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8-2

Exergy, Irreversibility, Reversible Work, and Second-Law Efficiency

8-1C Reversible work and irreversibility are identical for processes that involve no actual useful work.

8-2C The dead state.

8-3C Yes; exergy is a function of the state of the surroundings as well as the state of the system.

8-4C Useful work differs from the actual work by the surroundings work. They are identical for systems that involve no
surroundings work such as steady-flow systems.

8-5C Yes.

8-6C No, not necessarily. The well with the higher temperature will have a higher exergy.

8-7C The system that is at the temperature of the surroundings has zero exergy. But the system that is at a lower
temperature than the surroundings has some exergy since we can run a heat engine between these two temperature levels.

8-8C They would be identical.

8-9C The second-law efficiency is a measure of the performance of a device relative to its performance under reversible
conditions. It differs from the first law efficiency in that it is not a conversion efficiency.

8-10C No. The power plant that has a lower thermal efficiency may have a higher second-law efficiency.

8-11C No. The refrigerator that has a lower COP may have a higher second-law efficiency.
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8-12C A processes with W, = 0 is reversible if it involves no actual useful work. Otherwise it is irreversible.

8-13C Yes.

8-14 Windmills are to be installed at a location with steady winds to generate power. The minimum number of windmills
that need to be installed is to be determined.

Assumptions Air is at standard conditions of 1 atm and 25°C
Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1).

Analysis The exergy or work potential of the blowing air is the kinetic energy it possesses,

2 2
Exergy = ke = = (61/5) ( lkmgg - j =0.0180kJ/kg
2 2 1000 m~ /s -
—
At standard atmospheric conditions (25°C, 101 kPa), the density and -—
the mass flow rate of air are -—
—
RT  (0.287kPa-m’ /kg-K)(298K)
and
. zD? 3 2
m=pAV, =p V, =(1.18kg/m” ) (7 /4)(20 m)~ (6 m/s) = 2225 kg/s
Thus,

Available Power = mke = (2225 kg/s)(0.0180 kJ/kg) = 40.05 kW
The minimum number of windmills that needs to be installed is

N =_total _ 900 kW =22.5=23windmills

W 40.05kW
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8-15E Saturated steam is generated in a boiler by transferring heat from the combustion gases. The wasted work potential
associated with this heat transfer process is to be determined. Also, the effect of increasing the temperature of combustion
gases on the irreversibility is to be discussed.

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

Analysis The properties of water at the inlet and outlet of the boiler and at the dead state are (Tables A-4E through A-6E)
P, =200 psia }hl =h, =355.46 Btu/lbm

x, =0 (sat.lig.) | s; =s, =0.54379 Btu/lbm-R q

P, =200 psia hy =hy =1198.8 Btu/Ibm Water - 200 bsi
200 psia 4 psia

x, =1 (sat.vap.) | s, =5, =1.5460 Btu/lbm-R sat. li. —_— sat. vap.

Py =14.7psia] s¢ =5 ;gsoer = 0.09328 Btu/lbm-R
The heat transfer during the process is

Gin = hy — by =1198.8 —355.46 = 843 .3 Btw/Ibm
The entropy generation associated with this process is

q.
Sgen = As,, +Asp = (5, —57) =+
Ty

843.3 Btu/Ibm

= (1.5460 — 0.54379)Btu/lbm - R —
(500 + 460)R

=0.12377 Btu/lbm-R
The wasted work potential (exergy destruction is)

Xaest = ToSgen = (80+460 R)(0.12377 Btw/lbm - R) = 66.8 Btu/lbm

The work potential (exergy) of the steam stream is
Ay, =h =k =Ty(s; = 5,)
=(1198.8—355.46)Btu/lbm — (540 R)(1.5460 — 0.54379)Btu/lbm- R
=302.1Btu/lbm

Increasing the temperature of combustion gases does not effect the work potential of steam stream since it is determined by
the states at which water enters and leaves the boiler.

Discussion This problem may also be solved as follows:
Exergy transfer by heat transfer:
Xpeat = 4 K (843.3)(1 - ﬂj =368.9 Btu/lbm
T, 960

Exergy increase of steam:

Ay, =302.1Btu/lbm

The net exergy destruction:
Xgest = Xpeat — AW, = 368.9-302.1 = 66.8 Btu/lbm
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8-16 Water is to be pumped to a high elevation lake at times of low electric demand for use in a hydroelectric turbine at
times of high demand. For a specified energy storage capacity, the minimum amount of water that needs to be stored in the
lake is to be determined.

Assumptions The evaporation of water from the lake is negligible.

Analysis The exergy or work potential of the water is the potential energy it
possesses,

Exergy = PE = mgh

Thus,

_PE__5x10°kWh (36005}[1000m2 /2

—= =2.45x10% kg
gh  (9.8m/s*)(75m)\ 1h 1kW -s/kg

8-17 A body contains a specified amount of thermal energy at a specified temperature. The amount that can be converted to
work is to be determined.

Analysis The amount of heat that can be converted to work is simply
the amount that a reversible heat engine can convert to work, 800 K
T, 298 K 100 kJ
Mihrey = 1= =1-"—"—=0.6275
’ Ty 800K
Wmax,out = Wrev,out =n th,rev Qin

— (0.6275)(100 kJ) 298 KD

=62.75kJ

8-18 The thermal efficiency of a heat engine operating between specified temperature limits is given. The second-law
efficiency of a engine is to be determined.

Analysis The thermal efficiency of a reversible heat engine operating
between the same temperature reservoirs is @
T, -
Mh,rev =1——0=1——293K =0.801 @ na=0.40

’ Ty 1200+273K

Thus,
4
040 GoecD
0.801

th,rev
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8-19 A heat reservoir at a specified temperature can supply heat at a specified rate. The exergy of this heat supplied is to be
determined.

Analysis The exergy of the supplied heat, in the rate form, is the amount @
of power that would be produced by a reversible heat engine,
7, 298K
= =l-—=1- =0.8013 i
nth,max ’7th,rev TH 1500 K @ Wrev

Exergy = Wmax,out = Wrev,out = Tth,rev Qin

= (0.8013)(150,000 / 3600 kJ/s) @

=33.4kW

8-20 A heat engine receives heat from a source at a specified temperature at a specified rate, and rejects the waste
heat to a sink. For a given power output, the reversible power, the rate of irreversibility, and the 2™ law efficiency are to be
determined.

Analysis (a) The reversible power is the power produced by a reversible heat engine operating between the specified
temperature limits,

T 320K
Mth,max = Tthrev = 1- i =1- m =0.7091 @
Wrevout = MinrevQin = (0.7091)(400 kI/s) = 283.6 kW 400 kJ/s
(b) The irreversibility rate is the difference between the reversible @ 120 kW

power and the actual power output:

w.

u,out

I =Wy out — =283.6 - 120 =163.6 KW

(c¢) The second law efficiency is determined from its definition,

Wouw _ 120kW
W, 283.6 kW

rev,out

=0.423=42.3%

=
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13
8-21 E Problem 8-20 is reconsidered. The effect of reducing the temperature at which the waste heat is rejected on the
reversible power, the rate of irreversibility, and the second law efficiency is to be studied and the results are to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"
T_H=1100 [K]
Q_dot_H= 400 [kJ/s]
{T_L=320 [K]}
W_dot_out = 120 [kW]
T Lsurr =25 [C]

"The reversible work is the maximum work done by the Carnot Engine between T Hand T_L:"

Eta Carnot=1-T L/T H
W_dot_rev=Q_dot H*Eta_ Carnot

"The irreversibility is given as:"
|_dot =W_dot_rev-W_dot_out

"The thermal efficiency is, in percent:"

Eta_th = Eta_Carnot*Convert(, %)

"The second law efficiency is, in percent:"

Eta_ Il = W_dot_out/W_dot_rev*Convert(, %)

TL[K] Wrey [KJ/S] | [kJ/s] N [%]
500 218.2 98.18 55
477.6 226.3 106.3 53.02
455.1 234.5 1145 51.17
432.7 242.7 122.7 49.45
410.2 250.8 130.8 47.84
387.8 259 139 46.33
365.3 267.2 147.2 44.92
342.9 275.3 155.3 43.59
320.4 283.5 163.5 42.33
298 291.6 171.6 41.15
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8-22E The thermal efficiency and the second-law efficiency of a heat engine are given. The source temperature is to be
determined.

Analysis From the definition of the second law efficiency,

M Mth :%

— S =0.60
nth,rev My 0.60

M =

th,rev

Thus,

T
Moy =1 —T—L —— Ty =T, /(1= ey ) = (530 R)/0.40 = 1325 R
H

8-23 A house is maintained at a specified temperature by electric resistance heaters. The reversible work for this heating
process and irreversibility are to be determined.

Analysis The reversible work is the minimum work required to accomplish this process, and the irreversibility is the
difference between the reversible work and the actual electrical work consumed. The actual power input is

Wi = Ogu =0y =50,000kJ/h =13.89 kW

The COP of a reversible heat pump operating between the 50,000 ki/h
specified temperature limits is

| | P ; N
COPyp oy = = =14.20 ouse
=T, /T,  1-277.15/298.15 25°C
4°C
Thus,
Woin = On  _BIKW 4578w |‘\/\N\/\/\—|
T COPyp ey 14.20 + , *
and W
I=Wyin —Wieyin =13.89-0.978 =12.91 kKW
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8-24E A freezer is maintained at a specified temperature by removing heat from it at a specified rate. The power
consumption of the freezer is given. The reversible power, irreversibility, and the second-law efficiency are to be
determined.

Analysis (a) The reversible work is the minimum work required to accomplish this task, which is the work that a
reversible refrigerator operating between the specified temperature limits would consume,

COPg oy = ! = ! =8.73
’ T, /T, -1 535/480-1 @
: ' i 1h
W = o, _ 75 Btu/min p _|—0.20hp
’ COPy 1oy 8.73 42 .41 Btu/min

e 0.70 hp
(b) The irreversibility is the difference between the reversible work and the
actual electrical work consumed, 75 Btu/min

[ =W Wy =0.70-020=050hp Freezer

20°F

(c) The second law efficiency is determined from its definition,

W, 20h
= ey 2 92000 _ 54 694
w, 0.7 hp

8-25 A geothermal power produces 5.1 MW power while the exergy destruction in the plant is 7.5 MW. The exergy of the
geothermal water entering to the plant, the second-law efficiency of the plant, and the exergy of the heat rejected from the
plant are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Water properties
are used for geothermal water.

Analysis (a) The properties of geothermal water at the inlet of the plant and at the dead state are (Tables A-4 through A-6)
x =0 s; =1.8418 kJ/kg.K

Ty, =25°C| hy =104.83 kJ/kg
59 =0.36723 kl/kg. K

T, = 150°C}h1 =632.18kJ/kg

Xo = 0
The exergy of geothermal water entering the plant is

Xin :m[hl —hy =T (s _So]
=(210 kg/s)[(632.18 —104.83) kJ/kg — (25 + 273 K)(1.8418 — 0.36723)kJ/kg.K]
=18,460 kW =18.46 MW

(b) The second-law efficiency of the plant is the ratio of power produced to the exergy input to the plant

W,
py = - SWOOKW. 5 276~ 27 606
Xu  18.460kW

m

(c) The exergy of the heat rejected from the plant may be determined from an exergy balance on the plant

KXheatout = Xin = Wout — X gost = 18,460 — 5100 — 7500 = 5864 kW =5.86 MW
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8-26 It is to be shown that the power produced by a wind turbine is proportional to the cube of the wind velocity and the
square of the blade span diameter.

Analysis The power produced by a wind turbine is proportional to the kinetic energy of the wind, which is equal to the
product of the kinetic energy of air per unit mass and the mass flow rate of air through the blade span area. Therefore,

Wind power = (Efficiency)(Kinetic energy)(Mass flow rate of air)

y? v: zD?
=1 — (pAV)=n,. s — |14
77wmd 7 (,D ) 77wmd P P 4

312
D
= rywmdp”VT = (Constant)V*D?

which completes the proof that wind power is proportional to the cube of the wind velocity and to the square of the blade
span diameter.
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Exergy Analysis of Closed Systems

8-27C Yes, it can. For example, the 1st law efficiency of a reversible heat engine operating between the temperature limits
of 300 K and 1000 K is 70%. However, the second law efficiency of this engine, like all reversible devices, is 100%.

8-28 A fixed mass of helium undergoes a process from a specified state to another specified state. The increase in the useful
energy potential of helium is to be determined.

Assumptions 1 At specified conditions, helium can be treated as an ideal gas.
2 Helium has constant specific heats at room temperature.
Properties The gas constant of helium is R = 2.0769 kJ/kg.K (Table A-1). The

constant volume specific heat of helium is ¢, = 3.1156 kJ/kg.K (Table A-2).

He
Analysis From the ideal-gas entropy change relation, 8 kg
288 K
T, &)
S, —8 =¢C In—=+RIn—
2 1 v,avg Tl v,
3
(31156 ki/kg-K) In 22K 4 (20769 kikg - K) In ST K€ _ 3 087 kke K
288K 3m’/kg

The increase in the useful potential of helium during this process is simply the increase in exergy,
©,-P, = _m[(”l —uy) =Ty (sy —s7)+ By (v _Vz)]
=—(8kg){(3.1156 kJ/kg-K)(288 —353) K — (298 K)(3.087 kJ/kg - K)

+(100kPa)(3—0.5)m> / kg[kJ/kPa-m>]}
=6980 kJ
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8-29E Air is expanded in an adiabatic closed system with an isentropic efficiency of 95%. The second law efficiency of the

process is to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The process is adiabatic, and thus there is no heat
transfer. 3 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 0.240 Btw/Ibm‘R, ¢, = 0.171 Btw/Ibm'R, k=1.4,and R =
0.06855 Btu/lbm'R (Table A-2Ea).

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 = AEsystem
e M

Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc. energies Ai
ir
Wy ou =AU =me, (T, =T)) 150 psia
. . . 100°F
The final temperature for the isentropic case is

P (k=1)/k 15 0si 0.4/1.4
Ty, =T,| =2 = (560 R)| — P18 =290.1R
P 150 psia

The actual exit temperature from the isentropic relation is T
L-T,
n=———-
T 1 T. 2s

Ty =T, —n(T; =Ty, ) = 560—(0.95)(560 —290.1) = 303.6 R

The boundary work output is 5
Whout = Co (T} =T5) =(0.171 Btu/Ibm - R)(560 —303.6)R = 43.84 Btu/Ibm

The entropy change of air is

T P
Asyr =€) In=—2—-RIn—*
T A
— (0.240 Btw/lbm - R)ln 2220 R _ (0.06855 Btu/lbm - Ryln ~2P513
560 R 150 psia

=0.01091 Btu/lbm-R

The exergy difference between states 1 and 2 is
b=y = —uy + (v =) =Ty (s, = 5,)
L, T,
=c,(,-T))+RR| -2 |-Ty(s;—s
(h=T)+ 5 (Pl PJ o(s1=52)

S60R  303.6R
150 psia 15 psia

= 43.84 Btw/lbm + (14.7 psia)(0.06855 Btu/lIbm - R)( j —(537R)(-0.01091 Btu/lbm- R)

=33.07 Btu/lbm

The useful work is determined from

T, T,
Wi = Whout — Wsurr = Cv(Ti _TZ)_pO(UZ _Ul) = Cv(Ti _TZ)_pOR[_Z__lJ
kR

= 43.84 Btu/Ibm — (14.7 psia)(0.06855 Btw/Ibm - R)[ 303.6R __S60R ]

15psia 150 psia
= 27.21Btu/lbm
The second law efficiency is then

w, 27.21Btu/lbm

=t 2h2 PO 0,823
A¢  33.07 Btwlbm

T

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-14
8-30E Air and helium at specified states are considered. The gas with the higher exergy content is to be identified.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air and helium are ideal gases with constant specific
heats.

Properties The properties of air at room temperature are ¢, = 0.240 Btw/Ibm'R, ¢, = 0.171 Btw/Ibm'R, k= 1.4, and R =
0.06855 Btu/lbm'R = 0.3704 psia-ft3/lbm~R. For helium, ¢, = 1.25 Btu/lbm'R, ¢, = 0.753 Btw/Ibm'R, k= 1.667, and R =
0.4961 Btu/lbm-R=2.6809 psia-ft’/[bm-R. (Table A-2E).

Analysis The mass of air in the system is

. 3 .
m:P—V: (100ps1§1)(15 ft”) 5704 bm A1r3
RT  (0.3704 psia - ft”/Ibm - R)(710 R) 15 ft
100 psia
The entropy change of air between the given state and the dead state is 250°F
s—89=c, lnl—Rlni
Ty Fy
710R 100 psia

=(0.240 Btu/lbm - R)In —— —(0.06855 Btu/lbm - R)In -
537R 14.7 psia

=-0.06441Btu/lbm- R

The air’s specific volumes at the given state and dead state are

,_ RT _(03704psia - ft/Ibm - R)(710 R)
P 100 psia

=2.630 ft>/Ibm

RT, (0.3704psia - ft*/Ibm-R)(537R)
F, 14.7 psia

v = =13.53ft*/Ibm

The specific closed system exergy of the air is then
$=u—ug+Fv-vy)=T(s=5p)
=c,(T-Ty))+Py(v—vy)—Ty(s—sp)
=(0.171 Btu/Ibm - R)(300 — 77)R + (14.7 psia)(2.630 — 13.53)ft>/Ibm %
5.404 psia - ft
—(537R)(-0.06441) Btw/Ibm - R
=34.52 Btu/lbm

The total exergy available in the air for the production of work is then

® = mg = (5.704 Ibm)(34.52 Btu/Ibm) = 197 Btu

We now repeat the calculations for helium:

» 3
m=LY (69 p51213)(20 ft7) —0.6782 Ibm el
RT  (2.6809 psia - ft*/Ibm - R)(660 R) e lugn
20 ft
60 psia
S_SOZCp lnl—Rlni 20801:
Ty 0
= (1.25 Btwibm - R)n 2R _ (0.4961 Bwtbm - Ryt 20251
537R 14.7 psia
=—0.4400 Btu/lbm - R
o3
v _RT _ (2.6809 psia - ft*/lbm - R)(660R) _ 2949 ft3/lbm

P 60 psia
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RT, (2.6809psia-ft’/Ibm-R)(537R)
Fy 14.7 psia

v = =97.93 ft*/lbm

p=u—-uy+Fy(v—vy)—Ty(s—5g)
=c, (T =Ty)+ Py(v—vy) —Ty(s —s9)
=(0.753 Btu/Ibm - R)(200 — 77)R + (14.7 psia)(29.49 — 97.93)ft>/Ibm %
5.404 psia - ft
— (537 R)(-0.4400) Btw/Ibm - R
=142.7 Btu/lbm

® = m¢ = (0.6782 Ibm)(142.7 Btu/Ibm) = 96.8 Btu

Comparison of two results shows that the air system has a greater potential for the production of work.
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8-31 Steam and R-134a at the same states are considered. The fluid with the higher exergy content is to be identified.

Assumptions Kinetic and potential energy changes are negligible.

Analysis The properties of water at the given state and at the dead state are

u = 2594.7 kl/kg

P =800 kPa 3 Steam
v=024720m’/kg  (Table A-6)

T =180°C 1 kg
s=6.7155kJ/kg-K 800 kPa
Uy =1 g ysee =104.83kI/k 180°C

Ty =25°C e 0.001003 g3’/k (Table A - 4)
Vg EV, oc = U m able A -

Py=100kpa| ° /@€ s

5o =S r@asec =0.3672kl/kg-K

The exergy of steam is

@ = mlu—uy + Py(v—vy) =Ty (s —so)]

(2594.7—104.83)kJ/ke + (100 kPa)(0.24720 — 0.001003)m > /kg| —
g g ;

=(lkg) 1kPa-m
— (298 K)(6.7155—0.3672)kJ/kg -K
=622.7kJ
For R-134a;
u = 386.99 k/kg
P =800kPa ;
v=0.044554m3/kg  (Table A -13)
T =180°C R-134
s =1.3327kJ/kg-K 'k a
~ _ g
T, = 25°C Ug ZUpgosec =85.85kl/kg 3 800 kPa
Vo 2V 450500 =0.0008286 m~/k; Table A-11 °
P, =100kPa| °~ /@€ g ( ) 180°C

S0 =8 gasc = 032432 kI/kg K
® = mlu—ug + Py (v—vy) =Ty (s—5)]

(386.99 —85.85)kJ/kg + (100 kPa)(0.044554 — 0.0008286)m3/kg(i3]

=(1kg) 1kPa-m
— (298 K)(1.3327-0.32432)kJ/kg -K

=5.02kJ

The steam can therefore has more work potential than the R-134a.
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8-32 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed at constant
pressure. The exergy of the refrigerant at the initial and final states, and the exergy destroyed during this process are to be
determined.

Assumptions The kinetic and potential energies are negligible.
Properties From the refrigerant tables (Tables A-11 through A-13),

v, =0.034875m" / kg
u; =274.01kJ/kg

P, =0.7MPa }
s, =1.0256 kJ/kg-K

T, = 60°C

2 =V @asec =0.0008261m” /kg R-134a

0.7 MPa

v
P, =0.7MPa

Uy ZU g ouec = 8444 KI/k -
T, = 24°C 2 Slj@aucc g P = const. 0
S3 =S r@auec = 0.31958kl/kg-K
v, =0.23718m’ / kg
P, =0.1MPa
uy =251.84kJ/kg
T, =24°C

5o =1.1033kJ/kg-K

Analysis (a) From the closed system exergy relation,
Xy =@y =mi(uy —ug) =Ty (51 = 59) + Py (v1 =¥}
= (5kg){(274.01-251.84) kl/kg — (297 K)(1.0256-1.1033) kJ/kg - K

+ (100 kPa)(0.034875-0.2371 8)m3 /kg(LJ}
1kPa-m

=125.1 kJ
and
Xy =@y =mi(uy —1g) =Ty (s, =)+ Py (vy —v,)}

= (5kg){(84.44 —251.84) kl/kg - (297 K)(0.31958 —1.1033) ki/kg - K

+ (100 kPa)(0.0008261—-0.2371 8)m3/kg(&3j}
1kPa-m

=208.6 kJ

(b) The reversible work input, which represents the minimum work input Wi, ;, in this case can be determined from the
exergy balance by setting the exergy destruction equal to zero,

&0 (reversibk) _
Xin - Xout - Xdestroyed =AX,

system
— —
Netexergy trasfer Exergy Change
by heat, work,and mass destruction in exergy
W ein = X — X, =2086-125.1=83.5k]

Noting that the process involves only boundary work, the useful work input during this process is simply the boundary
work in excess of the work done by the surrounding air,

Wyin =Win =W, =W, —bB W, -V,)=PWV, -V,)-Fm(v| —v,)

surr,in
=m(P-Fy)(v, —v,)

= (5kg)(700-100 kPa)(0.034875 —0.0008261 m> / kg)( 1kJ

—3j =102.1kJ
1

kPa-m

Knowing both the actual useful and reversible work inputs, the exergy destruction or irreversibility that is the difference
between the two is determined from its definition to be

XdCStTOyCd = I = Wu’]’n _Wrev,in = 1021_83.5 = 18.6 kJ
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8-33E An insulated rigid tank contains saturated liquid-vapor mixture of water at a specified pressure. An electric heater
inside is turned on and kept on until all the liquid is vaporized. The exergy destruction and the second-law efficiency are to
be determined.

Assumptions Kinetic and potential energies are negligible.
Properties From the steam tables (Tables A-4 through A-6)
v =V, +xv, =0.01708+0.25x(11.901-0.01708) = 2.9880 ft* /1bm

Uy =, +xu =227.92+0.25x862.19 = 443.47 Btu / Ibm
51 =5, +x15 5 =0.38093 +0.25x1.30632 = 0.70751 Btu /Ibm-R

P, =35psia
x, =025

=1110.9 Btu/Ibm

vy =v; | M2 T U@y, =29880Ibm
=1.5692 Btu/lbm-R

sat. vapor J 52 =S5 ,qy 29880 f/1bm
Analysis (a) The irreversibility can be determined from its definition
Xiestroyed = T0Sgen Where the entropy generation is determined from an entropy

balance on the tank, which is an insulated closed system,

Sin - Sout + Sgen = ASsystem
— —
Net entropy transfer Entropy Change
byheatand mass  generation  in entropy
Sgen = ASsystem = m(SZ - Sl)
Substituting,

Xdestroyed = TOSgen = mTO (S2 _Sl)
= (61bm)(535 R)(1.5692 -0.70751)Btu/lbm-R = 2766 Btu

(b) Noting that V"= constant during this process, the W and W, are identical and are determined from the energy balance on
the closed system energy equation,

Ein _Eout = AE

system
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wein =AU =m(uy —uy)

or,

Wi = (61bm)(1110.9-443.47)Btu/lbm = 4005 Btu

Then the reversible work during this process and the second-law efficiency become

Wrev,in = Wu,in - Xdestroyed = 4005 - 2766 = 1239 Btu
Thus,
g Wi _1239Bru_ o0 o0
w, 4005 Btu

u
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8-34 A rigid tank is divided into two equal parts by a partition. One part is filled with compressed liquid while the other
side is evacuated. The partition is removed and water expands into the entire tank. The exergy destroyed during this process
is to be determined.

Assumptions Kinetic and potential energies are negligible.

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

P =200KkPa Vi EVr@soec =0.001029 m® /kg
T1 _gooc (M1 FUr@see =33497klke
1 5125 p@soec = 1.0756 k/kg - K

Vacuum

Noting that v, =2v, =2x0.001029=0.002058m> /kg ,

vy, -V, _
Xy = 2 7Yy 0.002058 —0.001026 —0.0002584
Vi 3.9933 -0.001026

Uy =uy + XU =317.58+0.0002584 x 2158.8 =318.14 kl/kg
§y =587+ X8, =1.0261+0.0002584 x 6.6430 =1.0278 kJ/kg - K

P, =40kPa
v, =0.002058 m* / kg

Taking the direction of heat transfer to be to the tank, the energy balance on this closed system becomes

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

O =AU =m(u, —uy)
or

0, =(4kg)(318.14—334.97)kl/kg = —67.30k] — O, =67.30kJ

The irreversibility can be determined from its definition Xyeswoyea = T0Seen Where the entropy generation is determined from
an entropy balance on an extended system that includes the tank and its immediate surroundings so that the boundary
temperature of the extended system is the temperature of the surroundings at all times,

Sin =S =AS

in out T A} gen system
— —
Net entropy transfer Entropy Change
by heat and mass generation  in entropy
Qout — —
- +Sgen _ASsystem_m(SZ_sl)
b,out
_ Q out
Sgen =Mm(8s5 —57) +—T
surr
Substituting,

0
X gestroyed = ToSgen :To(m(sz -5)) +TLut

surr

— (298 K){(4 ke)(1.0278 — 1.0756)kJ/kg - K + %805}

=10.3kJ
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EE
8-35 E Problem 8-34 is reconsidered. The effect of final pressure in the tank on the exergy destroyed during the
process is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

T_1=80 [C]
P_1=200 [kPa]
m=4 [kq]
P_2=40 [kPa]
T_0=25[C]
P_0=100 [kPa]
T surr=T o
"Conservation of energy for closed system is:"
E_in- E_out = DELTAE 800
DELTAE = m*(u_2-u_1) A
E_in=0 700
E_out= Q_out sool
u_1 =intenergy(steam_ |apws,P P_1,T=T_1) I
v_1 =volume(steam_iapws,P=P_1,T=T_1) = 500
s_1 =entropy(steam_iapws,P=P_1,T=T_1) X, »
v_2=2%_1 5 400
u_2 = intenergy(steam_iapws, v=v_2,P=P 2) & 300
s_2 = entropy(steam_iapws, v=v_2,P=P_2) I
S_in-S_out+S_gen=DELTAS_sys 200
S_in=0 [kJ/K] '
S out=Q_out/(T_surr+273) 100
DELTAS_sys=m*(s_2-s_1) ol ‘ ‘ ‘ ‘ ‘ ‘ ‘
X_destroyed = (T_0+273)*S_gen 5 10 15 20 25 30 35 40 45
P, [kPa]
P2 Xdestroyed Qout
[kPa] [kJ] [kJ]

5 74.41 788.4

10 64.4 571.9

15 53.8 435.1

20 43.85 332.9 §

25 34.61 250.5 =

30 25.99 181 i

35 17.91 120.7 %

40 10.3 67.15 g

45 3.091 18.95 >
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8-36 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated
electrically at constant pressure. The minimum work by which this process can be accomplished and the exergy destroyed
are to be determined.
Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or expansion
process is quasi-equilibrium.
Analysis (a) From the steam tables (Tables A-4 through A-6),
Uy =uyrgowa = 439.27kl kg
P, =120kPa | v; =V /g 150upa = 0.001047 m’ /kg
hl = hf@lZO kPa = 43936 kJ/kg
Sl = Sf@lZOkPa = 13609 kJ/kg . K
The mass of the steam is
3
AN 11
vy 0.001047m"” / 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

sat. liquid Saturated
Liquid
H,0
P =120 kPa

b

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

Wc,in = m(hZ _hl)
since AU + W, = AH during a constant pressure quasi-equilibrium process. Solving for 4,

W,
&M _ 43936 + M =622.63kJ/kg
7.639k

g

Thus,

hy —h;  622.63-439.36
h 2243.7
Sy =5, + X8, =1.3609+0.08168 x 5.93687 =1.8459 kJ/kg - K

Uy =u; +xup =439.24+0.08168x2072.4 = 608.52 kl/kg
vy =V, +x,0, =0.001047 +0.08168 x (1.4285 - 0.001047) =0.1176 m*/kg

The reversible work input, which represents the minimum work input W, ;, in this case can be determined from the exergy
balance by setting the exergy destruction equal to zero,

X, = =0.08168
P, =120 kPa }

hy =622.63kl/kg

70 (reversibk) _ _
Xin - Xout - Xdestroyed - A‘Xsystem - I/Vrev,in - X2 - Xl
—_— | —
Netexergy trasfer Exergy Change
by heat, work,and mass destruction in exergy

Substituting the closed system exergy relation, the reversible work input during this process is determined to be
W :_m[(ul_u2)_T0(S1_S2)+PO(V1_VZ)]

rev,in
= —(7.639 kg) {(439.27 — 608.52) ki/kg — (298 K)(1.3609 — 1.8459) ki/kg - K

+ (100 kPa)(0.001047 — 0.1176)m> / kg[1kJ/1 kPa - m* ]}

=278kJ
(b) The exergy destruction (or irreversibility) associated with this process can be determined from its definition Xgestroyed =
ToS,en Where the entropy generation is determined from an entropy balance on the cylinder, which is an insulated closed
system,
Sin_Sout + Sgen =AS
——

|- )
Net entropy transfer Entropy Change
byheatandmass  generation  in entropy

Sgen =AS

system

system m(SZ _Sl)

Substituting,

X gestroyed = ToSgen = mTy (55 —51) = (298 K)(7.639 kg)(1.8459 — 1.3609)kI/kg - K = 1104 kJ

gen
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EE
8-37 E Problem 8-36 is reconsidered. The effect of the amount of electrical work on the minimum work and the exergy
destroyed is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

<|'U><
M&—nﬂ‘
o

— Il
— N
o
?
U
2

— =

m
015|U
N —

o
O r—=

1400 [kJ]}

'U—I"’“'U
OO|
n
=N
=0

Pa]

"Conservation of energy for closed system is:"

E_in-E_out=DELTAE

DELTAE =m*(u_2-u_1)

E_in=W_Ele

E_out=W_b

W_b=m*P_1*(v_2-v_1)

u_1 =intenergy(steam_iapws,P=P_1,x=x_1

v_1 =volume(steam_iapws,P=P_1,x=x_1)

s_1 =entropy(steam_iapws,P=P_1,x=x_1)

u_2 = intenergy(steam_iapws, v=v_2,P=P_2)

s_2 = entropy(steam_iapws, v=v_2,P=P_2)

m=V*convert(L,m"3)/v_1

W_rev_in=m*(u_2-u_1-(T_o+273.15)
*(s_2-s_1)+P_o*(v_2-v_1))

~

1750 ————s
1350
950/

550

Xd estroyed [k\]]

"Entropy Balance:" [
S in-S_out+S_gen = DELTAS_sys 1501k
DELTAS_sys=m*(s_2-s_1) E
S_in=0 [kJ/K] ;
S_out=0 [kJ/K] 250b
0 400 800 1200 1600 2000

Weie [kJ]

"The exergy destruction or irreversibility is:"
X_destroyed = (T_0+273.15)*S_gen

400
WEle Wrev,in Xdestroyed r
[kJ] [kJ] [kJ] 350
0 0 0 -
200 39.68 157.8 300
400 79.35 315.6 i
600 119 473.3 = 20
800 | 158.7 | 631.1 = ool
1000 198.4 788.9 £
1200 | 238.1 946.7 3 150
1400 277.7 1104 = L
1600 317.4 1262 100
1800 3571 1420 -
2000 396.8 1578 50
0 L L L L L L L L L L L L L L L L L L L L
0 400 800 1200 1600 2000
Wee [kJ]

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-23

8-38 An insulated cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant expands in
a reversible manner until the pressure drops to a specified value. The change in the exergy of the refrigerant during this
process and the reversible work are to be determined.

