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Chapter 8
EXERGY — A MEASURE OF WORK POTENTIAL

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

8-1C Reversible work differs from the useful work by irreversibilities. For reversible processes both are
identical. W, = W, — I

8-2C Reversible work and irreversibility are identical for processes that involve no actual useful work.
8-3C The dead state.
8-4C Yes; exergy is a function of the state of the surroundings as well as the state of the system.

8-5C 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.

8-6C Yes.
8-7C No, not necessarily. The well with the higher temperature will have a higher exergy.

8-8C 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.

8-9C They would be identical.

8-10C 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.

8-11C No. The power plant that has a lower thermal efficiency may have a higher second-law efficiency.
8-12C No. The refrigerator that has a lower COP may have a higher second-law efficiency.

8-13C A processes with W, = 0 is reversible if it involves no actual useful work. Otherwise it is
irreversible.
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8-14C Yes.

8-15 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 =/ = &M [ 1kJ/kg

j =0.032kJ/kg

2 2 {1000m?* /s? -—
At standard atmospheric conditions (25°C, 101 kPa), the density and
. -+
the mass flow rate of air are
<—
-—
pziz 1013kPa =118 m’ /kg
RT  (0.287 kPa-m” /kg-K)(298 K)
and
. zD? 3 2
m=pAV, = ,DTVl =(1.18kg/m” )(z / 4)(10 m)~ (8 m/s) = 742 kg/s
Thus,

Available Power = mke = (742 kg/s)(0.032 kJ/kg) = 23.74 kW
The minimum number of windmills that needs to be installed is

N =—total 600 kw =25.3=26 windmills
w 23.74 kW
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8-16E 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; =5, =0.54379 Btw/Ilbm-R q

1 1 f f
P, =200psia | hy =h, =1198.8 Btw/lbm 28‘(’)3‘;23 / 200 psia
x, =1 (sat.vap.) | s, =s, =1.5460 Btu/lbm-R sat. liq. sat. vap.

TO = SOOF ho = hf@SOOF = 48.07 Btu/lbl’l’l
PO :14.7 pSla SO = Sf@gool: = 0.09328 Btu/lme
The heat transfer during the process is

@iy = hy —h, =1198.8—355.46 = 843 3 Btw/Ibm

The entropy generation associated with this process is

Sgen = ASw + ASR = (SZ —S)- Tin
R
843.3 Btu/lbm

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

=0.12377 Btu/lbm-R
The wasted work potential (exergy destruction is)
= (80 + 460 R)(0.12377 Btw/Ibm - R) = 66.8 Btu/lbm

Xdest = TOSgen

The work potential (exergy) of the steam stream is
Ay, =hy=h =Ty(s; =)
=(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:
T, 540
=q|1-=-|=(843.3)| 1-—— | = 368.9 Btu/lbm
Xheat CI( TR J ( )( 960j

Exergy increase of steam:

Ay, =302.1Btu/lbm

The net exergy destruction:

Xgest = Xpeat — AV, = 368.9—-302.1 = 66.8 Btu/lbm
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8-17 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 /s?

=—= > : = 2.45%10" kg
gh (9.8m/s*)(75m)\ 1h 1kW -s/kg

8-18 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, @
T, 298K
= =1-—2 =1-=222 - 0.8013 .
ﬂth,max ﬂth,rev TH 1500 K @ Wrev
Exergy = Wmax,out = Wrev,out = Mthrev Qin

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

=33.4kW

8-19 [Also solved by EES on enclosed CD] 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
= =1-—Lt =1-"""=0.787
nth,max nth,rev TH 1500 K @
Wrevout = MinsevOin = (0.787)(700 kl/s) = 550.7 kW 700 kJ/s
(b) The irreversibility rate is the difference between the reversible @ 320 kKW

power and the actual power output:

I =W,y out = Weou =550.7-320=230.7 kW

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

Wiouw  320kW
W, 550.7 kW

rev,out

=58.1%

My =
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8-20 EES Problem 8-19 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= 1500 [K]
Q_dot_H= 700 [kJ/s]
{T_L=320 [K]}
W_dot_out = 320 [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(, %)

i [%6] I [kJ/s] Wiey [kJ/S] T [K]
68.57 146.7 466.7 500

67.07 157.1 477.1 477.6
65.63 167.6 487.6 455.1
64.25 178.1 498.1 432.7
62.92 188.6 508.6 410.2
61.65 199 519 387.8
60.43 209.5 529.5 365.3
59.26 220 540 342.9
58.13 230.5 550.5 320.4
57.05 240.9 560.9 298
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570 T T T T T T T

548

W, o, [KJ/s]

4821

460 1 | 1 | 1 | 1 | 1
275 320 365 410 455 500

70 T T T T T T T T T

250

228

206

I [kJ/s]

184}

162

140 1 | 1 | 1 | 1 | 1
275 320 365 410 455 500
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8-21E 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,

— nth,rev = n;h = % =0.60
ny 0.60

M =

th,rev

Thus,

T
Migey === —— Ty =T, (1= e, ) = (530R)/0.40 = 1325 R

Ti

8-22 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 298K 100 kJ
Mth,rev = 1__0 = 1_—98 =0.6275
’ Ty 800K @
Wmax,out = Wrev,out = nth,rev Qin
= (0.6275)(100 kJ) 298 KD

=62.75kJ

8-23 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,
7 th,rev :1__0:1_—293K =0.801 77th:0.40

’ Ty 12004273 K

Thus,
A
7711:77_111:£:49.9% @
threy  0-801
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8-24 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 = Qo = O = 80,000 kJ/h = 22.22 kW

The COP of a reversible heat pump operating between the 80,000 kJ/h
specified temperature limits is

| | yd AN
COPyp oy = = =42.14 House
1-T; /Ty 1-288/295 22 °C
15°C
Thus,
o On MW oo |—\/\/\/\/\/\—|
" COPypp ey 42.14 + _ *
and w
=Wy ~Wyeyin =22.22-0.53=21.69 kW

8-25E 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,

1 1

COPg ., = = =8.73
Rrev =, /T, =1 535/480—1
. y i 1h @
W = O; _ 75 Btu/min p _|—020hp
’ CORR rey 8.73 42.41 Btu/min
(b) The irreversibility is the difference between the reversible @ 0.70 hp

work and the actual electrical work consumed,
75 Btu/min

Freezer
20°F

I =W ~Wyein =0.70-0.20 = 0.50 hp

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

W, :
= e 2 02000 _ 5 904
W,  0.7hp
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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)

Ve v2 zD?
=n..q4—(0AV)=n: 1 — vV
T wind 2 (P ) 7] wind > P 2
3p?
= Twind P " PR (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.

8-27 A geothermal power produces 14 MW power while the exergy destruction in the plant is 18.5 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 (@) The properties of geothermal water at the inlet of the plant and at the dead state are (Tables A-
4 through A-6)

T, =160°C | hy =675.47 kJ/kg

x =0 s; =1.9426 kl/kg K

T, = 25°C} hy =104.83 kJ/kg

xy=0 sy =0.36723 kl/kg.K

The exergy of geothermal water entering the plant is

Xin :m[hl —hy =T (s, ‘So]
= (440 kg/s)[(675.47 —104.83) kl/kg + 0 — (25 + 273 K)(1.9426 — 0.36723)kJ/kg.K]
=44,525kW =44.53 MW

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

Wou  14,000kW 0
X, 44525kW

m

Ny = 314

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

Xheat,out = Xin -,

out

— X 4 =44,525—-14,000 — 18,500 = 12,025 kW = 12.03 MW
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Second-Law Analysis of Closed Systems

8-28C Yes.

8-29C 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%.
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8-30E 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 Btu/lbm'R, ¢, = 0.171 Btu/lbmR, 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
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Air
_Wb,out:AU:mcu(Tz_Tl) .
150 psia
The final temperature for the isentropic case is 100°F
(k-1)/k . \04/1.4
P 15 psia
T, =T,| 2 = (560 R)| — 1 =290.1R
P 150 psia
. . . L T
The actual exit temperature from the isentropic relation is
poii=h
T 1 TZS

T, =T, —n(T, —T,,) =560—-(0.95)(560-290.1) =303.6 R
The boundary work output is
Wpout = Cy (T} —=T5) =(0.171 Btw/Ibm- R)(560 —303.6)R = 43.84 Btu/lbm

The entropy change of air is

T P
As,r =c, lan—Rln?2
1 1

=(0.240 Btu/Ibm- R)In S036R (0.06855 Btu/Ibm-R)In 5 pSIf‘
560 R 150 psia
=0.01091 Btw/Ibm-R

The exergy difference between states 1 and 2 is
G = =u —uy + By(vy —vy) ~Ty(s, = 55)
i T,
=c,(,-T,)+RR| + -2 |-Ty(s;—s
V( 1 2) 0 (1)1 PzJ O( 1 2)

560R  303.6R
150psia 15 psia

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

=33.07 Btu/lbm

The useful work is determined from

T, T
Wu = Wpout — Wsurr = Cu(Tl _TZ) _PO(VZ - Ul) = Cv(Tl _TZ) _R)R(Fz__lj
2 1

= 43.84 Btu/lbm — (14.7 psia)(0.06855 Btu/Ibm - R)(3 03.6R __S60R J

15 psia 150 psia
=27.21Btu/lbm

The second law efficiency is then

W _ 27.21 Btu/lbm _0.823

A¢  33.07 Btu/lbm

My =
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8-31E 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 Btu/lbm'R, ¢, = 0.171 Btu/lbmR, k=
1.4, and R = 0.06855 Btu/Ibm'R = 0.3704 psia-ft3/lbm-R. For helium, ¢, = 1.25 Btw/Ilbm'R, ¢, = 0.753
Btu/lbmR, k= 1.667, and R = 0.4961 Btu/Ibm-R= 2.6809 psia-ft'/lbm'R. (Table A-2E).

Analysis The mass of air in the system is

100 psia)(10 ft
m=2Y _ ( psf)( ) =3.5521bm R
RT  (0.3704 psia - ft°/Ibm-R)(760 R) 10 lfrt3
The entropy change of air between the given state and the dead state is 100 psia
T P 300°F
s—sg=c,In—-RIn—
0 F
— (0240 Btwlbm- R)In 22°R _ (0.06855 Btw/ibm - Ryin 120 PS12.
537R 14.7 psia

=-0.04808 Btu/Ibm-R

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

- RT _(0.3704 psia - ft*/Ibm - R)(760 R)
P 100 psia

=2.815ft%/Ibm

RT,  (0.3704 psia-ft’/lbm-R)(537 R)
P, 14.7 psia

=13.53 ft>/lbm

Vo =

The specific closed system exergy of the air is then

p=u—ug+Fy(v-vy)-Ty(s—5¢)

=c,(T-Ty)+Fy(v—vy)—Ty(s—s4)
. 3 1Btu
=(0.171 Btw/lbm-R)(300—77)R + (14.7 psia)(2.815 —13.53)ft"/Ibm| e
5.404 psia - ft

—(537R)(—0.04808) Btu/lbm-R
=34.80 Btu/Ibm

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

® = m¢ = (3.552 Ibm)(34.80 Btu/Ibm) = 123.6 Btu

We now repeat the calculations for helium:

ry 80 psia)(20 ft°
MR ( psw?( ) =0.9043 Ibm el
RT  (2.6809 psia - ft*/Ibm-R)(660 R) 2% lggn
80 psia
§=8g=¢p lnl—Rlni 20501:
7, X
= (1.25 Bru/bm-R)ln 2R _ (0 4961 Bru/tbm - Ryln -0
537R 14.7 psia

=-0.5827 Btu/lbm-R
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o RT_ (2.6809 psia - ft*/Ibm - R)(660 R)
P 80 psia

=22.12 ft*/Ibm

RT,  (2.6809 psia-ft’/Ilbm-R)(537 R)
P, 14.7 psia

vy = =97.93 ft*/Ibm

p=u—uy+Py(v-vy)=Ty(s—5s0)
=c¢,(T-Ty)+ P (v—vy)—Ty(s—s,)
= (0.753 Btw/lbm - R)(200 — 77)R + (14.7 psia)(22.12 - 97.93)ft3/1bm($J
5.404 psia - ft°
(537 R)(~0.5827) Btw/lbm - R
=199.3 Btu/lbm

® = mg = (0.9043 Ibm)(199.3 Btu/Ibm) = 180.2 Btu

Comparison of two results shows that the helium system has a greater potential for the production of work.
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8-32 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 =800kPa 3 Steam
v=0.24720m"/kg  (Table A-6)
T =180°C 1 kg
s =6.7155kJ/kg-K 800 kPa
Uy ZU 4 gosec =104.83kI/k 180°C
To =25°C L 0.001003 g3/k (Table A - 4)
Vo 2V, 9z0~ =0, m aple -
P, =100kpa| 0 = Y/@2c ¢

So =S r@asec =0.3672kJ/kg-K

The exergy of steam is

CD:m[u—uO +P0(U—Vo)—To(S_So)]

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

= (kg) 1kPa-m
— (298 K)(6.7155-0.3672)kJ/kg -K
=622.7kJ
For R-134a;
u =386.99 kl/kg
P =800kPa 3
v =0.044554m"/kg (Table A-13)
T = ISOOC R-134
s =1.3327kJ/kg-K r a
~ _ g
T, =25°C Ug =l pgosec =85.85kl/kg 3 800 kPa
Vo 2V ga50c =0.0008286 m”/k Table A-11 °
P, =100kPa| 0~ /@»C g ( ) 180°C

So =S8 r@asec =0.32432kl/kg-K

(386.99 —85.85)kJ/kg + (100 kPa)(0.044554 — 0.0008286)m3/kg(&3j
1kPa-m

=(1kg)
—(298K)(1.3327-0.32432)kl/kg - K
=5.02kJ

The steam can therefore has more work potential than the R-134a.
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8-33 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 c,=1.009 kJ/kg'K and ¢, = 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

L (100 kPa)(0.002 m?)
RT,  (0.287kPa-m* /kg-K)(298K)

Also,
PV, RV, v - AT, v - (100 kPa)(423K)

=0.00234 kg

2= 1= (2L)=0473L
Lo h P,T, ' (600kPa)(298K) o
and V=aL
P, =100 kPa
T P = 100
S2_S0=Cpavg 11’1—2—Rln_2 TI 25 C
: P
~ (1009 kI/kg K) In 2225 _ (0,287 ki/kg - K) In 2201
208K 100 kPa

=-0.1608kJ/kg-K
Thus, the exergy of air at the final state is
Xy =@ =mileg g (T =T0) =Ty (52 =s50) [+ Py (Vs ~V))
=(0.00234 kg)[(0.722 klJ/kg-K)(423-298)K - (298 K)(-0.1608 kJ/kg - K)]

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

(h) 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) _
)(in - Xout - Xdestroyed =AX,

system

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

VVrev,in =X 27 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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8-34 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

P, =0.7MPa
u; =274.01kJ/kg
T, = 60°C
s, =1.0256 kl/kg - K
Vs 2V ;g aeec = 0.0008261m° /k
P, =0.7Mpa |2~ Yr@ac g R-134a
T. = 249C Uy ZUpgogec = 84.44 klJ/kg 0.7 MPa
2 S3 =5 ;@aec = 0.31958kI/kg-K P = const. 0
v, =0.23718m’ / kg
P, =0.1MPa
uy =251.84kl/kg
T, = 24°C

5o =1.1033kJ/kg-K
Analysis (a) From the closed system exergy relation,

Xy =@ =m{(uy —uy) =Ty (s, —50) + Py (v —v,)}

= (5kg){(274.01-251.84) kJ/kg — (297 K)(1.0256—1.1033) kl/kg - K

+(100 kPa)(0.034875—0.23718)m> /kg[%j}
1kPa-m

=125.1 kJ
and,

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

+(100 kPa)(0.0008261— 0.23718)m3/kg(ij}
1kPa-m?

=208.6 kJ

(b) 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,

&0 (reversibk) _
X in X, out -X, destroyed = AX,

system
— N
Netexergy traisfer Exergy Change

by heat, work,and mass destruction in exergy

Weyin =X, — X, =208.6-125.1=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,

Wu,in :Win _Wsurr,in :Win _PO(VI _Vz):P(Vl _VZ)_POm(Vl _VZ)
=m(P—Fy)(v, —v,)

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

—3} =102.1kJ
1kPa-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

X destroyed =1 =Wy =W, =102.1-83.5=18.6 kJ

rev,in
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8-35E 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)
Vi =v,+xv, =0.01708+0.25x(11.901-0.01708) = 2.9880 ft> /1bm

Uy =u g +xu g =227.92+0.25%862.19 = 443.47 Btu/ Ibm
Sy =5, +%5, =0.38093+0.25x1.30632 = 0.70751 Btu / Ibm - R

P, =35psia

=1110.9 Btu/Ibm

vy =0 | M2 T e @u,=29880 %/ 1bm
=1.5692 Btu/lbm-R

sat. vapor | $2 =S @ 4 =20880 f*/1bm
Analysis (@) The irreversibility can be determined from its definition
Xdestroyed = T0Sgen Where the entropy generation is determined from an

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

Sin_Sout + Sgen =AS
— ——

system

%,—/
Net entropy transfer Entropy Change
by heatand mass  generation  in entropy

Sgen = ASsystem = m(SZ _Sl)
Substituting,
Xdestroyed = TOSgen = mTO (SZ _Sl)
— (6 1bm)(535R)(1.5692-0.70751)Btw/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

We,in =AU = m(uZ _ul)
or,

Wein =(61bm)(1110.9-443.47)Btu/Ibm = 4005 Btu

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

Wievin =Wuin = X destroyed = 4005—2766 =1239 Btu

Thus,
_ Weew _ 1239 Btu —30.9%
W, 4005 Btu

u
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8-36 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 =300kpa | “! =V georc =0.001017m’ /kg
T < 60°C Uy Zuypgeoec = 251.16kI/kg
! $1 =S ;@eoc = 0.8313kl/kg K

Vacuum

Noting that v, =2v; =2x0.001017 = 0.002034 m® /kg,

L _Y27Ys _ 0.002034-0.001014
} v, 10.02-0.001014

=0.0001017

P, =15kPa

Uy =uy+xup =22593+0.0001017x2222.1=226.15kJ/kg
v, =0.002034

Sy =5, +x,8 , =0.754940.0001017 x 7.2522 = 0.7556 kl/kg - K

Taking the direction of heat transfer to be fo 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(uy —uy)
or,
0, = (1.5kg)(226.15-251.16)kl/kg = -37.51k] — Q,, =37.51kJ

The irreversibility can be determined from its definition Xgegroyed = T0Sgen 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 N gen system
— | —
Net entropy transfer Entropy Change
by heatandmass  generation  in entropy
Qou
- +Sgen:ASsystem:m(s2 =51)
b,out
o
Sgen =m(s3 =51)+ o
surr
Substituting,
X -T.S -T Qout
destroyed — 402 gen — 40 m(sy =)+
surr
Slk
=(298 K){(l .5kg)(0.7556-0.8313)kJ/kg-K +%}

=3.67 kJ
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8-37 EES Problem 8-36 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=60[C]
P =3oo [kPa]

P _0=100 [kPa]
T surr=T_ o

"Conservation of energy for closed system is:"

E_in - E_out = DELTAE
DELTAE = m*(u_2 - u_1)

E_in=0

E_out=Q_out

u_1 =intenergy(steam_iapws,P=P_1,T=T_1)
v_1 =volume(steam_iapws,P=P_1,T=T_1)
s_1 =entropy(steam_iapws,P=P_1,T=T_1)
v 2=2%_1

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

s_2 = entropy(steam_iapws, v=v_2,P=P_2)
S_in-S_out+S_gen=DELTAS_sys

S_in=0 [kJ/K]

S_out=Q_out/(T_surr+273)
DELTAS_sys=m*(s_2-s_1)

X_destroyed = (T_o0+273)*S_gen

I:)2 Xdestroyed Qout
[kPa] [kJ] [kJ]

15 3.666 37.44
16.11 2.813 28.07
17.22 1.974 19.25
18.33 1.148 10.89
19.44 0.336 2.95
20.56 -0.4629 -4.612
21.67 -1.249 -11.84
22.78 -2.022 -18.75
23.89 -2.782 -25.39

25 -3.531 -31.77

Xdestroyed [kJ]
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19.4

P, [kPa]
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8-38 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 =t ;g isorpa = 466.97kI / kg
P, =150kPa }vl =V @isokpa = 0.001053m’ kg
hy =h;@is0kpa = 467.13kI/kg
51 =S r@isokpa — 14337 kl/kg-K

sat. liquid Saturated

Liquid
H,O
P =150 kPa

The mass of the steam is

3
m:l_le.wgkg

v, 0.001053m’ /ke

b

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

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

We,in = m(hz _hl)

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

W .
hy = hy +—2" :467.13+M:1625.1kﬂkg
m 1.899 kg
Thus,
hy —h _
=2 1625.1-467.13 _ .
h 2226.0

Sy =57 +%,8  =1.4337+0.5202%x5.7894 = 4.4454 kl/kg - K
Uy =ty +xyup =466.97+0.5202x2052.3 =1534.6 kl/kg
vy =V, +x,v , =0.001053+0.5202 % (1.1594 - 0.001053) = 0.6037 m* /kg

P, =150kPa
hy =1625.1kJ/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,

20 (reversibk) _ _
Xin - Xout - Xdestroyed - A)(system - I/Vrev,in - XZ - Xl
— —_——
Netexergy trasfer Exergy Change

by heat, work,and mass destructin in exergy

Substituting the closed system exergy relation, the reversible work input during this process is determined
to be
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Weevin = =ml(uy —uy) =T (s, =39)+ Py (v —v,)]
=—(1.899 kg){(466.97 —1534.6) k/kg — (298 K)(1.4337 —4.4454) k) /kg-K
+(100 kPa)(0.001053 —0.6037)m* / kg[1kJ/1 kPa-m?*]}
=437.7 kJ
(b) The exergy destruction (or irreversibility) associated with this process can be determined from its
definition Xgesroyed = T0Sgen Where the entropy generation is determined from an entropy balance on the
cylinder, 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)

Substituting,
X gestroyed = T0Sgen =mTo (57 —51) = (298 K)(1.899 kg)(4.4454 —1.4337)kJ/kg - K = 1705kJ
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8-39 EES Problem 8-38 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.

