2-53 CD EES Both a gage and a manometer are attached to a gas to measure its pressure. For a specified
reading of gage pressure, the difference between the fluid levels of the two arms of the manometer is to be
determined for mercury and water.

Properties The densities of water and mercury are given to be Fy= 80 kPa
Pwater = 1000 kg/m3 and be py, = 13,600 kg/m3 .

Analysis The gage pressure is related to the vertical

distance / between the two fluid levels by
P
Pgage :pgh I h:&
Prg
(a) For mercury,
h= Page
pHgg
2 <2
_ 80 kPa 1kN/m~“ | 1000 kg/m -s _0.60m
(13,600 kg/m*)(9.81 m/s?) | 1kPa 1 kN
(b) For water,
P 2 <2
P 803kPa . 1kN/m” | 1000 kg/m-s~ | 816m
Pu,0& (1000 kg/m”)(9.81 m/s”) | 1kPa 1 kN
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2-67 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure
gage and a manometer. The differential height / of the mercury column is to be determined.

Assumptions The air pressure in the tank is uniform (i.e., its variation with elevation is negligible due to its
low density), and thus the pressure at the air-water interface is the same as the indicated gage pressure.

Properties We take the density of water to be p, =1000 kg/m?®. The specific gravities of oil and mercury are
given to be 0.72 and 13.6, respectively.

Analysis Starting with the pressure of air in the tank (point 1), and moving along the tube by adding (as we
go down) or subtracting (as we go u p) the pgh terms until we reach the free surface of oil where the oil

tube is exposed to the atmosphere, and setting the result equal to P, gives

P+ py gh,, — Prg&hug — Poit&oit = Pam T
_0il

Rearranging, 80 kPa +7 sG=072

Pl - Patm = poilghoil + pHgthg - pwghw @ 73 m

Adr

or,

P, _Mercury

B _SG yihet +SG gl — i, ~SG=13.6

Pw8
Substituting,
1000 kg-m/s*
803kPa - S 1=0.72(0.75m) +13.6 X /iy, —0.3m
(1000 kg/m~)(9.81m/s”) 1kPa.-m

Solving for Ay, gives hy, =0.582 m. Therefore, the differential height of the mercury column must be
58.2 cm.

Discussion Double instrumentation like this allows one to verify the measurement of one of the
instruments by the measurement of another instrument.
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2-85 A helium balloon tied to the ground carries 2 people. The acceleration of the balloon when it is first
released is to be determined.

Assumptions The weight of the cage and the ropes of the balloon is negligible.
Properties The density of air is given to be p = 1.16 kg/m’. The density of helium gas is 1/7" of this.

Analysis The buoyancy force acting on the balloon is

Fg = Pair & Yatioon HELIUM
3 2 3 IN D=10m
=(1.16 kg/m~)(9.81m/s“)(523.6 m~) — =5958 N Pie =L Do

1 kg-m/s / 7!

The total mass is

1.1
My = PV = (T6kg/m3 j(523.6 m?) =86.8 kg

Myga) = Myge T M =86.8+2x70=226.8 kg

people

The total weight is

2 IN A4

W =my,g=(226.8kg)(9.81m/s”) — |=2225N l
1kg-m/s

Thus the net force acting on the balloon is m=140kg
Fo =Fg—W =5958-2225=3733 N

Then the acceleration becomes

o Fua _ 373N [1kg~nvs2

= =16.5m/s?
Mg 226.8kg IN
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2-96 It is given that an IV fluid and the blood pressures balance each other when the bottle is at a certain
height, and a certain gage pressure at the arm level is needed for sufficient flow rate. The gage pressure of
the blood and elevation of the bottle required to maintain flow at the desired rate are to be determined.

Assumptions 1 The IV fluid is incompressible. 2 The IV
bottle is open to the atmosphere.

Properties The density of the IV fluid is given to be
p = 1020 kg/m’.

Analysis (a) Noting that the IV fluid and the blood pressures
balance each other when the bottle is 1.2 m above the arm
level, the gage pressure of the blood in the arm is simply equal IT

to the gage pressure of the IV fluid at a depth of 1.2 m, i i
Pgage, arm — Pabs - Patm = pgharm—bottle
3 ) 1 kN 1 kPa
= (1020 kg/m~ )(9.81 m/s”)(1.20 m) > >
1000 kg-m/s” )| 1 kN/m

=12.0 kPa

(b) To provide a gage pressure of 20 kPa at the arm level, the height of the
bottle from the arm level is again determined from Pyypc am = 2Zam-bottie

to be
Pgage arm
harm-bottle =—
rg
B 20 kPa 1000 kg-m/s* | 1kN/m? oo m
(1020 kg/m*)(9.81m/s?) 1kN 1kPa '

Discussion Note that the height of the reservoir can be used to control flow rates in gravity driven flows.
When there is flow, the pressure drop in the tube due to friction should also be considered. This will result
in raising the bottle a little higher to overcome pressure drop.
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3-40 A caristo climb a hill in 10 s. The power needed is to be determined for three different cases.
Assumptions Air drag, friction, and rolling resistance are negligible.

Analysis The total power required for each case is the
sum of the rates of changes in potential and kinetic
energies. That is,

Wtotal :Wa +Wg

(@) W, =0 since the velocity is constant. Also, the
vertical rise is h = (100 m)(sin 30°) = 50 m. Thus,

1kJ

W, =mg(z, —z;)/ At = (2000 kg)(9.81 m/s®)(50 m)| ————
g =Mg(z, —24) ( 9)( X )(1000kg-m2/52

]/(10 s) = 98.1 kW

and W =W, +W, =0+98.1=98.1 kW

(b) The power needed to accelerate is

1kJ
1000 kg - m?/s?

W, = %m(vz2 ~V2) /At = %(zooo kg)[(so m/s) — o]( ]/(10 s) =90 kW

and Wiy =W, +W, =90+98.1=188.1 kW

(c) The power needed to decelerate is

1kJ

1 o 2 1 2 2
W, == =V,)/ At = =(2000 kg)|(5 m/s)" — (35 m/ _
a 2 m(VZ 1 ) 2( g)[( m S) ( m S) ](1000 kg . m2/52

J/(lO s) = ~120 kW

and Wy =W, +W, =-120+98.1=-21.9 kW (breaking power)
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3-54 A fan is to accelerate quiescent air to a specified velocity at a specified flow rate. The minimum
power that must be supplied to the fan is to be determined.

Assumptions The fan operates steadily.
Properties The density of air is given to be p = 1.18 kg/m°.

Analysis A fan transmits the mechanical energy of the shaft (shaft power) to mechanical energy of air
(kinetic energy). For a control volume that encloses the fan, the energy balance can be written as

Ein - Eout = dEsystem e E.in = E'out
Rate of netenergy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
: . V2, —
Wsh, in = mairkeout = Mg % — .
—_— Lan
where Air —=
. — -
Mg = oV = (118 kg/m>)(4 m®/s) = 4.72 kg/s .
Substituting, the minimum power input required is determined -
: Ve 1 2 ( 13k
Wapn,in = Mai ot = (4.72 kgls) 10 mis) ( J/Z gz ) =236J/s=236 W
’ 2 2 1m?/s

Discussion The conservation of energy principle requires the energy to be conserved as it is converted
from one form to another, and it does not allow any energy to be created or destroyed during a process. In
reality, the power required will be considerably higher because of the losses associated with the conversion
of mechanical shaft energy to kinetic energy of air.
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3-105 The available head, flow rate, and efficiency of a hydroelectric turbine are given. The electric power
output is to be determined.

Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 3
Frictional losses in piping are negligible.

Properties We take the density of water to be @
p = 1000 kg/m® = 1 kgl/L.

Analysis The total mechanical energy the water — —
in a dam possesses is equivalent to the potential _ —
energy of water at the free surface of the dam —
(relative to free surface of discharge water), — 120m
and it can be converted to work entirely. S —
Therefore, the power potential of water is its T
potential energy, which is gz per unit mass, and —
mgz for a given mass flow rate.

Naverall = 80% J

Turbin —} Generator

1kJ/kg

e ... = pe=gz=(9.81m/s> 120m(—
mech = P g ( )( )1000m2/52

j =1.177 kd/kg

The mass flow rate is
m = p¥ = (1000 kg/m®)(100 m*/s) = 100,000 kg/s
Then the maximum and actual electric power generation become

1MW

W_. =E_. . =me.. =(100,000kg/s)(1.177 kI/kg)| ————
max mech mech ( g )( g)(lOOOKJ/S

] =117.7 MW

V\./electric = noverallwmax =0.80(117.7 MW) = 94.2 MW

Discussion Note that the power generation would increase by more than 1 MW for each percentage point
improvement in the efficiency of the turbine—generator unit.
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4-41 A rigid container that is filled with R-134a is heated. The temperature and total enthalpy are to be
determined at the initial and final states.

Analysis This is a constant volume process. The specific volume is R-134a
3 300 kPa
v, —vy =L 00EM G 014 m3 kg 10 kg
m  10kg 141,
The initial state is determined to be a mixture, and thus the
temperature is the saturation temperature at the given pressure. P
From Table A-12 by interpolation
T, =T @300kpa =0.61°C 2
and ‘}
v —v 0.0014-0.0007736) m> /k 1
x =AY« )m/ke 009321 v

Vig - (0.067978—0.0007736) m* /kg
hy =h¢ +Xhg =52.67+(0.009321)(198.13) = 54.52 kl/kg

The total enthalpy is then
H, =mh, = (10kg)(54.52 kJ/kg) =545.2 kJ

The final state is also saturated mixture. Repeating the calculations at this state,

T2 :Tsat@()ookpa =21.55°C

Vo=V (0.0014-0.0008199) m* /kg

X =
27 vy (0.034295-0.0008199) m® /kg

=0.01733

hy =hy +X,hyy =81.51+(0.01733)(180.90) = 84.64 kl/kg

H, = mh, = (10 kg)(84.64 kl/kg) = 846.4 kJ

PROPRIETARY MATERIAL. © 2008 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.




4-26

4-54 CD EES A piston-cylinder device contains a saturated liquid-vapor mixture of water at 800 kPa
pressure. The mixture is heated at constant pressure until the temperature rises to 350°C. The initial
temperature, the total mass of water, the final volume are to be determined, and the P-v diagram is to be
drawn.

Analysis (a) Initially two phases coexist in equilibrium, thus we have a saturated liquid-vapor mixture.
Then the temperature in the tank must be the saturation temperature at the specified pressure,

T =Tsu@soo kpa =170.41°C

(b) The total mass in this case can easily be determined by adding the mass of each phase,

4 0.1m’
me=—=— """ =89704 kg
Ve 0.001115m”/kg =)
7 0.9 m’
my =i 09m sk
vy 0.24035 m?/kg
m, =m; +my =89.704 +3.745 = 93.45 kg L 2
(c) At the final state water is superheated vapor, and its specific volume is v

P, =800 kPa

=0.35442 m3/k Table A-6
T, =350°C }Vz mikg  (Table A6)

Then,

V, =m,v, =(93.45 kg)(0.35442 m* /kg) = 33.12 m®
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4-58 A rigid vessel that contains a saturated liquid-vapor mixture is heated until it reaches the critical state.
The mass of the liquid water and the volume occupied by the liquid at the initial state are to be determined.

Analysis This is a constant volume process (v = {//m = constant) to the critical state, and thus the initial
specific volume will be equal to the final specific volume, which is equal to the critical specific volume of
water,

v, =v, =v, =0.003106 m*/kg  (last row of Table A-4)

The total mass is

v 0.3 m LY
m="=— """ -9660kg

v 0.003106 m’/kg 0,0
At 150°C, v:=10.001091 m’/kg and v, = 0.39248 150°C
m’/kg (Table A-4). Then the quality of water at
the initial state is

v
Vi =Yt 0.003106-0.001091 Ver

X = = =0.005149
Vi 0.39248-0.001091

Then the mass of the liquid phase and its volume at the initial state are determined from
m = (1-x)m, = (1-0.005149)(96.60) = 96.10 kg
V; =mv; =(96.10 kg)(0.001091 m*/kg) = 0.105 m®



4-39

4-79 An automobile tire is inflated with air. The pressure rise of air in the tire when the tire is heated and
the amount of air that must be bled off to reduce the temperature to the original value are to be determined.

Assumptions 1 At specified conditions, air behaves as an ideal gas. 2 The volume of the tire remains
constant.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).
Analysis Initially, the absolute pressure in the tire is

P =Py + Pym =210+100 = 310kPa

atm

Tire

25°C
Treating air as an ideal gas and assuming the volume of the tire to
remain constant, the final pressure in the tire can be determined from

A _R% p_lp 38K 510kpa) =336 kP
T T, | 298K

Thus the pressure rise is
AP =P, - P =336-310= 26 kPa

The amount of air that needs to be bled off to restore pressure to its original value is

3
m = RV _ @310 kPa)3(0.025 M) 00906 kg
RT, (0.287 kPa-m*/kg-K)(298 K)
RV _ (310 kPa)(0.025 m®)

m, = 836 kg

= =0.
RT, (0.287 kPa-m’/kg-K)(323 K)
Am=m; —m, =0.0906-0.0836 = 0.0070 kg

PROPRIETARY MATERIAL. © 2008 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.




4-49

4-95 Water vapor is heated at constant pressure. The final temperature is to be determined using ideal gas
equation, the compressibility charts, and the steam tables.

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1,
R =0.4615 kPa-m’/kg'K, T, =647.1 K, P, =22.06 MPa

Analysis (a) From the ideal gas equation,

T, =T, %2 = 350+ 273K)(2) = 1246 K

Y

(b) The pressure of the steam is
Water 491N 0
350°C

sat. vapor

P, =P, = Py@ssoec =16,529 kPa

From the compressibility chart at the initial state (Fig. A-15),

T, 623K

" 5 . 3
RIT T, 647.1KR
Z,=0.593, vy =0.75
P,  16.529 MPa
R =— =——"—=0.749
P, 22.06 MPa
At the final state,
Pry = Pg, =0.749
R2TR Z,=0.88
Uy =2vg; =2(0.75)=1.50
Thus,
T, = Pvs _ Py Voo _16,529kPa (1SO)(647.1K) _ oo
Z,R Z, P, 0.88 22,060 kPa
(c) From the superheated steam table,
T, =350°C 3
« =1 v, =0.008806 m”/kg (Table A-4)
1 =

P, =16,529kPa

3 T, =477°C=750K  (from Table A-6 or EES)
v, =2v; =0.01761m" /kg
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5-8 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be
determined for the polytropic expansion of nitrogen.

Properties The gas constant for nitrogen is 0.2968 kJ/kg.K (Table A-2).

Analysis The mass and volume of nitrogen at the initial state are

3
L _RY _ (130kPa)(0.07 m*) —0.07802kg N,
RT, (02968 kJ/kg.K)(120 + 273 K) 130 kPa
120°C

_ mRT, _ (0.07802kg)(0.2968 kPa.m® /kg K)(100+273 K)
P, 100 kPa

=0.08637m"

vy

The polytropic index is determined from
PV = P,V —(130kPa)(0.07 m?)" = (100 kPa)(0.08637 m>)" — n =1.249
The boundary work is determined from

_ PV, -PV, (100kPa)(0.08637 m*)— (130 kPa)(0.07m")
1-n 1-1.249

=1.86kJ

i
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5-25 A piston-cylinder device contains air gas at a specified state. The air undergoes a cycle with three
processes. The boundary work for each process and the net work of the cycle are to be determined.

Properties The properties of air are R = 0.287 kJ/kg.K , k= 1.4 (Table A-2a).

Analysis For the isothermal expansion process:
.15kg)(0.287 kJ/kg. K 273K
v _mRT _ (0.15kg)(0.287 J/kg K)(350+273 ):0.01341m3
P (2000 kPa) .
Air
15kg)(0.287 kl/kg.K 273K 2 MPa
v, _mRT _ (0.15kg)(0.287 J/kg.K)(350+273 ):0.05364m3 150°C
P, (500 kPa)
3
W,,_, = PV 1n| 2 | = (2000 kPa)(0.01341 m*)In M =37.18kJ
’ Y 0.01341m

For the polytropic compression process:

P,V = PVt ——(500 kPa)(0.05364 m*)'? = (2000 kPa)ly* ——/; =0.01690 m*

PV, — P,V ) 3)— ) 3
W, ., b, _ (2000 kPa)(0.01690 m*) — (500 kP)(0.05364 m ):_3 4.86 K]

1-n 1-1.2

For the constant pressure compression process:
Wysy = Py(V, —Vy) = (2000 kPa)(0.01341-0.01690)m> =-6.97 kJ

The net work for the cycle is the sum of the works for each process

Wnet = Wb,172 + Wb,2*3 + Wb,3*1 = 37.18 + (_3486) + (_697) = '4.65 k\]
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Closed System Energy Analysis

5-18

5-29 Saturated water vapor is isothermally condensed to a saturated liquid in a piston-cylinder device. The

heat transfer and the work done are to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein _Eout = AE

system
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wyin = Oout =AU =m(u, —u;) (since KE =PE =0)
Oout =Wpin —m(uy —uy)
The properties at the initial and final states are (Table A-4)
T, = 2oo°c} v =v, =0.12721m"> / kg
x =1 uy =u, =25942kl/kg
P, =P, =1554.9kPa
T, = 200°c} v, =v,; =0.001157m” /kg

X, =0 u, =u, =850.46 kl/kg

The work done during this process is

2
Whout = L PdV = P(v, —v,) = (1554.9 kPa)(0.001157 — 0.12721) m3/kg(

That is,
Wb,in = 1960 kJ/kg

Substituting the energy balance equation, we get

Gout =Wpjin — (s 1)) =Wy +u g =196.0+1743.7 =1940 kJ/kg

Water
200°C
sat. vapor

T Heat

1kJ 3
1 kPa-m?

