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/m’® and 13,600 kg/m’, respectively.

Analysis Using the relation P = pgh for gage pressure, the high and low pressures are expressed as

1IN 1kPa
B = pgh . =(13,600 kg/m>)(9.81 m/s>)(0.12 m) =16.0 kPa
hign = PEhign = s ) 1kg-m/s® )\ 1000 N/m?

IN 1kPa
By = Pgho, = (13,600 kg/m*)(9.81 m/s*)(0.08 m =10.7 kPa

Noting that 1 psi = 6.895 kPa,

1 psi . 1 psi .
Bion = (16.0 Pa)) ————— | = 2.32 psi and B, =(10.7 Pa)) ——— | =1.55 psi
hign = ¢ )[6.895 kPaj P fow = )[ 6.895 kPaj P
For a given pressure, the relation P = pgh can be expressed for
mercury and water as P = Prwater ghwater and P = P mercuryghmercury :
Setting these two relations equal to each other and solving for -
water height gives -
Prnercury -
P= pwaterghwater =p mercuryghmercury - hwater = hmercury ::: h
water -]
Therefore, o
Prmer 13,600 kg/m’ B
Prmercu 13,600 kg/m’
hwater, low — e hmercury,low = —g3(008 m) =1.09m
Pwater 1000 kg/m

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. .
Water oil

Properties The density of oil is given to be p =790 kg/m’. We take B —

the density of water to be p =1000 kg/m’. h,

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

Pootiom = Pam + Pwhyi a0d  Pogiom = Pam + Py 8l + P2 gl
Setting them equal to each other and simplifying,
Py 8y = pu8hyy + paghy = pyhyi = pyha Py o by =hg (0, /PR,
Noting that £, = 4h,,, the water and oil column heights in the second arm are determined to be

0.7m =h,, +(790/1000)4h,, —  h,, =0.168m
0.7m =0.168 m +(790/1000), —  h, =0.673m

Discussion Note that the fluid height in the arm that contains oil is higher. This is expected since oil is
lighter than water.

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.




2-37

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 p = 1.30 kg/m’.

We take the density of water to be 1000 kg/m”.
. —> | D=15cm
Analysis Noting that the weight of the duct and the air in
it is negligible, the net upward force acting on the duct is L=20m
the buoyancy force exerted by water. The volume of the Fp

underground section of the duct is
V =AL=(zD*/4)L =[x(0.15m)*/4](20 m) = 0.353 m’
Then the buoyancy force becomes

1kN

Fy = pgV = (1000 kg/m*)(9.81 m/s?)(0.353 m* )| ————
1000 kg - m/s>

J =3.46 kN

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.
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2-85 A helium balloon tied to the ground carries 2 people. The acceleration of the balloon when it is first
released is to be determined.

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

Analysis The buoyancy force acting on the balloon is

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

1 kg-m/s / 7!

The total mass is

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

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

people

The total weight is

2 IN A4

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

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

Then the acceleration becomes

o Fua _ 373N [1kg~nvs2

= =16.5m/s?
Mg 226.8kg IN
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3-39 A ki 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

1kJ

w .
1000 kg-m?/s?

¢ =Mmg(z, —2;)= (12,500 kg)(9.81 m/s*)(200 m){

J = 24,525 kJ

At 10 km/h, it will take

Ar = distance  1km

= — = =0.1h=360s
velocity 10km/h

to do this work. Thus the power needed is

Wy 24525k

== =68.1kW
At 3605

The velocity of the lift during steady operation, and the acceleration during start up are

1m/s

V = (10 km/h)(—
3.6 km/h

j =2.778 m/s
4o AV 2778 m/s-0

= =0.556 m/s?
At 5s

During acceleration, the power needed is

1kJ/kg

. 1 2 \,2 1 2
W, ==m(V.2 —V.2)/ At = = (12,500 kg)((2.778 m/s)2 0] ————~ _
a9 V2 =Vi) 2( g)(( ) {1000m2/52

J/(s 5)=9.6 KW

Assuming the power applied is constant, the acceleration will also be constant and the vertical distance
traveled during acceleration will be

h=Lat?sing = ~at2-220 ™ _ 10556 mis?)(55)°(0.2) =1.39 m
2 2 1000m 2
and
W, =mg(z, -z, )/ At = (12,500 kg)(9.81 m/s*)(1.39 m) Lk k92 ~ |/(55) =34.LkW
1000 kg-m*©/s
Thus,

Wtotal :Wa +Wg =9.6+34.1=43.7 KW
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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 p = 1000 kg/m®.

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 (z; = 0), and thus the potential energy at points 1
and 2 are pe; =0 and pe, = gz,. The flow energy at
both points is zero since both 1 and 2 are open to the
atmosphere (P; = P, = Pym). Further, the kinetic energy
at both points is zero (ke; = ke, = 0) since the water at
both locations is essentially stationary. The mass flow
rate of water and its potential energy at point 2 are

Storage
tank

m = p¥ = (1000 kg/m?®)(0.070 m*/s) = 70 kg/s

1kJ/kg

e, =gz, =(9.81m/s? ZOm(—
p 2 g 2 ( )( ) 1000m2/52

j =0.196 ki/kg

Then the rate of increase of the mechanical energy of water becomes
AEmech,ﬂuid = rh(emech,out _emech,in) = m( pe, _0) = mpez = (70 kg/s)(0.196 k‘]lkg) =13.7kW
The overall efficiency of the combined pump-motor unit is determined from its definition,

AEmech,fluid _ 13.7 kW
Welect,in 20.4 kW

17 pump-motor =

=0.672 or 67.2%

(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,-P .
AEmech,fluid = m(emech,out - emech,in) = m% =VAP

Solving for AP and substituting,

AP

B AEmech,ﬂuid 13.7kJ/s (1 kPa-m?

- 1K

- = 3 =196 kPa
4 0.070m*/s

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

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

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

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

T2 :Tsat@()ookpa =21.55°C

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

X =
27 vy (0.034295-0.0008199) m® /kg

=0.01733

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

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

Analysis The initial specific volume is

3
v, =L 1232M0 530 mike R-134a
m 100 kg 200 kPa
The initial state is superheated and the internal energy at this state . 71 2(; ;( gm 3
is .
P, =200 kPa
3 u, =263.08kJ/kg (Table A-13)
v, =0.12322m"” /kg p
The final specific volume is
3
. 1
v, :ﬂzwz().omanﬁ/kg 2
2 2
This is a constant pressure process. The final state is determined to

be saturated mixture whose temperature is

T, =To@a00kpa = ~10.09°C (Table A -12)

The internal energy at the final state is (Table A-12)
Vo =V¢  (0.06161-0.0007533) m’/kg

- —=-=0.6140
Vg (0.099867—0.0007533) m? kg

X2:

Uy =Ug +X,U gy =38.28+(0.6140)(186.21) = 152.61 kl/kg

Hence, the change in the internal energy is

Au=u, —u; =152.61-263.08 =-110.47 kJ/kg
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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.m’/kg.K (Table A-1).
Analysis Initially, the absolute pressure in the tire is

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

atm

Tire

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

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

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

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

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

m, = 836 kg

= =0.
RT, (0.287 kPa-m’/kg-K)(323 K)
Am=m; —m, =0.0906-0.0836 = 0.0070 kg
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4-84 A piston-cylinder device containing argon undergoes an isothermal process
be determined.

Assumptions At specified conditions, argon behaves as an ideal gas.
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
PV, PV
m=- 2Vo

RT  RT A =RV,

which when solved for final pressure becomes

% v,
P, =P, —L =P, —L =0.5P, =0.5(400 kPa) = 200 kPa
v, 20,

4-42

. The final pressure is to

Argon

0.2 kg
0.05 m’
400 kPa
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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-m’/kg'K, T,=647.1K, P, =22.06 MPa

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

3
v = RT _ (04615 kPa - m'/kg - K)(T23K) _ 4 ho533 m3jkg  (3.7% error)

P 3500 kPa
(b) From the compressibility chart (Fig. A-15),
PR:i:w:()_wg HO
TR:L: 723K =1.12 450°C
T, 647.1K

Thus,
V=204, =(0.961)(0.09533 m®/kg) =0.09161m3/kg  (0.4% error)

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

p= 2550§épa} v =0.09196 m*/kg
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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-m’/kg'K, T, =647.1 K, P, =22.06 MPa

Analysis (a) From the ideal gas equation,

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

Y

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

sat. vapor

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

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

T, 623K

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

P, =16,529kPa

3 T, =477°C=750K  (from Table A-6 or EES)
v, =2v; =0.01761m" /kg
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5-25 A piston-cylinder device contains air gas at a specified state. The air undergoes a cycle with three
processes. The boundary work for each process and the net work of the cycle are to be determined.

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

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

For the polytropic compression process:

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

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

1-n 1-1.2

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

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

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

5-18

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

heat transfer and the work done are to be determined.

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

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

Ein _Eout = AE

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

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

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

The work done during this process is

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

That is,
Wb,in = 1960 kJ/kg

Substituting the energy balance equation, we get

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

Water
200°C
sat. vapor

T Heat

1kJ 3
1 kPa-m?