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

Analysis This is a reversible adiabatic (i.e., isentropic) process, and thus s, = 5. From the refrigerant tables (Tables A-11
through A-13),

VI =V qosmpa = 0.02562m° / kg
Uy =Uggogmpa — 246.79 kl/kg

P, :O.8MPa}
S :sg@O,SMPa :09183kJ/kg'K

sat. vapor

The mass of the refrigerant is R-134a
0.8 MPa

3
v__ 006m” 1.952 kg Reversible
v 0.02562m° /kg

3 =Sy 0.9183-0.15457
s, 078316

vy =V, +3,0,, =0.0007533 +0.099867 x (0.099867 — 0.0007533) = 0.09741 m* kg

Uy =, +xyu p, =38.28+0.9753x186.21 = 219.88 ki/kg

=0.9753

x2 =
P, =0.2MPa

SZ :Sl

The reversible work output, which represents the maximum work output W, o« can be determined from the exergy balance
by setting the exergy destruction equal to zero,

&0 (reversibk) _ AX
X in X, out - X destroyed - system
— —
Netexergy trasfer Exergy Change
by heat, work,and mass destructim in exergy
- VVrev,out = X2 _Xl
VVrev,out = Xl - XZ
D, -D,

Therefore, the change in exergy and the reversible work are identical in this case. Using the definition of the closed system
exergy and substituting, the reversible work is determined to be

4 =0, D, =m|(u; —uy)—Ty(s, _Sz)&o + By (v, _VZ)J:m[(ul —uy)+F(v _Vz)]

rev,out
= (1.952 kg)[(246.79 — 219.88) kJ/kg + (100 kPa)(0.02562 — 0.09741)m"> / ke[kJ/kPa -m?]
=385 kJ
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8-39E Oxygen gas is compressed from a specified initial state to a final specified state. The reversible work and the
increase in the exergy of the oxygen during this process are to be determined.

Assumptions At specified conditions, oxygen can be treated as an ideal gas with constant specific heats.

Properties The gas constant of oxygen is R = 0.06206 Btu/Ibm.R (Table A-1E). The constant-volume specific heat of
oxygen at the average temperature is

Tye = (1) +T,)/2=(75+525)/2=300°F ——c¢,, ,, =0.164 Btu/lbm-R
Analysis The entropy change of oxygen is ;
T
sz—slzcvavgln—2 +RIn| 22 ng
’ T v, 12 ft’/lbm
S 75°F
= (0.164 Btu/Ibm - R) In| MJ +(0.06206 Btu/Ibm- R) In| 1> 1L 10m
535R 12 ft*/lbm

=-0.02894 Btu/lbm-R

The reversible work input, which represents the minimum work input W, ;, in this case can be determined from the exergy
balance by setting the exergy destruction equal to zero,

70 (reversibk) _ _
Xin - Xout - Xdestroyed - A)(system - VI/I'GV,il’l - XZ - Xl
Netexergy trasfer Exergy Change

by heat, work,and mass destruction in exergy

Therefore, the change in exergy and the reversible work are identical in this case. Substituting the closed system exergy
relation, the reversible work input during this process is determined to be

Wrevin = @2 =@ = () —uy) =T (s) —55) + By (v —v5)]
=—{(0.164 Btu/Ibm - R)(535-985)R — (535 R)(0.02894 Btu/Ibm- R)
+(14.7 psia)(12 —1.5)ft> /Ibm[Btu/5.4039 psia - ft> ]}
=60.7 Btu/lbm
Also, the increase in the exergy of oxygen is

$) =Py = Wyeyin = 60.7 Btu/lbm
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8-40 A cylinder initially contains air at atmospheric conditions. Air is compressed to a specified state and the useful work
input is measured. The exergy of the air at the initial and final states, and the minimum work input to accomplish this
compression process, and the second-law efficiency are to be determined

Assumptions 1 Air is an ideal gas with constant specific heats. 2 The kinetic and potential energies are negligible.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). The specific heats of air at the average
temperature of (298+423)/2=360 K are ¢, =1.009 kJ/kg'K and c, = 0.722 kJ/kg'K (Table A-2).

Analysis (a) We realize that X; = @, = 0 since air initially is at the dead state. The mass of air is

BV (100 kPa)(0.002 m?)
RT;  (0.287kPa-m’ /kg-K)(298 K)

Also,
PV, PV v - PT, v _ (100 kPa)(423 K)

=0.00234 kg

>V = | = (2L)=0473L
Lo h P, ' (600 KkPa)(298 K) o
and Y=L
P, =100 kPa
T P = 10
Sa _SOZCpavg 1n_z_Rll’l—2 T, =25°C
e I P
= (1,009 kI/kg - K) In 222K _ 0 287 kg - k) 1n 220K
298K 100 kPa

=-0.1608kJ/kg-K

Thus, the exergy of air at the final state is
Xy =@y =mley ae (Ty —To) =Ty (55 =59) [+ Py (Vs =Vy)
=(0.00234 kg)[(0.722 kJ/kg-K)(423-298)K - (298 K)(-0.1608 kJ/kg - K)]

+(100 kPa)(0.000473 - 0.002)m> [kJ/m? - kPa]
=0.171kJ

(b) The minimum work input is the reversible work input, which can be determined from the exergy balance by setting the
exergy destruction equal to zero,

70 (reversibk) _
‘Xin - X out - X destroyed =AX,

system

[ ——— —
Netexergy trasfer Exergy Change
by heat, work,and mass destructim in exergy

I/Vrev,in =X 2 X, 1

=0.171-0=0.171kJ
(c) The second-law efficiency of this process is
Weevin _ 0.171KkJ
w, 1.2kJ

u,in

=14.3%

M =
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8-41 An insulated tank contains CO, gas at a specified pressure and volume. A paddle-wheel in the tank stirs the gas, and
the pressure and temperature of CO, rises. The actual paddle-wheel work and the minimum paddle-wheel work by which
this process can be accomplished are to be determined.

Assumptions 1 At specified conditions, CO, can be treated as an ideal gas with
constant specific heats at the average temperature. 2 The surroundings
temperature is 298 K.

Properties The gas constant of CO, is 0.1889 kJ/kg-K (Table A-1)

Analysis (a) The initial and final temperature of CO, are 1.2m’
2.13 kg
PV, 2m?
y el LA (100 kPa)(1.2m 3) =2982K CO,
mR  (2.13kg)(0.1889kPa-m” /kg-K) 100 kPa
PV, 120kPa)(1.2m>
T, =22 = (20 kPa)(1.2m’) =357.9K

mR  (2.13kg)(0.1889kPa-m? /kg-K)

Tpe = (T, +T5)/2=(298.2+357.9)/ 2 =328 K —> ¢, 4 = 0.684 kl/kg-K (Table A-25)

v,avg
The actual paddle-wheel work done is determined from the energy balance on the CO gas in the tank,

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
pr,in =AU = me,, (TZ _Tl )

or

Win = (2.13kg)(0.684kJ/kg - K)(357.9~298.2)K = 87.0kJ

(b) The minimum paddle-wheel work with which this process can be accomplished is the reversible work,

which can be determined from the exergy balance by setting the exergy destruction equal to zero,

70 (reversibk) _ _
Xin - Xout - Xdestroyed - A‘Xvsystem - VI/[’GV,il’l - XZ - Xl
Netexergy trasfer Exergy Change

by heat, work,and mass destruction in exergy

Substituting the closed system exergy relation, the reversible work input for this process is determined to be

Wrasin = (s 1) ~Ty (53 —50)+ By (S —o)]
= ey g (Ty =T) =Ty (55 —51)]
— (2.13kg)[(0.684 kI/kg - K)(357.9— 298.2)K — (298.2)(0.1253 kl/kg - K)]
=7.74 kJ

since

3579K
298.2K

T
S,—8;=c lnTz+Ran—2<:90 :(0.684kJ/kg-K)ln(

- ~v,av
¢ 1 Y1

) =0.1253kJ/kg-K
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8-42 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder is turned on, and

air is heated for 10 min at constant pressure. The exergy destruction during this process is to be determined.
Assumptions Air is an ideal gas with variable specific heats.
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1).

Analysis The mass of the air and the electrical work done during this process are

PV ) 3
L _BY (140kPa)3(0020m ) ooms0ke
RT, ~ (0.287kPa-m">/kg - K)(300K)
W, =, At = (0.100kJ/s)(10x 60'5) = 60 kJ AIR
140 kPa w,
Also, P = const

T, =300K ——> h, =300.19kJ/kg and s =1.70202 kl/kg-K

The energy balance for this stationary closed system can be expressed as

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

Wein =m(hy —hy)
since AU + W, = AH during a constant pressure quasi-equilibrium process. Thus,
60kJ

W, T, =1915K
hy =y + —2=300.19 + ——————— = 21463 kJ/kg — AT, 72
m 0.03250 kg s9 =3.7452kl/kg - K

Also,

J0
P
S5y =5 =59 =50 —Rln[—zJ =59 — 50 =3.7452-1.70202 = 2.0432 kJ/kg - K
A

The exergy destruction (or irreversibility) associated with this process can be determined from its definition Xyegroyed =
ToSgen Where the entropy generation is determined from an entropy balance on the cylinder, which is an insulated closed

system,
N in N out T S gen AS system
— —— —
Net entropy transfer Entropy Change
byheatandmass  generation  in entropy
Sgen = ASsystem = m(SZ =5 )
Substituting,

X gestroyed = ToSgen =mTy (55 — 57) = (0.03250 kg)(300 K)(2.0432 ki/kg - K) =19.9 kJ
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8-43 One side of a partitioned insulated rigid tank contains argon gas at a specified temperature and pressure while the
other side is evacuated. The partition is removed, and the gas fills the entire tank. The exergy destroyed during this process
is to be determined.

Assumptions Argon is an ideal gas with constant specific heats, and thus ideal gas relations apply.
Properties The gas constant of argon is R = 0.2081 kJ/kg.K (Table A-1).

Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as

Ein - Eout = AEsystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU=m(uy —uy) 300, -] Vacuum

u,=u, —> L=1

<

since u = u(T) for an ideal gas.

The exergy destruction (or irreversibility) associated with this process can be determined from its definition
Xaestroyed = T0Sgen Where the entropy generation is determined from an entropy balance on the entire tank, which is an
insulated closed system,

Sin - Sout + Sgen = ASsystem
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Sgen = ASsystem = m(SZ _Sl)
where
J0
— _ T. 2 VZ _ VZ
ASgysiem =m(sy = 51) = m[cvjavg lnTl +RIn VIJ =mR 1n71
= (3kg)(0.2081 kJ/kg - K)In(2) = 0.433 kI/K
Substituting,

X gestroyed = ToSgen = mTy (53 —5) = (298 K)(0.433kI/K) = 129 kJ
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8-44E A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of the tank and the
work potential wasted during this process are to be determined.

Assumptions 1 Both the water and the copper block are incompressible substances with constant specific heats at room
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well-
insulated and thus there is no heat transfer.

Properties The density and specific heat of water at the anticipated average temperature of 90°F are p = 62.1 Ibm/ft’ and
¢, = 1.00 Btu/Ibm.°F. The specific heat of copper at the anticipated average temperature of 100°F is ¢, = 0.0925 Btu/Ibm.°F
(Table A-3E).

Analysis (a) We take the entire contents of the tank, water + copper block, as the system, which is a closed system. The
energy balance for this system can be expressed as

Ein - Eout = AEvsystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU
or
AUCu + AUwater =0

[me(Ty =T)]cy +[me(Ty —T))]yater =0
where

m,, = pV =(62.11bm/ft> (1.2 ft*) = 74.52 Ibm
Substituting,

0 =(551bm)(0.0925 Btu/lbm - °F)(T’, —180°F) + (74.52 Ibm)(1.0 Btu/lbm - °F)(T}, — 75°F)
T, =8L7°F=541.7R
(b) The wasted work potential is equivalent to the exergy destruction (or irreversibility), and it can be determined from its

definition Xjesroyed = T0Sgen Where the entropy generation is determined from an entropy balance on the system, which is an
insulated closed system,

Sin _Soul + Sgen =AS
— ——

—
Net entropy transfer Entropy Change

system

by heat and mass generation  in entropy
A gen =AS system =AS water +AS copper
where
T .
AS gopper = MCayg Inf =2 |= (55 1bm)(0.092 Btw/Ibm - R) ln( 417 Rj =—0.8483 Btw/R
T, 640R
T .
AS yager = MCqyg In| =2 | = (74.52 1bm)(1.0 Btw/Ibm - R) ln[ 417 Rj =0.9250 Btu/R
T 535R
Substituting,

X gestroged = (535 R)(=0.8483 + 0.9250)Btw/R = 43.1Btu
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8-45 A hot iron block is dropped into water in an insulated tank that is stirred by a paddle-wheel. The mass of the iron
block and the exergy destroyed during this process are to be determined.

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well-
insulated and thus there is no heat transfer.

Properties The density and specific heat of water at 25°C are p = 997 kg/m’ and ¢, = 4.18 kJ/kg.°F. The specific heat of
iron at room temperature (the only value available in the tables) is ¢, = 0.45 kJ/kg.°C (Table A-3).

Analysis We take the entire contents of the tank, water + iron block, as the system, which is a closed system. 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
pr,in =AU = A[Jiron + Al]water
pr,in = [mc(TZ - Tl )]iron + [mc(TZ - Tl )]water
where
My = PV = (997 kg/m?)(0.1m*) = 99.7 kg
Wy =WyyinAt =(0.2k)/5)(20x605) = 240 k]
Substituting,
240kJ = m,,, (0.45 kl/kg -°C)(24 —85)°C +(99.7 kg)(4.18 kl/kg - °C)(24 — 20)°C
Moy =52.0Kg

(b) The exergy destruction (or irreversibility) can be determined from its definition Xyesoyeda = T0Sgen Where the entropy
generation is determined from an entropy balance on the system, which is an insulated closed system,

Sy —Sou + S, =AS

gen system
— —_— —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
S gen — AS system — AS iron T AS water
where
T, 297K
ASiron = MCyyq 1n(le =(52.0kg)(0.45kJ/kg-K) ln(ﬁj =-4.371kJ/K
T 297K
AS yater = MCyg ln(F?] = (99.7 kg)(4.18 k/kg - K) 1n(mj =5.651kI/K
Substituting,

X gestroyed = ToSgen = (293K)(~4.371+5.651) kI/K = 375.0kJ
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8-46 An iron block and a copper block are dropped into a large lake where they cool to lake temperature. The amount of
work that could have been produced is to be determined.

Assumptions 1 The iron and copper blocks and water are incompressible substances with constant specific heats at room
temperature. 2 Kinetic and potential energies are negligible.

Properties The specific heats of iron and copper at room temperature are c,, iron = 0.45 kJ/kg.°C and ¢, copper = 0.386
kJ/kg.°C (Table A-3).

Analysis The thermal-energy capacity of the lake is very large, and thus the temperatures of both the iron and the copper
blocks will drop to the lake temperature (15°C) when the thermal equilibrium is established.

We take both the iron and the copper blocks as the system, which is a closed system. The energy balance for this
system can be expressed as

Ein _Eout = AE

by heat, wesk. and mass C‘;tgﬁ"g‘
= Qout =AU =AU + AU copper
or,
Qo =[me(Ty =T3) Jyron +[me(Ty =T2)]copper
Substituting,
Oou = (50 kg)0.45 kJ/kg - K )(353 — 288)K + (20 kg )(0.386 kl/kg - K }353 - 288)K
=1964 kJ

The work that could have been produced is equal to the wasted work potential. It is equivalent to the exergy destruction (or
irreversibility), and it can be determined from its definition Xyesiroyed = T0Sgen - The entropy generation is determined from an
entropy balance on an extended system that includes the blocks and the water in their immediate surroundings so that the
boundary temperature of the extended system is the temperature of the lake water at all times,

Sin _Sout + Sgen =AS
——

system
| S ——— —
Net entropy transfer Entropy Change

byheatandmass  generation  in entropy
Qa5 AS g = ASin +AS
e gen — system — iron T copper
b,out
0
Sgen = ASiron + AScopper + Tout
lake
where
T, 288K
ASipon =MCyyy h{Tl] =(50 kg)(0.45 kl/kg - K) h{ 153 Kj =-4.579 kI/K
T, 288K
AS copper = MCyg ln(le =(20 kg)0.386 kJ/kg-K) h{mJ =-1.571kI/K
Substituting,

1964 kJ
X destroyed = T0S gen = (293 K)(— 4.579-1.571+ 388K

ij/K =196 kJ
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8-47E A rigid tank is initially filled with saturated mixture of R-134a. Heat is transferred to the tank from a source until the

pressure inside rises to a specified value. The amount of heat transfer to the tank from the source and the exergy destroyed
are to be determined.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There is no heat transfer
with the environment.

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

uy =uy+xu g =21.246+0.55%77.307 = 63.76 Btu / Ibm
51 =5, +x5 ;, =0.04688+0.55x0.17580 = 0.1436 Btu / Ibm R

P, =40 psia }
V=V, +xV, =0.01232+0.55x1.16368 = 0.65234 ft* /1bm

x, =0.55

v, -, _
P, =60 psia Ve ' R
Sy =87 +X,5 4 =0.06029+0.8191x0.16098 = 0.1922 Btu/lbm - R

Wa=v) ) Uy +235u 4y =27.939+0.8191x 73.360 = 88.03 Btu/Ibm

Analysis (a) The mass of the refrigerant is

3 Source
m=12$=18401bm 12150(:
Vi 0.65234ft” /1bm R-134a
S 40 psia
We take the tank as the system, which is a closed system. The energy -1 Q
balance for this stationary closed system can be expressed as
En-Ey = AE yem Sl

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

Oin =AU =m(uy —uy)
Substituting,
O, =m(u, —uy) =(18.401bm)(88.03 - 63.76) Btu/lbm = 446.3 Btu

(b) The exergy destruction (or irreversibility) can be determined from its definition Xyestroyed = T0Sgen - The entropy
generation is determined from an entropy balance on an extended system that includes the tank and the region in its

immediate surroundings so that the boundary temperature of the extended system where heat transfer occurs is the source
temperature,

Sin_Sout + Sgen =AS
——

system
— —
Net entropy transfer Entropy Change

by heat and mass generation in entropy
Qin _ —
+ Sgen - ASsystem - m(SZ -5 ) >
b,in
Qin
Sgen :m(SZ _Sl)_
source
Substituting,
X destroyed = T0S gen = (535 R){(l 8.401bm)(0.1922 - 0.1436)Btu/lbm-R —%} =66.5 Btu
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8-48 Chickens are to be cooled by chilled water in an immersion chiller that is also gaining heat from the surroundings. The
rate of heat removal from the chicken and the rate of exergy destruction during this process are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Thermal properties of chickens and water are constant. 3 The
temperature of the surrounding medium is 25°C.
Properties The specific heat of chicken is given to be 3.54 kJ/kg.°C. The specific heat of water at room temperature is 4.18
kJ/kg.°C (Table A-3).
Analysis (a) Chickens are dropped into the chiller at a rate of 700 per hour. Therefore, chickens can be considered to flow
steadily through the chiller at a mass flow rate of

M picken = (700 chicken/h)(1.6 kg/chicken) =1120 kg/h =0.3111kg/s

Taking the chicken flow stream in the chiller as the system, the energy balance for steadily flowing chickens can be
expressed in the rate form as

: 2 _ a 20 (steady) _ - _ T
Ein _Eoul - AEsystem =0 - Ein _Eout

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

tith) = Qg +1ithy  (since Ake = Ape = 0)
Qout = Qchicken = mchickencp (Tl - TZ)
Then the rate of heat removal from the chickens as they are cooled from 15°C to 3°C becomes
Qchicken =(mc ,AT) hicken = (0.3111 kg/s)(3.54 kl/kg.* C)(15-3)°C=13.22 kW

The chiller gains heat from the surroundings as a rate of 200 kJ/h = 0.0556 kJ/s. Then the total rate of heat gain by the
water is

Ovater = Oeticken + Oheat cain =13.22kW + (400/3600) kW =13.33 kW

Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water
must be at least
O\vater 13.33 kW

_ _ _ =1.594 kg/s
M yater (CpAT) (418 kJ/kg° C)(2° C) 24

water

(b) The exergy destruction can be determined from its definition Xueswroyed = T0Sgen- The rate of entropy generation during
this chilling process is determined by applying the rate form of the entropy balance on an extended system that includes the
chiller and the immediate surroundings so that the boundary temperature is the surroundings temperature:

. ' ’ A Q &0 (steady)
Sin - Sout + Sgen - ASsystem
—
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

. . . . Qin S _
M Sy + M3y —NyS, —Hi3S, + +Sgen =0
surr

Qin

surr

MepickenS1 + MvaterS3 ~ MehickenS2 ~ MwaterS4 T + Sgen =0
Qin
T

surr

Sgen = mchicken (SZ _S1)+mwater (S4 —S3)—

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

T . T, ;
¢, ln—2+mwatercp lni—&
Tl 3 Tsurr

N

gen — M chicken

275.5 (400/3600) kW
273.5 298K

=(0.3111kg/s)(3.54 kI/kg.K) 1n§—;§ +(1.594 kg/s)(4.18 kJ/kg.K) In

=0.001306 kW/K
Finally,

X gestroyed = ToS gen = (298 K)(0.001306 kW/K) = 0.389 kW
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8-49 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them to cool slowly in
ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient air and the rate of exergy
destruction due to this heat transfer are to be determined.

Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and potential energies. 3
The balls are at a uniform temperature at the end of the process.

Properties The density and specific heat of the balls are given to be p = 7833 kg/m® and ¢, = 0.465 kl/kg.°C.
Analysis (a) We take a single ball as the system. The energy balance for this closed system can be expressed as
Ein - Eout = AE

i(
system
Net energy transfer Change in internal, kinetic, Ajr, 35°C
by heat, work, and mass potential, etc. energies Furnace T
— Oyt = AUy = m(uy — ;) SO0 C Steel ball  100PC

Qout = mcp(Tl _T2)

The amount of heat transfer from a single ball is

3 3
L) m:o.oozmkg

m=pV = P (7833 kg/m*?)
Qo =mc,(T) —T,) = (0.0021kg)(0.465 kJ/kg.°C)(900—-100)°C = 781J = 0.781k]J (per ball)
Then the total rate of heat transfer from the balls to the ambient air becomes
Ouut = Mg Qout = (1200 balls/h)x (0.781kJ/ball) = 936 ki/h = 260 W

(b) The exergy destruction (or irreversibility) can be determined from its definition Xyeswoyed = T0Sgen- The entropy generated
during this process can be determined by applying an entropy balance on an extended system that includes the ball and its
immediate surroundings so that the boundary temperature of the extended system is at 35°C at all times:

system

Sin_Sout + Sgen =AS
——

—— —
Net entropy transfer Entropy Change

byheatandmass  generation  in entropy
—QTL:‘+Sgen =ASigem > Sgen = QT‘;L“ +AStem
where
ASysiem =m(sy —51) =mc, ln% =(0.00210kg)(0.465 kJ/kg.K)ln% =-0.00112kJ/K
Substituting,
Soen = % +AS ygem = % —0.00112kJ/K =0.00142 kJ/K (per ball)

b

Then the rate of entropy generation becomes

Spen =8 Ay = (0.00142 kJ/K - ball)(1200 balls/h) =1.704 kJ/h.K = 0.000473 kW/K

gen gen
Finally,
X gestroyed = ToSgen = (308 K)(0.000473 kW/K) = 0.146 kW =146 W
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8-50 Heat is transferred to a piston-cylinder device with a set of stops. The work done, the heat transfer, the exergy
destroyed, and the second-law efficiency are to be determined.
Assumptions 1 The device is stationary and kinetic and potential energy changes are zero. 2 There is no friction between
the piston and the cylinder. 3 Heat is transferred to the refrigerant from a source at 150°C.
Analysis (a) The properties of the refrigerant at the initial and final states are (Tables A-11 through A-13)

P —120kpa )| %1 =0-19390m*/kg
=
T, =20°C }Ml :248511(J/kg

1 s =1.0760 kJ/kg K

P —140kpa) V2 = 0-20847 m?/kg
) =
}uz =305.38kJ/kg

T, =90°C
: s, =1.2553 kl/kg.K R-134a
; : . 0.75 kg rT.
Noting that pressure remains constant at 140 kPa as the piston 120 kPa 0

moves, the boundary work is determined to be
Wo.ou =mPy (vy —v;) =(0.75kg)(140kPa)(0.20847 - 0. 19390)m’/kg =1.53 kJ

(b) The heat transfer can be determined from an energy balance on the system

Qi = m(uy —uy) + Wy oy = (0.75kg)(305.38 — 248.51)kJ/kg +1.53 kJ = 44.2 kJ
(c) The exergy destruction associated with this process can be determined from its definition Xgesroyed = 70Sgen - The entropy
generation is determined from an entropy balance on an extended system that includes the piston-cylinder device and the

region in its immediate surroundings so that the boundary temperature of the extended system where heat transfer occurs is
the source temperature,

Sin_Sout + Sgen =AS
——

—_— —
Net entropy transfer Entropy Change

20°C

system

byheatandmass  generation  in entropy
Qin S =AS —
+ gen — system_m(SZ_Sl)’
Tb,in
Q.
Sgen =m(sy —51)— T -
source
Substituting,
X _T,S. = (298K)| (075 ke)(1.2553—1.0760)kl/kg - K —— 42K | _ g 9351
destroyed — 10~ gen — : gL ’ £ 150+ 273K -

(d) Exergy expended is the work potential of the heat extracted from the source at 150°C,

T 25+273K
X =X, = = 1-—L|o=][1-="22 (44.2k]1)=13.06kJ
expended 0 nth,rer ( TH ]Q ( 150+ 273K j( )

Then the 2™ law efficiency becomes

Xrecovered _ 1 _ Xdestroyed _ 8935 kJ
X X 13.06 kJ

Discussion The second-law efficiency can also be determine as follows:
The exergy increase of the refrigerant is the exergy difference between the initial and final states,
AX = m[u2 —u; —Ty(s, —s5))+ Py (v, —ul)]
=(0.75 kg)[(305.38 —248.51)kJ/kg — (298 K)(1.2553-1.0760)kg.K + (100 kPa)(0.20847 — 0.19390)m3/kg]
=3.666kJ
The useful work output for the process is
Wo.out =Woou —mFPy(vo —v;) =1.53kJ —(0.75kg)(100kPa)(0.20847 — 0.19390)m"/kg = 0.437 kJ

The exergy recovered is the sum of the exergy increase of the refrigerant and the useful work output,
X recovered = AX W, o =3.666+0.437 =4.103 kJ

u,out

=0.316 or 31.6%

M =

expended expended

Then the second-law efficiency becomes
Xrecovered _ 4.103kJ

= =0.314 or 31.4%
X 13.06 kJ

T =
expended
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8-51 A tank containing hot water is placed in a larger tank. The amount of heat lost to the surroundings and the exergy
destruction during the process are to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The
larger tank is well-sealed.

Properties The properties of air at room temperature are R = 0.287 kPa.m’/kg.K, ¢, = 1.005 kl/kg K, ¢, = 0.718 kl/kg. K
(Table A-2). The properties of water at room temperature are p = 997 kg/m’, ¢,, = 4.18 kJ/kg K (Table A-3).

Analysis (a) The final volume of the air in the tank is

V,=V,-V, =004-0.015=0.025m" Air. 22°C
The mass of the air in the large tank is /-"K
Water 0
PV 100 kPa)(0.04 m*
m, = (100 33)(0 04m”) =0.04724 kg 85°C
RT,  (0.287 kPa-m°/kg-K)(22+273 K) 15L
The pressure of air at the final state is

_ m,RT,, (0.04724kg)(0.287 kPa-m">/kg-K)(44+273 K)

P
7 0.025m’

a

=171.9kPa

The mass of water is
m, = p,V, =(997kg/m*)(0.015m*) = 14.96 kg
An energy balance on the system consisting of water and air is used to determine heat lost to the surroundings

Qout = _[mwcw(TZ - Twl) + macv(TZ - Tal)]
= —(14.96 kg)(4.18 kJ/kg. K)(44 — 85) — (0.04724 kg)(0.718 kJ/kg.K)(44 — 22)
=2563kJ

(b) An exergy balance written on the (system + immediate surroundings) can be used to determine exergy destruction. But
we first determine entropy and internal energy changes

AS, =m . In-DeL = (14.96 ke)(.18kI/kg K)ln SO 2K 5 Gosokmk
T, (44+273)K

Tal Pal
AS,=m,|lc,In——-Rln—
T By

~(0.287 kI/kg.K)In

=(0.04724 kg)| (1.005 kl/kg.K)In
( g){( eK) (44+273)K 171.9kPa

(22+273)K 100 kPa }

=0.003931kJ/K

AU, =m,c, (T}, —Ty) = (14.96 kg)(4.18 kI/kg. K)(85 - 44)K = 2564 kJ
AU, =m,c,(T,, — T,) = (0.04724 kg)(0.718 kI/kg.K)(22 - 44)K = —0.7462 kJ

Xdest = AXW + AXa
=AU, —TyAS,, + AU, — TyAS,
= 2564 kJ — (295 K)(7.6059 kJ/K) + (=0.7462 kJ) — (295 K)(0.00393 1 kJ/K)
=318.4kJ
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Exergy Analysis of Control Volumes

8-52 R-134a is is throttled from a specified state to a specified pressure. The temperature of R-134a at the outlet of the

expansion valve, the entropy generation, and the exergy destruction 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 Heat transfer is negligible.
(a) The properties of refrigerant at the inlet and exit states of the throttling valve are (from R134a tables)

P, =1200 kPa}hl =117.77 kl/kg

x =0 s, =0.4244kJ/kg - K

P, =200 kPa T, =-10.1°C
hy=h =117.77kJ/kg | s, =0.4562kl/kg-K

(b) Noting that the throttling valve is adiabatic, the entropy generation is determined from

Soen =52 —8; =(0.4562 —0.4244)k]/kg - K =0.03176 kJ/kg -K

gen
Then the irreversibility (i.e., exergy destruction) of the process becomes

X geq = TS gen = (298 K)(0.03176k)/kg - K) = 9.464 kI/kg
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8-53 Heium expands in an adiabatic turbine from a specified inlet state to a specified exit state. The maximum work output
is to be determined.

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

Properties The properties of helium are ¢, = 5.1926 kJ/kg.K and R = 2.0769 kJ/kg K (Table A-1).

Analysis The entropy change of helium is

1500 kPa
T P
S =8 =¢, ln%_Rln_Z 300°C
1 1
=(5.1926 kJ/kg - K)In 298K —(2.0769kJ/kg - K)In 100 kPa L‘/
573K 1500 kPa
=2.2295kl/kg - K S

The maximum (reversible) work is the exergy difference between the inlet and exit states

rev,out :hl _h2 _TO(SI _S2) )l\

w
=, (T =Ty) = Ty(5 =52) e
50
=(5.1926 kJ/kg - K)(300 — 25)K — (298 K)(—2.2295 kJ/kg - K)
=2092 kJ/kg

There is only one inlet and one exit, and thus my = 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 (steady) _
Ein - Eout - AE system =0
\_W—J 4
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out
mhl = Wout + Qout + th

Wout = 1i(hy = hy) = Oy
Wout = (hl - h2) —Gout

Inspection of this result reveals that any rejection of heat will decrease the work that will be produced by the turbine since
inlet and exit states (i.e., enthalpies) are fixed.

If there is heat loss from the turbine, the maximum work output is determined from the rate form of the exergy
balance applied on the turbine and setting the exergy destruction term equal to zero,

y y y 20 (reversibk) _ 4 v 20 (steady) _
Xin - Xout - Xdestroyed - A‘)(system =0
\—ﬁ/—/
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X in = X out

. . . T .
my, = VVrev,oul + Qout [l _?Oj +tmy,

TO
Wrevout = (l/ll ¥, ) —Y4out 1 _?

T
=(hy —hy) =T (s _SZ)_qout(l_FoJ

Inspection of this result reveals that any rejection of heat will decrease the maximum work that could be produced by the
turbine. Therefore, for the maximum work, the turbine must be adiabatic.
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8-54 Air is compressed steadily by an 8-kW compressor from a specified state to another specified state. The
increase in the exergy of air and the rate of exergy destruction are to be determined.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible.
Properties The gas constant of air is R = 0.287 kJ/kg. K (Table A-1). From the air table (Table A-17)

T,=290K ——> & =29016k)/kg
s? =166802 kI /kg-K

600 kPa
7,=440K —— h,=44161kJ/kg 167°C
53 =2.0887 kJ /kg-K )
Analysis The increase in exergy is the difference between the exit and
inlet flow exergies, AIR 3
. 8 kW
Increasein exergy =y, —y/, f(
=[(hy —hy)+Ake® +Ape® ~Ty(s, —s))] 00D
a
=(h2_h1)_TO(S2_Sl) 17°C
where
P.
5y =5, =(s5 —s0)— RIn—%
1
=(2.0887 —1.66802)kJ/kg - K - (0.287 kJ/kg - K) ln&kPa
100 kPa
=-0.09356 kJ/kg - K
Substituting,

Increasein exergy =y, —y,
= [(441.61-290.16)kJ/kg - (290 K)(~0.09356 kJ/kg - K)]
=178.6 kd/kg

Then the reversible power input is

Wrev,in

=m(y, —y;)=(2.1/60 kg/s)(178.6 kJ/kg) = 6.25 kW
(b) The rate of exergy destruction (or irreversibility) is determined from its definition,

Xdestrayed = Win -, =8-6.25=1.75kW

rev,in

Discussion Note that 1.75 kW of power input is wasted during this compression process.
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13
8-55 E Problem 8-54 is reconsidered. The problem is to be solved and the actual heat transfer, its direction, the
minimum power input, and the compressor second-law efficiency are to be determined.

Analysis The problem is solved using EES, and the solution is given below.