~196.0 kl/kg
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5-37 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled at constant
pressure. The amount of heat loss is to be determined, and the process is to be shown on a 7-v
diagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout - AEsystem
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

= Oout ~Wpoue =AU =m(uy —uy)  (since KE = PE = 0)

~ Qo = mlly ~) R134a L7 ©
A
since AU + W, = AH during a constant pressure quasi- 800 kPa

equilibrium process. The properties of R-134a are

(Tables A-11 through A-13)

P, =800 kPa

h, =306.88 kl/kg
T, =70°C

P, =800 kPa ha=h =72.34 kJ/k :
T,=15cCc [ 7 /@FeT )
Substituting,

Oou = - (5 kg)(72.34 - 306.88) ki/kg = 1173 kJ
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5-40 CD EES A cylinder equipped with an external spring is initially filled with steam at a specified state.
Heat is transferred to the steam, and both the temperature and pressure rise. The final temperature, the
boundary work done by the steam, and the amount of heat transfer are to be determined, and the process is
to be shown on a P-vdiagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
thermal energy stored in the cylinder itself is negligible. 3 The compression or expansion process is quasi-
equilibrium. 4 The spring is a linear spring.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. Noting that the spring is not part of the system (it is external), the energy balance for this
stationary closed system can be expressed as

Ein _Eout = AE

v N L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O =Wy o =AU =m(up —uy) (since KE = PE = 0) 0

Oin =m(uy —u))+ Wy o 200 kPa
200°C

system

The properties of steam are (Tables A-4 through A-6)

P, =200 kPa | ¢, =1.08049 m*/kg P
T, =200°C | u, =2654.6 ki/kg 2

v, 5m’ ./
= 0SM 468 ke

vi  1.08049 m’/kg 1
% 6m’
v, =Y 00M 066 m ke
m 04628 kg
P, =500 kPa } T, =1132°C v

v, =1.2966 m?/kg | u, =4325.2 kl/kg

(b) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will
be a straight line. The boundary work during this process is simply the area under the process curve, which
is a trapezoidal. Thus,

200+ 500)kP 1kJ
0%, —q):%(aﬁ—o.sm{l—

kPa.mJ:ss kJ

(c) From the energy balance we have

O = (0.4628 kg)(4325.2 - 2654.6)kI/kg + 35 kJ = 808 kJ
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5-42 Two tanks initially separated by a partition contain steam at different states. Now the partition is
removed and they are allowed to mix until equilibrium is established. The temperature and quality of the
steam at the final state and the amount of heat lost from the tanks are to be determined.

Assumptions 1 The tank is stationary and thus the kinetic and
potential energy changes are zero. 2 There are no work

interactions.

_ TANK A TANK B
Analysis (¢) We take the contents of both tanks as the system. 2kg 3kg
This is a closed system since no mass enters or leaves. Noting 1 MPa 150°C
that the volume of the system is constant and thus there is no 300°C x=0.5

boundary work, the energy balance for this stationary closed
system can be expressed as

/1N
7

E in E out - AE system
R e
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

~ Qo =AU 4 + AU g = [m(uy —uy)], +[m(uy —u;)];  (since W = KE =PE =0)
The properties of steam in both tanks at the initial state are (Tables A-4 through A-6)

B 4 =1000kPa |y, , =0.25799 m®/kg
T, =300°C  |u; , =2793.7 ki/kg

Iip= 150°C}uf =0.001091, v, =0.39248 m®/kg
X =050 | u;=631.66, u, =1927.4kI/kg
Vig =V, + X0 =0.001091+[0.50%(0.39248 - 0.001091)]= 0.19679 m" /kg
Uy g =, +XU 5 =631.66+(0.50x1927.4)=1595.4 ki/kg

The total volume and total mass of the system are

V=V,+Vy =m v, , +myv 5 =(2kg)(0.25799 m’ /kg) + (3 kg)(0.19679 m*/kg) =1.106 m’

m=my+mz=3+2=5kg
Now, the specific volume at the final state may be determined

1.106 m*
v, =L L0OM 197 mike
m S5kg

which fixes the final state and we can determine other properties
T, = Tsat@300kPa =133.5°C
P, =300 kPa L _YV2mvp 0.22127-0.001073
v, =0.22127 m*/kg Ty -v, 0.60582-0.001073

4
Uy =1y + X, =561.11+(0.3641x1982.1) = 1282.8 ki/kg

=0.3641

(b) Substituting,

= Qo =AU, + AU = [m(u2 ‘”1)]A + [m(uz _”1)]5
=(2kg)(1282.8 — 2793.7)kJ/kg + (3 kg)(1282.8 —1595.4)kJ/kg = —3959 kJ

or Qout =3959 kJ
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5-63 The internal energy change of hydrogen gas during a heating process is to be determined using an
empirical specific heat relation, constant specific heat at average temperature, and constant specific heat at
room temperature.

Analysis (a) Using the empirical relation for ¢, (7') from Table A-2¢ and relating it to ¢, (T),
¢, (T =c,—R, =(a—R,)+bT+cT* +dT">
where a=29.11, b=-0.1916x107, ¢ = 0.4003x10~, and d = -0.8704x10”. Then,

Ail = LZEV(T)dT - LZ (a-R,)+b7 +c1? +ar*fir
= (a=R NIy =) +3B(T5 + ) + (T3 ~ ) + (T3 - 1Y)
=(29.11-8.314)(800 — 200) - 1.(0.1961x107*)(800% - 200%)
+2(0.4003x107°)(800° —200%) — +.(0.8704 x1077)(800* — 200*)
= 12,487 kJ/kmol

_ Aii 12,487 ki/kmol

Au =
M 2.016 kg/kmol

= 6194 kJ/kg

(b) Using a constant ¢, value from Table A-2b at the average temperature of 500 K,

cV,an = CV@SOO K~ 10389 kJ/kg . K
At = ¢y g (Ty = T7) = (10.389 kJ/kg - K)(800— 200)K = 6233 kd/kg

(c) Using a constant ¢, value from Table A-2a at room temperature,
v,avg = 00@300 K = 10183 kJ/kg . K
Au=c, .., —T) = (10.183 kJ/kg - K)(800 — 200)K = 6110 kJ/Kkg

v,avg

C
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5-74 Argon is compressed in a polytropic process. The work done and the heat transfer are to be
determined.

Assumptions 1 Argon is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of 151 K and 4.86 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape =0 .

Properties The properties of argon are R =0.2081kJ/kg-K and ¢, = 0.3122 kJ/kg-K (Table A-2a).

Analysis We take argon as the system. This is a closed system since no
mass crosses the boundaries of the system. The energy balance for this
system can be expressed as

E in E out = AE system Argon T~
— —
Net energy transfer Change in internal, kinetic, 120 kPa Q
by heat, work, and mass potential, etc. energies 30°C
Oin =Wy ou =AU =me, (T, = T}) Pv" = constant

Using the boundary work relation for the polytropic process of an
ideal gas gives

=—147.5kl/kg

w =—
hrout P, 1-12 120

RT, (&jww _ 1| (02081 kI/kg - K)(303K) [(1200)0‘2“‘2 —1]
l—n

Thus,

The temperature at the final state is

(n-1)/n 02/1.2

P

T,=T| % =(303K) 1200 kPa kPaJ —4447K
P 120 kPa

From the energy balance equation,

Gin = Whou + €0 (Ty —T}) = —147.5kJ/kg +(0.3122 kl/kg - K)(444.7 ~303)K = ~103.3 kJ/kg

Thus,
Goue =103.3kJI/kg
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5-84 A cylinder equipped with a set of stops for the piston is initially filled with air at a specified state.
Heat is transferred to the air until the volume doubled. The work done by the air and the amount of heat
transfer are to be determined, and the process is to be shown on a P-v diagram.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The kinetic and potential energy changes
are negligible, Ake = Ape = 0. 3 The thermal energy stored in the cylinder itself is negligible. 4 The

compression or expansion process is quasi-equilibrium.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis We take the air in the cylinder as the system. This is a closed system since no mass crosses the
boundary of the system. The energy balance for this closed system can be expressed as

Ein - Eout = AEsystem
\—ﬁ/_—J
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies 400 kPa
O ~Whou = AU =m(u; =u;) —
Qin = m(u3 - ul) + Wb,out AIR
. . 200 kPa
The initial and the final volumes and the final temperature of air are _ 0
&7
RT, (3 kg)(0.287 kPa-m?/kg-K)(300 K
v = mRT_ Gle) a-m’/kg- KIGOOK) _ o
P, 200 kPa
V, =20, =2x1.29=2.58 m* P
pPY, PV P, V. 400 kP
171 _ 1373 Ty=3 37 =2 2 ,94(300 K) =1200 K
T T, PV 200 kPa 2 ]—>—0 3
No work is done during process 1-2 since ¥} = (4. The pressure
remains constant during process 2-3 and the work done during this
process is .
2
W out = J. PdV =PV, -V,) = (400 kPa)(2.58 —1.29)m> = 516 kJ v
’ 1

The initial and final internal energies of air are (Table A-21)

Then from the energy balance,

Oin = (3 kg)(933.33 - 214.07)kI/kg + 516 k] = 2674 kJ

Alternative solution The specific heat of air at the average temperature of Ty, = (300 + 1200)/2 = 750 K
is, from Table A-2b, ¢, = 0.800 kJ/kg K. Substituting,

Qin = m(u3 - ul) + Wb,out =mc, (T3 - Ti) + I/Vb,out

On = (3 kg)(0.800 kJ/kg.K)(1200 - 300) K + 516 kJ = 2676 kJ
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5-109 A cylinder is initially filled with saturated liquid-vapor mixture of R-134a at a specified pressure.
Heat is transferred to the cylinder until the refrigerant vaporizes completely at constant pressure. The initial
volume, the work done, and the total heat transfer are to be determined, and the process is to be shown on a
P-vdiagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are negligible.
2 The thermal energy stored in the cylinder itself is negligible. 3 The compression or expansion process is
quasi-equilibrium.

Analysis (a) Using property data from R-134a tables (Tables A-11 through A-13), the initial volume of the
refrigerant is determined to be

P, =200kPa | v, =0.0007533, v, =0.099867 m*/kg
x; =0.25 u, =3828,  u, =18621kl/kg

=0.0007533+0.25%(0.099867 — 0.0007533) = 0.02553 m* /kg
uy =u,+xuy, =3828+0.25x186.21=284.83 kl/kg

200 kPa

Y = mo, = (02 kg)0.02553 m*/kg)=0.005106 m®
(b) The work done during this constant pressure process is P

P, =200 kPa }vz = Vy@a00 pa = 0.09987 m*/kg

sat. vapor Uy = Ug@aoo kpa = 224.48 kl/kg
2 1> 2
Wyou = [ PAV = PV, =) = mP(v, ~w))
= (0.2 kg)(200 kPa)(0.09987 — 0.02553)m*/kg % v
1 kPa-m

=297 kJ

(c) We take the contents of the cylinder as the system. This is a closed system since no mass enters or
leaves. The energy balance for this stationary closed system can be expressed as

AE,

Ein - Eout system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Qin - Wb,out =AU

Qin = m(”Z - ul) + Wb,out

Substituting,
Oin = (0.2 kg)(224.48 - 84.83)kJ/kg +2.97 = 30.9 kJ
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6-44 Heat is lost from the steam flowing in a nozzle. The velocity and the volume flow rate at the nozzle
exit are to be determined.

Assumptions 1 This is a steady-flow process since there

is no change with time. 2 Potential energy change is
negligible. 3 There are no work interactions.
400°C STEAM 300°C

Analysis We take the steam as the system, which is a

control volume since mass crosses the boundary. The 800 kPa ~ —> 200 kPa
energy balance for this steady-flow system can be 10 m/s
expressed in the rate form as Q

Energy balance:
: . _ - 20 (steady) _
Ein - Eout - AEsystem =0
[ —— \ —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Ein = E.out

V2 V.2 . .
M h1+% =m h2+72 +Quy since W = Ape = 0)

V2 V) G
or h,+——=h, +—2+QL_‘lt
2 2 m

The properties of steam at the inlet and exit are (Table A-6)

P =800 kPa |y, = 0.38429 m>/kg
T, =400°C | h =3267.7 kl/kg

P, =200 kPa |y, =1.31623 m’/kg
T, =300°C  |h, =3072.1kJ/kg

The mass flow rate of the steam is

o1 | 5
M=—AV, =——(0.08m2)(10 m/s) = 2.082 ks
v, AV 0.38429 m3/s g
Substituting,
2 2
3267.7 k/kg + L0 ( 1kJ/kf 2]=3O72.1k]/kg+v—2( “‘J/kzg 2j+ 25kl
2 1000 m~/s 2 \1000 m“/s 2.082 kg/s

—>V, =606 m/s

The volume flow rate at the exit of the nozzle is

V, = mu, = (2.082 kg/s)(1.31623 m*/kg) = 2.74 m>/s

PROPRIETARY MATERIAL. © 2008 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.




6-34

6-51 Air is compressed at a rate of 10 L/s by a compressor. The work required per unit mass and the power
required are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Air is an ideal gas with constant specific heats.

Properties The constant pressure specific heat of air at the average temperature of (20+300)/2=160°C=433
Kis ¢, = 1.018 kl/kg-K (Table A-2b). The gas constant of air is R = 0.287 kPa-m’/kg-K (Table A-1).

Analysis (a) There is only one inlet and one exit, and thus m; = m, = m . We take the compressor as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

- . _ - 20 (steady) _
Ein - Eout - AEsystem =0
\_W—J
; L 1 MPa

Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies

E.=E

m out

Compressor

W. +mh, =mh, (since Ake = Ape = 0)
Wiy, =rh(h, —hy) =, (T, =T))

120 kPa
Thus, 20°C

10L/s
Wy, =€, (T, =T;) = (1.018kJ/kg - K)(300-20)K =285.0 kJ/kg

(b) The specific volume of air at the inlet and the mass flow rate are

RT, (0.287kPa-m’/kg-K)(20+273K)

“177p 12
| 0 kPa

=0.7008 m> /kg

v, . }
m=2_ m =0.01427 kg/s
Vi 0.7008 m*/kg

Then the power input is determined from the energy balance equation to be

W,, =rhe, (T, ~T)) = (0.01427 kg/s)(1.018 ki/kg - K)(300— 20)K = 4.068 kW
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6-60 Air is expanded in an adiabatic turbine. The mass flow rate of the air and the power produced are to
be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-
insulated, and thus there is no heat transfer. 3 Air is an ideal gas with constant specific heats.

Properties The constant pressure specific heat of air at the average temperature of
(500+150)/2=325°C=598 K is ¢, = 1.051 kJ/kg-K (Table A-2b). The gas constant of air is R = 0.287
kPa-m’/kg-K (Table A-1).

Analysis (a) There is only one inlet and one exit, and thus m, =m, = m. We take the turbine as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

: : : 70 (stead:
Ein - Eout = AEsystem (sready) =0
Rate of net energy transfer  Rate of change in internal, kinetic, I MPa
by heat, work, and mass potential, etc. energies 500°C
: : 40 m/
Ein = Eout S
(o Vi ViYL
m[h1 +%J = m(h2 +72] +Wo,,
) ' V.2 _y2 _ V.2 _y2 100 kPa
Wout :m(hl —h, +%J:m{Cp(Tl ~Ty+——2 150°C
The specific volume of air at the inlet and the mass flow rate are
RT : -m’/kg-
v, =R _ (0.287 kPa-m”/kg - K)(500+ 273 K) 02219 m%/kg
P, 1000 kPa
~ AV, (0.2m?*)(40m/
i 02m0)EIWS) g6 061gss
v 0.2219m”/kg
Similarly at the outlet,
RT . m°/kg-
v, =Rz _ (0.287 kPa-m~/kg-K)(150+ 273 K) 1214m3 kg

P, 100 kPa

_ My,  (36.06kg/s)(1.214m’ /kg)

Vv
: A2 1m2

=43.78 m/s

(b) Substituting into the energy balance equation gives

. V2 -V}
Wy = m{cp(Tl —Tz)+%J

2 2
:(36.06kg/s){(1.051kJ/kg-K)(SOO—lSO)K+(40m/ 5)” —(43.78 mfs) ( Ikke ﬂ

2 1000 m?/s?
=13,260 kW
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6-80 Two streams of refrigerant-134a are mixed in a chamber. If the cold stream enters at twice the rate of
the hot stream, the temperature and quality (if saturated) of the exit stream are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat
transfer is negligible.

Properties From R-134a tables (Tables A-11 through A-13),
h1 = hf@ 12oc = 68.18 kJ/kg
h2 =h @ 1 MPa, 60°C — 293.38 kJ/kg

Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the
boundary. The mass and energy balances for this steady-flow system can be expressed in the rate form as

Mass balance:

5 5 A A0 (steady) _
My, —Myy = Amsystem =0

Lo T,=12°C
My, =M [1=12
oo m, =2m, N

m, +m, =m, =3m, since M; =2m
1 2 3 2 1 2

R-134a
Energy balance: (P=1MPa)
T3, X3
. . . 0 t d b
Ein - Eout = AEsystem& (steady) =0 °
NI . , T, =60°C J
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

myhy +m,h, = rshy (sinceQ =W = Ake = Ape = 0)

Combining the two gives 2, h, +m,h, =3m,h, or h; =(2h, +h,)/3
Substituting,

h; = (2x68.18 +293.38)/3 = 143.25 kJ/kg
At 1 MPa, hy=107.32 kJ/kg and hy =270.99 kl/kg. Thus the exit stream is a saturated mixture since
hs < h; < hg. Therefore,

T3 =Ta@1mpa = 39.37°C
and

_hy-hy  14325-107.32

X; = =0.220
hig 163.67
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6-94 Two streams of cold and warm air are mixed in a chamber. If the ratio of hot to cold air is 1.6, the
mixture temperature and the rate of heat gain of the room are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat
transfer is negligible.