50 [kPa]
]

{W_Ele = 2200 [kJ]}
T _0=25[C]
P_0=100 [kPa]

"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)

_1 =intenergy(steam_iapws,P=P_1,x=x_1)
_1 =volume(steam_iapws,P=P_1,x=x_1)
_1 =entropy(steam_iapws,P=P_1,x=x_1)
= intenergy(steam_iapws, v=v_2,P=P_2)
=entropy(steam iapws, v=v_2,P=P_2)

3m:tn<c
|||\)|\_)_L_L_L|

*convert(L,m"3)/v_1 WO——————7 1T g
W_rev_in=m*(u_2-u_1-(T_o0+273.15) 400+ -
*(s_2-s_1)+P_o*(v_2-v_1)) asol ]
"Entropy Balance:" =) 300p ]
S_in-S_out+S_gen = DELTAS_sys = 2501 ]
DELTAS_sys =m*(s_2-s_1) S 2000 §
S_in=0 [kJ/K] ;9" 1500 ]
S_out= 0 [kJ/K] Lol ;
"The exergy destruction or irreversibility is:" 50 ]

X_destroyed = (T_0+273.15)*S_gen 0 T —

0 450 900 1350 1800 2250
Wee [kJ]
WEle Wrev,in Xdestroyed
kJ] | [kJ] [kJ] o o
0 0 0 1600 -
2444 | 4854 189.5 o 14000 _'
488.9 | 97.07 | 379.1 S ol ]
733.3 145.6 568.6 =, -
977.8 | 194.1 758.2 < 1000 ]
1222 | 2427 947.7 S soof ]
1467 | 2912 1137 = ]
[}
1711 339.8 1327 L - -
1956 | 388.3 1516 X A0 ]
2200 436.8 1706 200} i
O0 I 450 I 900 I 1350 I 1800 I 2250
WEje [kJ]
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8-40 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, =s;. From the refrigerant tables
(Tables A-11 through A-13),

VI =V @osmpa = 0.02562m’ /kg

P, =0.8 MP
ot vamor ! }ul 1, @osnpe = 246.79K/kg
P 51 =Sg@osmpa — 0.9183kJ/kg-K
The mass of the refrigerant is i
-134a
v 0.05m’ 0.8 MPa
m=—=——————=1952kg .
Vi 0.02562m°> / kg Reversible
Sy —8 _
Xy = 2751 0.9183-0.15457 —0.9753
S fe 0.78316
Pz = 02 MPa

Uy =V, +x,0 4, = 0.0007533 +0.099867 x (0.099867 — 0.0007533) = 0.09741 m* /kg

2 Uy =1y +xyu, =38.28+0.9753x186.21 = 219.88 ki/kg

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) _
‘Xin - X out -X destroyed =AX, system
— —
Netexergy trasfer Exergy Change
by heat, work,and mass destruction in exergy
- I/Vrev,out = XZ _Xl
I/Vrev,out = Xl _XZ
=0, - 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; —u,)—T, (s, —sz)&o + Py (v, —VZ)J: m[(ul —uy)+ Py (v, —Uz)]

rev,out
= (1.952 kg)[(246.79 — 219.88) kJ/kg + (100 kPa)(0.02562 — 0.09741)m* / kg[kJ/kPa -m> ]
=38.5 kJ
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8-41E 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/lbm.R (Table A-1E). The constant-volume
specific heat of oxygen at the average temperature is

Ty = (T, +T5)/ 2= (75+525)/ 2 = 300°F—> ¢, o, = 0.164 Btw/lbm-R
Analysis The entropy change of oxygen is £
T
53 =81 =Cyave ln(—zj +R ln(v—Z] 0,
; Y 1.56/1b 12 ft/lbm
— (0.164 Btu/lbm - R) ln[ j +(0.06206 Btw/lbm - R) In| ~—>—-2 75°F
535R 12 ft3/Ibm

=-0.02894 Btu/Ibm-R

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

20 (reversibk) _ _
Xin - Xout - Xdestroyed - A‘Xsystem - I/Vrev,in - 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

Wrev,in =@, — ¢ =—{(u —uy) Ty (s; —s)+ Py (v) —v,)]
=—{(0.164 Btu/lbm-R)(535-985)R — (535 R)(0.02894 Btu/lbm- 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

¢ —¢ = Wievin = 60.7 Btu/lbm
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8-42 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.

Analysis (a) The initial and final temperature of CO, are

PV, 100 kPa)(1.2 m?

7=l (100kPa)(12m") =2982K
mR  (2.13kg)(0.1889kPa-m" /kg-K)
PV 120 kPa)(1.2 m>

r,=-2% _ (20kPa)12m”) ~357.9K

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

Ty =(T, +T5)/2=(298.2+357.9)/2=328 K —>¢, 4, = 0.684 kl/kg K

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 = mc,, (TZ _Tl)
or,
Wowin = (2.13kg)(0.684 kJ/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‘Xsystem - I/Vrev,in - 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
&ﬂ
Wievin =m|uy —u)=To(s, =s))+ Py (vy —v)
=m cv,avg(TZ _Tl)_TO(SZ _Sl)]
=(2.13 kg)[(0.684 kJ/kg-K)(357.9-298.2)K —(298.2)(0.1253 kJ/kg - K)]
=7.74 kJ

since

T
§, =8 =C ln72+Rlnv—2<90 =(0.684 kJ/kg-K) In

( 357.9K
v,avg ! V]

=0.1253kJ/kg-K
298.2K
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8-43 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder
is turned on, and air is heated for 15 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

AIR

PV, 120 kPa)(0.03 m>
mobY_ (20KPQO03mT) 0154 120 kPa W,

RT,  (0.287kPa-m?/kg-K)(300K)

P = const

W, = W,Ar = (~0.05 kI /s)(5 x 60 s) = —15 kJ
Also,

T,=300K —— 7, =30019klJ/kg and s =1.70202kJ/kg-K
The energy balance for this stationary closed system can be expressed as

E,-E = AE

in out system
—
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. Thus,

Wein 15kJ T, =650K
% =300.19+————— =659.04 ki/kg ——> .
m 0.0418kg sy =2.49364 kl/kg-K

Also,
P J0
§,—85, =55 -5 —R ln[?zJ =55 — 57 =2.49364 -1.70202 =0.79162 kJ/kg - K
1

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

Sin - Sout + Sgcn = ASsystcm
— —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Sgen = ASsystem = m(SZ _Sl)
Substituting,

X gestroyed = ToSgen = mTo (53 —51) == (300 K)(0.0418 kg)(0.79162 ki/kg-K) = 9.9 kJ

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




8-44 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, @)
85 =S| =Cyavg lnTl+R lnv—1
3
— (31156 Kk -K) In 22K 4 2.0769 Kk Ky In 22 KE _ 3 087 kyjke - K
288K 3m?/kg

The increase in the useful potential of helium during this process is simply the increase in exergy,
Oy~ @ =—ml(uy —uy) =Ty (s =5,)+ Py (vy =0,)]
=—-(8kg){(3.1156 kJ/kg-K)(288 —353) K — (298 K)(3.087 kJ/kg - K)
+(100 kPa)(3—0.5)m?> / kg[kJ/kPa -m>]}
=6980 kJ
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8-45 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 = 0.208 kJ/kg.K (Table A-1).

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

Ein Eout AE system
%/_/ %’_/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU =m(u, —uy)

since # = u(7) for an ideal gas.

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

Sin_Sout + Sgen =AS

system
| SN — —
Net entropy transfer Entropy Change

by heatandmass  generation  in entropy
Sgen = ASsystem = m(SZ _Sl)
where
&0
ASystem =m(sy —s1) =m| ¢, 4, In 2 tRIn-%|=mRIn—=
T 4 1
— (3ke)(0.208 kl/kg -K) In(2) = 0.433 kJ/K

Substituting,

X gestroyed = ToSgen = mTy (55 —51) = (298 K)(0.433 kI/K) = 129 kJ

gen
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8-46E 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 Ibn/ft’ and ¢, = 1.00 Btw/lbm.°F. The specific heat of copper at the anticipated average temperature of
100°F is ¢, =0.0925 Btu/lbm.°F (Table A-3E).

Analysis 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 = AE

system
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU
or,
AUCu + AUwaler =0
[mc(Ty —T)]cy +[me(Ty —T7)]yater =0
where
m,, = pV =(62.11bm/ft*)(1.5 ft>) =93.15 Ibm
Substituting,

0 = (70 1bm)(0.0925 Btu/lbm- °F)(T, —250°F) +(93.15 Ibm)(1.0 Btu/Ibm- °F)(T, — 75°F)
T, =86.4°F =546.4R
The wasted work potential is equivalent to the exergy destruction (or irreversibility), and it can be

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

Sin =S =AS

in out T S gen system
— —
Net entropy transfer Entropy Change
by heatand mass  generation  in entropy
S gen = AS system = AS water + AS copper
where
T .
AS gopper = MCaye In| =2 | = (70 16m)(0.092 Btw/Ibm - R) h{ 546.4 Rj =-1.696 Btw/R
T, 710R
T .
AS yager = MCoyg In| =2 | = (93.151bm)(1.0 Btw/Ibm - R) 11{ 5464 Rj =1.960 Btu/R
T, 535R
Substituting,

X gestroyed = (535 R)(~1.696 +1.960)Btu/R =140.9 Btu
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8-47 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. v

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 kl/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 Changemkinetic,
by heat, work, and mass potential, etc. energies
pr,in =AU = AUviron + Al]water
pr,in = [mc(TZ - Tl )]iron + [mC(TZ - Tl )]water
where
Myuier = PV = (997 kg/m?)(0.1m>) = 99.7 kg
W =Wy inAL = (0.2k1/5)(20x60'5) = 240 k]
Substituting,
240kJ = m,,, (0.45 kJ/kg -°C)(24 —85)°C +(99.7 kg)(4.18 kI /kg - °C)(24 — 20)°C
Miron = 52.0 kg

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

system

Sin_Sout + Sgen =AS
——

— —
Net entropy transfer  Entropy Change

by heatand mass  generation i entropy
S gen — AS system — AS iron T AS water
where
T 297K
AS, oy = MCy, In| == | = (52.0kg)(0.45kJ/kg - K) In| =———— | = —4.371kJ/K
iron avg [ T1 ] ( g)( g ) (358 Kj
T. 297K
AS e = MC,y h{f} =(99.7 kg)(4.18 kl/kg - K) h{mj =5.651kJ/K
Substituting,

X gestroyed = ToS gen = (293 K)(4.371+5.651) kI/K = 375.0kJ
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8-48 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 ¢, ion = 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 - AEsystem
e —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

_Qout =AU = AUircon +AU

copper

or,
OQour =[me(Ty =T5)livon +Ime(T) —T5)] 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 Xyestroyed = 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 = ASsystem
— —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Qout _ -
- T— + Sgen - ASsystem - ASiron + AScopper
b,out
_ Qout
Sgen - ASiron + AScopper + T
lake

where
T. 288 K
AS. = In| =2 | =(50 kg )(0.45 kJ/kg - K )In =-4.579 kJ/K
o = e o 2| - G015 kg k) 255K
T. 288 K
AS = In| == | =(20 kg )0.386 kJ/kg -K)In| —— | =—-1.571 kJ/K
copper mcavg [Tl j ( g)( g ) (353 K\J
Substituting,

1964 kJ
X gestroyed = ToS gen = (293 K)(— 4.579-1571+—

JkJ/K =196 kJ
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8-49E 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+xug, =21.246+0.55x77.307 = 63.76 Btu/ Ibm
s; =S, +x;5 5 =0.04688+0.55x0.17580 = 0.1436 Btu / Ibm-R

P :40psia}
Vi =V, +xV 4, =0.01232+0.55x1.16368 = 0.65234 ft* /1bm

x, =0.55

Va—Vy  0.65234-0.01270

v o 0.79361-0.01270
S5 =8, +%,8 5, =0.06029+0.8191x0.16098 = 0.1922 Btw/lbm - R
Uy =1 +Xpu , =27.939+0.8191x73.360 = 88.03 Btu/Ibm

=0.8191

X2
P, =60 psia }

(vy =v))

Analysis (a) The mass of the refrigerant is

v 12 ft?
m=—=—-—————=18401bm Source
Vi 0.652341t” /1b o
! m R-134a 120°¢
We take the tank as the system, which is a closed system. The 40psia |
energy balance for this stationary closed system can be expressed as Q
Ein - Eout = AEsystem
—_— R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
O =AU =m(uy —u,)
Substituting,

0., =m(u, —u,) = (18.40 Ibm)(88.03 - 63.76) Btu/lbm = 446.3 Btu

(b) The exergy destruction (or irreversibility) can be determined from its definition Xuesioyed = 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 = ASsystem
s
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Qin _ —
+Sgen - ASsystem - m(SZ _S1)9
Tb,in
Q.
Sgen =m(5y —58)) ————
Substituting,
446.3 Btu
X gestroyed = T0S gen = (535 R)[(l 8.40 Ibm)(0.1922 —0.1436)Btw/Ibm-R — W} =66.5 Btu
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8-50 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 500 per hour. Therefore, chickens can be
considered to flow steadily through the chiller at a mass flow rate of

Mgpicken = (500 chicken / h)(2.2 kg / chicken) =1100 kg/h = 0.3056kg/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 _ : 20 (steady) _ S
Ein _Eout - AEsystem =0 - Ein _Eout

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

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

Qout = Qchicken = mchicken Cp (Tl -7, )

Then the rate of heat removal from the chickens as they are cooled from 15°C to 3°C becomes

O hicken =(mc , AT) gpicken = (0.3056 kg/s)(3.54 kl/kg.* C)(15-3)°C =13.0 kKW
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

Qwater = Qchicken + Qheat gain — 13.0+0.056 =13.056 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

P Oparer 13.056 kW

waer (€pAT) yoer  (4.18KkJ/kg.° C)(2°C)

(b) The exergy destruction can be determined from its definition Xyesiroyed = 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:

=1.56 kg/s

. . d A Q J0 (steady)
Sin - Sout + Sgen - ASsystem
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

m1S1+M3S3—Ih2S2—M3S4+ n +Sgen :0
surr
. . Qin S _
S3 = MehickenS2 ~ MyaterS4 +Sgen =0

surr

M chickenS1 + M yater

Qin
T.

surr

Sgen = mchicken (SZ =S ) + mwater (S4 =53 ) -

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

. T T 0.

o 2 : 4 in

Sgen = Mchicken€ p ln_+mwatercp In—-
Tl T3 Tsurr

2755 0.0556 kW
2735 298K

=(0.3056 kg/s)(3.54 kl/kg.K) ln% +(1.56 kg/s)(4.18 kI/kg.K) In =0.00128 kW/K

Finally, X gemoyed = ToSgen = (298 K)(0.00128 kW/K) = 0.381KW

gen
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8-51 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
kJ/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 = AEsystcm Adr. A50C
— —_— ir,
Net energy transfer Change in internal, kinetic, Fumace
by heat, work, and mass potential, etc. energies aner Steel ball 1007

Qoue =me(Ty = T5)

The amount of heat transfer from a single ball is

—Oout =AU gy = m(uy —uy) -|O d O O
|

3 3
) w =0.00210 kg

m=pV = P = (7833 kg/m*?)
Qo =me, (T} —T,) = (0.0021 kg)(0.465 kI/kg.°C)(900 —100)°C = 781 = 0.781 kJ (per ball)

Then the total rate of heat transfer from the balls to the ambient air becomes
Q'Out =N Qour = (1200 balls/h)x (0.781kJ/ball) =936 k/h =260 W

(b) The exergy destruction (or irreversibility) can be determined from its definition Xuesiroyed = 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

by heat and mass generation  in entropy
Qou Qou
- TLt + Sgen = ASsystem - Sgen = TLt + ASSyStem
b b
where
T 100+273
AS =m(s, —8,) = mc,,, In—==(0.00210 kg)(0.465 kJ/kg. K)In —————— = —0.00112 kJ/K
system ( 2 1) avg Tl ( g)( £ ) 900+273
Substituting,
Oy 0.781kJ
Sgen = Tt +ASom = 5o~ 000112 KI/K =0.00142KI/K (per ball)

Then the rate of entropy generation becomes

Sn = Syen i = (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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8-52 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 kJ/kg K, c,=
0.718 kJ/kg.K (Table A-2). The properties of water at room temperature are p = 1000 kg/m’, ¢, = 4.18
kJ/kg.K.

Analysis (@) 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 room is /
; Water 0
PV . °
m, =V _ (100 kPa)(0.04 m") —0.04724 kg 85°C
RT,  (0.287 kPa-m?/kg-K)(22+273 K) I5L
The pressure of air at the final state is
RT, 04724 kg)(0.287 kPa-m* /kg - K)(44+273 K
Pa2=ma u2=(007 2)(0.287 kPa-m~/kg-K)(44+ 273 )=171.9kPa

Vi 0.025m?
The mass of water is
m,, = p,V, =(1000kg/m>)(0.015m?) =14.53 kg

An energy balance on the system consisting of water and air is used to determine heat lost to the
surroundings

Qout = _[mwcw(T2 - Twl ) +m,c, (T2 - Tal )]
—(14.53 kg)(4.18 k/kg K)(44 — 85) — (0.04724 ke)(0.718 k) kg K)(44 — 22)
2489 kJ

(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

T, 273)K
AS,, =m,c, In—%=(14.53kg)(4.18 kJ/kg_K)lnM =7.3873kI/K
T (44+273)K
T P
AS, =m, ¢, In—9L _ Rin—¢L
T, P,
22+273)K
=(0.04724 kg)| (1.005 kl/kg.K)In Q2+273)K (0.287 kI/kg K)ln 20 kPa
(44+273)K 171.9 kPa

=0.003931kJ/K

AU, =m,c, (T, —T,) = (14.53 kg)(4.18 kI/kg.K)(85 - 44)K = 2490 k]
AU, =mc,(T;, —T,) = (0.04724 kg)(0.718 kI/kg.K)(22 - 44)K = —0.7462 kJ

Xdest = AXW + AXa
=AU, —T)AS, + AU, —T,AS,
= 2490 kJ — (295 K)(7.3873 kJ/K) + (-0.7462 kJ) — (295 K)(0.003931 kJ/K)
=308.8kJ
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8-53 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.

Analysis (@) The properties of the refrigerant at the
initial and final states are (Tables A-11 through A-13)

P _120Kkpa | Y1 = 0-16544m° /kg
=
}ul =248.22 kJ/kg

T, =20°C
! s, =1.0624 kJ/kg.K R-134a
3 1.4 kg r—
P, =180kpa | V2 = 0-17563m"/kg 140 kPa 0
T2 =120°C U, = 331.96 kJ/kg 20°C

s, =1.3118 kl/kg.K

The boundary work is determined to be
Wy o = mPy(vy —v;) = (1.4 kg)(180 kPa)(0.17563 — 0.16544)m’ /kg = 2.57 kJ
(b) The heat transfer can be determined from an energy balance on the system
O = m(uy —uy) + Wy o = (1.4kg)(331.96 — 248.22)kI/kg +2.57 kJ =119.8 kJ
(c) The exergy difference between the inlet and exit states is
AX = mluy —u, = Ty(s5 = 51) + By (v, =)

=(14 kg)[(331.96 —248.22)kl/kg — (298 K)(1.3118 —1.0624)kg.K + (100 kPa)(0.17563 — 0.16544)m* /kg
=14.61kJ

The useful work output for the process is
Woout = Wo.ou — mBy(v3 —v;) = 2.57 kI — (1.4 kg)(100 kPa)(0.17563 — 0.16544)m* kg = 1.14 kI
The exergy destroyed is the difference between the exergy difference and the useful work output
X gest =AX =W, oy =14.61-1.14=13.47kJ
(d) The second-law efficiency for this process is

Wu’out _ 1.14kJ _0
AX 14.61kJ

078

My =
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Second-Law Analysis of Control Volumes
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8-54 Steam is throttled from a specified state to a specified pressure. The wasted work potential 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 the throttling process are (Tables A-4 through A-6)

P, =8MPa | hy =3273.3kl/kg
T, =450°C | 5, =6.5579kl/kg-K
P, =6MPa

s, =6.6800kJ/kg-K
hz = hl
Analysis The wasted work potential is equivalent to the exergy destruction (or
irreversibility). It can be determined from an exergy balance or directly from its
definition Xgesroyed = T0Sgen Where the entropy generation is determined from an
entropy balance on the device, which is an adiabatic steady-flow system,

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

ms; —msy +Sgen =0 > S, =m(s, —sy) or s

Substituting,

* Steam
1
&
2

gen —

-

Xgestroyed = ToSgen = To (53 —51) = (298 K)(6.6806 - 6.5579)kl/kg - K = 36.6 kJ/kg

Discussion Note that 36.6 kJ/kg of work potential is wasted during this throttling process.
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8-55 [Also solved by EES on enclosed CD] 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) 600 kPa
167°C
7,=290K —— 7 =29016 kJ/kg
sy =1.66802 kI /kg-K ﬂ\
T,=440K —— h, =44161kJ/kg AIR 3
53 =2.0887 kJ /kg-K r 8 kW
Analysis The increase in exergy is the difference between the exit and [/
inlet flow exergies, 100 kPa
17°C

Increasein exergy =y, —y,
=[(hy )+ Dke® +Ape®” ~Ty (s, —5)]
=(hy =) —Ty(s5 —s1)

where
P
§, =87 =(s5 —sl")—Rln?2
1
=(2.0887 —1.66802)kJ/kg - K - (0.287 kJ/kg - K) ln&kl)a
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 kJ/kg

Then the reversible power input becomes

Weyin = myy =) = (2.1/ 60 kg/s)(178.6 ki/kg) = 6.25 KW

T
(b) The rate of exergy destruction (or irreversibility) is determined from its definition,

Xdestroyed = I/I./in - W =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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8-56 EES Problem 8-55 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]

=600 [kPa]

» T
an!

m_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_o0+273.15)*S_dot_gen"Irreversiblility for the Process, KW"
S_dot_gen=(-Q_dot_net/(T_o0+273.15) +m_dot_in*(s_2-s_1)) "Entropy generated, kW"
Eta_IlI=W_dot_rev/W_dot_net"Definition of compressor second law efficiency, Eq. 7_6"
h_o=enthalpy(air,T=T_o)

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

Psi_in=h_1-h_o-(T_o+273.15)*(s_1-s_o) "availability function at state 1"
Psi_out=h_2-h_o-(T_0+273.15)*(s_2-s_0) "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_o0+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"
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Text$=Direction$(Q_dot_net)
Text2$=Violation$(Eta_lI1)
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ull | [kW] Xaest [KW] Tos [C] T2 [C] Qnet [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?
2501 1 1
2006- /25 _
150:- _
o r 100 kPa ]
F 100F .
:
o: !
5.0 6.0 6.5
s [kJ/kg-K]
300 ; ————— ; — 2.0
280 ]
260: 1
240: ] 2
= - q1o0 2
220F ]
L - ]
200: Tos
180 ]
160-"""""""' L oo
0.75 0.80 0.85 0.90 0.95 1.00
ull
2_ T T T T T _2-0
1F
- 0: »
o | J0 2
.1;
22 -— Jos
3l Ll P R RS S S S -0.0
0.75 0.80 0.85 0.90 0.95 1.00
ull
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8-57 Air expands in an adiabatic turbine from a specified state to another specified state. The actual and
maximum work outputs are 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 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 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) _
R = ABgyem =0 550 kPa
Rate of net energy transfer  Rate of change in internal, kinetic, 425 K
by heat, work, and mass potential, etc. energies
150 m/s

Ein =FE . LV

i(hy + V2 12) =W, +m(hy +V5 12)

ut

) y2_p2 Air 3
W, = m{hl —hy + ¥}
. I\~
wom=cp(T1—Tz)+T 110 kPa
325K
Substituting, 50 m/s

2 2
_V2

V
Wout :Cp(Tl _T2)+IT

= (1.011kJ/kg - K)(425-325)K +

(150m/s)2—(50m/s)2[ 1kJ/kg j
2 1000 m?/s?
=111.1kJ/kg

The entropy change of air is

T. P.
Sy =8 =¢, In=%--Rln—%
T
— (1011 KI/kg -K) In 20 — (0,287 KI/kg -K) In o2
425K 550 kPa

=0.1907 kl/kg- K

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

2 2

Ve -V
Wrev,out :Cp(Tl _TZ)+%_T0(5‘1 _52)

=Wou — 1o (81 —57)
=111.1kJ/kg— (298 K)(—0.1907 kJ/kg - K)
=167.9kJ/kg

Irreversibilites occurring inside the turbine cause the actual work production to be less than the reversible
(maximum) work. The difference between the reversible and actual works is the irreversibility.
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8-58E Air is compressed in a compressor from a specified state to another specified state. The minimum
work input is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Air is an ideal gas with constant specific heats. 4 The inlet state of air is
taken as the dead state.