~196.0 kl/kg
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5-35 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

Ein - Eout = AEsyslem
N N H,O
Net energy transfer Change in internal, kinetic, 2
by heat, work, and mass potential, etc. energies (/= const.
W, =AU =m(uy —uy) (since Q=KE = PE =0)

VIAt = m(u, —uy)

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

B =100kPa | v, =0.001043, v, =1.6941 m’/kg
=025 | u,=41740, u, =20882kJ/kg ;
v =V, +xv g, =0.001043+[0.25x (1.6941-0.001043)] = 0.42431 m’/kg 2
uy =u,+xu g =417.40+(0.25x2088.2) = 939.4 kl/kg

v, =y = 0.42431 m3/kg _ = :
sat.vapor Uy = Uy @oaniming =~ 25902 Kikg Y
Substituting,
(110 V)8 A)A = (5 kg)(2556.2 — 939.4)kJ/kg(%J
S

At =9186 s = 153.1 min
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5-42 Two tanks initially separated by a partition contain steam at different states. Now the partition is
removed and they are allowed to mix until equilibrium is established. The temperature and quality of the
steam at the final state and the amount of heat lost from the tanks are to be determined.

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

interactions.

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

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

/1N
7

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

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

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

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

The total volume and total mass of the system are

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

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

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

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

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

=0.3641

(b) Substituting,

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

or Qout =3959 kJ
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5-67 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,
Ake = Ape = 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.m’/kg.K (Table A-1). Also, ¢, = 0.718 kl/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

Ein - Eout = AE

system
Net transft Ch L, ki
etenergy transter ange in internal, kinetic,
by heat, work, and mass potential, etc. energies ROOM
We in = AU
: 4mx6mx6m
We,in = m(uZ _ul) = mcu(TZ _Tl)

The mass of air is

V=4x6x6=144m’
BV _ (100 kPa)(144 m>) B
RT;  (0.287 kPa-m’/kg-K)(288 K)

2 kg

The electrical work done by the fan is
W, = W,At = (0.15 kJ / s)(10 x 3600 s) = 5400 kJ

Substituting and using the c, value at room temperature,
5400 kJ = (174.2 kg)(0.718 kJ/kg-°C)(T; - 15)°C
T,=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.
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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,
Ake = Ape = 0 . 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

Ein - Eout = Msystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Qin _Wb,out :AU:mcv(TZ_Tl) Air ’\
Oin ~Wyou =0 (sinceT; =T,) e
Qin = Wb,out

The initial volume is

_ mRT, _ (2kg)(0.287 kPa-m?/kg-K)(473K)
P, 600 kPa

v, =0.4525 m*

Using the boundary work relation for the isothermal process of an ideal gas gives
2 2
P,
Wy o = mJ'Pdu - mRTJ'ﬂ = mRT 122 = mRT In -
' 1 T v 2

= (2kg)(0.287 kPa-m°/kg - K)(473 K)ln% =547.1kJ
a

From energy balance equation,

Oin =W o =547.1kJ
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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 p = 7833 kg/m’ and ¢, = 0.465
kl/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

m=pV = pLA = pL(zD* / 4) = (7833 kg/m*)(3 m)[z(0.1m)* / 4] =184.6 kg

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
Ein - Eout = AE

system

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

Qin = AUvrod = m(MZ _ul) = mc(TZ - Ti)

Substituting,
O, = me(T, —T}) = (184.6 kg)(0.465 kJ/kg.°C)(700 —30)°C = 57,512 kJ

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

O, = 0., /At = (57,512 kJ)/(1min) = 57,512 kJ/min = 958.5 KW
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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 kl/kg.K and ¢, = 1.008

k/kg K (at 350 K from Table A-2b) 300 kPa Alr 25 m/s
. . . . 71°C —  18kg/min
Analysis (a) The diameter is determined
as follows
v RT _ (0.287 kJ/kg K)(77 +273K) — 03349 m’/kg
P (300 kPa)
: 3
A _ (18/60kg/s)(0.3349 m"/kg) _ 0.004018 m?

25m/s

\
2
Do [4A _ [40004018m7) o000 e
T Vs

(b) The rate of flow energy is determined from
Wy, = MPv = (18/60 kg/s)(300 kPa)(0.3349 m®/kg) = 30.14 kW

(c) The rate of energy transport by mass is

E . =m(h+ke)= m(cpT +%v2j

mass

1 o 1kl/kg j
= (18/60 kg/s)| (1.008 kJ/kg.K)(77 + 273 K) + —(25 m/s)*| ———=—
( g ){( g.K)( ) 2( )[1000m2/s2

=105.94 kW

(d) If we neglect kinetic energy in the calculation of energy transport by mass

E s = M = e, T = (18/60 ke/s)(1.005 kI/kg K)(77 + 273 K) =105.84 kW

mass

Therefore, the error involved if neglect the kinetic energy is only 0.09%.
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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.m’/kg.K (Table A-1). The enthalpy of air at the inlet
temperature of 400 K is h; = 400.98 kJ/kg (Table A-21).
Analysis (a) There is only one inlet and one exit, and thus m, =M, = m. 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

: : : 20 (stead
Ein - Eout = AEsystem (steady) =0
Rate of net energy transfer  Rate of change in internal, kinetic, /
by heat, work, and mass potential, etc. energies
: . AIR
Ein = Eout ! —_— 2
m(h, +V,2 /2) =m(h, + VZ/2) (sinceQ = W = Ape = 0) \
Vs V2 .
0= h2 — h1 +#
2
or,
Vi -V? 30 m/s)* —(230 m/s)* [ 1 kI/k
hy =h, —~2—"1 — 400.98 kl/kg - (30 misf* s) 2 = 426.98 ki/kg
2 2 1000 m~/s
From Table A-21, T,=425.6 K
(b) The specific volume of air at the diffuser exit is
RT, (0.287 kPa-m®/kg-K [425.6 K
v, = 2:( a-m /xg X ):1.221m3/kg

P, (100 kPa)
From conservation of mass,

' 6000 kg/s)(1.221 m3/k
m=LA2V2 A, - my, _ (600 /3600 kg/s)( m°/kg)
v,y V, 30 m/s

=0.0678 m?
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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)

P =10 MPa | v, =0.029782 m*/kg $1 - j?ﬁﬁ’ )
T, =450°C | h, =3242.4 kI/kg V, - 80 mis

and
P, =10 kPa

h,=h; + xzhfgl =191.81+0.92x2392.1=2392.5 kJ/kg
Xy =0.92

Analysis (a) The change in kinetic energy is determined from

Vi -V?  (50m/s)’ —(80mss)? [ 1kI/k
pke =Yz 2V _ B0 ms)” (80 ms) € |-_1.95kJ/kg
2 2 1000 m?/s*
P2 =10 kPa
(b) There is only one inlet and one exit, and thus m;, =m, =m. We take the X, =0.92
V2 =50m/s

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

- : _ - A0 (steady) _
Ein - Eout - AEsystem =0
—,—/
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

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

W, = -m[h2 —h, +%J

Then the power output of the turbine is determined by substitution to be

W, =—(12 kg/s)(2392.5—3242.4 - 1.95)k)/kg = 10.2 MW

(c) The inlet area of the turbine is determined from the mass flow rate relation,

m 12 kg/s)(0.029782 m*/k
M =LA1V1 WL (2 kg/s)( m”/kg)
v, V, 80 m/s

=0.00447 m?
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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 ¢, = 1.026 kJ/kg'K (Table A-2b). The gas constant of air is R = 0.287 kPa-m’/kg-K (Table A-1).
Analysis (a) There is only one inlet and one exit, and thus m; = m, =m. We take the compressor as the

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

. : _ - 20 (steady) _
Ein - Eout - AEsystem =0
’ T ST 1.8 MPa
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
Compressor
(o ovE) (V]
m| hy +—— [+W,, =m| h, +—=-
2 2
. Vi -V/2 V7-V? 20°C
5 2 1 B 2 1
Wi, =m[hz—hl+—2 =m ¢, (T, —T1)+—2 30 m/s

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

RT,  (0.287 kPa-m’/kg-K)(20+273K)
P, 100 kPa

v, = =0.8409 m>/kg

o AVI_ (0.15m?)(30 m/s)
v 0.8409 m> /kg

=5.351kg/s

Similarly at the outlet,

RT, (0.287kPa-m’/kg-K)(400+273K)

“277p 1
, 800 kPa

=0.1073 m>/kg

My, (5351kg/s)(0.1073 m> /kg)

Vv
2TA 0.08 m>

=7.177 m/s

(b) Substituting into the energy balance equation gives

- . VS -V/}?
W, = m[cp(T2 —T1)+%J

2 2
_ (5351 ke/s)| (1.026 ki/kg - K)(400— 20)K + 177 m/8)” =(30ms) ( 1kke j
2 1000 m?/s?

=2084 kW
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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 < Ty @ 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 T, =80°C
given temperature. Thus, m, = 0.5 kg/s \
hl = hf@gooc = 335.02 kJ/kg \ H20
hy = hygac = 83915 kl/kg (P =250 kPa)

T;=42°C

h3 = hf@42°c = 175.90 kJ/kg
. . T, =20°C
Analysis We take the mixing chamber as the system, :
L. m;
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:

20 (steady)

My, — Moy = Amsystem =0 > M+ My =My

Energy balance:

- - _ . J0 (steady) _
Ein - Eout - AEsystem =0
[ —— \ E—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

ryhy + myh, = mshy (since Q =W = Ake = Ape = 0)
Combining the two relations and solving for m, gives
riyh, + mhyhy = (i + 1y g

m :Mm
b hy — h, |

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

_ (335.02-175.90) ki/kg
> (175.90-83.915) ki/kg

(0.5 kg/s)=0.865 kgls
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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. Hot oil ‘

Analysis We take the oil tubes as the system, which 150°C
is a control volume. The energy balance for this
steady-flow system can be expressed in the rate
form as

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

mh, = Q,, +mh, (since Ake = Ape = 0)

Qout = me(Tl -T)

Then the rate of heat transfer from the oil becomes

Q = [mhe, (Ty, ~ Tou) o = (2keg/s)(2.2 kl/kg.2C)(150°C — 40°C) = 484 KW

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

G = 1€, (T ~ Ty lyater ——Tows = Ty + 23— =22°C + 484 kIs — 99.2°C
c (1.5 kg/s)(4. 18 kJ/kg.°C)

water™' p
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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-m*/kg-K (Table A-1).