Properties The gas constant of air Cold
is R=0.287 kPa.m’/kg.K. The air
enthalpies of air are obtained from 5°C

air table (Table A-21) as
h] = h@278K =278.13 kJ/kg Warm
hy = h@smk =307.23 kl/kg air
34°C
hmom = h @297K = 29718 kJ/kg

—» Room —— 24°C

i

Analysis (a) We take the mixing chamber as the system, which is a control volume since mass crosses the
boundary. The mass and energy balances for this steady-flow system can be expressed in the rate form as

Mass balance:

20 (steady)
system

[ out
Energy balance:

Ein _ Eom _ AE 20 (steady) =0

system

Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

€ = Eu
myh, + Mmyhy, =mshy  (since Q =W = Ake = Ape = 0)
Combining the two gives  m;h, +1.6mh, =2.6m,hy or hy =(h, +1.6h,)/2.6
Substituting,
h; = (278.13 +1.6x 307.23)/2.6 = 296.04 kl/kg
From air table at this enthalpy, the mixture temperature is
Ts =T@n-20604k1ke =295.9 K=22.9°C

(b) The mass flow rates are determined as follows

RT, _ (0.287 kPa-m’/kg-K)(5+273K)
P 105 kPa

y 3
Y 12ms 3/5 = 1.645 kg/s
vi  0.7599m’/kg

m, = 2.6m, = 2.6(1.645 kg/s) = 4.277 kg/s

=0.7599 m® /kg

Y|

m,

The rate of heat gain of the room is determined from

Quoor = My (Moo — M) = (4277 ke/s)(297.18 — 296.04) ki/kg = 4.88 KW
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6-124 A rigid tank initially contains air at atmospheric conditions. The tank is connected to a supply line,
and air is allowed to enter the tank until mechanical equilibrium is established. The mass of air that entered
and the amount of heat transfer are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential energies are negligible. 4
There are no work interactions involved. 5 The direction of heat transfer is to the tank (will be verified).

Properties The gas constant of air is 0.287 kPa.m’/kg K (Table A-1). The properties of air are (Table A-21)

T, =295 K — > h; =295.17 k/kg
T, =295 K —> u, =210.49 kl/kg
T, =350 K —> u, =250.02 kl/kg

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and
internal energy U, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance:

> m=m-m P; =600 kPa
' T Ti=22°C

Energy balance: @_(
Ein - Eout = AEsystcm
—_—

My, — Moy = Am

system

;\/—’ — 3
Net energy transfer Change in internal, kinetic, 1=2m >4 Q
by heat, work, and mass potential, etc. energies Pl =100 kPa
Q,, + mihy =myu, —mu, (since W = ke = pe = 0) T,=22°C

The initial and the final masses in the tank are

3
m =Y _ (100 kpf)(z m’) =2.362 kg
RT,  (0.287 kPa-m’/kg-K)(295 K)
3
m =PV _ (600 kPa)(2 m*) 11946 kg

RT, (0.287 kPa-m’/kg-K)(350 K)
Then from the mass balance,
m; = m, —m, =11946—-2362 = 9.584 kg
(b) The heat transfer during this process is determined from
Qin = —Mihy + myu, —myu,
= —(9.584 kg)(295.17 kJ/kg) + (11.946 kg)(250.02 kl/kg)—(2.362 kg )210.49 kl/kg)
=-339k] - Qg =339kJ

Discussion The negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we
reversed the direction.
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6-168 CD EES Steam expands in a turbine steadily. The mass flow rate of the steam, the exit velocity, and
the power output are to be determined.

Assumptions 1 This is a steady-flow process since there is no 1 30 kl/kg
change with time. 2 Potential energy changes are negligible.

Properties From the steam tables (Tables A-4 through 6)
P, =10 MPa | v, =0.035655 m*/kg
T, =550°C h, =3502.0 kl/kg

and

P, =25kPa | v, = v +X,v gy =0.00102+(0.95)6.2034-0.00102)=5.8933 m* /kg
X, =0.95 hy =h¢ +X,hgy =271.96+(0.95)2345.5) = 2500.2 ki/kg 2

Analysis (a) The mass flow rate of the steam is

=—LV,A = : (60 m/s)(o.ms m’ ): 25.24 kgls

v 0.035655 m*/kg

(b) There is only one inlet and one exit, and thus M, = M, = M. Then the exit velocity is determined from

m 25.24 kg/s)(5.8933 m*/k
m:L\/zA2 V, = vy g/s)( m”/kg)

5 =1063 m/s
v, A, 0.14 m

(c) We take the turbine as the system, which is a control volume since mass crosses the boundary. The
energy balance for this steady-flow system can be expressed in the rate form as

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0
S R
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E.=E

n out

m(h, +V,? /2) =W, +Q,, +m(h, +V}/2) (since Ape = 0)

VARV J

out
V\.lout = _Qout _m{hZ _hl +
Then the power output of the turbine is determined by substituting to be

2 2
W, =—(25.24x30)kJ/s — (25.24 kg/s{2500.2 35020+ (1063 mis)” (60 mis) ( 1lke D

2 1000 m?/s?
=10,330 kW
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6-173 CD EES An insulated cylinder equipped with an external spring initially contains air. The tank is
connected to a supply line, and air is allowed to enter the cylinder until its volume doubles. The mass of the
air that entered and the final temperature in the cylinder are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 The expansion process is quasi-equilibrium. 3 Kinetic and potential energies are negligible. 4
The spring is a linear spring. 5 The device is insulated and thus heat transfer is negligible. 6 Air is an ideal
gas with constant specific heats.

Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1). The specific heats of air at room
temperature are C,= 0.718 and ¢, = 1.005 kJ/kg'K (Table A-2a). Also, u=c,T and h=c,T.

Analysis We take the cylinder as the system, which is a
control volume since mass crosses the boundary. Noting Fspring
that the microscopic energies of flowing and nonflowing
fluids are represented by enthalpy h and internal energy u,
respectively, the mass and energy balances for this
uniform-flow system can be expressed as

Mass balance: Air
P =200 kPa
min - mout = Amsystem - mi = m2 - ml Tl =22°C
—_ 3
Energy balance: /=02m
Ein - Eout = AEsystcm
R —)
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

mihy =W, o + MyUy — MUy (since Q = ke = pe = 0)

Combining the two relations, (m2 -m, )hi =Wy out + MU,y —MyU,
or, (my =my)e, Ty =Wy ¢ +MyC, T, —MiC, T,
The initial and the final masses in the tank are

PV, 2m?

_PY _ (200 kPa)(ozm ) 0472 kg
RT,  (0.287 kPa-m’/kg K 295 K)
PV 600 kPa )0.4 m* .
m, =22 _ ( a)( m) 8362

RT, (0287kPa-m’kg-KJT, T,

=m, —m =%—O.472
T

2

Then from the mass balance becomes m

The spring is a linear spring, and thus the boundary work for this process can be determined from
P +P 2 kP
W, = Area =%(v2 —(/1):%(0.4—0.2%3 =80 kJ
Substituting into the energy balance, the final temperature of air T, is determined to be

-80= —(83T 62 —0.472)(1.005)(295)+ (83T 6'2J(O.718)(T2 )-(0.472)0.718)295)
2 2

It yields T, = 344.1K
Thus, m, = 3302 _8362 _, 430ke
T, 3441
and m =m, - m = 2430 - 0472 = 1.96 kg
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7-88 A geothermal power plant uses geothermal liquid water at 160°C at a specified rate as the heat source.
The actual and maximum possible thermal efficiencies and the rate of heat rejected from this power plant
are to be determined.

Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero. 3
Steam properties are used for geothermal water.

Properties Using saturated liquid properties, the source and the sink state enthalpies of geothermal water
are (Table A-4)

T =160°C
source }hsource =675.47 ki/kg
Xsource = 0
Tink = 25°C |, 104.83 kilk
sink — ' 9
Xsink =0

Analysis (a) The rate of heat input to the plant may be taken as the enthalpy difference between the source
and the sink for the power plant

Oy = Mgeo (hsource — sink ) = (440 kg/s) (675.47 —104.83) ki/kg = 251,083 kW
The actual thermal efficiency is

- Wnet,out _ 22 MW =0.0876 =8.8%
"TTH  251.083MW '

(b) The maximum thermal efficiency is the thermal efficiency of a reversible heat engine operating
between the source and sink temperatures

T, _, (25+219K

= =0.312 = 31.2%
T, (160 + 273) K

Mthymax =+~

(¢) Finally, the rate of heat rejection is

Oout = Oin ~ Wretout = 251.1-22=229.1MW
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7-131 An expression for the COP of a completely reversible heat pump in terms of the thermal-energy
reservoir temperatures, 7; and T} is to be derived.

Assumptions The heat pump operates steadily.

Analysis Application of the first law to the completely reversible heat pump yields

Wnet,in = QH _QL

This result may be used to reduce the coefficient of performance, ¢
Ou 1

On
o Wi Qn—0p  1-0, 10y On
Since this heat pump is completely reversible, the @ W
thermodynamic definition of temperature tells us that, o8 net.in

o T
QH TH
When this is substituted into the COP expression, the result is

1 T,

COPp oy = -
WP T IT, Ty -T,
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7-135 A Carnot refrigeration cycle is executed in a closed system with a fixed mass of R-134a. The net
work input and the maximum and minimum temperatures are given. The mass fraction of the refrigerant
that vaporizes during the heat addition process, and the pressure at the end of the heat rejection process are

to be determined.

Properties The enthalpy of vaporization of R-134a at -8°C is A, = 204.52 kJ/kg (Table A-12).

Analysis The coefficient of performance of the cycle is

1 1 T
COP, = = =9.464
T, 1T, -1 293/265-1
and 20°
0, = COPg xW;, =(9.464)15 kJ)=142 kJ
Then the amount of refrigerant that vaporizes during
heat absorption is -8°C
142 KJ
=mh . = =0.695 k
Or=mhyor,—sc " = 20452 kilkg J

since the enthalpy of vaporization 4, at a given T or P represents the amount of heat transfer per unit mass
as a substance is converted from saturated liquid to saturated vapor at that 7°or P. Therefore, the fraction

of mass that vaporized during heat addition process is

0695K9 _ ) 868 or 86.8%
0.8 kg

The pressure at the end of the heat rejection process is

P4 = Psat@zooc = 572.1kPa
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8-24 Air is compressed steadily by a compressor. The air temperature is maintained constant by heat
rejection to the surroundings. The rate of entropy change of air is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Air is an ideal gas. 4 The process involves no internal irreversibilities
such as friction, and thus it is an isothermal, internally reversible process.

Properties Noting that h = h(T) for ideal gases, we have h; = h, since T; =T, = 25°C.

Analysis We take the compressor as the system. Noting that the enthalpy of air remains constant, the
energy balance for this steady-flow system can be expressed in the rate form as

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0
R
Rate of netenergy transfer  Rate of change in internal, kinetic, P2
by heat, work, and mass potential, etc. energies
Ein = Eout Q &
W, =0, AIR
= 3 12kW
Therefore, T = const.

Qout = Win =12kW /

Noting that the process is assumed to be an T
isothermal and internally reversible process, the rate

of entropy change of air is determined to be P1

AS. =— Qouair __12kW _ —0.0403 KW/K

o Toys 298 K




8-18

8-44 An insulated cylinder is initially filled with saturated R-134a vapor at a specified pressure. The
refrigerant expands in a reversible manner until the pressure drops to a specified value. The final
temperature in the cylinder and the work done by the refrigerant are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The
process is stated to be reversible.

Analysis (a) This is a reversible adiabatic (i.e., isentropic) process, and thus s, = s;. From the refrigerant
tables (Tables A-11 through A-13),

Vi = Vg@os mpa = 0.025621 m’/kg
S| = Sg@o.s Mpa = 091835 kJ/kg-K

P =0.8 MPa

sat. vapor

Also,

v 0.05m?
m=—

= =1952kg
v 0.025621 m’/kg

and

S> =S¢ 0.91835-0.24761
Stg 0.67929
Uy =Ug +X,U gy =63.62+(0.9874)171.45)=232.91 kl/kg

=0.9874

P, =0.4 MPa | x, =
SZ = Sl

T, = Tsat@0.4 mpa = 8.91°C

(b) We take the contents of the cylinder as the system. This is a closed system since no mass enters or
leaves. The energy balance for this adiabatic closed system can be expressed as

E,-E AE

in — “out system
I L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
_Wb,out =AU

Wy oue = M(U; —U,)

Substituting, the work done during this isentropic process is determined to be

Wi o = M(U; —U,) = (1.952 kg)(246.79 - 232.91) kl/kg = 27.09 kJ
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8-46 Saturated Refrigerant-134a vapor at 160 kPa is compressed steadily by an adiabatic compressor. The
minimum power input to the compressor is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Analysis The power input to an adiabatic compressor will be a minimum when the compression process is
reversible. For the reversible adiabatic process we have S, =S;. From the refrigerant tables (Tables A-11
through A-13),

v =v =0.12348 m’/k
P, =160 kPa 1 g@160 kPa g 2
sat. vapor
S| = Sg@i60 kpa = 0.9419 kJ/kg-K
P, =900 kPa
h, = 277.06 kl/kg
Sz = Sl
Also,
v 2 m®/mi
m=l—_ MMM 650 keg/min = 0.27 ke/s :

v 0.12348 m¥/kg

There is only one inlet and one exit, and thus m, =m, =m. We take the compressor as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

20 (steady)

Ein - Eout = AEsystem =0
— R —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

W, +iihy = mh, (since Q = Ake = Ape = 0)
Vi/in = m(hZ - hl)
Substituting, the minimum power supplied to the compressor is determined to be

W,, = (0.27 kg/s)(277.06 — 241.11) kl/kg = 9.71 kW
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8-60 Steam is expanded in an isentropic turbine. The work produced is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic
(i.e., reversible-adiabatic).

Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume
since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the
rate form as

. . _ . 20 (steady) _
Ein —Eou - AEsystem =0 4 MPa
Rate of net energy transfer  Rate of change in internal, kinetic, 5 kg/S
by heat, work, and mass potential, etc. energies
) ) Steam
Ein = Eou turbine
m;hy =myhy +m3h; + W, 700 kPa
Wy =mMhy —myh, —mshy 51(())(1)(01)8

From a mass balance,
m, =0.05m; =(0.05)(5 kg/s) = 0.25kg/s
m; =0.95m; =(0.95)(5kg/s) =4.75kg/s

Noting that the expansion process is isentropic, the
enthalpies at three states are determined as follows:

(Table A - 6)

P, =50kPa | h, =2682.4kJ/kg
T, =100°C | s, =7.6953kl/kg-K

P, =4MPa

h, =3979.3kl/kg (Table A -6)
s, =S5 =7.6953kl/kg K

P, =700 kPa

h, =3309.1kJ/kg  (Table A -6)
S, =S, =7.6953kl/kg-K

Substituting,
Wout = mlhl _mzhz _maha

= (5kg/s)(3979.3 kl/kg) — (0.25 kg/s)(3309.1kI/kg) — (4.75 kg/s)(2682.4 k) /kg)
= 6328 kW
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8-73 An adiabatic pump is used to compress saturated liquid water in a reversible manner. The work input
is to be determined by different approaches.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3
Heat transfer to or from the fluid is negligible.

Analysis The properties of water at the inlet and exit of the pump are (Tables A-4 through A-6)
h, =191.81kJ/kg

P, =10 kPa
« =0 s, =0.6492 kl/kg
b v, =0.001010 m® /kg 15 MPa T
P, =15MPa | h, =206.90kJ/kg
S, =5, v, =0.001004 m*/kg ‘
(a) Using the entropy data from the compressed liquid water table 10 kPa
— L\

wp =h, —h; =206.90 -191.81=15.10kJ/kg
(b) Using inlet specific volume and pressure values
Wp = v, (P, —P,) = (0.001010 m*/kg)(15,000 —10)kPa = 15.14 kJ/kg
Error = 0.3%
(b) Using average specific volume and pressure values
Wp = Uy (P, =) = [1/2(0.001010 + 0.001004) m3/kgk15,000— 10)kPa =15.10 kJ/kg
Error = 0%

Discussion The results show that any of the method may be used to calculate reversible pump work.
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8-99 Nitrogen is compressed in an adiabatic compressor. The minimum work input is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic,
and thus there is no heat transfer. 3 Nitrogen is an ideal gas with constant specific heats.

Properties The properties of nitrogen at an anticipated average temperature of 400 K are ¢, = 1.044
kJ/kg'K and k = 1.397 (Table A-2Db).
Analysis There is only one inlet and one exit, and thus m; =m, =m. We take the compressor as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

Em _ E'Om N 70 (steady)  _ 600 kPa

system

Nitrogen
compressor

— —_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

E, =E

m

out

mh, +W, =rh, 120 kPa
) 30°C

Wy, =m(h, —h))

mn

For the minimum work input to the compressor, the process
must be reversible as well as adiabatic (i.e., isentropic). This 600 kPa

being the case, the exit temperature will be 2
(k=1)/k 0.397/1.397
P
T, =T)| = - (303 K)(—600 kPaj — 479K 120 kPa &,
P, 120 kPa S

Substituting into the energy balance equation gives

Wy, =h, —h; =c, (T, ~T;) = (1.044 ki/kg - K)(479-303)K = 184 kd/kg
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8-128 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.92. The power output of
the turbine is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.
Analysis There is only one inlet and one exit, and thus m; = m, =m. We take the actual turbine as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

- : _ : &0 (steady) _
Ein - Eout - AEsystem =0
%/—J —
Rate of net energy transfer  Rate of change in internal, kinetic, P, =3 MPa

by heat, work, and mass potential, etc. energies T 1= 400°C

Ein = E.out

mhy =W, o +Mh,  (since Q = Ake = Ape = 0)

Wa,out = m(hl - h2)

Steam
turbine

From the steam tables (Tables A-4 through A-6),

P, =3 MPa } h, =3231.7 kl/kg P. = 30 kPa
, =

T, =400°C | s, =6.9235kJ/kg-K

S =St 6.9235-0.9441
Stg 6.8234
hys =hy +Xyshgy =289.27+(0.8763)(2335.3) = 2335.7 kl/kg

Py, =30 kPa } Xpg = =0.8763

S2s =5

The actual power output may be determined by multiplying the isentropic power output with the isentropic
efficiency. Then,

Wa,out = nTWs,out

=nrm(h; —hy)
=(0.92)(2 kg/s)(3231.7-2335.7)kl/kg
=1649 kW
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8-132 Steam enters an adiabatic turbine at a specified state, and leaves at a specified state. The mass flow
rate of the steam and the isentropic efficiency are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Analysis (a) From the steam tables (Tables A-4 and A-6),

P, =7MPa | h, =3650.6 kl/kg
T, =600°C | s, =7.0910 kl/kg - K

P, =50 kPa

hya =2780.2 kI/k
T, =150°C } 2 s

There is only one inlet and one exit, and thus M, = m, = m. We take the actual turbine as the system, which

is a control volume since mass crosses the boundary. The energy balance for this steady-flow system can
be expressed in the rate form as

. : _ - J0 (steady) _
Ein - Eout = AEsystem =0 1
%/—J
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

m(hy +V,7/2) =W, o +mM(h, +V,*/2) (since Q = Ape = 0)

2 2
Wa,out = _m(hZ - hl +V2 2V1 J

Substituting, the mass flow rate of the steam is determined to be

(140 m/s)? — (80 m/s)> ( 1kJ/kg ]J

6000 kJ/s =—m| 2780.2 —3650.6 + >
2 1000 m~/s

m=6.95 kg/s
(b) The isentropic exit enthalpy of the steam and the power output of the isentropic turbine are

Sps =St 7.0910-1.0912
Stg 6.5019
hys =hy +Xpshgy =340.54 +(0.9228)(2304.7)=2467.3 ki/kg

=0.9228

PZS = 50 kPa } XZS =
Sys =35

and
W, o = —ls — by + 2 -2 ) 2])

W, oo = —(6.95 kg/s)[2467.3 ~3650.6+

s,out

(140 m/s)* — (80 m/s)? ( 1kJ/kg j
2 1000 m?/s>

=8174kW
Then the isentropic efficiency of the turbine becomes

W, _ 6000 kW

n =— =0.734=73.4%
TUW, 8174kW
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8-135 CD EES Refrigerant-134a enters an adiabatic compressor with an isentropic efficiency of 0.80 at a
specified state with a specified volume flow rate, and leaves at a specified pressure. The compressor exit
temperature and power input to the compressor are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Analysis (a) From the refrigerant tables (Tables A-11E through A-13E),

R =120 kPa } S| = Sq@iz0 kpa = 0.94779 kl/kg - K
t.
YO = 0y a0 ke = 016212 m/kg
P, =1 MPa
hys = 281.21 kl/kg
Ss =5
0.3 m*/min

From the isentropic efficiency relation, 1

n, = %——) hya =y +(hys =y )/ =236.97 +(281.21-236.97)/0.80 = 292.26 kl/kg

2a '

Thus,

P,, =1 MPa

T,, = 58.9°C
h,, = 292.26 kl/kg

(b) The mass flow rate of the refrigerant is determined from

v . 3
i 0300 6 308 ks
v, 0.16212m’/kg

There is only one inlet and one exit, and thus M, = m, = m. We take the actual compressor as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed as

- ' _ - 0 (steady) _
Ein - Eout - AEsys.tem =0
- \ S
Rate of netenergy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E.=E

n out

W, i, +mhy =mh,  (since Q = Ake = Ape = 0)

W, i, = m(h, —hy)

a,in
Substituting, the power input to the compressor becomes,

W, ;, = (0.0308 kg/s)(292.26 - 236.97 )kI/kg = 1.70 kW
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8-148 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the rate of
entropy generation within the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid
properties are constant.