Properties The properties of air at room temperature are ¢, = 0.240 Btu/lbm-R and R = 0.06855 Btu/lbm-R
(Table A-2Ea).

Analysis The entropy change of air is

140 psia
T. P.
Sy =81 =¢)p In—2-Rln—% 200°F
1 1
140 psi
~ (0240 Bwlbm- R) In 289R _ (0.06855 Btw/ibm - R) In 120 P52 )
537R 14.7 psia )
=-0.1050 Btw/lbm-R Alr
The minimum (reversible) work is the exergy difference
between the inlet and exit states r
Wrevin =€, (T =T1) =Ty (s, = 5y) 14.7 psia
= (0.240 Btu/Ibm- R)(200—77)R — (537 R)(—0.1050 Btu/lbm- R) T1°F

=85.9Btu/lbm

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

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

. d _ . 70 (steady) _
Ein - Eout - AE system =0
%/—/
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

hl +wy, = h2 +qout
Win = h2 _hl + G out
Inspection of this result reveals that for the same inlet and exit states, any rejection of heat will increase the
actual work that must be supplied to the compressor.

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 70 (reversibb) _ A E‘r 20 (steady) _
X in X, out - X destroyed - system =0
[ ——
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructim of exergy
X in = X, out

m v+ VVrev,in =m Y, + Xheat,out
. . . T
VVrev,in = m(l//Z - l/ll) + Qout[1 _FOJ

_— .
Wrevin =1y =) =Ty (55 =) ]+ Qout[l T

N——

T;
Wrev,in = Cp(T2 _71)_75(52 _Sl)+qout(1_70j

Inspection of this result reveals that for the same inlet and exit states, any rejection of heat will increase the
reversible (minimum) work that must be supplied to the compressor.
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8-59 Refrigerant-134a is compressed by an adiabatic compressor from a specified state to another specified
state. The minimum power required 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 800 kPa
is adiabatic and thus heat transfer is negligible. 50°C
Properties From the refrigerant tables (Tables A-11 through A-13) ﬂ\
P, =160kPa hy =241.11kJ/kg Rida B3
x; =1 (sat.vap.) | s, =0.94190kJ/kg-K

P, =800kPa } hy =286.69 kl/kg rK

T, =50°C 5, =0.9802kJ/kg-K 160 kPa

sat. vapor

The minimum (reversible) power is 0.1 ke/s

Wrev,in = m[hZ _hl _TO (SZ _sl)]
= (0.1kg/s)[(286.69 — 241.11)kJ/kg — (298 K)(0.9802 — 0.94190) ki/kg K|

=3.42kW
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8-60 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 | b, =2855.8kl/kg
T,=200°C [ s, =7.0610kl/kg-K

P, =200kPa }hz =2706.3kJ/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

Ein _ Eout — AEsystem &0 (steady) -0
D [ —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
1(hy + V2 12) = i(hy +V212) 200 kPa 200 kPa
m(1+ 1 m(h, 2 200°C s H,0 — t i
V22 _ V12 30 m/s sat. vapo
2 =hy = hy = AKe ey
Substituting,
AKe a1 = 1 —hy =2855.8—-2706.3 =149.5kJ/kg

An exergy balance on the diffuser gives

: y Y A0 (reversibk) _ A X’r 20 (steady) _
Xin - Xout - Xdestroyed - =0
[ ——)

system
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructin of exergy
X in = X, out
my, =my,
2 2
|14 V.
1 _ 2
by —hy +_2 —To(si—s9)=hy—hy +_2 —Ty(s, =)
2 2
Vy =N
2 1 _p ) —
> by —=hy =Ty (s =)

Akerev = hl _hQ _TZ)(SI _SZ)
Substituting,
Akerev = hl _hZ _TO (Sl _SZ)
= (2855.8 —2706.3)k)/kg — (298 K)(7.0610—7.1270) kl/kg - K
=169.2 kJ/kg

The second law efficiency is then

_ Ake e 149.5kI/kg

= = =0.884
Ake,,  169.2kl/kg

rev
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8-61 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,=360K —— h =360.58 kl/kg

50 =188543 kJ /kg-K 4 klkg
Analysis (a) We take the nozzle as the system, which is a
control volume. The energy balance for this steady-flow 50m/s —> AIR — 300 m/s
system can be expressed in the rate form 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
Ein = Eout
tihy + V32 12) = iy +V312) + O
or
vy v}
0= 9 out +h2 _hl +;
2
Therefore,
vi-v? (300 m/s)* — (50 m/s)? 1kJ/kg
hy =h —qgy —————=360.58—4— >— | =312.83kJ/kg
2 2 1000 m~ /s

At this &, value we read, from Table A-17, 7, =312.5K =39.5°C and sg =1.74302kJ/kg-K

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

definition Xgegroyed = 1080, 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

. . . e J0
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, —Lut+Sgen =0
b,surr
. Qout
Sgen - m(SZ -5 )+ T

where

P

_ .0 o 2
Asy, =55 —s) —RIn—
1

= (1.74302 - 1.88543)kJ/kg - K — (0.287 kJ/kg - K) 1n39050% =0.1876 kl/kg-K
a

Substituting, the entropy generation and exergy destruction per unit mass of air are determined to be
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X destroyed — Tosgen = TSurrSgen
4kJ/k
= To(sz s +%ﬂ) = (290 K)(0.1876 kJ/kg-K+ﬁ/ng _ 58.4kJ/kg

surr

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 7; (or 7y,,) 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

. . . . &0 (steady) . . . . . .
‘Xin Xout Xdestroyed - A‘Xvsystem =0 Xdestroyed - ‘Xin Xout =my,—my, = m(Wl ‘//2)
— —

Rateof netexergy trmsfer Rateof exergy Rateof change

by heat, work,and mass destructin of exergy

= i[(hy —hy) = Ty(s; =) — Ake— Ape? ] = [ Ty(s5 — ;) — (hy — Iy + Ake)]

=m[Ty(s, =) +¢q,y] since,fromenergybalance, —gq,,, = h, — + Ake

= T{mwz —sp)+ Q;J = TSgen
0

Therefore, the two approaches for the determination of exergy destruction are identical.
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8-62 EES Problem 8-61 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] =300 [kPa]

T[1] =87 [C]

P[2] =95 [kPa]

Vel[1] = 50 [m/s]

{Vel[2] = 300 [m/s]}

T_o=17][C]

T surr=T o

q_loss = 4 [kJ/kg]

"Conservation of Energy - SSSF energy balance for nozzle -- neglecting the change in potential
energy:"

h[1]=enthalpy(WorkFluid$,T=T[1])
s[1]=entropy(WorkFluid$,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$,h=h[2])
s[2]=entropy(WorkFIuid$,P=P[2],h=h[2])

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

x_destroyed = (T_o0+273)*s_gen

T2 [C] Vel2 [m/S] Xdestroyed

[kJ/kg]
79.31 100 93.41 —
74.55 140 89.43 1
68.2 180 84.04 L
60.25 220 7717 =
50.72 260 68.7
39.6 300 58.49

35- 1 1 1 1 1 1 1 1 1
100 140 180 220 260 300

Vel[2]

Xdestroyed [KJ/kg]

55 [ 1 1 1 1 1 1 1 1 1
100 140 180 220 260 300

vel[2]
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8-63 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 }hl =2592.0kJ/kg

T, =50°C [s, =8.1741kl/kg-K
hy =2591.3kJ/kg _—
T, =50°C
s, =8.0748 kl/kg K 300m/s —» H,0 —» 70 m/s
sat.vapor

v, =12.026 m>/kg \

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

.1 1
m=— A2 V2 = —3
v,y 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

(3m?)(70 m/s) = 17.46 kg/s

. . . &0 g
Ein - Eout = AEsystem (steady) =0
| S —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
by + V2 12) = ti(hy +V312)+ O
: . Vi-v?
Qout = _m[hZ _hl +;j
2
Substituting,
: 70 m/s)*> —(300m/s)* [ 1kJ/k
Ou = —(17.46 kgfs)| 2591 3—2592.0 4+ 10 /S)” ~(300m/s) ( £ 2] =754.8kl/s
2 1000m~ /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 Xyegoyeq = 79Sg., Where the entropy

generation S, 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

. . . 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
15, —ritsy —2O S 0 Sy S =iy — s, )2
ms; —ms, gen gen =M\Sy; — 8 T
b,surr surr

Substituting, the exergy destruction is determined to be

. . ‘ 0.,
Xdestroyed :TOSgen :To[m(SZ _Sl)"'TLt
0

=238.3kW

- (298 K)((17.46 ke/s)(8.0748-8.1741)kl/kg K + s kW kW]
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8-64E 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/Ibm

sy =0.59173 Btu/lbm-R 100 psia
T, =940R —> h, =226.11Btw/lbm 480°F
55 =0.73509 Btu/lbm-R ﬂ\
Analysis The reversible (or minimum) power input is determined AIR . =3
from the rate form of the exergy balance applied on the compressor 15 Tbm/min
and setting the exergy destruction term equal to zero, r’/
: : . 70 (reversibk : 70 (stead:
Xin _Xout _Xdcstroycd (reversibt) A/Ysystcm ready) 0 14.7 psia
Rateof netexer: asfer ateof exer: ateof change o
b}t/heat,\:lork,agl?dtrrnass Rdésmflctimgy Rotf e)ferléy ¢ 60°F
‘Xin = Xout

My +Weyin = my,

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

where
P
As,, =59 —s) —RIn—=
: 100 psia
=(0.73509 —0.59173)Btu/Ilbm- R — (0.06855 Btu/Ibm- R) In —p
14.7 psia
=0.01193 Btu/Ibm-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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8-65 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 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 A-6)

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

. . _ - 20 (steady) _
Ein - Eout - AEsystem =0 80 m/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/

(hy + V2 12) =Wy, +i(hy +V5 /2)

ut

e STEAM [ —3
Wout:"{hl_hz M 2} \ 5 MW
Substituting, ,\
50 kPa
2 2
_ 100°
5000 KJ/s = | 3658.8—2682.4 + (SOM/S)” = (140m/s) [ Lk ] { 4%05
2 1000 m? /s> 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 70 (reversibk) _ 4 v 70 (steady) _
‘Xin - Xout - Xdestroyed - AXvsystem =0
—_
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructim of exergy
‘Xvin =X out

I’i’l l//l = VVrev,out + m !//2
Vi/rev,out = m(l//l - l//2) = m[(hl - h2) - E)(Sl - 52) - Akezo - Ape7|0]
Substituting,

Wrev,out = m[(hl - h2 ) - TO (Sl =5 )]
= (5.156 kg/s)[3658.8 — 2682.4 — (298 K)(7.1693 — 7.6953) kl/kg - K ] = 5842 kKW

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

/4
= o OMW g5 604
Wyou | 5842MW

Discussion Note that 14.4% percent of the work potential of the steam is wasted as it flows through the
turbine during this process.
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8-66 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 = 9MPa}h1 =3387.4kl/kg

T, =500°C | s, = 6.6603 kJ/kg-K * Steam
Mg
P, =7MPa 1
s, =6.7687 kl/kg-K
hz = h]
Analysis The decrease in exergy is of the steam is the difference &
between the inlet and exit flow exergies,
. 70 20 20
Decreasein exergy =y, =y, =—{4h” —Ake” —Ape” —T,(s; —s,)]1=Ty(s5 —57) 2
=(298K)(6.7687—-6.6603)kJ/kg - K -
=32.3kJ/kg +

Discussion Note that 32.3 kJ/kg of work potential is wasted during this throttling process.
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8-67 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)=(1.15kl/kg-K)(1-1/1.3) = 0.265 kl/kg - K

Analysis (@) The exergy of the gases at the turbine inlet is

simply the flow exergy, 800 kPa
- V2 o 900°C
=h —hy-Ty(s;—89)+—+
Wi =h —hy=Ty(s; —5g) ) T& . Q/
where GAS — 3
h A TURBINE
sy—sg=c,In—-Rln—
0 0 d
— (115 k0kg - K)n 22K (0265 kg - Kyt SO0 KPR [
298K 100 kPa 400 kPa
=1.025 kJ/kgK 650°C

Thus,

2
v, = (115 kI/kg. K)(900 — 25)°C — (298 K)(1.025 kl/kg - K) + 120 1/S) ( 1kke

=705.8 kJ/k
2 1000 m? /s J J

(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 Y &0 (reversibk) _ 4 v 0 (steady) _
X in X out -X destroyed =AX, system =0
LI
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructio of exergy
‘Xin =X out

my, = I/Vrev,out +m 5]

Weyout = (W — ) = il (Il — ) = Ty(s; = 5,) — Ake— Ape®]

where
y2 _y2 2 2
Akeo 27N (220 m/s)” — (100 m/s) 1kJ/1;g _|-192 Ki/ke
2 1000m~ /s
and
T. P
Sy =S| =¢p In=2-Rln—%
! 1923K 400 kP
=(1.15kJ/kg - K)In ————(0.265kJ/kg - K)In a
1173K 800 kPa

=-0.09196kJ/kg-K
Then the reversible work output on a unit mass basis becomes
=h —hy +Ty (s, —=s1)—Ake =c (T} =T5) + Ty (s, —s1) — Ake
= (1.15kJ/kg - K)(900 - 650)°C + (298 K)(—0.09196 kJ/kg - K) —19.2 kJ/kg = 240.9 kd/kg

wrev,out
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8-68E 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)

hy = hg@30psia =105.32 Btu/1bm

P, =30psia P, =70 psia
51 =Sg@30psia — 0-2238 Btu/lbm-R hy, =112.80 Btu/lbm
sat.vapor 3 Sas =81
Analysis From the isentropic efficiency relation, 70 psia
hyg —h S,=s5
nc:ﬁ—>h2a:hl+(h25_hl)/ﬂc ; !
2a T =105.32+(112.80—105.32) / 0.80 )L
=114.67 Btu/lbm R-134a
Then, 20 f/min  —9
P, =70 psia
s, =0.2274 Btu/lbm
hy, =114.67
y 30 psia
7 3 p
Also, m=—-t= 2076087 7s 0.2152 Ibm/s sat. vapor

Vi 1.5492ft> /1bm
There is only one inlet and one exit, and thus m; = m, = m. We take the actual compressor as the system,
which is a control volume. The energy balance for this steady-flow system can be expressed as

. - _ . 20 (steady) _
Ein - Eout - AE system =0
— —_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out
Win + mhy =mh, (since Q = Ake = Ape = 0)
Wa,in = m(hz - hl)

Substituting, the actual power input to the compressor becomes

W, .. =(0.21521bm/s)(114.67-105.32) Btu/Ibm e ) 5gshp
: 0.7068 Btu/s

(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 70 (reversibk) _ 4 v 70 (steady) _
X in "~ X out - X destroyed =AX system =0
—
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructio of exergy
X in = X, out
I/Vrev,in + my, =my,

Wreyin =W, =) = i[(ly — ) = Ty (s, —5,) + Ake™ + Ape™]

Substituting,
Wewin = (0.2152 1bm/s)[(114.67 —105.32)Btu/lbm — (535 R)(0.2274 —0.2238)Btw/Ibm - R|
=1.606 Btu/s = 2.27 hp (since 1 hp = 0.7068 Btu/s)
Wievin _ 227h
Thus, 7y == = 22700 _ 7 goy
Woetin  2-85hp
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8-69 Refrigerant-134a is compressed by an adiabatic compressor from a specified state to another specified
state. The isentropic efficiency and the second-law efficiency of 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; =246.36kl/kg

P, =140kPa
g [517097236kIkg K 700 kPa

! v, =0.14605 m> /kg 60°C
P, =700kPa }hz =298.42 kl/kg )‘L
T, =60°C =1.0256 kJ/kg-K

2 % £ R-134a  [—3
P,, =700 kPa 0.5 kW

‘ h,, =281.16kI/kg rK
Sas =51
Analysis (a) The isentropic efficiency is 140 kPa
-10°C
hy, —h .16—246.

g, =l | _28L16-24636 _ o ooo0s

hy, —h, — 298.42-246.36

(b) There is only one inlet and one exit, and thus my = m, = 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

. d _ . 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
W, in +mhy =mh,  (since Q = Ake = Ape = 0)

Wain = m(hy —hy)
Then the mass flow rate of the refrigerant becomes

Wein 0.5kJ/s
Iy, —h  (298.42—246.36)kl/kg

m=

=0.009603 kg/s

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 70 (reversibk) _ 4 v 20 (steady) _
Xin - Xout - Xdestroyed - A‘Xsystem =0
[ ———
Rateof netexergy traisfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X in = X out

Wewin +100W, =10/,
Wrevin = m(yy =) = il (hy = ) = Ty (s, = 51) + Ake™ + Ape™]
Substituting,
Wiein = (0.009603 kg/s) [(298.42 —246.36 )kl/kg — (300 K)(1.0256 —0.97236 )kJ/kg -K ]= 0.347 kW

and
W .
g = rein. 0.347 kW  69.3%
Wain 0.5kW
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8-70 Air is compressed steadily by a 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) 600 kPa
277°C
T, =300K —— £, =300.19 kJ/kg L
sy =1.702kJ/kg - K )
AIR
0.06 keg/s —S
T, =550 K —— h, =555.74kl/kg

59 =2.318kl/kg K f(

Analysis The reversible (or minimum) power input is determined 95 kPa
from the rate form of the exergy balance applied on the compressor 27°C
and setting the exergy destruction term equal to zero,

y y y 70 (reversibk) _ A v 20 (steady) _
Xin - Xout - Xdestroyed - A‘Xsystem =0
_
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructim of exergy
X in = X, out

m‘//l + I/Vrev,in = ml//Z

Wieyin =W, =) = 1l (hy — ) = Ty(s, —5;) + Ake”™ + Ape™]

where
sy =5 =55 =5/ —Rln%
1
kP
=(2.318-1.702) kJ /kg-K —(0.287 kJ /kg- K)lnM
95 kPa
=0.0870kJ /kg-K
Substituting,

Wieyin = (0.06 kg/s)[(555.74 —300.19)k)/kg - (298 K)(0.0870 kJ/kg - K)] = 13.7 kW

Discussion Note that a minimum of 13.7 kW of power input is needed for this compression process.
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8-71 EES Problem 8-70 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=95 [kPa]
m_dot = 0.06 [kg/s]
{P_2=600 [kPa]}
T_2=277[C]
T_0=25[C]
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_
s_T1=entropy(air, T=T_1,P=P_1)
s_2=entropy(air,T=T_2,P=P_2)

h 1 -(T_1+4273.15)*(s_2-s_1))

I:)2 [kPa] Wrev [kW]
200 8.025
250 9.179
300 10.12
350 10.92
400 11.61
450 12.22
500 12.76
550 13.25
600 13.7
14 T T T T T T T T T T T T T T T
13+ .
= 12+ .
s _
_ 11F .
o | _
= 0L -
ol -
8 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
200 250 300 350 400 450 500 550 600
P, [kPa]
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8-72 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

dm
— _
dt
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

. d(U ~T,S) .
Wrev :_TO+(h_TOS)imi

When these are combined, the result is

. d(U -T,S)
Wrev :_TO+(h_TOS)i -

Recognizing that there is no initial mass in the system, integration of the above equation produces
Wiew =(h=T4s);my —my(hy =Ts,)
W

ﬂ:(hi —hy)=To(s; —s,)
my

where the subscript 2 stands for the final state in the container.
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8-73 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 reversible work 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 @aec =0.0008161m> /kg

fi =207 78.86 kI/k
u =u oc =78.
sat. liquid - rewc 8
S| =5 r@a0ec = 0.30063kJ/kg-K R-134a
Vs = Vg @are =0.035969m’ / kg 2101%
T, =20°C | up =ugqaeec = 241.02kl/kg sat. liq
sat. vapor | s, =5, =S,g0°c = 0.92234kJ/kg-K
he =hgqaec =261.59KkI/kg %-1
Analysis The volume of the container is m,

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

v 0.0008161m°
my, =——=

=T =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 joroyeq = 7S gen - The entropy generation Sge, in this case is determined from an entropy

balance on the system:

Sin - Sout + Sgcn = ASsystem
— SR —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
—m,s, + Sgen = AStank = (mZSZ —mS, )tank
Sgen =m,S, —mys, +m,s,
Substituting,

Xdestroyed = TOSgen = TO (m2s2 —ms) + mese)
— (293 K)(0.02269% 0.92234 — 1% 0.30063 + 0.9773x 0.92234)
=182.2kJ
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8-74 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 and R = 0.06855 Btu/lbm-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 = Moy = Amsystem - m; =my Air — 200 psia, 100°F
Energy balance:
Ein - Eout = AE system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies 3
10 ft

m:h; =mju,

Combining the two balances:

C
hy =uy —>c,T; =c,T, —>T, =T, =kT,
v

Substituting,
T, =kT, =(1.4)(560R) =784 R
The final mass in the tank is
V3% (200 psia)(10 ft*)

= 3 =6.887 Ibm
RT,  (0.3704 psia-ft*/lbm-R)(784 R)

my; =m; =
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 joroyeq = 7S gen - The entropy generation S, in this case is determined from an entropy

balance on the system:

Sin =S =AS

in out T S gen system
— —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
M;S; +Sgen = ASpny = M35
Sgen =MmySy; —m;s;
Sgen = m2(52 _Si)
Substituting,

T2
Wiev = Xdestyroyed = mZTO(SZ _Si)= mZTO[cp IHTJ
1

= (6.887 Ibm)(540 R){(0.24O Btu/lbm-R)In _284 R}

60R
=300.3Btu
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8-75 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:  my, —myy = Amgygen, —> m; =m,
Energy balance: Air  —— 200 psia, 100°F
Ein - Eout = AE system
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

mih; = Qg = myity
Qout = mihi —mylU,
Combining the two balances:
Oout =my(h; —u,)
The final mass in the tank is
PV (200 psia)(10 ft*)
RT,  (0.3704 psia - ft*/Ibm-R)(560 R)

10 ft°

=9.642 1bm

my, =m; =
Substituting,
Oou =my (hy —uy)=my(c,T; —¢,T;)=myT;(c, —c,)=my ;R
=(9.642 Ibm)(560 R)(0.06855 Btu/Ibm - R)
=370.1Btu
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 jeroyed = TS gen - The entropy generation Sge, in this case is determined from an entropy

balance on the system:

Sin =S =AS

in out T N gen system
—
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Qout _ —
m;s; — +Sgen _AStank T MmyS,)
T 0
_ Qout
Sgen =MmySy —m;S; + T
0
_ Q out
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,

OQou
Wrev :Xdestroyed :T0|:m2(52 _Si)"'TLt
0
=T, 04 Lout =T, Gou =0, =370.1Btu
TO TO
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8-76 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 | 5, =6.5579 kJ/kg - K 450°C

—

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

sat.vapor | s, =7.5931kJ/kg-K STEAM | —3
15,000 kg/h
PO =IOOkPa hO ;hf@zsoc :10483 kJ/kg l
T, =25°C [ s = 5 qasc =0.36723ki/kg-K [
50 kPa
Analysis (@) The power potential of the steam at the inlet conditions is sat. vapor

equivalent to its exergy at the inlet state,

J0
. . Ve o | .
Y=my, =m| h —hy—Ty(s; —5¢) + 12 +ngp :m(hl—hO—TO(sl—so))

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

g Y Y 70 (reversibb) _ A Y 20 (steady) _
X in X out - X destroyed - system =0
[ ——
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructian of exergy
‘Xin =X out

myy =Wiey oue + MY
Wievous = 1y —y72) = il (hy =) = Ty(sy = 53) = Ake™ — Ape™]
Substituting,
Wrev,out =m[(hy —hy) =Ty (s —5,)]

= (15,000/3600 kg/s)[(3273.3 — 2645.2) kl/kg — (298 K)(6.5579 — 7.5931) ki/kg - K]
=3902 kW
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8-77E 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 350 ft/s
Btu/lbm.R (Table A-1E). From the air table (Table A-17E) 150 psia

T, =520R } hy =124.27 Btu/Ibm 620°F

P =15psia | s° =0.59173 Btu/lbm - R )‘L
1500 Btu/min
T, =1080R }hz =260.97 Btu/lbm
IR

P, =150psia | s? =0.76964 Btu/Ibm - R A
. . . . L 400 hp
Analysis (@) There is only one inlet and one exit, and thus my =, = m. r(

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 15 psia

Ein - Eout = AE 710 (steady) =0 60°F

system

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

Ein :Eout
) ) ) ) V2 _y?
Woin + 100y + Vi 12) =ty + V5 1 2)+ Qo = Wopin = Qo =) hy = Iy +———

Substituting, the mass flow rate of the refrigerant becomes

(400 hp)(0.7068 Btu/s]

2_
—(1500/60Btu/s):rh[260.97—124.27+(350ft/s) 0_ 1Btw/lbm J

2 25,037 ft? /s>
It yields m=1.8521bm/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 destroyed = [0S gen Where the entropy generation S, is determined from an entropy balance on an

extended system that includes the device and its immediate surroundings. It gives
. . . . &0
Sin —Sout + S =AS =0

— S —
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy

in system

where

P 150 0t
53— s, =53 — ¥ — RIn"2 = (0.76964 - 0.59173) Btwlbm — (0.06855 Btw/lbm.R) In 120 P52
B 15 psia
=0.02007 Btu/lbm.R

Substituting, the exergy destruction is determined to be

. . . Q
X gestroyed = ToSgen = To(m(sz _S1)+TLM
0

= (520 R)| (1.852 Ibm/s)(0.02007 Btu/lbm-R) +
520R 0.7068 Btu/s

1500/ 60 Bm/sj( 1hp j—62 72hp
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8-78 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)=(1.15kl/kg -K)(1-1/1.3) = 0.2654 k/kg - K

Analysis (@) There is only one inlet and one exit, and thus 7z, = i1, = i1 . We take the nozzle as the system,
which is a control volume. The energy balance for this steady-flow system can be expressed as

; ; _ ; 20 (steady) _
Ein - Eout - AEsystem =0
[N —7
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out
o 260 kPa Comb o kb
r(hy + V2 12) = m(hy +V}/2) (since W = O = Ape = 0) 747°C —> T

vi_y? 80 m/s £ases 500°C
h,=h ——2 "1
2 1 >

Then the exit velocity becomes

Vy =2, (T, ~Ty) + 12

1000 m?/s?