1.4 MPa
Analysis The specific volumes of air at the inlet and outlets are 36°C
RT 287 kPa-m’/kg-K)(40+273K
v = _ (0287 KPa-m g K)A0+2T3K) _ 5614 m kg 1
P, 1600 kPa
1.6 MPa
RT, (0.287kPa-m’/kg-K)(36+273K) 5 40°C - —
vV, =V, = = =0.06335m"/k —
275 7, 1400 kPa £ S0 m/s
Assuming an even division of the inlet flow rate, the mass l
balance can be written as 1.4 MPa
36°C
AV AV Ly sy, A e Vi 00633550 og 50 s
v v, A, vp 2 0.05614 2

The mass flow rate at the inlet is

2 2
th, = AV _ D7 Vy _ 7(0.025 m) 50 m/s3 _04372kgs
Y, 4 y 4 0.05614 m"/kg

while that at the outlets is

m _ 0.4372kg/s

5 =0.2186 kg/s

Substituting the above results into the flow power expression produces
Wﬂow =2m, Py, —m Ry,
=2(0.2186 kg/s)(1400 kPa)(0.06335 m*/kg) — (0.4372 kg/s)(1600 kPa)(0.05614 m*/kg)
=-0.496 kW
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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 100 kW
1 1 @ W
COPyp ey = = =26.73 et
’ 1-T, /Ty 1-(283K)/(294K) o
L
The power required to drive this heat pump, according to the @
coefficient of performance, is then

Qu _100kW

Wi = =3.741kW
M COPypy.,  26.73

According to the first law, the rate at which heat is removed from the low-temperature energy reservoir is
QL =Qn ~Woein =100kW —3.741kW = 96.26 kW

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

AS,, = J1O0KW 6 50 kwik

and that of the low-temperature reservoir is

A, =2 _T9020KW 4 340 kwiK
T 283K

The net rate of entropy change of everything in this system is
AS a1 = ASy +AS| = 0.340—0.340 = 0 kWI/K

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

V| =Vi@isokpa =0.001053 m*/kg

P, =150 kP
L L =Ny uso e = 467.13 KI/kg H,0
sat.liquid 150 kPa
Sl = Sf@lSO kPa =1.4337 kJ/kgK Sat hquld
Also,
3
m=Y o 000m sk

v 0.001053 m®/kg

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

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

We,in _Wb,out =AU
We,in = m(hZ - hl)

since AU + W, = AH during a constant pressure quasi-equilibrium process. Solving for h,,

W, .
ein _ 467.13 +M =930.33 kJ/kg
475k

g

Thus,

h, —hy  930.33-467.13
heg 2226.0
S, =S¢ + X515 =1.4337+(0.2081)(5.7894) = 2.6384 ki/kg - K

=0.2081

P, =150 kPa X, =
h, =930.33 kl/kg

Then the entropy change of the water becomes

AS =m(s, —s;)=(4.75 kg)(2.6384 —1.4337 )kJ/kg - K =5.72 kI/K
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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 m; =m, = m. We take the turbine as the system,

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

. . . 20 (stead: 2 MPa
Ein - Eout = AES (steady) =0
ystem 360°C
— L SS——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

rh, =mh, +W_, 00 kP
Wout = m(hl - h2) a

The inlet state properties are
P, =2MPa | h, =3159.9kl/kg !
(Table A - 6)
T, =360°C | s, =6.9938kJ/kg-K
100 kPa |\

For this isentropic process, the final state properties are (Table A-5) 2

S-St 6.9938-1.3028
Stg 6.0562
hy =hy +x,hyy =417.51+(0.9397)(2257.5) = 2538.9 kl/kg

=0.9397

P, =100kPa X, =
s, =5, =6.9938kl/kg-K

Substituting,
W, =h; —h, =(3159.9-2538.9) kl/kg =621.0 kJ/kg
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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

Ein - Eout = AE

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

0=AU =[m(u; —up)] s + MUy Ul s,
[, —u, )]chips =[m(u; —u)]i 1340
The heat released by the chips is
Qunips =MC(T; —T,) = (0.010 kg)(0.3 ki/kg - K)[20 — (—40)]K = 0.18 kJ
The mass of the refrigerant vaporized during this heat exchange process is

_Qr-i34a _ Qroizaa _ 0.18K]
2= = =
82 Uy -Ur  Uggoec 207.40Kkl/kg

m =0.0008679 kg

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)

ASR_1380 =Mg2Sg o + My 5S¢, =My S¢

= (0.0008679)(0.96866) + (0.005 — 0.0008679)(0) — (0.005)(0)
=0.000841kJ/K

(b) The entropy change of the chips is

T 40+ 273)K
— meln2 = (0.010 kg)(0.3 k/kg - K)in 20 27K
T, (20+273)K

AS =-0.000687 kJ/K

chips

(c) The total entropy change is

AS a1 = Sgen = ASk_134a +AS pps = 0.000841+(~0.000687) = 0.000154 kJ/K

chips

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 ¢, = 1.044
kJ/kg'K and k = 1.397 (Table A-2Db).
Analysis There is only one inlet and one exit, and thus m; =m, =m. We take the compressor as the

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

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

system

Nitrogen
compressor

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

E, =E

m

out

mh, +W, =rh, 120 kPa
) 30°C

Wy, =m(h, —h))

mn

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

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

Substituting into the energy balance equation gives

Wy, =h, —h; =c, (T, ~T;) = (1.044 ki/kg - K)(479-303)K = 184 kd/kg
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8-148 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the rate of
entropy generation within the heat exchanger are to be determined.

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

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

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

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

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

3 kg/s

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

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

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

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

me, (3kg/s)(d.19K)/kg.°C)

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

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

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

determined to be

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

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

=0.0190 kW/K
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8-149 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
Air
- - _ - 20 (steady) _ i
Ein - Eout - AEsystem =0 95 kPa % %
%\/—/ O
Rate of net energy transfer  Rate of change in internal, kinetic, 20°C Q}
by heat, work, and mass potential, etc. energies 1.6 m’/s % %
Ein = Eout ma Q)
i, = O, +Mh, (since Ake = Ape = 0) a! QQ\ E9\
Y

N

Qout = n.']Cp(-l—l _TZ)

Then the rate of heat transfer from the exhaust gases becomes

Exhaust gases
2.2 kg/s, 95°C

Q= [rth(Tin —Tom)]gas' = (2.2 kg/s)(1.1kJ/kg.°C)(180°C —95°C) = 205.7 kW
The mass flow rate of air is

o PV (95 kPa)(1.6 m*/s)
RT  (0.287 kPa.m?/kg.K)x (293 K)

=1.808 kg/s

Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the
air becomes
Q 205.7 kW

) = |rme T —> T =T, +——=20°C+ =133.2°C
Q [ p(Tou )L ' me, (1.808 kg/s)(1.005 kJ/kg.°C)

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

2 3 3 Al 0 (steady)
Sin - Sout + Sgen - ASsystem
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

M;S; + MyS3 —MyS, —Mys, +S,,, =0 (since Q = 0)
MexnaustSt + MairS3 = MexhaustS2 — MyirSs + Sgen =0
Sgen = Mexhaust (S2 = 1) + Myir (S4 = S3)

Then the rate of entropy generation is determined to be

S gen — mexhaus

T Ty
Cp lnT_1+ M, Cp lni

95 +273 133.2+273
= (22kg/s)(11KI/kg K)In———=" 1 (1.808 kg/s)(1.005 kl/kg K)ln = =>
(22 kg1 T ke Rln e 75+ (808 kX T N YR

=0.091 kW/K
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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 ry = 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 p = 1020 kg/m® and Cp =3.32 kl/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

Ein - Eout = AEsystem Boiling
e R —
Net energy transfer Change in internal, kinetic, Water
by heat, work, and mass potential, etc. energies

Qin = AUegg = m(u2 - ul) = mC(TZ _Tl)

Then the mass of the egg and the amount of heat transfer become Egg
D? (0.055m)° e
m=pV = p=—=(1020 1<g/m3)”‘T = 0.0889 kg

Qu = me, (T, —T) = (0.0889 kg)(3.32 k/kg.°C)(70 — 8)°C = 18.3 kJ

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:

Sin - Sout + Sgen =AS

system
[ —— — —
Net entropy transfer Entropy Change

by heat and mass generation in entropy
Q; Q
T_m + Sgen = ASsystem - Sgen = _T_m + ASsystem
b b
where
+
AS e = M(S, — §1) = MCyug In 12 = (0.0889 kg)(3.32 kI/kg. K) In 0272 _ 0,0588 kI/K
T 8+273
Substituting,
Q, 18.3kJ
Sgen = —_l_—+ ASytem = — 370K +0.0588 kJ/K = 0.00934 kJ/K (per egg)

