
2-21 

2-58E The systolic and diastolic pressures of a healthy person are given in mmHg. These pressures are to 
be expressed in kPa, psi, and meter water column. 

Assumptions  Both mercury and water are incompressible substances. 

Properties We take the densities of water and mercury to be 1000 kg/m3 and 13,600 kg/m3, respectively. 

Analysis Using the relation ghP ρ=  for gage pressure, the high and low pressures are expressed as 
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Noting that 1 psi = 6.895 kPa, 

   psi2.32 
kPa6.895

psi 1Pa) 0.(16high =⎟⎟
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For a given pressure, the relation ghP ρ=  can be expressed for 
mercury and water as waterwater ghP ρ=  and mercurymercuryghP ρ= . 
Setting these two relations equal to each other and solving for 
water height gives 

h mercury
water

mercury
watermercurymercurywaterwater       hhghghP

ρ

ρ
ρρ =→==  

Therefore, 
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kg/m 1000
kg/m 600,13

3

3

low mercury,
water

mercury
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Discussion Note that measuring blood pressure with a “water” monometer would involve differential fluid 
heights higher than the person, and thus it is impractical. This problem shows why mercury is a suitable 
fluid for blood pressure measurement devices. 
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2-61 Water is poured into the U-tube from one arm and oil from the other arm. The water column height in 
one arm and the ratio of the heights of the two fluids in the other arm are given. The height of each fluid in 
that arm is to be determined. 

Assumptions  Both water and oil are incompressible substances. 

ha 

hw2 

hw1 

oil Water 
Properties The density of oil is given to be ρ  = 790 kg/m3. We take 
the density of water to be ρ =1000 kg/m3. 

Analysis The height of water column in the left arm of the monometer 
is given to be hw1 = 0.70 m. We let the height of water and oil in the 
right arm to be hw2 and ha, respectively. Then, ha = 4hw2. Noting that 
both arms are open to the atmosphere, the pressure at the bottom of 
the U-tube can be expressed as  

  w1watmbottom ghPP ρ+=     and      aaw2watmbottom ghghPP ρρ ++=  

Setting them equal to each other and simplifying, 

aaw2w1aaw2ww1waaw2ww1w )/(                            hhhhhhghghgh wρρρρρρρρ +=→+=→+=  

Noting that ha = 4hw2, the water and oil column heights in the second arm are determined to be 

   m 0.168 =→+= 222           4 (790/1000)m 0.7 www hhh  

   m 0.673 =→+= aa hh           (790/1000)m 168.0m 0.7  

Discussion Note that the fluid height in the arm that contains oil is higher. This is expected since oil is 
lighter than water.    
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2-84 One section of the duct of an air-conditioning system is laid underwater. The upward force the water 
will exert on the duct is to be determined.   

Assumptions 1 The diameter given is the outer diameter of the duct (or, the thickness of the duct material is 
negligible). 2 The weight of the duct and the air in is negligible. 

Properties  The density of air is given to be ρ = 1.30 kg/m3.  
We take the density of water to be 1000 kg/m3.   

D =15 cm 

L = 20 m
FB 

Analysis  Noting that the weight of the duct and the air in 
it is negligible, the net upward force acting on the duct is 
the buoyancy force exerted by water. The volume of the 
underground section of the duct is   

 m  0.353=m) /4](20m) 15.0([)4/( 322 ππ === LDALV  

Then the buoyancy force becomes   

       kN 3.46=⎟
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⎞
⎜
⎜
⎝
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⋅
==

2
323

m/skg 0001
kN 1)m )(0.353m/s )(9.81kg/m (1000gVFB ρ  

Discussion The upward force exerted by water on the duct is 3.46 kN, which is equivalent to the weight of 
a mass of 353 kg. Therefore, this force must be treated seriously. 

 

 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.  

 



2-38 

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 ρ = 1.16 kg/m3. The density of helium gas is 1/7th of this. 

Analysis The buoyancy force acting on the balloon is 
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The total weight is 
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Thus the net force acting on the balloon is 

 N 373322255958net =−=−= WFF B  

Then the acceleration becomes 
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⎟
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3-39  A ski lift is operating steadily at 10 km/h. The power required to operate and also to accelerate this 
ski lift from rest to the operating speed are to be determined.  

Assumptions  1 Air drag and friction are negligible. 2 The average mass of each loaded chair is 250 kg.  3 
The mass of chairs is small relative to the mass of people, and thus the contribution of returning empty 
chairs to the motion is disregarded (this provides a safety factor). 

Analysis The lift is 1000 m long and the chairs are spaced 20 m apart.  Thus at any given time there are 
1000/20 = 50 chairs being lifted.  Considering that the mass of each chair is 250 kg, the load of the lift at 
any given time is 

 Load = (50 chairs)(250 kg/chair) = 12,500 kg 

Neglecting the work done on the system by the returning empty chairs, the work needed to raise this mass 
by 200 m is 

 ( ) kJ 24,525
/smkg 1000

kJ 1
m) )(200m/s kg)(9.81 (12,500

22
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At 10 km/h, it will take 

 Δt = = = =
distance
velocity

1 km
10 km / h

0.1 h 360 s  

to do this work. Thus the power needed is 
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The velocity of the lift during steady operation, and the acceleration during start up are 
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During acceleration, the power needed is 
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Assuming the power applied is constant, the acceleration will also be constant and the vertical distance 
traveled during acceleration will be  
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Thus, 

  kW 43.7=+=+= 1.346.9total ga WWW &&&
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3-75 Water is pumped from a lake to a storage tank at a specified rate. The overall efficiency of the pump-
motor unit and the pressure difference between the inlet and the exit of the pump are to be determined.  

Assumptions 1 The elevations of the tank and the lake remain constant. 2 Frictional losses in the pipes are 
negligible. 3 The changes in kinetic energy are negligible. 4 The elevation difference across the pump is 
negligible.   

Properties  We take the density of water to be ρ = 1000 kg/m3. 

20 m 
Pump 

Storage 
tank 

2 

1

Analysis (a) We take the free surface of the lake to be 
point 1 and the free surfaces of the storage tank to be 
point 2. We also take the lake surface as the reference 
level (z1 = 0), and thus the potential energy at points 1 
and 2 are pe1 = 0 and  pe2 = gz2. The flow energy at 
both points is zero since both 1 and 2 are open to the 
atmosphere (P1 = P2 = Patm). Further, the kinetic energy 
at both points is zero (ke1 = ke2 = 0) since the water at 
both locations is essentially stationary. The mass flow 
rate of water and its potential energy at point 2 are   

            kg/s70/s)m 070.0)( kg/m1000( 33 === V&& ρm
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Then the rate of increase of the mechanical energy of water becomes 

kW 13.7kJ/kg) 6kg/s)(0.19 70()0()( 22inmech,outmech,fluidmech, ===−=−=Δ pempemeemE &&&&  

The overall efficiency of the combined pump-motor unit is determined from its definition, 

       67.2%or       0.672
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 kW7.13

inelect,

fluidmech,
motor-pump ==

Δ
=

W

E
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(b) Now we consider the pump. The change in the mechanical energy of water as it flows through the 
pump consists of the change in the flow energy only since the elevation difference across the pump and the 
change in the kinetic energy are negligible. Also, this change must be equal to the useful mechanical 
energy supplied by the pump, which is 13.7 kW: 

P
PP

meemE Δ=
−

=−=Δ V&&&&
ρ

12
inmech,outmech,fluidmech, )(  

Solving for ΔP and substituting, 
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⎠
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 kJ1
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3
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&E
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Therefore, the pump must boost the pressure of water by 196 kPa in order to raise its elevation by 20 m.   

Discussion Note that only two-thirds of the electric energy consumed by the pump-motor is converted to 
the mechanical energy of water; the remaining one-third is wasted because of the inefficiencies of the 
pump and the motor.   
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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 
300 kPa 
10 kg 
14 L

/kgm 0014.0
kg 10

m 014.0 3
3

21 ====
m
V

vv  

The initial state is determined to be a mixture, and thus the 
temperature is the saturation temperature at the given pressure. 
From Table A-12 by interpolation 

P

v 

2 

1
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The total enthalpy is then  

 kJ 545.2=== )kJ/kg 52.54)(kg 10(11 mhH  

The final state is also saturated mixture. Repeating the calculations at this state, 
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 kJ 846.4=== )kJ/kg 64.84)(kg 10(22 mhH  
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4-42 A piston-cylinder device that is filled with R-134a is cooled at constant pressure. The final 
temperature and the change of total internal energy are to be determined.  

R-134a 
200 kPa 
100 kg 

12.322 m3

Analysis The initial specific volume is  

/kgm 12322.0
kg 100
m 322.12 3

3

1 ===
m
V

v  

The initial state is superheated and the internal energy at this state 
is 
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The final specific volume is 

/kgm 06161.0
2
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3
3

1
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kgv
v  

This is a constant pressure process. The final state is determined to 
be saturated mixture whose temperature is 

  12)-A (Table kPa 200 @sat 2  C10.09°−== TT

The internal energy at the final state is (Table A-12) 
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Hence, the change in the internal energy is   

 kJ/kg 110.47−=−=−=Δ 08.26361.15212 uuu  
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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.m3/kg.K  (Table A-1).  

Analysis Initially, the absolute pressure in the tire is 
Tire 

25°C 
  kPa310100210atm1 =+=+= PPP g

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 

 kPa 336kPa) (310
K 298
K 323

1
1

2
2

2

22

1

11 ===⎯→⎯= P
T
TP

T
P

T
P VV  

Thus the pressure rise is 

  ΔP P P= − = − =2 1 336 310 26 kPa

The amount of air that needs to be bled off to restore pressure to its original value is 
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=
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4-84 A piston-cylinder device containing argon undergoes an isothermal process. The final pressure is to 
be determined. 

Assumptions   At specified conditions, argon behaves as an ideal gas.   

Argon  
0.2 kg 

0.05 m3

400 kPa 

Properties  The gas constant of argon is R = 0.2081 kJ/kg⋅K (Table A-1).  

Analysis Since the temperature remains constant, the ideal gas equation gives 

 2211
2211 VV

VV
PP

RT
P

RT
P

m =⎯→⎯==  

which when solved for final pressure becomes 

 kPa 200===== )kPa 400(5.05.0
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4-92  The specific volume of steam is to be determined using the ideal gas relation, the compressibility 
chart, and the steam tables. The errors involved in the first two approaches are also to be determined.  

Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1, 

 R = 0.4615 kPa·m3/kg·K,  Tcr = 647.1 K,  Pcr = 22.06 MPa 

Analysis (a) From the ideal gas equation of state, 

 error) (3.7%/kgm 0.09533 3=
⋅⋅

==
kPa 3500

K) K)(723/kgmkPa (0.4615 3

P
RT

v  

(b) From the compressibility chart (Fig. A-15), 

H2O 
3.5 MPa 
450°C 

 961.0
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Thus, 

  error) (0.4%/kgm 0.09161 3=== /kg)m 09533(0.961)(0. 3
idealvv Z

(c) From the superheated steam table (Table A-6), 

 } /kgm 0.09196 3=°=
= v  C450

MPa .53
T
P  
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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·m3/kg·K,  Tcr = 647.1 K,  Pcr = 22.06 MPa 

Analysis (a) From the ideal gas equation, 

 K 1246=+== )2)(K 273350(
1

2
12 v

v
TT  

Water  
350°C 

sat. vapor 

Q 

(b) The pressure of the steam is 

kPa 529,16Csat@35021 === °PPP  

From the compressibility chart at the initial state (Fig. A-15), 
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At the final state, 
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(c) From the superheated steam table, 

  (Table A-4) /kgm 008806.0  
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  C350 3
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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: 

     3

1
1 m 01341.0
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For the polytropic compression process: 

3
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For the constant pressure compression process: 

 kJ -6.97=−=−=−
3

31313, 0.01690)m41kPa)(0.013 (2000)( VVPWb  

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

 kJ -4.65=−+−+=++= −−− )97.6()86.34(18.3713,32,21,net bbb WWWW  

 

Air 
2 MPa 
350°C 
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Closed System Energy Analysis 

 

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 
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The properties at the initial and final states are (Table A-4) 
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The work done during this process is 

  kJ/kg 0.196
mkPa 1

kJ 1
/kgm 0.12721)157kPa)(0.001 (1554.9)( 
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That is, 

kJ/kg 196.0=in,bw  

Substituting the energy balance equation, we get 

 kJ/kg 1940=+=+=−−= 7.17430.196)( in,12in,out fgbb uwuuwq  

T
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2 1 

Heat 
Water 
200°C 

sat. vapor 
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5-35 An insulated rigid tank is initially filled with a saturated liquid-vapor mixture of water. An electric 
heater in the tank is turned on, and the entire liquid in the tank is vaporized. The length of time the heater 
was kept on is to be determined, and the process is to be shown on a P-v diagram. 

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The 
device is well-insulated and thus heat transfer is negligible. 3 The energy stored in the resistance wires, and 
the heat transferred to the tank itself is negligible. 

Analysis  We take the contents of the tank as the system. This is a closed system since no mass enters or 
leaves. Noting that the volume of the system is constant and thus there is no boundary work, the energy 
balance for this stationary closed system can be expressed as 
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The properties of water are (Tables A-4 through A-6) 
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Substituting, 

 
min 153.1≅=Δ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=Δ

s 9186
kJ/s 1

VA 1000g939.4)kJ/kkg)(2556.2 (5)A 8)(V 110(

t

t
 

 

v 

T

1 

2 

H2O 
V = const. 

We



 

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. 

5-32

 

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. 

Analysis (a) We take the contents of both tanks as the system. 
This is a closed system since no mass enters or leaves. Noting 
that the volume of the system is constant and thus there is no 
boundary work, the energy balance for this stationary closed 
system can be expressed as 
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The properties of steam in both tanks at the initial state are (Tables A-4 through A-6) 
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The total volume and total mass of the system are 
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Now, the specific volume at the final state may be determined 
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which fixes the final state and we can determine other properties 
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(b) Substituting,  

[ ] [ ]
               kJ 3959kJ/kg)4.15958.1282(kg) 3(kJ/kg)7.27938.1282(kg) 2(

)()( 1212out

−=−+−=

−+−=Δ+Δ=− BABA uumuumUUQ
   

or kJ 3959=outQ  

TANK A 
2 kg 

1 MPa 
300°C

TANK B 
3 kg 

150°C 
x=0.5 

  Q 
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5-67 A student living in a room turns her 150-W fan on in the morning. The temperature in the room when 
she comes back 10 h later is to be determined.  

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, 
Δ Δke pe≅ ≅ 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results 
in negligible error in heating and air-conditioning applications.  4 All the doors and windows are tightly 
closed, and heat transfer through the walls and the windows is disregarded. 

Properties The gas constant of air is R = 0.287 kPa.m3/kg.K (Table A-1). Also, cv = 0.718 kJ/kg.K for air 
at room temperature (Table A-2). 

Analysis We take the room as the system. This is a closed system since the doors and the windows are said 
to be tightly closed, and thus no mass crosses the system boundary during the process. The energy balance 
for this system can be expressed as 
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The mass of air is 

 
kg 174.2
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The electrical work done by the fan is 

 W W te e= = × =& Δ (0.15 kJ / s)(10 3600 s) 5400 kJ  

Substituting and using the cv value at room temperature, 

 5400 kJ = (174.2 kg)(0.718 kJ/kg⋅°C)(T2 - 15)°C 

   T2 = 58.2°C 

Discussion Note that a fan actually causes the internal temperature of a confined space to rise. In fact, a 
100-W fan supplies a room with as much energy as a 100-W resistance heater. 

 

ROOM 

4 m × 6 m × 6 m 

Fan 
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5-72 Air in a closed system undergoes an isothermal process. The initial volume, the work done, and the 
heat transfer are to be determined.  

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical 
point values of 132.5 K and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, 

0peke ≅Δ≅Δ . 3 Constant specific heats can be used for air.  

Properties The gas constant of air is  R = 0.287 kJ/kg⋅K (Table A-1). 

Analysis We take the air 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  
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The initial volume is 

 3m 0.4525=
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Using the boundary work relation for the isothermal process of an ideal gas gives 
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From energy balance equation, 

 kJ 547.1== out,in bWQ  

  

Q
Air 

600 kPa 
200°C 
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5-96 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven 
is to be determined. 

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential 
energies are negligible. 

Properties The density and specific heat of the steel rods are given to be ρ = 7833 kg/m3 and cp = 0.465 
kJ/kg.°C.  

Analysis  Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we can 
say that a 3-m long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1 
minute is  

kg 6.184]4/)m 1.0([m) 3)(kg/m 7833()4/( 232 ===== ππρρρ DLLAm V  

We take the 3-m section of the rod in the oven as 
the system. The energy balance for this closed 
system can be expressed as 
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Substituting, 

         kJ 512,57C)30700(C)kJ/kg. 465.0)(kg 6.184()( 12in =°−°=−= TTmcQ  

Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes   

kW 958.5=kJ/min 57,512=min) kJ)/(1 512,57(/inin =Δ= tQQ&   

 

Oven, 900°C 
 

Steel rod, 30°C 
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6-23 Air flows steadily in a pipe at a specified state. The diameter of the pipe, the rate of flow energy, and 
the rate of energy transport by mass are to be determined. Also, the error involved in the determination of 
energy transport by mass is to be determined. 

Properties The properties of air are R 
= 0.287 kJ/kg.K and cp = 1.008 
kJ/kg.K (at 350 K from Table A-2b) 

Analysis (a) The diameter is determined 
as follows 
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)m (0.00401844 2AD  

(b) The rate of flow energy is determined from 

 kW 30.14=== /kg)m 9kPa)(0.334 kg/s)(300 60/18( 3
flow vPmW &&  

(c) The rate of energy transport by mass is 
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(d) If we neglect kinetic energy in the calculation of energy transport by mass 

kW 105.84K) 2737kJ/kg.K)(7 5kg/s)(1.00 (18/60mass =+=== TcmhmE p&&&  

Therefore, the error involved if neglect the kinetic energy is only 0.09%. 

 

300 kPa 
77°C

Air 25 m/s 
18 kg/min 
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6-37 Air is decelerated in a diffuser from 230 m/s to 30 m/s. The exit temperature of air and the exit area of 
the diffuser are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with 
variable specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat 
transfer is negligible. 5 There are no work interactions. 

Properties The gas constant of air is 0.287 kPa.m3/kg.K (Table A-1). The enthalpy of air at the inlet 
temperature of 400 K is h1 = 400.98 kJ/kg (Table A-21). 

Analysis  (a) There is only one inlet and one exit, and thus & & &m m m1 2= = . We take diffuser 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 
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From Table A-21, T2 = 425.6 K 

(b)  The specific volume of air at the diffuser exit is 
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From conservation of mass, 
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6-52 Steam expands in a turbine. The change in kinetic energy, the power output, and the turbine inlet area 
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. 

Properties From the steam tables (Tables A-4 through 6) 
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 Analysis (a) The change in kinetic energy is determined from 
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(b) There is only one inlet and one exit, and thus & & &m m m1 2= = . 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 
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Then the power output of the turbine is determined by substitution to be 

  MW 10.2=−−−= kJ/kg)1.953242.42392.5)(kg/s 12(outW&  

(c)  The inlet area of the turbine is determined from the mass flow rate relation, 
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STEAM 
m = 12 kg/s 
·

P1 = 10 MPa 
T1 = 450°C 
V1 = 80 m/s 

P2 = 10 kPa 
x2 = 0.92 
V2 = 50 m/s 

W
·
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6-61 Air is compressed in an adiabatic compressor. The mass flow rate of the air and the power input are to 
be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The compressor is 
adiabatic.  3 Air is an ideal gas with constant specific heats. 

Properties The constant pressure specific heat of air at the average temperature of (20+400)/2=210°C=483 
K is cp = 1.026 kJ/kg·K (Table A-2b). The gas constant of air is R = 0.287 kPa⋅m3/kg⋅K (Table A-1). 

Analysis (a) There is only one inlet and one exit, and thus mmm &&& == 21 . 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 
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The specific volume of air at the inlet and the mass flow rate are 
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Similarly at the outlet, 
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(b) Substituting into the energy balance equation gives 
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Compressor 

1.8 MPa 
400°C 

100 kPa 
20°C 

30 m/s 
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6-78 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass 
flow rate of cold water is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss 
to the surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are 
negligible. 4 Fluid properties are constant. 5 There are no work interactions. 