Function Direction$(Q)

If Q<0 then Direction$="out' else Direction$="in'
end

Function Violation$(eta)

end

{"Input Data from the Diagram Window"
T_1=17[C]

P_1=100 [kPa]

W_dot_c = 8 [kW]

P_2=600 [kPa]

S_dot_gen=0

Q_

{

dot_net=0}

pecial cases"

2=167 [C]

_dot=2.1 [kg/min]}

o=T_1

_o=P_1

_dot_in=m_dot*Convert(kg/min, kg/s)

"Steady-flow conservation of mass”

m_dot_in = m_dot_out

"Conservation of energy for steady-flow is:"

E_dot_in - E_dot_out = DELTAE_dot

DELTAE_dot=0

E_dot_in=Q_dot_net + m_dot_in*h_1 +W_dot_c

"If Q_dot_net < 0, heat is transferred from the compressor"
E_dot_out=m_dot_out*h_2

h_1 =enthalpy(air,T=T_1)

h_2 = enthalpy(air, T=T_2)

W_dot_net=-W_dot_c

W_dot_rev=-m_dot_in*(h_2-h_1-(T_1+273.15)*(s_2-s_1))

"Irreversibility, entropy generated, second law efficiency, and exergy destroyed:"
s_1=entropy(air, T=T_1,P=P_1)

s_2=entropy(air,T=T_2,P=P_2)

s_2s=entropy(air,T=T_2s,P=P_2)

s_2s=s_1"This yields the isentropic T_2s for an isentropic process bewteen T_1, P_1 and
P_2"l_dot=(T_o+273.15)*S_dot_gen"Irreversiblility for the Process, KW"
S_dot_gen=(-Q_dot_net/(T_o+273.15) +m_dot_in*(s_2-s_1)) "Entropy generated, kW"
Eta_II=W_dot_rev/W_dot_net"Definition of compressor second law efficiency, Eq. 7_6"
h_o=enthalpy(air,T=T_o0)

s_o=entropy(air,T=T_o,P=P_o0)

Psi_in=h_1-h_o-(T_o+273.15)*(s_1-s_o0) "availability function at state 1"
Psi_out=h_2-h_o-(T_0+273.15)*(s_2-s_o0) "availability function at state 2"
X_dot_in=Psi_in*m_dot_in

X_dot_out=Psi_out*m_dot_out

DELTAX_dot=X_dot_in-X_dot_out

"General Exergy balance for a steady-flow system, Eq. 7-47"
(1-(T_o+273.15)/(T_0+273.15))*Q_dot_net-W_dot_net+m_dot_in*Psi_in - m_dot_out*Psi_out =X_dot_dest
"For the Diagram Window"

Text$=Direction$(Q_dot_net)

Text2$=Violation$(Eta_lII)

T
m
T
P
m
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ll | [kW] Xdest [KW] Tos [C] T2 [C] Qret [KW]
0.7815 1.748 1.748 209.308 167 -2.7
0.8361 1.311 1.311 209.308 200.6 -1.501
0.8908 0.874 0.874 209.308 230.5 -0.4252
0.9454 0.437 0.437 209.308 258.1 0.5698

1 1.425E-13 5.407E-15 209.308 283.9 1.506

How can entropy decrease?
250 . 1
S ]
= ]
6.5
300 ———— ———— —2.0
280: ‘
260: 1+°
240: ] 7
= - q10 2
220F ]
L - .
200: 1os
180 ]
160-""""' L N
0.75 0.80 0.90 0.95 1.00
ni
2r ; —————t —2.0
1L
— 0: B
¥o3 L 41.0 f
.1; :
22 -— Jos
.o: 1 PR S N T T S N S N S S -0_0
0.75 0.80 0.85 0.90 0.95 1.00
ulll
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8-56 Steam is decelerated in a diffuser. The second law efficiency of the diffuser is to be determined.
Assumptions 1 The diffuser operates steadily. 2 The changes in potential energies are negligible.
Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4 through A-6)

P, =500kPa | h, =2855.8kl/kg
T, =200°C | s, =7.0610kl/kg-K

P, =200 kPa }hz =2706.3 kl/kg

x, =1 (sat.vapor) | s, =7.1270kJ/kg-K

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

- - _ : J0 (steady) _
E in E out - AE system =0
— —_
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies /
Ein = EOut 500 kPa 200 kPa
. 2 . 2 o
m(h, + V2 12) = m(hy +V}12) 200°C — H0 — o3¢ vapor

30 m/s
vy -V}
% - hl _hZ = Akeactuall \

Substituting,
Ake ,ua =M —hy =2855.8—-2706.3=149.5k]/kg

An exergy balance on the diffuser gives

y y y 70 (reversibb) _ 4 v 20 (steady)
‘Xin -X out -X, destroyed =AX, system =0
—
Rateof netexergy traisfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X in = X, out
myy =my,
2 2
14 V;
1 _ 2
hy = hy +7—T0(S1 —s0)=h—h +7—T0(S2 =50)
2 2
s -h
2 =l —hy —Ty(s,=5,)
Akercv = hl - hz - TE)(SI - S2)
Substituting,
Ake o, =hy —hy =To(s; —53)

=(2855.8-2706.3)kJ/kg — (298 K)(7.0610—7.1270) kJ/kg - K
=169.2 kl/kg
The second law efficiency is then

| Akeya  149.5kkg
T Ake.. 1692 Kl/ke

0.884

rev

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-43

8-57 Air is accelerated in a nozzle while losing some heat to the surroundings. The exit temperature of air and the exergy
destroyed during the process are to be determined.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The nozzle operates steadily.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The properties of air at the nozzle inlet are (Table A-
17)

T, =338K —— h; =338.40kl/kg
sy =1.8219kl/kg - K

Analysis (a) We take the nozzle as the system, which 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
— | S ——
Rate of net energy transfer  Rate of change in internal, kinetic, 3 kJ/kg
by heat, work, and mass potential, etc. energies
Ein = Eout

il + V21 2) = sy +V2I2)+ O 33mls —> AIR — 240ms

or /

y2_p
0= Gy +hy —hy +—2—
2
Therefore,
y2 _y? 2 2
By =hy =g, — 2" 338 493 (2A0MS)7 Z(35mfs) ( lkJ/kzg . j:307.21kJ/kg
2 1000 m~ /s

At this A, value we read, from Table A-17, T, =307.0 K =34.0°C and s35 =1.7251kJ/kg-K
(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its definition
Xdestroyed = 10Sgen Where the entropy generation Sge, is determined from an entropy balance on an extended system that

includes the device and its immediate surroundings so that the boundary temperature of the extended system is T, at all
times. It gives

. . . . 0
Sin - Sout + Sgen = ASsystem =0
—_ —
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy
ms; —ms, —&+Sgen =0
b,surr
Sgen = sy — sy )+t
surr
where
P kP
Asgy =59 =50 — RIn2 = (17251~ 1.8219)kI/kg - K — (0.287 kl/kg - K) In 0%~ 01169 kl/kg - K
P, 200 kPa

Substituting, the entropy generation and exergy destruction per unit mass of air are determined to be

xdestroyed = TOS gen = T, surr’S gen

—Ty| 5y =5, + L | = (200 K)[ 0.1169 ki/kg - K + /K8
290K

surr

J =36.9kJ/kg
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Alternative solution The exergy destroyed during a process can be determined from an exergy balance applied on the
extended system that includes the device and its immediate surroundings so that the boundary temperature of the extended
system is environment temperature T (or Ty,,) at all times. Noting that exergy transfer with heat is zero when the
temperature at the point of transfer is the environment temperature, the exergy balance for this steady-flow system can be
expressed as

: y Y AV J0 (steady) _ Y v : . . .
Xin - Xout - Xdestroyed - A)(system =0— Xdestroyed - )([n - Xnut =my,—my, = m(l/ll - (//2)
\_W_—/
Rateof netexergy trasfer  Rateof exergy Rateof change
by heat, work,and mass destruction of exergy

= il = hy) = To(51 = 5,) = ke = Ape® ] = il Ty (5 —51) = (hy = Iy + M)}
=m[Ty(s, =) +q.,] since,fromenergybalance, —q,, =h, —h + Ake

. Qou 3
:%[m(SZ_Sl)"_ %t z%Sgen

Therefore, the two approaches for the determination of exergy destruction are identical.
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EE
8-58 E Problem 8-57 is reconsidered. The effect of varying the nozzle exit velocity on the exit temperature and exergy
destroyed is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"

WorkFluid$ = 'Air'

P[1] =200 [kPa]

T[1] =65 [C]

P[2] = 95 [kPa]

Vel[1] = 35 [m/s]

{Vel[2] = 240 [m/s]}

T_0=17][C]

T surr=T o

g_loss = 3 [kJ/kg]

"Conservation of Energy - SSSF energy balance for nozzle -- neglecting the change in potential energy:"
h[1]=enthalpy(WorkFluid$,T=T[1])
s[1]=entropy(WorkFIuid$,P=P[1],T=T[1])

ke[1] = Vel[1]"2/2

ke[2]=Vel[2]*2/2

h[1]+ke[1]*convert(m"2/s"2,kJ/kg) = h[2] + ke[2]*convert(m"2/s"2,kJ/kg)+q_loss
T[2]=temperature(WorkFluid$,h=h[2])
s[2]=entropy(WorkFluid$,P=P[2],h=h[2])

"The entropy generated is detemined from the entropy balance:"
s[1] - s[2] - g_loss/(T_surr+273) +s_gen =0

x_destroyed = (T_o+273)*s_gen

Ve|2 T2 Xdestroyed
[m/s] [C] [kJ/kg]

100 57.66 58.56
140 52.89 54.32
180 46.53 48.56
220 38.58 41.2
260 29.02 32.12
300 17.87 21.16

T[2] [C]

100 140 180 220 260 300
Vel[2] [m/s]
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Xdestroyed [kJ/kg]

100 140 180 220
Vel[2] [m/s]
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8-59 Steam is decelerated in a diffuser. The mass flow rate of steam and the wasted work potential during the process are to
be determined.

Assumptions 1 The diffuser operates steadily. 2 The changes in potential energies are negligible.

Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4 through A-6)
P, =10kPa } hy =2592.0kJ/kg

T, =50°C [ s, =8.1741kI/kg-K
1 sgoe | 1 = 2991 3ke ——

- }sz ~8.0748 ki/kg K 300 m/s — H,0 — 70 m/s
sat.vapor

v, =12.026 m’ kg \

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

=4,y = !

— (3m*)(70m/s)=17.46 kg/s
vy 12.026 m* / kg

(b) We take the diffuser to be the system, which is a control volume. Assuming the direction of heat transfer to be from the
stem, the energy balance for this steady-flow system can be expressed in the rate form as

Ein _ Eout _ AE &0 (steady) -0

system

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

Ein = Eout
m(hl + V12 /2) = m(hz +V22/2) + Qout

_ y2_y?
Oout = _’h[hz -h "‘%]

Substituting,

(70 m/s)? — (300 m/s)? ( 1kJ/kg

0., =—(17.46 kg/s)| 2591.3—-2592.0 +
™ 2 1000 m? /s>

H =754.8k]/s

The wasted work potential is equivalent to exergy destruction. The exergy destroyed during a process can be determined
from an exergy balance or directly from its definition X yogroveq = Z5Sg, Where the entropy generation Sge, is determined

from an entropy balance on an extended system that includes the device and its immediate surroundings so that the
boundary temperature of the extended system is Ty, at all times. It gives

. . . . &0
N in S out + S gen =AS system =0
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy
ms| —ms, —&+Sgen =0 - S’gen = 17'1(s2 -5 )+&
b,surr surr
Substituting, the exergy destruction is determined to be
X =TyS yon = To| 7 Qou
destroyed — £0°gen — 10 m(SZ _Sl)+T_
0
754.8 kW
= (298 K)((17.46 ke/s)(8.0748-8.1741)kJ/kg - K +WJ

=238.3kW
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8-60E Air is compressed steadily by a compressor from a specified state to another specified state. The minimum power
input required for the compressor is to be determined.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible.
Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A-1E). From the air table (Table A-17E)

T, =520R ——> h, =124.27 Btw/lbm
s° =0.59173 Btw/Ibm - R

100 psia
T, =940R —— h, =226.11Btu/lbm 480°F
59 =0.73509 Btu/lbm-R )‘
Analysis The reversible (or minimum) power input is determined from AIR —
the rate form of the exergy balance applied on the compressor and 22 lbm/min
setting the exergy destruction term equal to zero, r ’/
: : : 70 ibk : 70 (stead:
Xin _Xout _Xdestroyed (reversioh) — A)(system (stead) 0 .
Rateof netexergy trasfer Rateof exergy Rateof change 14.7 psia
by heat, work,and mass destruction of exergy 60°F
X in = X out

my, + VVrcv,in =my,

Wreyin =1, =) = il (hy — ) = Ty (s, — ;) + Ake™ + Ape™]

where
P
As,, =59 —s —RIn—=
‘ 100 psia
=(0.73509-0.59173)Btu/lbm- R —(0.06855 Btu/lbm- R) In —p
14.7 psia
=0.01193 Btu/lbm-R
Substituting,

Weyin = (22/60 Ibm/s)[(226.11~124.27)Btw/lIbm — (520 R)(0.01193 Btu/Ibm - R)]

=35.1Btu/s =49.6 hp

Discussion Note that this is the minimum power input needed for this compressor.
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8-61 Steam expands in a turbine from a specified state to another specified state. The actual power output of the turbine is
given. The reversible power output and the second-law efficiency are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3
The temperature of the surroundings is given to be 25°C.

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

P, =6MPa | h; =3658.8kl/kg
T, =600°C | s, =7.1693 kl/kg -K

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

Analysis (b) There is only one inlet and one exit, and thus 7 = i, = i . 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

Ein - Eout = AE.‘system7I0 (sready) =0 80 m/s
N | S —
Rate of net energy transfer  Rate of change in internal, kinetic, 6 MPa
by heat, work, and mass potential, etc. energies 600°C
Ein = Eout . u/
i(hy + V2 12) =W, +m(hy +V3 12) ( STEAM —
. , VE-v; 5 MW
Substituting, 50 kPa
80 m/s)* —(140m/s) ( 1kI/k e
5000 kJ/s = i 3658.8— 2682.4 + SO ~ (140 m/s) ( e 2) 140 m/s
2 1000m~ /s

m=5.156 kg/s

The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine
and setting the exergy destruction term equal to zero,

Y Y y 20 (reversibk) __ A Y 20 (steady) _
X in X out -X destroyed - system =0
-
Rateof netexergy transfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X in = X out

rhl//l = I/i/rcv,out +7hl//2
Wevout = 1y =) = (b —hy) =Ty (s, = ) — Ake— Ape™]

rev,out
Substituting,

W Wout

rev,out —

= 5000 kW — (5.156 kg/s)(298 K)(7.1693 — 7.6953) kl/kg - K = 5808 kW

—mTy(s; —s;)

(b) The second-law efficiency of a turbine is the ratio of the actual work output to the reversible work,

W out

SMW

= =86.1%
5.808 MW

UIIZW

rev,out

Discussion Note that 13.9% percent of the work potential of the steam is wasted as it flows through the turbine during this
process.
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8-62 Steam is throttled from a specified state to a specified pressure. The decrease in the exergy of the steam during this

throttling process is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are
negligible. 3 The temperature of the surroundings is given to be 25°C. 4 Heat transfer is negligible.

Properties The properties of steam before and after throttling are (Tables A-4 through A-6)

P, =6MPa) h, =3178.3kJ/kg | Steam
T, =400°C | s, =6.5432kJ/kg - K M
|
P, =2MPa
s, =7.0225kJ/kg - K
Analysis The decrease in exergy is of the steam is the difference between the inlet and
exit flow exergies, )
Decreasein exergy =y, -/, = —[Ah7IO — Ake™ - Ape7IU =Ty (s —8)]=Ty (s, —57) T
=(298 K)(7.0225 - 6.5432)kJ/kg - K
=143 kJ/kg

Discussion Note that 143 kJ/kg of work potential is wasted during this throttling process.
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8-63 CO, gas is compressed steadily by a compressor from a specified state to another specified state. The power input to
the compressor if the process involved no irreversibilities is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 CO, is an ideal gas with constant specific heats.

Properties At the average temperature of (300 + 450)/2 = 375 K, the constant
pressure specific heat and the specific heat ratio of CO, are ¢, = 0.917 kJ/kg.K and
k=1.261 (Table A-2b). Also, ¢, = 0.1889 kJ/kg.K (Table A-2a). 600 kPa

Analysis The reversible (or minimum) power input is determined from 450 K
the exergy balance applied on the compressor, and setting the exergy )L
destruction term equal to zero,

) CO
y v y 70 (reversibk) _ v A0 (steady) _ 2 3
Xin - Xout _Xdestroyed - A‘Xvsystem =0 0.2 kg/S
\_ﬁ/_—/
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X, =X
n out
o , 100 kPa
MY+ Wieyin =My, 300 K

VVrev,in = m(l//2 - !//1)
=ri(hy — )~ Ty(s, — 5,) + Ake™ + Ape™]

where
T P.
5, —s; =c. In—2—RIn==2
2 TSI =6, T
— (0917 krkg- K)In-20K 0,180 ki/kg- Kyn 200 kP2
300K 100 kPa
=0.03335kJ/kg-K
Substituting,

w,

rev,in

= (0.2 kg/s)[(0.917 kI/kg - K)(450 — 300)K — (298 K)(0.03335 kJ/kg - K)| = 25.5 KW

Discussion Note that a minimum of 25.5 kW of power input is needed for this compressor.
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8-64 Combustion gases expand in a turbine from a specified state to another specified state. The exergy of the gases at the
inlet and the reversible work output of the turbine 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 temperature of the surroundings is given to be 25°C. 4 The combustion gases are ideal gases with constant specific
heats.

Properties The constant pressure specific heat and the specific heat ratio are given to be ¢, = 1.15 kJ/kg.K and k= 1.3. The
gas constant R is determined from

R=c,-c,=c,~c,/k=c,(1-1/k)=(1.15kI/kg-K)(1-1/1.3) = 0.265 kI/kg K

p P

Analysis (a) The exergy of the gases at the turbine inlet is simply the flow exergy,

p2 , 800 kPa
=hy —hy—Ty (s —5g)+——+gz° 900°C
Vi 1 —ho =To(sy —5¢) > 8z, \/
where L
T P GAS | —3
s1 =S89 =¢, lnT——RlnP— TURBINE
0 0
1173K 800 kPa \v
=(1.15kJ/kg - K)ln —(0.265 kJ/kg - K)In
( g Bn—oek ¢ & K pa [
=1.025kJ/kg-K 400 kPa
650°C
Thus,

w, = (1.15kI/kg.K)(900 — 25)°C — (298 K)(1.025 kI /kg - K) +

(100 m/s)> ( 1kJ/kg

: = /82]:705.8 kJ/kg

(b) The reversible (or maximum) work output is determined from an exergy balance applied on the turbine and setting the
exergy destruction term equal to zero,

y y s &0 (reversibk) _ 4 v G0 (steady) _
Xin - Xout - Xdestroyed - A‘Xvsystem =0
(N —
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X in = X out

m l/ll = VVrev,out +m l//2

Weyout = 1w =) = il (ly = 1) = Ty (s = 5,) — Ake — Ape™’]

where
V2 -1} 2 _ 2
ake =120 C2OWOT AW TR 19,5 kg
2 1000m? /s
and
T P.
s;-5;=c,In—=-Rln—=
1 1
— (LI5KI/kg-K)ln 25— (0,265 ki/kg- K)ln o0 kP2
1173 K 800 kPa

=-0.09196 kl/kg -K
Then the reversible work output on a unit mass basis becomes
Wrev,out = hy—hy + T (s, —s1)—Ake =Cp(T1 =T,)+Ty(s, —51)—Ake
= (1.15kJ/kg - K)(900 - 650)°C + (298 K)(—0.09196 kJ/kg - K) —19.2 kl/kg
= 240.9kJ/kg
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8-65E Refrigerant-134a enters an adiabatic compressor with an isentropic efficiency of 0.80 at a specified state with a
specified volume flow rate, and leaves at a specified pressure. The actual power input and the second-law efficiency to the
compressor are to be determined.

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

Properties From the refrigerant tables (Tables A-11E through A-13E)
h =h in =105.32 Btu/1bm
17 Te@30psia P, =70 psia
S| =Sg@30psia — 0-2238 Btu/lbm-R h,, =112.80 Btu/lbm

P, =30psia
3 S2s =51
Ul = Ug@30psia = 15492 ft /lbm

sat.vapor

Analysis From the isentropic efficiency relation,

70 psia
th _hl Sr=S
ﬂc:ﬁ—)h2a2h1+(h25_hl)/nc 2 1
2a T =105.32+(112.80—-105.32)/0.80 }‘L
=114.67 Btu/lbm Rol3de
Then, 20 ft*/min 3
P, =70 psia
s, = 0.2274 Btu/Ibm
hy, =114.67
Vi _ 20/60ft° / o
Also, r=—L=—""200 08 02152 Ibmds sat. vapor

v, 1.54921t% /1bm

There is only one inlet and one exit, and thus m; = i, = m. We take the actual compressor as the system, which is a control
volume. The energy balance for this steady-flow system can be expressed as

. - _ . 20 (steady) _
E in — E out - AE system =0
Y —_——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E,=E out
win T Hthy =mhy  (since Q = Ake = Ape = 0)
VI/a,iIl = m(hz - hl)

Substituting, the actual power input to the compressor becomes
1hp

W, .. =(0.21521bm/s)(114.67 —105.32) Btu/Ibm| ———————
: 0.7068 Btu/s

j: 2.85hp

(b) The reversible (or minimum) power input is determined from the exergy balance applied on the compressor and setting
the exergy destruction term equal to zero,

y y Y 20 (reversibk) _ A X‘r 20 (steady) _
X in X, out - X, destroyed - system =0
[
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X in = X out
I/I/;cv,in +my, =my,

Wreyin =1y, —v) = il (hy — ) = Ty (s, — 5) + Ake™ + Ape™]

Substituting,
Wrev,in =(0.2152 lbm/s)[(l 14.67 —105.32)Btu/lbm — (535 R)(0.2274 — 0.2238) Btu/Ibm - R]
=1.606 Btu/s =2.27 hp (since 1 hp = 0.7068 Btu/s)
Wiewin 227h
Thus, 77y =—"= 227hp _ 79 8o
Woetin  2:85hp
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8-66 Refrigerant-134a enters an adiabatic compressor at a specified state with a specified volume flow rate, and leaves at a
specified state. The power input, the isentropic efficiency, the rate of exergy destruction, and the second-law efficiency are
to be determined.

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

Analysis (a) The properties of refrigerant at the inlet and exit states of the compressor are obtained from R-134a tables:

h, =234.68kl/kg
s, =0.9514kl/kg - K

~1
* v, =0.18946 m* /kg

T, = —26°C}
P, =800 kPa) &, =286.69 kl/kg
T, =50°C |s,=0.9802kJ/kg-K

P, =800 kPa

hy, =277.53kl/kg
s, =5, =0.9514kJ/kg-K ’

The mass flow rate of the refrigerant and the actual power input are

_ Vi (0.45/60)m’/s

3 =0.03959 kg/s
v 0.18946 m’/kg

W, =m(hy —h)=(0.03959 kg/s)(286.69 — 234.68)kJ/kg = 2.059 KW

(b) The power input for the isentropic case and the isentropic efficiency are

W,

isen

= rii(hy, — ) =(0.03959 kg/s)(277.53 — 234.68)k) kg =1.696 kW

Wien  1.696 kW
W, 2.059 kW

act

ﬂComp,isen - =0.8238=82.4%

(c¢) The exergy destruction is
Xdest =mT,(s, —s;)=(0.03959kg/s)(300K)(0.9802—-0.9514)kJ/kg - K =0.3417 kW

The reversible power and the second-law efficiency are

Wrev = Wact

~ X ot =2.059-0.3417=1.717 kW

W 1.717kW

eomp.l == 059 kW

act

=0.8341=83.4%
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8-67 Refrigerant-134a is condensed in a refrigeration system by rejecting heat to ambient air. The rate of heat rejected, the
COP of the refrigeration cycle, and the rate of exergy destruction 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.

Analysis (a) The properties of refrigerant at the inlet and exit states of the condenser are (from R134a tables)

P, =700kPa | &, =288.53kl/kg
T, =50°C s, =0.9954kJ/kg-K

P, =700 kPa} h, =88.82kl/kg
x, =0 s, =0.3323kJ/kg - K
The rate of heat rejected in the condenser is
Oy =g (hy —hy) = (0.05kg/s)(288.53 — 88.82)kJ/kg = 9.985 kW
(b) From the definition of COP for a refrigerator,

cosz.—L— 9 kW =1.506

W, Oy-0, (9.985—6)kW

(c) The entropy generation and the exergy destruction in the condenser are
Sgen:mR(SZ_Sl)+ =
Ty

= (0.05kg/s)(0.3323 — 0.9954) kl/kg - K + % =0.0003516 kW/K

X gost = ToS pen = (298 K)(0.0003516 kJ/kg - K) = 0.1048 kW

gen
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8-68E Refrigerant-134a is evaporated in the evaporator of a refrigeration system. the rate of cooling provided, the rate of
exergy destruction, and the second-law efficiency of the evaporator 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.

Analysis (a) The rate of cooling provided is

0, =r(hy —hy)=(0.08 Ibm/s)(172.1—107.5)Btu/lbm = 5.162 Btu/s = 18,580 Btu/h

(b) The entropy generation and the exergy destruction are

Sgen :m(SZ _sl) _T_LL
— (0.08 Ibm/s)(0.4225 — 0.2851) Btu/lbm - R — 102 BWS_
(50 + 460) R

=0.0008691 Btu/s - R

X gout =TS en = (537 R)(0.0008691 Btu/s - R) = 0.4667 Btu/s

gen

(c) The exergy supplied (or expended) during this cooling process is the exergy decrease of the refrigerant as it evaporates
in the evaporator:
X, = X,y =rm(hy —hy) —mT,(s; —s,)
—5.162 — (0.08 1bm/s)(537 R)(0.2851 — 0.4225) Btu/lbm - R
0.7400 Btu/s

The exergy efficiency is then

X .
Mo 04667 _; 3603 _36.9%

—1- :
T = X, T 07400
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8-69 Air is compressed steadily by a compressor from a specified state to another specified state. The reversible power is to
be determined.
Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). From the air
table (Table A-17)

T, =300K —— h; =300.19kJ/kg 400 kPa
sy =1.702kJ/kg - K ZZOE
T, =493K — > h, = 495.82 kl/kg AIR
. 0.15kgls
sy =2.20499kJ/kg - K . g/s
Analysis The reversible (or minimum) power input is determined from r[/

the rate form of the exergy balance applied on the compressor and

setting the exergy destruction term equal to zero, 101 kPa
27°C
y y y 20 (reversibk) _ 4 v 70 (steady) _
X in— X, out -X destroyed =AX, system =0
—
Rateof net exergy trasfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
)(in =X, out

my, + VVrcv,in =my,

Wreyin = 1w, —yn) =1l (hy — ) = Ty (s, — 5,) + Ake™ + Ape™]
where
P
5, —5, =55 —s —RIn—=
1
=(2.205-1.702)kJ/kg - K — (0.287 kJ/kg - K)lnM
101 kPa
=0.1080kJ/kg - K
Substituting,

Wievin = (0.15kg/s)[(495.82 —300.19)kI/kg — (298 K)(0.1080 kl/kg - K)]=24.5 kW

Discussion Note that a minimum of 24.5 kW of power input is needed for this compression process.
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13
8-70 E Problem 8-69 is reconsidered. The effect of compressor exit pressure on reversible power is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

T_1=27[C]
P_1=101 [kPa]
m_dot = 0.15 [kg/s]
2=400 [kPa]}
=220 [C]

{P_
T2
T_ o=
P_0=100 [kPa]

m_dot_in=m_dot

"Steady-flow conservation of mass"
m_dot_in = m_dot_out
h_1 =enthalpy(air,T=T_1)
h_2 = enthalpy(air, T=T_2)
W_dot_rev=m_dot_in*(h_2 - h_1-(T_1+273.15)*(s_2-s_1))
s_T1=entropy(air, T=T_1, P=P_1)
s_2=entropy(air,T=T_2,P=P_2)

P2 [kPa] Wrev [kW] 30 ! ! ! T T T T T
200 15.55 -
250 18.44 28
300 20.79 06|
350 22.79 —
400 24.51 E 24
450 26.03 = T
500 27.4 > 22
550 28.63 2 T
600 29.75 20

18
16 §

200 250 300 350 400 450 500 550 600
P, [kPa]
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8-71 A rigid tank initially contains saturated liquid of refrigerant-134a. R-134a is released from the vessel until no liquid is
left in the vessel. The exergy destruction associated with this process is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be
analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential
energies are negligible. 3 There are no work interactions involved.

Properties The properties of R-134a are (Tables A-11 through A-13)

V| =V @ac =0.0008161m> /kg

fy=20°C 78.86 kJ/k
Uy =U s goagec = 78.
sat. liquid 177 JeaC 8
51 =S r@a0ec = 0.30063kJ/kg-K R-134a
Vs =V, @arc =0.035969m’ / kg 21015%
Ty =20°C | uy =1y qa0c = 241.02kI/kg sat. lig
sat. vapor | s, =S, =S,g0°c = 0.92234kJ/kg-K
e =hy@apec =261.59KkI/kg %-1
Analysis The volume of the container is m,

V =m,v, =(1kg)(0.0008161m>/kg) = 0.0008161 m>
The mass in the container at the final state is

v 0.0008161m?

m, =—=

== =0.02269kg
v, 0.035969 m’/kg

The amount of mass leaving the container is
m, =m; —m, =1-0.02269 =0.9773 kg

The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jegroyed = 105 gen - The entropy generation Sge, in this case is determined from an entropy balance on the system:

Sin - Sout + Sgcn = ASsystcm
N —— -

—_——
Net entropy transfer Entropy Change
by heat and mass generation in entropy

—m,S, +Sgcn = AStank = (mZSZ _mlsl)tank

Sgen =m,S, —myS; +m,s,

Substituting,
Xdcstroycd = TOSgcn = TO (m2s2 —mys) + mese)

= (293 K)(0.02269 % 0.92234 — 1% 0.30063 + 0.9773 x 0.92234)
=182.2kJ

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-60

8-72E An adiabatic rigid tank that is initially evacuated is filled by air from a supply line. The work potential associated
with this process is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be
analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and potential
energies are negligible. 3 There are no work interactions involved. 4 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 0.240 Btu/lbm-R, k= 1.4, and R = 0.06855 Btu/Ibm-R =
0.3704 kPa-m*/lbm-R (Table A-2Ea).

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

Mass balance:

Min =My = Amsystem - m; =my Air  — 150 psia, 90°F
Energy balance:
Ey, —E out = AE system
M S
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies 40 ft3

m;h; =myu,

Combining the two balances:
h =uy, ——c,T; =c¢, T, —>T, =c—pTl« =kT,
v
Substituting,
T, =kT, =(1.4)(550R)=770R
The final mass in the tank is

PV (150 psia)(40 ft*)

= . =21.041bm
RT, (0.3704 psia - ft*/lbm - R)(770 R)

m2=mi=

The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction

during a process can be determined from an exergy balance or directly from its definition X jegroyed = 705 gen - The entropy

generation S, in this case is determined from an entropy balance on the system:

Sin - Sout + Sgen = ASsystem
S —
Net entropy transfer Entropy Change

by heat and mass generation in entropy
m;s; +Sgen = AStank TmyS,
Sgen =MySy —M;S;

gen
Sgen = m2 (SZ _si)
Substituting,
TZ
Wiy = Xdcstyroycd =m;yTy (SZ - Si) =myTy ¢p 1117
770 R
550R

= (21.04 1bm)(540 R)[(O.240 Btw/lbm - R)ln
=917 Btu
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8-73E An rigid tank that is initially evacuated is filled by air from a supply line. The work potential associated with this
process is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be
analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and potential
energies are negligible. 3 There are no work interactions involved. 4 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 0.240 Btu/lbm-R and R = 0.06855 Btu/lbm-R = 0.3704
kPa-m’/Ibm-R (Table A-2Ea).
Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the

microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and internal energy u, respectively,
the mass and energy balances for this uniform-flow system can be expressed as

Mass balance:  m;, —my, =Amyge, —> m; =m,
Energy balance:
Air — 200 psi °
_ _ psia, 100°F
E in E out - AE system ’
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
mih; = Qo = myty
Qout :mihi L) 10 ft3

Combining the two balances:
Ooue =my (h; —uy)

The final mass in the tank is

PV (150 psia)(40 ft*)

- . =29.45bm
RT, (0.3704 psia - ft*/Ibm - R)(550 R)

mzzml—:

Substituting,
Oout =my(h; —uy)=my(c,T; —c,T;) =m,T;(c, —c,)=m,T;R
=(29.45 1bm)(550 R)(0.06855 Btu/lbm - R)
=1110Btu
The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction
during a process can be determined from an exergy balance or directly from its definition X gogoyeq = 79 Sgen - The entropy

generation Sy, in this case is determined from an entropy balance on the system:
APREY =AS

in out T S gen system
— —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Q out _ —
m;s; — +Sgen _AStank = Mmys,
0
_ Q out
Sgen =myS, —m;S; +——
0
_ Qout
Sgen - mZ(SZ _Si)+
0

Noting that both the temperature and pressure in the tank is same as those in the supply line at the final state, substituting
gives,

Qou
Wrev :Xdestroyed :TO|:m2(S2 _Si)"'TLt
0
=T, 0.4 Lou =T, Gou =0, =1110Btu
TO TO
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8-74 Steam expands in a turbine steadily at a specified rate from a specified state to another specified state. The power
potential of the steam at the inlet conditions and the reversible power output are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are
negligible. 3 The temperature of the surroundings is given to be 25°C.