Properties The specific heats of cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively.

Analysis We take the cold water tubes as the system, which is a

control volume. The energy balance for this steady-flow system Cold water
can be expressed in the rate form as 15°C
: : _ : 70 (steady) _ 0.25 kg/s
Ein - Eout - AEsystem =0 &
N H
Rate of net energy transfer  Rate of change in internal, kinetic, ot water

by heat, work, and mass potential, etc. energies = ¢
. . °
Ein = Eout 100°C

3 kg/s

Q,, +mh, =mh, (since Ake = Ape = 0)
Q =1C,(T, - T)) ‘45 ¢
Then the rate of heat transfer to the cold water in this heat exchanger becomes

Qi =My (Toue ~ Tin) leold water = (025 kg/s)(4.18 kJ/kg.°C)(45°C —15°C) = 31.35 KW

Noting that heat gain by the cold water is equal to the heat loss by the hot water, the outlet temperature of
the hot water is determined to be

. ' 31.35kW
Q = [mcp in _Tout)]hot water —)Tout = Tin _i =100°C - 97.5°C

me, (3kg/s)(d.19K)/kg.°C)

(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the
entropy balance on the entire heat exchanger:

: 2 3 _Ad &0 (steady)
Sir1 - Sout + Sgen - ASsystem
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

My, + MyS; —MyS, —Mys, + S, =0 (since Q = 0)
n"]colds‘l + rhhots3 - mcolds2 - rhhots4 + S'gen =0
Sgen = Mo (S = ;) + My (S4 — S3)
Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is

determined to be

< . T2 . T4
Sgen = mcoldcp IHT— + mhotcp h'lT—
1 3

454273 97.5+273
= (025 kg/s)(4. 18 KI/kg K)In > = 1 (3 kg/s)(4.19 k) kg K)ln —=— >
(0-25kelsX RIS s TN e 05273

=0.0190 kW/K
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8-152 In an ice-making plant, water is frozen by evaporating saturated R-134a liquid. The rate of entropy

generation is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis We take the control volume formed by the R-134a evaporator with a single inlet and single exit as
the system. The rate of entropy generation within this evaporator during this process can be determined by
applying the rate form of the entropy balance on the system. The entropy balance for this steady-flow

system can be expressed as

S' _S' 4 S _ AS’ &0 (steady)

in out gen system
-
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

Qin

w

+S,., =0

m;s; —Mm,s,; + gen

in

Spen =Mg (S, —3))—
gen R( 2 1) TW
Qin

T

Sgen = mRng -
w

The properties of the refrigerant are (Table A-11)

hig@-ioc =205.96 kl/kg
Stg@-torc =0.78263kl/kg-K

R-134a
—-10°C

Q
{ —-10°C
sat. vapor

|

The rate of that must be removed from the water in order to freeze it at a rate of 4000 kg/h is

Q,, =, hy =(4000/3600 kg/s)(333.7 kl/kg) =370.8 kW

where the heat of fusion of water at 1 atm is 333.7 kJ/kg. The mass flow rate of R-134a is

o _Qu __3708Kss
" hy  205.96kl/kg

=1.800 kg/s

Substituting,

Sgen =MpS g - ? = (1.800 kg/s)(0.78263 kl/kg - K) —

w

370.8 kW
273K

=0.0505 kW/K
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8-166 Steam expands in a turbine from a specified state to another specified state. The rate of entropy
generation during this process is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible.

Properties From the steam tables (Tables A-4 through 6)
P, =6 MPa

P =6 MPa } hy =3302.9 kJ/kg T\ = 450°C
=

T, =450°C | s, =6.7219 kJ/kg-K
P, =20kPa | h, =2608.9 kl/kg l
sat. vapor s, =7.9073 kJ/kg-K
. . . . o STEAM ~ |—j
Analysis There is only one inlet and one exit, and thus m, =m, =m. TURBINE
We take the turbine as the system, which is a control volume since 4 MW
mass crosses the boundary. The energy balance for this steady-flow
system can be expressed in the rate form as
Ein - E'out AE’System7|0 (steady) =0
— P, =20 kPa
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies sat. vapor
E.in = E'out
n:]hl = Qout +Wout + mh2

Qout = m(hl - h2) _Wout

Substituting,

Qyr = (25,000/3600 kg/s)(3302.9 — 2608.9)k]/kg — 4000 kJ/s = 819.3 kJ/s

The rate of total entropy generation during this process is determined by applying the entropy balance on
an extended system that includes the turbine and its immediate surroundings so that the boundary
temperature of the extended system is 25°C at all times. It gives

. . . e S0
Sin - Sout + Sgen - ASsystem =0
—_——— e J

Rate of net entropy transfer ~ Rate of entropy ~ Rate of change

by heat and mass generation of entropy
; : Qout 3 _
ms; —Mms, — —>"+S,, =0
b,surr

Substituting, the rate of entropy generation during this process is determined to be

Syen = M(s, — sl)+ﬁ = (25,000/3600 kg/s)(7.9073 - 6.7219)kJ/kg - K +% =11.0 kW/K

gen
b,surr
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8-168 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing
temperature, the mass flow rate of the steam and the rate of entropy generation are to be determined.
Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions.

Properties Noting that T < T, @ 200kpa = 120.21°C, the cold water and the exit mixture streams exist as a
compressed liquid, which can be approximated as a saturated liquid at the given temperature. From Tables
A-4 through A-6,

1200 kJ/min

P,=200kPa] h = hf@20°C =83.91kl/kg
T, =20°C S1 =St anc = 0.2965 kl/kg - K f

20°C /
P, =200 kPa } h, =2769.1 kJ/kg 2.5kg/s MIXING
T, =150°C |s, =7.2810 kl/kg-K CHAMBER 60°C, ©)
P, =200kPa| h;= hf@wC =251.18 kl/kg 150° 200 kPa
T3 =60°C [ S3=S; 6 =0.8313klkg K @ >

Analysis (a) We take the mixing chamber as the system, which is a control volume. The mass and energy
balances for this steady-flow system can be expressed in the rate form as
70 (steady)

Mass balance:  my, —My, =AMy, =0——m +m, =m;
Energy balance:
: : _ : J0 (steady) _
Ein - Eout - AEsystem =0
— -
Rate of netenergy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

myh, +myh, = Q,, + M,

out

Combining the two relations gives Q= Myhy +myh, — (M, + iy )hy = my (b —hy )+, (hy —hy)

Solving for m, and substituting, the mass flow rate of the superheated steam is determined to be

Qoue — My (hy —hy)  (1200/60kJ/s) — (2.5 kg/s)(83.91-251.18 )k
h, —h, (2769.1-251.18)kJ/kg

Also, my=m; +m, =2.5+0.166=2.666 kg/s

(b) The rate of total entropy generation during this process is determined by applying the entropy balance
on an extended system that includes the mixing chamber and its immediate surroundings so that the
boundary temperature of the extended system is 25°C at all times. It gives

i = ke _ 0.166 kgls

. . . e $0
Sin - Sout + Sgen - ASsystem =0
—_——— ) \ S

Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy
. ; ; Qout 3 _
m;s; + M,S, —M;S; — + Sgen =0
b,surr

Substituting, the rate of entropy generation during this process is determined to be

Qout

b,surr
= (2.666 kg/s)0.8313 kl/kg - K)—(0.166 kg/s)(7.2810 ki/kg-K)
n (1200/60 kJ/s)

298K

Sgen = m3S3 - m232 - mISI +

—(2.5 kg/s)0.2965 kJ/kg - K
=0.333 kW/K
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8-189 An insulated rigid tank is connected to a piston-cylinder device with zero clearance that is
maintained at constant pressure. A valve is opened, and some steam in the tank is allowed to flow into the
cylinder. The final temperatures in the tank and the cylinder are to be determined.

Assumptions 1 Both the tank and cylinder are well-insulated and thus heat transfer is negligible. 2 The
water that remains in the tank underwent a reversible adiabatic process. 3 The thermal energy stored in the
tank and cylinder themselves is negligible. 4 The system is stationary and thus kinetic and potential energy
changes are negligible.

Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus s, =S;. From the
steam tables (Tables A-4 through A-6),

VI =Vg@soo kpa =0.37483 m’ kg

P, =500 kP
! "Ly =u —2560.7 k/kg
sat.vapor I @300 kPa
S1 = Sgs00 kre = 68207 kI/kg K
T2,A :Tsat@ISO pa =111.35°C
- S, =S _
P, =150 kPa Xy = 2,A f_ 6.8207 —1.4337 - 09305
S, =S, ’ Sty 5.7894

(satmixture) | v, o = v +Xy 401y =0.001053+(0.9305)(1.1594 ~0.001053) =1.0789 m* /kg
Uy =Ug +Xy gy =466.97+(0.9305)(2052.3 ki/kg) = 2376.6 ki/kg

The initial and the final masses in tank A are

v 4m’ v 4m’
mlAz—Azo—m3=l.O67kg and m,, =—A -0 o =037lkg
’ via 037483 m'/kg ’ Voo 1.0789 m’/kg
Thus,
mz’B = ml’A - mzﬂA = 1.067 - 0.371 = 0.696 kg
(b) The boundary work done during this process is
2
Wh,out = .[1 PdV =Py (Vz,s —0): PeM, 8¢5
Taking the contents of both the tank and the cylinder Sat.
to be the system, the energy balance for this closed vapor
system can be expressed as 500 kPa 150 kPa
E. —E — AE 0.4 I'Il3
n out system
%’_/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wy = AU = (aU), +(U)g &
Wo,out + (AU )A + (AU )B =0
or, Psm, gvr g + (mzuz - mlul)A + (mzuz g =0

m, ghy g + (mzuz —mu; )y =0
Thus,

= (myuy —mou, ), (1.067)(2560.7)- (0.371)2376.6) _ 2658.8 kTkg
’ M, g 0.696

At 150 kPa, hy=467.13 and hy =2693.1 kJ/kg. Thus at the final state, the cylinder will contain a saturated
liquid-vapor mixture since hy < h, < hg. Therefore,

Tz,B = Tsat@lSO pa =111.35°C
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10-5

10-20 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.

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

Air

Analysis The area of the window and the

individual resistances are R, | Ry
A=(1.2m)x(2m)=2.4m? T AWM
R =R = 1 5 ! 5= 0.0417°C/W
T A (L0W/m*S.°C)(2.4m7)
Ry = Ry = Rypes = L = 0003m _____ 9.0016°c/w
kA (0.78W/m.°C)(2.4 m*)
2 = Rair = i = 0.012m 5= 0.1923°C/W
k,A (0.026 W/m.°C)(2.4m*?)
1 1
R, =R =—-= =0.0167 °C/W
o M2 T A (25 WIm2°C)(2.4 m?)
Riotal = Reonv.1 + 2Ry + Ry + Ry 2 = 0.0417 +2(0.0016) +0.1923+ 0.0167
=0.2539 °C/W
The steady rate of heat transfer through window
glass then becomes
. T, -T —(-95)P

Row  0.2539°C/W

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

Q _ Tool _Tl

Rconv,l

— T, =T, —~QRggny1 = 24°C— (114 W)(0.0417°C/W) = 19.2°C

Ro
W T
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10-35 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:
R, =— - ! — =0.003571°C/W
hiA  (7W/m?.°C)(10x4 m?) L

_Lyar _R-value 2.31m?.-°C/W
kA A (10x4m?)
1 1

h,A (18 W/m?.°C)(10x4m?)
Riotal = Ri + Ryail + Ry = 0.003571+0.05775+0.001389 = 0.06271°C/W

Wall

R =0.05775°C/W

v
QO.

=0.001389°C/W

Ta—Teo _ (24—80)C oms W
Row  0.06271°C/W R R R,

Wall with single pane windows: ‘/VWWW"WVWV\&_/VWVW\F

1 _— = 0.001786°C/W
hA~ (7Wim? -°C)(20x4m?)

L _ . 2.0 R
R, = wan _R-value  231m°-°C/W  _ 4 ja5595 00y Y

wall = A A (20x4)-5(2x1.8)m’

L
R Lges 0.005m — 0.002968 °C/W

9T KA (0.78W/M2-°C)(L.2x1.8)m?
1 1 1 1 1

= 5 = +5 -
R Rgss  0.033382  0.002968

Then Q=

Ry, = 0.000583 °C/W

eqv

R

wall

1 1
R, = = 2 2
hyA (18 W/mZ.°C)(20x4m?)
Ruat = R + Requ + Ry = 0.001786 +0.000583 + 0.000694 = 0.003063 °C/W

eqv

= 0.000694 °C/W

Then
Ta-T.  (24-8)°C

_ =5224W
Rgw  0.003063°C/W

Q=
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4th wall with double pane windows:

Rglass Rair Rglass

3 Ry
L - 31m?.°
Ry = vt - Rovalte _ 23Im SO _ g ggg355ecw
kA A (20x 4) -5(1.2x1.8)m
Ly 0.005m .
Rojass =— = > - =0.002968°C/W
kKA (0.78W/m?-°C)(1.2x1.8)m
Lai .
= - 0015m — 0.267094°C/W

Rair A 20 2
KA (0.026 W/m2.°C)(1.2x1.8)m

Ruindow = 2Rgass + Rair = 2x0.002968 +0.267094 = 0.27303 °C/W
1t s 1t 1 g5 1 Reqv = 0.020717 °C/W
Rev  Rual  Ruindow 0.033382  0.27303

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

Toa-T.,  (24-8)°C

= =690 W
Rgw  0.023197°C/W

Then Q=

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 = Quae At = (4.534 KW)(7 x30x 24 h) = 22,851kWh
Money savings = (Energy saved)(Unit cost of energy) = (22,851 kWh)($0.08/kwh) = $1828
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10-49 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?*°C.

Analysis The thermal resistances of different

’ 5 Copper
layers for unit surface area of 1 m* are plate
Epox Epox
Reontact = L = 1- N 0.00017 °C/W Poxy | POXy
h.A. (6000 W/m? -°C)(1m*) i
A 0.001m = 26x107° “C/W
KA (386 W/m-°C)(1m*)
L 0.005m -Q
R =— = =0.01923°C/W
P KA (0.26 W/m-°C)(1m?) Smm| | 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 Repoxy Rplate Repoxy T
T 2
2R - AWM~
%Error = Seonact g0 - 2X0.00017 165 4 ggos
Riotal 0.03880
Rcontact Rcontact

which is negligible.
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10-54 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

R;
Ri Rl RZ R4 RG R7
T1 — NN\ NV —ANN — Rs [ VV\—" VN — T2

Ry = Rogpyy = —— = _— — =0.303°C/W
T A (10 W/m?.°C)(0.33x1m?)
Ri = Rtoam :L = 0.02m o= 2.33°C/W
kA (0.026 W/m-°C)(0.33x1m?)
L 0.02m
Ry =Rg =Rpjagter =—— = ——=0275°C/W
side kA (0.22 W/m-°C)(0.33x1m?)
Ry = Rs = R pager = = 0.18m ——=54.55°C/W
center  NoA  (0.22 W/m-°C)(0.015x1m?)
Ry =Ry = — = 0.18m ——=0.833°C/W
KA (0.72 W/m-°C)(0.30x1m*)
Ro = Reonv 2 = ! ! —=0.152°C/W
“ hyA (20 W/m-°C)(0.33x1m?)
1 1 1 1 1 1 1 VR, = 0.81°CIW

— = + +
Ryg Rs R, Ry 5455 0.833 5455

Rew = Ri + Ry +2R, + Ry + R, =0.303+2.33+2(0.275) +0.81+0.152 = 4.145 °C/W

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

a-Tao _[(22-(4)C
4.145°C/W

=6.27W

. T
Q=

Rtotal
Then steady rate of heat transfer through the entire wall becomes

(4x6)m?