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

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

1200 kJ/min

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

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

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

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

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

out

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

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

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

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

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

i = ke _ 0.166 kgls

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

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

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

Qout

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

298K

Sgen = m3S3 - m232 - mISI +

—(2.5 kg/s)0.2965 kJ/kg - K
=0.333 kW/K
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8-183 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.m’/kg K, ¢, = 1.039 kl/kg K,
¢, = 0.743 kJ/kg K, k= 1.4. The properties for helium are R = 2.0769 kPa.m*/kg.K, Cp,=5.1926 kJ/kgK, ¢,
=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 Q\
—> N He
(k=1)/k (1.667-1)/1.667 2
P ’ -
The, =T,| -2 —(20+ 273)K[—120 kpa) 0.2 m 0-1ke
’ P, 95kPa
=321.7K
(b) The initial and final volumes of the helium are
mRT,  (0.1kg)(2.0769 kPa-m?/kg-K)(20+273 K
Vigoy = nlr_ (O-The) a-m kg K)@0+273K) _ ) 6406 m?
’ P, 95 kPa
mRT 0.1kg)(2.0769 kPa-m?>/kg-K)(321.7 K
Viep =———= (0. The) a-m kg K)( ) 05568 m’

P, 120 kPa
Then, the final volume of nitrogen becomes
VN2,2 = VNZ,] + VHS,I - VHC,Z = 02 + 0.6406 - 05568 = 0.2838 m 3

(c) The mass and final temperature of nitrogen are

PV, kPa)(0.2 m>

My = A2t = (O3 kP02 m) 02185 ke
RT,  (0.2968 kPa-m>/kg-K)(20+273 K)
P, V. ) 3

Tags =222 _ (120 kPa)(0.2838 m?) 951K

MR (0.2185kg)(0.2968 kPa -m>/kg-K)

The heat transferred to the nitrogen is determined from an energy balance
Qin =AUy, +AUy,
=[me, (T, =Ty, +[me, (T =Ty,
=(0.2185kg)(0.743 kJ/kg.K)(525.1—-293) + (0.1 kg)(3.1156 kJ/kg.K)(321.7 — 293)
=46.6kJ
(d) Noting that helium undergoes an isentropic process, the entropy generation is determined to be

T P,) -Q
Sgen = ASyy +AS = mNz(cp 1nT—2—R1nF2J+&
1 1 R

=(0.2185 kg)[(l 039 kl/kg K)in 221K 120 kpa} L —466kJ

—(0.2968 kJ/kg.K)ln
293K 95kPa | (500+273)K

=0.057 kJ/K
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8-189 An insulated rigid tank is connected to a piston-cylinder device with zero clearance that is
maintained at constant pressure. A valve is opened, and some steam in the tank is allowed to flow into the
cylinder. The final temperatures in the tank and the cylinder are to be determined.

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

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

VI =Vg@soo kpa =0.37483 m’ kg

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

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

The initial and the final masses in tank A are

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

m, ghy g + (mzuz —mu; )y =0
Thus,

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

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

Tz,B = Tsat@lSO pa =111.35°C
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10-20 A double-pane window consists of two layers of glass separated by a stagnant air space. For
specified indoors and outdoors temperatures, the rate of heat loss through the window and the inner surface

temperature of the window are to be determined.

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

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

Air

Analysis The area of the window and the

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

Row  0.2539°C/W

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

Q _ Tool _Tl

Rconv,l

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

Ro
W T
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10-48 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 Interface

since the lateral surfaces of both cylinders are well- T

insulated. 3 Thermal conductivities are constant.
Properties The thermal conductivity of aluminum bars Bar Bar
IS given to be k = 176 W/m-°C. The contact M\M\M\N

conductance at the interface of aluminum-aluminum
plates for the case of ground surfaces and of 20 atm ~
2 MPa pressure is h, = 11,400 W/m?°C (Table 10-2).

. - . - Ri leass Ro
Analysis (a) The thermal resistance network in this T ‘WWW\/‘WWW\[‘WWW\F T,
case consists of two conduction resistance and the
contact resistance, and they are determined to be

Reontact = ! = > ! = 0.0447 °C/W
heA. (11,400 W/m* -°C)[x(0.05m)* /4]
e = = 015M ______oa341ciw
kA (176 W/m-°C)[z(0.05 m)* /4]
Then the rate of heat transfer is determined to be
Q= AT _ AT _ (250-20)°C _1424W
Riota  Reontact + 2Rpar  (0.0447 +2x0.4341) °C/W

Therefore, the rate of heat transfer through the bars is 142.4 W.
(b) The temperature drop at the interface is determined to be

AT terface = QReontact = (142.4 W)(0.0447 °C/W) = 6.4°C
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10-59 A composite wall consists of several horizontal and vertical layers. The left and right surfaces of the
wall are maintained at uniform temperatures. The rate of heat transfer through the wall, the interface
temperatures, and the temperature drop across the section F are to be determined.

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

Properties The thermal conductivities are given to be ka = kg = 2, kg = 8, ke = 20, kp = 15, kg = 35 W/m-°C.
Analysis (3) The representative surface area is A=0.12x1=0.12m?. The thermal resistance network and
the individual thermal resistances are

R,
Ry = Rs Ry
3
T —AAA— N A
Rs Re

0.01m

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

R, =R, =Rc =(LJ - 0.05m —=006°C/W

KAJc (20 W/m-°C)(0.04 m?)

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

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

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

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

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

+

> Rpyig 1 = 0.025°C/W

Rinig 2 = 0.034°C/W

Rmas Rs Rs 011 005

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

o_Taa~Te _(300-200yC
Rom  0.349°C/W

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

=572 W (fora0.12 m x1m section)

Qtotal =(572W) 1.91x10° W

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

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

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

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

F
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10-70 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 Insulation
plaster are given to be 50 and 0.5 W/m-°C, respectively.

Analysis The thermal resistances are

Ri Rsteel Rins Ro Steam
Ti AV To
1 1 -
Ri=— = . = 0.0003316°C/W
hiA (800 W/m? -°C)z(0.06 m)(20 m)
n_In(D,/Dy) In(8/6) — 0.0000458°C/Y
S kgl 27(50 W/im-°C)(20m)
Iy /D,) _ In(16/8)  0.011032°C/W
"™ 27kl 27(0.5W/m-°C)(20 m)
L ! — 0.0004974°C/W

R = =
® hyA, (200 W/m?2 -°C)x(0.16 m)(20 m)

The total thermal resistance and the rate of heat transfer are
Riotal = Ri + Reel + Rins + R, = 0.0003316 + 0.0000458 +0.011032 + 0.0004974 = 0.011907°C/W
9= T,-T, _ (200-10)°C
Row  0.011907 m?-C/W
(b) The temperature at the outer surface of the insulation is determined from
T.-T T. —10)°C
=_5 © (T ) T, =17.9°C

Q=—_°__ 415957 W= >
R, 0.0004974 m? -°C/W

=15,957 W
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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

A, = D;L = 7(0.40 m)(2 m) = 2.51m?

Ry =1 = — _—=0.008°C/W
hiA (50 W/m?.°C)(2.51m?)
A0 = ﬂDo L= 7[(0-46 m)(2 m) =2.89 m2 R; Rtoam Ro

0 = 1 _ 1 —0.029 °C/W T JWWVV\/—WMN\/_WVV\N\FT‘”Z
hoA,  (12W/m?.°C)(2.89 m?)
n(ry /) In(23/20)
A T2KL 22(0.03W/m2 -°C)(2m)
Riotat = Ri + Rg + Roam = 0.008+0.029 +0.37 = 0.407 °C/W
The rate of heat loss from the hot water tank is
o Ty —Te _ (55-27)°C
Riotal 0.407 °C/W
The amount and cost of heat loss per year are
Q = QAt = (0.0688 kW)(365x 24 h/yr) = 602.7 kWh/yr
Cost of Energy = (Amount of energy)(Unit cost) = (602.7 kWh)($0.08/ kWh) = $48.22
fo $48.22

$280
If 3 cm thick fiber glass insulation is used to wrap the entire tank, the individual resistances becomes

A, =D, L = 7(0.52 m)(2m) = 3.267 m?

=0.37°C/W

=68.8W

=0.1722=17.2%

1 1 Ri Rfoam Rfiberglass Ro
R, = = ; ——=0.026 °C/W
hoA,  (12W/m?2.°C)(3.267 m?) Tw WWMWMMMW T2
R = In(r, /' ry) In(23/20) _ 0.371°C/W
©am T 2L 27(0.08W/m2-°C)(2m)
In(rs /
R fiberglass = n(rs /rz) = In(26/23) =0.279°C/W

27,1 27(0.035W/m2 -°C)(2m)
Riotal = Ri + Ry + Roam + Rfierglass = 0:008+0.026 +0.371+0.279 = 0.684 °C/W
The rate of heat loss from the hot water heater in this case is
9= Tw =T _ (55-27)°C
Riotal 0.684 °C/W

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
Cost = (0.02906 kW)(Time period)($0.08/ kwh) = $30

Then, Time period =12,904 hours = 538 days ~ 1.5 years

=40.94W
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10-92 An electric wire is tightly wrapped with a 1-mm thick plastic cover. The interface temperature and
the effect of doubling the thickness of the plastic cover on the interface temperature are to be determined.
Assumptions 1 Heat transfer is steady since there is no indication of any change with time. 2 Heat transfer
is one-dimensional since there is thermal symmetry about the centerline and no variation in the axial
direction. 3 Thermal properties are constant. 4 The thermal contact resistance at the interface is negligible.
5 Heat transfer coefficient accounts for the radiation effects, if any.