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

P, =8MPa | h; =3273.3kl/kg 8 MPa
T, = 450°C 450°C

s, =6.5579kl/kg - K . V

P, =50kPa }hz =2645.2kl/kg

sat. vapor 5, =7.5931kJ/kg-K STEAM 3
15,000 kg/h
PO ZIOOkPa ho ;hf@ZSQC :104.83kJ/kg ‘
T,=25°C [ 5025, qasc =036723kIke - K [
50 kPa
Analysis (a) The power potential of the steam at the inlet conditions is sat. vapor

equivalent to its exergy at the inlet state,

)
- . . 0 .
Y=my, =m| hj—hy—Ty(s; —s¢) + 12 +ng; :m(hl—hO—TO(sl—SO))

= (15,000 / 3600 kg/s)[(3273.3 —104.83)kJ/kg — (298 K)(6.5579 - 0.36723)kI/kg - K]
=5515 KW

(b) The power output of the turbine if there were no irreversibilities is the reversible power, is determined from the rate
form of the exergy balance applied on the turbine and setting the exergy destruction term equal to zero,

y g y 20 (reversibk) _ A Y 20 (steady) _
X in— X out -X, destroyed - system =0
—
Rateof netexergy traisfer Rateof exergy Rateof change
by heat, work,and mass destructin of exergy
X in = X out

my, = VVrev,out +m 4]

= iy —y,) = i (hy — hy) — Ty(s, — 5,) — Ake™ — Ape™]

W,

rev,out
Substituting,

Wrcv,out = m[(hl - h2 ) - TO (Sl =S )]
= (15,000/3600 kg/s)[(3273.3 — 2645.2) kJ/kg — (298 K)(6.5579 — 7.5931) kl/kg - K]
=3902 kW

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-75E Air is compressed steadily by a 400-hp compressor from a specified state to another specified state while being
cooled by the ambient air. The mass flow rate of air and the part of input power that is used to just overcome the
irreversibilities are to be determined.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 Potential energy changes are
negligible. 3 The temperature of the surroundings is given to be 60°F.

Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A-1E). From the air table (Table A-17E)
hy =124.27 Btu/lbm

T, =520R
1 j 50 =0.59173 Btu/Ibm - R 350 ft/s
150 psia
h, =260.97 Btu/lbm 620°F
T,=1080R }
59 = 0.76964 Btu/lbm - R )AL
. ) ) ) 1500 Btu/min
Analysis (a) There is only one inlet and one exit, and thus
ny = 1, = 1. We take the actual compressor as the system, which is a AIR 3
control volume. The energy balance for this steady-flow system can 400 hp
be expressed as r(
: : : 70 (stead
Ein - Eout = AEsystem (steady) =0 15 psia
Rate of net energy transfer  Rate of change in internal, kinetic, 60°F
by heat, work, and mass potential, etc. energies
E in = E out

) ) ) ) Vi_y?
Won + 1y + V17 2) = iy + V51 2)+ Oouw. = Woin = Qo = n‘{hz ~y +%}

Substituting, the mass flow rate of the refrigerant becomes

400 hp)[0.7068 Btu/sj

2 p—
~ (1500/ 60 Btu/s) = 11'{260.97 12427+ 3309”0 1Btw/ibm j

2 25,037 ft> /s>

It yields m =1.852 lbm/s

(b) The portion of the power output that is used just to overcome the irreversibilities is equivalent to exergy destruction,

which can be determined from an exergy balance or directly from its definition X jegiroyeq = 7S gen Where the entropy

gen

generation Sy, is determined from an entropy balance on an extended system that includes the device and its immediate
surroundings. It gives

. . . . 20
Sin - Sout + Sgcn = ASsystem =0
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy
ms, —ms ~ Lo +8,0, =0 > S, =msy —s +%
1 2 gen gen 2 1
b,surr TO
where
0_ .0 ) 150 psia
Sy =8 =8, =5 —R 1n? =(0.76964 — 0.59173) Btu/Ibm — (0.06855 Btu/Ibm.R) In Tsvsia =0.02007 Btu/Ibm.R
) psia

Substituting, the exergy destruction is determined to be

. . ) 0.,
Xdestroyed :TOSgen :To[m(SZ _sl)"'Lt

=(520 R)[(1.852 Ibm/s)(0.02007 Btu/lbm - R) + 200/ 60 Bts )( 1hp

=62.72hp
520R 0.7068 Btu/s
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8-76 Hot combustion gases are accelerated in an adiabatic nozzle. The exit velocity and the decrease in the exergy of the
gases 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. 4 The combustion gases are ideal gases with constant specific
heats.

Properties The constant pressure specific heat and the specific heat ratio are given to be ¢, = 1.15 kJ/kg.K and k= 1.3. The
gas constant R is determined from

R=c,-c,=c,~c,/k=c,(1-1/k)=(L.15kl/kg-K)(1-1/1.3) = 0.2654 kl/kg-K

Analysis (a) There is only one inlet and one exit, and thus m, = m, = m. We take the nozzle as the system, which is a
control volume. The energy balance for this steady-flow system can be expressed as

E _ E _ AE 20 (steady) =0

in out system
-
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out
230 kPa
. 2 . 2 . . 627°C Comb. __ _70kPa
m(hy +V," /12)=m(hy, +V5/2) (sinceW =Q = Ape = 0) gases 450°C
60 m/s
vy -y
hy =h ——2—L

2

Then the exit velocity becomes

Vy =20, (T, ~T5) + V2

1000 m?/s2

=.12(1.15kl/kg - K)(627 - 450)K|
\/( g K)( ) ( T

J + (60 m/s)?

=641m/s

(b) The decrease in exergy of combustion gases is simply the difference between the initial and final values of flow exergy,
and is determined to be

0
Wi =Wy =Wy =h —hy —Ake—Ape” +T,(s, —5,) =c, (T, =Ty)+ T, (s, —s,) — Ake

where
2 12 2 2
Ae V2 VT _ (641m/s)” — (60 mis) ( lkJ/lzig : j:203.6kJ/kg
2 1000m*~ /s
and
Sy =8 =¢, ln—z—Rlni
1 1
—(L15ki/ke - K)In 223K (02654 Kikg - K)In 0 KP2
900 K 230kPa
=0.06386kJ/kg - K
Substituting,

Decrease in exergy =y, — ¥,
= (1.15 kJ/kg - K)(627 — 450)°C + (293 K)(0.06386 kl/kg - K) — 203.6 k)/kg
=18.7 kJ/kg
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8-77 Steam is accelerated in an adiabatic nozzle. The exit velocity of the steam, the isentropic efficiency, and the exergy
destroyed within the nozzle are to be determined.

Assumptions 1 The nozzle operates steadily. 2 The changes in potential energies are negligible.

Properties The properties of steam at the inlet and the exit of the nozzle are (Tables A-4 through A-6)

P, = 7MPa}h1 =3411.4kl/kg

T, =500°C [ 5, = 6.8000 kl/kg - K \
7 MPa

Py =5MPa) h, =3317.2kl/kg 500°C 5 MPa
T, =450°C | 5, =6.8210 kl/kg - K Joms o STEAM —=450°C
Py, =5MPa

Iy, =3302.0 kl/kg
S2s =51

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

. . _ . 70 (steady) _
Ein - Eout - AE system =0
— e

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

by heat, work, and mass potential, etc. energies
E in = E out

i(hy +V2 12) = ti(hy +V2/2) (since W = O = Ape = 0)
v:-v?

Then the exit velocity becomes

2.2
Vy =+2(hy —hy)+V} = J2(3411.4—3317.2) kng(%}r(m m/s)? =439.6m/s
g

(b) The exit velocity for the isentropic case is determined from

2,.2
Vy, =201 —hy )+ V2 = \/2(3411.4—3302.0) kJ/kg[%J+(70 m/s)® =472.9 m/s
g

Thus,

V72 (439.6m/s)” /2
VEI2 (4729m/s)? /2

(c¢) The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X gogroyeq = 19Sg, Where the entropy generation S, is determined from an entropy balance on the actual nozzle.

gen
It gives
. . . e S0
Sin - Sout + Sgen - ASsystem =0
— -
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

msy —msy +Sgen =0 = Soey =m(s2 —sl) OF  Sgen =55 =8

Substituting, the exergy destruction in the nozzle on a unit mass basis is determined to be

Xgestroged = ToS gen = To (53 —51) = (298 K)(6.8210—6.8000)kJ/kg - K = 6.28 kI/kg
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8-78 Air is compressed in a steady-flow device isentropically. The work done, the exit exergy of compressed air, and the
exergy of compressed air after it is cooled to ambient temperature are to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The process is given to be reversible
and adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 3 The environment temperature and
pressure are given to be 300 K and 100 kPa. 4 The kinetic and potential energies are negligible.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The constant pressure specific heat and specific heat
ratio of air at room temperature are ¢, = 1.005 kJ/kg.K and k= 1.4 (Table A-2).

Analysis (a) From the constant specific heats ideal gas isentropic relations, | MP
a

(k=1)/k 0.4/1.4 _
P 1000 kP 52=5)
T, =T, [72} = (300 K)(—aJ =5792K

) 100 kPa }AL
AIR

kRT, _
Weomp,in :k_—i {(P2 /P1 )(k 1)/ k _1} rK
- (1'4)(0.2871( Zkgl. K)oo0k) {1000/100)*414 _1 100 kPa

= 280.5kJ/kg

For a steady-flow isentropic compression process, the work input is determined from

300 K

(b) The exergy of air at the compressor exit is simply the flow exergy at the exit state,
2

V. . . .
Wy =hy —hy—Ty(s, —s0)7IO +72 +g227'ﬂ (since the proccess 0 - 2 is isentropic)

=Cp (T, -Tp)
= (1.005 kJ/kg.K)(579.2-300)K = 280.6 kJ/kg
which is the same as the compressor work input. This is not surprising since the compression process is reversible.
(c) The exergy of compressed air at 1 MPa after it is cooled to 300 K is again the flow exergy at that state,
2 7

V. 0
w3 =hy—hy =T, (s3 _So)+% +gz37'

=, (T3 =Ty)™ ~Ty(s3—sy) (sinceTs =T, =300K)

=T (53 =5¢)
where
0
7,7 P P.
s3—sg=c,In—> —Rln—=-Rln—=—-(0.287kJ/kg- K)lnM =-0.661kJ/kg K
T, P, P, 100 kPa
Substituting,

w5 =—(300 K)(=0.661 kI /kg.K) = 198 kJ / kg

Note that the exergy of compressed air decreases from 280.6 to 198 as it is cooled to ambient temperature.
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8-79 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-134a is allowed to
enter the tank. The mass of the R-134a that entered the tank and the exergy destroyed during this process are to be
determined.

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

Properties The properties of refrigerant are (Tables A-11 through A-13)

=0.01672m° /kg

P =12Mpa) |~ (z@2MPe R-134a 1.6 MPa
sat. vapor Uy =Uggrompa = 253.81kJ/kg — 30°C —
' S1=Sg@i2mpa = 0.91303kl/kg-K
I 1ampa Y2 = Yr@ianm =0.0009166 m> / kg
2t i ' » }uz = @1 ampa = 125.94kI/kg R-134a
sat. liqu 0.1
Sat. vapor

P, =1.6MPa | h, =93.56 kl/kg
T,=30°C |5, =0.34554kl/kg-K

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

Mass balance:

my, —My, =Am - m; =m, —m

system
Energy balance:
Ein - Eout = AE system
%,—/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O, +m;h; =myuy —myu, (since W =ke = pe =0)

(a) The initial and the final masses in the tank are

v, 0.1m°
- :_1:—m3:5.983 kg
v 0.01672 m’/kg
V. 0.1m?
my =22 = m =109.10 kg

v, 0.0009166 m>/kg

Then from the mass balance

m, =m, —m, =109.10—5.983 =103.11 kg

The heat transfer during this process is determined from the energy balance to be
Oin =—m;h; +myuy —mu,
=—(103.11kg)(93.56 ki/kg) + (109.10)(125.94 kJ/kg)— (5.983 kg )(253.81 kl/kg)
=2573 k]
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jeroyed = 70S gen - The entropy generation Sge, in this case is determined from an entropy balance on an

extended system that includes the tank and its immediate surroundings so that the boundary temperature of the extended
system is the surroundings temperature Ty, at all times. It gives

system

Sin_Sout + Sgen =AS
——

| A —
Net entropy transfer Entropy Change

by heat and mass generation  in entropy
% +m;S; +Sgen = ASun = (M55 —mys) ) Substituting, the exergy destruction
b,in
— Q in
Sgen =MySy; —mySy —m;s; —
Ty

is determined to be

Qin
Xdestroyed :TOSgen :TO MmySy —MmySy —m;s; — T
0
= (318K)[109.10x 0.45315—5.983x0.91303 - 103.11x 0.34554 — (2573 kI)/(318 K)]

=80.3 kJ
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8-80 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of mass in
liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer,
the reversible work, and the exergy destruction during this process are to be determined.

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

Properties The properties of water are (Tables A-4 through A-6) H,0 _0
3 3
17000 1 = Ysaoec = 0.001114 m”/kg 0.6 m /
T, =170°C 170°C
. up=u o000 = 718.20 kl/kg
sat. liquid @ 7= const.
5158 rame = 2.0417 kJ/kg-K
T,=170°C | h, = hf@17o°c =719.08 kJ/kg é_‘
sat. liquid | Se =S ;g199c = 2.0417 kJ/kg-K m,

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the
microscopic energies of flowing and nonflowing fluids are represented by enthalpy 4 and internal energy u, respectively,
the mass and energy balances for this uniform-flow system can be expressed as

Mass balance:

My, —Myy =Am - m,=m —m,

system
Energy balance:
Ein - Eout = AE system
R—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Oin =myh, +myuy —myu, (since W =ke =pe=0)
The initial and the final masses in the tank are

0.6 m’
m= Yo 0OM s 474e

v 0.001114 m3/kg
m, = %ml = %(538.47 kg)=269.24 kg =m,

Now we determine the final internal energy and entropy,

0.6 m*
v, =L 0O 002229 m? kg
m, 26924 kg
Vr, =V, —_
o, Y2V 0002290001114 o o
ve | 024260-0.001114

T, =170°C Uy =u; +xyu; =718.20+(0.004614)1857.5)=726.77 ki/kg
X, =0.004614 [ 5, =5, +x,5 , =2.0417+(0.004614)4.6233) = 2.0630 ki/kg-K

The heat transfer during this process is determined by substituting these values into the energy balance equation,

Oin =m h, +myu, —myu,
=(269.24 kg)(719.08 ki/kg)+(269.24 kg )(726.77 ki/kg)—(538.47 kg )(718.20 kl/kg)
= 2545 kJ
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jeroyed = 70 gen - The entropy generation S, in this case is determined from an entropy balance on an

extended system that includes the tank and the region between the tank and the source so that the boundary temperature of
the extended system at the location of heat transfer is the source temperature Ty, at all times. It gives

system

Sin_sout + Sgen =AS
——

S ————) | —
Net entropy transfer Entropy Change
by heat and mass generation  in entropy

o

in _ _
—Mm,S, +Sgen - AStank - (mZSZ _mlsl)tank
b,in

Qin

source

Sgen =myS, —mys, +m,s, —

Substituting, the exergy destruction is determined to be

source

= (298 K)[269.24 x 2.0630 — 538.47 x 2.0417 +269.24 x 2.0417 — (2545 k1)/(523 K)]

_ _ Qin
Xdestroyed - TOSgen - TO|:m2S2 —my sy +m,s, — :|

=141.2 kJ
For processes that involve no actual work, the reversible work output and exergy destruction are identical. Therefore,

Xdestroyed =W w. - W, = Xdestroyed =141.2kJ

rev,out ~ '’ actout rev,out
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8-81E An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air
is allowed to escape at constant temperature until the pressure inside drops to 20 psia. The amount of electrical work done
and the exergy destroys are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with
variable specific heats. 5 The environment temperature is given to be 70°F.

Properties The gas constant of air is R = 0.3704 psia.ft’/lbm.R (Table A-1E). The properties of air are (Table A-17E)

T, =640 R ——> h, =153.09 Btu/lbm

T, =640R ——u; =109.21 Btu/lbm T, =640R ——u, =109.21 Btu/Ibm
Analysis We take the tank as the system, which is a control volume. Noting that the microscopic energies of flowing and
nonflowing fluids are represented by enthalpy / and internal energy u, respectively, the mass and energy balances for this
uniform-flow system can be expressed as
Mass balance: Miy —Moy = AMgyger, —> M, =My —m,

Energy balance:

E, -F AE

n out system
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wein —myh, =myuy —myu, (since Q =ke =pe=0)
The initial and the final masses of air in the tank are
PV i 3
I i LA (40 p51ag(260 ft”) — 43.86 Ibm
RT,  (0.3704 psia - ft”/lbm - R)(640R)
% (20 psia)(260 ft*)

= 3 =21.931bm
RT, (0.3704 psia - ft°/Ibm - R)(640 R)

Then from the mass and energy balances,
m, =m; —m, =43.86-21.93=21.931bm

w.

e,in

my

=m,h, + myu, —mu,
=(21.931bm)(153.09 Btu/lbm) + (21.93 1bm)(109.21 Btu/Ibm) — (43.86 1bm)(109.21 Btu/lbm)
=962 Btu

(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jegroyed = T0S gen Where the entropy generation Sge, is determined from an entropy balance on the insulated

tank. It gives
Sin - Sout + Sgen = ASsystem
=

—_— —_—
Net entropy transfer Entropy Change
by heatand mass ~ generation in entropy

—M,S, +Sgen =ASpnc = (MySy —MyS) ) i
Sgen =myS, —myS, +m,s,
=mysy —mys; +(my —my)s,
=my(sy =s,)—m(s; =s,)
Assuming a constant average pressure of (40 + 20) / 2 = 30 psia for the exit stream, the entropy changes are determined to
be

7 P i
53 =S, =¢, In—2—— RIn =2 = ~(0.06855 Btw/Ibm - R) In 20PSia _ ) 12779 Bwlbm - R
T, P, 0 psia
0
77 P i
s —s.=c,In——R lnFl = —(0.06855 Btu/Ibm - R) In 48 PS8 ).01972 Btw/lbm - R
e e pSla

Substituting, the exergy destruction is determined to be
Xdestroyed = TOSgen = TO[mZ (SZ _Se)_ml(sl _Se)]
=(530 R)[(Zl .931bm)(0.02779 Btu/lbm- R) — (43.86 1bm)(-0.01972 Btu/lbm- R)] =782Btu
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8-82 A cylinder initially contains helium gas at a specified pressure and temperature. A valve is opened, and helium is
allowed to escape until its volume decreases by half. The work potential of the helium at the initial state and the exergy
destroyed during the process are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it
can be analyzed as a uniform-flow process by using constant average properties for the helium leaving the tank. 2 Kinetic
and potential energies are negligible. 3 There are no work interactions involved other than boundary work. 4 The tank is
insulated and thus heat transfer is negligible. 5 Helium is an ideal gas with constant specific heats.

Properties The gas constant of helium is R = 2.0769 kPa.m’/kg.K = 2.0769 kJ/kg.K. The specific heats of helium are ¢, =
5.1926 kJ/kg.K and ¢, = 3.1156 kJ/kg.K (Table A-2).

Analysis (a) From the ideal gas relation, the initial and the final masses in the cylinder are determined to be

PV (300 kPa)(0.1m?) — 0.0493 kg

m =
" RT,  (2.0769kPa-m®/kg - K)(293K)

m, =m, =m, /2=0.0493/2 =0.0247 kg

The work potential of helium at the initial state is simply the initial exergy of HELIUM 0
helium, and is determined from the closed-system exergy relation, 35)(; sza P
dm
© =myg=m [, ~ug) =Ty (s =59) + Py (v1 ~vy)] 20°C _é;
where
RT, . .m°>/ke -
v, = L (2.0769 kPa-m~/kg - K)(293 K) _ 5 0084 m3/kg
B 300 kPa
RT, . .m>/ke -
v = 0 _ (2.0769 kPa -m~ /kg - K)(293 K) _ 6.405m3/kg
I 95kPa
and
T P,
s;—Sg=c, In—-—RIn—-
0
— (5.1926 kl/kg - K) In 20— (2.0769 kl/kg - K) In Soe
293K 95kPa
=-2.388 kl/kg-K
Thus,

@, =(0.0493kg){(3.1156 kl/kg-K)(20 — 20)°C — (293 K)(2.388 kl/kg - K)

+(95kPa)(2.0284 — 6.405)m* /kg[kJ/kPa - m> ]}
=14.0kJ

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

Mass balance:

My, —Myy = Am - m,=m —m,

system
Energy balance:
E in E out = AE system
v L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Oin —m h, + Wy iy = myuy —myu,

Combining the two relations gives
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Oin = (my —my)h, +myuy —muy =W,
= (my —my)h, +myhy —mhy
= (my —my +my —my)h
=0
since the boundary work and AU combine into AH for constant pressure expansion and compression processes.

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = 10 Sgen Where the entropy generation Sge, can be determined from an entropy balance on the cylinder.

Noting that the pressure and temperature of helium in the cylinder are maintained constant during this process and heat
transfer is zero, it gives
Sin - Sout + Sgen = ASsystem
—— [ —

\—ﬁ’_—d
Net entropy transfer Entropy Change

by heatand mass  generation  in entropy
—m,s, + Sgen = AScylinder = (m2S2 —ms) )cylinder
Sgen =m,S, —myS; +m,s,

=mysy —mysy +(my —my)s,
=(my —my +m; —my)s,
=0

since the initial, final, and the exit states are identical and thus s, = s, = 51. Therefore, this discharge process is reversible,
and

Xdestroyed = %S =0

gen
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8-83 A rigid tank initially contains saturated R-134a vapor at a specified pressure. The tank is connected to a supply line,
and R-134a is allowed to enter the tank. The amount of heat transfer with the surroundings and the exergy destruction are to
be determined.

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

Properties The properties of refrigerant are (Tables A-11 through A-13)
Uy =Uggimpa = 250.68kl/kg

P, =1MPa - 1.4 MP
! $1=Sq@ivea = 0.91558 ki/kg K R-134a tMPa—
sat.vapor 3 60°C
Vi =Ve@impa = 0.020313m” / kg
P, =1.4MPa }hi =285.47 kl/kg gﬂ
T, =60°C s; =0.93889kJ/kg - K R-134a
Analysis (a) We take the tank as the system, which is a control volume since mass 02 m’ \$
crosses the boundary. Noting that the microscopic energies of flowing and 1 MPa 0]
nonflowing fluids are represented by enthalpy / and internal energy u, respectively, Sat. vapor
the mass and energy balances for this uniform-flow system can be expressed as
Mass balance: My =My = AMgygon, —> My =My —my
Energy balance:
E in E out = AE system
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

m;h; — Qg =My, —mu; (since W =ke = pe=0)
The initial and the final masses in the tank are

v 2m’
=t D2M g ga6kg
vi 0.020313m’ /kg
v v 3 3
my=my +m, =L -8 - Ol y—olm —111.93+5.983=117.91 kg

v, v, 0.0008934m’/kg 0.016715m’ /kg
Uy =myuy =msu, +mou, =111.93x116.70 + 5.983 x 253.81=14,581kJ
Sy=mysy =mps,; +mgys, =111.93x0.42441+5.983 x0.91303 = 52.967 kI/K
Then from the mass and energy balances,
m; =m, —m; =117.91-9.846 =108.06 kg
The heat transfer during this process is determined from the energy balance to be
Oout =m;ih; —myu, +myu; =108.06x285.47-14,581+9.846x250.68 = 18,737 kJ
(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jegroyed = 105 gen - The entropy generation Sge, in this case is determined from an entropy balance on an

extended system that includes the cylinder and its immediate surroundings so that the boundary temperature of the extended
system is the surroundings temperature 7y, at all times. It gives
Sin_Sout + Sgen =AS
|

%f_J
Net entropy transfer Entropy Change
by heat and mass generation in entropy

system

- —t+tms; +Sgen :ASlank = (m2S2 _mlsl)tank

— Qout
Sgen =myS, —myS; —m;S; +——
0

Substituting, the exergy destruction is determined to be

Oou
Xdestroyed :TOSgen = T0|:m2S2 —mys; —m;s; +TLt
0
= (298 K)[52.967-9.846x0.91558 —108.06x0.93889 +18,737 /298]
=1599kJ
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8-84 An insulated cylinder initially contains saturated liquid-vapor mixture of water. The cylinder is connected to a supply
line, and the steam is allowed to enter the cylinder until all the liquid is vaporized. The amount of steam that entered the
cylinder and the exergy destroyed are to be determined.

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

Properties The properties of steam are (Tables A-4 through A-6)
B =300kPa hy=hy +xhz, =561.43+0.8667 x 2163.5 =2436.5kl/kg
x; =13/15=0.8667 | 5y =5, + x5, =1.6716 + 0.8667 x 5.3200 = 6.2824 kJ/kg - K

P, =300kPa }hz =y @300kpa = 27249 kI/kg

Sat.VapOr Sy :Sg@300kPa =6.9917 kJ/kg -K
P, = 2MPa}hi =3248.4kJ/kg o
o — A 2
T, =400°C | 5; =7.1292kJ/kg - K 300 kPa
Analysis (¢) We take the cylinder as the system, which is a control volume. P = const. > MPa
Noting that the microscopic energies of flowing and nonflowing fluids are -« o
. T 400°C
represented by enthalpy 4 and internal energy u, respectively, the mass and o
energy balances for this unsteady-flow system can be expressedas = e "
Mass balance:  my, —my = Amgyge, —> m; =m, —m,
Energy balance:
E in E out = AE system
S ——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

mih; =Wy gy +myuy —myuy (since O =ke =pe=0)
Combining the two relations gives 0=W, ., — (my —m Yy +myuy —myu,

since the boundary work and AU combine into AH for constant pressure expansion and compression processes. Solving for

m, and substituting,

b=y (32484 -2436.5)kI/kg
h,—h, ' (3248.4-2724.9)kl/kg

Thus, m; =m, —m; =23.27-15=8.27 kg

m, (15kg)=23.27kg

(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jeroyed = T0Sgen Where the entropy generation Sge, is determined from an entropy balance on the insulated

gen
cylinder,
N in S out T S gen AS system
— —
Net entropy transfer Entropy Change
by heatand mass  generation  in entropy

m;s; +Sgen = ASsystem T MmySy; —mySs)

Sgen =MmySy; —mySy —m;s;

Substituting, the exergy destruction is determined to be
Xdestroyed = TOSgen = TO[mZSZ —mys) — misi]
=(298K)(23.27%x6.9917 —15x 6.2824 —8.27 x 7.1292)
=2832kJ
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8-85 Each member of a family of four takes a shower every day. The amount of exergy destroyed by this family per year is
to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energies are negligible. 3 Heat losses from
the pipes, mixing section are negligible and thus Q = 0. 4 Showers operate at maximum flow conditions during the entire

shower. 5 Each member of the household takes a shower every day. 6 Water is an incompressible substance with constant
properties at room temperature. 7 The efficiency of the electric water heater is 100%.

Properties The density and specific heat of water are at room temperature are p =997 kg/m’ and ¢ = 4.18 kJ/kg.°C (Table
A-3).

Analysis The mass flow rate of water at the shower head is
= pV =(0.997 kg/L)(10 L/min) = 9.97 kg/min

The mass balance for the mixing chamber can be expressed in the rate form as

20 (steady)

Min = Moyt :Amsystem =0 - My =My —> My +My =M;

where the subscript 1 denotes the cold water stream, 2 the hot water stream, and 3 the mixture.

The rate of entropy generation during this process can be determined by applying the rate form of the entropy
balance on a system that includes the electric water heater and the mixing chamber (the T-elbow). Noting that there is no
entropy transfer associated with work transfer (electricity) and there is no heat transfer, the entropy balance for this steady-
flow system can be expressed as

. . d CAQ J0 (steady)
S in A} out + S gen =AS system
‘ g
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

MyS| + 1,8, —m3sy +Se, =0 (since O =0 and work is entropy free)

Sgen =Mm3S3 —myS|p —myS,

Noting from mass balance that 71, + 71, = m5 and s, = s, since hot water enters the system at the same temperature as the
cold water, the rate of entropy generation is determined to be
: . ) ) ) . T,
Sgen =M353 — (my +my)s; =msy(s3—5)) = msc, lnF
1
+
=(9.97 kg/min)(4.18 kJ/kg.K) lnM =3.735kJ/min.K
15+273

Noting that 4 people take a 6-min shower every day, the amount of entropy generated per year is

Sgen = (Sgen)At(No. of people)(No. of days)
= (3.735 kJ/min.K)(6 min/person - day)(4 persons)(365 days/year)
=32,715kJ/K (per year)

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jetroyed = 70 gen »

X gestroyed = ToSgen = (298 K)(32,715 kJ/K) = 9,749,000 kJ

Discussion The value above represents the exergy destroyed within the water heater and the T-elbow in the absence of any
heat losses. It does not include the exergy destroyed as the shower water at 42°C is discarded or cooled to the outdoor
temperature. Also, an entropy balance on the mixing chamber alone (hot water entering at 55°C instead of 15°C) will
exclude the exergy destroyed within the water heater.

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-77

8-86 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 exergy destruction 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 @ 200 kea = 120.23°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,

P, =200 kPa } h=h e =62.98 kilkg

T, =15°C S1ES ansc = 0.22447 kJ/kg - K 600 kJ/min

P, =200 kPa } h, =2870.4 kJ/kg . /f

T, =200°C |5, =7.5081kJ/kg-K % MIXING

P, =200kPa| hy=h oc =335.02 kl/k CHAMBER 80° :

Tj =80°C }s3 3; sf@;igz C: 1.0756 kl/kg -gK - 200 kPa &
Analysis (a) We take the mixing chamber as the system, which is a H

control volume. The mass and energy balances for this steady-flow
system can be expressed in the rate form as

&0 (steady)

Mass balance:  my, =gy = Agygen, =0—— m; +m, =my
Energy balance:
: a _ : 20 (steady) _
Ein - Eout - AEsystem =0
— -
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

’hhl +}’i12h2 = Qout +'h3h3
Combining the two relations gives Q.Out =mhy +myh, — (ﬁ’ll + i1, )h3 =m (hl —hy )+ 1y (hz —hy )
Solving for m, and substituting, the mass flow rate of the superheated steam is determined to be

_ Oou =1y = hy) _ (600/60 k/s) — (4 ke/s)(62.98 — 335.02)k

ke _0.429 kgls
hy — hy (2870.4 —335.02)kJ/kg

my

Also, 1ty =1ty +1in, =4 +0.429 = 4.429 kg/s

(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = T0Sgen Where the entropy generation Sge, is determined from an entropy balance on an extended

system that includes the mixing chamber and its immediate surroundings. It gives

. . . . &0
Sin - Sout + Sgen - ASsystem =0
— [
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy
. . . B Qout S _0 S . s . Qout
M Sy + 1,8, — 38y +S8gen =0 > Sgen =mysy —mys; —mys, +——
b,surr 0

Substituting, the exergy destruction is determined to be

b,surr

y _ o _ . . . Qout
X destroyed = T0S gen —To[m333 —MmyS,; —MyS) +—J

=(298K)(4.429 x1.0756 —0.429 x 7.5081 — 4 x 0.22447 + 10/ 298)kW/K
=202 kW
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8-87 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and the rate of exergy
destruction in 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 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 :LL\
— -
. . _ - A0 (steady) _ 101 kPa
Ein -E - AEsystem =0 ° % %
Rate of net transft f ch Lk 30°¢ %
ate ol net ener; ransier R, ini 1 1
by heat, work, a%l}cll mass ate (;,oicﬁgfﬁ lc‘:cl_nctﬁgg{csme“c’ 0.5 m3/ S % Q} %
E in — E out _—_ %\ %\
mh, = Q'Out +mh, (since Ake = Ape = 0) N \
Qout =mC (I} -T,) Exhaust gases

1.1 kg/s, 190°C
Then the rate of heat transfer from the exhaust gases becomes

Q = [nhcp (T — Tout )]gas' = (1.1kg/s)(1.1kJ/kg.°C)(240°C —190°C) = 60.5 kW
The mass flow rate of air is

PV _ (101kPa)(0.5 m>/s)
RT  (0.287 kPa.m?/kg K)x 303K

=0.5807 kg/s

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

Q [mC ( out )] out _Tin + Q :300C+ 605 kW 2133.7°C
) (0.5807 kg/s)(1.005 kJ/kg.°C)

Cp

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:

. . ; _AQ J0 (steady)
S in S out + S gen =AS system
—— -
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

"hlsl +m3S3 _}'thZ _"h3S4 +Sgen :0 (Slnce QZO)

M exhaustS1 T MairS3 — exhaust Sy =My Syq + Sgen =0

Sgen = mexhaust(SZ _Sl)+mair(s4 _S3)

Noting that the pressure of each fluid remains constant in the heat exchanger, the rate of entropy generation is

. T,
Sgen exhaustc In—=+ ma]rcp In—
T 3
190 + 273 133.7+ 273
=(1.1kg/s)(1.1kJ/kg.K)In ————— + (0.5807 kg/s)(1.005 kJ/kg. K)In ————
( gl ) 240 +273 ( gl gK) 30+273
=0.04765 kW/K

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = 70 gen »

X gestroged = TS gen = (303K)(0.04765 kW/K) = 14.4 KW
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8-88 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of exergy destruction
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 water and oil are given to be 4.18 and 2.3 kJ/kg.°C, respectively.