= [2(1.15kJ/kg - K)(747 - 500)K|
J( g-K)( ) [ e

j+ (80 m/s)?

=758 m/s

(h) 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?I +T (s, _S1)=CP(T1 —T5)+Ty(s, —s,)—Ake

where
y2_p2 2 2
e VAT _ (58 ms)” —(80mss) 1kJ/12<g )-8t
2 2 1000m~ /s
and
T P
Sy =S| =¢p In—2-Rln—%
1 1
(115 KIke - K) In LK (02654 kijkg - K) In L 0KPa
1020 K 260 kPa
=0.02938kJ/kg-K
Substituting,

Decrease in exergy =y, — v/,
=(1.15kJ/kg - K)(747 — 500)°C + (293 K)(0.02938 kJ/kg - K) — 284.1kI/kg
=856 kJ/kg
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8-79 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 =17 MPa}hl =3411.4kJ/kg

T, =500°C | 5, = 6.8000 kl/kg - K \
P, =5MPa ) h, =3317.2kJ/kg Z é\gf é‘ 5 MPa
T, =450°C | s, =6.8210kJ/kg - K Joms T STEAM —450°C
P,, =5MPa

}hzs =3302.0kJ/kg
Sas =81

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

. - _ . 70 (steady) _
Ein - Eout - AE system =0
%\f—/ | —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

m(hy + V2 12) = i(hy +V}/2) (since W = O = Ape = 0)
2 2
0="hy—h, +M

Then the exit velocity becomes

2,.2
V, =20k —hy)+VE = \/2(3411.4—3317.2) kJ/kg(%J+(70 m/s)? =439.6 m/s
g

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

2,2
Vy, =201y —hy, ) +VE = \/2(341 1.4-3302.0) kJ/kg(%J +(70m/s)® =472.9 m/s
g

Thus,

V72 (439.6m/s)” /2

-2 = =86.4%
V212 (472.9m/s) /2

My

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

definition X yegoyed = 19Sg., Where the entropy generation Sge, is determined from an entropy balance on

the actual nozzle. It gives

. . . . S0
Sin - Sout + Sgcn - ASsystem =0
— -
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy

msy —msy +Sgen =0 = Sy :m(s2 —sl) OF  Sgeq =55 =)

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

Xqestroyed = ToS gen = To (53 —51) = (298 K)(6.8210~6.8000)kJ/kg - K = 6.28 kJ/kg
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8-80 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 600 kPa
CO, are k=1.261 and ¢, = 0.917 kl/kg K (Table A-2). 450 K
Analysis The reversible (or minimum) power input is determined L
from the exergy balance applied on the compressor, and setting the
exergy destruction term equal to zero, CO,
. . . 20 b ) 20 (steady) 0.2 kg/s —
Xin _Xout _Xdestroyed (reversibt) AX, =0

system
Lt o
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructi of exergy

X, =X, 100 kPa
, o™ 300 K
my, + VVrev,in =my,
VI./rev,in = m(V/Z - l//l)
=i (hy — ) =Ty (s, — ;) + Ake™ + Ape™]

where
T P
s;-5;=c,In-2—Rln—=
I
— (09175 kI/kg K) In 220K _ (0.1889 k/kg - K) In 200 <02
300K 100 kPa
=0.03335klJ/kg-K
Substituting,

Wiewin = (0.2kg/s)[(0.917 kl/kg -K)(450—300)K — (298 K)(0.03335 kI/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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8-81 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 @ 200 kpa = 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 =200kPa| i =h, . =8391kikg 600 kJ/min
T,=20°C  [$125, 400 =029649 kl/kg ‘K 7
20° 4
P, =200kPa) h, =3072.1kl/kg k| MIXING
T, =300°C s, =7.8941 ki/kg-K CHAMBER | 60°C 3y
200 kPa
P =200kPa| Ay =h o =25118kl/kg 300°
T, =60°C 5525, gqc =083130 kikg K @ >

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

J0 (steady)

Mass balance: My — Moy = Aigygem

Energy balance:

. d _ . 70 (steady) _
Ein - Eout - AE system =0
%\,—/ | —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

tithy + ity hy = Qe + 13y
Combining the two relations gives Qg = rityhy + ity hy — (it + vy Yy = rivy (hy — by )+ 1iny (hy = hy)
Solving for m, and substituting, the mass flow rate of the superheated steam is determined to be
Qg — iy (hy —hy) _ (600/60 kJ/s)— (2.5 kg/s(83.91-251.18 )k
- hy —hy - (3072.1-251.18)kI/kg
Also, ity =ity + 1ty = 2.5 +0.148 = 2.648 kg/s

Vke =0.148 kg/s

Tty

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

definition X jegroyed = T9Sgen 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
S ———— — —_—
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change

by heat and mass generation of entropy
. . . Oout S -0 S — ; ; QOUt_
mys| +myS, —mzSy — +8gen =0 > S8yen =353 —mys; —mys, + T
b,surr 0

Substituting, the exergy destruction is determined to be

Y _ S _ 3 . . Qout
Xdestroyed _TOSgen —To(m3s3—mzsz—m1s1+ J

b,surr

= (298 K)(2.648x0.83130-0.148%x7.8941—-2.5%0.29649 +10/298)kW/K = 96.4 KW
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8-82 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)

- 3

P =12MPa Vi =Ve@iampa = 0.01672m" /kg
sat. vapor ’ —> 30°C E—

S| =Sg@iampa = 0.91303kJ/kg-K

V) =V @rampa = 0.0009166m / kg N
A ot ape = 125.94 /K
sat liquid [ 2/ @4MPa T & R-134a

Sy =S r@rampa = 0:45315kl/kg-K 0.1 m° Y\

1.2 MPa Q

P, =1.6MPa | h, =93.56 kl/kg Sat. vapor
T, =30°C s; =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:

Min =Moye = AWlsystem - m;=my —m

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

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

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

v 0.1m?
m=t=— T _5983kg

vi 001672 m’/kg

V. 0.1m?>
my =22 = m =109.10 kg

vy 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 ki/kg)— (5.983 kg )(253.81 kl/kg)
=2573k]
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = 7S gen - The entropy generation Sy, 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

=AS

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

Sin - Sout + Sgcn system
[ ——"

Q¢+misi +Sgen = AS ik = (M35, —mys) )y Substituting, the

b,in
_ Qin
Sgen =MySy —mySy —m;S; ————
Ty
exergy destruction is determined to be
— _ Qin
Xdestroyed - TOSgen - T0|:m2s2 —my Sy —m;S; — T
0

= (318K)[109.10x0.45315—5.983x 0.91303 —103.11x 0.34554 — (2573 kJ)/(318 K)]

=80.3 kJ
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8-83 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 _Q

v,=v, . =0001114 m’/kg 0.6 m’ /

T, =170°C J@c 170°C

L up=u 0. = 71820 kl’kg

sat. liquid /e T = const.
$1=5 caioe = 2.0417 kl/kg-K

T,=170°C | h, = hf@mnc =719.08 klJ/kg %"

sat. liquid | Se =5 ;qi700c = 2.0417 klJ/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 /# and
internal energy u, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance:

Mip = Moy = Amsystem — M, =my—m,
Energy balance:
Ein - Eout = AE system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qi =myh, + myuy, —myu, (since W =ke =pe=0)

The initial and the final masses in the tank are

0.6 m’
vi 0.001114 m*/kg
my = %ml = %(538.47 kg)=269.24 kg = m,

Now we determine the final internal energy and entropy,

v 0.6 m*

vy, =——=———=0.002229 m°’/kg
m, 26924 kg
Vy =V, —
N 0.002229-0.001114 _ /00
Vi 0.24260—-0.001114

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

The heat transfer during this process is determined by substituting these values into the energy balance
equation,
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Qin = mehe +myuy —muy
=(269.24 kg )(719.08 ki/kg)+(269.24 kg )(726.77 ki/kg)—(538.47 kg )(718.20 ki/kg)
= 2545 kJ

(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 Sy, 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

Tsouree at all times. It gives

S =AS

in Sout + Sgen system

— | —
Net entropy transfer ~ Entropy Change

by heat and mass generation  in entropy

Qin — =
—Mm,S, + Sgen - AStank - (m2s2 —ms, )tank
b,in
s — _ O
Sgen =m,S, —mys, +m,s,

source

Substituting, the exergy destruction is determined to be

T.

source

Qin
Xdestroyed = TOSgen = TO|:m2s2 —MS M, —————
= (298 K)[269.24 % 2.0630 — 538.47 x 2.0417 +269.24x 2.0417 — (2545 kJ)/(523 K)|

=141.2 kJ

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

- W

rev,out

w.

act,out

X destroyed — Wrev,out - =X destroyed — 141.2kJ
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8-84E 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 30 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’/Ibm.R (Table A-1E). The properties of air are
(Table A-17E)

T, =600 R —> h, =143.47 Btw/Ibm
T, = 600 R —>u, =102.34 Btu/Ibm
T, =600 R —>u, =102.34 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:

My, — Mgy =Am - m,=m;—m,

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

Wein —moh, =myuy —myu, (since Q =ke =pe=0)

The initial and the final masses of air in the tank are

PV ia)(150 ft
m =Y _ (75 Psmz( S0ft7) = 50.62 Ibm
RTy  (0.3704 psia-ft”/Ibm-R)(600R)
PV i 3
my = Vo (30 p51az(150 ft”) 2025 bm
RT,  (0.3704 psia - ft*/lbm-R)(600 R)
Then from the mass and energy balances,
m, =m; —m, =50.62-2025=30.37 Ibm
We,in = mehe tmyly —mu,
=(30.37 Ibm)(143.47 Btu/lbm)+ (20.25 1bm)(102.34 Btu/Ibm) — (50.62 1bm)(102.34 Btu/lbm)
=1249Btu
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jogroyeq = T9Sgen Where the entropy generation S, is determined from an entropy balance on
the insulated tank. It gives

S =AS

in S out T S gen system
— —

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

—M,S, +Sgen =ASpn = (M85 =My ) i
Sgen =m,S, —mys, +m,s,
=mys, —mys; +(my —my)s,
=my(sy —=5,)—m(s; —5,)
Assuming a constant average pressure of (75 + 30) / 2 = 52.5 psia for the exit stream, the entropy changes
are determined to be

20

T P i
53-8, =¢, In=2—— RIn =2 = ~(0.06855 Btu/Ibm-R) In 30psia__ ) 03836 Brw/lbm R
. A 52.5psia
il P 5psi
51 =5, =¢, In——— Rln =1 = ~(0.06855 Btu/Ibm - R) In—2PS2 _ 4 02445 Btw/lbm- R
T, e 52.5 psia

Substituting, the exergy destruction is determined to be

Xdestroyed = TOSgen = TO[mZ (SZ _Se)_ml (Sl _Se)]
= (530 R)[(20.25 Ibm)(0.03836 Btw/Ibm - R) — (50.62 Ibm)(~0.02445 Btu/Ibm - R)]
=1068 Btu
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8-85 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 (@) 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
RT,  (2.0769kPa-m3/kg-K)(293K)

my

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, and is determined
from the closed-system exergy relation,

Dy =myp=m[(u; —ug)~To(s; —50) + Py (v; —vp)]

where
RT, 2. kPa- 3 ke - K)293 K
o =2 - Q0T9KPa ke RIEII) ) o84 m’ kg
B 300 kPa HELIUM 0
RT, (2.0769kPa-m?/kg-K)(293K) 5 300kPa o
Yo="p"= = 6.405m°>/kg 0.1 m
F 95 kPa vl
and éa
T P
51—y =c,In—-—RIn—
0
— (51926 ki/kg - K) In 225~ (2,076 ki/kg - K) InSoe 02
293K 100 kPa
=228 kl/kg-K
Thus,

@, =(0.0493kg){(3.1156 kl/kg - K)(20 — 20)°C — (293 K)(-2.28 kI /kg - K)

+(95 kPa)(2.0284 — 6.405)m > /kg[kJ/kPa - m>1}
=12.44KJ

(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:

Mip —Moye = AInsystem — M, =my—m,

Energy balance:

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




E,-FE AE

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

Oin —mh, + Wy 3y = myuy —myu,
Combining the two relations gives
Oin = (my —my)h, + myuy —muy =W,
=(my —my)h, + myhy —mh

=(my —my +my —m)h
=0
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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 jeyroved = 705 gen

where the entropy generation S, 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

system

Sin_Sout + Sgen =AS
——

\—W_—J %,—J
Net entropy transfer ~ Entropy Change
by heatand mass  generation  in entropy

—m,S, +Sgen = AScylinder = (m252 _mlsl)cylinder
Sgen =m,S, —mys, +m,s,
=mys, —mysy +(my —my)s,

=(my —my +my; —m,)s,

=0

since the initial, final, and the exit states are identical and thus s, = s, = 5,

process is reversible, and

Xdestroyed = TOS =0

gen

. Therefore, this discharge
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8-86 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 R-134a 1.4 MPa
(Tables A-11 through A-13) — 60°C -
51 =Sg@impa — 0.91558kJ/kg-K
sat.vapor 7 3
Vi =Ve@impa = 0.020313m” /kg R-134a
02m’ Ny
P.=1.4MPa | h, =285.47kl/kg 1 MPa 0
T,=60°C [s,=0.93889kl/kg-K Sat. vapor

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy 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, —my

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

m;h; — Q. =myu, —myu; (since W =ke=pe=0)

The initial and the final masses in the tank are

v 2m?
mo=te 92 g g46ke
v 0.020313m° /kg
v, v, 0.1m? 0.1m?
my=m;+m, =——+—-5 = + =111.93+5.983=117.91kg

vy v, 0.0008934m’ /kg 0.016715m’ /kg

Uy =myu, =mgu, + mou, =111.93x116.70 + 5.983x 253.81=14,581kJ
Sy =mysy =mps,; +mgs, =111.93x0.42441+5.983x0.91303 =52.967 kJ/K

Then from the mass and energy balances,
m; =my, —my; =117.91-9.846 =108.06 kg
The heat transfer during this process is determined from the energy balance to be

Ouut = M;h; —myuy +myu; =108.06x285.47—14,581+9.846x250.68 = 18,737 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 jeroyeq = TS gen - The entropy generation S, 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 = ASsystem
——
Net entropy transfer Entropy Change
by heat and mass generation in entropy
0
_Lut—’_misi +Sgen = AStank = (m2s2 _mlsl)tank
b,out
Sgen =m,yS, —myS| —Mm;s; +@
TO
Substituting, the exergy destruction is determined to be
X -T.S _T Qout
destroyed — 409 gen = Lo| M8y —MyS| —M;S; +T_
0
=(298K)[52.967-9.846x0.91558 —108.06x0.93889 +18,737 /298]

=1599 kJ
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8-87 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)
P, =200kPa | hy=h,+xh;, =504.71+0.6x2201.6 =1825.6kl/kg
X =9/15=0.6 | 5 =5, + x5, =1.5302+ 0.6 x5.5968 = 4.8883 kJ/kg - K

P, =200kPa }hz = hy@a00kpa = 2706.3kI/kg

sat.vapor $2 =Sg@a00kpa = 7-1270kJ/kg - K

P, =1MPa }hi =3264.5kJ/kg

T, =400°C | 5; =7.4670 kJ/kg - K H0
_ _ o 200 kPa
Analysis (@) We take the cylinder as the system, which is a control P = const.

volume. 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
unsteady-flow system can be expressed as

Mass balance:  my, —my = Amgygen, —> m; =my —m
Energy balance:
Ein - Eout = AE system
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

m;h; =Wy g +myuy —myuy (since Q = ke = pe =0)

Combining the two relations gives 0=W, —(m2 —m )hl- +myu, —myu,
or, 0:—(m2 —-m )h,- +myhy, —myhy
since the boundary work and AU combine into AH for constant pressure expansion and compression
processes. Solving for m, and substituting,
_ h; —hy S (3264.5-1825.6)kJ/kg

h,—h, ' (3264.5—2706.3)kl/kg
Thus, m; =m, —m; =38.66-15=23.66 kg
(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jegroyed = T9Sgen Where the entropy generation S, is determined from an entropy balance on

m, (15kg) = 38.66 kg

gen
the insulated cylinder,

Sin =S =AS

in out T S gen system
— —

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

m;s; +Sgen :ASsystem T MySy; —mys,

Sgen =MmySy; —mySy —m;s;
Substituting, the exergy destruction is determined to be
Xdestroyed = TOSgen = TO [m2s2 —mySy —m;s; ]
= (298 K)(38.66x7.1270—15%x 4.8883 - 23.66 x 7.4670) = 7610 kJ
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8-88 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 O = 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 = 1 kg/L = 1000 kg/* and
¢=4.18 kJ/kg.°C (Table A-3).
Analysis The mass flow rate of water at the shower head is

m= p() = (1kg/L)(10 L/min) = 10 kg/min

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

. . A 70 (steady) _ L . .
Min = Moyt = AWlsystem =0 — Miy = Moy —> My +My =mj

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

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

TS| +1MySy —MySy + Sgen =0 (since Q=0 and work is entropy free)

Sgen =Mm3S3 —mS; —myS,

Noting from mass balance that 1, +m, = m;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

: . L . . T
Sgen =Mms3S; _(ml +m2)S1 :mS(SS _Sl):mSCp IHF
1

+
— (10 ke/min)(4.18 kKJ/kg. K) In 22273 _ 3 746 kJ/min K
15+273

Noting that 4 people take a 6-min shower every day, the amount of entropy generated per year is
Seen = (S'gen )At(No. of people)(No. of days)
= (3.746 kJ/min.K)(6 min/person - day)(4 persons)(365 days/year)
=32,815kJ/K (per year)

The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jegiroyed = 705 gen »

X gestroyed = ToSgen = (298 K)(32,815kI/K) = 9,779,000 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.
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8-89 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,

(k=1)/k 04/1.4
P 1 kP 1 MPa
T, =T,| == - (300 | 1000 kP2 =5792K s
P, 100 kPa 20
For a steady-flow isentropic compression process, the work input is ) |\
determined from
AIR 3
kRT, k-1)/ k
Weomp,in :k_—i {<P2 /Pl )( ) - 1} fK
1.4)0.287kJ/kg - K 300K
E) o gl X ){(1000/100)0'4“4 -1 100 kPa
= 280.5kJ/kg 300 K

(b) The exergy of air at the compressor exit is simply the flow exergy at the exit state,
2 7
2 Vs 20 . . .
Wy =hy—hy—Ty(s,—5¢) +T +gz, (since the proccess 0 - 2 is isentropic)
=c, (T, =Ty)
= (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)+% +gZ37I

=, (T3 =Ty)” ~Ty(s3—s4) (sinceTy =T, =300K)

=T, (53 =5¢)
where
0
T, P P
s3—sp=c,In-> —RlIn—=-RIn—=—(0.287kl/kg- K)lnM =-0.661kJ/kg K
T, B, P, 100 kPa
Substituting,

w5 = —(300 K)(~0.661 kJ /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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8-90 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
-
. . B . 20 (steady)
Ein - Eout - AEsystem e =0 95 kPa % %
M e 20°C
Rate of net energy transfer  Rate of change in internal, kinetic, 3 %
by heat, work, and mass potential, etc. energies 0.8 m’/s % % Q)
E in = E out 1 %\
thy = Q,, +1mh, (since Ake = Ape = 0) =
N N\
Qo =mC (T} - T7) Exhaust gases

Then the rate of heat transfer from the exhaust gases becomes 1.1 kg/s, 95°C

O =[mc , (Ty, =Ty )gas. = (1.1kg/s)(1.1kI/kg.°C)(180°C —95°C) = 102.85 kW
The mass flow rate of air is
. 144 _ (95 kPa)(0.8 m>/s)
RT  (0.287 kPa.m?/kg.K)x 293K
Noting that heat loss by exhaust gases is equal to the heat gain by the air, the air exit temperature becomes
: 0 102.85 kW

=|mC, (T, ~T)|. =T,y =T, + =20°C + =133.2°C
Q [ pTou )] M e, (0.904 kg/s)(1.005 kJ/kg.°C)

=0.904 kg/s

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 AQ J0 (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 —NyS, —M3S, + 8,0, =0 (since O =0)
M exhaustS1 T MairS3 — MexhaustS2 ~ MairS4 +Sgen =0
Sgen = mexhaust(SZ _S1)+mair(s4 _S3)