Properties Noting that T < Tsat @ 250 kPa = 127.41°C, the 
water in all three streams exists as a compressed liquid, 
which can be approximated as a saturated liquid at the 
given temperature.  Thus, 

 h1  ≅  hf @ 80°C  = 335.02 kJ/kg 

 h2  ≅  hf @ 20°C  =   83.915 kJ/kg 

 h3  ≅  hf @ 42°C  = 175.90 kJ/kg 

Analysis 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 

Mass balance:  
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0)peke  (since   

0

332211

outin

energies etc. potential,         
kinetic, internal,in  change of Rate

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

≅Δ≅Δ===+

=

=Δ=−

WQhmhmhm

EE

EEE

&&&&&

&&

44 344 21
&

43421
&&

 

Combining the two relations and solving for &m2  gives 

     ( ) 3212211 hmmhmhm &&&& +=+  

        & &m h h
h h

m2
1 3

3 2
1=

−
−

 

Substituting, the mass flow rate of cold water stream is determined to be  

 ( )
( ) ( ) kg/s  0.865=

−
−

= kg/s 0.5
kJ/kg 83.915175.90
kJ/kg 175.90335.02

2m&  

H2O 
(P = 250 kPa)

T3 = 42°C 

T1 = 80°C 
m1 = 0.5 kg/s 

T2 = 20°C 
m2 
·

·
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6-87 Oil is to be cooled by water in a thin-walled heat exchanger. The rate of heat transfer in the heat 
exchanger and the exit temperature of water is 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 water and oil are 
given to be 4.18 and 2.20 kJ/kg.°C, respectively. 

Analysis We take the oil tubes as the system, which 
is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate 
form as 

)(

0)peke  (since   

0

21out

2out1

outin

energies etc. potential,         
kinetic, internal,in  change of Rate

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

TTcmQ

hmQhm

EE

EEE

p −=

≅Δ≅Δ+=

=

=Δ=−

&&

&&&

&&

44 344 21
&

43421
&&

 

Then the rate of heat transfer from the oil becomes 

 =C)40CC)(150kJ/kg. kg/s)(2.2 2()]([ oiloutin kW 484°−°°=−= TTcmQ p&&  

Noting that the heat lost by the oil is gained by the water, the outlet temperature of the water is determined 
from 

     C99.2°
°

+°=+=⎯→⎯−= =
C)kJ/kg. kg/s)(4.18 (1.5

kJ/s 484C22 )]([
water

inoutwaterinout
p

p cm
QTTTTcmQ

&

&
&&  

 

Cold  
water 
22°C 
1.5 kg/s 

Hot oil 
150°C 
2 kg/s 

40°C 
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6-156 The mass flow rate of a compressed air line is divided into two equal streams by a T-fitting in the 
line. The velocity of the air at the outlets and the rate of change of flow energy (flow power) across the T-
fitting are to be determined. 

Assumptions 1 Air is an ideal gas with constant specific heats. 2 The flow is steady. 3 Since the outlets are 
identical, it is presumed that the flow divides evenly between the two. 

Properties The gas constant of air is R = 0.287 kPa⋅m3/kg⋅K (Table A-1). 

Analysis  The specific volumes of air at the inlet and outlets are 

/kgm 05614.0
kPa 1600

K) 273K)(40/kgmkPa 287.0( 3
3

1

1
1 =

+⋅⋅
==

P
RT

v  

/kgm 06335.0
kPa 1400

K) 273K)(36/kgmkPa 287.0( 3
3

2

2
32 =

+⋅⋅
===

P
RT

vv  

Assuming an even division of the inlet flow rate, the mass 
balance can be written as 

 m/s 28.21====⎯→⎯=
2

50
0.05614

06335.0
2

2 1

1

2

2

1
32

2

22

1

11 V
A
A

VV
VAVA

v

v

vv
 

The mass flow rate at the inlet is 

 kg/s 0.4372
/kgm 0.05614

m/s 50
4

m) 025.0(
4 3

2

1

1
2
1

1

11
1 ====

ππ
vv
VDVAm&  

while that at the outlets is 

 kg/s 0.2186
2

kg/s 4372.0
2

1
32 ====

mmm
&

&&  

Substituting the above results into the flow power expression produces 

 
kW 0.496−=

−=

−=

/kg)m 14kPa)(0.056 1600)(kg/s 0.4372(/kg)m 35kPa)(0.063 1400)(kg/s 0.2186(2

2
33

111222flow vv PmPmW &&&

 

1.4 MPa 
36°C 

1.6 MPa 
40°C 

50 m/s 

1.4 MPa 
36°C 
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8-29 A reversible heat pump with specified reservoir temperatures is considered. The entropy change of 
two reservoirs is to be calculated and it is to be determined if this heat pump satisfies the increase in 
entropy principle. 

Assumptions  The heat pump operates steadily.   

Analysis  Since the heat pump is completely reversible, the 
combination of the coefficient of performance expression, first Law, 
and thermodynamic temperature scale gives 

 73.26
)K 294/()K 283(1

1
/1

1COP revHP, =
−

=
−

=
HL TT

 

The power required to drive this heat pump, according to the 
coefficient of performance, is then 

 kW 741.3
26.73

kW 100
COP revHP,

innet, === HQ
W

&
&  

According to the first law, the rate at which heat is removed from the low-temperature energy reservoir is 

 kW 26.96kW 741.3kW 100innet, =−=−= WQQ HL
&&&  

The rate at which the entropy of the high temperature reservoir changes, according to the definition of the 
entropy, is 

 kW/K 0.340===Δ
K 294

kW 100

H

H
H T

Q
S

&
&  

and that of the low-temperature reservoir is 

 kW/K 0.340−=
−

==Δ
K 283
kW 26.96

L

L
L T

Q
S

&
&  

The net rate of entropy change of everything in this system is 

 kW/K 0=−=Δ+Δ=Δ 340.0340.0total LH SSS &&&  

as it must be since the heat pump is completely reversible. 

 

   10°C 

  21°C 

HP 

100 kW 

LQ&  

netW&  
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8-43 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is 
heated electrically at constant pressure. The entropy change of the water during this process is 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 
compression or expansion process is quasi-equilibrium.  

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

 
KkJ/kg 1.4337

kJ/kg 467.13
/kgm 0.001053

.
kPa 150

kPa 150@1

kPa 150@1

3
kPa 150@1

1

⋅==
==

==

⎭
⎬
⎫=

f

f

f

ss
hh

liquidsat
P

vv

 

Also,  

kg 4.75
/kgm 0.001053

m 0.005
3

3

1
===

v
Vm  

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 

            
)( 12ine,

outb,ine,

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

hhmW
UWW

EEE

−=

Δ=−

Δ=−
4342143421

 

since ΔU + Wb = ΔH during a constant pressure quasi-equilibrium process.  Solving for h2, 

 kJ/kg 33.930
kg 4.75
kJ 220013.467ine,

12 =+=+=
m

W
hh  

Thus, 

 
( )( ) KkJ/kg 6384.27894.52081.04337.1

2081.0
0.2226

13.46733.930

kJ/kg 33.930
kPa 150

22

2
2

2

2

⋅=+=+=

=
−

=
−

=

⎭
⎬
⎫

=
=

fgf

fg

f

sxss
h

hh
x

h
P

 

Then the entropy change of the water becomes 

 ( ) ( )( ) kJ/K  5.72=⋅−=−= KkJ/kg1.43372.6384kg 4.7512 ssmSΔ  

H2O 
150 kPa 

Sat. liquid 2200 kJ 
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8-58 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 only one inlet and one exit, and thus mmm &&& == 21 . 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 

    

outin

energies etc. potential,         
kinetic, internal,in  change of Rate

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin 0

EE

EEE

&&

444 344 21
&

43421
&&

=

=Δ=−

 

                          
)( 21out

out21

hhmW

Whmhm

−=

+=

&&

&&&
   

The inlet state properties are 

6)-A (Table
KkJ/kg 9938.6

kJ/kg 9.3159
   

C360
  MPa 2

1

1

1

1   
⋅=

=

⎭
⎬
⎫

°=
=

s
h

T
P

 

For this isentropic process, the final state properties are (Table A-5) 

   
kJ/kg 9.2538)5.2257)(9397.0(51.417

9397.0
0562.6

3028.19938.6
   

K kJ/kg 9938.6
  kPa 100

22

2
2

12

2

=+=+=

=
−

=
−

=

⎭
⎬
⎫

⋅==
=

fgf

fg

f

hxhh
s

ss
x

ss
P

 

Substituting, 

 kJ/kg 621.0=−=−= kJ/kg )9.25389.3159(21out hhw  

 

Turbine 

2 MPa 
360°C 

100 kPa 
T

s
2 

1 2 MPa 

100 kPa



 

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. 

8-39

 

8-68 Computer chips are cooled by placing them in saturated liquid R-134a. The entropy changes of the 
chips, R-134a, and the entire system are to be determined. 

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There 
are no work interactions involved. 3 There is no heat transfer between the system and the surroundings. 

Analysis (a) The energy balance for this system can be expressed as  

[ ] [ ]
[ ] [ ] 134a-R12chips21

134a-R12chips12

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

)()(

)()(0

uumuum

uumuumU

EEE

−=−

−+−=Δ=

Δ=−
4342143421

 

The heat released by the chips is 

 [ ] kJ 0.18K 40)(20K)kJ/kg kg)(0.3 010.0()( 21chips =−−⋅=−= TTmcQ  

The mass of the refrigerant vaporized during this heat exchange process is 

 kg 0008679.0
kJ/kg 207.40
kJ 18.0

C40@

134aR134aR
g,2 ===

−
=

°−

−−

fgfg u
Q

uu
Q

m  

Only a small fraction of R-134a is vaporized during the process. Therefore, the temperature of R-134a 
remains constant during the process. The change in the entropy of the R-134a is (at -40°F from Table A-
11) 

 
kJ/K 0.000841=

−−+=

−+=Δ −

)0)(005.0()0)(0008679.0005.0()96866.0)(0008679.0(
1,1,2,2,2,2,134aR ffffgg smsmsmS

 

(b) The entropy change of the chips is 

 kJ/K 0.000687−=
+
+−

⋅==Δ
273)K(20
273)K40(K)lnkJ/kg kg)(0.3 010.0(ln

1

2
chips T

T
mcS  

(c) The total entropy change is 

 kJ/K 0.000154=−+=Δ+Δ==Δ )000687.0(000841.0chips134a-Rgentotal SSSS  

The positive result for the total entropy change (i.e., entropy generation) indicates that this process is 
possible. 
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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 cp = 1.044 
kJ/kg·K and k = 1.397 (Table A-2b).  