Analysis We take the cold water tubes as the system, which is a control volume. oil
The energy balance for this steady-flow system can be expressed in the rate form as 1710°C
; ; _ ; 70 (steady) _
Ein - Eout - AEsystem e =0 C’] 10 keg/s
Rate of net energy transfer  Rate of ch in int 1. kineti
byheat, work,and mass  potential,ctc.cnergies 70°C =—¢ =)
Ein = Eout Wat ( l}
: . . . ater
Oin + m.hl =mh, (since Ake = Ape = 0) 20°C o ))
Oiy =mc, (T, =T1) 4.5kg/s
" prz g . (12 tube passes)
Then the rate of heat transfer to the cold water in this heat exchanger becomes ‘

O =[1ic , Ty ~ T aier = (4.5 kg/s)(4.18 k/kg.°C)(70°C — 20°C) = 940.5 kW

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

Q = [n'wp (Tln _Tout )]oil - Toul = Tin - Q =170°C- D403 kW =129.1°C
e, (10 kg/s)(2.3 kJ/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:

. : d Al &0 (steady)
Sin - Sout + Sgen - ASsystem
s
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

MyS| + M35 —NyS, —Mi3S, + S, =0 (since O =0)

MyaterS1 T Mi1S3 ~ MyyaterS2 ~ Moil S4 +Sgen =0

Sgen = mwater(SZ _S1)+moil(s4 _S3)

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

: . T. . T,
Sgen = MyaerC lnf-i—moﬂcp lnT—;‘
70+273 129.1+273
=(4.5kg/s)(4.18 kI/kg K) In——————+ (10 kg/s)(2.3 kl/kg.K) In —————— = 0.736 kW/K
(45 keg/sX KISy T (0keX e %

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = 105 gen »

X gestroyed = ToSgen = (298 K)(0.736 kW/K) = 219 kW
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8-89E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of exergy destruction
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. 5 The temperature of the
environment is 77°F.

Properties The specific heat of water is 1.0 Btu/lbm.°F (Table A-3E). The enthalpy and entropy of vaporization of water at
120°F are 1025.2 Btu/lbm and s¢, = 1.7686 Btu/lbm.R (Table A-4E).

Analysis We take the tube-side of the heat exchanger where cold water is flowing as the system, which is a control volume.
The energy balance for this steady-flow system can be expressed in the rate form as

. . _ - 70 (steady) _
E in E out - AE system =0
— R
Rate of net energy transfer  Rate of change in internal, kinetic, Steam
by heat, work, and mass potential, etc. energies 120°F
E in = E out 73°F

O;, +mh; =mh, (since Ake = Ape = 0)
Qin =I’i1€p(T2 _Tl)

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

AR —
oJ

UUU\“J

Q = [i’i’le (Tout - Tin )]water Cg 60°F
= (115.3 1bm/s)(1.0 Btu/Ibm.°F)(73°F — 60°F) = 1499 Btu/s W
ater
Noting that heat gain by the water is equal to the heat loss by the condensing u

steam, the rate of condensation of the steam in the heat exchanger is 120°F +
determined from

O 1499 Btu/s

Z= T —1.462 loms
hy, 10252 Btwlbm

0= (mhjjg )sicam = —> Mgieam =

(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:

. . o - &0 (steady)
Sin - Sout + Sgen - ASsystem
—
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

MyS| + M3y —NySy —MySy +Sg, =0 (since Q =0)

m

waterS1 T MsteamS3 ~ MwaterS2 ~ MsteamS4 +Sgen =0

Sgen = mwater(SZ _Sl)+msteam(s4 —S3)

Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of
entropy generation is determined to be

water -~ p T steam*

: ) T, . ) T, .
Seen = MyaerCp lnF-i-msteam (57 =Sg) =My € IN == Mg S 1y
1 1

+
= (115.3 Tbm/s)(1.0 Btw/Ibm.R)In % —(1.462 Ibm/s)(1.7686 Btu/lbm.R) = 0.2613 Btu/s.R

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jeiroyed = 70 gen »

X gestroyed = ToSgen = (537 R)(0.2613 Btw/s.R) = 140.3 Btu/s
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8-90 Steam expands in a turbine, which is not insulated. The reversible power, the exergy destroyed, the second-law
efficiency, and the possible increase in the turbine power if the turbine is well insulated are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Potential energy change is negligible.

Analysis (a) The properties of the steam at the inlet and exit of the turbine are (Tables A-4 through A-6)

P =9 MPa}hl =3634.1kl/kg

T, =600°C | s, = 6.9605 kl/kg.K Steam
9 MPa

P2 =20kPa h2 :24911kJ/kg 600°C. 60 m/s

x, =095 |s,=7.5535klkgK
The enthalpy at the dead state is

o
T, =25°C
hy =104.83kJ/kg
x=0
20 kPa l

The mass flow rate of steam may be determined from an energy balance on 130 m/s
the turbine =095

V2 viy o .
n{h1 +#] = ri{hz +72]+Q0ut +W,

(130 m/s)? ( 1kJ/kg ﬂ

(60 m/s)? [ 1kJ/kg
2 1000 m?/s?

+220kW +4500 kW —— m = 4.137 kg/s

) 3634.1kJ/kg +
{ 2 1000 m*/s*

H = m{z491.1 kJ/kg +

The reversible power may be determined from

. y2_p2
Wrev:m|:h1_h2_T0(sl_S2)+ ! > 2}

2 2
=(2.693){(3634.1—2491.1)—(298)(6.9605-7.5535)+(60m/s) —(130m/s) ( Iklke ﬂ

2 1000 m?/s>
=5451kW

(b) The exergy destroyed in the turbine is

X dest — Wrev

—W, =5451-4500 = 951kW
(c) The second-law efficiency is

A
W,

rev

4500kW

=———=0.826
5451kW

N =

(d) The energy of the steam at the turbine inlet in the given dead state is

O =rin(hy, —hy) = (4.137 kg/s)(3634.1-104.83)kJ/kg = 14,602 kW

The fraction of energy at the turbine inlet that is converted to power is

g o A00KW ) 308
O 14.602kW

8-81

Assuming that the same fraction of heat loss from the turbine could have been converted to work, the possible increase in

the power if the turbine is to be well-insulated becomes

VVincrease

= f0,,; =(0.3082)(220 kW) = 67.8 KW
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8-91 Air is compressed in a compressor that is intentionally cooled. The actual and reversible power inputs, the second law
efficiency, and the mass flow rate of cooling water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Potential energy change is 900 kPa
negligible. 3 Air is an ideal gas with constant specific heats. 60°C
80 m/s

Properties The gas constant of air is R = 0.287 kJ/kg.K and the specific heat of
air at room is ¢, = 1.005 kJ/kg K. the specific heat of water at room

temperature is ¢,, = 4.18 kJ/kg.K (Tables A-2, A-3).
. o Compressor
Analysis (a) The mass flow rate of air is

P, (100 kPa)

m=pV, =——V, = (4.5m>/s) = 5.351kg/s
RT, (0.287 kJ/kg. K)(20+ 273 K)
100 kPa
The power input for a reversible-isothermal process is given by 20°C
. P
W, =mRT, In—* = (5.351kg/s)(0.287 kJ/kg.K)(20 + 273 K)ln(wj =988.8 kW
P, 100 kPa
Given the isothermal efficiency, the actual power may be determined from
W petual = ——— = I8BILW _ 1413 kW
T 0.70
(b) The given isothermal efficiency is actually the second-law efficiency of the compressor
My =17 =0.70
(c) An energy balance on the compressor gives
: : vE-vy |
Qout = mlicp (Tl - T2 ) + %i| + Wactual,in
_ 2
_ (5351 ke/s) (1.005 kl/kg.°C)(20 — 60)°C + 2= B0mM/S) [ 1K/ kzg 2) +1413kW
2 1000 m=/s

=1181kW

The mass flow rate of the cooling water is

s O 1181kW
" e AT (4.18KkI/kg.°C)(10°C)

=28.25kg/s
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8-92 Water is heated in a chamber by mixing it with saturated steam. The temperature of the steam entering the chamber,
the exergy destruction, and the second-law efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Heat loss from
the chamber is negligible.

Analysis (a) The properties of water are (Tables A-4 through A-6) Water Mixing
. 15°C N\
T, =15°C| hy = hy = 62.98 kJ/kg 4.6 ks NN chamber
x =0 s, =8, =0.22447 kl/kg K
T, =45°C) hy =188 44 kl/kg
53 =0.63862 kJ/kg.K

Mixture
45°C

—

Sat. vap.
0.23 ke/s ~Z
myhy + myhy, = mshy = (my +m, )y

(4.6 kg/s)(62.98 k/kg) + (0.23 keg/s)h, = (4.6+0.23 kg/s)(188.44 kI/kg)
hy, = 2697.5kl/kg

x1=0

An energy balance on the chamber gives

The remaining properties of the saturated steam are

hy =2697.5 kJ/kg} T, =114.3°C

x, =1 s, =7.1907 kl/kg.K

(b) The specific exergy of each stream is
y, =0
W =hy —hy =To(s, =)
=(2697.5-62.98)kJ/kg — (15+273 K)(7.1907 — 0.22447)kJ/kg.K = 628.28 kl/kg

W3 = Iy —hy =Ty(s3 =)
= (188.44 - 62.98)kJ/kg — (15 +273 K)(0.63862 — 0.22447)kJ/kg.K = 6.18 kl/kg

The exergy destruction is determined from an exergy balance on the chamber to be

Xdest =nyyy + gy, — (1 + 1y )y
=0+(0.23 kg/s)(628.28 kJ/kg) — (4.6 +0.23 kg/s)(6.18 kl/kg)
=114.7 kW

(c¢) The second-law efficiency for this mixing process may be determined from

_ Uiy +iin)ys _ (4.6+023kg/s)(6.18kIke) _ o

g, iy, 0+(0.23kg/s)(628.28 kI/kg)

Ui 207
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8-93 An expression is to be derived for the work potential of the single-phase contents of a rigid adiabatic container when
the initially empty container is filled through a single opening from a source of working fluid whose properties remain
fixed.

Analysis The conservation of mass principle for this system reduces to

dmcy _

dt i
where the subscript i stands for the inlet state. When the entropy generation is set to zero (for calculating work potential)
and the combined first and second law is reduced to fit this system, it becomes
. dU-T,8
W == PUT00) 7,8,
dt
When these are combined, the result is

. —T
Wrev :_d(U OS)+(h_TOS)i
dt dt

Recognizing that there is no initial mass in the system, integration of the above equation produces
Wiew =(h=Tys);my —my(hy =Tjs,)
w,

ﬂz(hi —hy)=Ty(s; —s,)
m;

where the subscript 2 stands for the final state in the container.
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Review Problems

8-94E The 2™-law efficiency of a refrigerator and the refrigeration rate are given. The power input to the refrigerator is to
be determined.

Analysis From the definition of the second law efficiency, the COP of the refrigerator is determined to be

COPy, = — - 1 =7.462
S T, 1 55074851
=0.28
__COPr | COP, =1, COP, .. =028x7.462 = 2.089 .
Ny R =T R,rev
COPR,reV ’

Thus the power input is

Win _ o, _ 800 Btu/min 1hp _|=9.03hp
COPy 2.089 42.41Btu/min

800 Btu/min

8-95 Refrigerant-134a is expanded adiabatically in an expansion valve. The work potential of R-134a at the inlet, the
exergy destruction, and the second-law efficiency are to be determined.

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

Analysis (a) The properties of the refrigerant at the inlet and exit of the valve and at dead state are (Tables A-11 through A-
13)

P, =09 MPa}hl =93.57 kl/kg

T,=30°C |s, =0.34751kl/kgK R-134a

P, =120kPa 0.9MPa —> ® 120 kPa
s, =0.37614 kl/kg.K 30°C

h, =h, =93.57 kl/kg

Py =100kPa | hy =272.17 kl/kg
T, =20°C | s, =1.0918 ki/kg.K

The specific exergy of the refrigerant at the inlet and exit of the valve are

wi=h —hy =To(s; —sg)
=(93.57 - 272.17)kJ/kg — (20 + 273.15K)(0.34751 - 1.0918)kJ/kg - K
=39.59kJ/kg

Wy =hy —hy—Ty(s5—5¢)
=(93.57-272.17)kJ/kg — (20+273.15K)(0.37614—1.0918 kJ/kg.K
=31.20kJ/kg

(b) The exergy destruction is determined to be

Xaest = To (52 —51)
=(20+273.15K)(037614—0.34751)kJ/kg - K
=8.39kJ/kg

(c¢) The second-law efficiency for this process may be determined from

gy = V2 2312000ke _ g05 78 804
v, 39.59kl/kg
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8-96 Steam is accelerated in an adiabatic nozzle. The exit velocity, the rate of exergy destruction, and the second-law
efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible.

Analysis (a) The properties of the steam at the inlet and exit of the turbine and at the dead state are (Tables A-4 through A-

6)
P, =3.5MPa | b, =2978.4kl/kg
T, =300°C |5, = 6.4484 ki/kg K \
Steam 1.6 MPa
P2 = 16 kPa h2 = 29199 kJ/kg 35 MPa — 2500C
T, =250°C | s, =6.6753 kl/kg.K 300°C V,
T, = 18°C} hy =75.54kJ/kg

x=0 5o =0.2678 kJ/kg.K

The exit velocity is determined from an energy balance on the nozzle

2 2
hl +V;:h2 +V_2
2 2
2 2
\2
2978.4 ki/kg + L) ( Hd/kzg 2]=2919.9 kJ/kg+_2( 1kJ/k2g 2]
2 {1000m*/s 2 \1000m?/s

v, =342.0m/s

(b) The rate of exergy destruction is the exergy decrease of the steam in the nozzle

: . Vi-v?
X dest =m{h2 -h +%—T0(S2 —31}

= (0.4 kg/s) 2 1000 m?/s?
—(291K)(6.6753 - 6.4484)kJ/kg. K
=26.41kW

2 —_
(2919.9-2978 4)kJ/kg + SIS =0 ( 1ki/kg j

(c) The exergy of the refrigerant at the inlet is
. V2
X, =m| by —hy JFTI—TO(S1 -5

= (0.4kg/s)[(2978.4 —75.54) kl/kg + 0 — (291 K)(6.4484 — 0.2678)kJ/kg K |
=441.72kW

The second-law efficiency for this device may be defined as the exergy output divided by the exergy input:

My =—2=1-3t _j_ 2641kW__ ) 949
X, X, 441.72 kW
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8-97 R-134a is expanded in an adiabatic process with an isentropic efficiency of 0.85. The second law efficiency is to be
determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat transfer is
negligible.

Analysis We take the R-134a 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
NP o
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wy =AU =m(u, —uy) T

From the R-134a tables (Tables A-11 through A-13),

v, =0.014362 m’ kg
u; =282.09 kl/kg

P =1600 kPa} 100 kPa

T, =80°C
s, =0.9875kJ/kg-K
K
P, =100 kPa
u,, =223.16kJ/kg
Sas =81

The actual work input is

Waout =M1 Wsou =7 (U —ty,) =(0.85)(282.09 —223.16)kJ/kg = 50.09 kJ/kg
The actual internal energy at the end of the expansion process is

Waout = (U —1y)——> 1y = th) = W, o = 282.09—50.09 = 232.00 kJ/kg

a,out

Other actual properties at the final state are (Table A-13)

P, =100 kPa v, =0.2139m’/lbm
uy =232.00kl/kg | 5, =1.0251kJ/kg-K

The useful work is determined from

Waurr = Waout = Fo (V2 —¥1)

Wu =w surr — "Va,out

a,out
; 1kJ
=50.09 ki/kg — (100 kPa)(0.2139-0.014362) m’ kgl ———
1kPa-m
=30.14kJ/kg

The exergy change between initial and final states is
=y =uy —uy + By(vy —vy) =Ty (s, = 5)

=(282.09-232.00)kJ/kg + (100 kPa)(0.014362 — 0.2139) m”kg(%}
1kPa-m
— (298 K)(0.9875-1.0251)kJ/kg-K

=41.34kl/kg
The second law efficiency is then

w, 30.14kJ/kg

= =22 T8 0,729
Ap  41.34KkI/kg

U
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8-98 Steam is condensed in a closed system at a constant pressure from a saturated vapor to a saturated liquid by rejecting
heat to a thermal energy reservoir. The second law efficiency is to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible.

Analysis We take the steam 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

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

system

Steam —
Wb,in _Qout =AU = m(uZ _ul) 75 kPa f 1

From the steam tables (Table A-5), Sat. vapor

v =v, =22172m’ kg
u, =u, =2496.1kl/kg T

P, =75kPa }
sy =5, =7.4558kJ/kg-K

Sat. vapor

v, =v,; =0.001037 m’ kg
u, =u, =384.36kl/kg

P, =75kPa }
s, =5, =12132klkg-K

Sat. liquid

The boundary work during this process is

ll—kJSJ =166.2kl/kg

kPa-m

Wyin = P(v) = v,) = (75kPa)(2.2172 - 0.001037) m3/kg(

The heat transfer is determined from the energy balance:

Gou = Wi — (uy — 1) =166.2 kI/kg — (384.36 — 2496.1)kJ/kg = 2278 kl/kg

The exergy change between initial and final states is

T
h— ¢ =u; —uy + By (v —vy) —Tip (s _Sz)—qout(l_T_O]
R

=(2496.1-384.36)kJ/kg + (100 kPa)(2.2172 - 0.001037) kag(%j
Pa-m

— (298 K)(7.4558 —1.2132)kl/kg - K — (2278 k]/kg)[] _ i?ﬁ E)

=384.9kJ/kg

The second law efficiency is then

W .
bin _ 166.2Kkg _ ) 435 _ 43206
Ad  3849LkI/kg

M =
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8-99 R-134a is vaporized in a closed system at a constant pressure from a saturated liquid to a saturated vapor by
transferring heat from a reservoir at two pressures. The pressure that is more effective from a second-law point of view is to
be determined.

Assumptions 1 Kinetic and potential energy changes are negligible.

Analysis We take the R-134a 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

E,-E = AE

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

Qin _Wb,out :AU:m(MZ_ul) R-134a r—
_w AU 100 kPa
Oin =Wy ou + sat. liquid

Oiy = AH =m(hy —hy)

in out system

At 100 kPa:

From the R-134a tables (Table A-12), T
U p@iookpa = 197.98 kl/kg
h g @i00kpa = 217.16 kI/kg
S p@iookpa = 0-87995kl/kg-K

1/ 100kPa \2

The boundary work during this process is

Whou = P(vy —v)) = Pv , = (100 kPa)(0.19181) m3/kg(lli3) =19.18 kl/kg

kPa-m
The useful work is determined from

Wy = Wpout ~ Wsurr :P(VZ _Vl)_PO(UZ _VI)ZOkJ/kg

since P = Py =100 kPa. The heat transfer from the energy balance is

Gin =hy =217.16kl/kg

The exergy change between initial and final states is

T
G — Py =uy —uy + Py(vy —vy) =T (s —Sz)+%n(1—T_0]
R

TO

1kJ

=-197.98 kl/kg — (100 kPa)(0.19181 m3/kg)[ﬁj +(298 K)(0.87995 kJ/kg - K)
1kPa-m

L1716 kikg)| 1- 228K
273K

= 25.18 kl/kg

The second law efficiency is then

w, 0klJ/kg

T = Ng~ 25.18kikg
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At 200 kPa:
U gy @a00kpa = 186.21KJ/kg
h @ 200kpa = 206.03kI/kg
S p@a0okpa =0.78316kJ/kg -K

U @a00kpa = Vg~V = 0.099867 —0.0007533 = 0.099114 m" /kg

iJ =19.82kJ/kg
1

Whout = P(Vy —v1) = Py =(200kPa)(0.099114) m3/kg( s
a-m

Wy =Wb,out ~ Waurr =P(UZ _VI)_PO(UZ _Vl)

=(P~Py)v , =(200-100) kPa(0.099114) m3/kg(&3] =9.911kJ/kg
: 1

kPa-m

T,
$ — ¢y =uy —uy + Fy(v; —vy) =Ty (s _SZ)+qin[l_T_OJ
R

TO
=t~ B +Tosg +‘1in[1‘T—J
R

=-186.21kJ/kg — (100 kPa)(0.099114 kag)(i] +(298 K)(0.78316 kJ/kg - K)
1kPa-m?
+(206.03 kJ/kg) 1—%
273K
=18.39kJ/kg
911kJ/k
- w, 9.911kl/kg 0539

" Ad 1839ki/kg

The process at 200 kPa is more effective from a work production standpoint.
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8-100 An electrical radiator is placed in a room and it is turned on for a period of time. The time period for which the heater

was on, the exergy destruction, and the second-law efficiency are to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The
room is well-sealed. 4 Standard atmospheric pressure of 101.3 kPa is assumed.

Properties The properties of air at room temperature are R = 0.287 kPa.m’/kg.K, ¢, = 1.005 kJ/kg K, ¢,=0.718 kl/kg.K
(Table A-2). The properties of oil are given to be p = 950 kg/m’, oy = 2.2 kI/kg.K.

Analysis (a) The masses of air and oil are

PV } 3
. _RY_ (101.3kPa)(75m?) 9488 kg o Room

RT,  (0.287 kPa-m’>/kg - K)(6+ 273 K)

0
T
My = oV = (950 kg/m*)(0.050m>) =47.50 kg Radiator

An energy balance on the system can be used to determine time period
for which the heater was kept on

Wiy = Qo) = [mey (T, = 1), +[me(T, = T)],
(2.4 - 0.75kW)Ar =[(94.88 kg)(0.718 kI/kg.°C)(20 — 6)°C]+ [(47.50 kg)(2.2 kJ/kg.°C)(60 — 6)°C]
At =39885=66.6 min
(b) The pressure of the air at the final state is

_ m,RT,, (94.88kg)(0.287 kPa - m*/kg - K)(20 + 273 K)
v 75m?

P, =106.4 kPa

The amount of heat transfer to the surroundings is
Ot = QoutAt =(0.75kJ/s)(3988s) = 2999 kJ

The entropy generation is the sum of the entropy changes of air, oil, and the surroundings

T P
AS, = m{cp ln—z—Rln—z}

n "R
20+273)K _
— (9488 kg) (1.005 Kkg K)n Ot 2K _ (0 57 kyjkg Kyt Tt KPR
(6+273)K 101.3kPa
=3335kIK
T
AS,, =meln T2 = 47.50 ke)2.2 kikg K)in CO2TIK e sorik
T (6+273)K
ASgur = Qo - 29K _ 10 7510%
Ty (6+273)K

Sgen =AS, +AS +AS,, =3.335+18.49 +10.75=32.57 kI/K

oil

The exergy destruction is determined from
Xgest =T0S gen =(6+273K)(32.57kI/K)=9088kJ =9.09 MJ

gen
(c¢) The second-law efficiency may be defined in this case as the ratio of the exergy recovered to the exergy input. That is,
X = m[cu (T, - Tl)]_TOASa
=(94.88 kg)[(0.718 kJ/kg.°C)(20 — 6)°C] —(6+273K)(3.335kJ/K) =23.16 kJ
Xgip =m[C(T, = T)]-TyAS,
=(47.50 kg)[(2.2 kJ/kg.°C)(60 — 6)°C]— (6+273K)(18.49kJ/K) =484.5k]J

X recovered _ Xa2 + Xoil2 _ (23.16+484.5) kJ

: = =0.0529=5.3%
X W At (2.4 kJ/s)(3998s)

M=
supplied
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8-101 Hot exhaust gases leaving an internal combustion engine is to be used to obtain saturated steam in an adiabatic heat
exchanger. The rate at which the steam is obtained, the rate of exergy destruction, and the second-law efficiency are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air properties are
used for exhaust gases. 4 Pressure drops in the heat exchanger are negligible.

Properties The gas constant of air is R = 0.287 kJkg.K. The specific heat of air at the average temperature of exhaust gases
(650 K) is ¢, = 1.063 kJ/kg.K (Table A-2).

Analysis (a) We denote the inlet and exit states of exhaust gases by (1) and (2) and that of the water by (3) and (4). The
properties of water are (Table A-4)

T; = 20°C} hy =83.91kJ/kg Exh. gas
400°C o
x;=0 53 =0.29649 kl/kg. K — —> 350°C
150 kPa Heat
T, = 20000} h, =2792.0kJ/kg Exchanger
x4 =1 54 =6.4302 kl/kg K Sat. vap. Water
o < . o
An energy balance on the heat exchanger gives 200°C 20°C

tiv by + i by = i by + iy
sty (T, = Ty) = iy (hy — hs)
(0.8 kg/s)(1.063 kJ/kg°C)(400 — 350)°C = 1, (2792.0 —83.91)kJ/kg
i, =0.01570kg/s

(b) The specific exergy changes of each stream as it flows in the heat exchanger is

T 273)K
— ¢, In 12 = (0.8 kg's)(1.063 kl/kg K)ln OO+ 273K
T (4004 273)K

As =-0.08206 kJ/kg.K

a

Ay, =c, (I, =T) = TyAs,
= (1.063 kJ/kg.°C)(350 - 400)°C — (20 + 273 K)(-0.08206 kJ/kg K)
=-29.106 kl/kg

Ay, = hy—hy = Ty(s54—53)
=(2792.0-83.9D)kJ/kg - (20+273 K)(6.4302-0.29649)k]/kg.K
=910.913kJ/kg

The exergy destruction is determined from an exergy balance on the heat exchanger to be

~ X gost = W, AW, +1in, Ay, = (0.8 kg/s)(-29.106 kI/kg) +(0.01570 kg/s)(910.913) ki/kg = —8.98 kW
or
Xgosr = 8.98kW

(c) The second-law efficiency for a heat exchanger may be defined as the exergy increase of the cold fluid divided by the
exergy decrease of the hot fluid. That is,

m, Ay, (0.01570kg/s)(910.913 kl/kg)
A, —(0.8kg/s)(-29.106 kJ/kg)

0.614

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-93
8-102 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount of heat loss and
the amount of exergy destruction in 5 h are to be determined

Assumptions Steady operating conditions exist since the surface temperatures of the glass remain constant at the specified
values.

Analysis We take the glass to be the system, which is a closed system. The amount of heat loss is determined from

0 = OAt = (4.4 kJ/s)(5%3600 s) = 79,200 kJ

— Glass
Under steady conditions, the rate form of the entropy balance for the glass
simplifies to
. . . o S0
Sin - Sout + Sgcn - ASsystcm =0
= -
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy
Qin Qout 3 — / \_
T__T_+Sgen,glass =0 10°C 3°C
b,in b,out

4400 W 4400 W : .
Sk e o =0 > Sun g =0.3943 WK

Then the amount of entropy generation over a period of 5 h becomes

S At = (0.3943 WIK)(5x 3600 s) = 7098 J/K

gen,glass gen,glass

The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jesroyed = 70 gen »

X gestroyed = ToSgen = (278 K)(7.098 kI/K) =1973 kJ

Discussion The total entropy generated during this process can be determined by applying the entropy balance on an
extended system that includes the glass and its immediate surroundings on both sides so that the boundary temperature of
the extended system is the room temperature on one side and the environment temperature on the other side at all times.
Using this value of entropy generation will give the total exergy destroyed during the process, including the temperature
gradient zones on both sides of the window.
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8-103 Heat is transferred steadily to boiling water in the pan through its bottom. The inner and outer surface temperatures
of the bottom of the pan are given. The rate of exergy destruction within the bottom plate is to be determined.

Assumptions Steady operating conditions exist since the surface temperatures of the pan remain constant at the specified
values.

Analysis We take the bottom of the pan to be the system, which is a closed system. Under steady conditions, the rate form
of the entropy balance for this system can be expressed as

Sin - Sout + LS.'gen = AS'system&o =0
— —— —
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy
), ' : 104°C
&_&_f_ Sgen,system :0 /
T b,in T b,out
1100 W 1100 W .
38K 377K Densysem =0 1oow \
. 105°C
S gensysiem = 0-007719 W/K

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = 70 gen »

X gestroyed = TS gen = (298 K)(0.007719 W/K) = 2.30 W

8-104 Elevation, base area, and the depth of a crater lake are given. The maximum amount of electricity that can be
generated by a hydroelectric power plant is to be determined.

Assumptions The evaporation of water from the lake is negligible.
Analysis The exergy or work potential of the water is the potential energy it possesses relative to the ground level,
Exergy=PE=mgh

Therefore,

dz

Exergy = PE = IdPE = J.gzdm = Igz(pAdz)

= ,oAgr2 zdz = pAg(zg - 212)/2
21

=0.5(1000 kg/m*®)(2 x 10* m?)(9.81 m/s>)

1h 1kJ/kg
x (152 m)? — (140 m?
(( ) ){3600 sj(moo mz/szj

140 m z

=9.55x10* kWh
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8-105 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water
temperature to a specified temperature, the minimum work input, and the exergy destroyed during this process are to be
determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container
itself and the heater is negligible. 3 Heat loss from the container is negligible. 4 The environment temperature is given to
be Ty =20°C.

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C (Table A-3).

Analysis Taking the water in the container as the system, which is a closed system, the energy balance can be expressed as

Ein - Eout = AEsystem
R —
Net energy transfer Change in internal, kinetic, s
by heat, work, and mass potential, etc. energies
W, =(AU ) Water
) €, ( )Wate 4 0 kg
We,in At = mc(TZ - Tl )water
Substituting,
Heater
(800 J/s)At = (40 kg)(4180 J/kg-°C)(80 - 20)°C

Solving for At gives
Ar=12,540 s =209 min =3.48 h

Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this system and
the energy and entropy contents of the heater are negligible, the entropy balance for it can be expressed as
Sin_Sout + Sgen =AS
——

| ———) | —
Net entropy transfer Entropy Change
by heat and mass generation in entropy

0+ Sy, =AS

system

water
Therefore, the entropy generated during this process is
353K

T,
=mcIn—=(40 kg )4.18 kJ/kg-K )In
T (40 ke gK)n——r

Soen =AS

gen water

=31.15kJ/K

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = 105 gen »

X gestroyed = ToS gen = (293 K)B 115 KI/K) = 9127 kJ

The actual work input for this process is

=W,

act,in

W,

actin At = (0.8kJ/s)(12,5405) =10,032 kJ
Then the reversible (or minimum required )work input becomes

Wrevin = Waetin = X destroyed = 10,032-9127 = 906 kJ

rev,in
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8-106 A hot water pipe at a specified temperature is losing heat to the surrounding air at a specified rate. The rate at which
the work potential is wasted during this process is to be determined.
Assumptions Steady operating conditions exist.

Analysis We take the air in the vicinity of the pipe (excluding the pipe) as our system, which is a closed system.. The
system extends from the outer surface of the pipe to a distance at which the temperature drops to the surroundings
temperature. In steady operation, the rate form of the entropy balance for this system can be expressed as

. . . e S0 °
Sin - Sout + Sgen - ASsystf::m =0 80°C
\—ﬂ/_—/ e | S —

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

by heat and mass generation of entropy
. . - D=5cm
Qin _ Qout + S =0 - \
gen,system L=10m
T b,in T b,out
Air, 5°C

175 W 1175 W

353K 278 K gensystem =0.8980 W/K

=0 > S

gen,system

The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jegroyed = 105 gen »

X gestroyed = ToSgen = (278 K)(0.8980 W/K) = 250 W
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8-107 Air expands in an adiabatic turbine from a specified state to another specified state. The second-law efficiency is to
be determined.

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

Properties At the average temperature of (425 + 325)/2 = 375 K, the constant pressure specific heat of air is ¢, = 1.011
kJ/kg.K (Table A-2b). The gas constant of air is R = 0.287 kJ/kg.K (Table A-1).
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,
Ein - Eout = AEsystem (steady) =0
S —
Rate of net energy transfer  Rate of change in internal, kinetic, 550 kPa
by heat, work, and mass potential, etc. energies 425K
E in = E out U/
tithy = Wy, +rith,
. . Air 3
Wout = m(hl - hz )
Wout:cp(Tl_TZ) \'\
Substituting, 110 kPa
Wou = ¢, (T =Ty) = (1.011kJ/kg - K)(425-325)K = 101.1kI/kg 325K

The entropy change of air is

T. P
§y; =8 =¢, In—>—-RIn—%

T I
25K 110kP
— (1011 kI/kg-K) In 22K (0,287 ky/kg - K) In 110 KP2
425K 550kPa

=0.1907kJ/kg-K
The maximum (reversible) work is the exergy difference between the inlet and exit states
=c, (I} =T7)=Ty(s; —s3)
=Wou —To (51 =5,)
=101.1kJ/kg — (298 K)(—-0.1907 kJ/kg - K)
=157.9 kJ/kg

Wrev,out

The second law efficiency is then

Wou _ 101TkI/kg _

= 0.640
157.9kl/kg

M =

Wrev,out
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8-108 Steam is accelerated in a nozzle. The actual and maximum outlet velocities are to be determined.
Assumptions 1 The nozzle operates steadily. 2 The changes in potential energies are negligible.
Properties The properties of steam at the inlet and the exit of the nozzle are (Tables A-4 through A-6)

P, =300kPa | b, =2761.2kl/kg
T, =150°C [ s, =7.0792kl/kg-K

P, =150 kPa }hz =2693.1kJ/kg

x, =1 (sat.vapor) | s, =7.2231kJkg-K

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

: : _ ' J0 (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 500 kPa
] 5 ) ) 200°C H,0 200 kPa
i(h, + V2 12) = i(hy +V212) sat. vapor
y2 e 30 m/s —
2 771
= hl - hZ = Akeactual
2
Substituting,

Ake oo =M — hy =2761.2-2693.1=68.1kJ/kg
The actual velocity at the exit is then

S
21 = Akealcrual

2,.2
Vy =V +2Ake ) = \/(45 m/s)* + 2(68.1kJ/kg)[%] -371.8mi/s
g

The maximum kinetic energy change is determined from

Ake,,, =h —hy, —Ty(s; —s,) = 68.1—(298)(7.0792 — 7.2231) =111.0 kl/kg

The maximum velocity at the exit is then

V22,max - V12 — Ake
2 max
5 5 1000 m? /s>
Vi max = Vi +28ke 0 = [(45m/s)” +2(111.0 kI/kg) BT
=473.3ml/s
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8-109E Steam is expanded in a two-stage turbine. Six percent of the inlet steam is bled for feedwater heating. The
isentropic efficiencies for the two stages of the turbine are given. The second-law efficiency of the turbine is to be

determined.