033m? 456w

Quotal = (627 W)
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10-59 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, ke = 20, kp = 15, kg = 35 W/m-°C.
Analysis (3) The representative surface area is A=0.12x1=0.12m?. The thermal resistance network and
the individual thermal resistances are

R,
Ry = Rs Ry
3
T —AAA— N A
Rs Re

0.01m

R, =R, :[_j - —=0.04°C/W
kA),  (2Wim-°C)(0.12m?)

R, =R, =Rc =(LJ - 0.05m —=006°C/W

KAJc (20 W/m-°C)(0.04 m?)

Rs = Rg :(Lj - 0OM_____g16ecw
kAJg (8 W/m-°C)(0.04m*)

Ry =Ry {LJ - L — Y
kKA)p  (15W/m-°C)(0.06 m?)

Ry =Re _(Lj . 0Im 05 °cw
kAJg  (35W/m-°C)(0.06 m*)

R, =Re :(Lj _ 0.06m ~0.25°C/W
kAJe  (2W/m-°C)(0.12m?)

1 1 1 1 1 1 1
=4+ —+—= + +
Rmazs R, Ry R, 006 016 0.06
1 1 1 1 1

+

> Rpyig 1 = 0.025°C/W

Rinig 2 = 0.034°C/W

Rmas Rs Rs 011 005

Reol =Ry + Riig1 + Ruig 2 + Ry =0.04 + 0,025+ 0.034 + 0.25 = 0.349 °C/W

o_Taa~Te _(300-200yC
Rom  0.349°C/W

Then steady rate of heat transfer through entire wall becomes
(5m)@8m)
——==

=572 W (fora0.12 m x1m section)

Qtotal =(572W) 1.91x10° W

0.12m
(b) The total thermal resistance between left surface and the point where the sections B, D, and E meet is
Riotal = Ry + Rpyig 1 =0.04 +0.025=0.065°C/W
Then the temperature at the point where the sections B, D, and E meet becomes
o T,-T

— T =T, ~QRyye =300°C — (572 W)(0.065 °C/W) = 263°C
total

(c) The temperature drop across the section F can be determined from

o ﬁ_T > AT = QR = (572 W)(0.25°C/W) = 143°C

F
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10-69 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.
Analysis The rate of heat transfer without the insulation is

Qi = Mc , AT = (0.98 kg/s)(4180 J/kg - °C)(8- 7)°C = 4096 W

Insulation

The total resistance in this case is
T -T

Qo = —=—Y Water
Rtotal
—75)° L
4096 W = (30-7.9°C Riotal = 0.005493°C/W
Riotal R]_ Ro I:zins
The convection resistance on the outer surface is Toct —’WW\N\/—’WWW\/—’WW\N\/— T2
1 1

.= - . = 0.004716 °C/W
hoA, (9 W/m?-°C)7(0.05m)(150 m)

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; = Ryt — R, =0.005493-0.004716 = 0.0007769 °C/W
The rate of heat transfer with the insulation is

Qnew =mc,AT = (0.98 kg/s)(4180 J/kg - °C)(0.25°C) =1024 W
The total thermal resistance with the insulation is
:Tw -T, 1024W:[30—(7+7.25)/2)]C

Rtotal,new Rtotal,new

Qnew Riotat new = 0.02234°C/W
It is expressed by
L1 In(D, / D;)
ho Ao 271kins L
1 . In(D, /0.05)
(9 W/m? .°C)7D, (150 m)  27(0.05 W/m-°C)(150 m)

Rtotal,new =R, + Ro,new +Rjns =Ry

0.02234°C/W = 0.0007769 +

Solving this equation by trial-error or by using an equation solver such as EES, we obtain
D, =0.1265m

Then the required thickness of the insulation becomes
tis =(D, —D;)/2=(0.05-0.1265)/2=0.0382m =3.8cm

PROPRIETARY MATERIAL. © 2008 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.




10-46

10-71 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
atmis h; =333.7 ki/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,% = z(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

hrad = go'(rZz +Tsurrz)(rz +Tsurr)
=1(5.67x10"8 W/im? - K*")[(273+5K)? + (273 + 25 K) 2](273+ 25 K)(273+5 K)]

=5.424 W/m? K
The individual thermal resistances are Riag
Ri T Rl
Ro
1 1 .
Reonvi === > = 0.000062 °C/W
hiA (80 W/m?.°C)(201.06 m?)
Ry = Rpnere = f2=h _ (4.015-4.0)m =0.000005 °C/W
4zkrir,  4z(15W/m-°C)(4.015m)(4.0 m)
Reonvo = ! = 5 1 5 =0.000494 °C/W
" heA (10 W/m?2.°C)(202.57 m?)
Riag = 1 . 1 —=0.000910 °C/W
hrad A (5.424 W/m? -°C)(202.57 m?)
! = ! + ! = ! + ! Reqv =0.000320°C/W
Rev  Reonvo Rrag  0.000494 ~ 0.000910
Riotal = Reonyi + Ry + Reqy = 0.000062 +0.000005 +0.000320 = 0.000387 °C/W

Then the steady rate of heat transfer to the iced water becomes
o T T -0)°
Q — ool 02 — (25 O) C — 64,600 W
Riotal 0.000387 °C/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 ki/s)(24 x 3600 s) = 5.581x10° kJ

6
mo = Q _SSBLXOT Koo o
hy  333.7kkg

Check: The outer surface temperature of the tank is
Q =Neonvirad Ao Ty = Ts)
Q _o50C 64,6;)0 w -
Neonv-srad Ao (10 +5.424 W/m? -°C)(202.57 m?)

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.

4.3°C

->T, =T, -
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10-92 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 Roplastic Reonv
The total thermal resistance is Ty NN Toz
conv = L = 7 ! =0.3158°C/W
heA, (24 W/m?2.°C)[z(0.0042 m)(10 m)]
n(ry /) In(2.1/1.1) — 0.0686 °C/\W

plastic — 27kL - 27(0.15W/m.°C)(10 m)
Riotal = Reonv + Rplastic =0.3158+0.0686 = 0.3844 °C/W

Then the interface temperature becomes

T =T .
Q= % ——T, =T, + QR = 30°C + (104 W)(0.3844 °C/W) = 70.0°C
total
The critical radius of plastic insulation is
L M —0.00625 m = 6.25 mm
h  24W/m?2.°C

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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10-126 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 = 7D;L = 7(0.092 m)(6 m) =1.73m? Ri Reond R

(]
o= 0ol =0 AmIEm) =188 T AN T
T2

1 1 Ta
Ri=—"7= > —=0.0032°C/W
hi Al (180 W/m?.°C)(1.73m?)
| .
ong = f2 /1) In(5/4.6) = 0.00004 °C/W
27kL  27(52 W/m.°C)(6 m)
L : =0.0213°C/W

° hyA,  (25W/m?2.°C)(1.88m?)
Rigtal = Ri +Regng + Ry = 0.0032+0.00004 + 0.0213 = 0.0245 °C/W

The rate of heat transfer and average outer surface temperature of the pipe are

. T, -T ~12)°
QT Tz _ (200-12)°C _ -con\y
Riotal 0.0245°C
. T.-T .
Q=—2—*%__ T,=T,,+QR, =12°C+ (7673 W)(0.0213°C/W) = 175.4°C

(]

(b) The fin efficiency can be determined from (Fig. 10-43)
r, +£ O.1+—O'02
2 _ 2 _22
rn 0.05

1/2
20
g2l N :(L+£j,/£:(0.05m+0'02 mj SWIM"C 99
kA, 2 )V kt 2 (52 W/m®°C)(0.02 m)

Ay = 270(r,° —1,2) + 2715t = 272[(0.1m)? — (0.05 m) 2]+ 272(0.1m)(0.02 m) = 0.0597 m?

77ﬁn = 088

The heat transfer rate from the flanges is
innned = Min inn,max = fin "Asin (To = To0)
=0.88(25 W/m?.°C)(0.0597 m?)(175.4-12)°C = 215 W

(c) A 6-m long section of the steam pipe is losing heat at a rate of 7673 W or 7673/6 = 1279 W per m
length. Then for heat transfer purposes the flange section is equivalent to

Equivalent length = _215W =0.168m=16.8cm
1279 W/m

Therefore, the flange acts like a fin and increases the heat transfer by 16.8/2 = 8.4 times.
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10-143 A cylindrical tank filled with liquid propane at 1 atm is exposed to convection and radiation. The
time it will take for the propane to evaporate completely as a result of the heat gain from the surroundings
for the cases of no insulation and 5-cm thick glass wool insulation are to be determined.

Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 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 propane inside, and thus thermal resistance of the
tank and the internal convection resistance are negligible.

Properties The heat of vaporization and density of liquid propane at 1 atm are given to be 425 kJ/kg and
581 kg/m®, respectively. The thermal conductivity of glass wool insulation is given to be k = 0.038
W/m-°C.

Analysis (a) If the tank is not insulated, the heat transfer rate is determined to be

Ak = DL +27(7D% 1 4) = z(1.2m)(6 m) + 27(1.2m)? / 4 = 24.88 m?
Q=hAy (T.; —T..,) = (25 W/m? °C)(24.88 m?)[30 — (—42)]°C = 44,787 W
The volume of the tank and the mass of the propane are

V=m?L=7(0.6m)?®6m)=6.786m> PO
m = pV = (581kg/m?*)(6.786 m®) = 3942.6 kg ank, -42°C
The rate of vaporization of propane is
Q =rh g > M= hi = %z/kkjls =0.1054 kg/s Rins. ends
fg g Rconv. ¢}
Then the time period for the propane tank to empty becomes Ts To
m  3942.6kg

=—=———"—=37,4135=10.4 hours
m 0.1054 kg/S Réins. sides

(b) We now repeat calculations for the case of insulated tank with 5-cm thick insulation.
A, = DL+ 27(2D? 1 4) = z(1.3m)(6 m) + 27(1.3m)? / 4 = 27.16 m?
1 1

- - =0.001473°C/W
MO hy Ay (25 WIm2.°C)(27.16 m?)
R In(r, /1y) _ In(65/60) — 0.05587 °C/W
nsulationside o L 27(0.038 W/m.°C)(6m)
R P 2x0.05m = 2.1444°CIW

insulation,ends

kAayg B (0.038 W/m.°C)[z(1.25m)? / 4]

Noting that the insulation on the side surface and the end surfaces are in parallel, the equivalent resistance
for the insulation is determined to be

-1 1
Rinsulation = S =( : ——+ 10 ) = 0.05445°C/W
Rinsulation,side Rinsulation,ends 0.05587°C/W  2.1444°C/W

Then the total thermal resistance and the heat transfer rate become
Riotal = Reonvo + Rinsutation = 0-001473+0.05445 = 0.05592 °C/W
9= T, -T, _ [30-(—42)]°C
Riotal 0.05592 °C/W
Then the time period for the propane tank to empty becomes
Q 1.288Kkl/s

) = tith g, —> =2 = Z298KIS _ 4 553031 kgls
Q= = hy  425Kikg J

3942.6 kg
0.003031kg/s

=1288 W

=" —1.301x10° s = 361.4 hours = 15.1 days
m
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10-157 A wall constructed of three layers is considered. The rate of hat transfer through the wall and
temperature drops across the plaster, brick, covering, and surface-ambient air 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.

Properties The thermal conductivities of the plaster, brick, and covering are given to be k =0.72 W/m-°C,
k =0.36 W/m-°C, k = 1.40 W/m-°C, respectively.
Analysis The surface area of the wall and the individual resistances are

A=(6m)x(2.8m)=16.8m?
L .
Ry = Rojager = —= = 0.01m = 0.00165°C/W
kiA  (0.36 W/m.°C)(16.8 m?)
L .
Ry = Ryyiek = 2 = 0.20m N 0.01653°C/W
kA (0.72 W/m.°C)(16.8 m?)
L .
Ry = Rcovering == 0.02m N 0.00085°C/W
ksA  (1.4W/m.°C)(16.8m*?)

1 1
R =R, =t _ — 0.00350°C/W
©T ™2 T h, AT (17 Wim2.°C)(16.8m?) —_
1 FVWWV T2

Riott =Ri +Ry + Rz + Rconv,z
=0.00165+0.01653+0.00085 + 0.00350 = 0.02253 °C/W
The steady rate of heat transfer through the wall then becomes
. T, -T, 23-8)°C
6 Ti-Tez _(23-9)

= = 665.8W
Regw  0.02253°C/W

The temperature drops are
AT piaster = QR pjaster = (665.8 W)(0.00165°C/W) =1.1°C
ATprick = QRyprick = (665.8 W)(0.01653°C/W) =11.0°C
AT covering = QReovering = (665.8 W)(0.00085°C/W) = 0.6 °C
AT ony = QReony = (665.8 W)(0.00350°C/W) = 2.3°C
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10-162 A 6-m-diameter spherical tank filled with liquefied natural gas (LNG) at -160°C is exposed to
ambient air. The time for the LNG temperature to rise to -150°C is to be determined.

Assumptions 1 Heat transfer can be considered to be steady since the specified thermal conditions at the
boundaries do not change with time significantly. 2 Heat transfer is one-dimensional since there is thermal
symmetry about the midpoint. 3 Radiation is accounted for in the combined heat transfer coefficient. 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 LNG inside, and thus thermal
resistance of the tank and the internal convection resistance are negligible.

Properties The density and specific heat of LNG are given to be 425 kg/m? and 3.475 kJ/kg-°C,
respectively. The thermal conductivity of super insulation is given to be k = 0.00008 W/m-°C.

Analysis The inner and outer surface areas of the insulated tank and the volume of the LNG are

A =7D,% = z(4m)? =50.27 m?
A, = D,% = 7(4.10m)? =52.81m?
To2 LNG tank

V, =aD,* 16 =r(4m)®/6=3351m> T AN~ -160°C

The rate of heat transfer to the LNG is

Rinsulation Ro

R -2 (2.05-2.0)m ~12.13071°C/W
nsultion = Azkr,r,  47(0.00008 W/m.°C)(2.0 m)(2.05 m)
1 1

=0.00086 °C/W

°hyA  (22W/m?.°C)(52.81m?)

Retal = Ry + Rinsuiarion = 0:00086 +12.13071 = 12.13157 °C/W

Q= T2 =Ting _ [24-(-155)]°C _
Row  12.13157°C/W

We used average LNG temperature in heat transfer rate calculation. The amount of heat transfer to increase
the LNG temperature from -160°C to -150°C is

m = p¥; = (425 kg/m®)(33.51m®) =14,242 kg
Q =mc,AT = (14,242 kg)(3.475 ki/kg.°C)[(~150) — (~160)°C] = 4.95x10° kJ

Assuming that heat will be lost from the LNG at an average rate of 15.17 W, the time period for the LNG
temperature to rise to -150°C becomes

~Q_4.95x10° kJ

Q 0.01475 kW

14.75W

=3.355x10" s = 9320 h = 388 days
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11-14 The temperature of a gas stream is to be measured by a thermocouple. The time it takes to register 99

percent of the initial AT is to be determined.

Assumptions 1 The junction is spherical in shape with a diameter of D = 0.0012 m. 2 The thermal
properties of the junction are constant. 3 The heat transfer coefficient is constant and uniform over the
entire surface. 4 Radiation effects are negligible. 5 The Biot number is Bi < 0.1 so that the lumped system

analysis is applicable (this assumption will be verified).

Properties The properties of the junction are given to be k =35 W/m.°C, p =8500 kg/m?, and
c, =320J/kg.°C.

Analysis The characteristic length of the junction and the Biot number are

vV _D’/6 D _0.0012m

L, = —=— =0.0002 m
Asurface 7D 6
hL 2.2C)(0.
Bi = e _ QO W/m”."O)(0.0002m) _ 305101
k (35 W/m.°C)
Since Bi <0.1, the lumped system analysis is applicable. Gas —>
Then the time period for the thermocouple to read 99% of the h, T, > U Junction
initial temperature difference is determined from — D
T(®
TM)-T,
TO-T, =0.01
T, -T,
20
b hA _ h _ 390W/m .°C 016545
eV el (8500 kg/m” ) (320 J/kg.°C)(0.0002 m)
—TT(t)_TT‘” —e ™ 5001=e" "1 ___,1=278s
i~ o

PROPRIETARY MATERIAL. © 2008 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.



11-17 Milk in a thin-walled glass container is to be warmed up by placing it into a large pan filled with hot
water. The warming time of the milk is to be determined.

Assumptions 1 The glass container is cylindrical in shape with a

radius of Iy = 3 cm. 2 The thermal properties of the milk are taken P Water
to be the same as those of water. 3 Thermal properties of the milk ~—1. 60°C
are constant at room temperature. 4 The heat transfer coefficient is
constant and uniform over the entire surface. 5 The Biot number in
this case is large (much larger than 0.1). However, the lumped Milk
system analysis is still applicable since the milk is stirred 3°C
constantly, so that its temperature remains uniform at all times.

Properties The thermal conductivity, density, and specific heat of
the milk at 20°C are k = 0.598 W/m.°C, p = 998 kg/m’, and Cp=
4.182 kJ/kg.°C (Table A-15).

Analysis The characteristic length and Biot number for the glass of milk are

2 2
g L . .07 m
L, _vV_ 0 _ 7(0.03m)~ (0.07 m) — 0.01050m

A 2ar,L+2ar2  22(0.03m)(0.07 m)+27(0.03 m)>

_hL, (120 W/m?>.°C)(0.0105 m)
k (0.598 W/m.°C)

Bi =2.107>0.1

For the reason explained above we can use the lumped system analysis to determine how long it will take
for the milk to warm up to 38°C:

ChA, h 120 W/m*.°C
eV peyle (998 ke/m? ) (4182 J/kg.°C)(0.0105 m)
TO-T, bt 38-60 _ o—(0.0027385°)t

T,-T, 3-60

b =0.002738s™

——>1t=3485=5.8min

Therefore, it will take about 6 minutes to warm the milk from 3 to 38°C.
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11-36 Tomatoes are placed into cold water to cool them. The heat transfer coefficient and the amount of
heat transfer are to be determined.