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

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

Q=W, =VI =(8V)(13A) =104 W Roplastic Reonv
The total thermal resistance is Ty NN Toz
conv = L = 7 ! =0.3158°C/W
heA, (24 W/m?2.°C)[z(0.0042 m)(10 m)]
n(ry /) In(2.1/1.1) — 0.0686 °C/\W

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

Then the interface temperature becomes

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

Doubling the thickness of the plastic cover will increase the outer radius of the wire to 3 mm, which is less
than the critical radius of insulation. Therefore, doubling the thickness of plastic cover will increase the
rate of heat loss and decrease the interface temperature.
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10-117 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
Avosin = DL = 7(0.05m)(1m) = 0.1571m? 180°C
Qrofin = hAvosin (Tp —T..) = (40 W/m?2.°C)(0.1571m?)(180 - 25)°C = 974 W

The efficiency of these circular fins is, from the efficiency curve, Fig. 10-43

L=(D, - D,)/2=(0.06—0.05)/2 = 0.005m 25°C
rp+(t/2) _008+(0001/2) _
r 0.025
1/2
Lg/z h _ L+£ ﬁ Mfin =0.97
kA, 2 Nkt
20
_ (0'005+ 0.00lj 40Wim-°C _0
2 )\ (186 W/m®C)(0.001m)

Heat transfer from a single fin is
A = 272(r,° —1,%) + 271, = 27(0.03% — 0.0252) + 27(0.03)(0.001) = 0.001916 m?
inn = Mfin inn,max = 7in NAsin (Tp = To)
=0.97(40 W/m?.°C)(0.001916 m?)(180 — 25)°C
=11.53W
Heat transfer from a single unfinned portion of the tube is
Aynfin = DS = £(0.05m)(0.003m) = 0.0004712 m?
Qunfin = hAunin Ty = T..) = (40 W/m? °C)(0.0004712 m?)(180 — 25)°C = 2.92 W

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

Qotatfin = N(Qfin +Qunfin) = 250(11.53+2.92) = 3613 W
Therefore the increase in heat transfer from the tube per meter of its length as a result of the addition of the
fins is

Qincrease = Qtotal,fin - Qnofin =3613-974=2639 W
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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 R

hp hzD 4h 4(35 W/m?.°C) 1 ] D=025cm
m= |— = | &= _ |2 _ =15.37m :
kA, VkzD2/4 VkD | (237 W/m.°C)(0.0025m) I A—
—_— tanhmL _ tanh(15.37 m™ x0.03m) _ 0.935 ]
fin = mL 1537 m™ x0.03m ' I—
The number of fins, finned and unfinned surface areas, ]
and heat transfer rates from those areas are —
2
"= 0.006 1;20 ooemy 1T
. m . m
I
2 2
Aq, = 27777{;:0L+”%} - 27777{;;(0.0025)(0.03) +m} [ —

=6.68m?

2 2
Aurfinneg =1— 27777(%} —1- 27777{%} —0.86m?

Qinned = TtinQfinmax = TtinMAgin Ty = T.5)
=0.935(35 W/m?.°C)(6.68 m?)(100 — 30)°C
=15,300 W
Qunfinned = Munfinned (Tp =T ) = (35 W/m?.°C)(0.86 m?)(100 - 30)°C
=2107W
Then the total heat transfer from the finned plate becomes
Qeotat fin = Qinned + Qunfinneg =15,300+2107 =1.74x10* W =17.4kW
The rate of heat transfer if there were no fin attached to the plate would be
Anotin =(@AM)(Im) =1m?
Qmofin = hAnosin (Tp = T..) = (35 W/m?2.°C)(L m?)(100 - 30)°C = 2450 W
Then the fin effectiveness becomes
Qpin _ 17,400 _
Onorin 2450

Efin = 7.10
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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 h; =333.7 ki/kg .

Ts Rchest

Rconv

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

A, = 2(0.3-0.03)(0.4—0.06) + 2(0.3—0.03)(0.5— 0.06) + (0.4 — 0.06)(0.5— 0.06) = 0.5708 m?
A, = 2(0.3)(0.4) +2(0.3)(0.5) + (0.4)(0.5) = 0.74 m?

Rypeg = —— = 0.03m — =1.5927°C/W
kA (0.033W/m.°C)(0.5708 m?)
_ 1 L = 0.07508°C/W

conv

hA, (18 W/mZ2.°C)(0.74 m?)
Riotal = Renest + Reony =1.5927 +0.07508 =1.6678 °C/W
T,-T,  (28-0)°C

= =16.79W
Row  1.6678°C/W

o

The total amount of heat necessary to melt the ice completely is
Q =mh; = (50Kkg)(333.7 ki/kg) =16,685 kJ

Then the time period to transfer this much heat to the cooler to melt the ice completely becomes

Q16,685,000

. =9.937x10° s =276 h =11.5 days
Q 16.79Js

At
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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
A, = 7DL/2 = 7(0.25m)(1.7 m)/2 = 0.6675 m?
A, =2A, =2x0.6675=1.335m?

The sensible heat lost from the first person’s body is

L 0.001m —0.00942 °C/W Rieather Reonv

KA (0.159 W/m.°C)(0.6675m?) T, A~ Too
1 1

=0.09988 °C/W

leather =

conv

hA (15 W/m2.°C)(0.6675m?)
Riotal = Rieather + Reony = 0.00942 4 0.09988 = 0.10930 °C/W

The total sensible heat transfer is the sum of heat transferred through the clothes and the skin

T,-T,.,  (32-30)°C
Riotal 0.10930°C/W

T, -T,, _ (32-30)°C _20.0W
Rconv 0.09988°C/W

Qsensible = chothes + stin =18.3+20=383W

=18.3W

Qclothes =

stin =

Then the fraction of heat lost by respiration becomes

f Qrespiration _ Qtotal _Qsensible _ 60-38.3

- - =0.362
Qtotal Qtotal 60
Repeating similar calculations for the second person’s body
L 0.001m
synthetic = =0.00576 °C/W Reynthetic Reonv

KA (0.13W/m.°C)(1.335m?)

Too2
. ) . MWW\~

1. . —=0.04994°C/W
hA (15 W/m?2.°C)(1.335m?)
Riotal = Rieather + Reony = 0.00576 +0.04994 = 0.05570 °C/W
T-Too _ (82-30C oo
Rgw  0.05570°C/W

conv —

Qsensible =

f Qrespiration _ Qtotal _Qsensible _ 60—-35.9

- - =0.402
Qtotal Qtotal 60
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10-162 A 6-m-diameter spherical tank filled with liquefied natural gas (LNG) at -160°C is exposed to
ambient air. The time for the LNG temperature to rise to -150°C is to be determined.

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

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

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

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

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

The rate of heat transfer to the LNG is

Rinsulation Ro

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

=0.00086 °C/W

°hyA  (22W/m?.°C)(52.81m?)

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

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

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

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

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

~Q_4.95x10° kJ

Q 0.01475 kW

14.75W

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

percent of the initial AT is to be determined.

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

analysis is applicable (this assumption will be verified).

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

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

vV _D’/6 D _0.0012m

L, = —=— =0.0002 m
Asurface 7D 6
hL 2.2C)(0.
Bi = e _ QO W/m”."O)(0.0002m) _ 305101
k (35 W/m.°C)
Since Bi <0.1, the lumped system analysis is applicable. Gas —>
Then the time period for the thermocouple to read 99% of the h, T, > U Junction
initial temperature difference is determined from — D
T(®
TM)-T,
TO-T, =0.01
T, -T,
20
b hA _ h _ 390W/m .°C 016545
eV el (8500 kg/m” ) (320 J/kg.°C)(0.0002 m)
—TT(t)_TT‘” —e ™ 5001=e" "1 ___,1=278s
i~ o
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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-°C, p = 10,500 kg/m’, and C, =0.235

kJ/kg-°C.

Analysis For sphere, the characteristic length and the Biot number are

o v :ﬂD3/6:2:O.05m:O.008333m Air
Asurface 7D 2 6 6 h, T,

_hL, (12 W/m?.°C)(0.008333 m)

ok (429 W/m.°C)

Since Bi <0.1, the lumped system analysis is applicable. Then the time period for the sphere temperature
to reach to 25°C is determined from

po MA _ h 12 W/m?.°C
eV peple (10,500 kg/m®)(235 J/kg.°C)(0.008333 m)

L

Bi =0.00023<0.1

=0.0005836s™

T(O)-T -
O-T. o 25-33_

e (000058365t oy _ 2408 — 40.5min

T 0-33
Cube:
ube 3 5cm
-2 -5 L 00m_008333m Alr
Auice 62 6 6 5 cm n. T
hL %.°C)(0.
Bi— e _ (12 W/m~.°C)(0.008333 m) _ 0.00023 < 0.1 5cm
k (429 W/m.“C)
20
po M __h 12 Wm~.°C = 0.00058365”

SV peple (10,500 kg/m®)(235 J/kg.°C)(0.008333 m)

TOTe oo 25733 0000365t 4 _ 2498 = 405 min
T T, 0-33
Rectangular prism:
0.04 m)(0.05 m)(0.06
L-—Y (0.04m)(0.05 m)(0.06 m) ~0.008108 m
Armee  2(0.04m)(0.05 m)+2(0.04 m)(0.06 m) + 2(0.05 m)(0.06 m)
hL 2 2C)(0.
g _ e _ (12 W/m® °C)(0.008108m) _ o
k (429 W/m.°C)
hA h 4 cm
b= oV = oL Air
p plzcw 2.°C e "
- = 0.0005998 5! 6 cm

(10,500 kg/m* )(235 J/kg.°C)(0.008108 m)

TO-T, _ w 25-33
T,-T, 0-33

(00005998t 4 _ 93635 —39.4min

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 T > 0.2 so that
the one-term approximate solutions (or the transient temperature charts) are applicable (this assumption
will be verified).

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

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

=0.635

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

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

The maximum amount of heat transfer is

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

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

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

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

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

Analysis First the Biot number is calculated to be

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

A, =1.0904 and A, =1.1548

. . A——
The Fourier number is

ot (3.95x107° m*/5)(20x60s)

=0.1548
L2 (0.175m)?