8-99

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and there is

no heat transfer from the turbine.

Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume since mass crosses

the boundary. The energy balance for this steady-flow system can be expressed in the rate form as

. . _ . 70 (steady) _
Ein - Eout - AESYStem =0 500 psia
—_— R
Rate of net energy transfer  Rate of change in internal, kinetic, 6001211:
by heat, work, and mass potential, etc. energies
E in = E out

tinghy = iy + rishy + W,
Wy = ity hy =iy hy =iy hy 100 psia
o =y —0.06/, —0.94h

Wout = (hl _h2)+0-94(h2 _h3)

5 psia

w,

The isentropic and actual enthalpies at three states are
determined using steam tables as follows:

P, =500psia | h; =1298.6 Btw/lbm
T, = 600°F s, =1.5590 Btu/lbm- R

P, =100 psia X, =0.9609

Sy, =8, =1.5590 Btu/Ibm-R hy, =1152.7 Btu/lbm
by —hy

Nry = - —> hy =h; —np (b —hy)=1298.6-(0.97)(1298.6 -1152.7) =1157.1kJ/kg
17 2

P, =100 psia x, =0.9658

h, =1157.1Btw/lbm | s, =1.5646 Btu/lbm-R

Py =5psia x5, =0.8265

53 =85, =1.5646kl/kg-K | hy; =957.09 Btu/lbm

Nra= ;f _:3 —> by =hy —np o (hy =y ) =1157.1-(0.95)(1157.1-957.09) = 967.09 kI /kg
27 Mg

P; =5psia x; =0.8364

hy =967.09 Btu/lbm | s; =1.5807 Btw/lbm-R

Substituting into the energy balance per unit mass flow at the inlet of the turbine, we obtain

=(h —hy)+0.94(h, —hy)
=(1298.6-1157.1)+0.94(1157.1-967.09) = 320.1 Btu/lbm

Wout

The reversible work output per unit mass flow at the turbine inlet is
Weey = hy —hy =Ty (s =53)+0.94[hy —hy =T, (s —s3)]
=1298.6—-1157.1—-(537)(1.5590 —1.5646) + 0.94[(1 157.1-967.09—-(537)(1.5646 -1 .5807)]
=331.2 Btw/lbm

The second law efficiency is then

Wou _ 320.1Btw/lbm _
331.2 Btu/lbm

My = 0.966

rev
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8-110 A throttle valve is placed in the steam line supplying the turbine inlet in order to control an isentropic steam turbine.
The second-law efficiency of this system when the valve is partially open to when it is fully open is to be compared.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and there is
no heat transfer from the turbine.

Analysis

Valve is fully open:

The properties of steam at various states are T 6 MPa
Py =100kPa } hy = hy@osec =104.8kl/kg 1 3 MPa
T, =25°C So =8 p@osec =0.3672kl/kg-K 2
P =P, =6MPa | h =h, =3894.3kl/kg y 70 kPa 3p
T, =T, =700°C } s, =5, =7.4247kl/kg-K 3 s

5y =5, hy =2639.7 kl/kg

P, =70kPa } x; =0.9914
The stream exergy at the turbine inlet is
Wi =h —hy—Ty(s; —sy) =3894.3-104.8—(298)(7.4247-0.3672) = 1686 kJ/kg
The second law efficiency of the entire system is then
hy —hy _ =y
hy —hy =Ty (s, —s3) - hy —hy

w

_ Yout __

My = =
w

rev

since 51 = s3 for this system.
Valve is partly open:

P, =3MPa

5, =7.7405kl/kg-K (from EES)
hy = h; =3894.3kl/kg

P; =70kPa
hy =2760.8kJ/kg (from EES)
S3 =5,
Wy =hy —hy—Ty(s, —55) =3894.3-104.8—(298)(7.7405-0.3672) = 1592 kJ/kg

Wout hy —hy 3894.3-2760.8
= = = =1.0
hy —hy —Ty(s, —s3) 3894.3—2760.8 — (298)(7.7405 — 7.7405)
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8-111 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened and steam flows
from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses heat to the surroundings. The
final temperature in each tank and the work potential wasted during this process are to be determined.

Assumptions 1 Tank A is insulated and thus heat transfer is negligible. 2 The water that remains in tank A undergoes a
reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible. 4 The system is stationary
and thus kinetic and potential energy changes are negligible. 5 There are no work interactions.

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),

Tank A:
P — 400 kpa | Vit =Vr H IV = 0.001084 +(0.8)(0.46242 — 0.001084) = 0.37015 m* /kg
! Uy 4 =up+xu, =604.22+(0.8)1948.9)=2163.3 ki/kg
x, =0.8 1,4 f 1% fz
! Sia =5, +x5, =1.7765+(0.8)(5.1191)=5.8717 ki/kg-K
T2,A = Tsat@300kPa =133.52°C
P, =300 kPa s 4 :S2,A_Sf :5'8717_1'6717:0.7895

S2 = Sl ’ ng 5.3200
(sat. mixture) | v, , = U+ 49 =0.001073+(0.7895)0.60582 —0.001073) = 0.47850 m* /kg
Uy g =ty +Xy 41 g =561.11+(0.7895)1982.1 ki/kg) = 2125.9 ki/kg

TankB:
=1.1989 m*/k
P =200 kPa o 2731 4rlilJ/k ; K
u = .
1, =250°Cc [ ""® & 2
s.p =7.7100 kl/kg - K S 7
The initial and the final masses in tank A are m=3kg
3 steam
v 0.2 = o
myy =—A = o _0.5403kg T=250°C
vy 037015 m/kg P =200kPa
and
v 0.2m’
m y =— N 04180 kg

Vou  0.479m’/kg
Thus, 0.540 - 0.418 = 0.122 kg of mass flows into tank B. Then,
my g =my p—0122=3+0122=3.122 kg

The final specific volume of steam in tank B is determined from

v, (mv), (ke).1989 m k)

. =1.152 m®/kg
m, g m; p 3.122 m

Vo =

We take the entire contents of both tanks as the system, which is a closed system. The energy balance for this stationary
closed system can be expressed as

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

~ 0, =AU =(AU) , +(AU);  (since W =KE = PE = 0)
—Oout = (m2u2 _mlul)A +(m2”2 —”11”1)3
Substituting,

~900 ={(0.418)2125.9) - (0.5403)(2163.3)} + {(3.122)u, 5 — (3)(2731.4)}
Uy 5 =2425.9 kl/kg
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Thus,

vyp =1.152m’/kg T, 5 =110.1°C
Uy 5 =2425.9 kl/kg | S2,5 = 6.9772 kl/kg-K

(b) The total entropy generation during this process is determined by applying the entropy balance on an extended system
that includes both tanks and their immediate surroundings so that the boundary temperature of the extended system is the
temperature of the surroundings at all times. It gives

Sin_Sout + Sgen =AS
——

\—ﬂ/_—J %r_l
Net entropy transfer Entropy Change
by heat and mass generation in entropy

Qo
— =4 Sy =AS, +ASy

b,surr

system

Rearranging and substituting, the total entropy generated during this process is determined to be

Oout Qout
B = (mys, —m1S1)A+(m2S2_m1S1)B+ =
b,surr b,surr

={(0.418)5.8717)—(0.5403)5.8717)}+ {(3.122)(6.9772) - (3)7.7100)} +

Seen =AS 4 +ASp +

900 kJ
273K

=1.234kJ/K

The work potential wasted is equivalent to the exergy destroyed during a process, which can be determined from an exergy
balance or directly from its definition X 4egiroyed = 105 gen »

X gestroged = ToSgen = (273K)(1.234kI/K) = 337kJ

gen
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8-112E A cylinder initially filled with helium gas at a specified state is compressed polytropically to a specified
temperature and pressure. The actual work consumed and the minimum useful work input needed are to be determined.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression
or expansion process is quasi-equilibrium. 5 The environment temperature is 70°F.

Properties The gas constant of helium is R = 2.6805 psia.ft’/Ibm.R = 0.4961 Btu/Ibm.R (Table A-1E). The specific heats of
helium are ¢, = 0.753 and ¢, = 1.25 Btw/Ibm.R (Table A-2E).

Analysis (a) Helium at specified conditions can be treated as an ideal gas. The mass of helium is

L hv (40 psia)(8 ft*)

3 =0.2252 Ibm
RT,  (2.6805 psia - ft°/Ibm - R)(530 R)

The exponent n and the boundary work for this polytropic process are

determined to be HEthI“g M
PV, PV. T, P i PV" = const Q
i _ BV, y, - A, (8OR)EOpsa) o psy_ 33644 o
T, T, T, P, (530 R)(140 psia)
P V n n
pvr—pur — [ 2[4 _{ﬂj:[ij L n=1446
PR v, 40 3.364

Then the boundary work for this polytropic process can be determined from

Wbin :_J.ZPdVZ—PZ‘/z _Pl(/l :_mR(T2 _Tl)
. 1 — h
__ (02252 1bm)0.4961 Btwlbm -R780 ~530R _ o 0 oo
1-1.446
Also,
i 3 1Btu
Wamin =—Po(Vy —V4) =—(14.7 psia)(3.364 - 8)ft’| ——————— |=12.61Btu
| 5.4039 psia - ft

Thus,

Wu,in = Wb,in - Wsurr,in =62.62-12.61=50.0Btu

(b) We take the helium in the cylinder as the system, which is a closed system. Taking the direction of heat transfer to be
from the cylinder, the energy balance for this stationary closed system can be expressed as

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

_Qout +Wb,in =AU = m(u2 _ul)
= Oout =muy —uy) =Wy sy
Oout =Wyjn —me, (I, =17)

Substituting,
Ouut = 62.62 Btu —(0.2252 1bm }(0.753 Btu/Ibm - R }(780 — 530)R = 20.69 Btu

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

Sin - Sout + Sgen = ASsystem
—

—
Net entropy transfer Entropy Change

by heatandmass  generation  in entropy
Qout —
_—+Sgen - ASsys
b,surr
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where the entropy change of helium is

T, P
ASS)’S = AShelium = m(cp,avg 11172 —RIn ?ZJ
1 1

_ (02252 1bm) (1.25 Btw/lbm - R)InS0 R _ (0.4961 Btu/lbm - R)ln ~20PSI2
530 R 40 psia
=-0.03201Btu/R
Rearranging and substituting, the total entropy generated during this process is determined to be

S en = ASetium + Q]f‘“ = (~0.03201 BtwR) + % =0.007022 Btu/R

0

The work potential wasted is equivalent to the exergy destroyed during a process, which can be determined from an exergy

balance or directly from its definition X jeroyed = 705 gen »

X gestroyed = ToSgen = (530 R)(0.007022 Btw/R) = 3.722 Btu

The minimum work with which this process could be accomplished is the reversible work input, W, in Which can be
determined directly from

Wrevin =Wain — X gestroyea = 50-0 —3.722 =463 Btu

rev,in

Discussion The reversible work input, which represents the minimum work input W, ;, in this case can be determined from
the exergy balance by setting the exergy destruction term equal to zero,

70 (reversibk) _ _
Xin _Xout - Xdestroyed - AXvsystem - I/Vrev,in - X2 - Xl
Y —_——
Netexergy trasfer Exergy Change

by heat, work,and mass destructim in exergy
Substituting the closed system exergy relation, the reversible work input during this process is determined to be
Wiew =(Uy =U) =Ty (S, =S+ KV, -V))
=(0.2252 Ibm)(0.753 Btu/lbm - R)(320 — 70)°F — (530 R)(—0.03201 Btu/R)
+ (14.7 psia)(3.364 — 8)ft*[Btu/5.4039 psia - ft*]
=46.7Btu

The slight difference is due to round-off error.
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8-113 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some steam is extracted
at the end of the first stage. The wasted power potential is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are
negligible. 3 The turbine is adiabatic and thus heat transfer is negligible. 4 The environment temperature is given to be 7 =
25°C.

Analysis The wasted power potential is equivalent to the rate of exergy destruction during a process, which can be
determined from an exergy balance or directly from its definition X 4egroyed = 705 gen -

The total rate of entropy generation during this process is determined by taking the entire turbine, which is a
control volume, as the system and applying the entropy balance. Noting that this is a steady-flow process and there is no
heat transfer,

. . . e Jo0
Sin - Sout + Sgen - ASsystem =0
— | —
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

mlsl _m2S2 —WZ3S3 +Sgen :0

rity sy = 0.1rity 55 —0.9%55 + Sy =0—> Syop =1, [0.955 +0.15, —5,]

and Xdestroyed = E)Sgen = T()ml[o'gs3 + 0'152 _Sl]
9 MPa
From the steam tables (Tables A-4 through 6) 500°C
P, =9 MPa }hl =3387.4kJ/kg /
T, =500°C | s, =6.6603kJ/kg-K STEAM
13.5 kg/s —3
P, =1.4MPa
hy, =2882.4kJ/kg ( I
Sos =8 x‘\
and, 50 kPa
h —h
nr :#—> hy = hy =117 (hy = hyy)
b =3387.4 — 0.88(3387.4 — 2882.4)
=2943.0 kJ/kg
P, =1.4MPa
s, =6.7776kJ /kg-K
hy, =2943.0kJ/kg
Sy, — S _
Py =50kPa | x,, = 3 % _ 6.6603-1.0912 _ o
o S fe 6.5019
3 701 hyg =h; +X3.hy, =340.54+0.8565 x 2304.7 = 2314.6 k) kg
h —h
and Ny =———=-—— hy=h; = np(h = hy,)
hl - h3s

=3387.4-0.88(3387.4 - 2314.6)
=2443.3kl/kg

hy —h; 24433 -340.54
B 2304.7
s3=5; +x35;, =1.0912+0.9124x6.5019 =7.0235 kJ/kg - K

=0.9124

P, =50kPa Xy =
hy = 2443 3kl/kg

Substituting, the wasted work potential is determined to be

X gestroyed = ToS gen = (298 K)(15 kg/s)(0.9x 7.0235 +0.1x6.7776 — 6.6603)kl/kg = 1514 kW

gen
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8-114 Steam expands in a two-stage adiabatic turbine from a specified state to another specified state. Steam is reheated
between the stages. For a given power output, the reversible power output and the rate of exergy destruction are to be
determined.

Assumptions 1 This is a steady-flow process since there is no change

with time. 2 Kinetic and potential energy changes are negligible. 3 The
turbine is adiabatic and thus heat transfer is negligible. 4 The

environment temperature is given to be 7o = 25°C. 2 MPa
Properties From the steam tables (Tables A-4 through 6) 350°C

P, =8MPa | i, =3399.5kJ/kg
T, =500°C [ s, =6.7266kJ /kg-K

Heat

Stage Il |__385MW

P, =2MPa | h, =3137.7kJ /kg r

T, =350°C [ s, =6.9583kJ /kg-K ' ’\ \,l\
P, =2MPa | h, =3468.3KkJ /kg 8 MPa 30 ka
T, =500°C [ s, =7.4337kI/kg-K 500°C X=97%

P, =30kPa | hy =h; +x4h =289.27+0.97x2335.3=2554.5k]/kg
x, =097 Sy =Sy + X485, =0.9441+0.97 x 6.8234 =7.5628 kl kg - K

Analysis We take the entire turbine, excluding the reheat section, as the system, which is a control volume. The energy
balance for this steady-flow system can be expressed in the rate form as

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

tihy + tithy = mihy +mhy, + W,

Wou = ml(hy —hy)+(hs —hy)]
Substituting, the mass flow rate of the steam is determined from the steady-flow energy equation applied to the actual
process,
W, B 5000kJ/s
hy—hy +hy—h,  (3399.5-3137.7+3468.3-2554.5)k]/kg

The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine
and setting the exergy destruction term equal to zero,

=4.253kg/s

Y Y y 70 (reversibk) _ A Y 20 (steady) _
X in— X out -X destroyed - system =0
[ ——
Rateof netexergy traisfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X; in = X out

my,+mys =my, +my, +VVrcv,out

Wievout = MWy =) +m(ys —yy)

= (= Iy) + Ty (s, = 57) = Ake™ = Ape™]
il (hs =) + Ty (sy = 53) = Ake™ — Ape™]
Then the reversible power becomes
Wrev,out = ’h[hl —hy+hy—hy +To(s5 =51 +54 —Sa)]
=(4.253kg/s)[(3399.5-3137.7+3468.3 -2554.5)k)/kg
+(298 K)(6.9583 -6.7266 + 7.5628 —7.4337)kl/kg - K]

= 5457 KW
Then the rate of exergy destruction is determined from its definition,

Xdcstroycd = .rcv,out - Wout = 5457 -5000 = 457 kW
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8-115 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the other side contains
He gas at different states. The final equilibrium temperature in the cylinder and the wasted work potential are to be
determined for the cases of piston being fixed and moving freely.

Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible.

Properties The gas constants and the specific heats are R = 0.2968 kPa.m’/kg.K, ¢p=1.039 kJ/kg-°C, and ¢, = 0.743
kJ/kg-°C for N,, and R = 2.0769 kPa.m’/kg K, c, = 5.1926 kJ/kg-°C, and ¢, = 3.1156 kl/kg-°C for He (Tables A-1 and A-
2).

Analysis The mass of each gas in the cylinder is

3
s :(Plvlj _ (500 kPa)i m? ) R
NZ

> RT, (02968 kPa - m* kg -K 353 K)
_— [Pl(/1 j _ (500 kPa)(l m3) _ 0.8079 kg
TOURE ), (20769 kPa-m®/kg- K [298 K)

Taking the entire contents of the cylinder as our system, the 1st law relation can be written as

Ein _Eout = AE

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

0=AU = (AU)y, +(AU )y,
0=[me, (T, =T)]x, +[mec, (T =T))]ue

Substituting,
(4.772 kg){0.743 ki/kg-* C )T, ~80) C+(0.8079 ke)(3.1156 ki/kg-* C), —25) C =0

It gives
T,=57.2°C
where T;is the final equilibrium temperature in the cylinder.

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the
specific heats.

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus
there is no heat transfer, the entropy balance for this closed system can be expressed as
Sin_Sout + Sgen =AS
——

| | —
Net entropy transfer Entropy Change
by heatandmass  generation  in entropy

O+Sgen = ASN2 +ASy.

system

But first we determine the final pressure in the cylinder:

4772kg  0.8079 k
Niotat = Nx, + N :(ﬂ +[ﬂ = £ 4+ € _ 0.3724 kmol
: M)y, M)y, 28kg/kmol 4 kg/kmol
3
P, = NowR, T _(0.3724 kmol)(8.3l4 kPa-3m /kmol-KX33o.2 K)_ S11.1kPa
Vtotal 2m
Then,
T P
ASy, = m(cp ln—z—Rln—zJ
T B )y
2K 11.1 kP
=(4.772 kg) (1.039 kJ/kg~K)1n&—(0.2968 kl/kg -K)lns—a =-0.3628 kI/K
353K 500 kPa
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T P.
ASye = m(cp lan— Rln ?ZJ
1 1 /He

3302 K

511.1kP
=(0.8079 kg) (5.1926 ki/kg - K)In —— e
208 K

—(2.0769 kl/kg - K)In
500 kPa

} =0.3931kJ/K

Sgen =ASy, +ASy, =—-0.3628+0.3931=10.0303 kJ/IK

The wasted work potential is equivalent to the exergy destroyed during a process, and it can be determined from an exergy
balance or directly from its definition X jegroyed = 10Sgen »

X gestroed = ToS gen = (298 K)(0.0303 kI/K) = 9.03kJ

gen

If the piston were not free to move, we would still have 75 = 330.2 K but the volume of each gas would remain constant in
this case:

1 1

&0
T v 3302 K
ASy. =m| ¢, In—*~—-Rln—= =(4.772 kg)(0.743 kJ/kg - K ) In =-0.2371kJ/K
2 T 1 353K
NZ
J0
T % 3302 K
ASy, = m(cv 1n72—R In—2 J =(0.8079 kg)(3.1156 ki/kg-K)In s~ 02S8KIK
He

Seen =ASy, +ASy, =-0.2371+0.258 =0.02089 kJ/K

and

X gestroged = ToS gen = (298 K)(0.02089kJ/K) = 6.23 kJ
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8-116 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the other side contains
He gas at different states. The final equilibrium temperature in the cylinder and the wasted work potential are to be
determined for the cases of piston being fixed and moving freely. ¥

Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the container itself,
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston
is at the average temperature of the two gases.

Properties The gas constants and the specific heats are R = 0.2968 kPa.m’/kg K, ¢, = 1.039 kJ/kg-°C, and ¢, = 0.743
kJ/kg-°C for N,, and R =2.0769 kPa.m3/kg.K, ¢p=15.1926 kl/kg-°C, and ¢, = 3.1156 kJ/kg-°C for He (Tables A-1 and A-
2). The specific heat of copper piston is ¢ = 0.386 kJ/kg-°C (Table A-3).

Analysis The mass of each gas in the cylinder is

., :[Pl(/lj g (500 kPa )1 m? ) 4772 kg
N,

RT, 0.2968 kPa-m’ /kg K |353 K)

3
—_ [PM J _ (500 kP?)(l m?) 05079 ke
RT ). (20769 kPa-m®/kg-K 353 K) N
Copper

Taking the entire contents of the cylinder as our system, the 1st law relation can be written as

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

0= AU = (8U)y, +(aU )y +(aU),
0=[mc, (T, =T, +Ime, (T; =T)]ge +[me(Ty =T)]cy

where
Tico=(80+25)/2 = 52.5°C
Substituting,
(4.772 kg){0.743 ki/kg-* C T, ~80) C+(0.8079 ke)3.1156 ki/kg-* C|T, —25) C
+(5.0 ke)(0.386 ki/kg* T, —52.5F C =0
It gives

T;=56.0°C
where 7} is the final equilibrium temperature in the cylinder.

The answer would be the same if the piston were not free to move since it would effect only pressure, and not the
specific heats.

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus
there is no heat transfer, the entropy balance for this closed system can be expressed as

N in — S out T S gen AS system
— —

Net entropy transfer Entropy Change
by heatand mass  generation  in entropy

0+Sgen =ASy, +ASy, +AS

piston

But first we determine the final pressure in the cylinder:

4772kg  0.8079k
Nt =Ny, +Nye =| 2= | +| | = 2 £ ~0.3724 kmol
? M N, M )y, 28 kg/kmol 4 kg/kmol
3
p, = NowRiT _ (0.3724 kmol)(8.314 kPa-m /kmo1-KX329 K) 5094 kPa

3
(/total 2m
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Then,

T P
ASy, = m[cp 1n72— Rln —2j
N

1
2

329K 509.4 kPa

~(0.2968 ki/kg K]
( e K P

= (4772 kg) (1.039 k/kg - K )in — 03749 KI/K
( g){( g-K) }

T. P
ASy. :m[cp ln—z—Rln—zj
Tl 1 /He

329K 509.4 kP
=(0.8079 kg) (5.1926 kl/kg -K)In ~(2.0769 ki/kg - K)In =% | = 03845 kI/K
500 kPa
T, 329K
AS pigion = [mc 1n72J = (5 kg)0.386 kl/kg-K)In o= 0021 KIK
piston

Sgen = ASx, +ASye +AS 0 =—0.3749+0.3845 +0.021 = 0.03047 kI/K

piston
The wasted work potential is equivalent to the exergy destroyed during a process, and it can be determined from an exergy

balance or directly from its definition X jeroyed = 705 gen »

X gestroyed = ToSgen = (298 K)(0.03047kJ/K) = 9.08kJ

If the piston were not free to move, we would still have 7, = 330.2 K but the volume of each gas would remain constant in
this case:

329K
ASy, —m[c 1nF—R1 —2 ] = (4.772 kg)0.743 kJ/kg - K)In

=-0.2492 kJ/K

329K =0.2494 kJ/K

ASy. = m[c ln——Rln— J = (0.8079 kg )(3.1156 kl/kg - K)In

Sgen =ASy, +ASHB+AS 02492+02494+0021—002104kJ/K

piston

and

X gestroyed = ToS gen = (298 K)(0.02104kJ/K) = 6.27 kJ
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8-117E Argon enters an adiabatic turbine at a specified state with a specified mass flow rate, and leaves at a specified
pressure. The isentropic and second-law efficiencies of the turbine are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats.

Properties The specific heat ratio of argon is k= 1.667. The constant pressure specific heat of argon is ¢, = 0.1253
Btu/Ibm.R. The gas constant is R = 0.04971 Btu/lbm.R (Table A-2E).
Analysis There is only one inlet and one exit, and thus 7y, = i1, = m . We take the isentropic turbine as the system, which is

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

. . _ . 70 (steady) _
Ein - Eout = AE system =0 1
— D e ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

rith) =W, oy +1ithy,  (since O = Ake = Ape = 0)
W au = 1it(hy = hyy )

s,out

From the isentropic relations,

P (k=1)/k 30vsia 71667 2
T, =Tj| -2 = (1960 R)| — 212 =917.5R
B 200 psia
Then the power output of the isentropic turbine becomes
. 1h
W, o = tic, (T, — Ty, ) = (40 Ibm/min)(0.1253 Btw/Ibm - R)(1960 —917.5)R| ————2 | =123.2 hp
’ r 42.41 Btu/min

Then the isentropic efficiency of the turbine is determined from

Wa,out _ 95 hp
14 123.2 hp

s,out

Ny = =0.771=77.1%
(b) Using the steady-flow energy balance relation Wa’out =mc, (T1 -7, ) above, the actual turbine exit temperature is
determined to be

/4
T, =T, ——=* ~1500

e, (40 Ibm/min)(0.1253 Btw/Ibm - R)

95 hp (42.41 Btu/min

=696.1°F=1156.1R
lhp

The entropy generation during this process can be determined from an entropy balance on the turbine,

S-S + S =AS eV =0

gen system

| ——— — | S E——
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy

ms; —ms; + Sy, =0
Sgcn :m(SZ _sl)

where
T P
Sy =8 =¢, In—2-Rln—%
1 1

=(0.1253 Btu/Ibm-R) In 156.1R (0.04971Btu/lbm-R) In 30 PSlf‘
1960 R 200 psia

=0.02816 Btu/lbm.R
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The exergy destroyed during a process can be determined from an exergy balance or directly from its definition
Xdestroyed = TOS

gen >
Xdestroyed = E)Sgen = mTE)(s2 _sl)
— (40 Ibm/min)(537 R)(0.02816 Btu/Ibm - R)[$J

42.41 Btu/min
=14.3hp

Then the reversible power and second-law efficiency become

Wrev,out = Wa,out + Xdestroyed =95+14.3=109.3 hp
and
W, 95h
= = 2P _ g6 905
Weyou 109.3hp
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8-118 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio of the mass flow
rates of the extracted steam and the feedwater 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 Heat loss from the device to the surroundings is negligible and thus heat transfer from the hot fluid is equal to
the heat transfer to the cold fluid.

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

P, =1.6MPa| h =2919.9kJ/kg ©
1.6 MPa
T, =250°C |5, =6.6753kl/kg-K Steam .
from 250°C
P, =1.6 MPa hy =h@ 6 mpa =858.44 kl/kg turbine Feedwater
. S2 =S ;@16 mpa = 2-3435 kl/kg - K i ©)
sat. liquid T, =201 4°C 4 MPa
30°C
Py =4MPa| hy=h . =12937 kikg %
T; =30°C |53 =5 ;a0c =0.4355kJ/kg - K @ \
P4 :4MPa h4 Ehf@1914oc :814.78 kJ/kg
T, =T, —10°C=191.4°C | 54 =5 ;gro1 4oc = 22446 kl/kg-K +
Analysis (a) We take the heat exchanger as the system, which is a ©)
control volume. The mass and energy balances for this steady-flow sat. liquid

system can be expressed in the rate form as follows:
Mass balance (for each fluid stream):

20 (steady)

Min = Moy = Amsystem =0— My = Moy = My =My =M and mz =my =mg,

Energy balance (for the heat exchanger):
Ein _ Eom _ AE 20 (steady) =0 Ein _ E

system out

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

by + righy = iy +riyhy, (since Q = W = Ake = Ape = 0)
Combining the two, g (h2 - ) =mg, (h3 - h4)
Dividing by 714, and substituting,
g hy—hy (12937 -814.78)kJ/kg

Chy—h (858.44-2919.9)kJ/kg

- 0.3325
M fiv
(b) The entropy generation during this process per unit mass of feedwater can be determined from an entropy balance on

the feedwater heater expressed in the rate form as

. . . N S0
Sin - Sout + Sgen - ASsystem 0
—_—— — —_—

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

by heat and mass generation of entropy

I’}"llsl —I’}"l2S2 +WZ3S3 _""1434 +Sgen :0
ms(sl _52)+m_/w(s3 _S4)+Sgen =0

S cn ]
Zeen T (s =5 )+ (54— 53)=(0.3325)2.3435 — 6.6753) + (2.2446 — 0.4355) = 0.3688 k/K - kg fw
Mgy M fy
Noting that this process involves no actual work, the reversible work and exergy destruction become equivalent since
X destroyed — w, w - W,

rev,out 7 act,out revout — X destroyed*

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jesroyed = 70 gen »

X gestroyed = ToS gen = (298 K)(0.3688 kI/K - kgfw) =109.9 kd/kg feedwater

gen
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13
8-119 E Problem 8-118 is reconsidered. The effect of the state of the steam at the inlet of the feedwater heater on the
ratio of mass flow rates and the reversible power is to be investigated.

Analysis Using EES, the problem is solved as follows:

"Input Data"

"Steam (let st=steam data):"
Fluid$='Steam_IAPWS'

T_st[1]=250 [C]

{P_st[1]=1600 [kPa]}

P_st[2] = P_st[1]

x_st[2]=0 "saturated liquid, quality = 0%"
T_st[2]=temperature(steam, P=P_st[2], x=x_st[2])

"Feedwater (let fw=feedwater data):"

T_fw[1]=30 [C]

P_fw[1]=4000 [kPa]

P_fw[2]=P_fw[1] "assume no pressure drop for the feedwater"
T_fw[2]=T_st[2]-10

"Surroundings:"

T_0=25][C]

P_o =100 [kPa] "Assumed value for the surrroundings pressure”
"Conservation of mass:"

"There is one entrance, one exit for both the steam and feedwater."
"Steam: m_dot_st[1] = m_dot_st[2]"

"Feedwater: m_dot_fw[1] = m_dot_fw[2]"

"Let m_ratio = m_dot_st/m_dot_fw"

"Conservation of Energy:"

"We write the conservation of energy for steady-flow control volume
having two entrances and two exits with the above assumptions. Since
neither of the flow rates is know or can be found, write the conservation
of energy per unit mass of the feedwater."

E_in - E_out =DELTAE_cv

DELTAE_cv=0 "Steady-flow requirement"

E_in = m_ratio*h_st[1] + h_fw[1]

h_st[1]=enthalpy(Fluid$, T=T_st[1], P=P_st[1])
h_fw[1]=enthalpy(Fluid$,T=T_fw[1], P=P_fw[1])

E_out = m_ratio*h_st[2] + h_fw[2]

h_fw[2]=enthalpy(Fluid$, T=T_fw[2], P=P_fw[2])
h_st[2]=enthalpy(Fluid$, x=x_st[2], P=P_st[2])

"The reversible work is given by Eq. 7-47, where the heat transfer is zero
(the feedwater heater is adiabatic) and the Exergy destroyed is set equal
to zero"

W_rev = m_ratio*(Psi_st[1]-Psi_st[2]) +(Psi_fw[1]-Psi_fw[2])
Psi_st[1]=h_st[1]-h_st_o -(T_o + 273)*(s_st[1]-s_st_0)
s_st[1]=entropy(Fluid$,T=T_st[1], P=P_st[1])

h_st_o=enthalpy(Fluid$, T=T_o, P=P_o)

s_st_o=entropy(Fluid$, T=T_o, P=P_o)

Psi_st[2]=h_st[2]-h_st_o -(T_o + 273)*(s_st[2]-s_st_0)
s_st[2]=entropy(Fluid$,x=x_st[2], P=P_st[2])

Psi_fw[1]=h_fw[1]-h_fw_o -(T_o + 273)*(s_fw[1]-s_fw_o0)
h_fw_o=enthalpy(Fluid$, T=T_o, P=P_o0)

s_fw[1]=entropy(Fluid$, T=T_fw[1], P=P_fw[1])

s_fw_o=entropy(Fluid$, T=T_o, P=P_o)

Psi_fw[2]=h_fw[2]-h_fw_o -(T_o + 273)*(s_fw[2]-s_fw_0)
s_fw[2]=entropy(Fluid$, T=T_fw[2], P=P_fw[2])
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Pst,1 mratio Wrev
[kPa] [kg/kg] [kJ/kg]
200 0.1361 42.07
400 0.1843 59.8
600 0.2186 72.21
800 0.2466 82.06
1000 0.271 90.35
1200 0.293 97.58
1400 0.3134 104
1600 0.3325 109.9
1800 0.3508 115.3
2000 0.3683 120.3

0.4
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8-120 A 1-ton (1000 kg) of water is to be cooled in a tank by pouring ice into it. The final equilibrium temperature in the
tank and the exergy destruction are to be determined.