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

: . T . T,
Sgen = Mexhaust€ p ln??“'maircp lnﬁ
95+273 133.2+273
= (1.1kg/s)(1.1 kI/kg. K)ln ——="> + (0.904 kg/s)(1.005 kJ/kg.K)In —==—="> = 0.0453 kW/K
(1 Heg)L ke Bl o 75+ (0904 ko) T

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

definition X jegroved = 705 gen »

X gestroyed = ToSgen = (293K)(0.0453kW/K) =13.3 KW
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8-91 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. The energy balance for this steady-flow system ‘ oil
in the rate f
can be expressed in the rate form as 170°C
: : _ : 70 (steady)  _ .
Ein - Eout - AEsystem e =0 ’y] 10kels
Rate of net energy transfer  Rate of change in internal, kinetic, 70°C —=— N
by heat, work, and mass potential, etc. energies J)
E —F ( | }
. in out Water < ~
O;, +mh; =mh, (since Ake = Ape = 0) 20°C —=¢ )
5 4.5 kg/s
Op, =mc (T, -T7) & J (12 tube passes)
Then the rate of heat transfer to the cold water in this heat ‘

exchanger becomes
0= (e , (Toue = Tin ) water = (4.5 kg/s)(4.18 kI/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 _ 170°C 940.5kW =129.1°C

e, T (10kg/s)(2.3kI/kg.°C)

Q':[mcp(Tin _Tout)]oil - Tout :Tin -

(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:

. . : _AC &0 (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

My + M3y —MySy —M3Sy +Sge, =0 (since 0=0)

M yaterS1 T Moi1S3 ~ MyaterS2 — MoilS4 +Sgen =0

Sgen =mwater(52 _S1)+moil(s4 _S3)

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

: . T2 . 4
Soen = MyaterC, IN——+m ¢, In—
gen water“ p Tl oil“ p T3
70+273 129.1+273
= (4.5kg/s)(4.18 k/kg.K) In ————+ (10 kg/s)(2.3 kI/kg.K) In ————— = 0.736 kW/K
(4.3 ke eI a7y TIOKEN e 273

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

definition X jegiroyed = 705 gen »

X gestroged = ToS gen = (298 K)(0.736 KW/K) = 219 kW
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8-92E 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/Ilbm.°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

- . _ . 20 (steady) _
Ein - Eout - AEsystem =0
PSR S — Steam
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies m 120°F
E in = E out 73°F
Q;, +mh; =mh, (since Ake = Ape = 0) —)
. . fe
Oiy =mc, (T, =T1) g )
C
Then the rate of heat transfer to the cold water in this heat )
exchanger becomes ( >
: . G 60°F
0= [mcp (Tout T )]water <

= (115.3 Ibm/s)(1.0 Btw/Ibm.°F)(73°F — 60°F) = 1499 Btu/s u Water

Noting that heat gain by the water is equal to the heat loss by the condensing
steam, the rate of condensation of the steam in the heat exchanger is
determined from

120°F *

O 1499 Btu/s

hy  1025.2 Btu/lbm

O = (1ih 1) geam = — T ggeqm = =1.462 lbm/s

(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:

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

MySy + M3y —MySy —MySy, + S, =0 (since 0 =0)

m

waterS1 T MgteamS3 ~ MyaterS2 ~ MseamS4 + Sgen =0

Sgen = mwater (52 _S1)+ msteam (S4 _SS)
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

. T T
. 2 . o 2 .
Sgen = MyaterCp ln7—’_””lsteam (Sf —Sg ) = MyaterCp 1n7_msteamsjg
1 1

+
= (115.3 Ibm/s)(1.0 Btu/Ibm.R)ln % — (1.462 1bm/s)(1.7686 Btu/Ibm.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 jegiroyed = 705 gen »

X gestroyed = ToS gen = (537 R)(0.2613 Bt/s.R) = 140.3 Btu/s
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8-93 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 (@) The properties of the steam at the inlet and exit of the turbine are (Tables A-4 through A-6)

P =12 MPa}hl =3481.7kl/kg

T, =550°C [ s, =6.6554 kl/kg.K Steam
12 MPa

P, =20kPa | h, =2491.1kJ/kg 550°C, 60 m/s

x, =0.95 s, =7.5535 kl/kg. K
The enthalpy at the dead state is

T, =25°C 0

hy =104.83kJ/kg

x=0
The mass flow rate of steam may be determined from an 20 kPa l
energy balance on the turbine 130 m/s

p2 2 x=0.95
m[hl +%J = n'{h2 +72} + O, +W,

2 2
(60 m/s) ( lkJ/kzg J o 2491.1kJ/kg+(130m/s) ( 1kJ/k2g 2}
2 1000 m*/s 2 1000 m~/s

+150kW + 2500 kW —— m = 2.693 kg/s

11{3481 TkJ/kg +

The reversible power may be determined from

) y2_op2
Wrev=m|:hl_h2_TO(sl_S2)+ ! ) : :|

2 2
:(2.693){(3481.7—2491.1)—(298)(6.6554-7.5535)+(60m/s) — (130 m/s) ( 1kIke H

2 1000 m?/s*
=3371kW
(b) The exergy destroyed in the turbine is

X gost =Woew =W, =3371-2500 = 871kW

rev

(¢) The second-law efficiency is

W, 2500kW _
T T 33 kW

rev

0.742

(d) The energy of the steam at the turbine inlet in the given dead state is

Q =ri(hy, — hy) = (2.693 kg/s)(3481.7 - 104.83)kJ/kg = 9095 kW
The fraction of energy at the turbine inlet that is converted to power is

W, 2500 kW
O  9095kW

f= =0.2749

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

Winerease = fOont = (0.2749)(150 kW) = 41.2 kW
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8-94 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 negligible. 3 Air is an ideal gas with constant specific heats. 900 kPa

60°C
Properties The gas constant of air is R = 0.287 kJ/kg.K and the 80 m/s
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).

Analysis (a) The mass flow rate of air is Compressor

P . (100 kPa)

v, = (4.5m>/s) = 5.351kg/s
RT, (0.287 kJ/kg.K)(20+ 273 K)

= pV, =
Air
100 kPa

The power input for a reversible-isothermal process is given by 20°C

: P
Wiy =RT; In 2= (5351 kgls)(0.287 kI/kg K)(20 + 273 K)ln(—?gg kPa

rev
1

=988.8 kW
kPa

Given the isothermal efficiency, the actual power may be determined from

Wiew _9888KW 0o

nr 0.70

Wactual =

(b) The given isothermal efficiency is actually the second-law efficiency of the compressor
My =717 =0.70

(¢) An energy balance on the compressor gives

: . vEi-vil| .
Qout =m Cp (Tl - T2 ) +T + Wactual,in

_ 2
= (5.351 kg/s){(l 005 kI/kg.°C)(20— 60)°C + 2= BOMS) ( IkIke

: IOOOmZ/SZHJrMBkW

=1181kW

The mass flow rate of the cooling water is

~ Oout 1181kW

m,, = = =28.25kg/s
¢, AT (4.18kJ/kg.°C)(10°C)
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8-95 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 Water Mixi
Tables A-4 through A-6 o 1Xing
( s ) 41156(12 y \ chamber
T, =15°C) hy = hy = 62.98 kl/kg O KES N—_————
x =0 |55 =s,=022447 ki/kgK —_ I\’Z?‘ge

T, = 45°c} hy =188.44 kJ/kg
x =0 s, =0.63862 kJ/kg.K Sat. vap.
: ’ 0.23 ke/s ~

An energy balance on the chamber gives

myhy + myhy = mshy = (my + 1y )by
(4.6 kg/s)(62.98 k/kg) + (0.23 kg/s)h, = (4.6 +0.23 kg/s)(188.44 kl/kg)
h, =2697.5kl/kg

The remaining properties of the saturated steam are

hy, =2697.5kJ/kg| T, =114.3°C
X, =1 s, =7.1907 kl/kg. K
(b) The specific exergy of each stream is
w1 =0
Wy =hy —hy —Ty(s, = 50)
= (2697.5—62.98)kJ/kg — (15 + 273 K)(7.1907 — 0.22447)kJ/kg K = 628.28 k/kg
w3 =hy —hy —Ty(s3 =)
= (188.44 — 62.98)kJ/kg — (15 + 273 K)(0.63862 — 0.22447)kJ/kg.K = 6.18 kJ/kg

The exergy destruction is determined from an exergy balance on the chamber to be

Xdest =nyyy iy, —(my + 1y )y,
= 0+(0.23 kg/s)(628.28 k/kg) — (4.6 + 0.23 kg/s)(6.18 kI /kg)
=114.7 kW

(¢) The second-law efficiency for this mixing process may be determined from

_ Uiy tiin)ys _ (4.6+023kg/s)(6.18KIkg) _ 0 oo

M i + 1y, 0+(023kg/s)(62828K)kg)
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Review Problems

8-86

8-96 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 (@) 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, =1.2MPa ) h; =108.23kJ/kg 134
T, =40°C | s, =0.39424 kl/kg.K 12 MPaa . ®
P, =180kPa 40°C

s, =0.42271 kJ/kg K
hy = h, =108.23kJ/kg

P, =100kPa | h, =272.17kl/kg
T, =20°C 5o =1.0918 kJ/kg.K

The specific exergy of the refrigerant at the inlet and exit of the valve are

wy =h —hy—To(s; = 50)
=(108.23-272.17)kJ/kg - (20 +273.15K)(0.39424 -1.0918)kJ/kg.K = 40.55 kJ/kg

Wy =hy —hy =Ty (s, = 5)
=(108.23 -272.17)kJ/kg — (20 + 273.15K)(0.42271-1.0918 kI/kg.K = 32.20 kJ/kg
(b) The exergy destruction is determined to be

Xgo = Ty (55— 5) = (20+ 273.15K)(0.42271- 0.39424)k) kg K = 8.34 kJ/kg

(c) The second-law efficiency for this process may be determined from

_y, 3220klkg

Ve ~0.794
T 40,55 k/kg

180 kPa
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8-97 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 () 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 | i, =2978.4kJ/kg

T, =300°C }51 — 6.4484 KJ/kg.K Sth 6 MPa
Py =1.6kPa ) hy =2919.9kl/kg 35MPa — > 250°C
T, =250°C }sz =6.6753 kl/kg.K 300°C Vs

T, =18°C) hy =75.54kl/kg

x=0 }so =0.2678 ki/kg K

The exit velocity is determined from an energy balance on the nozzle

Ve v}
h1+;:h2+_2
2
2 2
\4
2978 4 ki/kg + ) ( Lk j=2919.9kJ/kg+—2(—1kJ/kg j
2 {1000m?/s* 2 {1000 m?/s*
v, =342.0m/s

(b) The rate of exergy destruction is the exergy decrease of the steam in the nozzle

' y2_p?
X gest :’i{hz —-h +%—T0(52 —Sl:l

2 p—
(2919.9— 2978 4)kJ/kg + 2" ~0 [ 1kl/kg J
= (0.4 kg/s) > 000m2 2

—(291K)(6.6753 - 6.4484)kJ/kg K
=26.41kW
(c) The exergy of the refrigerant at the inlet is
2

X, =m hl—h0+%—T0(s1—s0

= (0.4 kg/s)[(2978.4 — 75.54) ki/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:

X, o X | 2641kW

mm=——=1

=0.940
X, X, 441.72kW
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8-98 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
R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wy =AU =m(uy —uy) T

From the R-134a tables (Tables A-11 through A-13),
v, =0.014362 m° /kg

P, =1600 kPa
u, =282.09kJ/kg
T, =80°C
s; =0.9875kJ/kg-K 3
P, =100kPa
uy, =223.16kl/kg
S2s =51

The actual work input is

w =N Wy o = N7 Uy —uy,) =(0.85)(282.09 —223.16)kl/kg = 50.09 kl/kg

a,out

The actual internal energy at the end of the expansion process is
Waout = Uy —ty)——>uy =uy —w, o =282.09-50.09 = 232.00 kl/kg
Other actual properties at the final state are (Table A-13)

P, =100kPa v, =0.2139m’/Ibm
u, =232.00kl/kg | 5, =1.0251k)/kg-K

The useful work is determined from

Wy =Waout ~ Wsurr = Waout — PO (UZ - Ul)

=50.09 kJ/kg — (100 kPa)(0.2139-0.014362) m3/kg(&j
1kPa-m?

=30.14kJ/kg
The exergy change between initial and final states is
=y =uy —uy + Py (vy —vy) =Ty (s, —53)
=(282.09-232.00)kJ/kg + (100 kPa)(0.014362 - 0.2139) kag[%j
1kPa-m
—(298 K)(0.9875—-1.0251)kJ/kg-K
=41.34kl/kg

The second law efficiency is then

w, 30.14klkg

=M 0.729
Ap  41.34kI/kg

Ui
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8-99 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

E, —E = AE

out system
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies S
team
Wb,in _Qout :AU:m(MZ _ul) 40 kPa /» 1
From the steam tables (Table A-5), Sat. vapor

v, =v, =3.9933m’/kg
P, =40kPa

uy =u, =2476.3kl/kg T
Sat. vapor

sy =5, =7.6691kl/kg-K

v, =v, =0.001026 m’ /kg
P, =40kPa : 2| 40kPa 1

Lo u, =u, =317.58kl/kg

Sat. liquid

s, =5, =1.0261kJ/kg-K

s
The boundary work during this process is
3 1kJ
Wy =PV —v,) = (40kPa)(3.9933-0.001026) m” /kg)| —— [=159.7 kl/kg
’ 1kPa-m®

The heat transfer is determined from the energy balance:

Gow = Wpin — (s —uy) =159.7 kl/kg — (317.58 — 2476.3)kJ/kg = 2318.4 ki/kg

The exergy change between initial and final states is

T,
=0y =uy —uy + By (v —vy) =T (s, _52)_qout[l_T_0J
R

=(2476.3-317.58)kJ/kg + (100 kPa)(3.9933-0.001026) kag(%j
1kPa-m
298 K
—(298K)(7.6691-1.0261)kJ/kg - K —(2318.4 kJ/kg)| 1 —m

=540.1kJ/kg
The second law efficiency is then

— Wpin  159.7 kJ/kg 3
"7 Ag T 540.1KI/kg

296
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8-100 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

Ein _Eout = AE

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

Oin =Wy o =AU =m(uy —uy) R-134a A
W LAU 100 kPa
Oin =0 * sat. liquid
O, =AH =m(h, —hy)

system

At 100 kPa:
From the R-134a tables (Table A-12),
U p@iookpa = 197.98 kl/kg
h g @iookpa =217.16 kI/kg
S w@iookpa = 0-87995kl/kg-K

Uy @iookpa =V —Vy =0.19254-0.0007259 = 0.19181 m* /kg

1/ 100 kPa \2

The boundary work during this process is

Whout = P(v; —v)) = P, = (100kPa)(0.19181) m3/1<g[L3

jzl9.lSkJ/kg
1kPa-m

The useful work is determined from

Wy = Wpout ~ Wsurr :P(UZ _Vl)_PO(VZ _VI)ZOkJ/kg

since P = Py =100 kPa. The heat transfer from the energy balance is

The exergy change between initial and final states is

T
G =Py =uy —uy + Py (vy —vy) =T (s —s2)+qm(1—T—°]
R

T,
=—Uy PV +Tos +qm(1——°j
TR
1kJ

—SJ +(298 K)(0.87995 kJ/kg - K)
1

=-197.98 kJ/kg — (100 kPa)(0.19181 m3/kg)(
kPa-m

+217.16ki/kg) 1- 228K
273K

=25.18k/kg

The second law efficiency is then

w,  Oklkg
A¢  25.18kl/kg

My =
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At 200 kPa:

U @a0kpa = 186.21kI/kg
h g @a00kpa = 206.03kI/kg
S fp@200kpa =0.78316kl/kg - K

Y e @a00kpa =V — ¥ = 0.099867 —0.0007533 = 0.099114 m* /kg

1kJ

Whou = P(vy —v)) = P, =(200kPa)(0.099114) m3/kg(lkpa—m3J =19.82 kJ/kg

Wy = Wpout ~ Wsurr :P(UZ _Vl)_PO(UZ _Ul)

1kJ

=(P-F, )ufg =(200-100) kPa(0.099114) m3/kg( 3 j =9.911kJ/kg
’ 1kPa-m

T
G =Py =uy —uy + Py (vy —vy) =T (s _S2)+Qin(1_T_0j
R

_ T
=—lUp —Poufg +T0sfg +qi, l—T—

R
=—-186.21kJ/kg — (100 kPa)(0.099114 kag)(%) +(298 K)(0.78316 kJ/kg - K)
1kPa-m
+(206.03 kJ/kg) 1—%
273K
=18.39klJ/kg

Wy _991IKIkg _ o o
A 18.39kl/kg

My =

The process at 200 kPa is more effective from a work production standpoint.
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8-101E Steam is expanded in a two-stage turbine. Six percent of the inlet steam is bled for feedwater

8-92

heating. The isentropic efficiencies for the two stages of the turbine are given. The second-law efficiency

of the turbine is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-

insulated, and 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 (stead;
Ein - Eout = AEsystem ( Y =0 500 psia
Rate of net energy transfer  Rate of change in internal, kinetic, 600°F
by heat, work, and mass potential, etc. energies
Ein = Eout

rinhy = ity hy + ity + Wy,
Wout =mhy —myhy —m3hy 100 psia 5 psia
Wy = hy —0.06h, —0.94h,
Wour = (hy —hy)+0.94(hy - h3) T

The isentropic and actual enthalpies at three states are
determined using steam tables as follows:

P, =500psia | h; =1298.6 Btw/lbm p
—600°F | s, =1.5590 Btw/lbm-R / 2
psia
P, =100 psia x5, =0.9609 / 35 3
sy, =5, =1.5590 Btu/lbm-R | h,, =1152.7 Btu/lbm
hy—h
N7, :hl h2 —> hy =hy =17, (hy —hy,) =1298.6—(0.97)(1298.6-1152.7) =1157.1kl/kg
17 s
P, =100 psia x5 =0.9658
h, =1157.1Btw/lbm | s, =1.5646 Btw/Ibm-R
P; =5psia X5, =0.8265
53 =5, =1.5646kl/kg-K | hy, =957.09 Btu/Ibm
Mo = L _2’3 ——> by = hy =175 (hy — hy) =1157.1-(0.95)(1157.1-957.09) = 967.09 ki/kg
M
P; =5psia x; =0.8364
hy =967.09 Btu/lbm | 55 =1.5807 Btu/Ibm-R

Substituting into the energy balance per unit mass flow at the inlet of the turbine, we obtain
Wour = (hy —hy)+0.94(hy —hs3)
=(1298.6-1157.1)+0.94(1157.1-967.09) = 320.1 Btu/lbm

The reversible work output per unit mass flow at the turbine inlet is
Wrey = hy —hy =Ty (s; —5,)+0. 94[h2 —hy =Ty (s, _Sa)]

=1298.6—1157.1—(537)(1.5590 —1.5646) + 0.94[(1157.1-967.09 — (537)(1.5646 —1.5807)]

=331.2 Btu/lbm
The second law efficiency is then
Wou _ 320.1Btu/lbm

- —~0.966
n ~3312 Btu/lbm

rev
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8-102 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/kgK, c,=
0.718 kJ/kg K (Table A-2). The properties of oil are given to be p = 950 kg/m’, o = 2.2 kJ/kg K.

Analysis (@) The masses of air and oil are

PV 101.3kP 3
LAY (1013 kPa)30m") — 62.36 kg .. Room
RT,  (0.287 kPa-m>/kg-K)(10+273 K) 10°C 0
3 N ~,~
My = PoitVoir = (950kg/m~)(0.030 m”) = 28.50 kg Radiator

An energy balance on the system can be used to
determine time period for which the heater was kept on

Wiy = O )AL = [mey (T, =T))], +[me(T, -T)]
(1.8-0.35 kW)Az = [(62.36 kg)(0.718 kJ/kg.°C)(20 —10)°C]+[(28.50 kg)(2.2 kJ/kg.°C)(50 —10)°C]
At =2038 s =34 min
(b) The pressure of the air at the final state is
~ m,RT,, (62.36kg)(0.287 kPa-m"/kg-K)(20+273 K)
v 50m’
The amount of heat transfer to the surroundings is
Ouut = Ot At = (0.35k1/8)(2038's) = 713.5kJ

The entropy generation is the sum of the entropy changes of air, oil, and the surroundings

=104.9 kPa

Pa2

T P
AS(J :m[cp 1HT2—Rln?2i|
1 1

20+273)K ,
- (6236 kg)| (1005 Kkg Kln 202K _ g g7 1 q Kyin L0 KP
(10+273)K 101.3 kPa
=1.5548 kI/K
T 50+273)K
AS,, = meln2 = (28.50 ke)(2.2 kg K)ln OO 2K g go3uik
T (10+273)K
AS g = Qo _ T35 _ 5 5319k
Tsurr (10+273)K

Sgen = AS, +ASyy +ASg,, =1.5548 +8.2893 + 2.521=12.365 kI/K

The exergy destruction is determined from
X gest = ToS gen =(10+ 273 K)(12.365 kJ/K) = 3500 kJ

(c¢) The second-law efficiency may be defined in this case as the ratio of the exergy recovered to the exergy
input. That is,

Xa,2 = m[CU(TZ _Tl)]_TOASu
=(62.36 kg)[(0.718 kJ/kg.°C)(20 - lO)OC]— (10+273K)(1.5548 kJ/K) =7.729kJ

Xl = m[C(T2 -1 )]_TOASa
=(28.50 kg)[(2.2 kJ/kg.°C)(50 —10)°C]— (10+273K)(8.2893kJ/K) =162.13kJ

Xrecovered _ XH,Z + Xoil,z _ (7729 + 16213) kJ

: =0.046 = 4.6%
X W, At (1.8 kJ/5)(2038 5)

M=
supplied
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8-103 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 (@) 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)

Ty = zmc} hy =83.91kJ/kg fgg; ges
x3=0 [ s3=029649 ki/kg K — —> 350°C
3 3 & 150 kPa Heat
T, =200°C| hy, =2792.0kJ/kg Exchanger
x, =1 54 =6.4302 kl/kg K Sat. vap. Water
200°C  * — 20°C

An energy balance on the heat exchanger gives
myhy + myhy = m,hy + m,hy
macp(Tl -T) = mw(h4 - h3)
(0.8kg/s)(1.063 kJ/kg°C)(400 — 350)°C = 11, (2792.0 —83.9)kJ/kg
m,, =0.01570kg/s

(b) The specific exergy changes of each stream as it flows in the heat exchanger is

T 350+ 273)K
As, =c, In=2 = (0.8 kg/s)(1.063 Ki/kg K)ln 320 +27) K

= —0.08206 kl/kg K
T, (400+273)K

Al/ja = Cp(TZ _]i) _TOASa
= (1.063 kJ/kg.°C)(350 - 400)°C — (20 + 273 K)(-0.08206 kJ/kg K)
=-29.106 kl/kg

Ay, =hy=hy =T(s4 = 53)
=(2792.0-83.9D)kJ/kg — (20+273 K)(6.4302 - 0.29649)kJ/kg.K
=910.913kJ/kg

The exergy destruction is determined from an exergy balance on the heat exchanger to be

~ X gost = M AW, + 10, Ay, = (0.8 kg/s)(-29.106 k/kg) + (0.01570 kg/s)(910.913) kl/kg = ~8.98 kW
or
Xy = 8.98 kW

(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,

i, Ay, _ (0.01570kg/s) 910913 kilkg) _
—m Ay,  —(0.8kg/s)(-29.106 ki/kg)

614

T =
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8-104 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)(5x 3600 s) = 79,200 kJ ] e Glass

Under steady conditions, the rate form of the entropy
balance for the glass simplifies to

. . . . &0
Sin - Sout + Sgen = ASsystem =0
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy \
. . ° —/ 3°C
Qin Qout S =0 10°C
T - T + gen,glass —
b,in b,out L |
4400 W 4400 W :
283K - 276 K + gen,wall =0 — Sgen,glass =0.3943 W/K

Then the amount of entropy generation over a period of 5 h becomes

S =S At = (0.3943 WIK)(5% 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 jegroved = 705 gen »

X desroyed = ToS gen = (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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8-105 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

. . . . 90
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
]?in _ fout + Sgen,system =0 / 104°C
b,in b,out
B00W B00W o
378K 377K e 800 W \
S gensystem = 0-00561 W/K 105°¢

The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jegiroyed = 705 gen »

X gestroyed = ToS gen = (298 K)(0.00561 W/K) =1.67 W

8-106 A 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, ¢
Exergy:PE:J-dPE:jgzdm:J-gz(pAdz) A dz
= pdg [ 2dz = pAg(2 - 2) /2
=pAg| ~ zdz=pAg(z; — z)
Z
=0.5(1000 kg/m*)(2 x 10* m?)(9.81m/s?) 140 m B
><((152m)2—(140m2)I Lh j( Sl 2]
3600s A\ 1000 m~ /s \ 4
=9.55%x10* kWh
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8-107E 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

COPp =L 5375
T T, —1 53574951
COP,
Ng = m —> COPR = UIICOPR,reV =0.45%x12.375=5.57 nn= 0.45

Thus the power input is
200 Btu/min

0, 200 Btu/min[ 1hp

W, = = — |=0.85 hp
COPy 5.57 42.41 Btu/min

8-108 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 7} in the amount of O, as well as a heat reservoir at
temperature 7y in the amount Q.