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

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

——=0.9607——>T, =390°C
400-150

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

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

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

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

max

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




11-30

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

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

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

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

m:p(/—>(/=m=ﬂ:0.002667m3

1200 kg/m*

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

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

2 (0.08603 m)>

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

T, T _ -1

0T _pehT 60-163

T, -T, 4.5-163

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

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

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

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

Oven
=0.1217 163°C

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

Bi =156.9 W/m?.°C

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

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

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

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

=0.783

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

t= =10,866s =181 min = 3hr
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11-53 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 T > 0.2 so that the one-term approximate solutions (or the transient temperature charts) are
applicable (this assumption will be verified).

Properties The properties of the apples are given to be k = 0.418 W/m.°C, p = 840 kg/m’, c,=3.81
kJ/kg.°C, and a. = 1.3x107 m%s.

Analysis The Biot number is
hry (8 W/m®.°C)(0.045 m)
k (0.418 W/m.°C)

Bi= =0.861

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

A =1476 and A, =1.2390

The Fourier number is

at _ (1.3x107" m*/s)(1hx3600s/h)

: - =0.231>0.2
I (0.045 m)

Then the temperature at the center of the apples becomes

Ty -T, 52 T, —(-15)
0,sph = L =Ae e .

e 20-C15) = (1.239)e 479°OBD _ g 749 5T =11.2°C
i~ 1o -\

The temperature at the surface of the apples is

T(r,,t)-T, _ _ae sin(Air /1) ~(1.476)>(0.231) sin(1.476 rad)

(T, t) o = Ae =(1.239)e =0.505
(o> Dapn T,-T, ! ATy T, (1:239) 1.476

T(r,,)— (=15

T 0=C1) 5055 7(r,,ty=2.7°C
20— (~15)

The maximum possible heat transfer is

m=pV = pgmg = (840 kg/m® )E 7(0.045 m)3} =0.3206 kg

Qmax =MC, (T; —T,) =(0.3206 kg)(3.81 kJ/kg.°C)[2O - (—15)]°C =42.75k]
Then the actual amount of heat transfer becomes

in(4,)—-4 A in(1. —(1. .
Q —1-305 sin(4;) 31 cos(4;) —1-3(0.749) sin(1.476 rad) —(1.476) cos(1.476 rad)

Qmax P (1.476)°
Q =0.402Q,,, = (0.402)(42.75k)) =17.2kJ

=0.402
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11-104 Internal combustion engine valves are quenched in a large oil bath. The time it takes for the valve
temperature to drop to specified temperatures and the maximum heat transfer are to be determined.

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

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

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

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

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

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

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

Oil Engine valve
T, =350°C T; = 800°C

=0.0018m

Bi =

=0.1288s™

——>t=5.9s

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

——>t=125s

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

T,-T, 80050

——1t=514s

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

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

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

=0.0709 kg
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12-41 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 Re., = 5x10°. 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 = Air
8.5°C are (Table A-22) V =55 km/h
k =0.02428 W/m-°C T =5°C
—
v =1.413x10"° m?/s — T,=12°C
Pr=0.7340 2
Analysis Air flows parallel to the 10 m side:
The Reynolds number in this case is L
Re, = VL _ [(55%1000/3600)m/s](10 m) —1.081x107

v 1.413x107° m?/s

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

Nu :% =(0.037Re *®—-871) Pr'/® =[0.037(1.081x107) %8 —871](0.7340)*/® =1.336x10*

k 0.02428 W/m.°C
Nu=—"2 "~

- (1.336x10*) = 32.43W/m?.°C
L 10m

A, =wL = (4m)(10m) = 40 m?
Q=hA (T, —T,) = (32.43W/m?.°C)(40 m?)(12 - 5)°C = 9080 W = 9.08 kW
If the wind velocity is doubled:
VL [(110x1000/3600)m/s](10 m)
Ty 1.413x1075 m2/s

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

Nu = % =(0.037Re *®—-871) Pr'/® =[0.037(2.162x10")%® —871](0.7340)*'® = 2.384x10*

=2.162x10"

Re_

hoX Ny = $02428WIMC ) o0 10%) = 57.88 Wim2.°C
L 10m

Q=hA, (T, —-T,) = (57.88 W/m?.°C)(40 m?)(12—5)°C = 16,210 W = 16.21 kKW
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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 1im
Re, = 5x10°. 3 Radiation effects are
negligible. 4 Atmospheric pressure is taken VT

1 atm. /
Properties The properties of air at the film
temperature of (15+10)/2=12.5°C are - // / 4m
(Table A-22) — /

k = 0.02458 W/m.°C

v =1.448x10° m?/s

Pr=0.7330
Analysis (a) The critical length of the
plate is first determined to be

_Rey, v (5x10°)(1.448x107° m?/s)
“ v 2m/s

Therefore, both plates are under laminar flow. The Reynolds number for the first plate is
& _ (2m/s)(1m)

v 1.448x107° m%/s
Using the relation for Nusselt number, the average heat transfer coefficient and the heat transfer rate are
determined to be

Nu, =0.664 Re,"'? Pri/3 = 0.664(1.381x10°)*/2(0.7330) /% = 222.5
k 0.02458 W/m.°C

hy =— Nu=—""""—""""2(2225) =547 W/m?.°C
L, Im

=3.62m

Re, = =1.381x10°

A=wL =(4m)(1m)=4m?
Q =hA(T, -T, ) = (5.47 W/m? °C)(4 m?)(15-10)°C =109 W
(b) Repeating the calculations for the second and third plates,
VL,  (2m/s)(2m)
v 1.448x107° m?/s

Nu, =0.664 Re,"'? Pr'/® = 0.664(2.762x10°)"/2(0.7330)*/° =314.7
h, = LLz Nu = W@MJ) =3.87 W/m?2.°C

VL, (2 m/s)(3m)
v 1.448x10° m2ls
Nu, = 0.664Re,"'? Pri/® = 0.664(4.144x10°)"/?(0.7330)"/® = 385.4

hy = - Nu = ().0245;3& (385.4) = 3.16 W/m?2.°C
m

=2.762x10°

ReZ =

=4.144x10°

RE3 =

Then
hslg—h,L,  3.16x3-3.87x2
Ly—L, 3-2
The rate of heat loss from the third plate is
Q=hA(T, -T,)=(1.74 W/im 2.°C)(4 m?)(15 -10)°C = 34.8 W

=1.74 W/m?.°C
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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 Re,, = 5x10°. 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)

k = 0.0265 W/m.°C

_ 5 2
v =1.655x10" m*-/s Circuit board
Pr=0.7268 20W

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
Vx _ (6 m/s)(0.15m)
v 1.655x107° m?/s

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

15cm

=5.438x10*

Re, =

h
Nu, = %‘ = 0.0308Re, *® Pr/® = 0.0308(5.438x10*) %4 (0.7268)*/® =170.1
k . 0
h, =y, = Q02625WIMEC 176 4y 59 77 Wim? oC
X 0.15m

Then the surface temperature at the end of the board becomes

] 2
G =, (T, ~T,) ——T, =T, +-0- = 20°c + LOWNOLS M)
hy 29.77 Wim2.°C

Discussion The heat flux can also be determined approximately using the relation for isothermal surfaces,

=49.9°C

h
Nu, =% = 0.0296 Re,*® Pr'/3 = 0.0296(5.438x10*)°# (0.7268)"'* =163.5
k . °
h, = Ny, = LOWIMC 65 5y g 61 wWim?2 oC
X 0.15m

Then the surface temperature at the end of the board becomes
y 2
g= hx (Ts _Tao)——)Ts :TOC +i: 200C+w

hy 28.61W/m?.°C

Note that the two results are close to each other.

=51.1°C
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12-68 A steam pipe is exposed to windy air. The rate of heat loss from the steam is to be determined.V

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

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

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

A, = DL = z(0.08 m)(1m) = 0.2513m?
Qeony = DA (T, —T,.) = (54.17 W/m? °C)(0.2513m?)(90 — 7)°C = 1130 W (per m length)
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12-74 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)

k =0.02439 W/m.°C

v =1.426x10"° m?/s Air Head
1, =1.778x107° kg/m.s V=25kmh Q=21W
5 T, =10°C
Hs, @ 150¢ =1.802x107" kg/m.s N
Pr=0.7336 =
Analysis The Reynolds number is :

_ VD _ [(25x1000/3600) m/s}(0.3m)
v 1.426x107° m?/s
The proper relation for Nusselt number corresponding to this Reynolds number is

Re =1.461x10°

1/4
Nu="2 — 24 [0.4Re%+ 0.06 Re2’3]Pr°'4(#—°°j
k Hs
_5\1/4
= 2+[0.4(1.461x105)°-5 +0.06(1.461x10°)?/ 3](0.7336)0-4 L778x10 7 | 5835
1.802x107°
The heat transfer coefficient is
h= K Ny = 20243OWIMC eq 5y — 23,02 Wim?2 oC
D 0.3m
Then the surface temperature of the head is determined to be
A, =7D? = 7(0.3m)? = 0.2827 m?
Q=hA((T,-T,)—>T, =T, + Q _ipec+ (824/4)W —=132°C
hA, (23.02 W/m*.°C)(0.2827 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 (T + T,,)/2 = (0-55.4)/2 = -27.7°C are
(Table A-22)
k =0.02152 W/m.°C

5 o 18.8 kPa
v =1.106x10" m*/s V =900 km/h

Pr=0.7421 T, =-55.4°C

Note that the atmospheric pressure will only affect the kinematic
viscosity. The atmospheric pressure in atm unit is

P = (188 kPa)—— 2™ _ 01855 atm

101.325 kPa
The kinematic viscosity at this atmospheric pressure is

v = (1.106x10™° m?/s)/0.1855 = 5.961x10° m?/s
Analysis The Reynolds number is
VD  [(900x1000/3600) m/s](0.5m)
T 5.961x10~° m?/s

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.