Analysis There is only one inlet and one exit, and thus mmm &&& == 21 . 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 

    

outin

energies etc. potential,         
kinetic, internal,in  change of Rate

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin 0

EE

EEE

&&

444 344 21
&

43421
&&

=

=Δ=−

 

                  
)( 12in

2in1

hhmW

hmWhm

−=

=+

&&

&&&
   

For the minimum work input to the compressor, the process 
must be reversible as well as adiabatic (i.e., isentropic). This 
being the case, the exit temperature will be 

      K 479
kPa 120
kPa 600K) (303

397.1/397.0/)1(

1

2
12 =⎟

⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

− kk

P
P

TT  

Substituting into the energy balance equation gives 

      kJ/kg 184=−⋅=−=−= )K303K)(479kJ/kg 044.1()( 1212in TTchhw p  

 

T

s 

2 

1 

600 kPa 

120 kPa 

Nitrogen 
compressor 

600 kPa

120 kPa 
30°C 
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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 
can be expressed in the rate form as 

   

)(

0)peke  (since   

0

12in

21in

outin

energies etc. potential,         
kinetic, internal,in  change of Rate

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

TTcmQ

hmhmQ

EE

EEE

p −=

≅Δ≅Δ=+

=

=Δ=−

&&

&&&

&&

44 344 21
&

43421
&&

 

Then the rate of heat transfer to the cold water in this heat exchanger becomes 

 kW 31.35=C)15CC)(45kJ/kg. kg/s)(4.18 25.0()]([  watercoldinoutin °−°°=−= TTcmQ p&&  

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 

 C97.5
C)kJ/kg. kg/s)(4.19 3(

kW 35.31C100)]([ inouthot wateroutin °=
°

−°=−=⎯→⎯−=
p

p cm
QTTTTcmQ
&

&
&&  

(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:  

 

{

  )()(

 0

)0 (since   0

34hot12coldgen

gen4hot2cold3hot1cold

gen43223311

entropy of   
change of Rate

(steady) 0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

ssmssmS

Ssmsmsmsm

QSsmsmsmsm

SSSS

−+−=

=+−−+

==+−−+

Δ=+−

&&&

&&&&&

&&&&&

44 344 21
&&

43421
&&

 

Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is 
determined to be 

K/kW  0.0190=

+=

+=

273+100
273+97.5kJ/kg.K)ln kg/s)(4.19 3(

273+15
273+45kJ/kg.K)ln kg/s)(4.18 25.0(

lnln
3

4
hot

1

2
coldgen T

Tcm
T
TcmS pp &&&

 

Hot water

100°C
3 kg/s

Cold water 
15°C 

0.25 kg/s 

45°C 
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8-149 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer, the 
outlet temperature of the air, and the rate of entropy generation 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 air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, 
respectively. The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 

Analysis We take the exhaust pipes as the system, which 
is a control volume. The energy balance for this steady-
flow system can be expressed in the rate form as 

   

)(

0)peke (since   

0

21out

2out1

outin

energies etc. potential,         
kinetic, internal,in  change of Rate

(steady)  0
system

mass and  work,heat,by  
nsferenergy tranet  of Rate

outin

TTcmQ

hmQhm

EE

EEE

p −=

≅Δ≅Δ+=

=

=Δ=−

&&

&&&

&&

44 344 21
&

43421
&&

 

Then the rate of heat transfer from the exhaust gases becomes 

kW  205.7=C)95CC)(180kJ/kg. kg/s)(1.1 2.2()]([ gas.outin °−°°=−= TTcmQ p&&  

The mass flow rate of air is 

kg/s 808.1
K) 293(/kg.K)kPa.m 287.0(

/s)m kPa)(1.6 (95
3

3
=

×
==

RT
Pm V&

&  

Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the 
air becomes 

[ ]  C133.2°=
°

+°=+=⎯→⎯−=
C)kJ/kg. 5kg/s)(1.00 808.1(

kW 7.205C20  )( inoutairinout
p

p cm
QTTTTcmQ
&

&
&&  

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:  

 

{

  )()(

 0

)0 (since   0

34air12exhaustgen

gen4air2exhaust3air1exhaust

gen43223311

entropy of   
change of Rate

(steady) 0
system

generation    
entropy of Rate

gen

mass andheat by       
ansferentropy trnet  of Rate

outin

ssmssmS

Ssmsmsmsm

QSsmsmsmsm

SSSS

−+−=

=+−−+

==+−−+

Δ=+−

&&&

&&&&&

&&&&&

44 344 21
&&

43421
&&

 

Then the rate of entropy generation is determined to be 

K/kW  0.091=

+=

+=

273+20
273+133.2kJ/kg.K)ln 5kg/s)(1.00 808.1(

273+180
273+95kJ/kg.K)ln kg/s)(1.1 2.2(

lnln
3

4
air

1

2
exhaustgen T

Tcm
T
TcmS pp &&&

 

Air 
95 kPa 
20°C 

1.6 m3/s

Exhaust gases 
2.2 kg/s,  95°C 
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8-159 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked 
and the amount of entropy generation associated with this heat transfer process are to be determined. 

Assumptions 1 The egg is spherical in shape with a radius of r0 = 2.75 cm.  2 The thermal properties of the 
egg are constant. 3 Energy absorption or release associated with any chemical and/or phase changes within 
the egg is negligible. 4 There are no changes in kinetic and potential energies. 

Properties The density and specific heat of the egg are given to be ρ = 1020 kg/m3 and cp = 3.32 kJ/kg.°C. 

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

)()( 1212eggin

energies etc. potential,   
kinetic, internal,in  Change

system

mass and  work,heat,by 
nsferenergy traNet     

outin

TTmcuumUQ

EEE

−=−=Δ=

Δ=−
4342143421

 

Then the mass of the egg and the amount of heat transfer become 

 
kJ   18.3=°−°=−=

====

C)870)(CkJ/kg. 32.3)(kg 0889.0()(

kg 0889.0
6

m) 055.0()kg/m 1020(
6
12in

3
3

3

TTmcQ

Dm

p

ππρρV
 

We again take a single egg as the system The entropy generated during this process can be determined by 
applying an entropy balance on an extended system that includes the egg and its immediate surroundings so 
that the boundary temperature of the extended system is at 97°C at all times: 

 

{

system
in

gensystemgen
in

entropyin 
Change 

system

generation
Entropy  

gen

mass andheat by   
ansferentropy trNet 

outin

      S
T
QSSS

T
Q

SSSS

bb
Δ+−=→Δ=+

Δ=+−
4342143421

 

where 

kJ/K  0588.0
273+8
273+70ln kJ/kg.K) 32.3)(kg 0889.0(ln)(

1

2
avg12system ===−=Δ

T
TmcssmS  

Substituting, 

       egg)(per  kJ/K 0588.0
K 370
kJ 18.3

system
in

gen   kJ/K  0.00934=+−=Δ+−= S
T
QS

b
  

Egg 
8°C 

Boiling 
Water 
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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 < Tsat @ 200 kPa = 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,  

   

KkJ/kg 0.8313
kJ/kg 251.18

C60
kPa 200

KkJ/kg 7.2810
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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 

Mass balance: 321
(steady)  0

systemoutin 0 mmmmmm &&&&&& =+⎯→⎯=Δ=−  

Energy balance:     
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Combining the two relations gives    ( ) ( ) ( )3223113212211out hhmhhmhmmhmhmQ −+−=+−+= &&&&&&&  

Solving for &m2  and substituting, the mass flow rate of the superheated steam is determined to be 
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(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  
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Substituting, the rate of entropy generation during this process is determined to be 
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8-183 A horizontal cylinder is separated into two compartments by a piston, one side containing nitrogen 
and the other side containing helium. Heat is added to the nitrogen side. The final temperature of the 
helium, the final volume of the nitrogen, the heat transferred to the nitrogen, and the entropy generation 
during this process are to be determined. 

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Nitrogen and helium are ideal gases 
with constant specific heats at room temperature. 3 The piston is adiabatic and frictionless. 

Properties The properties of nitrogen at room temperature are R = 0.2968 kPa.m3/kg.K, cp = 1.039 kJ/kg.K, 
cv = 0.743 kJ/kg.K, k = 1.4. The properties for helium are R = 2.0769 kPa.m3/kg.K, cp = 5.1926 kJ/kg.K, cv 
= 3.1156 kJ/kg.K, k = 1.667 (Table A-2). 

Analysis (a) Helium undergoes an isentropic compression 
process, and thus the final helium temperature is 
determined from 
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Then, the final volume of nitrogen becomes 
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(c) The mass and final temperature of nitrogen are 
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The heat transferred to the nitrogen is determined from an energy balance 
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(d) Noting that helium undergoes an isentropic process, the entropy generation is determined to be 
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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 s2 = s1.  From the 
steam tables (Tables A-4 through A-6), 
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The initial and the final masses in tank A are 

Thus, 
kg 0.6960.3711.067

kg 0.371
/kgm 1.0789

m 0.4  and   kg 1.067
/kgm 0.37483

m 0.4

,2,1,2

3

3

,2
,23

3

,1
,1

=−=−=

======

AAB

A

A
A

A

A
A

mmm

mm
v
V

v
V

 