Assumptions 1 The tomatoes are spherical in shape. 2 Heat conduction in the tomatoes is one-dimensional
because of symmetry about the midpoint. 3 The thermal properties of the tomatoes are constant. 4 The heat
transfer coefficient is constant and uniform over the entire surface. 5 The Fourier number is T > 0.2 so that
the one-term approximate solutions (or the transient temperature charts) are applicable (this assumption
will be verified).

Properties The properties of the tomatoes are given to be k = 0.59 W/m.°C, a. = 0.141x10° m?/s, p = 999
kg/m’ and ¢, = 3.99 kJ/kg.°C.

Analysis The Fourier number is
ot (0.141x10™° m*/5)(2x3600s)
r} (0.04 m)?>

=0.635

which is greater than 0.2. Therefore one-term solution is
applicable. The ratio of the dimensionless temperatures at
the surface and center of the tomatoes are

TS _Too A e—/ilzr Sin(ﬂl)
O T,-T,, To-T, A sin(y)
Oosph - To— T Tp-T, Ale—ﬂlzr A4
T, -T,
Substituting,
A= in(A
717 _ sin(h) A, =3.0401
From Table 11-2, the corresponding Biot number and the heat transfer coefficient are
Bi=31.1
hr, i . L0 1.1
Bic o p KBI_(09Wm CYSLY _yeq\pym2 oc
k ro (0.04 m)

The maximum amount of heat transfer is

m=8pV =8pmD> /6 =8(999 kg/m*)[7(0.08 m)* / 6]=2.143 kg
Quax =MC,[T; =T, 1= (2.143kg)(3.99 k)/kg.°C)(30 - 7)°C = 196.6 kJ
Then the actual amount of heat transfer becomes
[ Q ] . _3(T0 -T, J sindy 4, c0s Ay _ _{10-7) sin(3.0401) — (3.0401) cos(3.0401)
Quax eyt Ti-T, A7 30-7 (3.0401)°

Q=0.9565Q,,,,
Q =0.9565(196.6 kJ) = 188 kJ

=0.9565
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11-41 A long cylindrical shaft at 400°C is allowed to cool slowly. The center temperature and the heat
transfer per unit length of the cylinder are to be determined.

Assumptions 1 Heat conduction in the shaft is one-dimensional since it is long and it has thermal symmetry
about the center line. 2 The thermal properties of the shaft are constant. 3 The heat transfer coefficient is
constant and uniform over the entire surface. 4 The Fourier number is T > 0.2 so that the one-term
approximate solutions (or the transient temperature charts) are applicable (this assumption will be verified).

Properties The properties of stainless steel 304 at room temperature are given to be k= 14.9 W/m.°C, p =
7900 kg/m’, ¢, = 477 J/kg.°C, o = 3.95x10° m’/s

Analysis First the Biot number is calculated to be

hr, 2.20)(0. i
i Mo _ (60 W/m~.°C)(0.175m) 0705 Air .
k (14.9 W/m.°C) T, =150°C
The constants A, and A, corresponding to this A
Biot number are, from Table 11-2, Steel shaft
T; =400°C

A, =1.0904 and A, =1.1548

. . A——
The Fourier number is

ot (3.95x107° m*/5)(20x60s)

=0.1548
L2 (0.175m)?

which is very close to the value of 0.2. Therefore, the one-term approximate solution (or the transient
temperature charts) can still be used, with the understanding that the error involved will be a little more
than 2 percent. Then the temperature at the center of the shaft becomes

T,-T
0.0yl — TO TW — Ale—/'leT :(1.1548)e—(1.0904)2(0.1548) =0.9607
i o
T, ~150

——=0.9607——>T, =390°C
400-150

The maximum heat can be transferred from the cylinder per meter of its length is
m = pV = pard L = (7900 kg/m*)[z(0.175 m)? (1 m)] = 760.1 kg
Qmax =M, [T, —Ti]1=(760.1kg)(0.477 kJ/kg.°C)(400—150)°C = 90,640 kJ

Once the constant J;=0.4679 is determined from Table 11-3 corresponding to the constant 4, =1.0904,
the actual heat transfer becomes

T -T -
{ Q J =1_2(ujal(/11)=1_2(390 150)0.4679:0'1761
cyl

T,-T, ) A 400150 1.0904
Q =0.1761(90,640 kJ) = 15,960 kJ

max
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11-46 A rib is roasted in an oven. The heat transfer coefficient at the surface of the rib, the temperature of the outer
surface of the rib and the amount of heat transfer when it is rare done are to be determined. The time it will take to
roast this rib to medium level is also to be determined.

Assumptions 1 The rib is a homogeneous spherical object. 2 Heat conduction in the rib is one-dimensional because of
symmetry about the midpoint. 3 The thermal properties of the rib are constant. 4 The heat transfer coefficient is
constant and uniform over the entire surface. 5 The Fourier number is T > 0.2 so that the one-term approximate
solutions (or the transient temperature charts) are applicable (this assumption will be verified).

Properties The properties of the rib are given to be k = 0.45 W/m.°C, p = 1200 kg/m’, C,=4.1kJ/kg°C,and a =
0.91x107 m%s.

Analysis (a) The radius of the roast is determined to be

m:p(/—>(/=m=ﬂ:0.002667m3

1200 kg/m*

P
( / 002 :
V:img__)ro :3£:3M:0,08603m
3 4z 4r

The Fourier number is
_ ot (0.91x107 m®/s)(2x 3600 +45x 60)s

2 (0.08603 m)>

which is somewhat below the value of 0.2. Therefore, the one-term approximate solution (or the transient temperature
charts) can still be used, with the understanding that the error involved will be a little more than 2 percent. Then the
one-term solution can be written in the form

T, T _ -1

0T _pehT 60-163

T, -T, 4.5-163

It is determined from Table 11-2 by trial and error that this equation is satisfied when Bi = 30, which corresponds to

A; =3.0372 and A; =1.9898 . Then the heat transfer coefficient can be determined from

_hr  _KBi _ (045 W/m2C)(30)
k r, (0.08603 m)

This value seems to be larger than expected for problems of this kind. This is probably due to the Fourier number being
less than 0.2.
(b) The temperature at the surface of the rib is

Oven
=0.1217 163°C

2
Oo.spn = =0.65= Ae A (1217

Bi =156.9 W/m?.°C

01 1) g = T(r,H-T, _ Ale_’ilzr sin(4f, /) _ (1.9898)e (303727 (0.1217) sin(3.0372 rad)
Ti _'|'OO /11 r, /r0 3.0372
T(r, t)-163
T, H-163 =0.0222 ——T(r,,t) =159.5°C
4.5-163

(c) The maximum possible heat transfer is
Qumax =MC D (T, =T;)=(3.2kg)(4.1kJ/kg.°C)(163 -4.5)°C = 2080 kJ
Then the actual amount of heat transfer becomes
in(4,)—A4 A in(3.0372)—(3.0372 .0372
Q =30, o sin(4,) 31 cos(4;) _1-3(0.65) sin(3.0372)—(3.037 3)cos(3 0372)
Qmax ’ A (3.0372)
Q=0.783Q,,,x =(0.783)(2080kJ) =1629kJ
(d) The cooking time for medium-done rib is determined to be
To—-T, :Ale_ilzr 71-163
T, -T, 4.5-163
ay  (0.1336)(0.08603m)’
a (0.91x107" m?/s)

This result is close to the listed value of 3 hours and 20 minutes. The difference between the two results is due to the
Fourier number being less than 0.2 and thus the error in the one-term approximation.

Discussion The temperature of the outer parts of the rib is greater than that of the inner parts of the rib after it is taken
out of the oven. Therefore, there will be a heat transfer from outer parts of the rib to the inner parts as a result of this
temperature difference. The recommendation is logical.

=0.783

Oo.son = = (1.9898)e GO7'T 57~ 0.1336

t= =10,866s =181 min = 3hr
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11-97 CD EES The trunks of some dry oak trees are exposed to hot gases. The time for the ignition of the
trunks is to be determined.

Assumptions 1 Heat conduction in the trunks is one-dimensional since it is long and it has thermal
symmetry about the center line. 2 The thermal properties of the trunks are constant. 3 The heat transfer
coefficient is constant and uniform over the entire surface. 4 The Fourier number is T > 0.2 so that the one-
term approximate solutions (or the transient temperature charts) are applicable (this assumption will be
verified).

Properties The properties of the trunks are given to be k =0.17 W/m.°C and o = 1.28x10” m?/s.

Analysis We treat the trunks of the trees as an infinite

cylinder since heat transfer is primarily in the radial Tree
direction. Then the Biot number becomes Hot T, =30°C
hr 20 . gases
Bi=—°:(65W/m C)(Olm)zs&24 T S s0ec
k (0.17 W/m.°C) * D=02m

The constants A, and A, corresponding to this Biot
number are, from Table 11-2,

A, =2.3420 and A, =1.5989
The Fourier number is >

-7 2
:%: (1.28x107" m /s)(42h><36005/h) 0184
r, (0.1m)

which is slightly below 0.2 but close to it. Therefore, assuming the one-term approximate solution for
transient heat conduction to be applicable, the temperature at the surface of the trees in 4 h becomes

T(ry,t)-T,, PN
Ol Doyt =—————= A " Iy (A1/1o)
i~ o
T(r,,t)—520
(3(2): )520 :(1.5989)e*(243420)2(0.184)(0.0332):0.01935—)T(r0’t):51loc > 410°C

Therefore, the trees will ignite. (Note: J, is read from Table 11-3).
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11-104 Internal combustion engine valves are quenched in a large oil bath. The time it takes for the valve
temperature to drop to specified temperatures and the maximum heat transfer are to be determined.

Assumptions 1 The thermal properties of the valves are constant. 2 The heat transfer coefficient is constant
and uniform over the entire surface. 3 Depending on the size of the oil bath, the oil bath temperature will
increase during quenching. However, an average canstant temperature as specified in the problem will be
used. 4 The Biot number is Bi < 0.1 so that the lumped system analysis is applicable (this assumption will
be verified).

Properties The thermal conductivity, density, and
specific heat of the balls are given to be k = 48 =
W/m.°C, p= 7840 kg/m’, and Cp =440 J/kg.°C.

Analysis (a) The characteristic length of the
balls and the Biot number are

. _ ¥V 18(zDL/4) 1.8D _1.8(0.008 m)
C A 27DL 8 8

hI_ 2 o .
hle _ (800 W/m®.°C)(0.0018m) _ o 0, — "
k 48 W/m.°C

Therefore, we can use lumped system analysis. Then the
time for a final valve temperature of 400°C becomes

b MA _8h 8(800 W/m*.°C)
e,V 1.8pc,D  1.8(7840 kg/m® )(440 J/kg.°C)(0.008 m)
T®)-T, _ ot 400-50 _ (012885
T,-T, 800-50

Oil Engine valve
T, =350°C T; = 800°C

=0.0018m

Bi =

=0.1288s™

——>t=5.9s

(b) The time for a final valve temperature of 200°C is
Tt)-T, _eht 200-50 _ o-(0.12885 )¢
T -T, 800-50

——>t=125s

(c) The time for a final valve temperature of 51°C is
TH-T 1- -
O-T, ot 51-50 o—(0.12885 )¢

T,-T, 80050

——1t=514s

(d) The maximum amount of heat transfer from a single valve is determined from

82D? 1.87(0. 2(0.1
m:pV:plgﬂf L=(7840kg/m3) 8;:(000821) (0.10 m)

Q=mc, [T —T,]=(0.0709 kg)(440 J/kg.°C)(800 — 50)°C = 23,400 J = 23.4kJ (per valve)

=0.0709 kg
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12-40 The top surface of a hot block is to be cooled by forced air. The rate of heat transfer is to be
determined for two cases.

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re, = 5x10°. 3
Radiation effects are negligible. 4 Air is an ideal gas with constant properties.
Properties The atmospheric pressure in atm is
Air
P =(83.4 kPa) __lam___ 5 8234m V=6m/s

101.325kPa T, =30°C T, =120°C
For an ideal gas, the thermal conductivity and the Prandtl /
number are independent of pressure, but the kinematic !
viscosity is inversely proportional to the pressure. With these

WL

considerations, the properties of air at 0.823 atm and at the film L
temperature of (120+30)/2=75°C are (Table A-22)
k =0.02917 W/m.°C
V =Vgiam ! Pam = (2.046x107° m?/s)/0.823 = 2.486x10° m?/s
Pr=0.7166
Analysis (a) If the air flows parallel to the 8 m side, the Reynolds number in this case becomes

VL (6 m/s)(8 m)
v 2486x107° m*-/s
which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow.
Using the proper relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate
are determined to be
_hL

Nu === (0.037Re *®—-871) Pri/® =[0.037(1.931x10°) %8 —871](0.7166)*/® = 2757

h:ENu
L

=1.931x10°

_ 002917 WIMC 5767y _10.05 Wim?.oC

A, =wL = (2.5m)(8m) = 20 m?
Q =hA (T, —T,) = (10.05 W/m?.°C)(20 m?)(120 — 30)°C = 18,100 W = 18.10 kW
(b) If the air flows parallel to the 2.5 m side, the Reynolds number is
Re, - __6 m/s)(2.55 mg — 6.034x10°
v 2.486x107> m*/s

which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow.
Using the proper relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate
are determined to be

Nu = hk—L =(0.037Re *®—-871) Pr'/® =[0.037(6.034x10°)%8 —871](0.7166)*'® = 615.1

hoX Ny = Q0L WIMEC 010 1y 7177 Wim?2.oC
L 25m

Q=hA, (T, —-T,) = (7.177 W/m?.°C)(20 m?)(120 — 30)°C = 12,920 W = 12.92 kW
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12-49 A car travels at a velocity of 80 km/h. The rate of heat transfer from the bottom surface of the hot
automotive engine block is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Re,, = 5x10°. 3 Air is
an ideal gas with constant properties. 4 The flow is turbulent over the entire surface because of the constant
agitation of the engine block.

Properties The properties of air at 1 atm and the film L=08m
temperature of (T + T,,)/2 = (100+20)/2 =60°C are (Table A-22)
k =0.02808 W/m.°C Engine block
v =1.896x10° m?/s N \
Pr=0.7202 2 Ir
o A : — < V=80km/h Ts=100°C
Analysis Air flows parallel to the 0.4 m side. The —> T =20°C £=0.95

Reynolds number in this case is
VL [(80x1000/3600) m/s](0.8 m)
v 1.896x107° m?/s

which is greater than the critical Reynolds number and thus the flow is laminar + turbulent. But the flow is
assumed to be turbulent over the entire surface because of the constant agitation of the engine block. Using
the proper relations, the Nusselt number, the heat transfer coefficient, and the heat transfer rate are
determined to be

Nu = % =0.037Re %8 Prt/® =0.037(9.376 x10°) %% (0.7202)'/® =1988

Re, =9.376x10°

k 0.02808 W/m.°C
L 0.8m

(1988) = 69.78 W/m?.°C
A, =wL = (0.8m)(0.4m) = 0.32m?
Qeonv = A (T, —T,) = (69.78 W/m? .°C)(0.32 m?)(100 — 20)°C = 1786 W
The radiation heat transfer from the same surface is
Qrag = A (T, ~Tyr®)
= (0.95)(0.32m?)(5.67x10® W/m?2.K*)[(100 + 273 K)* - (25 + 273 K)*1=198 W
Then the total rate of heat transfer from that surface becomes

Quotal = Qeony + Qrag = (1786 +198)W = 1984 W
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12-68 A steam pipe is exposed to windy air. The rate of heat loss from the steam is to be determined.V

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas
with constant properties.

Properties The properties of air at 1 atm and the film temperature of (T + T,,)/2 = (90+7)/2 = 48.5°C are
(Table A-22)

k =0.02724 W/m.°C <D
v =1.784x10° m?/s _ Pipe
Air D=8cm
Pr=0.7232 V =50 km/h T, =90°C
Analysis The Reynolds number is T,=7°C
Re = VD _ [(50 km/h)(1000 m/km)/5(36(2)0 s/h)](0.08 m) _ 6.228x10" —
v 1.784x107° m*</s —
The Nusselt number corresponding to this Reynolds number is i
4/5
hD 0.62Re®® pri/2 Re )*'°
Nu=—=0.3+ 11+
k b+ 04/ Pr)2/3]1 282,000
4/5 —
4405 13 4\°/8
_ 0.3, 062(6:228x10%)°°(0.7232)'"* | | (6.228x10 1501
b+ (0470723222 " 282,000
The heat transfer coefficient and the heat transfer rate become
ho K Ny = 802728 WIMC 109 1y 5417 Wim?.oC
D 0.08m

A, = DL = z(0.08 m)(1m) = 0.2513m?
Qeony = DA (T, —T,.) = (54.17 W/m? °C)(0.2513m?)(90 — 7)°C = 1130 W (per m length)
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12-70 A hot stainless steel ball is cooled by forced air. The average convection heat transfer coefficient and
the cooling time are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Radiation effects are negligible. 3 Air is an ideal gas
with constant properties. 4 The outer surface temperature of the ball is uniform at all times.

Properties The average surface temperature is (350+250)/2 = 300°C, and the properties of air at 1 atm
pressure and the free stream temperature of 30°C are (Table A-22)

k =0.02588 W/m.°C

v =1.608x10"° m?/s Air D=15cm
5 V =6m/s T, = 350°C
Moy =1.872x10" kg/mS -l-00 =30°C
Hs, g ao-c = 2-934x107° kg/m.s N
Pr=0.7282 —>
—

Analysis The Reynolds number is

VD (6 m/s)(0.15m)
v 1.608x107° m2/s
The Nusselt number corresponding to this Reynolds number is determined to be

=5597x10%

Re =

1/4
Nu = hTD =2+ [0.4Re%+0.06 Re2’3]Pr°'4[ﬂ—°°J

Hs

g\1/4
1.872x10 J 1456

=2+ [0.4(5.597><104)0'5 +0.06(5.597x10*)?/ 3](0.7282)0-4 -
2.934x10~

Heat transfer coefficient is
he L e 0.02588 W/m.°C
D 0.15m

The average rate of heat transfer can be determined from Newton's law of cooling by using average surface
temperature of the ball

A, = 2D? = 7(0.15m)? = 0.07069 m?
Qayg =NA (T, -T,.) = (25.12 W/m? °C)(0.07069 m?)(300— 30)°C = 479.5 W

(145.6) = 25.12 W/m?.°C

Assuming the ball temperature to be nearly uniform, the total heat transferred from the ball during the
cooling from 350°C to 250°C can be determined from

Quotar =MC (T —T5)

D3 7(0.15m)?

where m=pV = P (8055 kg/m?) =14.23kg

Therefore, Qg =mc, (T —T,) = (14.23 kg)(480 J/kg.°C)(350 — 250)°C = 683,250 J

Then the time of cooling becomes

Q 683250

=— = =14255=23.7 min
Qavg 479.5J/s

At
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12-87 A cylindrical electronic component mounted on a circuit board is cooled by air flowing across it.
The surface temperature of the component is to be determined.

