Tg,*) = (0.9)L (5.67x107° W/m? K*)[(50+273)* - (30+273)*]K* =1253L
(a) Hot surface facing up: We assume Ra < 10’ and thus L <0.74 m so that we can determine the Nu
number from Eq. 9-22. Then the Nusselt number and the convection heat transfer coefficient become
Nu = 0.54RaY 4 = 0.54(2.454x107 L®)V/* =38.0.3/4

Then,
k _0.02662W/m.°C

h=—Nu (38.0L%%) = 4.047L7Y* W/m? .°.C
L L/4

A =L?
The rate of convection heat transfer is
Qeony = hA (T —T,.) = (4.047L°Y4) L% (50-30) =80.94L"'® W
Then,
Qtotal = Qconv +Qrad
25x (1.5 W) =80.94L"/4 +1253L2 W
Solving for L, the length of the plate is determined to be

L=0.407m
Note that L < 0.75 m, and therefore the assumption of Ra < 107 is verified. That is,
(b) Hot surface facing down: The Nusselt number in this case is determined from
Nu =0.27Ra%* =0.27(2.454x10" L%)V4 =19.0L%/*

Then,
he L NU = 0.02662W/m.°C

- 2 (19.0.%4y = 202374
C

The rate of convection heat transfer is
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Qeony = hA (T —T,.) = (2.023L7Y4)1L2 (50-30) = 40.47L78 W
Then,
Qtotal = Qconv +Qrad
25x (1.5 W) =40.47L7'8 +1253L2 W
Solving for L, the length of the plate is determined to be

L=0.464m
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Chapter 9 Natural Convection
9-111E A hot water pipe passes through a basement. The temperature drop of water in the basement due to
heat loss from the pipe is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm.

Properties The properties of air at 1 atm and the anticipated film T,
temperature of (T+T,,)/2 = (150+60)/2 = 105°F are (Table A-15E) Toky = 60°F / £=05

T.. = 60°F
k =0.01541Btuh.ft °F

v =0.1837x10"° ft?/s D;=1.0in
Pr=0.7253 Water D,=1.2in
1 1 4 ft/s
f=—=—"—=000177R™ 150°F
T, (105+460)R L=50ft

Analysis We expect the pipe temperature to be very close to the water temperature, and start the
calculations by “guessing” the average outer surface temperature of the pipe to be 150°F for the evaluation
of the properties and h. We will check the accuracy of this guess later and repeat the calculations if
necessary. The characteristic length in this case is the outer diameter of the pipe, L. = D, = 1.2 in. Then,

_ 3 2 -1 _ 3
_ 9B, -T,)D; Pr:(32'2ftls )(0.00177R)(150—-60R)(1.2/12ft) (0.7253):1_102“05

Ra
v? (0.1837x1072 ft2/s)?

The natural convection Nusselt number can be determined from

2 2
1/6 511/6
A :{o.m 0.387Ra /27} :{0.6+ 0.387(1.1023x10°) } 7999
L i !

12
0.559/Pr)®'1 +(o.559/o.7253)9’16]8 !
h = Ny = LOISAIWIMIC 2 5561 230 Bruh 2 oF
D, (1.2/12) ft

A, = 7D; L = (1/12ft)(50 ft) = 13.09 ft?
A, = D, L = 7(1.2/12 ft)(50 ft) = 15.708 ft2

Using the assumed value of glass temperature, the radiation heat transfer coefficient is determined to be
hrad =& (Ts + Tsurr )(Ts2 +Tsurr 2)
=(0.5)(0.1714x1078 Btwh.ft2.R*)[(150+ 460) + (60 + 460)][(150+ 460) + (60+ 460)2]R>

=0.6222Btu/ft>.R
Then the combined convection and radiation heat transfer coefficient outside becomes
Ny combined = No +Npag =1.232+0.6222=1.854 Btuft?.R

and
Twater =T _ 150-60
1 In(D, / D;) L1 B 1 R In(1.2/1) R 1
h; A; 47kL h,A, (30)(13.09) 47(30)(50) (1.854)(15.708)
The mass flow rate of water

m=pAV = (62.2 lom/t%) z(1/12 ft)? / 4 (4 ft/s) =1357 Ibm/s=4885 Ibm/h

Q= =2440Btuh

Then the temperature drop of water as it flows through the pipe becomes

Q 2440Btuh
mC,  (4885lbm/h)(1.0 Btu/lbm.°F)
9-112 A flat-plate solar collector placed horizontally on the flat roof of a house is exposed to the calm

ambient air. The rate of heat loss from the collector by natural convection and radiation are to be
determined.