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water tank is negligible. 3 There
is no stirring by hand or a mechanical device (it will add energy).

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C, and the specific heat of ice at about 0°C is
c=2.11 kJ/kg-°C (Table A-3). The melting temperature and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg..

Analysis (a) We take the ice and the water as the system, and
disregard any heat transfer between the system and the surroundings.
Then the energy balance for this process can be written as

Ein_Eout = AE

system
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU
0=A Ulce + A[Jwater (AIE

1 ton

[me(0°C=T)onig +mhyr +me(Ty =07 C)jiquiq lice +me(T =Tl vater =0

Substituting,
(80 kg){(2.11 kI /kg-*C)[0—(-5)]"C+333.7 kI /kg+(4.18 kT /kg-"C)(T, —0)° C}
+(1000 kg)(4.18 kI /kg°C)(T, —20)°C =0
It gives T,=12.42°C
which is the final equilibrium temperature in the tank.

(b) We take the ice and the water as our system, which is a closed system .Considering that the tank is well-insulated and
thus there is no heat transfer, the entropy balance for this closed system can be expressed as

Sin _Sout + Sgen = ASsystem
—— —
Net entropy transfer Entropy Change
by heatand mass  generation  in entropy
O+Sg - ASlce +ASwater
where
S ater = | me ln— = (1000 kg)4.18 kJ/kg - K )in 28542K _ 109,590 ky/K
water 293 K
(A SOlld + ASmcltmg + ASllquld )1ce
mcltmg i mhig n [mc In T_zj
solid Tetting T liquid ),
273K 7 kl/k 28542 K
— (80 ke) (211 kikg - K)in 22K 333THIKE (1 1g 1 ykg . K )in 22242 K
268 K 273K 273K

=115.783 kI/K
Then, S, = AS, e +ASie =—109.590+115.783 = 6.193 kI/K

gen

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroved = 70 gen »

X gestroged = ToSgen = (293K)(6.193kJ/K) = 1815 kJ
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8-121 One ton of liquid water at 65°C is brought into a room. The final equilibrium temperature in the room and the
entropy generated are to be determined.

Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are constant at room
temperature. 3 The system is stationary and thus the kinetic and potential energy changes are zero. 4 There are no work
interactions involved.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). The constant volume specific heat of water at
room temperature is ¢, = 0.718 kJ/kg-°C (Table A-2). The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C
(Table A-3).

Analysis The volume and the mass of the air in the room are

V=3x4x7=84m’

Smx4mx7m

PV 100 kPa)(84 m?
m =17 = ( 33)( m’) ~101.3kg ROOM
RTy  (0.2870 kPa - m”/kg - K)(289 K) 16°C
Taking the contents of the room, including the water, as our system, the 100 kPa
energy balance can be written as Heat
Ein - Eout = AEsystem
S —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU = (AU)Waler + (AU)air
or [mC(TZ - Tl )]water + [mcv (TZ - Tl )]air =0

Substituting, (1000 kg)(4.18 ki/kg-°CT, - 65FC +(101.3kg)0.718 ki/kg - °C\I, ~16FC=0

It gives the final equilibrium temperature in the room to be
T;=64.2°C

(b) We again take the room and the water in it as the system, which is a closed system. Considering that the system is well-
insulated and no mass is entering and leaving, the entropy balance for this system can be expressed as

N in S out T N gen AS system
— —
Net entropy transfer Entropy Change
by heatand mass  generation  in entropy
0+ Sgen = ASair + ASwater
where
T. v, 3372K
AS,; =mc, In=>+mRIn—=  =(101.3kg)0.718 ki/kg - K)In == =11.21kJ/K
T, v, 289K
T 2K
AS yoger =meIn—- = (1000 kg)4.18 k/kg - K)In> ;’378 = 1037 kIK

1

Substituting, the entropy generation is determined to be
Seen = 11.21 —10.37=0.834 kJ/K
The exergy destroyed during a process can be determined from an exergy balance or directly from its definition

Xdestroyed = TOS

gen >
X gestroyed = ToSgen = (283 K)(0.834 kI/K) = 236 kJ

(c) The work potential (the maximum amount of work that can be produced) during a process is simply the reversible work
output. Noting that the actual work for this process is zero, it becomes

Xdestroyed =W, -, - W =X destroyed 236 kJ

rev,out act,out rev,out
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8-122 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established and the
amount of exergy destroyed are to be determined.

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

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

Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the
microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and internal energy u, respectively,
the mass and energy balances can be expressed as

Mass balance:  my, —myy = Amgyge,, —> m;=my  (sinCe Moy = Mipigia = 0)
Energy balance:
& 100 kPa
Ein - Eout = AEsystem 17°C
— S —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Qi +m;h; =myu, (since W=E_, =E;ia =ke=pe=0) DL
Combining the two balances: Evacuated
O = mz(”z _hi)
where
PV 100 kPa }0.012 m®
my =2 = (100 a>3(00 m) =0.0144 kg
RT, (0287 kPa-m’/kg -K J290 K)
h; =290.16 kJ/k;
T.=T,=290K Table A-17 i g
u, =206.91 kl/kg
Substituting,

0. = (0.0144 kg)(206.91 - 290.16) ki/kg =-12k] - QOuu=1.2KkJ

Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reversed the
direction.

The entropy generated during this process is determined by applying the entropy balance on an extended system
that includes the bottle and its immediate surroundings so that the boundary temperature of the extended system is the
temperature of the surroundings at all times. The entropy balance for it can be expressed as

Sin_Sout + Sgen =AS
——

— ——
Net entropy transfer Entropy Change
by heat and mass generation in entropy

Qout _ _ J0
MS; ————+Sgen =ASun =MySy —mys;” =mys,

system

b,in

Therefore, the total entropy generated during this process is

1.2kJ
Soen =—M;S; +Mys, + Qo _ m, (s, —sl-)&o + Qo _ Lou _

gen =0.00415 kJ/K
Tb,out Tb,out Tsurr 290K

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jeroyed = 70 gen »

X gestroyed = ToSgen = (290K)(0.00415kI/K) = 1.2kJ
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8-123 Argon gas in a piston—cylinder device expands isothermally as a result of heat transfer from a furnace. The useful
work output, the exergy destroyed, and the reversible work are to be determined.

Assumptions 1 Argon at specified conditions can be treated as an ideal gas since it is well above its critical temperature of
151 K. 2 The kinetic and potential energies are negligible.

Analysis We take the argon gas contained within the piston—cylinder device as the system. This is a closed system since no
mass crosses the system boundary during the process. We note that heat is transferred to the system

from a source at 1200 K, but there is no heat exchange with the environment at 300 K. Also, the temperature of the system
remains constant during the expansion process, and its volume doubles, that is, 7, = T} and V, = 2V.

(a) The only work interaction involved during this isothermal process is the quasi-equilibrium boundary work, which is
determined from

0.02 m?

2
V.
W=w, = J'Pdv = PV, In—2 = (350 kPa)(0.01 m?)In =2.43kPa-m> =2.43kJ
v, 3
1

1 0.0lm

This is the total boundary work done by the argon gas. Part of this work is done against the atmospheric pressure P, to push
the air out of the way, and it cannot be used for any useful purpose. It is determined from

W = Py (Vs —¥,) = (100kPa)(0.02 - 0.01)m> =1kPa-m> =1kJ

The useful work is the difference between these two:
W,=W-W,, =243-1=1.43kJ

surr

That is, 1.43 kJ of the work done is available for creating a useful effect such as rotating a shaft. Also, the heat transfer
from the furnace to the system is determined from an energy balance on the system to be

Ein _Eout = AE

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

Qin - Qb,out =AU = chAT =0
Qin = Qb,out =2.43KkJ

(b) The exergy destroyed during a process can be determined from an exergy balance, or directly from Xuesiroyed = T0Sgen- We
will use the second approach since it is usually easier. But first we determine the entropy generation by

applying an entropy balance on an extended system (system + immediate surroundings), which includes the temperature
gradient zone between the cylinder and the furnace so that the temperature at the boundary where heat

transfer occurs is 7 = 1200 K. This way, the entropy generation associated with the heat transfer is included. Also, the
entropy change of the argon gas can be determined from Q/7 since its temperature remains constant.

Sin =S =AS

in out T S gen system
—_— N—
Net entropy transfer Entropy Change
by heat and mass generation  in entropy
Q. Sgen =ASgy = 2
T R T, sys
Therefore,
2.43k] 243k
=2 @ 2B 2N 0405 kK
T,, Tp 400K 1200K
and
X gest = ToSgen = (300 K)(0.00405 kJ/K) =1.22 kJ
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(c¢) The reversible work, which represents the maximum useful work that could be produced Wrev,out, can be determined
from the exergy balance by setting the exergy destruction equal to zero,

20 (reversibk) __
Xin - Xout - Xdestroyed =AX

system
) ——
Netexergy traisfer Exergy Change

by heat, work,and mass destructian in exergy

TO
_T_ Q_VVrcv,out :XZ _Xl
b

=U,-U)+FK W, -V)-Ty(S, -S))

r, -2

sys

=0+W,

surr

since AKE = APE =0 and AU = 0 (the change in internal energy of an ideal gas is zero during an isothermal process), and
ASys = O/ T, for isothermal processes in the absence of any irreversibilities. Then,

T

VVrevout = TO g - I/Vsurr + [1 __OJQ
o S T

sys R

2.43KkJ
400K
=2.65kJ

300K

=(300K
( ) 200K

— (k) + (1 j(2.43 kJ)

Therefore, the useful work output would be 2.65 kJ instead of 1.43 kJ if the process were executed in a totally reversible
manner.

Alternative Approach The reversible work could also be determined by applying the basics only, without resorting to
exergy balance. This is done by replacing the irreversible portions of the process by reversible ones that create

the same effect on the system. The useful work output of this idealized process (between the actual end states) is the
reversible work. The only irreversibility the actual process involves is the heat transfer between the system and the furnace
through a finite temperature difference. This irreversibility can be eliminated by operating a reversible heat engine between
the furnace at 1200 K and the surroundings at 300 K. When 2.43 kJ of heat is supplied to this heat engine, it produces a
work output of

300K

——)(2.43 kJ)=1.82KkJ
1200K

T
Wyug =1,0,0n = (1 - _L]QH = (1
Ty

The 2.43 kJ of heat that was transferred to the system from the source is now extracted from the surrounding air at 300 K
by a reversible heat pump that requires a work input of

Oy Oy 2.43kJ

- = =0.61kJ
CORyp Ty /Ty —T,) (400K)/(400—300)K

WHP,in =

Then the net work output of this reversible process (i.e., the reversible work) becomes

Wy =W, + Wyp —Wyppin =1.43+1.82-0.61=2.64kJ

rev

which is practically identical to the result obtained before. Also, the exergy destroyed is the difference between the
reversible work and the useful work, and is determined to be

Xgest =Woovout = Woout =2.65-1.43=122k]

rev,out u,out

which is identical to the result obtained before.
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8-124 A heat engine operates between two constant-pressure cylinders filled with air at different temperatures. The
maximum work that can be produced and the final temperatures of the cylinders are to be determined.

Assumptions Air is an ideal gas with constant specific heats at room temperature.

Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). The constant pressure specific heat of air at room
temperature is ¢, = 1.005 kJ/kg.K (Table A-2).

Analysis For maximum power production, the entropy generation must be zero. We take the two cylinders (the heat source
and heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and that the
entropy change for cyclic devices is zero, the entropy balance can be expressed as

Sin_Sout +Sgen7|0 =AS

system
- - AIR
Netentropy transfer  Entropy Change
byheatand mass  generation  in entropy 30 kg 8
20 _ 70 900 K
0+S gen =AS cylinder,source +AS cylinder,sink +AS heat engine
On
AS cylinder,source +AS cylinder,sink =0
J0 Jo
T P T. P.
mc,, In—%-mRIn—% +0+| mc, In=%-mRIn—*~ =0 w
T A T B
source sink
T, T o)
In—2_-2=0—>7=T1,,T4
T 14 TlB
AIR

where T4 and Tip are the initial temperatures of the source and the sink,
. : 30 kg 3
respectively, and T, is the common final temperature. Therefore, the final
) . 300K
temperature of the tanks for maximum power production is

T, = \/TlATlB = \/(900 K)(300K) =519.6 K
The energy balance E;, —E,,, = AE .y, for the source and sink can be expressed as follows:

Source:

_Qsource,out + Wb,in =AU — Qsource,out =AH = mcp (TIA - TZ)
Osourceont =Mc, (T, —T5) = (30 kg)(1.005kI/kg - K)(900—519.6)K = 11,469 kJ

Sink:
Osinkin ~Whowe =AU = Ognin =AH =mc (T, =T} 4)

Oginiin = me (T, ~T;5) = (30 kg)(1.005 kI/kg - K)(519.6-300)K = 6621kJ

Then the work produced becomes
Wmax,out = QH - QL = Qsourcc,out - Qsink,in =11,469 — 6621 =4847 kJ

Therefore, a maximum of 4847 kJ of work can be produced during this process
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8-125 A heat engine operates between a nitrogen tank and an argon cylinder at different temperatures. The maximum work
that can be produced and the final temperatures are to be determined.

Assumptions Nitrogen and argon are ideal gases with constant specific heats at room temperature.

Properties The constant volume specific heat of nitrogen at room temperature is ¢, = 0.743 kJ/kg.K. The constant pressure
specific heat of argon at room temperature is ¢, = 0.5203 kJ/kg.K (Table A-2).

Analysis For maximum power production, the entropy generation must be zero. We take the tank, the cylinder (the heat
source and the heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and
that the entropy change for cyclic devices is zero, the entropy balance can be expressed as

Sin _Sout +Sgen7|0 =AS

system
Negopymte Bniony  Couta N;
Y generation  in entropy 20 kg
20 20
0+S gen =AS tank,source +AS cylinder,sink +AS heat engine 1000 K
(AS) source T (AS) sink — 0 QH
J0 J0
T V. T P
me,, In—2—mRIn—= +0+| mc, In—2—-mRIn—*= =0 w
L Vi L P A
source sink
Substituting, o)
T T
20 kg)(0.743 kJ /kg- K)In—2—+(10 kg)(0.5203 kJ /kg-K)In—=2—=0
(20 kg)( g-K) 1000 K (10 kg)( g-K) 00K e
Solving for 7, yields 10 kg 3
300 K
7,=731.8K

where T is the common final temperature of the tanks for maximum power production.

The energy balance Ej, —E, = AE ., for the source and sink can be expressed as follows:

Source:

—Osource,out =AU =me, (Ty =Ti4) = OQgource.ou =M€y (T4 =T3)

Osource.ont =mc,, (T4 —T,) = (20 kg)(0.743 kJ/kg - K)(1000 —731.8)K = 3985 kJ

Sink:

Osinkin ~Woout =AU = Ogincin =AH =mc (T, =Ty 4)

Osincin = mc, (T, =Ty 1) = (10 kg)(0.5203 k/kg - K)(731.8 =300)K = 2247 kJ
Then the work produced becomes

Winaxout =QPr = 91 = Qsource.out ~ Dsinkjn = 3985 —2247 =1739 kJ

Therefore, a maximum of 1739 kJ of work can be produced during this process
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8-126 A rigid tank containing nitrogen is considered. Heat is now transferred to the nitrogen from a reservoir and nitrogen
is allowed to escape until the mass of nitrogen becomes one-half of its initial mass. The change in the nitrogen's work
potential is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. 2
Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 Nitrogen is an ideal gas with
constant specific heats.

Properties The properties of nitrogen at room temperature are ¢, = 1.039 kl/’kg'K, ¢, = 0.743 kJ/kg-K, and R = 0.2968
kJ/kg- K (Table A-2a).

Analysis The initial and final masses in the tank are

3
my = PV _ (1200 kPa)(0.050 m~) —0.690 kg Nitrogen
RT,  (0.2968kPa -m>/kg - K)(293K) S0L 4TS 0
1200 kPa
m, =m, :%:%:0345 kg 20°C
The final temperature in the tank is %"
3
T, - PV (1200 kPa)(0.050 m”) _ 586K m,

~ myR (0.345kg)(0.2968 kPa - m>/kg - K)

We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the microscopic
energies of flowing and nonflowing fluids are represented by enthalpy /4 and internal energy u, respectively, the mass and
energy balances for this uniform-flow system can be expressed as

Mass balance:

Miy =My = Amsystem - m,=m,
Energy balance:
E in E out = AE system
—_— ——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Oin —m h, =myu, —myu,
Oout =moh, +myuy —myu,

Using the average of the initial and final temperatures for the exiting nitrogen,
T,=0.5(T, +T,)=0.5((293 + 586) =439.5K this energy balance equation becomes

Qout = mehe +myuy —mu
= mecpTe +myc, T, —myc,T
=(0.345)(1.039)(439.5) + (0.345)(0.743)(586) — (0.690)(0.743)(293)
=157.5k]
The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction
during a process can be determined from an exergy balance or directly from its definition X destroyed = TS gen - The entropy

generation Sy, in this case is determined from an entropy balance on the system:

system

Sin - Sout + Sgen =AS
——

— —
Net entropy transfer Entropy Change

by heat and mass generation in entropy
Qin — =
T —m,s, + Sgen - AStank T MySy; —mys)
R

s o

gen — M8y —MyS; +m,S, —
R
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Noting that pressures are same, rearranging and substituting gives

_ Qin
Sgen =MmySy —myS, +m,s, ———
R

— Qin

=myc, InT, —mc,InTy +m,c, InT, T

R

:(0.345)(1.039)111(586)—(0.690)(1.039)111(293)+(0.345)(1.039)ln(439-5)—l§;'§:i

=0.190kJ/K
Then,
Wiev = X destroyed = L0S gen = (293 K)(0.190 kJ/K) =55.7 kJ

Alternative More Accurate Solution

This problem may also be solved by considering the variation of gas temperature at the outlet of the tank. The

mass and energy balances are

. dm
m, =——
dt
. d(mT
Q:d(mu)_hd_m:cv (m )_CpTd_m
dt dt dt dt

Combining these expressions and replacing 7 in the last term gives

O=c, D) _cpPY dm

dt Rm dt
Integrating this over the time required to release one-half the mass produces
C pP 14 m,

my

O=c,(myT, —-mT})—
The reduced combined first and second law becomes

dm
+(h-T,s)—
( 05) i

Ty | dU-T,9)
Tk dt

WTCV = Q‘(]‘

8-124

when the mass balance is substituted and the entropy generation is set to zero (for maximum work production). Expanding

the system time derivative gives

WrCV:Q _ﬁ _d(mu—TOms)

T+ (h=T,5) ™
T, dr dt

. T, =
0 1-=2 _M+Tom£+Tosd—m+(h—Tos) dm
Tx dt dt dt dt
(T T
=0 1--=2 _d(mu)+hd—m+m—0d—h
Tx dt dt T dt
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Substituting Q from the first law,

Wrcvz[d(mu)_hdm}(l i}_{d(mu)_hdm}_ Ty dh

— | 1= — |+m

dt dt Ty dt dt T dt

Ty | dGme) , dm _ dh
T, | drt dt drt
T,

__To[, deT)_ dm AT
Ty dt Prodr P dt

At any time,
r-t%
mR

which further reduces this result to

W:
T dt P dt

T, PV dm ¢, dT R dP
rev T C‘P TOm
R mR dt

When this integrated over the time to complete the process, the result is

—icppvlnﬂwocplw{l 1}

T, R omy R \I, T,
_ 293 (1,039)1200)(0.050) | 1 g (1.039)(1200)(0.050)
773 0.2968 2 0.2968
=49.8kJ

[

1

293

1
586

)

8-125
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8-127 A rigid tank containing nitrogen is considered. Nitrogen is allowed to escape until the mass of nitrogen becomes one-
half of its initial mass. The change in the nitrogen's work potential is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. 2
Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 Nitrogen is an ideal gas with
constant specific heats.

Properties The properties of nitrogen at room temperature are ¢, = 1.039 kJ/kg'K, .
c,=0.743 kJ/kgK, k= 1.4, and R = 0.2968 kJ/kg-K (Table A-2a). Nitrogen
100 L
Analysis The initial and final masses in the tank are 1000 kPa
PV (1000 kPa)(0.100 m?) 20°C
m; = = 2 =1.150kg
RT;  (0.2968 kPa-m®/kg-K)(293 K) %_(
1.150k
mzzmez%:Tg:O.WSkg m,

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

Mass balance:

My, =Am

m - m,=m,

in — "out system
Energy balance:
Ey, —E out = AE system
- -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

—myh, = myu, —myu,
Using the average of the initial and final temperatures for the exiting nitrogen, this energy balance equation becomes
—myh, =myu, —mu,
-myc, T, =myc, T, —mc, T,

—(0.575)(1.039)(0.5)(293+T,) = (0.575)(0.743)T, —(1.150)(0.743)(293)
Solving for the final temperature, we get

T, =2243K
The final pressure in the tank is

_myRT, _ (0.575kg)(0.2968 kPa -m?/kg-K)(224.3K)
v 0.100 m*

P, =382.8kPa

The average temperature and pressure for the exiting nitrogen is

T, =0.5(T, +T,) = 0.5(293 +224.3) = 258.7K
P, =0.5(P, + P,) = 0.5(1000+382.8) = 691.4 kPa

The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction

during a process can be determined from an exergy balance or directly from its definition X egyoveq = 7S gen - The entropy

generation Sy, in this case is determined from an entropy balance on the system:

system

Sin_Sout + Sgen =AS
——

\—W_—/ %,—J
Net entropy transfer Entropy Change
by heat and mass generation in entropy

—m,S, +Sgen :AStank T MySy —mySs)

Sgen =m,S, —mySs; +m,s,
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Rearranging and substituting gives

Sgen =m,S, —myS| +m,s,
=my(c, InT, —~RInPy)—m(c, InTy ~RInR)+m,(c, InT, -RInP,)
= (0.575)[1.0391n(224.3) — (0.2968) In(382.8) |- (1.15)[1.039 In(293) — (0.2968) In(1000)
+(0.575)[1.039 In(258.7) — (0.2968) In(691.4) |

=2.2188-4.4292+2.2032 =-0.007152 kJ/K
Then,
Wiew = Xdestroyed = TOS

ev

=(293K)(~0.007152kJ/K) = —2.10kJ

gen

The entropy generation cannot be negative for a thermodynamically possible process. This result is probably due to using
average temperature and pressure values for the exiting gas and using constant specific heats for nitrogen. This sensitivity
occurs because the entropy generation is very small in this process.

Alternative More Accurate Solution

This problem may also be solved by considering the variation of gas temperature and pressure at the outlet of the
tank. The mass balance in this case is

. dm
m, =——
dt
which when combined with the reduced first law gives

d(mu) hd_m
dt dt

Using the specific heats and the ideal gas equation of state reduces this to
v dp dm
¢, ———=c,I—
R dt dt
which upon rearrangement and an additional use of ideal gas equation of state becomes

1dP_¢p 1dn
Pd ¢, mdt
When this is integrated, the result is

k 1.4

1

P2=PI[QJ =1000(—j =378.9kPa
m; 2

The final temperature is then

r PV _ (378.9kPa)(0.100 m*)

) = = - =222.0K
myR  (0.575kg)(0.2968 kPa-m>/kg-K)

The process is then one of

k mkfl

m
T =const or = const

The reduced combined first and second law becomes

. d(U-T,S
W, = _Mj%h _Tos)d_m
dt dt
when the mass balance is substituted and the entropy generation is set to zero (for maximum work production). Replacing
the enthalpy term with the first law result and canceling the common dU/d¢ term reduces this to
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d(ms) T dm

dt dt

rev

= TO

Expanding the first derivative and canceling the common terms further reduces this to

. ds
Wrev :TOmE

Letting a=P, / mlk and b=T,/m lk - the pressure and temperature of the nitrogen in the system are related to the mass by

P=am® and T =bm*"
according to the first law. Then,

dP = akm*'dm and dT =b(k—1)ym**dm
The entropy change relation then becomes

dT dP

ds=c T—R?z[(k—l)cp iy

? m

Now, multiplying the combined first and second laws by dt and integrating the result gives

W,

rev

2 2
= Tojmds = Tojmds[(k—l)cp —Rk]dm

1 1
= To|tk=Dc, — Rkfm, —m)
= (293)[(1.4-1)(1.039) — (0.2968)(1.4)[0.575 —1.15)
=-0.0135kJ

Once again the entropy generation is negative, which cannot be the case for a thermodynamically possible process. This is
probably due to using constant specific heats for nitrogen. This sensitivity occurs because the entropy generation is very
small in this process.
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8-128 Steam is condensed by cooling water in the condenser of a power plant. The rate of condensation of steam and the
rate of exergy destruction 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 enthalpy and entropy of vaporization of water at 45°C are /¢, = 2394.0 kJ/kg and s¢, = 7.5247 kl/kg K
(Table A-4). The specific heat of water at room temperature is ¢, = 4.18 kJ/kg.°C (Table A-3).

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

) ) i 20 (stead
E in E out = AE system (steady) =0 *
———— N Steam
Rate of net energy transfer  Rate of change in internal, kinetic, o
by heat, work, and mass potential, etc. energies 71 45°C
E in = E out 20 C-
Q,, +mh, =1mh, (since Ake= Ape=0) C )
. . C
Oy, =mc, (T, -TY) CL %
C
Then the heat transfer rate to the cooling water in the condenser @ D
becomes )
12°C
0= [mcp (Tout - Tin )]cooling water Wat
= (330 kg/s)(4.18 k/kg.°C)(20°C —12°C) u atet

~11,035kJ/s 45°C +
The rate of condensation of steam is determined to be

O  11,035kJ/s

hy

= =4.61kgls
2394.0kJ/kg

0= (mhfg )sicam > Mteam =
(D) The rate of entropy generation within the condenser during this process can be determined by applying the rate form of
the entropy balance on the entire condenser. Noting that the condenser is well-insulated and thus heat transfer is negligible,
the entropy balance for this steady-flow system can be expressed as

. . : _AQ 0 (steady)
S in A} out + S gen =AS system
— -
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

mlsl +m3S3 _n"leZ _’7'14S4 +Sgen :0 (Slnce QZO)

M yaterS1 T MsteamS3 ~ MwaterS2 ~ MsteamS 4 +Sgen =0
Sgen = mwater(SZ _Sl)+msteam(s4 _53)

Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of
entropy generation is determined to be

Tz .
water € p lnT ~ MgieamS f

1

o . T2 . .
Sgen = MyaterCp 1n7+ msteam(sf _Sg) =m

+
= (330 kg/s)(4.18 kJ/kg.K)ln% — (4.61kg/s)(7.5247 kJ/kg.K) =3.501 kW/K

Then the exergy destroyed can be determined directly from its definition X yegoveq = ToSgen t0 be

X gestroged = ToS gen = (285 K)(3.501 kW/K) = 998 kW
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8-129 A system consisting of a compressor, a storage tank, and a turbine as shown in the figure is considered. The change
in the exergy of the air in the tank and the work required to compress the air as the tank was being filled are to be
determined.

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific
heats.

Properties The properties of air at room temperature are R = 0.287 kPa-m’/kg-K, ¢, = 1.005 kJ/kg'K, c,=0.718 kl/kg-K, k
= 1.4 (Table A-2a).

Analysis The initial mass of air in the tank is
PV (100kPa)(5x10° m?)

_— _ =0.5946x10° kg
initial RTinitial (0.287 kPa - m3/kg . K)(293 K)

and the final mass in the tank is

P PV (600kPa)(5x10° m’)
" RTg  (0.287KkPa-m’/kg-K)(293K)

=3.568x10° kg

Since the compressor operates as an isentropic device,

(k=1)/k
P P o
I, =T = f N
P !

The conservation of mass applied to the tank gives

dm _
dt mn

while the first law gives C ]
Ompressor

d(mu) dm Storage tank

Employing the ideal gas equation of state and using constant specific heats, expands this result to

Ve, dp vV ap
R dt RT dt

0=

Using the temperature relation across the compressor and multiplying by df puts this result in the form

ve Py
Odt =—*dP-c,T)| — ——dP
R I3 RT

When this integrated, it yields (i and f'stand for initial and final states)

(k=1)/k
e k c .V Pf
0= (P =P) : Pf[+ -

C2k-1 R P
5 5 04/1.4
_Gx10YOTI8) (0 o0 14 1L00)5x10%) | (600 100
0.287 204)-1 0287 100

=-6.017x10% kJ

The negative result show that heat is transferred from the tank. Applying the first law to the tank and compressor gives
(Q—Woy )dt = d(mu) = hydm

which integrates to
O—Woy :(mfuf _miui)_hl(mf —m;)
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Upon rearrangement,
Wouw =0+ (c, —c,)T(m; —m;)
=—6.017x10% +(1.005 - 0.718)(293)[(3.568 — 0.5946) x10° ]
=-3.516x10° kJ

The negative sign shows that work is done on the compressor. When the combined first and second laws is reduced to fit
the compressor and tank system and the mass balance incorporated, the result is

. . dlU-T,S
Wy =0 1-10 |- LUZTS) g dm
Ty dt dt

which when integrated over the process becomes

T
W, :Q{l—T—OJ—km[[(ui — i) =Ty (s, —s)]-m f, —h) =Ty (s —sp)]
R

) Q(l _YT"_OJeri [Ti (e, —¢, )]_mf {T-f (¢y —¢cp)=THR ln(f’_fﬂ

R i

=—6.017 xlOS[l —%} +0.5946x10°[(0.718 -1.005)293]

~3.568x10° [(0.718 ~1.005)293 +293(0.287) In %}

=7.875x108 kJ

This is the exergy change of the air stored in the tank.
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8-130 The air stored in the tank of the system shown in the figure is released through the isentropic turbine. The work
produced and the change in the exergy of the air in the tank are to be determined.

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific
heats.

Properties The properties of air at room temperature are R = 0.287 kPa-m’/kg K, ¢, =1.005 kl/kg'K, ¢, =0.718 kl/kg-K, k
= 1.4 (Table A-2a).

Analysis The initial mass of air in the tank is

PiiaV kP 10° m?
L a)(f AU M) 5 568x10° ke
RTiia (0.287 kPa-m?/kg-K)(293K)

and the final mass in the tank is

o P _ (100 kPa)(5x10° m’)
" RTG (0287 kPa-m’/kg-K)(293K)

=0.5946x10° kg
The conservation of mass is

d_m_min @

dr

F - -\.\\\ l('" - =
while the first law gives ], '
0= d(mu) 3 dm (N—
dt dt

Employing the ideal gas equation of state and using
constant specific heats, expands this result to

' ch AP V dpP Compressor
0= 2 E_cp E; Storage tank
- €% (/d_P
R dt
__y
dt

When this is integrated over the process, the result is (i and f'stand for initial and final states)
0 =-V(P; - P,)=-5x10°(100-600) = 2.5x10° kJ
Applying the first law to the tank and compressor gives
(Q W, )dt = d(mu)— hdm
which integrates to
O—Woy =(mpuy —mu;)+h(m; —m )
/4

out

w.

out

==Q+muy—mu; +h(m; —m;)

=0-mpu;+mpu; —h(m; —m)
=Q-msce,T+mic,T—c,T(m;—m,)

=2.5%x10% = (0.5946x10°)(0.718)(293) + (3.568 x10° )(1.005)(293)
—(1.005)(293)(3.568 x10® —0.5946x10°)

=3.00x10% kJ

This is the work output from the turbine. When the combined first and second laws is reduced to fit the turbine and tank
system and the mass balance incorporated, the result is
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T, dU-T,9)

dm
Wiy =0 1--2 F(h-Tys)
e Q( Txr dt ( %) dt
. T, dm du—T,s) dm
=0|1l-—— |-(u-Tys)—-m——+(h—Tys)—
Q[ T g T (h=Ty) ]
. T, dm ds
= ——|+(c, —c )T —+mlTy —
Q[ TR (p v) dt Odt

. T, dm T,
—Ol1-22 e, —e )T v o, - P
( T, (€, —ey) dt T (Pr =)

where the last step uses entropy change equation. When this is integrated over the process it becomes

T T,
Wiew = Q1= +(c, —¢,)T(my _mi)"'V—O(Pf -P)
Ty : T

2 2
= 3.00x108[1—2—z§]+(1.005—0.718)(293)(0.5946—3.568)x106 +5%10° 2—3?(100—600)

=0-2.500x10% —2.5x108%
= -5.00x108 kJ

This is the exergy change of the air in the storage tank.
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8-131 A heat engine operates between a tank and a cylinder filled with air at different temperatures. The maximum work
that can be produced and the final temperatures are to be determined.

Assumptions Air is an ideal gas with constant specific heats at room temperature.
Properties The specific heats of air are ¢, = 0.718 kl/kg.K and ¢, =1.005 kJ/kg K (Table A-2).