Nu = hTD =0.248 Re%®12 prl/® = 0.248(2.097 x10°) %612 (0.7241)"'® =1660

Re =2.097x10°

The average heat transfer coefficient on the wing surface is
h=X Ny 2 L02152WIMC ey 71 45 Wim? oC
D 0.5m

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

G=h(T, -T,)=(71.45 W/m?.°C)[0 - (-55.4)] °C = 3958 W/m?
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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)

k =0.02588 W/m.°C

v =1.608x10"° m?/s . Lamp

; Alr 100 W

U, =1.872x107° kg/m.s V=2m/s £=0.9

Hs, groorc = 2:181x107° kg/ms T, =30°C

Pr=0.7282 —
i i e
Analysis The Reynolds number is —
—

VD _ (2m/s)(0.1m)
v 1.608x107° m?/s
The proper relation for Nusselt number corresponding to this Reynolds number is

Re = =1.244x10*

1/4
Nu = hTD —2+[0.4Re®5+0.06 Re?/? |pro4 (”—*J

Hs

1/4
1.872x107° | 6714
2.181x107° '

=2+ [0.4(1.244><104)0'5 +0.06(1.244x104)2/3 ](0.7282)0'4(
The heat transfer coefficient is

h=X Ny = 20288WIMC 67 14y ~17.37 Wim?.°C
D 0.1m

Noting that 90 % of electrical energy is converted to heat,
Q =(0.90)(100 W) = 90 W

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:

A, =2D? = 7(0.1m)? =0.0314 m?

Qtotal = Qconv + Qrad = hAs (Ts _Too) + gAsO-(Ts4 _Tsurr4)
90 W = (17.37 W/m? .°C)(0.0314 m?)[T, — (30 + 273)K|
+(0.9)(0.0814m?)(5.67x10° Wim? K*)[r# - 30+ 273K)* ]

T, =409.9K =136.9°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)
k =0.02551W/m.°C

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

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

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

Re = =10,243

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

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

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

(32.76) =10.45 W/m 2 .°C

Re = =179,035

k 0.607 W/m.°C
h=— Ny =20 - %
D 0.08m

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

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

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

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

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

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

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

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

22.73x10
0.1718x1007

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

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

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

Qe =2975-1514 = 1461W
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13-55 Aiir 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)
3
p= 1.127 kg/m T = 10°C

¢, =1007 J/kg.°C
k =0.02662 W/m.°C P Air duct
5 5 Pr=0.7255 Irduc

v =1702x10" m*/s

15cm x 20 cm
Analysis (a) The hydraulic diameter, the mean
velocity of air, and the Reynolds number are
_ 4A, _ 4(0.15m)(0.20 m) _04714m .
p  2[(0.15m)+(0.20m)] Air
50°C
VgD
Re — avg “h _ (7 m/s)(O.lZl42m) — 70500 7 mls
v 1.702x107> m*/s

which is greater than 10,000. Therefore, the flow is turbulent and the entry lengths in this case are roughly
L, = L, ~10D;, =10(0.1714m)=1.714m

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

h

Nu = Oh _ 0,023 Re® pr03 — 0.023(70,500)°%(0.7255)%2 =157.9
Heat transfer coefficient is
h= K Ny 2 202662 WIm-C ;o7 o) o4 52 Wim?.oC
D, 0.1714 m

Next we determine the exit temperature of air
A, =2x7[(0.15m)+(0.20 m)] = 4.9 m?
A. =(0.15m)(0.20m) = 0.03m?
= pVA, = (1.127 kg/m®)(7 m/s)(0.03m?) = 0.2367 kg/s
_(2452)(4.9)
T, =T, —(T, -T;)e "™ _10_(10-50)e (©2361007) _ 34 16°C
(b) The logarithmic mean temperature difference and the rate of heat loss from the air are

T, -T, 16—
AT, =—=8t L = 3416250 _ 49 4poc

T.-T 10-34.16
In| =25 Inj————
T, -T, 10-50
Q = hAAT,, = (24.52 W/m? .°C)(4.9 m?)(31.42°C) = 3775 W

(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

f =0.184Re %2 =0.184(70,500) %2 =0.01973

\V 2 3 2
ap = LM 601973 (UM  QI2TKGMYTMS) _ o) o Njm?2
(0.1714m) 2
. 2
Uy, < TP _ Q2367 kG225 NY) _, 7,
P 1.127 kg/m
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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) Pipe

k=0.02735 W/m.°C Air / T, =73°C
v =1.798x107> m?/s 1, =27°C £=0.8
Pr=0.7228 ( D= 6cm ()

pot - 1
T, (50+273)K

=0.003096 K™ L=10m

Analysis (a) The characteristic length in this case is the outer diameter of the pipe, L. = D =0.06 m. Then,

Ra- gp(T, -T,)D? pr— (9.81m/s?)(0.003096 K 1)(73 - 27 K)(0.06 m)?

(0.7228) = 6.747x10°

v? (1.798x107° m?/s)*
2
1/6 5\1/6
Nu) 064 0.387Ra o6 0-387(6.747x10%) 13.05
9/16 [#/27 9/16 8727
[1+(0.559/Pr) ] 1+(0.559/0.7228)
02 °
hziN =M(13.05)=5.950W/m2.°C

D 0.06 m
A, = 7DL = 7(0.06 m)(10 m) = 1.885 m?
Q=hA (T, —T,)=(5.950 W/m?.°C)(1.885 m? (73 - 27)°C = 516 W

(b) The radiation heat loss from the pipe is
Ql‘ad = msa(rs4 - Tsurr4 )

=(0.8)(1.885m?)(5.67x10° W/m? K*)|(73+273K)* - (27+273K)* ]: 533 W
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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 Vapor

with constant properties. 3 The local atmospheric pressure is 1 atm. 2kg/h

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

(T¢+T.,)/2 = (98+25)/2 = 61.5°C are (Table A-22)

k =0.02819 W/m.°C
v=1910x10"° m?/s Pan
Pr=0.7198 Air  [S————| 1= 98°C
| | T,=25°C £=0.80
f=—=——"—=0.00299K" Water
Tf (61.5+273)K 100°C
Analysis (a) The characteristic length in this case is the S S S

height of the pan, L, = L =0.12m.Then

_gpT,-T, L3 _ (981 m/s*)(0.00299 K )98 — 25 K)(0.12 m)*

Ra . Pr = (0.7198) = 7.299x10°
1% (1.910x107> m~/s)
We can treat this vertical cylinder as a vertical plate since
12
35164 = 35(60 ) 7 =0.07443<0.25 and thus D > %
Gr (7.299x10° /0.7198) Gr
Therefore,
2 2
1/6 611/6
. . 2 1
Nu =025+ 0387Ra ~ 10,8254 238707299107 =28.60
0/16718/27 /1618727
0.492 0.492
1+ 1+
Pr 0.7198
=Ky 2 QOB WMIC ¢ 0y~ 6,720 Wim?.oC

L 0.12m
A, = 7DL = £(0.25 m)(0.12 m) = 0.09425 m>

and
Q=hA,(T, -T,)=(6.720 W/m?.°C)(0.09425 m*)(98 — 25)°C = 46.2 W
(b) The radiation heat loss from the pan is
Oroa =A,0(T,* = T,,,")
= (0.80)(0.09425 m*)(5.67x10~* W/m? K*)|[(98+273K)* —(25+273K)* ]: 473 W
(c¢) The heat loss by the evaporation of water is

O =, =(1.5/3600kg/s)(2257 ki/kg) = 0.9404 kW = 940 W

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

46.2+47.3
=

940

=0.099 =9.9%

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.




14-35

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 (7,+7,)/2 = (35+25)/2 = 30°C are (Table A-22)
k =0.02588 W/m.°C

v =1.608x107> m?/s
Pr=0.7282

1
p=
Ty

1

=—— =0.0033K"
(30+273)K

L=50cm

2

PCB, T,
=07
121x0.18 W

Air
T, =25°C
TQllrr = ZSOC

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 4. 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, L, = L =0.5m. Then,

Ra = 8PL T, )’ pr 0381 m/s?)(0.0033 K™")(35-25K)(0.5 m)’
v? (1.608x107° m*/s)*
2
1/6 8\1/6
Nu=1logas . O387Ra _ o5, 0:387(1.140x10%)
9/167%/%7 o/1618/27
14 0492 L[ 0492
Pr 0.7282
= N = SR L (63.72) 23,30 Wim?
Dom

A, =(0.5m)? =0.25m?

(0.7282) =1.140x10®

2

=63.72

Considering both natural convection and radiation, the total rate of heat loss can be expressed as

Q = hAs (T\ _Too)+ EASO_(TS4 _Tsurr4)
(121x0.18) W = (3.30 W/m?.°C)(0.25 m? (T, —25)°C

+(0.7)(0.25m*)(5.67x10™ W/m? K*)[(T, +273K)* —(25+273K)*]

Its solution is
T,=36.2°C

which is sufficiently close to the assumed value in the evaluation of properties and /4. Therefore, there is no
need to repeat calculations by reevaluating the properties and / at the new film temperature.
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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 (T+T,)/2 = (44+20)/2 = 32°C are (Table A-22)
k =0.02603 W/m.°C

v=1.627x10"° m?2/s . Ai2r00C ’;ank44oc
Pr=0.7276 o
p= L ! =0.003279 K™

T, (32+273)K

Analysis The characteristic length in this case is the height of
the cylinder, L, = L =1.1m. Then,

_gpT, - T, )L _ (981 m/s?)(0.003279 K 1 )(44-20K)(1.1m)?