(b) The boundary work done during this process is 
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Taking the contents of both the tank and the cylinder 
to be the system, the energy balance for this closed 
system can be expressed as 
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At 150 kPa, hf = 467.13 and hg = 2693.1 kJ/kg.  Thus at the final state, the cylinder will contain a saturated 
liquid-vapor mixture since hf < h2 < hg.  Therefore, 
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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 kglass = 0.78 W/m⋅°C and kair = 0.026 W/m⋅°C. 
Analysis The area of the window and the 
individual resistances are 
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The steady rate of heat transfer through window 
glass then becomes 
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The inner surface temperature of the window glass can be determined from 
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10-48  Two cylindrical aluminum bars with ground surfaces are pressed against each other in an insulation 
sleeve. For specified top and bottom surface temperatures, the rate of heat transfer along the cylinders and 
the temperature drop at the interface are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 
Heat transfer is one-dimensional in the axial direction 
since the lateral surfaces of both cylinders are well-
insulated. 3 Thermal conductivities are constant. 
Properties The thermal conductivity of aluminum bars 
is given to be k = 176 W/m⋅°C. The contact 
conductance at the interface of aluminum-aluminum 
plates for the case of ground surfaces and of 20 atm ≈ 
2 MPa pressure is hc = 11,400 W/m2⋅°C (Table 10-2). 
Analysis (a) The thermal resistance network in this 
case consists of two conduction resistance and the 
contact resistance, and they are determined to be 
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Then the rate of heat transfer is determined to be 
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Therefore, the rate of heat transfer through the bars is 142.4 W.   
(b) The temperature drop at the interface is determined to be 
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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 = kF = 2, kB = 8, kC = 20, kD = 15, kE = 35 W/m⋅°C. 
Analysis (a) The representative surface area is 2m 12.0112.0 =×=A . The thermal resistance network and 
the individual thermal resistances are 
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Then steady rate of heat transfer through entire wall becomes 
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(b) The total thermal resistance between left surface and the point where the sections B, D, and E meet is 
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Then the temperature at the point where the sections B, D, and E meet becomes 
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(c) The temperature drop across the section F can be determined from 
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10-70 Steam flows in a steel pipe, which is insulated by gypsum plaster. The rate of heat transfer from the 
steam and the temperature on the outside surface of the insulation are be determined.   
Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2  Heat transfer 
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial 
direction. 3 Thermal conductivities are constant.  4 The thermal contact resistance at the interface is 
negligible. 
Properties (a) The thermal conductivities of steel and gypsum 
plaster are given to be 50 and 0.5 W/m⋅°C, respectively.  
Analysis The thermal resistances are 
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The total thermal resistance and the rate of heat transfer are 
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(b) The temperature at the outer surface of the insulation is determined from 
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10-75 An electric hot water tank is made of two concentric cylindrical metal sheets with foam insulation in 
between.  The fraction of the hot water cost that is due to the heat loss from the tank and the payback 
period of the do-it-yourself insulation kit are to be determined. 
Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2  Heat transfer 
is one-dimensional since there is thermal symmetry about the center line and no variation in the axial 
direction. 3 Thermal conductivities are constant.  4 The thermal resistances of the water tank and the outer 
thin sheet metal shell are negligible. 5 Heat loss from the top and bottom surfaces is negligible. 
Properties The thermal conductivities are given to be k = 0.03 W/m⋅°C for foam insulation and  k = 0.035 
W/m⋅°C  for fiber glass insulation  
Analysis We consider only the side surfaces of the water heater for simplicity, and disregard the top and 
bottom surfaces (it will make difference of about 10 percent). The individual thermal resistances are 
   2m 51.2m) 2(m) 40.0( === ππ LDA ii  

   C/W 008.0
)m 51.2(C). W/m50(

11
22

°=
°

==
ii

o Ah
R  

   2m 89.2m) 2(m) 46.0( === ππ LDA oo  

   C/W 029.0
)m 89.2(C). W/m12(

11
22

°=
°

==
oo

o Ah
R    

   
C/W 407.037.0029.0008.0

C/W 37.0
)m 2(C) W/m03.0(2

)20/23ln(
2

)/ln(
2

12

°=++=++=

°=
°⋅

==

foamoitotal

foam

RRRR
kL

rr
R

ππ  

The rate of heat loss from the hot water tank is             
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If 3 cm thick fiber glass insulation is used to wrap the entire tank, the individual resistances becomes 
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The rate of heat loss from the hot water heater in this case is             
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The energy saving is  
 saving = 70 - 40.94 = 29.06 W 
The time necessary for this additional insulation to pay for its cost of $30 is then determined to be 
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Critical Radius of Insulation 
 
10-87C In a cylindrical pipe or a spherical shell, the additional insulation increases the conduction 
resistance of insulation, but decreases the convection resistance of the surface because of the increase in the 
outer surface area. Due to these opposite effects, a critical radius of insulation is defined as the outer radius 
that provides maximum rate of heat transfer. For a cylindrical layer, it is defined as hkrcr /=  where k is 
the thermal conductivity of insulation and h is the external convection heat transfer coefficient. 
 
10-88C It will decrease. 
 
10-89C Yes, the measurements can be right. If the radius of insulation is less than critical radius of 
insulation of the pipe, the rate of heat loss will increase.   
 
10-90C No. 
 
10-91C For a cylindrical pipe, the critical radius of insulation is defined as hkrcr /= . On windy days, the 
external convection heat transfer coefficient is greater compared to calm days. Therefore critical radius of 
insulation will be greater on calm days. 
 
 
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, 
  W104)A 13)(V 8( ==== IWQ e V&&  
The total thermal resistance is 
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Then the interface temperature becomes 
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The critical radius of plastic insulation is  
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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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10-117 Circular aluminum fins are to be attached to the tubes of a heating system. The increase in heat 
transfer from the tubes per unit length as a result of adding fins is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The heat transfer coefficient is constant and uniform 
over the entire fin surfaces. 3 Thermal conductivity is constant. 4 Heat transfer by radiation is negligible. 
Properties The thermal conductivity of the fins is given to be k = 186 W/m⋅°C. 
Analysis In case of no fins, heat transfer from the tube per meter of its length is 
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The efficiency of these circular fins is, from the efficiency curve, Fig. 10-43 
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Heat transfer from a single fin is 

 

 W53.11
C)25180)(m 001916.0)(C. W/m40(97.0

)(

m 001916.0)001.0)(03.0(2)025.003.0(22)(2

22
finfinmaxfin,finfin

222
2

2
1

2
2fin

=
°−°=

−==

=+−=+−=

∞TThAQQ

trrrA

bηη

ππππ
&&

 

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

  W3613)92.253.11(250)( unfinfinfintotal, =+=+= QQnQ &&&  

Therefore the increase in heat transfer from the tube per meter of its length as a result of the addition of the 
fins is 

  W2639=−=−= 9743613fin nofintotal,increase QQQ &&&  
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10-123 A hot plate is to be cooled by attaching aluminum pin fins on one side. The rate of heat transfer 
from the 1 m by 1 m section of the plate and the effectiveness of the fins are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The temperature along the fins varies in one direction 
only (normal to the plate). 3 Heat transfer from the fin tips is negligible. 4 The heat transfer coefficient is 
constant and uniform over the entire fin surface.  5 The thermal properties of the fins are constant. 6 The 
heat transfer coefficient accounts for the effect of radiation from the fins. 
Properties The thermal conductivity of the aluminum plate and fins is given to be k = 237 W/m⋅°C. 
Analysis  Noting that the cross-sectional areas of the fins are 
constant, the efficiency of the circular fins can be determined to be 
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The number of fins, finned and unfinned surface areas, 
and heat transfer rates from those areas are 
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Then the total heat transfer from the finned plate becomes 

     kW 17.4=×=+=+=  W1074.12107300,15 4
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The rate of heat transfer if there were no fin attached to the plate would be 
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Then the fin effectiveness becomes 

 7.10===
2450

400,17

fin no

fin
fin Q

Q
&

&
ε  

 

3 cm 

0.6 cm 
D=0.25 cm 



 

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. 

10-103

 

10-151 An ice chest made of 10-cm thick styrofoam is initially filled with 45 kg of ice at 0°C. The length 
of time it will take for the ice in the chest to melt completely is 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. 3 Thermal conductivity is constant.  4 The inner 
surface temperature of the ice chest can be taken to be 0°C at all times. 5 Heat transfer from the base of the 
ice chest is negligible. 
Properties The thermal conductivity of styrofoam 
is given to be k = 0.033 W/m⋅°C. The heat of 
fusion of water at 1 atm is kJ/kg 7.333=ifh . 

Analysis Disregarding any heat loss through the 
bottom of the ice chest, the total thermal resistance 
and the heat transfer rate are determined to be      
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The total amount of heat necessary to melt the ice completely is 
 kJ 685,16kJ/kg) kg)(333.7 50( === ifmhQ  

Then the time period  to transfer this much heat to the cooler to melt the ice completely becomes 
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10-156 Two persons are wearing different clothes made of different materials with different surface areas. 
The fractions of heat lost from each person’s body by perspiration are to be determined. 
Assumptions 1 Heat transfer is steady. 2 Heat transfer is one-dimensional. 3 Thermal conductivities are 
constant. 4 Heat transfer by radiation is accounted for in the heat transfer coefficient. 5 The human body is 
assumed to be cylindrical in shape for heat transfer purposes. 
Properties The thermal conductivities of the leather and synthetic fabric are given to be k = 0.159 W/m⋅°C 
and k = 0.13 W/m⋅°C, respectively. 
Analysis  The surface area of each body is first determined from 
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The sensible heat lost from the first person’s body is  
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The total sensible heat transfer is the sum of heat transferred through the clothes and the skin 
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Then the fraction of heat lost by respiration becomes 
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Repeating similar calculations for the second person’s body 
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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/m3 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 
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The rate of heat transfer to the LNG is  

  

C/W 13157.1213071.1200086.0

C/W 00086.0
)m 81.52(C). W/m22(

11

C/W 13071.12
)m 05.2)(m 0.2(C) W/m.00008.0(4

m )0.205.2(
4

22

21

12
insulation

°=+=+=

°=
°

==

°=
°
−

=
−

=

insulationototal

o
o

RRR
Ah

R

rkr
rr

R
ππ

 

  W75.14
C/W 12.13157

C)]155(24[

total

LNG2 =
°

°−−
=

−
= ∞

R
TT

Q&  

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 
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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 
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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 ΔT 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 C W/m.35 °=k , 3kg/m 8500=ρ , and 
CJ/kg. 320 °=pc . 