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 =AEgem > Qo+ O0p W =U,-U —>W=U,-U, +0) + 0y (1)

0n 0o
TR TO

+S5... =AS

out gen system

Entropy balance: S;, —S > Sgen =(S, =S+ )

Solving for O, from (2) and substituting in (1) yields

T,
W=(U1—Uz)—To<S1—Sz)—QR(l—T—‘)J—ToSgen %
R

The useful work relation for a closed system is obtained from -1 Or

W,=W-Wgr e

surr

T
=U,-U,)-T, (S, _SZ)_QR(l_T_O]_TOSgen KW, -¥)
R

Then the reversible work relation is obtained by substituting S,e, = 0,

T
Wiew =(U; =Up) =Ty (S = S2) + A (V) _Vz)_QR[ _T_OJ
R

A positive result for ., 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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8-109 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 Ty in the amount Qp .

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,, —Eout = AEsymm - E,_ = L’Tout

2 2

) . ) y ,

O +Qp =W =Ltit, (he +=—+gz,) =Ly (h; +——+gz;) )L

. . V2 . 2 . . S
or W:Zmi(hi+?+gz")_zme(he+Te+gze)+Qo+QR 0 y —3
Entropy balance: r K

Sin _Sout +Sgen = ASSystem =0

Sgeﬂ = Sout _Sin
Sge“ =2 1,8, = 2 m;s; +ﬁ+—_ 9 2)
Ty T,

Solving for QO from (2) and substituting in (1) yields
) V2 y2 ) ) T
W =2%m;(h; +?+g2,~ —Tys;)—2m,(h, +76+gze —To5.) =TS gen _QR( ——Oj
Then the reversible work relation is obtained by substituting Sge, = 0,

- . VP . v} : T,
Wrev =zmi(hi +7+gzi _TOSi)_zme(he +7+gze _TOSe)_QR I_T_
R

A positive result for ., 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.

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




8-99

8-110 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 7 in the amount of 0, as well as a heat
reservoir at temperature T in the amount Q.

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

out system

V2 V2
Qo +0r W =2m,(h, +—— 5 +gz,)—2m;(h +— 5 +gz)+(U, -U)),,

V2 :
or, W=%m(h +— 2 +gz;)-2m,(h, U +Q0+0r (1)
Entropy balance: S;, —S,, + Sgen = ASsystem
Sgen = (82 = 8)) ey + 2m,s, = Xmys; +— e~ () %
Ty To

Solving for O, from (2) and substituting in (1) yields

2 Vz
W=Zmi(hi+?+gz ~Tys;)—2m,(h, +— 5 +gz,-Tys,)

T,
+[(U1 —U,)-T (S, _SZ)]cv S gen QR( __OJ

The useful work relation for a closed system is obtained from

2 2

v
W, =W-W, —Zmi(hi+?+gzi—

surr

e _TOSe)

+[(U1_U2)_T0(S1_S2)]cv_ gen QR(l_T_] AW, -Y)
R

Then the reversible work relation is obtained by substituting Sy, = 0,

VZ VZ
WBV:Zmi(h[+?+gz —Tys))—2m,(h, +—= 5 +gz,-T;,s,)
+[<U1—U2>—T0<S1—Sz)+Po<v1—v2)]w—QR( ——j

A positive result for W, indicates work output, and a negative result work input. Also, the QO is a positive
quantity for heat transfer to the system, and a negative quantity for heat transfer from the system.
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8-111 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 7 = 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
—_— N s
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies Water
We,in = (AU) water 40 kg
We,in At = mc(TZ - Tl )Water
Substituting, Heater

(800 J/s)At = (40 kg)(4180 J/kg-°C)(80 - 20)°C Z

Solving for Az gives
At=12,544 s =209.1 min = 3.484 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

S in S out T S gen = AS system
— | —
Net entropy transfer Entropy Change
by heat and mass generation  in entropy
0+ Sgen = ASwater

Therefore, the entropy generated during this process is

T K
Syen =AS =mc1n—2:(40kg)(4.184kJ/kg-K)ln353 =31.18 kJ/K

gen water T1 293 K -

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

definition X jegroved = 705 gen »

X gestroyed = ToSgen = (293 K)(31.18 kI/K) = 9136 kJ

The actual work input for this process is

=W,

act,in

w.

act.in At = (0.8kJ/s)(12,5525) =10,042 kJ
Then the reversible (or minimum required )work input becomes

Wrevin =Waetin = X destroyed = 10,042 =9136 = 906 kJ

rev,in act,in
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8-112 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

. o . . 0 o
Sin - Sout + Sgen = ASsystem =0 80°C
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy ? - 5 D=5cm (%
On  Oou , ¢ \
T 1f1 - T, o + Sgen,system =0 L=10m
1175 Wb " 17;’0\?/ Al 37
353 K - 278 K + gen,system = O g Sgen,system = 08980 W/K

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

definition X jegiroyed = 705 gen »

X gestroyed = ToSgen = (278 K)(0.8980 W/K) = 250 W
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8-113 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 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 (stead
Ein - Eout = AEsystem (sready) =0
—_—
Rate of net energy transfer  Rate of change in internal, kinetic, 550 kP
by heat, work, and mass potential, etc. energies a
P i 425 K
in = out I/
tihy =W, +rh, L
W = tin(hy — ) Air ¢
Wout:cp(Tl_TZ) ),\
tituti
Substituting, 110 kPa
Wout =€ (T, -T,)=(1.011kJ/kg-K)(425-325)K =101.1kJ/kg 325K

The entropy change of air is

T P
Sy =S =¢)p In—2-Rln—*
1 i 325K 110 kP
=(1.011kJ/kg-K) In —(0.287 ki/kg-K) In——=
425K 550 kPa

=0.1907 kl/kg-K
The maximum (reversible) work is the exergy difference between the inlet and exit states
Wiev,out = Cp(Tl _TZ)_TO(SI _SZ)
= Wout _TO(SI _SZ)
=101.1kJ/kg — (298 K)(-0.1907 kJ/kg - K)
=157.9kJ/kg
The second law efficiency is then

Wou  101.1kI/kg

= =0.640
157.9 kJ/kg

M =

Wrev,out
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8-114 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, =500kPa | b, =2855.8kl/kg
T,=200°C [ s, =7.0610kl/kg-K

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

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

Ein _ Eout — AEsystem &0 (steady) -0
— [ —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
ky =
(hy + V2 ;) ' E}: +V2/2) 53(?012}():a H,0 200 kPa
m + =m
! Vzl ;2 2 2 30 m/s N sat. vapor
2 "
2 - hl - h2 = Akeactual
Substituting,
AKe a1 = 1 —hy =2855.8—-2706.3 =149.5kJ/kg

The actual velocity at the exit is then

M:Ake

7 actual

2,2
V, = V2 +24ke oy = \/(30 m/s)? +2(149.5 kJ/kg){%J —547.6m/s
g

The maximum kinetic energy change is determined from

Ake,,. =h —hy —Ty(s, —s,) = 2855.8—2706.3— (298)(7.0610 — 7.1270) = 169.2 kI /kg

The maximum velocity at the exit is then

Vaman =V _ Ake
2.2
V2 max V12 +2Akemax = (30 m/s)2 +2(1692 kJ/kg) M
| 1kl/kg
=582.5m/s
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8-115 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

P,=P,=6MPa | h =h, =3894.3kl/k

1 2 1 2 g 1 3 MPa
T, =T, =700°C | s, =s,=7.4247kl/kg-K
2
5y =8, hy =2639.7 kJ/kg / 3 p
s

The second law efficiency of the entire system is then

T = Pou _ hly = My =hy =1.0

Weey M —hy=To(sy—s3) Iy —h3

since s1 = s3 for this system.
Valve is partly open:

P, =3MPa

s, =7.7405kJ/kg-K (from EES)
hy, = h; =3894.3kl/kg
Py =70kPa
hy =2760.8kJ/kg (from EES)
S3 = S2
by —h 3-2760.
_— Wour _ L=y 3894.3-2760.8 923

- =0
Weey  hy—hy —Ty(s,—s3) 3894.3—2760.8—(298)(7.4247 —7.7405)
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8-116 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 =7 1V = 0001084+ (0.8)(0.46242 —0.001084) = 0.37015 m* /kg
' Uy 4 =up +x0up, =604.22+(0.8)1948.9) = 2163.3 ki/kg
x =08 bR
! S1a =8, +x5 5 =1.7765+(0.8)(5.1191)=5.8717 ki/kg-K
TZ,A = Tsat@3OOkPa =133.52°C
P, =300 kPa a4 :S2,A_sf :5'8717_1'6717:0.7895

S2 :Sl ’ ng 5.3200
(sat. mixture) | v, , = v, +x, v, =0.001073+(0.7895)0.60582 - 0.001073) = 0.47850 m® /kg

Uy 4 =ty +Xy 4up =561.11+(0.7895)1982.1 kl/kg) = 2125.9 ki/kg
TankB:

v, 5 =1.1989 m’/kg

P, =200 kPa k
! }uljg =2731.4 kl/kg 900 kJ

T, =250°C 2
Sl,B :7.7100 kJ/kg'K ,
A B
The initial and the final masses in tank A are V=02 m’ m=3kg
v 02 m? steam steam
m 4 = 4 m = 0.5403 kg P =400 kPa T'=250°C
Via 037015 m’/kg x=0.8 P =200 kPa
and
v 0.2m’
My, =—A == _0.4180 kg

Vau  0.479m’/ke
Thus, 0.540 - 0.418 = 0.122 kg of mass flows into tank B. Then,
my p=m p—0122=3+0122=3.122 kg

The final specific volume of steam in tank B is determined from

vV, (mv), _ (3 kg)(1.1989 m3/kg)

Vop = : =1.152 m’/kg
my g m, g 3.122m

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

~ 0y =AU =(AU) ,+(AU) 5 (since W =KE = PE = 0)

—Oout = (mz”z _mlul)A +(’"2“2 _'"1”1)3
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Substituting,

~900={(0.418)(2125.9) - (0.5403)(2163.3)} + {(3.122)u, 5 — (3)2731.4)}
Uy 5 =2425.9 kl/kg

Thus,

vy 5 =1.152m’ kg T, 5 =110.1°C
Uy 5 =2425.9kI/kg | S2,5 =6.9772kI/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 = ASsystem

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

_ Qout

b,surr

+Sgen =AS, +ASp

Rearranging and substituting, the total entropy generated during this process is determined to be

Spen = AS 4 +ASy + 20 (mysy —mys,) 4 (mysy —mysy ) + 220
b,surr b,surr
=1{(0.418)(5.8717)—(0.5403)(5.8717)} + {(3.122)(6.9772) - (3)(7.7100)}+_Z(;21;(J

=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 yegyoveq = 70 S gen »

X gesroyed = ToS gen = (273 K)(1.234 kI/K) = 337 kJ
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8-117E 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 Btu/lbm.R (Table A-2E).

Analysis (a) Helium at specified conditions can be treated as an ideal gas. The mass of helium is

PV, 25 psia)(15 ft’
m=tY1 _ ( pSli)( ) —0.264 Ibm
RT,  (2.6805 psia-ft”/lbm-R)(530 R)
The exponent n and the boundary work for this polytropic process are HELIUM
determined to be 3
15 ft 0
PRV, PV. T, P 760 R)(25 psi PV" = const
G _BY% Ly B A, OORE@ISI) (6376 g
T, T, T, P, (530 R)(70 psia)
P v "
PV =PV —— | X |=| - ——{7—0):(1—5) ——n=1.539
P v, 25 7.682

Then the boundary work for this polytropic process can be determined from

Wbin = _J.ZPdV =— PZVZ _Pl(/l __ mR(T2 _Tl)
| 1 1-n 1-n
- (0.264 1bm)(0.4961 Btu/Ibm - R (760 — 530)R .
1-1.539
Also,
i 3 1Btu
Womin = =Py (V2 =V)) = =(14.7 psia)(7.682 - 15)ft’| —————— |=19.9Btu
5.4039 psia -ft

Thus,

Wein =Woin —Weumin =55.9-19.9 = 36.0 Btu

urT,in

(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

E,-F = AE

in out system
\q,_d
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

= Oout +Wojn =AU =m(uy —uy)
—Qout =muy —uy) =Wy
Oout =Wpjin —me, (T, =T))
Substituting,
Oout =55.9 Btu—(0.264 1bm)0.753 Btw/Ibm - R {760 —530)R =10.2 Btu
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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 heat and mass generation  in entropy
Qout _
_—+Sgen - ASsys
b,surr

where the entropy change of helium is

T P
ASsys = AShe]ium = m[cpﬂavg IUTZ —RIn —ZJ

| A
760 R 70 psi
= (0.264 Tbm)| (1.25 Btw/Ibm - R)ln —(0.4961 Btw/Ibm- R)In —>2
530 R 25 psia

=-0.0159 Btu/R

Rearranging and substituting, the total entropy generated during this process is determined to be

0o 10.2 Btu
Sgen = ASpium + ? = (-0.0159 BwR) +—= == = 0.003345 Bu/R

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 yegiovea = 705 gen »

X gestroyed = T0S gen = (530 R)(0.003345 Btu/R) =1.77 Btu
The minimum work with which this process could be accomplished is the reversible work input, Wiy, in.
which can be determined directly from

Wievin = Waetin = X destroyed = 36.0—1.77 = 34.23 Btu

rev,in a

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,

20 (reversibk) _ _
Xin - Xout - Xdestroyed - A‘Xvsystem d VVrev,in - XZ - Xl
R St —_——
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

Wiew =(U, =U ) =T, (S, =S+ PR (V, -V))
= (0.264 1bm)(0.753 Btu/Ibm - R)(300 — 70)°F — (530 R)(-0.0159 Btu/R)
+(14.7 psia)(7.682 —15)ft*[Btu/5.4039 psia - ft° ]
=34.24 Btu
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8-118 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 7o = 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 jegroyed = 70 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 J0
Sin - Sout + Sgen - ASsystem =0
— R —
Rate of netentropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

mlsl _n"l252 _m3S3 +Sgen :O
rit s, = 0.1ty s5 —0.971,55 +Sgey =0 Sgey =11 [0.955 +0.1s, 5, ]
and  Xyeroyed = ToSgen = Torin[0.955+0.1s, — 5]

9 MPa

From the steam tables (Tables A-4 through 6) 500°C

P, =9MPa | h; =3387.4kJ / kg \/ /
T, =500°C | s, =6.6603kJ/kg-K k
STEAM STEAM
P, =14MPa 15 bo/s 135kgls |—5
h,, =2882.4kJ/kg g
Sas =5 ) I r ) 1
and, 1.4 MPa ,\
50 kPa
hl B h2
Np=—————>hy =h —np(h —hy) 90%
=3387.4-0.88(3387.4 — 2882.4)
=2943.0 kJ/kg
P, =1.4MPa
5, =6.7776 kI /kg-K
h, =2943.0kl/kg
S22, — S —
Py =50kPa | x,, =3/ _ 66003710912, o5
o, S 6.5019
3s =51 hyy =h; +x3,h, =340.54+0.8565 x 2304.7 = 2314.6 ki/kg
h —h
and 777:¥—_>h3:h1_77r(h1_h3s)
hl - h3s

=3387.4—0.88(3387.4 — 2314.6)
=2443 3kJ/kg

hy —h; 24433 -340.54
h 2304.7
S5 =5, + X35, =1.0912+0.9124x6.5019 =7.0235 kl/kg - K

Py =50kPa }x3 = =0.9124

hy =2443.3kl/kg

Substituting, the wasted work potential is determined to be

X gestroged = ToS gen = (298 K)(15kg/s)(0.9% 7.0235+0.1x 6.7776 ~ 6.6603)kJ/kg = 1514 KW

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




8-110

8-119 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 Heat
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.

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

~ 35MW

P, =8MPa | h, =3399.5k] / kg
T, =500°C | s, =6.7266kJ /kg -K

P, =2MPa | h, =3137.7k] / kg
T, =350°C |5, =6.9583kJ /kg-K

P, =2MPa | h; =3468.3kJ/kg
T, =500°C [ s, =7.4337kJ/kg-K

P, =30kPa | hy =h; +x4h; =289.27+0.97x2335.3=2554.5kl/kg
x4 =0.97 Sy =587+ X484, =0.9441+0.97 % 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
— —_—

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

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

tithy + tithy = 1ithy +1ithy + W,

Wou =ml(hy —hy)+(hy —hy)]

Substituting, the mass flow rate of the steam is determined from the steady-flow energy equation applied to
the actual process,

W, ~ 5000 kJ/s
hy—hy +hy—h,  (3399.5-3137.7+3468.3—2554.5)k]/kg

m:

=4.253kg/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,
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: : y 70 (reversibk) _ A "r 20 (steady) _
X; in X, out -X destroyed - system =0
—_——
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destructio of exergy
X =X, out

iy + iy = 1y + 1y + W,

rev,out

I/Kev,out = m(Wl - V/Z) + m(l//3 - !//4)
= i[(ly — )+ Ty(s, — 5,) — Ake™ — Ape™]
+ i (hy = y) + To(54 = 53) — Ake”™ — Ape™]

Then the reversible power becomes

Wrev,out :m[hl —hy +hy—hy +To(s5 =5, +54 ‘53)]
= (4.253kg/s)[(3399.5—3137.7 + 3468.3 — 2554.5)kJ/kg
+(298 K)(6.9583 - 6.7266 + 7.5628 — 7.4337)kJ/kg - K]

= 5457 kW

Then the rate of exergy destruction is determined from its definition,

X gestroyed =W, W, =5457—5000 =457 KW

reviout ~ "o

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




8-112

8-120 One ton of liquid water at 80°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
{/=4x5x6 =120 m*
PV, (100 kPa)(120 m*)
“TRT,  (0.2870 kPa-m®/kg-K)(295 K)

dmx5mx6m

m

=141.74 kg ROOM

22°C
Taking the contents of the room, including the water, as 100 kPa
our system, the energy balance can be written as

E. -E = AE Heat

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

0=AU = (AU), e +(AV)
or [mC(Tz -7 )]water + [mcv (Tz -7 )]air =0

Substituting, (1000 kg )4.18 ki/kg-" C|T, —80) C + (141.74 kg)0.718 ki/ke-* C |, ~ 22 C =0

out

air

It gives the final equilibrium temperature in the room to be
T;=178.6°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

S =S =AS

in out T S gen system
—— —
Net entropy transfer Entropy Change
by heat and mass generation  in entropy
0+ Sgen = ASair + ASwater
where
Jo
T v 351.6 K
ASy =me, In—=+mRIn—=  =(141.74 kg)0.718 ki/kg - K )In ——— =17.87 kJ/K
T, v, 295 K
T 1.6 K
AS yaer = meIn—2 = (1000 kg )(4.18 kI/kg - K)ln& =-16.36 kI/K

T, 353K

Substituting, the entropy generation is determined to be
Seen = 17.87-16.36=1.51 kJ/K
The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegiroyed = 705 gen »

X gestroged = ToSgen = (283 K)(1.51kI/K) = 427 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 - W =X destroyed ~ 427kJ

rev,out "7 act,out rev,out
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8-121 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 constant volume specific heats are R = 0.2968 kPa.m*/kg.K is ¢, =
0.743 kJ/kg-°C for N,, and R = 2.0769 kPa.m*/kg K is ¢,=3.1156 kJ/kg-°C for He (Tables A-1 and A-2)

Analysis The mass of each gas in the cylinder is

. _(PMJ ~ (500kPa)(1m3) 477k
N TRT . (02968 kPa-m?/kg-K[353K) s

N2 He
(Bv) (500 kPa )i m*) ) It .
Mo = - . = 0.808 kg
RT, ), (2.0769 kPa-m*/kg-K |298 K) 500 kPa 500 kPa

80°C 25°C

Taking the entire contents of the cylinder as our system, the 1st
law relation 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 = (AU)y, +(AU )y,
0=[me, (T, =T, +lme, (Ty =T))]pe

Substituting,
(477 ke)0.743 ki/kg-* C)T, ~80) C+(0.808 kg )3.1156 ki/kg-* C|, —25F 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

S in S out T S gen AS system
— [ —

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

0+ Syen = ASy, +ASy,

But first we determine the final pressure in the cylinder:

477kg  0.808k
Nyt = Ny, +Nige = (ﬂj +(ﬂj - g 4 € ~0.372 kmol
M N, M )y 28kg/kmol 4 kg/kmol
NyowR,T (0. . -m? : .
pyNuRT _ (0.372 kmol8.314 kPa-m*/kmol -K J330.2 K) _ <106 kPa

3
Vtotal 2m

Then,
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T P
ASy, = m[cp lnFZ—Rln—zJ
NZ

I A
3302 K 510.6 kP
=(4.77 kg) (1.039 kJ/kg-K)In —(0.2968 kJ/kg - K)In>————2 | = —0.361 kI/K
353K 500 kPa
T P
ASye = m[cp In—%-R ln—zj
Tl Pl He
3302 K 510.6 kP
=(0.808 kg ) (5.1926 ki/kg-K)In ~(2.0769 kI/kg - K)In ———2 | = 0.395 kJ/K
298 K 500 kPa

Sgen =ASy, +ASy, =-0.361+0.395=0.034 kI/K

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 = Z0Sgen »

X destroyed = T0S gen = (298 K)(0.034 kJ/K) =10.1kJ

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:

J0
T v 330.2 K
ASy. =m| ¢, In=%—Rln—*- =(4.77 kg)0.743 kl/kg - K ) In =-0.237 kJI/K
: T, v, 353K
NZ
T, v, < 3302 K
ASy, =m| ¢, In=%—Rln—* =(0.808 kg)3.1156 kl/kg-K)In =0.258 kJ/K
T, v, 298 K
€

Sgen = ASy, +ASy, =—0.237+0.258 = 0.021 kI/K

and

X gestroyed = ToS gen = (298 K)(0.021kJ/K) = 6.26 kJ
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8-122 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 constant volume specific heats are R = 0.2968 kPa.m*/kg K is ¢, =
0.743 kJ/kg-°C for N,, and R = 2.0769 kPa.m*/kg K is ¢,=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_vlJN = (500 kPa )i m*) I
2

RT, 0.2968 kPa -m*/kg-K 353 K)
_ [Plv1 ] _ (500 kPa){i m? ) 0808 kg
TOURE ), (20769 kPa-mi/kg KJ353K)

Taking the entire contents of the cylinder as our system, the 1st
law relation can be written as

Ein - Eout - AEvsystem
\_ﬂ/_—/ \ﬁf_d
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU=(80)y, +(aU) +(AU),
0=[me, (T; =T1)]n, +Ime, (T; =T1)]ye +[me(Ty —=T7)]cy

where
Ty o= (80+25)/2 = 52.5°C
Substituting,
(477 kg)0.743 Ki/kg-* C)T, —80) C+(0.808 kg )3.1156 ki/kg-" C|T, —25) C
+(5.0 kg)0.386 kikg* T, —52.5) C=0
It gives

T;=56.0°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 = ASsystem
—— | —

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

0+ Sy, =ASy, +ASy, +AS

piston

But first we determine the final pressure in the cylinder:
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477k 0.808 k;
Niotal = N, + Ny = [ﬂj +[ﬂj = £ + & =0.372 kmol
: M)y, M)y, 28kgkmol 4 kg/kmol

NyauR, T (0372 kmo1)(8.314 kPa -m3/kmol-KX329 K) 508.8 kPa

P, =

Vtolal 2 III3
Then,
P
ASy, = m(c ln——Rl —ZJ
T A )\,
508.8 kP
= (4.77 kg) (1.039 kJ/kg - K)in —(0.2968 kl/kg - K)In =2 | = ~0.374 KI/K
500 kPa
T. P
ASy, = m[cp ln—z—Rln—zj
T A )b
329K 508.8 kP
=(0.808 kg) (5.1926 kJ/kg-K)In —(2.0769 kI/kg - K)In ———>—"2 | = 0.386 kJ/K
00 kPa
SBK o1k

T
AS .. = In—=2 =(5kg)0.386 kI/kg-K)In
piston (mc T ]piston ( g)( g ) 325.5K
Sgen = ASy, +ASye +AS jion =—0.374+0.386+0.021=0.0334 kI/K

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 yegiroveq = 705 gen »

X gestroyed = ToS gen = (298 K)(0.033 kI/K) = 9.83kJ

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:

Jo
V. 329K
ASy, = m[c 1nT—R1 n-% J =(4.77 kg)0.743 KJ/kg-K) In =-0.250 kJ/K
3K _ 0249 10K

1
&’0
AS, = 1n——R1 = (0.808 kg)(3.1156 kl/kg - K)In
I ek g'K) 353 K

Seen =ASy, + ASHe + Aspm 0250+ 0.249+0.021 = 0,020 ka/K

and
Xdestroyed = TOSgen = (298 K)(0.020kJ/K) =6.0kJ
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8-123E Argon enters an adiabatic turbine at a specified state with a specified mass flow rate, and leaves at
a specified pressure. The isentropic efficiency of turbine is to be determined.

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

Properties The specific heat ratio of argon is £ = 1.667. The constant pressure specific heat of argon is ¢, =
0.1253 Btu/lbm.R (Table A-2E).
Analysis There is only one inlet and one exit, and thus iy = i, = . 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

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0 1
|

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

by heat, work, and mass potential, etc. energies
E in = E out
mhy =W o +mhy,  (since Q= Ake = Ape = 0)

Ws,out = m(hl - h25)

From the isentropic relations,

P (k-1)/k 30 0si
T, = T{%J = (1960 R)(—pSlal

0.667/1.667
J =917.5R

] 200 psia

Then the power output of the isentropic turbine becomes

1hp
42.41 Btu/min

W?,out

= sic (T, ~ T, ) = (40 Ibm/min)(0.1253 Btu/lbm~R)(1960—917.5)R( j =123.2hp

Then the isentropic efficiency of the turbine is determined from

W
ny = o~ 59177196
W,oow 123.2hp

(b) Using the steady-flow energy balance relation /¥’ =mc, (T1 -7, ) above, the actual turbine exit

a,out

temperature is determined to be

W.a h . .
T, =T, ——“ ~1500— 95 hp (42 41 Btu/min

e (40 Ibm/min)(0.1253 Btu/Ibm - R) 1hp

j=696.1°F:1156.1R
P

The entropy generation during this process can be determined from an entropy balance on the turbine,

. . . e J0
Sin - Sout + Sgen - ASsystem 0
— — —_—
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy
msy —ms, + Sy, =0

Sgen =11(s5 —5/)

where
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T. P
Sy =81 =¢, lnTz—Rln?2
1 1

= (0.1253 Btw/lbm-R) In % ~(0.04971 Btw/Ibm-R) In —PS12_

200 psia
=0.02816 Btu/lbm.R

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

definition X jegiroyed = 705 gen »

Xdestroyed = TOSgen = ’hTo(Sz _Sl)
— (40 Ibm/min)(537 R)(0.02816 Btu/Ibm - R)| — 2
42.41 Btu/min

=143hp

Then the reversible power and second-law efficiency become

Wrev,out = Wa,out + Xdestroyed =95+14.3=109.3 hp
and
== 5P _ g6 905
W, 109.3hp
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8-124 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 MPa} hy =2828.3kJ/kg

T, =200°C | s, = 6.6956 kl/kg-K Steam 1 MPa
hy=h 762.51kJ/k from e

P, =1 MPa 2~ /@I Mpa ; 138.1 Lk gK turbine Feedwater

Sy, =8 =2. .
sat. liquid 2 "/@iMpa & -0

T, =179.88°C 2.5 MPa
50°C
P, =2.5MPa } hy = h e =209.34 kllkg (7
T. =50°C sy s, ...=0.7038 kl/kg-K
3 3 f@50°C @
P, =2.5MPa hy = hf@moc =719.08 kJ/kg
Ty =T, -10°C=170°C | $4 =S 4170 = 2.0417 kJ/kg-K +
Analysis (@) We take the heat exchanger as the system, which is @
a control volume. The mass and energy balances for this steady- o
flow system can be expressed in the rate form as follows: sat. liquid
Mass balance (for each fluid stream):
min _rhout = An./lsystem7|0 (stead) - 0— min = mout - rhl = mZ = rhs and I’i’l3 = Yh4 = mﬁ/v
Energy balance (for the heat exchanger):
Ein - Eout = AEsystem7|0 (steady) =0—> Ein = Eout
— | S
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

iy + tshy = iyl + iyhy (since Q =W = Ake = Ape = 0)
Combining the two, g (h2 -n ) =mg, (h3 - h4)
Dividing by 71, and substituting,
hy —h 34-1719.
s hy—h, (20934-719.08)k)/kg 0.247

My, hy—h  (762.51-2828.3)kI/kg
(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
S-S+ S =AS, 0 =0
——

gen system

m

— -
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

MyS| —MlySy +MySy —HiySy + Sgen =0
ity (51 =53) #1153 =54) + Sygen =0
Seen i,
mge = r;" (5, =5, )+ (54 —55)=1(0.247)2.1381-6.6956)+(2.0417 —0.7038) = 0.213 kJ/K - kg fw
w w
Noting that this process involves no actual work, the reversible work and exergy destruction become

equivalent since X yegiroved = Wrevout ~Wactout > Wreviout = X destroyed- 1he exergy destroyed during a

process can be determined from an exergy balance or directly from its definition X yegoveq = 705

X gestroyed = T0S gen = (298 K)(0.213 kJ/K - kgfw) = 63.5 kJ/kgfeedwater

gen >

gen
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8-125 EES Problem 8-124 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]=200 [C]

{P_st[1]=1000 [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]=50 [C]

P_fw[1]=2500 [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_0)
h_fw_o=enthalpy(Fluid$, T=T_o, P=P_o)

s_fw[1]=entropy(Fluid$, T=T_fw[1], P=P_fw[1])

s_fw_o=entropy(Fluid$, T=T_o, P=P_o)
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Psi_fw[2]=h_fw[2]-h_fw_o -(T_o + 273)*(s_fw[2]-s_fw_o0)
s_fw[2]=entropy(Fluid$, T=T_fw[2], P=P_fw[2])

Mratio [kg/kg] Wrev [kJ/kg] Pst1 [kPa]
0.06745 12.9 100
0.1067 23.38 200
0.1341 31.24 300
0.1559 37.7 400
0.1746 43.26 500
0.1912 48.19 600
0.2064 52.64 700
0.2204 56.72 800
0.2335 60.5 900
0.246 64.03 1000

0.28 L S I
0.24

o
(S}

ratio [K9st/kg,fw]
o o
5 &

m
o©
o
@

0.04 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
100 200 300 400 500 600 700 800 900 1000

PSt[l] [kPa]

[e2) ~
o o
T

[
o
T

Wrev [kJ/kng]
g &

N
o
T

10 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
100 200 300 400 500 600 700 800 900 1000

PSt[l] [kPa]
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8-126 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 ¢ =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 (@) 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 = AEvsys.tem
v o
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0= AU WATER
1 ton
0= Al]ice + A(]water

[me(0° C=T))onig +mhyr +mc(Ty =07 C)iquia lice +Ime(Ty —T1)]ater =0
Substituting,
(80 kg){(2.11 kJ /kg-* C)[0— (-5)]° C+333.7 kJ /kg + (4.18 kJ /kg-* C)(T, —0)° C}
+(1000 kg)(4.18 kI /kg* C)(T, —20)°C =0
Itgives 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 -S out T Sgcn =AS system
— —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
0+ Sgen = ASice + ASwater
where
T 285.42K
AS, e =| meln =% = (1000 kg )(4.18 kJ/kg - K )In =>="== = ~109.590 kJ/K
T water 293K

1
ASiee = (ASsolid +AS elting + AStiquia )

1ce

T mh; T
meltin, i
= {mc In £ + € 4| meln==%
T solid Tnetting I liquid ),

273K . 333.7 kJ/kg
268 K 273K

+(4.18 kl/kg-K)In

28542 K
80 kg) (2.11 kl/kg - Kl 28542 K
( g)(( g-K)in 273KJ

=115.783 kI/K
Then,  Syep = ASyuer +ASie =—109.590+115.783 = 6.193 kI/K

water

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

definition X jegroved = 705 gen »

X gestroyed = ToSgen = (293 K)(6.193 kI/K) = 1815 kJ
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8-127 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 4 and
internal energy u, respectively, the mass and energy balances can be expressed as

Mass balance:  my, —myy = Amgygen, —> m; =m,  (SINCE Mgy = Mipiiy = 0)
Energy balance: 100 kPa
Ein - Eout AEsystem 17°C
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Qi +m;h; =mau, (since W=E  =Ea =ke=pe=0)
Combining the two balances: Evacuated
On = mz(”z _hi)
here >
3
PV _ (100 kPa)3(0.012 m ) —0.0144 kg
RT,  (0.287 kPa-m’/kg - K [290 K)
h. =290.16 kJ/k
T =T,=290K Table A-17 i g
u, =206.91 kJ/kg
Substituting,

Oin = (0.0144 kg)(206.91 - 290.16) kJ/kg =- 1.2 k] — Qou=12kJ

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
——

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

system

Qout
mgs; ————+8,

b,in

_ _ 0 _
en = ASpn =MySy, —mys;” =m;s,

Therefore, the total entropy generated during this process is

)&’0 + Qout — Qout — 1.2kJ
Tyouw Tam 290K

surr

=0.00415 kJ/K

_ Qout _
Sgen =—m;S; +Mmys, + =m, (sz —5;

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

definition X jegiroyed = 705 gen »

X gestroged = ToS gen = (290 K)(0.00415 kJ/K) = 1.2k
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8-128 A heat engine operates between two tanks filled with air at different temperatures. The maximum
work that can be produced and the final temperatures of the tanks 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 volume specific heat of
air at room temperature is ¢, = 0.718 kJ/kg.K (Table A-2).

Analysis For maximum power production, the entropy generation must be zero. We take the two tanks
(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

20
Sin - Sout + Sgen = ASsystem
Net entropy transfer Entropy Change AIR
by heat and mass generation in entropy 30 kg
20 20 900 K
0+S gen =AS tank,source +AS tank,sink +AS heat engine
Qn
AStank,soulrce + AStamk,sink =0
J0 &0
T V. T V. \\%
me,, In—=+mR In—*- +| me, In—=+mRIn—* =0
T Vi T 4 A
source sink
T, 2 T, 2 2 QL
T 14 TIB
AIR
where T, and Ty are the initial temperatures of the source and the sink, 30 kg
respectively, and 7 is the common final temperature. Therefore, the final 300 K

temperature of the tanks for maximum power production is

Ty =T,4T15 =4/(900K)(300K) =519.6 K

The energy balance E,, —E,,, = AE ., for the source and sink can be expressed as follows:
Source:

“Osourceou =AU =mey (T =T14) = Osource,ou =My (T14=T5)

Osource.out =mc, (T14—T,) = (30kg)(0.718 kJ/kg - K)(900-519.6)K = 8193 kJ
Sink:

Oginkin =mc, (T, —Tip) = (30kg)(0.718 kl/kg - K)(519.6-300)K = 4731kJ
Then the work produced in this case becomes
Wmax,out = QH - QL = Qsource,out _Qsink,in =8193-4731=23463 kJ

Therefore, a maximum of 3463 kJ of work can be produced during this process.
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8-129 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
Net entropy transfer Entrof Change
by heat and mass generaan in entl%)py ;(())Okli j
70 20
0+S gen =AS cylinder,source +AS cylinder,sink +AS heat engine Q
it
AS cylinder,source +AS cylinder,sink =0
0 &0 w
T P T P
mc,, In=2-mRIn—= +0+ mc, In=%-mRIn—=2 =0
T 4] T 4] 4
source sink
T, T, 2 o
Ih——"—=0—">7, =TT
Ty Tp
AIR
where T, and Ty are the initial temperatures of the source and the 30 kg g
sink, respectively, and T, is the common final temperature. 300K

Therefore, the final temperature of the tanks for maximum power
production is

Ty =T, T;5 =+/(900K)(300K) =519.6 K

The energy balance E;,, — E,,, = AE, for the source and sink can be expressed as follows:

out system
Source:

~Osourceout TWoin =AU = Ogourceont = AH =mc , (T14—T5)

Osource.out =mc (T4 —T,) = (30kg)(1.005 kJ/kg -K)(900-519.6)K =11,469 kJ
Sink:

Qsink,in - Wb,out =AU > Qsink,in =AH = mc, (TZ - TlA)
Osnein = me (T —Ti) = (30 kg)(1.005 kl/kg - K)(519.6 - 300)K = 6621 kJ

Then the work produced becomes

Wmax,out = QH - QL = Qsource,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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8-130 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

20
Sin - Sout + Sgen = ASsystem
— —
Netentropy transfer  Entropy Change N,
by heat and mass generation in entropy 20 k g
20 20
0+ Sgen = A*S'tank,source + AScylinder,sink + ASheat engine 1000 K
(AS)source + (AS) sink = 0 QH
Jo Jo
T V. T P.
me, In=%—mR In—= +0+| mc, In—%-mRIn—% =0 w
Tl 1 source Tl 1)1 sink
Substituting, o,
5 5
(20 kg)(0.743 kJ /kg-K)In +(10 kg)(0.5203 kJ /kg-K)1In =0
1000 K 300 K Ar
Solving for T yields 10 kg 3
300K
7,=731.8K

where 75 is the common final temperature of the tanks for maximum power production.

The energy balance E;, —E , = AE for the source and sink can be expressed as follows:

system
Source:

=AU = mc, (T2 _TlA) - Qsource,out = mcu(TlA _TZ)

_Qsource,out

=me, (T, —T,) = (20 kg)(0.743 k/kg - K)(1000—731.8)K = 3985 kJ

Osource,out
Sink:
Osinkin ~Woout =AU = Ogiryin =AH =mc,, (T, -Tyy)
Oncin = me, (T, —T; 1) = (10 kg)(0.5203 kI/kg - K)(731.8—300)K = 2247 kJ
Then the work produced becomes
Winaxout =@Pr = 91 = Dsourceout ~ Csinkiin = 3985 —2247=1739 kJ

Therefore, a maximum of 1739 kJ of work can be produced during this process
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8-131 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 kJ/kg-K, ¢, = 0.743 kl/kg-K, and
R=0.2968 kJ/kg-K (Table A-2a).

Analysis The initial and final masses in the tank are

3
m, = Py _ (1000 kPa)(0.100 m") 1150 ke Nitrogen
RT,  (0.2968 kPa-m?/kg-K)(293K) 100L 4TS 0
. 1000 kPa
1.1 o
mz=me=%=—50 £ _0.575kg 20°C
The final temperature in the tank is é“
3
r_ PV (1000 kPa)(0.100 m*) _sgeK Me

P myR  (0.575kg)(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 / 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,

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

Oy, —m h, =myu, —myu,
Qout = mehe +myuy, —myuy

Using the average of the initial and final temperatures for the exiting nitrogen,
T,=05(T,+T,)=0.5((293+586) =439.5K this energy balance equation becomes

Qout = Mohy +myuy —myu,
=myc,T, +myc, T, —mc,T,
=(0.575)(1.039)(439.5) +(0.575)(0.743)(586) — (1.150)(0.743)(293)
=262.6k]J
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 jeroyeq = T0S gen - The entropy generation Sge, in this case is determined from an entropy

balance on the system:
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Sin _Sout + Sgen =AS
——

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

Qin

R

system

—Mm,S, +Sgen =AStank T MmySy; —mySs,

S Qi

gen — M8y —MyS; +m,s, —
TR

Noting that pressures are same, rearranging and substituting gives

_ Qin
Sgen =myS, —myS; +m,S, ———
Ty

_ Qin

=myc, InT, —mc, InTy +m,c, InT, T

R

=(0.575)(1.039) In(586) — (1.150)(1.039) In(293) + (0.575)(1.039) In(439.5) ——2667236

=0.2661kJ/K
Then,

Wiey = X gestroyed = ToSgen = (293K)(0.2661kJ/K) = 78.0kJ

gen

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

__dam
¢ dt
. T
g=dom) _dm _c,dml) - dm
dt dt dt L

Combining these expressions and replacing 7 in the last term gives

d(mT) - c,PV dm

O=c dt Rm dt

Integrating this over the time required to release one-half the mass produces

Cp
O=c,(myT, —mT})-

The reduced combined first and second law becomes
. . T, dU-T,5) dm
i, —o[1-To |_AU=DS) g g dm
rev Q[ TR J dt ( OS) dl

when the mass balance is substituted and the entropy generation is set to zero (for maximum work
production). Expanding the system time derivative gives
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. . T, =T
W, =0 -0 _M+(h_fos)d_m
T dt dt
. Ty | d(mu)
=0|1-— |- Tm +Ts + h—Tys5)—
e L )
. T, T
=Q __0 _M_th_m_Fm_oﬁ
Txr dt dt T dt

Substituting Q from the first law,

i {d(mu) _hd_m}[l_ﬁHM_hd_M}mT_oﬁ

dt dt Tx dt dt T dt
__Ty[dem) _ dn_ dn
Tp | dt dt dt
T, d(mT) dm dT
=——|¢,————c,T——-mc,—
Tr dt P dt Podt
At any time,
r-tY
mR

which further reduces this result to
. T
W, :_Oc PV dm T+ T,m Cpdl _RdP
Ty mR dt T dt P dt

When this integrated over the time to complete the process, the result is

T, ¢, PV c, PV
Wrev =—Op—ln&+T0 p L_L
T, R  m, R Tl T,

_ 293 (L039)(1000)(0.100) | 1 o (1.039)(1000)(0.100)
T 673 0.2968 0.2968
=69.4kJ

(L_

1
293 586

)
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8-132 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, ¢,=0.743 kl/kg'K, k= 1.4, and R = 0.2968 kl/kg-K Nitrogen
(Table A-2a). 100 L
Analysis The initial and final masses in the tank are 1000 kPa
20°C
1000 kPa)(0.100 m*
m1=PV= (1000 a)3(0 00m”) 1150 ke
RT,  (0.2968 kPa-m°/kg-K)(293K) %—1
m2=me=%=%=o.575kg e

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, —Myy =Am - m,=m,

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

—myh, =myu, —mu,
Using the average of the initial and final temperatures for the exiting nitrogen, this energy balance equation
becomes
—myh, =myuy —mu,
-mc,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

p _mRT, _ (0.575kg)(0.2968 kPa-m’ kg -K)(224.3K)

> 5 =382.8kPa
v 0.100m

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(T, +T,) = 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
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definition X jegroyed = T0S gen - The entropy generation Sge, in this case is determined from an entropy

gen

balance on the system:

Sin - Sout + Sgen = ASsystem
— ——

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

—Mm,S, +Sgen :AStank T MySy; —mySs

Sgen =My —mys; +m,s,

Rearranging and substituting gives

Sgen =myS, —myS; +m,s,
=my(c, nT, —RInP,)—m(c,InT, ~RInA)+m,(c,InT, -RInF,)
=(0.575)[1.039 In(224.3) — (0.2968) In(382.8) |- (1.15)[1.039 In(293) — (0.2968) In(1000)
+(0.575)[1.0391n(258.7) - (0.2968) In(691.4)
=2.2188-4.4292+2.2032 = -0.007152 kJ/K

Then,

w.

rev

= X gestroyed = ToS gen = (293 K)(~0.007152 kJ/K) = ~2.10kJ

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

which when combined with the reduced first law gives

d(mu) 5 dm
dt dt
Using the specific heats and the ideal gas equation of state reduces this to
v dp dm
¢, ———=c¢,T—
R dt dt
which upon rearrangement and an additional use of ideal gas equation of state becomes

1dP ¢, 1.dm

Pdt c, m dt

When this is integrated, the result is

k 1.4
P =P (ﬂ] - 1ooo(lj ~378.9kPa
m, 2

The final temperature is then
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3
s _BY _ (378.9kPa)(0.100m*) 0K

myR (0575 kg)(0.2968 kPa-m>/kg - K)

The process is then one of

k k-1

m
? =const or = const

The reduced combined first and second law becomes

. dlU-T,S
ir = 4U=T5) )+(h—T0s)d—m
dt dt

ev
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/dt term
reduces this to
d(ms) dm

W =T ~Tys —
rev 0 dt 0 dt

Expanding the first derivative and canceling the common terms further reduces this to

Letting a=P, / mlk and b=T,/ mlk !, 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)m*2dm

The entropy change relation then becomes

dm
ds=c, T--R-=[k-1e, —Rk]7

Now, multiplying the combined first and second laws by dt and integrating the result gives
2 2
Weew =Ty [ mds =T, [ ms[ik=1yc,, - Riclim
1

1
= o[k =1)e, - Rkfmy —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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8-133 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 klJ/kg'K, ¢, =
0.718 kl/kg'K, k= 1.4 (Table A-2a).