Analysis For maximum power production, the entropy generation must be zero. We take the tank, the cylinder (the heat
source and the heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and
that the entropy change for cyclic devices is zero, the entropy balance can be expressed as

20
Sin - Sout + Sgen = ASsystem
Net entropy transfer Et\rfo—_/ m 1
by heat and mass generat[i’zn in entl%py Alr
70 20 40 kg
0+ Sgen = AStzmk,source + AScylinder,sink + ASheat engine 600 K
(AS) source T (AS) sink — 0 QH
J0 J0
T. V. T P.
mc, In—=—mRIn—= +0+| mc, In—2—mRIn—= =0
T 1 T A ) w
source sink
T c T T. T , 1/(k+1)
+
ln—2+—pln—2:O——>—2(—2] 1 —— T, = (1, 7%) o,
Ty ¢, Ty Ty \Tip
where 774 and Tip are the initial temperatures of the source and the sink, Air
respectively, and T is the common final temperature. Therefore, the final 40 kg 3
temperature of the tanks for maximum power production is 280 K

T, = ((600 K)(280K)'* )ﬁ =384.7K
Source:

—Osource.out =AU =me, (Ty =T14) = OQgource,ou =M€y (T14=T3)

Osource.ont =Mme, (T4 —T,) = (40 kg)(0.718 kJ/kg - K)(600 — 384.7)K = 6184 k]
Sink:

Osinkin ~Wo.out =AU = Ogingin = AH = me,, (I, -Tyy)

Oginkin =me, (T, =T 4) = (40 kg)(1.005 kl/kg - K)(384.7 — 280)K = 4208 kJ

Then the work produced becomes

Wmax,out = QH - QL = Qsource,out - Qsink,in =6184 - 4208 =1977 kJ

Therefore, a maximum of 1977 kJ of work can be produced during this process.
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8-132E Large brass plates are heated in an oven at a rate of 300/min. The rate of heat transfer to the plates in the oven and
the rate of exergy destruction associated with this heat transfer process are to be determined.

Assumptions 1 The thermal properties of the plates are constant.
2 The changes in kinetic and potential energies are negligible. 3
The environment temperature is 75°F. —

Cwen, 1200°F

Properties The density and specific heat of the brass are given to
be p=532.5 Ibm/ft’ and ¢, = 0.091 Btu/Ibm.°F.

Analysis We take the plate to be the system. The energy balance
for this closed system can be expressed as

n system

-E

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

0, =AU

out

=m(u, —u,)=mec(T, =T,
plate ( 2 1) ( 2 1) Brass

The mass of each plate and the amount of heat transfer to each plate is e

m=pV = pLA=(532.5Ibm/ft> )[(1.2/12 ft)(2 ft)(2 ft)] = 213 Ibm
O;, = me(T, —T) = (213 Ibm/plate)(0.091 Btu/Ibm.°F)(1000 — 75)°F = 17,930 Btu/plate
Then the total rate of heat transfer to the plates becomes

Orotal = ptateCin.per plae = (300 plates/min) x (17,930 Btw/plate) = 5,379,000 Btu/min = 89,650 Btu/s

We again take a single plate as the system. The entropy generated during this process can be determined by applying an
entropy balance on an extended system that includes the plate and its immediate surroundings so that the boundary
temperature of the extended system is at 1300°F at all times:

system

Sin_Sout + Sgen =AS
——

— —
Net entropy transfer Entropy Change

by heat and mass generation in entropy
Qin Qin
T_ + Sgen = ASsystem - Sgen == T + ASsystem
b b
where
T (1000 +460) R L
AS gygiem = —5)) = In—2 = (213 1bm)(0.091 Btw/Ibm.R) In~——————=19.46 Btw/R Substituting,
system m(SZ Sl) mcavg n Tl ( I‘Il)( m ) n (75+460)R U, ubstituting
§. =G ag o 1T930BW o0 niR 29272 Bk (per plate)

gen T e T 300 4460 R

Then the rate of entropy generation becomes

Sgen = Sgenllban = (9-272 Btu/R - plate)(300 plates/min) = 2781 Btu/min.R = 46.35 Btu/s.R

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroved = 70 gen »

X gestroyed = ToSgen = (335 R)(46.35 Btu/s.R) = 24,797 Btu/s
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8-133 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven and the rate of
exergy destruction associated with this heat transfer process are to be determined.

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are
negligible. 3 The environment temperature is 30°C.

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m® and ¢, = 0.465 kJ/kg.°C.

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

m=pV = pLA = pL(zD* / 4) = (7833 kg/m?>)(3 m)[7(0.1 m)® /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

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

Qin = Aljrod = m(u2 _ul) = mC(TZ _Tl)
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

We again take the 3-m long section of the rod as the system The entropy generated during this process can be determined
by applying an entropy balance on an extended system that includes the rod and its immediate surroundings so that the
boundary temperature of the extended system is at 900°C at all times:
Sin_Sout + Sgen =AS
—_—

—
Net entropy transfer Entropy Change

system

byheatandmass  generation in entropy
QT_b +Sgn = ASyem = Sgen = —% +AS e
where
AS gystem =155 —51) = MC,yyy ln% = (184.6 kg)(0.465 kJ/kg.K) ln% =100.1 kJ/K
Substituting,
Sgen =—QJ+AS = lekJ+100.11<J/K:51.1kJ/K

T, ¥sem 900 +273) R
Noting that this much entropy is generated in 1 min, the rate of entropy generation becomes

S SLIKIK

gen = - =51.1kJ/min.K =0.852 kW/K
At 1 min

The exergy destroyed during a process can be determined from an exergy balance or directly from its definition
Xdestroyed = TOS

gen >

X gestroyed = ToS gen = (298 K)(0.852 kW/K) = 254 KW
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8-134 Water is heated in a heat exchanger by geothermal water. The rate of heat transfer to the water and the rate of exergy
destruction 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. 5 The environment
temperature is 25°C.

Properties The specific heats of water and geothermal fluid are given to be 4.18 and 4.31 kJ/kg.°C, respectively.

Analysis (a) We take the cold water tubes as the system, which is
a control volume. The energy balance for this steady-flow system 60°C
can be expressed in the rate form as *

. - _ . 20 (steady) _ .
E in E out - AE system =0 Brine
S —_——— °
Rate of net energy transfer  Rate of change in internal, kinetic, 140 -C
by heat, work, and mass potential, etc. energies
E in = E out

QO;, +mh; =mh, (since Ake = Ape = 0)
Oy =ric,, (T, = T))

Then the rate of heat transfer to the cold water in the heat exchanger becomes
Qin,watcr =[me ,(Tow = Tin)water = (0.4 kg/s)(4.18 kl/kg.°C)(60°C —25°C) = 58.52 kW

Noting that heat transfer to the cold water is equal to the heat loss from the geothermal water, the outlet temperature of the
geothermal water is determined from

Qo _y4p0c 08 32 kW =94.7°C

e, (0.3kg/s)(4.31kl/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:

Qout :[mcp(Tin _Tout)]geo —)Tout =T

m

. ' ; d &0 (steady)
N in S out + S gen =AS system
——
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

MyS| +mMysy —NyS, —MySy +Sg, =0 (since O =0)
M yaterS1 +mgeos3 T MyaterS2 T MgeoS4 +Sgen =0
Sgen = mwater(sz _S1)+mgeo (S4 _53)

Noting that both fresh and geothermal water are incompressible substances, the rate of entropy generation is determined to
be

: . 7, . T,
Sgen = MyaterC p lnTermgeon In—*
’ The exergy
60+273 94.7+273
= (0.4 kg/s)(4.18 kl/kg K)In =22 1 (0.3 kg/s)(4.31 kI/kg. K)ln = = 0.0356 KW/K
( gl eK) 25+273 ( g8 eK) 140+273

destroyed during a process can be determined from an exergy balance or directly from its definition X jegroyed = 705 gen »

X gestroyed = ToSgen = (298 K)(0.0356 kW/K) = 10.61 KW
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8-135 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money
such a generator will save per year and the rate of exergy destruction within the regenerator are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The properties of the milk are constant. 5 The environment
temperature is 18°C.

Properties The average density and specific heat of milk can be taken to be Pik = Pyaer =1 kg/L and ¢, min=3.79
kJ/kg.°C (Table A-3).
Analysis The mass flow rate of the milk is

e = PVomine = (1 kg/L)(121L/s) = 12 kg/s = 43,200 kg/h

Taking the pasteurizing section as the system, the energy balance for this steady-flow system can be expressed in the rate
form as

Bp—Fop = Ay =0 5 E

system

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

0O, +mh; =mh, (since Ake = Ape =0)
Qin = mmilkcp(TZ -T))
Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a rate of
Oeurent = L1i1C » (T pasturization — Trefrigeration Mmite = (12 kg/s)(3.79 kl/kg.°C)(72 —4)°C = 3093 kl/s
The proposed regenerator has an effectiveness of € = 0.82, and thus it will save 82 percent of this energy. Therefore,
Ouved = eurrent = (0.82)(3093 kI /5) = 2536 kI /5

Noting that the boiler has an efficiency of npeer = 0.82, the energy savings above correspond to fuel savings of

Fuel Saved = Diaved = (2536 kJ/s) _(1therm) =0.02931therm/s

Mboiler (082) (105,500 kJ)

Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $1.04/therm, the annual fuel and money savings will be
Fuel Saved = (0.02931 therms/s)(8760x3600 s) = 924,450 therms/yr

Money saved = (Fuel saved)(Unit cost of fuel) = (924,450 therm/yr)($1.04/therm) = $961,430/yr

The rate of entropy generation during this process is determined by applying the rate form of the entropy balance on an
extended system that includes the regenerator and the immediate surroundings so that the boundary temperature is the
surroundings temperature, which we take to be the cold water temperature of 18°C.:

3 ' : _AQ &0 (steady) . - :
Sin - Sout + Sgen - ASsystem - Sgen - Sout - Sin
— [N —
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

Disregarding entropy transfer associated with fuel flow, the only significant difference between the two cases is the
reduction in the entropy transfer to water due to the reduction in heat transfer to water, and is determined to be

_ Qout,reduction _ Qsaved _ 2536Kkl/s

Sgen, reduction — Sout, reduction — Tsurr Tsurr 184273 =8.715kW/K
S gen, reduction = Sgen, reduction A = (8.715 kJ/s. K)(8760x 3600 s/year) = 2.75x10° KI/K (per year)

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = 70 gen »

Xdestroyed, reduction — TOSgen, reduction — (291 K)(275 x 108 kJ/K) = 8.00 x 1010 kJ (per year)

8-136 Exhaust gases are expanded in a turbine, which is not well-insulated. Tha actual and reversible power outputs, the

exergy destroyed, and the second-law efficiency are to be determined.
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Assumptions 1 Steady operating conditions exist. 2 Potential energy change is
negligible. 3 Air is an ideal gas with constant specific heats.

Properties The gas constant of air is R = 0.287 kJ/kg.K and the specific heat of air at the average temperature of
(627+527)/2 = 577°C =850 K is ¢, = 1.11 kl/kg.°C (Table A-2).

Analysis (a) The enthalpy and entropy changes of air across the turbine are Exh. gas
627°C
Ah=c (T, -Ty)=(1.11kJ/kg.°C)(527—-627)°C = —-111kJ/k
¢p(Ty 1)) = (111 kI/kg“C) ) g AN
T P
As=c, In—2—-RIn—*
T B 0
(L kke Kyin C2THE2TIK 6 ot kikg k) n 220 kP2
(627+273)K 1200 kPa
=0.1205 kJ/kg.K 527°C l
500 kPa

The actual and reversible power outputs from the turbine are

- Wa,out

= mAh+0,, =(2.5kg/s)(-111kI/kg)+ 20 kW =—-257.5 kW

W o = (AR =Ty As) = (2.5 kg/s)(111kI/kg) — (25 + 273 K)(0.1205kI/kg.K) = —367.3 KW

rev,out
or

W =257.5kW

a,out
W =367.3kW

rev,out

(b) The exergy destroyed in the turbine is

X dest — Wrev

W, =367.3-257.5=109.8 kW
(c) The second-law efficiency is

W, 257.5kW
W, 367.3kW

rev

=0.701=70.1%

=
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8-137 Refrigerant-134a is compressed in an adiabatic compressor, whose second-law efficiency is given. The actual work
input, the isentropic efficiency, and the exergy destruction are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) The properties of the refrigerant at the inlet of the compressor are (Tables A-11 through A-13)
Tsat@léOkPa =-15.60°C

P, =160 kPa h; =243.60kJ/kg

T, =(-15.60+3)°C| s; =0.95153 kl/kg.K

The enthalpy at the exit for if the process was isentropic is Compressor

P, =1MPa

hy, =282.41kJ/kg

The expressions for actual and reversible works are 160 kPa
w, =h, —hy =(h, —243.60)kJ/kg
Wy =hy —h —Ty(s5 — ;) = (hy — 243.60)kl/kg — (25 + 273 K)(s, — 0.95153)kI/kg.K
Substituting these into the expression for the second-law efficiency

h, —243.60 — (298)(s, —0.95153)
h, —243.60

= 0.80 =
w.

a

The exit pressure is given (1 MPa). We need one more property to fix the exit state. By a trial-error approach or using EES,
we obtain the exit temperature to be 60°C. The corresponding enthalpy and entropy values satisfying this equation are

hy, =293.36 kJ/kg
5, =0.98492 kJ/kg K
Then,
w, =h, —h, =293.36—243.60 = 49.76kJ/kg

Wrev

=hy —h —Ty(s, —s51) =(293.36 — 243.60)kJ/kg — (25 + 273 K)(0.98492 — 0.9515)kJ/kg - K = 39.81kJ/kg
(b) The isentropic efficiency is determined from its definition

hog —hy _ (282.41-243.60)kIkg _ o0
hy—h,  (293.36-243.60)kI/kg

ns =

(b) The exergy destroyed in the compressor is

Xgest = Wa — Wiey =49.76-39.81=9.95kJ/kg
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8-138 The isentropic efficiency of a water pump is specified. The actual power output, the rate of frictional heating, the
exergy destruction, and the second-law efficiency are to be determined.

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

Analysis (a) Using saturated liquid properties at the given temperature
for the inlet state (Table A-4)

Water
T =300¢) ' = 12582 kl/ke 100 kPa 4 MPa
1 }sl = 0.4367 kJ/ke.K 30°C
=0
. v, =0.001004 m* kg 135 ke/s

The power input if the process was isentropic is
W, = mv,(P, - B) = (1.35 kg/s)(0.00 1004 m*/kg)(4000 — 100)kPa = 5.288 kW
Given the isentropic efficiency, the actual power may be determined to be

i W _5288kW

= =7.554 kW
s 0.70

(b) The difference between the actual and isentropic works is the frictional heating in the pump
Otiictional =W, =W, =7.554—5.288 =2.266 KW
(c¢) The enthalpy at the exit of the pump for the actual process can be determined from
W, = mi(hy — b)) —>7.554kW = (1.35kg/s)(h, —125.82)kJ/kg —> h, = 131.42kJ/kg
The entropy at the exit is

P, =4MPa

5, = 0.4423 ki/kg K
hy =131.42kl/kg

The reversible power and the exergy destruction are
Wrev = m[hz —h =Ty(s; _51)]
= (1.35kg/s)[(131.42 —125.82)k)/kg — (20 + 273 K)(0.4423 — 0.4367)kJ/kg. K | = 5.362 kW
X gost =Wy —Wyey =7.554-5.362=2.193kW
(d) The second-law efficiency is

Wiy  5362kW 0

M =— -

= =0.710
W,  7.554kW
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8-139 Argon gas is expanded adiabatically in an expansion valve. The exergy of argon at the inlet, the exergy destruction,
and the second-law efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are zero. 3 Argon is an ideal gas
with constant specific heats.

Properties The properties of argon gas are R = 0.2081 kJ/kg.K,
¢, = 0.5203 kJ/kg.°C (Table A-2).

. . A
Analysis (a) The exergy of the argon at the inlet is 3 51%/([)}1)1 a — @ 500 kPa
xp=h —hy—=Ty(s; —5g) 100°C

T, P,
=c (T, -Ty)-Tylc, In—-—RIn—
p( 1 0) 0|: V4 TO P0:|

= (0.5203 kJ/kg K)(100—25)°C — (298 K){(0.5203 kJ/kg K)ln 2 ;Z E (02081 kJ/kg.K)in 2220 KPa }

100 kPa
=224.7kJ/Kg

(b) Noting that the temperature remains constant in a throttling process of an ideal gas, the exergy destruction is determined
from

Xdest = TOSgen

=Ty(s, —51)

=Ty| —RIn i = (298 K)| —(0.2081 kJ/kg.K)ln(mj
P, 3500 kPa

=120.7 kd/kg

(¢) The second-law efficiency is

X =gy _ (2247 -120D)kIkg _ o
X, 224.7kI/kg

M =
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8-140 Heat is lost from the air flowing in a diffuser. The exit temperature, the rate of exergy destruction, and the second law
efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Potential energy change is negligible. 3 Nitrogen is an ideal gas with
variable specific heats.

Properties The gas constant of nitrogen is R = 0.2968 kJ/kg.K.

Analysis (a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a
function of temperature only whereas entropy is functions of both temperature and pressure. At the inlet of the diffuser and
at the dead state, we have

T, =110°C = 383K | /y; =88.39 kl/kg ‘
P, =100 kPa 5, =7.101 ki/kg - K Nitrogen

100 kPa 110 kP
T, =300K | hy =1.93kl/kg 110°C > s
P, =100 kPa [ 5, = 6.846 ki/kg - K 205 m/s \

An energy balance on the diffuser gives

2 2
h +%:h2 +72+q0ut

88.39 kl/kg +
2 1000 m?/ 2 1000 m?/s2

— > h, =105.9kl/kg

P 2
(205 m/s) ( 1kl/kg 2]:h2+(45m/5) ( 1kke ]+2.5kJ/kg
S

The corresponding properties at the exit of the diffuser are
hy, =1059kl/kg| T, =127°C=400K
P, =110 kPa s, =7.117 kJ/kg - K

(b) The mass flow rate of the nitrogen is determined to be

. P 110 kP
m:P2A2V2:—2A2V2 0kPa

= (0.04 m?)(45 m/s) = 1.669 kg/s
RT, (0.2968 kJ/kg.K)(400 K)

The exergy destruction in the nozzle is the exergy difference between the inlet and exit of the diffuser

- . V2 v}
X gest :m|:hl —h, +%_T0(51 _Sz)}

88.39 —105.9)kJ/kg +
— (1669 kg/s) ¢ Jeilke 2

—(300K)(7.101 - 7.117)kJ/kg. K

(205m/s)* — (45m/s)* ( 1kJ/kg
1000 m?/s? ) |=12.4kW

(¢) The second-law efficiency for this device may be defined as the exergy output divided by the exergy input:

) V2
X, = h —ho+%—T0(s1 -50)

2
= (1.669 kg/s){(88.39 ~1.93) kl/kg + 202 M5) ( 1kJ/kg

j —(300K)(7.101 - 6.846)kJ/kg.K:|

2 1000 m?/s>
=51.96 kW
=z =1 - e g 12AKW 060 76 104
X, X, 51.96 kW
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8-141 Using an incompressible substance as an example, it is to be demonstrated if closed system and flow exergies can be
negative.

Analysis The availability of a closed system cannot be negative. However, the flow availability can be negative at low
pressures. A closed system has zero availability at dead state, and positive availability at any other state since we can
always produce work when there is a pressure or temperature differential.

To see that the flow availability can be negative, consider an incompressible substance. The flow availability can
be written as

v=h—hy+ Tyls—s,)
=Ww—uy)+v(P-F)+Ty(s—sp)
=é+v(P-F)

The closed system availability £ is always positive or zero, and the flow availability can be negative when P << Py,

8-142 A relation for the second-law efficiency of a heat engine operating between a heat source and a heat sink at specified
temperatures is to be obtained.
Source

Analysis The second-law efficiency is defined as the ratio of the availability recovered T
H

to availability supplied during a process. The work W produced is the availability
recovered. The decrease in the availability of the heat supplied Qy is the availability
supplied or invested.

On

Therefore,

w w

T, T
1-—2 o, -|1-2 -w
-2 Jou -7 eu-m
Note that the first term in the denominator is the availability of heat supplied to the heat
engine whereas the second term is the availability of the heat rejected by the heat

engine. The difference between the two is the availability consumed during the Ty
process. Sink

i =

o
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8-143 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a closed system that
exchanges heat with surroundings at 7j in the amount of Q, as well as a heat reservoir at temperature 7 in the amount Og.

Assumptions Kinetic and potential changes are negligible.

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled
the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed
as

Energy balance: E,, —E_, = AEygom — Qy+0r —W=U,-U —>W=U,-U, +0Q, +0; (1)
) _ _ -0r  —0p
Entropy balance: S;, —S +Sgen = ASsystem - Sgen =(S, —S1)+—T +_T )
R 0

Solving for Oy from (2) and substituting in (1) yields

T,
W=<U1—U2>—T0<Sl—Sz>—QR[1—T—°J—ToSgen @

R

The useful work relation for a closed system is obtained from

W, =W-Wy. e

surr P T T T T T

T
=(U,-U,y)-Ty(S, —S2>—QR[1—T—°]—T0Sgen PV, -V)
R

Then the reversible work relation is obtained by substituting Sge, = 0,
Ty

Wiew =(U; =U,) =T (S, =S,)+ BV, —V,) - Op T

R

A positive result for W, indicates work output, and a negative result work input. Also, the Oy is a positive quantity for heat
transfer to the system, and a negative quantity for heat transfer from the system.
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8-144 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a steady-flow system
that exchanges heat with surroundings at 7 at a rate of QO as well as a heat reservoir at temperature 7y in the amount
Or -

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled

the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed
as

Energy balance: E,, —E,, = AE ygtem — Ey =Egy
. . y2 y2 }L
Qo +0r —W=2m,(h, +7€+gze)—zmi(hi +?+gzi)

' V2 2 ' ' System |38
or W:Zn’ti(hi+?+gzi)—zme(he+§+gze)+Q0+QR €)) rK
Entropy balance:

Sin _Sout +Sgen :Assystem =0
Sgen :Sout _Sin
Spon = Tiits, - Siigs; + -2 . =% (g
Tx Ty

Solving for Qo from (2) and substituting in (1) yields
W = Sty +V7"2+gzl- ~Tys) -, (h, +V762+gze ~Tys) =Ty —Q’;{ —T—‘)]
Then the reversible work relation is obtained by substituting S,., = 0,
Wiew =ty +V+;+gzi ~Tys;) =X, (h, +V—;2+gze —Tose)—QR[ —§—°J

R

A positive result for W, indicates work output, and a negative result work input. Also, the O is a positive quantity for heat
transfer to the system, and a negative quantity for heat transfer from the system.
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8-145 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a uniform-flow system
that exchanges heat with surroundings at 7y in the amount of O, as well as a heat reservoir at temperature 7z in the amount

Or.
Assumptions Kinetic and potential changes are negligible.

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled
the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed
as

Energy balance: E;, —E,, =AE

system
V2 v?
Oy +Op ~W=2m,(h, +—— 5 +gz,)—2m;(h; +— ) +gz,)+ U, -Uy),

2 2
or, W =% m,(h, +V7+gz) Xm,(h, +V2 +82,)-(U, =U)) ey +Qp +0r (1)

Entropy balance: S, —Sqy¢ +Sgen = AS,

out system

—Or , —0
Sgen = (S5 = 8))ey + X 1,8, — Xmys; +—— - TO ) @

R 0 System 0
Solving for Oy from (2) and substituting in (1) yields
2 2 e
szmi(hi-i-?-l-gzi—Tosi)—Zme(he o —Tos,) e
TO %ﬂ
HWU) =02 =Ty (81 =5, =TS gen = Or| 1-7 e
R

The useful work relation for a closed system is obtained from

2 y?
Wu = W_Wsurr = Zmi(hi +?+gzi _TOSi)_Zme(he +§+gze _TOSe)

T,
HW, -U)-T4(S1 = 5,)],, ~ToSgen Q;{l— jPO(Vz_Vl)
Ty

Then the reversible work relation is obtained by substituting Sy, = 0,

Vz p2
Wy =2m;(h; +— 5 ~Tys;))—2m,(h, +—— 5 +gz,-T,s,)

T
+HU, U - T4 (S, -8,)+ B,V - V)], Q,{l—T—]
R

A positive result for W, indicates work output, and a negative result work input. Also, the O is a positive quantity for heat
transfer to the system, and a negative quantity for heat transfer from the system.
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Fundamentals of Engineering (FE) Exam Problems

8-146 Heat is lost through a plane wall steadily at a rate of 800 W. If the inner and outer surface temperatures of the wall
are 20°C and 5°C, respectively, and the environment temperature is 0°C, the rate of exergy destruction within the wall is

(a)40 W (b) 17,500 W (c) 765 W (d) 32,800 W (e)0OW
Answer (a) 40 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

Q=800 "W"

T1=20"C"

T2=5"C"

To=0"C"

"Entropy balance S_in - S_out + S_gen= DS_system for the wall for steady operation gives"
Q/(T1+273)-Q/(T2+273)+S_gen=0 "W/K"

X_dest=(To+273)*S_gen "W"

"Some Wrong Solutions with Common Mistakes:"

Q/T1-Q/T2+Sgen1=0; W1 Xdest=(To+273)*Sgenl "Using C instead of K in Sgen"
Sgen2=Q/((T1+T2)/2); W2_Xdest=(To+273)*Sgen2 "Using avegage temperature in C for Sgen"
Sgen3=Q/((T1+T2)/2+273); W3_Xdest=(To+273)*Sgen3 "Using avegage temperature in K"
W4 _Xdest=To*S_gen "Using C for To"

8-147 Liquid water enters an adiabatic piping system at 15°C at a rate of 3 kg/s. It is observed that the water temperature
rises by 0.3°C in the pipe due to friction. If the environment temperature is also 15°C, the rate of exergy destruction in the
pipe is

(a) 3.8 kW (b) 24 kW (c) 72 kW (d) 98 kW (e) 124 kW
Answer (a) 3.8 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

Cp=4.18 "kJ/kg.K"

m=3 "kg/s"

T1=15"C"

T2=15.3"C"

To=15"C"

S _gen=m*Cp*In((T2+273)/(T1+273)) "kKW/K"
X _dest=(To+273)*S_gen "kW"

"Some Wrong Solutions with Common Mistakes:"

W1 Xdest=(To+273)*m*Cp*In(T2/T1) "Using deg. C in Sgen"
W2_Xdest=To*m*Cp*In(T2/T1) "Using deg. C in Sgen and To"
W3_Xdest=(To+273)*Cp*In(T2/T1) "Not using mass flow rate with deg. C"
W4_Xdest=(To+273)*Cp*In((T2+273)/(T1+273)) "Not using mass flow rate with K"
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8-148 A heat engine receives heat from a source at 1500 K at a rate of 600 kJ/s and rejects the waste heat to a sink at 300 K.
If the power output of the engine is 400 kW, the second-law efficiency of this heat engine is

(a) 42% (b) 53% (c) 83% (d) 67% (e) 80%
Answer (c) 83%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

Qin=600 "kJ/s"
W=400 "kW"

TL=300 "K"

TH=1500 "K"
Eta_rev=1-TL/TH

Eta th=W/Qin

Eta llI=Eta_th/Eta_rev

"Some Wrong Solutions with Common Mistakes:"

W1 _Eta ll=Eta_th1/Eta_rev; Eta_th1=1-W/Qin "Using wrong relation for thermal efficiency"
W2_Eta_ll=Eta_th "Taking second-law efficiency to be thermal efficiency”
W3_Eta_ll=Eta_rev "Taking second-law efficiency to be reversible efficiency"
W4_Eta_ll=Eta_th*Eta_rev "Multiplying thermal and reversible efficiencies instead of dividing"

8-149 A water reservoir contains 100 tons of water at an average elevation of 60 m. The maximum amount of electric
power that can be generated from this water is

(a) 8 kWh (b) 16 kWh (c) 1630 kWh (d) 16,300 kWh (e) 58,800 kWh
Answer (b) 16 kWh

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

m=100000 "kg"

h=60 "m"

9=9.81 "m/s"2"

"Maximum power is simply the potential energy change,"”
W_max=m*g*h/1000 "kJ"

W_max_kWh=W_max/3600 "kWh"

"Some Wrong Solutions with Common Mistakes:"

W1 Wmax =m*g*h/3600 "Not using the conversion factor 1000"
W2_Wmax =m*g*h/1000 "Obtaining the result in kJ instead of kWh"
W3_Wmax =m*g*h*3.6/1000 "Using worng conversion factor"
W4_Wmax =m*h/3600"Not using g and the factor 1000 in calculations"
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8-150 A house is maintained at 21°C in winter by electric resistance heaters. If the outdoor temperature is 9°C, the second-
law efficiency of the resistance heaters is

(a) 0% (b) 4.1% (€) 5.7% (d) 25% (e) 100%
Answer (b) 4.1%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

TL=9+273 "K"
TH=21+273 "K"
To=TL
COP_rev=TH/(TH-TL)
COP=1
Eta_ll=COP/COP_rev

"Some Wrong Solutions with Common Mistakes:"

W1 Eta |[I=COP/COP_revl; COP_revl1=TL/(TH-TL) "Using wrong relation for COP_rev"
W2_Eta_lI=1-(TL-273)/(TH-273) "Taking second-law efficiency to be reversible thermal efficiency with C for
temp"

W3_Eta_|I=COP_rev "Taking second-law efficiency to be reversible COP"

W4 _Eta_|[I=COP_rev2/COP; COP_rev2=(TL-273)/(TH-TL) "Using C in COP_rev relation instead of K, and
reversing"

8-151 A 10-kg solid whose specific heat is 2.8 kJ/kg.°C is at a uniform temperature of -10°C. For an environment
temperature of 25°C, the exergy content of this solid is

(a) Less than zero b)0okJ (¢)22.3kJ (d)62.5kJ (e) 980 kJ
Answer (d) 62.5 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

m=10 "kg"

Cp=2.8 "kJ/kg.K"

T1=-10+273 "K"

To=25+273 "K"

"Exergy content of a fixed mass is x1=ul-uo-To*(sl-so)+Po*(v1l-vo)"
ex=m*(Cp*(T1-To)-To*Cp*In(T1/To))

"Some Wrong Solutions with Common Mistakes:"

W1_ex=m*Cp*(To-T1) "Taking the energy content as the exergy content"
W2_ex=m*(Cp*(T1-To)+To*Cp*In(T1/To)) "Using + for the second term instead of -"
W3_ex=Cp*(T1-To)-To*Cp*In(T1/To) "Using exergy content per unit mass"
W4_ex=0 "Taking the exergy content to be zero"
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8-152 Keeping the limitations imposed by the second-law of thermodynamics in mind, choose the wrong statement below:

(a) A heat engine cannot have a thermal efficiency of 100%.

(b) For all reversible processes, the second-law efficiency is 100%.

(c) The second-law efficiency of a heat engine cannot be greater than its thermal efficiency.

(d) The second-law efficiency of a process is 100% if no entropy is generated during that process.
(e) The coefficient of performance of a refrigerator can be greater than 1.

Answer (c) The second-law efficiency of a heat engine cannot be greater than its thermal efficiency.

8-153 A furnace can supply heat steadily at a 1300 K at a rate of 500 kJ/s. The maximum amount of power that can be
produced by using the heat supplied by this furnace in an environment at 300 K is

(a) 115 kW (b) 192 kW (c) 385 kW (d) 500 kW (e) 650 kW
Answer (c) 385 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

Q_in=500 "kJ/s"

TL=300 "K"

TH=1300 "K"
W_max=Q_in*(1-TL/TH) "kW"

"Some Wrong Solutions with Common Mistakes:"

W1 Wmax=W_max/2 "Taking half of Wmax"

W2_Wmax=Q _in/(1-TL/TH) "Dividing by efficiency instead of multiplying by it"
W3 _Wmax =Q _in*TL/TH "Using wrong relation”

W4 _Wmax=Q _in "Assuming entire heat input is converted to work"

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




8-152

8-154 Air is throttled from 50°C and 800 kPa to a pressure of 200 kPa at a rate of 0.5 kg/s in an environment at 25°C. The
change in kinetic energy is negligible, and no heat transfer occurs during the process. The power potential wasted during
this process is

(a0 (b) 0.20 kW (c) 47 kW (d) 59 kW (e) 119 kW
Answer (d) 59 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

R=0.287 "kJ/kg.K"

Cp=1.005 "kJ/kg.K"

m=0.5 "kg/s"

T1=50+273 "K"

P1=800 "kPa"

To=25"C"

P2=200 "kPa"

"Temperature of an ideal gas remains constant during throttling since h=const and h=h(T)"
T2=T1
ds=Cp*In(T2/T1)-R*In(P2/P1)
X_dest=(To+273)*m*ds "kW"

"Some Wrong Solutions with Common Mistakes:"
W1 _dest=0 "Assuming no loss"
W2_dest=(To+273)*ds "Not using mass flow rate
W3_dest=To*m*ds "Using C for To instead of K"
W4 _dest=m*(P1-P2) "Using wrong relations"
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8-155 Steam enters a turbine steadily at 4 MPa and 400°C and exits at 0.2 MPa and 150°C in an environment at 25°C. The
decrease in the exergy of the steam as it flows through the turbine is

(a) 58 kl/kg (b) 445 kJ/kg (c) 458 kl/kg (d) 518 kJ/kg (e) 597 kJ/kg
Answer (e) 597 kl/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

P1=4000 "kPa"

T1=400 "C"

P2=200 "kPa"

T2=150 "C"

To=25"C"

h1=ENTHALPY (Steam_IAPWS,T=T1,P=P1)
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1)
h2=ENTHALPY (Steam_IAPWS,T=T2,P=P2)
s2=ENTROPY(Steam_IAPWS, T=T2,P=P2)
"Exergy change of s fluid stream is Dx=h2-h1-To(s2-s1)"
-Dx=h2-h1-(To+273)*(s2-s1)

"Some Wrong Solutions with Common Mistakes:"

-W1_Dx=0 "Assuming no exergy destruction”

-W2_Dx=h2-h1 "Using enthalpy change"

-W3_Dx=h2-h1-To*(s2-s1) "Using C for To instead of K"
-W4_Dx=(h2+(T2+273)*s2)-(h1+(T1+273)*s1) "Using wrong relations for exergy"
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