Analysis The characteristic length of the junction and the Biot number are 
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Since 0.1< Bi , the lumped system analysis is applicable. 
Then the time period for the thermocouple to read 99% of the 
initial temperature difference is determined from 
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11-20 The heating times of a sphere, a cube, and a rectangular prism with similar dimensions are to be 
determined.  
Assumptions 1 The thermal properties of the geometries are constant. 2 The heat transfer coefficient is 
constant and uniform over the entire surface.  
Properties The properties of silver are given to be k = 429 W/m⋅ºC, ρ = 10,500 kg/m3, and cp = 0.235 
kJ/kg⋅ºC. 
Analysis For sphere, the characteristic length and the Biot number are 
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Since 0.1< Bi , the lumped system analysis is applicable. Then the time period for the sphere temperature 
to reach to 25ºC is determined from 
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Cube: 
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Rectangular prism: 
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The heating times are same for the sphere and cube while it is smaller in rectangular prism. 
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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 τ > 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, α = 0.141×10-6 m2/s, ρ = 999 
kg/m3 and cp = 3.99 kJ/kg.°C. 
Analysis The Fourier number is 
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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 

     
1

1

1

1

1
1

00sph0,

sphs, )sin(
)sin(

2
1

2
1

λ
λλ

λ

θ

θ
τλ

τλ

==
−
−

=

−
−
−
−

=
−

−

∞

∞

∞

∞

∞

∞

eA

eA

TT
TT

TT
TT
TT
TT

s

i

i

s

 

Substituting, 
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From Table 11-2, the corresponding Biot number and the heat transfer coefficient are 
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The maximum amount of heat transfer is 
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Then the actual amount of heat transfer becomes 
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Tomato 
Ti = 30°C 

Water
7°C 
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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 τ > 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, ρ = 
7900 kg/m3, cp = 477 J/kg.°C, α = 3.95×10-6 m2/s 
Analysis  First the Biot number is calculated to be  
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The constants 11  and Aλ corresponding to this 
Biot number are, from Table 11-2, 
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The Fourier number is  
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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 
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The maximum heat can be transferred from the cylinder per meter of its length is 
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Once the constant 1J = 0.4679 is determined from Table 11-3 corresponding to the constant 1λ =1.0904, 
the actual heat transfer becomes 
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Steel shaft 
Ti = 400°C 

Air 
T∞ = 150°C 
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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 τ > 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, ρ = 1200 kg/m3, cp = 4.1 kJ/kg.°C, and α = 
0.91×10-7 m2/s. 
Analysis (a) The radius of the roast is determined to be 
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The Fourier number is 
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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 
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It is determined from Table 11-2 by trial and error that this equation is satisfied when Bi = 30, which  corresponds to   
9898.1   and   0372.3 11 == Aλ . Then the heat transfer coefficient can be determined from 
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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 
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(c) The maximum possible heat transfer is 
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Then the actual amount of heat transfer becomes 
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(d) The cooking time for medium-done rib is determined to be 
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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. 

Oven 
163°C 

Rib 
4.5°C 
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11-53 A person puts apples into the freezer to cool them quickly. The center and surface temperatures of 
the apples, and the amount of heat transfer from each apple in 1 h are to be determined. 
Assumptions 1 The apples are spherical in shape with a diameter of 9 cm. 2 Heat conduction in the apples 
is one-dimensional because of symmetry about the midpoint. 3 The thermal properties of the apples are 
constant. 4 The heat transfer coefficient is constant and uniform over the entire surface. 5 The Fourier 
number is τ > 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 apples are given to be k = 0.418 W/m.°C, ρ = 840 kg/m3, cp = 3.81 
kJ/kg.°C, and α = 1.3×10-7 m2/s. 
Analysis  The Biot number is  
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The constants 11  and Aλ corresponding to this 
Biot number are, from Table 11-2, 
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The Fourier number is  
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Then the temperature at the center of the apples becomes 
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The temperature at the surface of the apples is 
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The maximum possible heat transfer is 
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Then the actual amount of heat transfer becomes 
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Apple 
Ti = 20°C 

Air 
T∞ = -15°C 
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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, ρ = 7840 kg/m3, and cp = 440 J/kg.°C. 
Analysis (a) The characteristic length of the 
balls and the Biot number are 
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Therefore, we can use lumped system analysis. Then the 
time for a final valve temperature of 400°C becomes  
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(b) The time for a final valve temperature of 200°C is  
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(c) The time for a final valve temperature of 51°C is  
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(d) The maximum amount of heat transfer from a single valve is determined from 
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Oil 
T∞ = 50°C 

Engine valve
Ti = 800°C 
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12-41 Wind is blowing parallel to the wall of a house. The rate of heat loss from that wall is to be 
determined for two cases.   
Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Recr = 5×105. 3 
Radiation effects are negligible. 4 Air is an ideal gas with constant properties. 
Properties The properties of air at 1 atm and the 
film temperature of  (Ts + T∞)/2 = (12+5)/2 = 
8.5°C are (Table A-22) 
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Analysis Air flows parallel to the 10 m side:  
The Reynolds number in this case is 
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which is greater than the critical Reynolds number. Thus we have combined laminar and turbulent flow. 
Using the proper relation for Nusselt number, heat transfer coefficient and then heat transfer rate are 
determined to be 
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If the wind velocity is doubled: 
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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 
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Air 
V = 55 km/h 
T∞ = 5°C 

L  

Ts = 12°C 
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12-48 Ambient air flows over parallel plates of a solar collector that is maintained at a specified 
temperature. The rates of convection heat transfer from the first and third plate are to be determined. 
Assumptions 1 Steady operating conditions 
exist. 2 The critical Reynolds number is 
Recr = 5×105. 3 Radiation effects are 
negligible. 4 Atmospheric pressure is taken 
1 atm. 
Properties The properties of air at the film 
temperature of (15+10)/2=12.5°C are 
(Table A-22) 
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Analysis (a) The critical length of the 
plate is first determined to be 
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Therefore, both plates are under laminar flow. The Reynolds number for the first plate is 
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Using the relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate are 
determined to be 
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(b) Repeating the calculations for the second and third plates,  
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The rate of heat loss from the third plate is 
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12-53 A circuit board is cooled by air. The surface temperatures of the electronic components at the leading 
edge and the end of the board are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The critical Reynolds number is Recr = 5×105. 3 
Radiation effects are negligible. 4 Any heat transfer from the back surface of the board is disregarded. 5 
Air is an ideal gas with constant properties. 
Properties Assuming the film temperature to be approximately 35°C, the properties of air are evaluated at 
this temperature to be (Table A-22) 
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Analysis (a) The convection heat transfer 
coefficient at the leading edge approaches infinity, 
and thus the surface temperature there must 
approach the air temperature, which is 20°C. 
(b) The Reynolds number is 
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which is less than the critical Reynolds number but we assume the flow to be turbulent since the electronic 
components are expected to act as turbulators. Using the Nusselt number uniform heat flux, the local heat 
transfer coefficient at the end of the board is determined to be 
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Then the surface temperature at the end of the board becomes 
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Discussion The heat flux can also be determined approximately using the relation for isothermal surfaces, 
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Then the surface temperature at the end of the board becomes 
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Note that the two results are close to each other. 

Air 
20°C 
6 m/s

Circuit board 
20 W

15 cm

15 cm 



 

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. 

12-36

 

12-68 A steam pipe is exposed to windy air. The rate of heat loss from the steam is to be determined.√ 
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 (Ts + T∞)/2 = (90+7)/2 = 48.5°C are 
(Table A-22) 
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Analysis The Reynolds number is 
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The heat transfer coefficient and the heat transfer rate become 
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Air 
V = 50 km/h 

T∞ = 7°C 

Pipe 
D = 8 cm 
Ts = 90°C
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12-74 The average surface temperature of the head of a person when it is not covered and is subjected to 
winds 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 One-quarter of the heat the person generates is lost from the head. 5 The head 
can be approximated as a 30-cm-diameter sphere. 6 The local atmospheric pressure is 1 atm. 
Properties We assume the surface temperature to be 15°C for viscosity. The properties of air at 1 atm 
pressure and the free stream temperature of 10°C are (Table A-22) 
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Analysis The Reynolds number is 
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The proper relation for Nusselt number corresponding to this Reynolds number is 
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The heat transfer coefficient is 
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Then the surface temperature of the head is determined to be 
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Air 
V = 25 km/h 
T∞ = 10°C 

Head 
Q = 21 W 

D =0.3 m  
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12-78 An aircraft is cruising at 900 km/h. A heating system keeps the wings above freezing temperatures. 
The average convection heat transfer coefficient on the wing surface and the average rate of heat transfer 
per unit surface area 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 wing is approximated as a cylinder of elliptical cross section whose minor 
axis is 50 cm.  
Properties The properties of air at 1 atm and the film temperature of (Ts + T∞)/2 = (0-55.4)/2 = -27.7°C are 
(Table A-22) 
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Note that the atmospheric pressure will only affect the kinematic 
viscosity. The atmospheric pressure in atm unit is 

 P = =( . .188 01855 kPa) 1 atm
101.325 kPa

 atm  

The kinematic viscosity at this atmospheric pressure is 

  /sm 10961.51855.0/s)/m 10106.1( 2525 −− ×=×=ν   

Analysis The Reynolds number  is 

 [ ] 6
25

10097.2
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m) (0.5m/s 0/3600)100(900Re ×=
×

×
==

−ν
VD  

The Nusselt number relation for a cylinder of elliptical cross-section is limited to Re < 15,000, and the 
relation below is not really applicable in this case. However, this relation is all we have for elliptical 
shapes, and we will use it with the understanding that the results may not be accurate. 