Gr =3.883x10°
v? (1.627x107° m?/s)?
A vertical cylinder can be treated as a vertical plate when
1.1
De04myz L o 3SMIM oo

Gr'* (3.883x10%)1*

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,

Ra = GrPr = (3.883x10°)(0.7276) = 2.825x10°

2 2
1/6 9\1/6
. 387(2.825x1
Nu =10.825+ —O-387Ra - =10825+ 0.387(2.825x10 )8/27 =170.2
9/16 9/16
0.492 0.492
1+ 1+
Pr 0.7276
h :%Nu - 0'026?31w(170.2) = 4.027 W/m?2.°C
lm
A, = 7DL = £(0.4m)(1.1m) =1.382m?
Ouige = hA, (T, —T,,) = (4.027 W/m?* °C)(1.382 m*)(44—20)°C =133.6 W
For the top surface,
I :i:EDZ/4:2:0.4m:01m
“p 7D 4 4
T,—T,)L 81m/s%)(0.003279 K ' )(44-20K)(0.1m)?
Ra= &AL To)le p  OBIm/sT)(0.003279K )(A4=20K)O-1m)” () 796) _ 5 123x10°

2 (1.627x107° m?/s)?
Nu =0.54Ra'’* =0.54(2.123x10%)"* =20.61

iNu _ 0.02603 W/m.°C

h= (20.61) = 5.365 W/m?.°C

c

A, =D /4 =7(0.4m)? /4=0.1257 m?
Ouop =hA (T, -T,) =(5.365 W/m> °C)(0.1257 m* )(44 - 20)°C =162 W
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For the bottom surface,
Nu=0.27Ra'* =0.27(2.123x10°)"/* =10.31
k 0.02603 W/m.°C

h=—Nu=—"""""2(10.31) = 2.683 W/m*.°C
L. 0.1m

Ovotiom = hA, (T, =T,) = (2.683 W/m? .°C)(0.1257 m? (44 - 20)°C =8.1 W
The total heat loss by natural convection is
Ocony = Osidge + Otop + Obottom =133.6+162+8.1=157.9W
The radiation heat loss from the tank is
Qrad = EASO'(TS4 _Tsurr4)
= (0.4)(1.382+0.1257+0.1257 m?)(5.67x10~° W/m?* K*)|(44 +273K)* - (20+273 K)“]
=101.1W
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15-27 A glass window transmits 90% of the radiation in a specified wavelength range and is opaque for
radiation at other wavelengths. The rate of radiation transmitted through this window is to be determined
for two cases.

Assumptions The sources behave as a black body.

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

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

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

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

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

E ansmis = 0.90ME, (T) B

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

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

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

Analysis The average emissivity of the surface can be
determined from

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

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

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

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

and,

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

Then the emissive power of the surface becomes

E=¢oT* =0.575(5.67x10"° W/m? K*)(1000K)* =32.6 kW/m?
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15-49 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,

L
_32120_33 W=3m
il S L,=1
r=3=033 2=lm| )
and

L=tm| T @
L1 433
w3 _ Li=1m>x\_b O

FS»(1+2) 0.32

L +L 2
2 =0.67

We note that 4| = A;. Then the reciprocity and superposition rules gives
A Fjy; = A3Fy, —— Fj3 = F5, =0.27

Fyyqua) = Fyy +Fyy —— 0322027+ Fyy — Fy, =0.05
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15-50 A cylindrical enclosure is considered. The view factor from the side surface of this cylindrical
enclosure to its base surface is to be determined.

Assumptions The surfaces are diffuse emitters and reflectors.

Analysis We designate the surfaces as follows:

Base surface by (1), /\

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

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

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

T T
=4 =-1=025

L 4rn
Ry=2-"2 025

L 4r,

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

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

A 2
A3 2727’1L 8727"12 8
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15-77 A furnace shaped like a long equilateral-triangular duct is considered. The temperature of the base
surface is to be determined.

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

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

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

surface is determined from

Q _ O'(Tl4_T24)

12 1—£1+ 1 l1-¢,
digy AFy  Aye

-8 2 14 4 4

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

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

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

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

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

Convection heat transfer is not considered.

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

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

Ey —Ey
=l
&)
7+7
R, Rz +Ry;

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

le

where

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

1 1
+
(0.3125 m?  2(0.078125m™)

a=4m

T:=1100 K
81:1

Reradiating side

—=7.47x10° W =747kW

surfacess
T,=550K
&= 1

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




15-47

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 € = 0.75 and & = 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

L 038
WI=R=0.5 T,=550K
: Fp, =027 (Fig. 15-6) £ =1 W=1.6m (©))
L_2 — 2 =0.75
w16 T5=290 K
L,=12 2
The surface areas are ? m 4 @ € =0.85
4, =(0.8m)(1.6m)=1.28m’ Li=osm~.h D
A4, =(1.2m)(1.6m) =1.92 m? T 400K
=
Ay =2 208 082 1127 1.6 =3.268 m? & =0.75

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

AF, = A F,, —(1.28)(0.27) = (1.92)F,;, —— F;,; =0.18 (reciprocity rule)
Fli+F,+F;=1—04+027+F; =1——> F; =0.73 (summation rule)
Fyl+Fy +F; =1——0.184+0+ F); =1——> F,; =0.82 (summation rule)
A F5 = A3 F; —>(1.28)(0.73) = (3.268) F3; ——> F5; =0.29 (reciprocity rule)

We now apply Eq. 15-35b to each surface to determine the radiosities.

l-¢
oy = Jy 4L [Fp (= T2)+ Fis (= T3]
Surface 1: 1
(5,67><10_8 W/m2K4)(400 K)4 — Jl +—1;)(;575 [027(J1 _J2)+0'73(J1 _JS)]
Surface 2: oT,* = 7, ——>(5.67x10™ W/m> K*)(550K)* =/,
l1-¢
0'T34=J3+ 3[F31(J3_‘]1)""1:32(*]3 _JZ)]
Surface 3: :
1-0.85

(5.67x107° W/m? K*)(290K)* = J; + [0.29(J5 —J,)+0.48(J; - J,)]

0.85
Solving the above equations, we find

J, =1587 W/m?, J, =518 W/m?, J;=811.5W/m?

Then the net rate of radiation heat transfers between the two surfaces and between the horizontal surface
and the surroundings are determined to be

0y, =-0,, =—4,F,(J, =J,) =—(1.28 m?)(0.27)(1587 - 5188)W/m* = 1245 W
O3 = A Fi3(J; —J3) =(1.28m?)(0.73)(1587 —811.5)W/m? =725 W
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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 —
. . T, =500 K
system is a three-surface enclosure. The view factor from surface 1

to surface 2 is determined from \Qﬂ)/
r = 0.6 m
L_12_,
ro 06 g 017 (Fig. 15-7) A=12m
r_96_4s 7,2
L 12 &5 = 0.40

The surface areas are
A =4, =aD*/4=7(12m)*/4=1.131m?

g T, Z 650K
Ay = 2DL = £(1.2 m)(1.2 m) = 4.524 m? €,=0.50 :
Then other view factors are determined to be s r=06m 7o

AF5 = A F; ——>(1.131)(0.83) = (4.524)F;; —— F;; = 0.21 (reciprocity rule), Fy =F;, =021
We now apply Eq. 15-35 to each surface

l1-¢
O'Tl4 =J;+ - ! [Flz(Jl -Jy)+F3(J, _J3)]
Surface 1: | 1
(5.67x107% W/m? K*)(500K)* = J, + ;(;.go [0.17(J, =J,)+0.83(J, = J3)]
1-¢
GT24 =J,+ - - [le(Jz =J))+F5(J, _J3)]
Surface 2: 2
(5.67x107° W/m? K*)(500K)* = J, Jrﬂ[o.nu2 ~J))+0.83(J, = J3)]
l1-¢
O'T34 =Js+ - : [F31(J3 =J)+F5(J; ‘Jz)]
Surface 3: 3
(5.67x10° Wim> KT = J, + 1;)(:30 [0.21(J; —=J,)+0.21(J; - J,)]

We now apply Eq. 15-34 to surface 2
0, = 4, [Fy,(J, = J)) + Fy3(J, = J5)]= (1L131m>)[0.17(J, = J,) +0.83(J, = J5)]
Solving the above four equations, we find
T, =631K, J, =4974 W/m?, J, =8883W/m?, J; =8193 W/m?
The rate of heat transfer between the bottom and the top surface is
0y, = Ay Fy (J5 = J;) = (1.131m?)(0.17)(8883 — 4974)W/m* = 751.6 W
The rate of heat transfer between the bottom and the side surface is
0,3 = AyFy3(J, —J3) =(1.131m?)(0.83)(8883 - 8193)W/m? = 648.0 W
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.
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15-107 A cylindrical furnace with specified top and bottom surface temperatures and specified heat
transfer rate at the bottom surface is considered. The emissivity of the top surface and the net rates of heat
transfer between the top and the bottom surfaces, and between the bottom and the side surfaces are to be
determined.

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

Properties The emissivity of the bottom surface is 0.90.

3m

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

=1

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

We now apply Eq. 9-35 to each surface

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

(5.67x107° W/m? K*)(450K)* = J,

We now apply Eq. 9-34 to surface 2

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

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

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

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

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

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

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