Q=mC,AT — AT = =0.50°F
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Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm.

Properties The properties of air at 1 atm and the film temperature of
(Ts+T.,)/2 = (42+15)/2 = 28.5°C are (Table A-15)

k = 0.02577W/m.°C .
v =1594x10"° m%/s Solar collector sy = ~30°C
Pr=0.7286 1'5::0492°C

p=—t=— 1 _ _0003317K" L=15m

T, (285+273K

I
A g
Insulation

Analysis The characteristic length in this case is determined from

A, (15m)6m)

L.=—=——"—"—""—=06m
p 2(1.5m+6m)

Then,
T T8 . 2y0. -1 _ . 3
Ra_ 98T, 2 L o, _ (981mis®)(0 003317K5)(422 iS K)(0.6 m) (0.7286) = 5.443x10°
v (1.594x107° m*</s)
Nu = 0.15Ra’’® = 0.15(5.443x10%)3 =1225
h= X Ny = 202TTWIMC 155 5y 5 26 Wim?.oC
L. 0.6m

A =(L.5m)(6m)=9m?

and

Qeony = NA (T, —T..) = (5.26 W/m? .°C)(9 m?)(42—15)°C = 1278 W
Heat transfer rate by radiation is
Qrad = gAso-(Tsurr4 _Ts4)
=(0.9)(Om?)(5.67x1078 W/im?2 K*)[(42+273K)* —(-30+273K)*]= 2920 W
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9-113 A flat-plate solar collector tilted 40°C from the horizontal is exposed to the calm ambient air. The
total rate of heat loss from the collector, the collector efficiency, and the temperature rise of water in the
collector are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The local
atmospheric pressure is 1 atm. 4 There is no heat loss from the back surface of the absorber plate.

Properties The properties of air at 1 atm and the film temperature of

(Te+T.)/2 = (40+20)/2 = 30°C are (Table A-15) Absorber
_ o Plat
k = 0.02588W/m.°C Solar \ ate
v=1.608x10"" m?/s radiation N\
650 W/m
Pr=0.7282 Outdoors,
1 1 T, =20°C
f=—=—"—=0.0033K* Ty = -40°C

T, (30+273K

Analysis (a) The characteristic length in this case is determined from

p  2(1.5m+2m)

C

Then,

_ 98, TS _ (9.81m/s?)(cos40°)(0.003311K 1)(40- 20 K)(0.429m)*

Ra ° Pr 0.7282) =1.100x10®
v? (1.608x107° m?/s)? ( )
Nu = 0.15Ra’’3 = 0.15(1.100x108)Y% = 71.87
ho K Ny = $02588WIMC 21 o) _ 4 340Wim? oC
L, 0.429m
A =(1.5m)(2m)=3m?
and

Qcony = hA (T, —T,.) = (4.340W/m?.°C)(3m?) (40— 20)°C = 260.4 W
Heat transfer rate by radiation is

Qrad = ATyt —Ts*)

=(0.9)(3m?)(5.67x1078 W/m? K*)[(40+273K)* — (—40+273K)*]1=1018W

and

Quotal = 260.4+1018=1279W
(b) The solar energy incident on the collector is

Qincident = @JA; = (0.88)(650W/m?)(3m?) =1716W
Then the collector efficiency becomes

Qincifient _Qlost _ 1716-1279 =0.255=25.50

efficiency =

incident 1716
(c) The temperature rise of the water as it passes through the collector is
Q (1716-1279W

Q=mMC AT - AT = 3°C

mC, (1/60kgs)(41807kg.°C)
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