 1660)7241.0()10097.2(248.0PrRe248.0 3/1612.063/1612.0 =×===
k

hDNu  

The average heat transfer coefficient on the wing surface is 

 C. W/m71.45 2 °=
°

== )1660(
m 5.0

C W/m.02152.0Nu
D
kh  

Then the average rate of heat transfer per unit surface area becomes        

 2 W/m3958=°−−°=−= ∞ C 55.4)](C)[0. W/m45.71()( 2TThq s&  

18.8 kPa 
V = 900 km/h 
T∞ = -55.4°C 
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12-81 A light bulb is cooled by a fan. The equilibrium temperature of the glass bulb is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant properties. 3 The light 
bulb is in spherical shape. 4 The local atmospheric pressure is 1 atm. 
Properties We assume the surface temperature to be 100°C for viscosity. The properties of air at 1 atm 
pressure and the free stream temperature of 30°C are (Table A-22) 
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Analysis The Reynolds number is 
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The proper relation for Nusselt number corresponding to this Reynolds number is 
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The heat transfer coefficient is 

 C. W/m37.17)14.67(
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D
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Noting that 90 % of electrical energy is converted to heat, 

  W90= W)100)(90.0(=Q&   

The bulb loses heat by both convection and radiation. The equilibrium temperature of the glass bulb can be 
determined by iteration or by an equation solver: 

 222 m 0314.0)m 1.0( === ππDAs          
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Lamp 
100 W
 ε = 0.9

Air 
V = 2 m/s 
T∞ = 30°C 
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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) 
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Water 
or Air 
2 m/s 

L = 7 m 

 
 D = 8 cm 

The properties of water at 25°C are (Table A-15) 
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Analysis The Reynolds number is 
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VD  

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
    m 8.0m) 08.0(1010 ==≈≈ DLL th

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 

 76.32)7296.0()243,10(023.0PrRe023.0 4.08.04.08.0 ====
k

hDNu  

Heat transfer coefficient is 
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Repeating calculations for water: 
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 C. W/m5747 2 °=
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== )4.757(
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D
kh  

Discussion The heat transfer coefficient for water is 550 times that of air.  
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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) 
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Analysis Mass flow rate, cross sectional area, hydraulic diameter, 
mean velocity of air and the Reynolds number are 
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which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
m 5825.0m) 05825.0(1010 ==≈≈ hth DLL  

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 
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The exit temperature of air can be calculated using the “average” surface temperature as 
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The temperature rise of air is 
  C7.3°=°−°=Δ C30C3.37T
The logarithmic mean temperature difference and the heat loss from the glass are 
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The logarithmic mean temperature difference and the heat gain of the absorber are 
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Then the net rate of heat transfer becomes 
   W1461=−= 15142975netQ&
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13-55 Air enters a rectangular duct. The exit temperature of the air, the rate of heat transfer, and the fan 
power are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Air is an 
ideal gas with constant properties. 4 The pressure of air in the duct is 1 atm. 
Properties We assume the bulk mean temperature for air to be 40°C since the mean temperature of air at 
the inlet will drop somewhat as a result of heat loss through the duct whose surface is at a lower 
temperature. The properties of air at this temperature and 1 atm are (Table A-22) 
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50°C 
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L = 7 m 

Air duct 
15 cm × 20 cm 

Ts = 10°C 

Analysis (a) The hydraulic diameter, the mean 
velocity of air, and the Reynolds number are   
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which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly 
m 714.1m) 1714.0(1010 ==≈≈ hth DLL   

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent 
flow in the entire duct, and determine the Nusselt number from 
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Heat transfer coefficient is 
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Next we determine the exit temperature of air 
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(b) The logarithmic mean temperature difference and the rate of heat loss from the air are 
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(c) The friction factor, the pressure drop, and then the fan power can be determined for the case of fully 
developed turbulent flow to be 
   01973.0)500,70(184.0Re184.0 2.02.0 === −−f
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14-19 A horizontal hot water pipe passes through a large room. The rate of heat loss from the pipe by 
natural convection and radiation 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 outer surface of the pipe is constant.  
Properties The properties of air at 1 atm and the film temperature 
of (Ts+T∞)/2 = (73+27)/2 = 50°C are (Table A-22) 
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Analysis (a) The characteristic length in this case is the outer diameter of the pipe, m. 06.0== DLc  Then, 
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(b) The radiation heat loss from the pipe is 
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Air 
T∞ = 27°C 

Pipe 
Ts = 73°C 
ε = 0.8 

L=10 m 

D =  6 cm 
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14-25 Water is boiling in a pan that is placed on top of a stove. The rate of heat loss from the cylindrical 
side surface of the pan by natural convection and radiation and the ratio of heat lost from the side surfaces 
of the pan to that by the evaporation of water are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas 
with constant properties. 3 The local atmospheric pressure is 1 atm. 
Properties The properties of air at 1 atm and the film temperature of 
(Ts+T∞)/2 = (98+25)/2 = 61.5°C are (Table A-22) 
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Analysis (a) The characteristic length in this case is the 
height of the pan, m. 12.0== LLc Then 
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We can treat this vertical cylinder as a vertical plate since 
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and 
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(b) The radiation heat loss from the pan is 
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(c) The heat loss by the evaporation of water is 
  W940kW 9404.0)kJ/kg 2257)(kg/s 3600/5.1( ==== fghmQ &&  

Then the ratio of the heat lost from the side surfaces of the pan to that by the evaporation of water then 
becomes 

 9.9%==
+

= 099.0
940

3.472.46f  

Vapor 
2 kg/h 

Water 
100°C 

Pan 
Ts = 98°C 
ε = 0.80

Air 
T∞ = 25°C 
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14-42 A circuit board containing square chips is mounted on a vertical wall in a room. The surface 
temperature of the chips 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 heat transfer from the back side of the circuit board is negligible. 
Properties The properties of air at 1 atm and the anticipated film 
temperature of (Ts+T∞)/2 = (35+25)/2 = 30°C are (Table A-22) 
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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 35°C for the evaluation of the 
properties and h. We will check the accuracy of this guess later and repeat the calculations if necessary. The 
characteristic length in this case is the height of the board, m. 5.0== LLc  Then, 
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Considering both natural convection and radiation, the total rate of heat loss can be expressed as 

 

])K 27325()K 273)[(.K W/m1067.5)(m 25.0)(7.0(    

C)25)(m 25.0)(C. W/m30.3( W)18.0121(

)()(

444282

22

44

+−+×+

°−°=×
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−

∞
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s
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T

TTATThAQ σε&

 

Its solution is 
 Ts = 36.2°C 
which is sufficiently close to the assumed value in the evaluation of properties and h. Therefore, there is no 
need to repeat calculations by reevaluating the properties and h at the new film temperature. 

Air 
T∞ = 25°C 

Tsurr = 25°C

PCB, Ts  
ε = 0.7 
121×0.18 W

 L = 50 cm
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14-48 A vertically oriented cylindrical hot water tank is located in a bathroom. The rate of heat loss from 
the tank by natural convection and radiation 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 outer surface of the tank is constant.  
Properties The properties of air at 1 atm and the film temperature 
of (Ts+T∞)/2 = (44+20)/2 = 32°C are (Table A-22) 

 

1-

25

K 003279.0
K)27332(

11
7276.0Pr

/sm 10627.1

C W/m.02603.0

=
+

==

=
×=

°=
−

fT

k

β

ν
 

Analysis The characteristic length in this case is the height of 
the cylinder, m. 1.1== LLc  Then, 
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∞
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β LTTg s  

A vertical cylinder can be treated as a vertical plate when 

 m 1542.0
)10883.3(

m) 1.1(35
Gr
35m) 4.0(

4/191/4
=

×
=≥=

LD  

which is satisfied. That is, the Nusselt number relation for a vertical plate can be used for the side surfaces. 
For the top and bottom surfaces we use the relevant Nusselt number relations. First, for the side surfaces, 
 99 10825.2)7276.0)(10883.3(GrPrRa ×=×==  
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  W6.133C)2044)(m 382.1)(C. W/m027.4()( 22
side =°−°=−= ∞TThAQ ss
&  

For the top surface, 

 m 1.0
4

m 4.0
4

4/2
=====

D
D

D
p

A
L s

c π
π  
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  W2.16C)2044)(m 1257.0)(C. W/m365.5()( 22
top =°−°=−= ∞TThAQ ss
&  

Air 
T∞ = 20°C 

Tank 
Ts = 44°C
ε = 0.4L = 1.1 m 

D = 0.4 m 
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For the bottom surface, 
 31.10)10123.2(27.0Ra27.0Nu 4/164/1 =×==  

  C. W/m683.2)31.10(
m 1.0

C W/m.02603.0 2 °=
°

== Nu
L
kh
c

 

  W1.8C)2044)(m 1257.0)(C. W/m683.2()( 22
bottom =°−°=−= ∞TThAQ ss
&  

The total heat loss by natural convection is 
  W157.9=++=++= 1.82.166.133bottomtopsideconv QQQQ &&&&  

The radiation heat loss from the tank is 

[ ]
 W101.1=

+−+×++=

−=
− 444282

44
rad

)K 27320()K 27344().K W/m1067.5)(m 1257.01257.0382.1)(4.0(

)( surrss TTAQ σε&
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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   

 2m 4=sA  

(a) For a blackbody source at 5800 K, the total blackbody radiation emission is     

kW 10567.2)m 4(K) 5800(K).kW/m 1067.5()( 5244284 ×=×== −
sb ATTE σ  

The fraction of radiation in the range of 0.3 to 3.0 μm is 

     
97875.0mK 17,400=K) m)(5800 0.3(

03345.0mK 1740=K) m)(5800 30.0(

2

1

2

1

=⎯→⎯=

=⎯→⎯=

λ

λ

fT

fT

μμλ

μμλ
 

     9453.003345.097875.0
12

=−=−=Δ λλ fff  

Noting that 90% of the total radiation is transmitted through 
the window, 

     
kW 102.184 5×=×=

Δ=

)kW 10567.2)(9453.0)(90.0(

)(90.0
5

transmit TfEE b  

(b) For a blackbody source at 1000 K, the total blackbody emissive power is 

kW 8.226)m 4(K) 1000)(K. W/m1067.5()( 244284 =×== −
sb ATTE σ  

The fraction of radiation in the visible range of 0.3 to 3.0 μm is 

 
273232.0mK 3000=K) m)(1000 0.3(

0000.0mK 300=K) m)(1000 30.0(
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1
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=⎯→⎯=

=⎯→⎯=
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λ

fT

fT

μμλ

μμλ
 

 0273232.0
12

−=−=Δ λλ fff  

and 
 kW 55.8==Δ= )kW 8.226)(273232.0)(90.0()(90.0transmit TfEE b  

 

Glass 
τ = 0.9 

 L = 2 m 

SUN 
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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 
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where f fλ λ1 2
 and  are blackbody radiation functions 

corresponding to TT 21  and λλ , determined from  

     
737818.0mK 6000=K) m)(1000 6(

066728.0mK 2000=K) m)(1000 2(

2

1

2

1

=⎯→⎯=
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λ

fT

fT

μμλ

μμλ
 

     .1 since f and 0 since 
2211 0010 =−===−= ∞∞∞−− ffffffff λλλλλ  

and, 
 0.575=−+−+= )737818.01)(3.0()066728.0737818.0)(7.0(066728.0)4.0(ε  

Then the emissive power of the surface becomes 

 2kW/m 32.6=×== − 44284 K) 1000)(K. W/m1067.5(575.0TE εσ  

ελ 

λ, μm 
 2  6 

0.7 
 
0.4 
0.3 
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15-47 An enclosure consisting of five surfaces is considered. The 
number of view factors this geometry involves and the number of 
these view factors that can be determined by the application of the 
reciprocity and summation rules are to be determined. 
Analysis A five surface enclosure (N=5) involves 25== 22 5N  

view factors and we need to determine 10
2

)15(5
2

)1(
=

−
=

−NN  

view factors directly. The remaining 25-10 = 15 of the view 
factors can be determined by the application of the reciprocity and 
summation rules. 
 