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

Properties We assume the film temperature to be 50°C. The
properties of air at 1 atm and at this temperature are (Table A-22)

k =0.02735 W/m.°C

_ 5 2 Air
v =1.798x10" m*/s V = 240 m/min

Pr=0.7228 T, =35°C Q

Analysis The Reynolds number is —
VD  (240/60 m/s)(0.003 — Resistor
Re = YD _ (24000003 m) _ g5 — 0.4W

v 1.798x107° m“/s D=0.3cm
The proper relation for Nusselt number L=18cm
corresponding to this Reynolds number is

hD 0.62Re3 prl/3 re V']
Nu=—=0.3+— " 1+( J
[]-_,’_(0'4/'3',)2/3]1 282,000
05 1/3 5/874/°
03+ 0.62(667.4) (0.7228)/4 ( 667.4 j 1317
i+ 047072282} 282,000

The heat transfer coefficient is

h=X Ny = LO23SWIMC 5 19y 120 0 wim?.oC

D 0.003m

Then the surface temperature of the component becomes

A, = DL = 7(0.003m)(0.018 m) = 0.0001696 m?

Q=hA(T,-T,)—T, =T, + 2 _a5ecy 20'4W —=54.6°C

hA (120.0 W/m*.°C)(0.0001696 m“)

The film temperature is (54.6+35)/2=44.8°C, which is sufficiently close to the assumed value of 50°C.
Therefore, there is no need to repeat calculations.
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12-98 A spherical tank used to store iced water is subjected to winds. The rate of heat transfer to the iced
water and the amount of ice that melts during a 24-h period are to be determined.

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

Properties The properties of air at 1 atm pressure and the free stream temperature of 30°C are (Table A-22)
k = 0.02588 W/m.°C

v =1.608x10"° m?/s V =25 km/h
1., =1.872x107° kg/m.s T, =30°C
s, e =1.729x10°° kg/mss E
Pr=0.7282 —
Analysis (a) The Reynolds number is 3
Re_ VD _ [(25%1000/3600) m/s)(3.02 m) 1304105 g Q

v 1.608x10~° m?/s
The Nusselt number corresponding to this Reynolds number is determined from

1/4
Nu =" _2.,[0.4Re% + 0,06 Re2* Pro* [”—wJ
k Hs
1.872x10° )"
. X
= 2+[o.4(1.304x106)°-5 +0.06(1.304x106)2’3](0.7282)0-4 =2ET 1 =1056
1.729x107°
and  h=X y 2 20288WIMC ooy g 05 Wim?.oC

D 3.02m
The rate of heat transfer to the iced water is
Q=hA,(T, T, ) =h(zD?)(T, -T,) = (9.05 W/m? .°C)[z(3.02 m)?](30 - 0)°C = 7779 W
(b) The amount of heat transfer during a 24-hour period is
Q = QAt = (7.779 kJ/s)(24 x 3600 s) = 672,000 kJ
Then the amount of ice that melts during this period becomes

Q =mhy _%m:E:MZZOng
hy  333.7 kilkg
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13-39 The convection heat transfer coefficients for the flow of air and water are to be determined under
similar conditions.

Assumptions 1 Steady flow conditions exist. 2 The surface heat flux is uniform. 3 The inner surfaces of the
tube are smooth.

Properties The properties of air at 25°C are (Table A-22)
k =0.02551W/m.°C

v =1562x10"° m?/s Water
Pr=0.7296 or Air D=8cm
2 m/s

The properties of water at 25°C are (Table A-15)

p =997 kg/m? .
k =0.607 W/m.°C
v=ul p=0.891x10"2 /997 =8.937x10" m?/s
Pr=6.14
Analysis The Reynolds number is
VD  (2m/s)(0.08m)
v 1562x107° m2/s
which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; ~10D =10(0.08 m) =0.8m

Re = =10,243

which is much shorter than the total length of the tube. Therefore, we can assume fully developed turbulent
flow in the entire duct, and determine the Nusselt number from

Nu = hTD =0.023Re"® pro4 = 0.023(10,243)°% (0.7296) 4 = 32.76
Heat transfer coefficient is
he k NU = 0.02551 W/m.°C
D 0.08 m
Repeating calculations for water:
VD _ (2 m/s)(0.08 m)
v 8937x107" m?/s

Nu = hTD =0.023Re%® Pro4 =0.023(179,035)%8 (6.14)%* = 757.4

(32.76) =10.45 W/m 2 .°C

Re = =179,035

k 0.607 W/m.°C
h=— Ny =20 - %
D 0.08m

Discussion The heat transfer coefficient for water is 550 times that of air.

(757.4) =5747 W/m? .°C
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13-47 Air enters the constant spacing between the glass cover and the plate of a solar collector. The net rate
of heat transfer and the temperature rise of air are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the spacing are smooth. 3 Air is
an ideal gas with constant properties. 4 The local atmospheric pressure is 1 atm.

Properties The properties of air at 1 atm and estimated average temperature of 35°C are (Table A-22)

p=1.145kg/m®,  k =0.02625 W/m.°C
v =1.655x10"° m?/s, ¢, =1007 J/kg.°C, ~Pr=0.7268

Glass
Analysis Mass flow rate, cross sectional area, hydraulic diameter, cover
mean velocity of air and the Reynolds number are 20°C
m = pV = (1.145kg/m*)(0.15m?/s) = 0.1718 kg/s
A. =(1m)(0.03m) =0.03m?
4 . 2
(oA 4003MT) ) osgosm
P 2(1m+0.03m)
; 3 . 60°C
Vavg = v _olsmis le =5m/s A:r Collector plate
A 0.03m . 1530 3? _ (insulated)
V.. D 1o mi/min
Re - VagDn _ (5m/s)(0.05825m) _ 17,600

v 1.655x107° m?/s
which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L; ~10D;, =10(0.05825m) = 0.5825 m
which are much shorter than the total length of the collector. Therefore, we can assume fully developed
turbulent flow in the entire collector, and determine the Nusselt number from

Nu = Ph _ 0023 Re?® pro — 0.023(17,600)%8(0.7268)%* = 50.43
and  he— nyo Q02625WIMC o) oy 50 73Wim2 oC
Dy, 0.05825m
The exit temperature of air can be calculated using the “average” surface temperature as
A, =2(5m)(1m)=10m?, T avg :@:40%

22.73x10
0.1718x1007

hA
Te=Tsag ~(Tsavg —Ti) exp[— — J =40-(40-30) exp[— j =37.31°C
’ ‘ mc
p
The temperature rise of air is
AT =37.3°C-30°C=7.3°C
The logarithmic mean temperature difference and the heat loss from the glass are
T, -T, 37.31-30
AT =2 = =13.32°C
In.glass nTs~Te |n20-3731

T, -T, 20-30
Qgiass = NAAT}, = (22.73 W/m? °C)(5m*?)(13.32°C) = 1514 W

The logarithmic mean temperature difference and the heat gain of the absorber are
T, -T, 37.31-30
AT == =26.17°
In,absorber n Ts _Te n 60—37.31 6 C
T, T, 60-30
Qabsorber = NAAT,,, = (22.73W/m?.°C)(5m?)(26.17°C) = 2975 W
Then the net rate of heat transfer becomes

Qe =2975-1514 = 1461W
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13-59 The components of an electronic system located in a rectangular horizontal duct are cooled by forced
air. The exit temperature of the air and the highest component surface temperature are to be determined.

Assumptions 1 Steady flow conditions exist. 2 The inner surfaces of the duct are smooth. 3 The thermal
resistance of the duct is negligible. 4 Air is an ideal gas with constant properties. 5 The pressure of air is 1
atm.

Properties We assume the bulk mean temperature for air to be 35°C since the mean temperature of air at
the inlet will rise somewnhat as a result of heat gain through the duct whose surface is exposed to a constant
heat flux. The properties of air at 1 atm and this temperature are (Table A-22)

p=1.145kg/m® Air duct
k =0.02625 W/m.°C 16 cm x 16 cm
v =1.655x10° m?/s

¢, =1007 J/kg.°C

Pr =0.7268 Air Im
. . 27°C
Analysis (a) The mass flow rate of air and 0.65 m*/min

the exit temperature are determined from

m = pV = (1.145 kg/m*)(0.65 m*/min) = 0.7443kg/min = 0.0124 kg/s
Q=mc,(T,-T;) > T, =T, +_i= 27°C +
m
p
(b) The mean fluid velocity and hydraulic diameter are

L=V 08 MmN _ o 4 ruymin = 0.4232 mis
A, (016m)(0.16m)
o _ %A _4016m)0.16m)

" p 4(0.16 m)

(0.85)(180 W) _ag3c
(0.0124 kg/s)(1007 J/kg.°C)

=0.16m

Then

VagDn (04232 m/s)(0.16 m)
v 1.655x107° m?/s

which is not greater than 10,000 but the components will cause turbulence and thus we can assume fully
developed turbulent flow in the entire duct, and determine the Nusselt number from

hD
Nu = Th =0.023Re%® Pro4 =0.023(4091)°%(0.7268)** =15.69

Re = =4091

and

b Ky - 0:02625 W/m.C

(15.69) = 2.574 W/m?.°C
D, 0.16m

The highest component surface temperature will occur at the exit of the duct. Assuming uniform surface
heat flux, its value is determined from

Q/As = ha-s,highest _Te)

Q/A, (0.85)(180 W)/[4(0.16 m)(1m)]

T =T, +5 =39.2°C+ .
h 2,574 W/m?.°C

=132°C

s,highest
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14-18 Heat generated by the electrical resistance of a bare cable is dissipated to the surrounding air. The
surface temperature of the cable 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 The temperature of the surface of the cable is constant.

Properties We assume the surface temperature to be 100°C. Then the properties of air at 1 atm and the film
temperature of (7,+7,,)/2 = (100+20)/2 = 60°C are (Table A-22)

k =0.02808W/m.°C N Cable
Ir T,=?
V=1.896><10_5 mz/s Twzzooc / $
Pr= 0.17202 1 ( T ( )
B=— =0.003003K ™" =4 m

T, (60+273)K
Analysis The characteristic length in this case is the outer diameter of the pipe, L. = D =0.005 m. Then,

_gB(T,-T,)D* _  (9.81m/s%)(0.003003 K™)(100—20 K)(0.005 m)°

Ra Pr

(0.7202) = 590.2

v? (1.896x107° m?/s)?
2 2
1/6 1/6
Voo 0.387Ra _Joss 0.387(590.2) 5346
9/16 8/27 9/16 8 /27
[1+(0.559/Pr) ] 1+(0.559/0.7202)
h:%Nu =%(2.346):13.17 W/m?.°C
. m

A, = 2DL = 7£(0.005 m)(4 m) = 0.06283 m>
O=hd (T, ~T,)
(60 V)(1.5A) = (13.17 W/m? °C)(0.06283 m? )(T, —20)°C
T, =128.8°C
which is not close to the assumed value of 100°C. Repeating calculations for an assumed surface
temperature of 120°C, [T = (Ts+7..)/2 = (120+20)/2 = 70°C]
k =0.02881W/m.°C
v =1.995x10"" m?/s
Pr=0.7177

e

=——— =0.002915K"
T, (70+273)K

_gfT,-T, \D? pp_ 981 m/s%)(0.002915 K 1)(120 - 20 K)(0.005 m)*

Ra (0.7177) = 644.6

v? (1.995x107° m?/s)?
2
Nu) 064 0.387Ra'’® _Jogs 0.387(644.6)"° 5387
B 9/16 |8/27 R 9/16 |8/27 o

1+(0.559/Pr) 1+(0.559/0.7177)

h :%Nu - %(2.387) ~13.76 W/m2.°C

. m

(60 V)(1.54) = (13.76 W/m? .°C)(0.06283 m* )(T|, —20)°C
T, =124.1°C

which is sufficiently close to the assumed value of 120°C.
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14-24 A cylindrical resistance heater is placed horizontally in a fluid. The outer surface temperature of the
resistance wire is to be determined for two different fluids.
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 by radiation is ignored. 5 Properties are evaluated at
500°C for air and 40°C for water.
Properties The properties of air at 1 atm and 500°C are (Table A-22)

k =0.05572 W/m.°C

B 5 2 Resistance
v=7.804x10" m"/s Air heater, T
Pr = 0.6986, T,=20°C 300 W
perto L 0001204k ( D_05cm
T, (500+273)K
L=0.75m

The properties of water at 40°C are (Table A-15)
k=0.631W/m°C, v=u/p=06582x10"m?/s
Pr=432, B=0.000377K"

Analysis (a) The solution of this problem requires a trial-and-error approach since the determination of the
Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We
start the solution process by “guessing” the surface temperature to be 1200°C for the calculation of 7. 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 wire, L, = D =0.005m. Then,

_ 8B, -T,)D? pr o (9.81m/s?)(0.001294 K 1)(1200 - 20)°C(0.005 m)*

Ra (0.6986) = 214.7
v? (7.804x107° m?/s)?
2 2
1/6 1/6
Vo oss 0.387Ra _oss 0.387(214.7) 1919
9/16 3727 9/16 IB/27
[1+(0.559/Pr) ] [1+(0.559/O.6986) ]
p=K gy 2 QOBPT2WIMIC ) 416 51 38 Wim? oC

D 0.005 m
A, = 7DL = 7(0.005 m)(0.75 m) = 0.01178 m>

and
Q=hA, (T, -T,)— 300 W = (21.38 W/m?.°C)(0.01178 m*)(T, —20)°C — T, =1211°C

which is sufficiently close to the assumed value of 1200°C used in the evaluation of %, and thus it is not
necessary to repeat calculations.

(b) For the case of water, we “guess” the surface temperature to be 40°C. The characteristic length in this
case is the outer diameter of the wire, L, = D = 0.005m. Then,

_gpT,-T,)D’ pp_ (981 m/s%)(0.000377 K 1)(40 — 20 K)(0.005 m)*

Ra - —— (4.32) =92,197
v (0.6582x107" m~/s)
2
1/6 1/6
Ny =064 0.387Ra oy 0387(92197) 2986
9/16 /27 9/16 /27
[1+(0.559/Pr) ] [1+(0.559/4.32) ]
h=X = QE3IWIMC ¢ 526y — 1134 W/m?2 °C

D T 0.005m
and  Q=hA (T, -T,)—>300 W = (1134 W/m? °C)(0.01178 m? )(T, —20)°C —> T, = 42.5°C
which is sufficiently close to the assumed value of 40°C in the evaluation of the properties and /4. The film

temperature in this case is (75+7.,)/2 = (42.5+20)/2 =31.3°C, which is close to the value of 40°C used in the
evaluation of the properties.
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14-45 A cylindrical propane tank is exposed to calm ambient air. The propane is slowly vaporized due to a
crack developed at the top of the tank. The time it will take for the tank to empty 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 Radiation heat transfer Air
is negligible. T,=25°C
Properties The properties of air at 1 atm and the film T
temperature of (7,+7,)/2 = (-42+25)/2 = -8.5°C are
(Table A-22)
k = 0.02299 W/m.°C D15 P“’pa“eota“k
Ex
v =1.265x10" m?/s T, =-42°C
Pr=0.7383
p-L ! =0.003781K"! L=4m

T, (-85+273)K

Analysis The tank gains heat through its cylindrical surface as well as its circular end surfaces. For
convenience, we take the heat transfer coefficient at the end surfaces of the tank to be the same as that of its
side surface. (The alternative is to treat the end surfaces as a vertical plate, but this will double the amount
of calculations without providing much improvement in accuracy since the area of the end surfaces is much
smaller and it is circular in shape rather than being rectangular). The characteristic length in this case is the
outer diameter of the tank, L, = D =1.5m. Then,

_8f(T, T, )D? _ (9.81m/s?)(0.003781 K 1)[(25 - (—42) K](1.5m)>

Ra . Pr R (0.7383) =3.869x10'°

v (1.265x107° m?/s)

2

Nu—Jos 0.387Ra""° _los 0.387(3.869x10')"/¢ 34
HEPOT oneB/27 [ |7 * o270

1+(0.559/ Pr) 1+(0.559/0.7383)

022 °
h:%Nu:%(374.1):5.733\&7@2.00
Dom

A, = 2DL+27D* / 4= z(1.5m)(4 m)+272(1.5m)* / 4 = 22.38 m?
and

O =hA (T, —T,)=(5.733 W/m?*.°C)(22.38 m*)[(25 — (—42)]°C = 8598 W
The total mass and the rate of evaporation of propane are

2 2
7 1 (581kg/m®) LM 4y Z 4107 ke

m:p(/:p

O 8598k

== 222020 - 0.02023 ks
h, 425klkg

and it will take
Ao 4107kg
m  0.02023 kg/s

for the propane tank to empty.

=202,996 s = 56.4 hours
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14-82 An ice chest filled with ice at 0°C is exposed to ambient air. The time it will take for the ice in the
chest to melt completely is to be determined for natural and forced convection cases.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 Heat
transfer from the base of the ice chest is disregarded. 4 Radiation effects are negligible. 5 Heat transfer
coefficient is the same for all surfaces considered. 6 The local atmospheric pressure is 1 atm.