Analysis The initial mass of air in the tank is

Mipigial = Pt _ (100 kPa)(5x105 m3)
initial — =
’ RT’ini[ial (0287 kPa - m3/kg . K)(293 K)

=0.5946x10° kg

and the final mass in the tank is

me - PV _ (600kPa)(5x10° m®)
™ RTga  (0.287kPa-m’/kg-K)(293K)

=3.568x10° kg

Since the compressor operates as an isentropic device,

P, (k-1)/k
T, =T —
A

The conservation of mass applied
to the tank gives

dm .

@

. . Compressor
while the first law gives

d(mu) _hd_m

== dr

Employing the ideal gas equation of state and using constant specific heats, expands this result to

Ve, dp vV dp

e YV ar
R dt P ?RT dt

Q =
Using the temperature relation across the compressor and multiplying by df puts this result in the form

v P (k=1)/k v
Odt ==+ dP—cpTl{—J ——dP

R P RT

When this integrated, it yields (i and f'stand for initial and final states)

(k=1)/k
Ve k CPV Pf
- (P, -P)-———L—|P| L -P
0= W=l {Pi :
5 5 0.4/1.4
_GXI0O.718) o0 gy L4 (L00S)5x10T) | (600 100
0.287 21.4)-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
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(O W, )dt = d(mu)—hydm
which integrates to
O W =(mf“f _miui)_hl(mf —m;)
Upon rearrangement,
Wou =0+ (c, —c, )T (my—m;)
=—6.017x10% +(1.005—0.718)(293)[(3.568 — 0.5946) x 10° ]
=-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

dm
+(h-Tys)—
( 05) i

Wrev = Q(l _T_Oj - d(U — TOS)

T dt

which when integrated over the process becomes

T
Wiy =Q(1—T—Oj+m,-[(ui —hy) =Ty (s; _Sl)]_mf [(”f _hl)_TO(Sf _Sl)]

R

=—6.017x 108(1—%}r 0.5946x10°[(0.718-1.005)293]

-3.568x10° [(0.718 -1 .005)293{(0.718 —1.005)293 +293(0.287) In %}

=-2.876x10° kJ
This is the exergy change of the air stored in the tank.
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8-134 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 kJ/kgK, ¢, =
0.718 kJ/kg-K, k= 1.4 (Table A-2a).

Analysis The initial mass of air in the tank is

_ PugaV  (600kPa)(5x10° m”)

o =3.568x10° kg
M R (0.287 kPa-m?®/kg-K)(293K)

m

and the final mass in the tank is

o PV _ (100 kPa)(5x10° m?)
T RTem (0.287 kPa-m’/kg-K)(293K)

=0.5946x10° kg

The conservation of mass is

dm .
@
while the first law gives (i
Q- _ d(mu) B dm —
dt dt

Employing the ideal gas equation Compressor
of state and using constant specific

heats, expands this result to

_Ww,dp_ YV adP
R dt 7 RT dt
_¢,—¢, dP
TR dr
__ydr
dt

When this is integrated over the process, the result is (i and f'stand for initial and final states)
Q=-V(P;-PF)=-5x 10°(100-600) = 2.5x10% kJ

Applying the first law to the tank and compressor gives
(Q W, )dt = d(mu)— hdm

which integrates to
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OQ=Wou =(mpuy —mu;)+h(m; —my)
“Wow ==Q+mpuy —mu; +h(m; —m;)

w

out =Q—mpup+miu; —h(m; —mp)
=Q-mpc,T+mic,T—c,T(m;—m;)

=2.5%x10% = (0.5946x10°)(0.718)(293) + (3.568 x 10° )(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

Wiew =0 —;—2 _—d(U;tTOS)-‘r(h—TOS)a;’—’:l
=0 —;—2 —(u—Tos)i—?—meh—Tos)i—'f
:Q —% +(cp—cV)TCZ—T+mTO§
=0 1—77:—2 +(cp—cv)Tcii—’:l—V%(pf_1)i)

where the last step uses entropy change equation. When this is integrated over the process it becomes

T T
Wiey =Q[1——°J+<cp —e,)T(my —m;)=V (P —F,)
Ty : T

= 3.00><108(1—%)+(1.005—0.718)(293)(0.5946—3.568)><106 ~5%10° %(100—600)

=0-2.500x10% —2.5x10%
=-5.00x10% kJ

This is the exergy change of the air in the storage tank.
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8-135 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 kJ/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

70
Sin - Sout + Sgen = ASsystem
— —
Net entropy transfer Entropy Change
by heatand mass  generation  in entropy Air
20 20
0+S gen =AS tank,source +AS cylinder,sink +AS heat engine 20 kg
800 K
(AS) source T (AS) sink — 0 QH
J0 Qo
T. V. T. P
mc, lnTz—len—2 J +0+[mcp lan—len—2 J =0
1 1 source 1 1 sink w
T c T T, (T g 1/(k+1
+
ln—2+—pln—2=0—>—2(—2J oty = m ) 0
4 ¢ Tip T \Tp L
where T, and T, are the initial temperatures of the source and the sink, -
respectively, and 75 is the common final temperature. Therefore, the final Alr
temperature of the tanks for maximum power production is 22801(1% -3
1

7, = (800 K)(290K)" Jo4 = 442.6 K
Source:

“Osource,out =AU =me, (Tr =T14) = Osource,out =MCy (T14 =T2)

Osource.out =My (T14 —T,) = (20kg)(0.718 kJ/kg - K)(800—442.6)K = 5132 kJ

Sink:

Osinkin ~Wo.out =AU = Ogniin =AH = mc (T, -Tyy)

Osinkin = me, (T, =T, 4) = (20 kg)(1.005 kl/kg - K)(442.6 — 290)K = 3068 kJ
Then the work produced becomes

Wmax,out = QH - QL = Qsource,out - Qsink,in =5132-3068 = 2064 kJ

Therefore, a maximum of 2064 kJ of work can be produced during this process.
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8-136 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

w=h—hy+Ty(s—s)
=(u—uy)+v(P—F)+Ty(s—sp)
=5+v(P-F)

The closed system availability & is always positive or zero, and the flow availability can be negative when
P<<P,

8-137 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.

Analysis The second-law efficiency is defined as the ratio of the S

SO e . . ource
availability recovered to availability supplied during a process. The T
work W produced is the availability recovered. The decrease in the "
availability of the heat supplied Qy is the availability supplied or 0
invested. "

Therefore,
w w

"1, 1T g, -y
T, )" r, )"
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 TL
is the availability consumed during the process. Sink

O
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8-138E 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.

Properties The density and specific heat of the brass are given to be p = 532.5 Ibm/ft* and ¢, =0.091
Btu/lbm.°F.

Analysis We take the plate to be the system. The energy Oven, 1300°F
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
O, :AUplate =m(uy —uy) =mec(T, =Tp) 1.2in. —
The mass of each plate and the amount of heat
transfer to each plate is
Brass

m=pV = pLA = (532.5 Ibm/ft>)[(1.2 /12 ft)(2 ft)(2 ft)] = 213 Ibm plate, 75°F

Oi, = me(T, —Ty) = (213 Ibm/plate)(0.091 Btu/lbm.°F)(1000 — 75)°F = 17,930 Btu/plate
Then the total rate of heat transfer to the plates becomes

Orotal = M ptate Oin, per plate = (300 plates/min) x (17,930 Btu/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:

Sin - Sout + Sgen = ASsystem
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Qin Qin
T_ + Sgen = ASsystem - Sgen =-—— ASsystem
b b
where
T 1000+ 460) R
ASem = M(53 —5,) = MCyyy In—2 = (213 1bm)(0.091 Btw/lbm.R) In 1000+ 3600R _ 5 46 Bru/R
T, (75+460) R
Substituting,
S =_ Oin +AS = w+ 19.46 Btu/R =9.272 Btu/R (per plate)

gen T TS 300 460 R

Then the rate of entropy generation becomes

Sgen = Sgenloan = (9:272 Btu/R - plate)(300 plates/min) = 2781 Btu/min.R = 46.35 Btu/s.R

gen
The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X jegroved = 705 gen »

X gestroged = ToS gen = (335 R)(46.35 Btu/s.R) = 24,797 Btu/s

gen
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8-139 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)[ (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

Ein _Eout = AE

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

Oin =AU g = m(uy —uy) =me(T) =T)
Substituting,
Oi, =mc(T, —T}) = (184.6 kg)(0.465 kl/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
0., =0, / At =(57,512kJ)/(1 min) = 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 = ASsystem
—— —
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Qin Qin
T + Sgen = ASsystem - Sgen == + ASsystem
b b
where
T, 700 +273
AS (yem = M(55 —81) = MCpyyq lnT1 = (184.6 kg)(0.465 kJ/kg.K) lnm =100.1 kJ/K
Substituting,
s = fOn ag __STSIZK 00K = 51 1KIUK

gn = sem =900 +273) R
Noting that this much entropy is generated in 1 min, the rate of entropy generation becomes

Seen  S11KJ/K
A I min

=51.1kJ/min.K = 0.852 kW/K

The exergy destroyed during a process can be determined from an exergy balance or directly from its
definition X yogroyed = 208 gen »

X gestroyed = ToSgen = (298 K)(0.852kW/K) = 254 kW

gen
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8-140 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 60°C are kg, =2357.7 kJ/kg and s¢,=
7.0769 kJ/kg.K (Table A-4). The specific heat of water at room temperature is c, =4.18 kJ/kg.°C (Table
A-3).

Analysis (@) We take the cold water tubes as the system, which is a control volume.

The energy balance for this steady-flow system can be expressed in the rate form as

Ein - Eout = AE"system7|0 (steady) =0
%/_—I
Rate of net energy transfer  Rate of change in internal, kinetic, + Steam
by heat, work, and mass potential, etc. energies m 60°C
Ein = Eout 25°C
b . . . _>
QO;, +mh; =mh, (since Ake = Ape = 0) (c =)
Qin:mcp(TZ_Tl) G D
Then the heat transfer rate to the cooling water in the G D
condenser becomes Q
- G =) 15°C
Q = [me (Tout - Tin )] cooling water 3 —-—
= (140 kg/s)(4.18 kJ/kg.°C)(25°C —15°C) = 5852 kJ/s L, Water
The rate of condensation of steam is determined to be 60°C +
S . ' 2k
Q = (mh/g )steam — > Myeam = g = 585—\]/5 =2482 kg/S
: hy o 2357.7kl/kg

(b) 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

' : ; 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

Tty S| + 11383 — 1)y —1ityS4 + Sy =0 (since O =0)
’hwatersl + msteams3 - mwatersz - rhsteams4 + Sgen =0
Sgen = mwater (52 -5 )+ msteam (S4 _SS)
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

T, .
water € p In T ~MgteamS

1

. T

. 2 . .

Sgen = MyaterCp ln7+m5team(s/' _Sg) =m
1

+
= (140 kg/s)(4.18 kI/kg.K)In % —(2.482 kg/s)(7.0769 kI/kg.K) = 2.409 kW/K

Then the exergy destroyed can be determined directly from its definition X ygyoyeq = 79 S gen t0 be

X gestroyed = ToS gen = (288 K)(2.409kW/K) = 694 kW
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8-141 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 (@) We take the cold water tubes as the system, 60°C
which is a control volume. The energy balance for this ?
steady-flow system can be expressed in the rate form as

u - _ u 20 (steady) _

Ein - Eout - AEsystem =0

\_ﬁ/—) %/——/
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

E in = E out N
0O, +mh; =mh, (since Ake = Ape =0) * Water
25°C

Oy =ric, (Ty = T))
Then the rate of heat transfer to the cold water in the heat exchanger becomes
Q',»n’Water =[me , (Tou —Tin)water = (0-4kg/s)(4.18 kI/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

: : Oou . 58.52kW .
Qout:[mcp(Tin_Tout)]geo )Tout:Ti - -Ot =140°C— 5 =94.7°C
me,, (0.3kg/s)(4.31kJ/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:

: ' o Y- &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

mlsl +"h3S3 _mZSZ —}’i14S4 +Sgen :0 (Slnce QZO)
M yater 1 +mgeos3 T MyaterS2 ~MgeoS4 +Sgen =0
Sgen zmwater(SZ _S1)+mgeo(s4 _S3)

Noting that both fresh and geothermal water are incompressible substances, the rate of entropy generation
is determined to be

: . T, . T,
Seen = MyaterC ln—2+mgeocp lnT—4
1 3
60+273 94.7+273

= (0.4 kg/s)(4.18 kJ/kg.K)In ————— + (0.3 kg/s)(4.31 kJ/kg. K)In ———————— = 0.0356 kW/K
( g ¢ 25+273 ( g8 ) 140+273
The exergy destroyed during a process can be determined from an exergy balance or directly from its
deﬂnition Xdestroyed = TO Sgen .

X gestroyed = ToS gen = (298 K)(0.0356 kKW/K) = 10.61 KW

gen
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8-142 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 pumik = Pyaer = | kg/L and
¢pmi= 3.79 kl/kg.°C (Table A-3).

Analysis The mass flow rate of the milk is

Taking the pasteurizing section as the system, the energy balance for this steady-flow system can be
expressed in the rate form as

Ein _Eout = AE 70 (steady) =0 - E

system

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

Oi, +mh; =mh, (since Ake = Ape =0)

Oin =mpyic, (T, =Ty)
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
chrrent = [i’hCP (Tpasturization - Trefrigeration )] milk = (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 = EOeurrent = (0.82)(3093 kI /s) =2536 kI /s

Noting that the boiler has an efficiency of Nyeier = 0.82, the energy savings above correspond to fuel
savings of

Ouved _ (2536 KJ/s)  (Itherm)
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.:

Fuel Saved = =0.02931therm/s

: : ' _AQ J0 (steady) : 3 <
Sin - Sout + Sgen - ASsystem - Sgen - Sout - Sin
—
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 is the entropy transfer to water due to the reduction in heat transfer to water, and is
determined to be

o Qout,reduction _ Qsaved _ 2536 kl/s
out, reduction T T 184273

S =S At = (8.715 kJ/s.K)(8760x 3600 s/year) = 2.75x10% kJ/K (per year)

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

S =S =8.715kW/K

gen, reduction

gen, reduction gen, reduction

gen

=T,

gen, reduction

= (291K)(2.75x10% kJ/K) = 8.00x 10 kJ (per year)

X, destroyed, reduction
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8-143 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.

Assumptions 1 Steady operating conditions exist. 2 Potential energy
change is negligible. 3 Air is an ideal gas with constant specific heats.

8-144

. o Exh. gas
Properties The gas constant of air is R = 0.287 kJ/kg.K and the 750°C
specific heat of air at the average temperature of (750+630)/2 = 1.2 MPa
690°C is ¢, = 1.134 kJ/kg.°C (Table A-2).

Analysis (@) The enthalpy and entropy changes of air across the turbine are
Ah=c, (T} —-T,)=(1.134kl/kg.°C)(750 - 630)°C =136.08 kl/kg Q
T b
As=c, lnT——RlnP— 630°C l
2 2 500 kPa
273)K
= (1134 kg K)in 02K 6 087 kijkg K) In 1200 KPa
(630+273)K 500 kPa

=-0.005354 kJ/kg.K
The actual and reversible power outputs from the turbine are
W, = mAh — Qom =(3.4kg/s)(136.08 kJ/kg) —30 kW =432.7 KW

(b) The exergy destroyed in the turbine is

Xgost =Wy —W, =516.9-432.7=84.2kW
(¢) The second-law efficiency is

W, 432.7kW _
W, S16.9kW

rev

0.837

My =

W, = m(Ah—TyAs) = (3.4 kg/s)(136.08 kI/kg) — (25 + 273 K)(=0.005354 k) /kg K) = 516.9 kW

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and

educators for course preparation. If you are a student using this Manual, you are using it without permission.



8-145

8-144 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 (@) The properties of the refrigerant at the inlet of the compressor are (Tables A-11 through A-13)
Tsat@l60 pa =—15.60°C

P, =160 kPa h, =243.60 kl/kg
T, = (-15.60+3)°C| s, =0.95153 ki/kg.K

1 MPa

The enthalpy at the exit for if the process was isentropic is Compressor

P, =1MPa

hy, =282.41kJ/kg
s, =85, =0.95153 kl/kg.K

R-134a
160 kPa

The expressions for actual and reversible works are

w, =hy —hy, = (hy —243.60)kJ/kg

Wy =hy = hy =Ty (s, — ) = (hy — 243.60)k)/kg — (25 + 273 K)(s, — 0.95153)kI/kg.K
Substituting these into the expression for the second-law efficiency

g0l m243.60—(298)(s, ~0.95153)
Wa hy —243.60

Wrev

=

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 kl/kg
s, =0.98492 kJ/kg.K
Then,
w, =hy —h, =293.36—243.60 = 49.76kJ/kg

Wiy = hy — Iy — Ty (s, — 5,) = (293.36 — 243.60)kI/kg — (25 + 273 K)(0.98492 — 0.9515)kJ/kg - K = 39.81kl/kg

(b) The isentropic efficiency is determined from its definition

hog —hy _ (28241-243.60)kI/kg _

- 780
hy—h,  (293.36-243.60)kl/kg

s =

(b) The exergy destroyed in the compressor is

Xgest =Wy — Wyey =49.76—-39.81=9.95kJ/kg
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8-145 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
by =125.82kl/kg 100 kPa 4 MPa
I =30 C} 5, = 0.4367 kl/kg. K 30°C
x; =0 1.35 kg/s

v, =0.001004 m* /kg

The power input if the process was isentropic is
W, = v, (P, — B) = (1.35 kg/s)(0.001004 m*/kg)(4000 —100)kPa = 5.288 kW

Given the isentropic efficiency, the actual power may be determined to be

i W _5.288kW

= = 7.554 kW
7, 0.70

(b) The difference between the actual and isentropic works is the frictional heating in the pump
Orictional = Wy =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, = rin(hy — b)) —> 7.554 kW = (1.35 kg/s)(h, —125.82)kJ/kg —> h, = 131.42 kJ/kg
The entropy at the exit is

P, =4 MPa

5, = 0.4423 kI/kg K
h, =131.42kJ/kg

The reversible power and the exergy destruction are

w,

rev

= m[hz = =Ty(s, _51)]
=(1.35 kg/s)[(13 1.42 -125.82)kJ/kg — (20 + 273 K)(0.4423 - O.4367)kJ/kg.K] =5362kW

X gost =Wy —W,oy =7.554-5.362 =2.193kW

rev
(d) The second-law efficiency is

Weew  5.362kW
W 71.554kW

a

My = =0.710
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8-146 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).

Argon
Analysis (a) The exergy of the argon at the inlet is 35MPa ——> ® 500 kPa
xp =hy—hy =Ty(s; =) 100°C

T, P,
=c (T, -Ty)-Ty| ¢, In—-—RIn—-
p( 1 O) 0|: V4 TO P0:|

~(0.2081kJ/kg.K)In

373K 3500 kPa
298K 100 kPa

=(0.5203 kJ/kg.K)(100 — 25)°C — (298 K){(0.5203 kJ/kg K)ln

=224.7kJ/kg

(b) Noting that the temperature remains constant in a throttling process, the exergy destruction is
determined from

Xdest = TOSgen

=Ty(s, —5))

=Ty| -R lni =(298K)| —(0.2081 kJ/kg.K)ln(MJ
P, 3500 kPa

=120.7 kJ/kg

(¢) The second-law efficiency is

X~ Ngew _ (2247 -12070kVkg _ ) 40
X, 224.7kI/kg

My =
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8-147 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 (@) 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, =15°C =423 K} h, =130.08 kl/kg

P, =100 kPa s, =7.2006 kl/kg -K q
Nitrogen
T, =300K | hy =1.93kl/kg 100 kPa 110 kPa
P, =100 kPa| s, = 6.8426 kl/kg-K 150°C 25 m/s
. . 180 mis \
An energy balance on the diffuser gives
y2 y2
hy +%= hy +72+%ut
180m/s)” ( 1kJ/k 2 *( 1k
130,08 kJ/kg + {30 0VS) ( k) £ zj:hz L 25ms) [ m;g 2j+4.5kJ/kg
2 1000 m~/s 2 1000 m~/s

—h, =141.47kJ/kg
The corresponding properties at the exit of the diffuser are

h, =141.47kJ/kg) T, =160.9°C = 433.9K
P =110kPa | s, =7.1989 ki/kg-K

(b) The mass flow rate of the nitrogen is determined to be

. P 110 kP
m=P2A2V2:_2A2V2 2

= (0.06 m?)(25 m/s) = 1.281kg/s
RT, (0.2968 kJ/kg.K)(433.9K)

The exergy destruction in the nozzle is the exergy difference between the inlet and exit of the diffuser

: : VE-vy
Xdest = m|:h1 _h2 +%_TO(S1 _S2):|

130.08—141.47)kJ/k
_ (1281 kefs)| ¢ Sk + 2

— (300 K)(7.2006 — 7.1989)kJ/kg. K

(180 m/s)> —(25m/s) [ 1kl/kg
1000 m?/s? ) |=5.11kW

(c¢) The second-law efficiency for this device may be defined as the exergy output divided by the exergy
input:

. V2
Xy =m hl—h0+?—To(51—So)

(180 m/s)? [ 1kJ/kg

=(1.281 kg/s)l:(130.08 ~1.93)kl/kg + j — (300 K)(7.2006 — 6.8426)kJ/kg.K}

2 1000 m?/s?
=4735kW
Ny =—==1- dest _q— S 11kW =0.892
X, X, 47.35kW
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Fundamentals of Engineering (FE) Exam Problems

8-148 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)OW
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"
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8-149 Liquid water enters an adiabatic piping system at 15°C at a rate of 5 kg/s. It is observed that the
water temperature rises by 0.5°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) 8.36 kW (b) 10.4 kW (c) 197 kW (d) 265 kW (e) 2410 kW
Answer (b) 10.4 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=>5 "kg/s"

T1=15"C"

T2=15.5"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"

8-150 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 "kwW"

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_th1l/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
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8-151 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"

0=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 "kwWh"

"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"

8-152 A house is maintained at 25°C in winter by electric resistance heaters. If the outdoor temperature is
2°C, the second-law efficiency of the resistance heaters is

(a) 0% (b) 7.7% (c) 8.7% (d) 13% (e) 100%
Answer (b) 7.7%

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=2+273 "K"
TH=25+273 "K"
To=TL
COP_rev=TH/(TH-TL)
COP=1
Eta_II=COP/COP_rev

"Some Wrong Solutions with Common Mistakes:"

W1 _Eta_|I=COP/COP_revl; COP_revl=TL/(TH-TL) "Using wrong relation for COP_rev"
W2_Eta_IlI=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_II=COP_rev2/COP; COP_rev2=(TL-273)/(TH-TL) "Using C in COP_rev relation instead
of K, and reversing"
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8-153 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)okJ (c)22.3kJ (d)62.5kJ (e) 980 kJ
Answer (d) 62.5kJ

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*(s1-so0)+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/T0o)) "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"

8-154 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.
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8-155 A furnace can supply heat steadily at a 1600 K at a rate of 800 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) 150 kW (b) 210 kW (c) 325 kW (d) 650 kW (e) 984 kW
Answer (d) 650 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=800 "kJ/s"

TL=300 "K"

TH=1600 "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"

8-156 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

(@0 (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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8-157 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 kJ/kg (b) 445 kl/kg (c) 458 kl/kg (d) 518 kl/kg (e) 597 kl/kg
Answer (€) 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"

8- 158 ... 8- 162 Design and Essay Problems

R>adas4
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