 
 
15-48 An enclosure consisting of twelve surfaces 
is considered. The number of view factors this 
geometry involves and the number of these view 
factors that can be determined by the application 
of the reciprocity and summation rules are to be 
determined. 
Analysis A twelve surface enclosure (N=12) 
involves 144== 22 12N  view factors  and we 

need to determine  66
2

)112(12
2

)1(
=

−
=

−NN  

view factors directly. The remaining 144-66 = 78 
of the view factors can be determined by the 
application of the reciprocity and summation 
rules. 
 
 
 
15-49 The view factors between the rectangular surfaces shown in the figure are to be determined. 
Assumptions The surfaces are diffuse emitters and reflectors. 
Analysis From Fig. 15-6, 
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We note that A1 = A3. Then the reciprocity and superposition rules gives 

 0.27==⎯→⎯= 3113313131A FFFAF  

05.027.032.0     32323231)21(3 =⎯→⎯+=⎯→⎯+=+→ FFFFF  

Finally, 0.05==⎯→⎯= 322332 FFAA  

2 

1 

4 

5

3

2
1

3

9 
1

12

10

4 5

8

6

7

W = 3 m 

(2) L2 = 1 m 
 
 
L1 = 1 m 

 L3 = 1 m A3     (3) 

A2 
 
A1 (1) 
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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                                             
 side surface by (3). 
Then from Fig. 15-7 
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Discussion This problem can be solved more accurately by using the view factor relation from Table 15-3 
to be  
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(2) 

(3) 

(1) 

L=2D=4r 

D=2r
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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  
ε1 = 0.8 and ε2 = 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 112 =F . The temperature of the base 
surface is determined from 
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Note that 2
2

2
1 m 2  and  m 1 == AA . 

q1 = 800 W/m2 

ε1 = 0.8 

T2 = 500 K 
ε2 = 0.5 

b = 2 m 
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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  ε = 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 2.012 =F . Then the rate of heat loss from the ceiling can be determined from 
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Substituting, 

 kW 747=×=

⎟
⎟
⎠

⎞
⎜
⎜
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⎛
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−
=

−
 W1047.7

)m 078125.0(2
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 W/m)5188015,83( 5
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2-2-
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12Q&  

 

T2 = 550 K 
ε2 = 1 

T1 = 1100 K 
ε1 = 1 

Reradiating side 
surfacess 

 a = 4 m 
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15-86 Two perpendicular rectangular surfaces with a common edge are maintained at specified 
temperatures. The net rate of radiation heat transfers between the two surfaces and between the horizontal 
surface and the surroundings 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 the horizontal rectangle and the surroundings are ε = 0.75 and ε = 0.85, 
respectively.  
Analysis We consider the horizontal rectangle to be surface 1, the vertical rectangle to be surface 2 and the 
surroundings to be surface 3. This system can be considered to be a three-surface enclosure. The view 
factor from surface 1 to surface 2 is determined from 

 27.0
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 (Fig. 15-6) 

The surface areas are  

2
2

2
1

m 92.1)m 6.1)(m 2.1(

m 28.1)m 6.1)(m 8.0(

==

==

A

A
 

222
3 m 268.36.12.18.0

2
8.02.12 =×++

×
×=A  

Note that the surface area of the surroundings is determined assuming that surroundings forms flat surfaces 
at all openings to form an enclosure. Then other view factors are determined to be  

18.0)92.1()27.0)(28.1( 2121212121 =⎯→⎯=⎯→⎯= FFFAFA   (reciprocity rule) 

 73.0127.001 1313131211 =⎯→⎯=++⎯→⎯=++ FFFFF   (summation rule) 

 82.01018.01 2323232221 =⎯→⎯=++⎯→⎯=++ FFFFF   (summation rule) 

29.0)268.3()73.0)(28.1( 3131313131 =⎯→⎯=⎯→⎯= FFFAFA  (reciprocity rule) 

48.0)268.3()82.0)(92.1( 3232323232 =⎯→⎯=⎯→⎯= FFFAFA  (reciprocity rule) 
We now apply Eq. 15-35b to each surface to determine the radiosities. 

Surface 1: 
[ ]

[ ])(73.0)(27.0
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−
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−
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Surface 2: 2
4428

2
4

2 )K 550)(K. W/m1067.5(        JJT =×⎯→⎯= −σ   

Surface 3: 
[ ]
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−
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Solving the above equations, we find 
 2

3
2

2
2

1  W/m5.811    , W/m5188   , W/m1587 === JJJ  
Then the net rate of radiation heat transfers between the two surfaces and between the horizontal surface 
and the surroundings are determined to be 
  W1245=−−=−−=−= 22

211211221 W/m)51881587)(27.0)(m 28.1()( JJFAQQ &&  

  W725=−=−= 22
3113113 W/m)5.8111587)(73.0)(m 28.1()( JJFAQ&  

W = 1.6 m 

(2) L2 = 1.2 m 

 L1 = 0.8 m A1     (1) 

A2 
T3 = 290 K
ε3 = 0.85 

T2 = 550 K
ε2 = 1 

T1 =400 K 
ε1 =0.75 

(3) 
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15-106 A cylindrical furnace with specified top and bottom surface temperatures and specified heat 
transfer rate at the bottom surface is considered. The temperature of the side 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 emissivities of the top, bottom, and side surfaces are 0.70, 0.50, and 0.40, respectively.  
Analysis We consider the top surface to be surface 1, the bottom 
surface to be surface 2, and the side surface to be surface 3. This 
system is a three-surface enclosure. The view factor from surface 1 
to surface 2 is determined from 

 17.0
5.0

2.1
6.0

2
6.0
2.1

12 =

⎪
⎪
⎭

⎪⎪
⎬

⎫

==

==
F

L
r
r
L

 (Fig. 15-7) 

The surface areas are  

 
2

3

222
21

m 524.4)m 2.1)(m 2.1(

m 131.14/)m 2.1(4/

===

====

ππ

ππ

DLA

DAA
 

Then other view factors are determined to be  
17.02112 == FF   

83.0117.001 1313131211 =⎯→⎯=++⎯→⎯=++ FFFFF   (summation rule), 83.01323 == FF    

21.0)524.4()83.0)(131.1( 3131313131 =⎯→⎯=⎯→⎯= FFFAFA   (reciprocity rule),  21.03132 == FF  
We now apply Eq. 15-35 to each surface 

Surface 1: 
[ ]

[ ])(83.0)(17.0
70.0

70.01)K 500)(K. W/m1067.5(

)()(
1

        

31211
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1
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4
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+=×
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ε
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Surface 2: 
[ ]

[ ])(83.0)(17.0
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Surface 3: 
[ ]

[ ])(21.0)(21.0
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40.01)K. W/m1067.5(

)()(
1

        

23133
4

3
428

23321331
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We now apply Eq. 15-34 to surface 2 
 [ ] [ ])(83.0)(17.0)m 131.1()()( 3212

2
3223122122 JJJJJJFJJFAQ −+−=−+−=&  

Solving the above four equations, we find 
 2

3
2

2
2

13  W/m8193    , W/m8883   , W/m4974   , ==== JJJT K 631  
The rate of heat transfer between the bottom and the top surface is 
  W751.6=−=−= 22

1221221 W/m)49748883)(17.0)(m 131.1()( JJFAQ&  
The rate of heat transfer between the bottom and the side surface is 
  W648.0=−=−= 22

3223223 W/m)81938883)(83.0)(m 131.1()( JJFAQ&  
Discussion The sum of these two heat transfer rates are 751.6 + 644 = 1395.6 W, which is practically equal 
to 1400 W heat supply rate from surface 2. This must be satisfied to maintain the surfaces at the specified 
temperatures under steady operation. Note that the difference is due to round-off error.   

T1 = 500 K 
ε1 = 0.70 
r1 = 0.6 m 

T3 = ? 
ε3 = 0.40 

h = 1.2 m 

T2 = 650 K 
ε2 = 0.50 
r2 = 0.6 m 
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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.  
Analysis We consider the top surface to be surface 1, the base surface to 
be surface 2, and the side surface to be surface 3. This system is a three-
surface enclosure. The view factor from the base to the top surface of the 
cube is from Fig. 15-5 2.012 =F . The view factor from the base or the top 
to the side surfaces is determined by applying the summation rule to be 

 F F F F F11 12 13 13 121 1 1 0 2 08+ + = ⎯ →⎯ = − = − =. .  

since the base surface is flat and thus 011 =F . Other view factors are 

   20.0          ,80.0          ,20.0 323113231221 ====== FFFFFF  

We now apply Eq. 9-35 to each surface 
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[ ]
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Surface 2: 
[ ]
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Surface 3: 
3

4428
3

4
3

)K 450)(K. W/m1067.5(
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=×

=
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σ
  

We now apply Eq. 9-34 to surface 2 

 [ ] [ ])(80.0)(20.0)m 9()()( 3212
2

3223122122 JJJJJJFJJFAQ −+−=−+−=&  

Solving the above four equations, we find 

 2
3

2
2

2
11  W/m2325    , W/m985,41   , W/m736,11   , ==== JJJ0.44ε  

The rate of heat transfer between the bottom and the top surface is 

 22
21 m 9)m 3( === AA  

 kW 54.4=−=−= 22
1221221 W/m)736,11985,41)(20.0)(m 9()( JJFAQ&  

The rate of heat transfer between the bottom and the side surface is 

 22
13 m 36)m 9(44 === AA  

 kW  285.6=−=−= 22
3223223 W/m)2325985,41)(8.0)(m 9()( JJFAQ&  

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.   

T1 = 700 K 
ε1 = ? 

T2 = 950 K 
ε2 = 0.90 

T3 = 450 K 
ε3 = 1 

3 m 