Properties The properties of air at 1 atm and the

anticipated film temperature of (73+7.,)/2 = Air, T,,=20°C
(15+20)/2 = 17.5°C are (Table A-22)
k =0.02495 W/m.°C Ice chest,
v =1493x10" m?/s 0°C
Pr=0.7316 i\? 30 cm
gt L 003442k 0
T, (17.5+273)K T3 om

Analysis The solution of this problem requires a trial-and-error approach since the determination of the

Rayleigh number and thus the Nusselt number depends on the surface temperature which is unknown. We

start the solution process by “guessing” the surface temperature to be 15°C for the evaluation of the

properties and . We will check the accuracy of this guess later and repeat the calculations if necessary. The

characteristic length for the side surfaces is the height of the chest, L. = L = 0.3 m Then,

_gBT, -T,)L’ pp_ (981 m/s?)(0.003442 K 1)(20-15K)(0.3 m)?
v? (1.493x107° m?/s)*

2 2

Ra (0.7316) =1.495x10’

0.387Ra'’® 0.387(1.495x107)"°

0.825+ =<0.825+ =35.15

h=—Nu=
L

8/27
{ (0.492J9“6}
1+
Pr

k 0.02495 W/m.°C

(35.15) =2.923 W/m>.°C

0.3m

The heat transfer coefficient at the top surface can be determined similarly. However, the top surface
constitutes only about one-fourth of the heat transfer area, and thus we can use the heat transfer coefficient
for the side surfaces for the top surface also for simplicity. The heat transfer surface area is

A = 4(0.3m)(0.4m)+ (0.4 m)(0.4m) = 0.64 m>

Then the rate of heat transfer becomes

8/27
0492 \''
0.7316

T,-T,,; T,-T,; —0)°
= - = = - (20-0)°C =1023W
Rwall + Rconv,o L + L 0.03m + 1
kA;  hA;  (0.033 W/m.°C)(0.64 m?)  (2.923 W/m?.°C)(0.64 m?)
The outer surface temperature of the ice chest is determined from Newton’s law of cooling to be
QO=hA(T, -T,) > T, =T, 2 _ypec- 10‘33W —=14.53°C
hA (2.923W/m~.C)(0.64 m~)

which is almost identical to the assumed value of 15°C used in the evaluation of properties and 4.
Therefore, there is no need to repeat the calculations.
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The rate at which the ice will melt is

O 10.23x107° kJ/s

= =3.066x107° kg/s
hy 333.7kl/kg

O =rithyy — 1=

Therefore, the melting of the ice in the chest completely will take

. 30k
i —sp = 30ke
m  3.066x107" kg/s
(b) The temperature drop across the styrofoam will be much greater in this case than that across thermal
boundary layer on the surface. Thus we assume outer surface temperature of the styrofoam to be 19°C.
Radiation heat transfer will be neglected. The properties of air at 1 atm and the film temperature of
(T+T,)/2 = (19+20)/2 = 19.5°C are (Table A-22)
k=0.0251 W/m.°C
v=1511x10" m?/s
Pr=0.7310
1 1
ﬂ = — e
T, (19.5+273)K
The characteristic length in this case is the width of the chest, L, = W =0.4 m. Then,
Re = Vw _ (50x1000/3600 m/s)(0.4 m)
v 1.511x107° m?/s
which is less than critical Reynolds number (5 x 10°). Therefore the flow is laminar, and the Nusselt
number is determined from

Nu = hTW =0.664Re" Pr'’? =0.664(367,700)%° (0.7310)'/3 =362.7

=9.786x10° s = 271.8h =11.3days

=0.00342 K"

=367,700

h= Xy 2 QO2VWIMIC 3 s 2y - 9276 Wim2.oC
w 04m
Then the rate of heat transfer becomes
. T,-T,, T,-T,, 20-0)°
0= = == (20-07C =1343W
Rwall + Rconv,o L 1 0.03m 1

+— +
kA, hAg  (0.033 Wm.°C)(0.64m?)  (22.76 W/m?.°C)(0.64 m?)
The outer surface temperature of the ice chest is determined from Newton’s law of cooling to be
0 13.43 W

Q=hA,(T, -T,) - T, =T, ———=20°C — . .
hA, (22.76 W/m? .C)(0.64 m?)

which is almost identical to the assumed value of 19°C used in the evaluation of properties and 4.
Therefore, there is no need to repeat the calculations. Then the rate at which the ice will melt becomes

0 1343x107 ki/s
hy  333.7klkg

=19.1°C

Q=rihy — 1= =4.025x107 kg/s

Therefore, the melting of the ice in the chest completely will take
30

m=mAl—— At =" = ————— =7.454x10° s = 207.05h = 8.6 days
Mo 4.025x10°
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15-27 A glass window transmits 90% of the radiation in a specified wavelength range and is opaque for
radiation at other wavelengths. The rate of radiation transmitted through this window is to be determined
for two cases.

Assumptions The sources behave as a black body.

Analysis The surface area of the glass window is |
A, =4m? ™ /

(a) For a blackbody source at 5800 K, the total blackbody radiation emission is - -
E,(T)=0T"*4, =(5.67x10" kW/m? K)*(5800K)* (4 m?) = 2.567x10° kW / | N
The fraction of radiation in the range of 0.3 to 3.0 um is L

AT = (030 zm)(5800K) = 1740 gmK ——> f, =0.03345 ‘_‘}/ Tcza(f;

2,7 = (3.0 £m)(5800K) = 17,400 zmK —— £, =0.97875 -

Af = f,, = f; =0.97875-0.03345 = 0.9453 L=2m r_:
Noting that 90% of the total radiation is transmitted through -‘
the window, 2

E ansmis = 0.90ME, (T) B

= (0.90)(0.9453)(2.567x10° kW) = 2.184x10> KW —
(b) For a blackbody source at 1000 K, the total blackbody emissive power is
E,(T)=0T*4, =(5.67x107° W/m? K*)(1000K)* (4 m?) = 226.8 kW
The fraction of radiation in the visible range of 0.3 to 3.0 um is
4T =(0.30 £m)(1000K) = 300 gmK ——> f; = 0.0000
AT = (3.0 £m)(1000K) = 3000 pmK ——> f;  =0.273232
Af =fy, —f; =0273232-0

and
E ansmit = 0-90A7E, (T') = (0.90)(0.273232)(226.8 kW) = 55.8 kW
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15-33 The variation of emissivity of a surface at a specified temperature with wavelength is given. The

average emissivity of the surface and its emissive power are to be determined.

Analysis The average emissivity of the surface can be
determined from

&L
A Ay ©
s j E, (T)dA & J.Ebl (TydA & IE;,Z (T)dA
pi 2
&(T)=—2 +— +—=
ofT* oT* oT* 07T
=& oy T2 00, TE3S 00 04
=&1fy ter,(fo, — ) Tes(= 1) 03 |
where f; andf; are blackbody radiation functions

corresponding to 4,7 and 1,7 , determined from

AT = (2 pm)(1000K) = 2000 gmK ——> £, =0.066728
2,T = (6 pm)(1000K) = 6000 K ——> £, =0.737818

Joa, =Su—Jo =1, since fo =0andf, ., = f, —f, since f, =1.

and,

& = (0.4)0.066728 + (0.7)(0.737818 — 0.066728) + (0.3)(1— 0.737818) = 0.575

Then the emissive power of the surface becomes

E=¢oT* =0.575(5.67x10"° W/m? K*)(1000K)* =32.6 kW/m?
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15-50 A cylindrical enclosure is considered. The view factor from the side surface of this cylindrical
enclosure to its base surface is to be determined.

Assumptions The surfaces are diffuse emitters and reflectors.

Analysis We designate the surfaces as follows:

Base surface by (1), /\

top surface by (2), and ¥(2)1/
side surface by (3).
Then from Fig. 15-7
L_41_, 3) L=2D=4r
n A
Fiy = Fy, =0.05 i )
D" _gps A
L 4r D=2r

summation rule: F}; + Fj, + Fj3 =1

. . A4, 7z7"12 727”12 1
reciprocity rule : 4, Fi3 = A3 Fy) —— Fy =— Fj3 =——F3 =——F|3; =—(0.95) =0.119
A, 27 L 8y 8
Discussion This problem can be solved more accurately by using the view factor relation from Table 15-3
to be

T T
=4 =-1=025

L 4rn
Ry=2-"2 025

L 4r,

1+R? 252
S=1+ 22 :1+1+0225 =18
R; 0.25
R ) 0.5 { 2 0.5
F,=148- 52—4(R—2J =1 18{182—4(Ij } =0.056
1

Fj; =1-F}, =1-0.056 = 0.944
2

A 2
A3 2727’1L 8727"12 8
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15-57 The view factors between the rectangular surfaces shown in the figure are to be determined.
Assumptions The surfaces are diffuse emitters and reflectors.
Analysis We designate the different surfaces as follows: 3m

shaded part of perpendicular surface by (1),

bottom part of perpendicular surface by (3), Im @

shaded part of horizontal surface by (2), and

front part of horizontal surface by (4). 1m 3)

(a) From Fig.15-6
L 1 L, 2 I'm @
Z 13 Fy =025 and Z 13 Fy s =032 I'm &)
w3 w3

superposition rule: Fy_, .3y = Fyy + Fops ——> Fy = I, 1,3y — F53 =0.32-0.25=0.07

reciprocity I'ule: Al = A2 E— A1F12 = A2F21 —)FIZ = F21 = 0.07
(b) From Fig.15-6,
L, 1 L 2 L, 2 L 2

W :E and WZE}F(AH'Z)_)?’ =0.15 and WZE and WZE}F(4+2)_)(1+3) =0.22

superposition rule: Fiy,o) yq43) = Flarayt + Fura)ss — > Flaa) =0.22-0.15=0.07

reciprocity rule: A, Fai)1 = A1F1 442
3m

4 6
(4+2)
—>Fuy = Fay 1 = 3 (0.07)=0.14

superposition rule: Fy_, 4.5 = Fi4 + Fj,

3

— F, =0.14-0.07=0.07 I m
since F}, =0.07 (from part a). Note that F, in part (b) is &
equivalent to F}, in part (a). 1m 2)

(c) We designate
shaded part of top surface by (1),
remaining part of top surface by (3),
remaining part of bottom surface by (4), and 2 m
shaded part of bottom surface by (2). ) I m
From Fig 15-5, B =
Ly
D
L,

~

2
D
1

D

superposition rule: F| 2+4)—>(1+3) = F(2+4)—>1 +F (2+4)>3 ()
Im ™.

I'm @

symmetryrule: Fio, 4,1 = Fo14)53

Substituting symmetry rule gives

F 0.20
(2+4>+3) 0.
Fovays1 =Fouay s = > = " 0.10

reciprocity rule: 4\ Fy 5.4y = Aa1ayF214y51 —>(2)F 15014y = (4)(0.10) —— F) 5,4, =0.20

superposition rule:  Fy_, 5,4y = Fjp +F, —>0.20=F}, +0.12—— F}, =0.20-0.12=0.08
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15-77 A furnace shaped like a long equilateral-triangular duct is considered. The temperature of the base
surface is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3
Convection heat transfer is not considered. 4 End effects are neglected.

Properties The emissivities of surfaces are given to be
g =0.8and e, =0.5.

Analysis This geometry can be treated as a two surface
enclosure since two surfaces have identical properties.
We consider base surface to be surface 1 and other two
surface to be surface 2. Then the view factor between
the two becomes F}, =1. The temperature of the base

surface is determined from

Q _ O'(Tl4_T24)

12 1—£1+ 1 l1-¢,
digy AFy  Aye

-8 2 14 4 4

s00 w - (3:67x10°° Wim? -KHI(T})* ~(500K)']

1-0.8 1 1-0.5
2 + 2 + 2
Am2)(0.8) (Im2)1) (2m?)0.5)
T, =543K

Note that 4, =1m?* and 4, =2m?.
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15-79 The floor and the ceiling of a cubical furnace are maintained at uniform temperatures. The net rate of

radiation heat transfer between the floor and the ceiling is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3

Convection heat transfer is not considered.

Properties The emissivities of all surfaces are € = 1 since they are black or reradiating.

Analysis We consider the ceiling to be surface 1, the floor to be surface 2 and the side surfaces to be
surface 3. The furnace can be considered to be three-surface enclosure. We assume that steady-state
conditions exist. Since the side surfaces are reradiating, there is no heat transfer through them, and the
entire heat lost by the ceiling must be gained by the floor. The view factor from the ceiling to the floor of
the furnace is F}, =0.2. Then the rate of heat loss from the ceiling can be determined from

Ey —Ey
=l
&)
7+7
R, Rz +Ry;

E, =0T, =(5.67x107 W/m? K*)(1100K)* =83,015 W/m?
E,, =oT," =(5.67x107 W/m? K*)(550K)* = 5188 W/m?

le

where

and
2 2
A = A, =(4m)? =16 m
Ry, = L i =0.3125m™
A F  (16m~)(0.2)
Rz =Ry = : = 1 =0.078125m™>
A F;; (16m?%)(0.8)
Substituting,
. (83,015—5188) W/m?
O =

1 1
+
(0.3125 m?  2(0.078125m™)

a=4m

T:=1100 K
81:1

Reradiating side

—=7.47x10° W =747kW

surfacess
T,=550K
&= 1
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15-96 The temperature of air in a duct is measured by a
thermocouple. The radiation effect on the temperature
measurement is to be quantified, and the actual air
temperature is to be determined.

Assumptions The surfaces are opaque, diffuse, and
gray.

Properties The emissivity of thermocouple is given
to be £=0.6. Air. T s Thermocouple
It Ly N Tu=850K

T, =500 K £=0.6

Analysis The actual temperature of the air can be
determined from

4 4
eqo(Ty -T,)

T, =Ty + P L
_gsoi 4 (0:0)(5.67x107" Wim? - K*)[(850K)* —(500K)"]
60 W/m? -°C
~1111K
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15-107 A cylindrical furnace with specified top and bottom surface temperatures and specified heat
transfer rate at the bottom surface is considered. The emissivity of the top surface and the net rates of heat
transfer between the top and the bottom surfaces, and between the bottom and the side surfaces are to be
determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3
Convection heat transfer is not considered.

Properties The emissivity of the bottom surface is 0.90.

3m

Analysis We consider the top surface to be surface 1, the base surface to T —700K
be surface 2, and the side surface to be surface 3. This system is a three- o
surface enclosure. The view factor from the base to the top surface of the &L=
cube is from Fig. 15-5 F}, = 0.2 . The view factor from the base or the top
to the side surfaces is determined by applying the summation rule to be T;=450K

=1

Fi+Fy+Fy=1—Fs=1-F,=1-02=08 &
since the base surface is flat and thus F}; = 0. Other view factors are
€ =10.90

We now apply Eq. 9-35 to each surface

l1-¢
0T14:J1+ - I[FIZ(JI_J2)+F13(J1_J3)]
Surface 1: : !
(5.67x1078 W/m2K*) (700 K)* = J, +—21[0.20(J, —J,)+0.80(J, - J3)]
1
4 1-¢,
ol, =J,+ [le(Jz_J1)+F23(J2_J3)]
Surface 2: 2
(5.67x107 W/m? K*)(950K)* = J, + 1;(;'30 [0.20(J, —J,)+0.80(J, —J3)]
oy =J,
Surface 3:

(5.67x107° W/m? K*)(450K)* = J,

We now apply Eq. 9-34 to surface 2

0, = Ay [Fo1 (5 =) + Fa3 (5 = J3)]= Om™)[0.20(J, = J,) +0.80(J , — J3)]
Solving the above four equations, we find

£ =044, J, =11736 Wm?, J, =41,985W/m?, J, =2325W/m?
The rate of heat transfer between the bottom and the top surface is

4, =4, =(3m)* =9m?

0, = A, F,y (J, —J;) =(9m?)(0.20)(41,985 —11,736) W/m? = 54.4 kKW
The rate of heat transfer between the bottom and the side surface is

Ay =44, =49m?)=36m?

03 = Ay Fpy(J, — J3) = (9 m?)(0.8)(41,985 — 2325)W/m?* =285.6 kW

Discussion The sum of these two heat transfer rates are 54.4 + 285.6 = 340 kW, which is equal to 340 kW
heat supply rate from surface 2.

PROPRIETARY MATERIAL. © 2008 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.




15-65

15-108 Radiation heat transfer occurs between two square parallel plates. The view factors, the rate of
radiation heat transfer and the temperature of a third plate to be inserted are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3
Convection heat transfer is not considered.

Properties The emissivities of plate a, b, and ¢ are given to be g, = 0.8, &, = 0.4, and g, = 0.1, respectively.
Analysis (a) The view factor from surface a to surface b is determined as follows

a20053b60

— 1.5

>

L 40 L 40
ab:ﬂ{[(B+A)2+4]' —[(B—A)2+4]°‘5} 2(; ){[(15+05) +4]” [(1.5—0.5)2+4]°‘5}=o.592

F
The view factor from surface b to surface a is
determined from reciprocity relation: E v
A, =(0.2m)(0.2m) =0.04 m? :
A, =(0.6m)(0.6 m) =0.36 m? b
A F oy = ApFy,
(0.04)(0.592) = (0.36)F,, ——> F,,, =0.0658

(b) The net rate of radiation heat transfer between the surfaces can be determined from

0., = G(Ta4 —Tb4) _ (5.67x107° W/m® -K4)[(1073 K)* - (473 K)4] 1374w
l1-¢g, 1 I-¢, 1-0.8 N 1 N 1-0.4

+ +
Age, A Fy  Aye,  (0.04m?)(0.8) (0.04m?)(0.592) (0.36m?)(0.4)

(c) In this case we have

_a_ 02m 1L C= < _ 20m _10
L 02m L 02m

F =ﬂ{[(C+A)2 +a]” “[c-a +4]°‘5}=2(0L.5){[(10+0.5)2 +4]” “[10-0.5)2 +4]°'5}=0.981

ac

_b_06m 4 _c_20m_
"L 02m L 02m

F,, :—{[(C+B)2 +a]” “[c-By +4]°’5}

35 {[(10+3) +a]” ~[10-3)2 +4]°'5} ~0.979
Abec = Achb
(0.36)(0.979) = (4.0)F,, —— F,, = 0.0881

An energy balance gives

Qac :ch
o-(Ta4 —Tf) ~ o-(TC4 —T,,4)
l-¢, 1 l-¢, l-¢, 1 1-¢,
+ + + +
Aa‘ga AaFac Acgc Acgc Achb Abgb
(1073K)* -T.* ~ T.' —(473K)*
1-0.8 1 1-0.1 1-0.1 1 N 1-0.4

+ + +
(0.04m?)(0.8) (0.04m?)(0.981) (4m?)0.1) (4m?)0.1) (4m?)(0.0881) (0.36m?)(0.4)
Solving the equation with an equation solver such as EES, we obtain 7.= 754 K = 481°C
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