CARNOT CYCLE

10-1C  Why is excessive moisture in steam undesirable in
steam turbines? What is the highest moisture content
allowed?

10-2C  Why is the Carnot cycle not a realistic model for
steam power plants?

10-1C Because excessive moisture in steam causes erosion on the turbine blades. The highest moisture
content allowed is about 10%.

10-2C The Carnot cycle is not a realistic model for steam power plants because (1) limiting the heat
transfer processes to two-phase systems to maintain isothermal conditions severely limits the maximum
temperature that can be used in the cycle, (2) the turbine will have to handle steam with a high moisture
content which causes erosion, and (3) it is not practical to design a compressor that will handle two phases.

10— A steady-flow Carnot cycle uses water as the working
fluid. Water changes from saturated liguid to saturated vapor
as heat is transferred to it from a source at 250°C. Heat rejec-
tion takes place at a pressure of 20 kPa. Show the cycle on
a T-s diagram relative to the saturation lines, and determine
{a) the thermal efficiency, (#) the amount of heat rejected, in
klfkg, and (¢) the net work output.

10-4 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The
thermal efficiency, the amount of heat rejected, and the net work output are to be determined.

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

Analysis (a) Noting that Tz = 250°C = 523 K and T; = Tat @ 20 wpa = 60.06°C = 333.1 K. the thermal
efficiency becomes
ol R e 363w
Twe =TT T sk T !
(b) The heat supplied during this cycle is simply the
enthalpy of vaporization .

1 2
250°C 4 :.:
i = hfg@ ssre =1715.3 kl/kg g e :
Thus, _ 4 20kPa,
T (333.1K ), _ . ¥
Qow =02 =500 =| o ](1 715.3 kJ/kg)=1092.3 k/kg Y g 7
H Lo

(¢) The net work output of this cycle is

Woet = i = (0.3632)1715.3 kI/kg )= 623.0 kJ/kg



10-5 Repeat Prob. 104 for a heat rejection pressure of
10 kPa.

10-5 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The
thermal efficiency. the amount of heat rejected. and the net work output are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (@) Noting that 7z = 250°C = 523 K and 77 = Tt @ 10 wea = 45.81°C = 318.8 K. the thermal
efficiency becomes

T 318.8K
=1--L=1- =39.04%
s T, 523K ’ T

(b) The heat supplied during this cycle is simply the

enthalpy of vaporization , 250°C
Gin =N @ 250°c =1715.3kl/kg
Thus,
T, (318.8K |

Gout =01 =— Qi = 1715.3 kl/kg)=1045.6 kJ/k
q out qdr TH ™ | 523K 1( ._) ]

(¢) The net work output of this cycle is
Woer = i = (0.3904)1715.3 ki/kg) = 669.7 kJ/kg

10-6 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The
thermal efficiency. the pressure at the turbine inlet. and the net work output are to be determined.

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

Analysis (a) The thermal efficiency is determined from

T, 60+273K T
Mg e=1-—L=1-—T=22% _ 4650, ]
Ty 350+273K /
(b) Note that / 2
350°C / o [-
§2=53= .Sf+ X3Sz fa"l 3 [-
=0.8313 +0.891 x 7.0769 = 7.1368 kl/kg'’K / :
Thus . st/ ; E
us 60°C | . 3
T, =350°C s

B | P, =1.40 MPa (Table A-6)
s, =7.1368 kl/kg K |

(¢) The net work can be determined by calculating the enclosed area on the 7-s diagram.
s4=57+X45 g =0.8313+(0.1)(7.0769)=1.5390 kT/kg - K
Thus,
Woe = Area= (T —T; Ns3 — 54 )=(350-60)7.1368 —1.5390)=1623 kJ/kg



SIMPLE RANKINE CYCLE

10-7TC  What four processes make up the simple ideal Rank-
ine cycle?

10—8C Consider a simple ideal Rankine cycle with fixed
turbine inlet conditions. What is the effect of lowering the
condenser pressure on

Pump work input: (&) increases, (D) decreases,
(c) remains the same

Turbine work (d) increases, (D) decreases,
output: (c) remains the same

Heat supplied: (&) increases, (b) decreases,
(€) remains the same

Heat rejected: (8) increases, (D) decreases,

(¢c) remains the same

Cycle efficiency: (&) increases, (b) decreases,
(¢c) remains the same

Moisture content  (a) increases, (b) decreases,
at turbing exit:  (c) remains the same

10-9C  Consider a simple ideal Rankine cycle with fixed
turbine inlet temperature and condenser pressure. What is the
effect of increasing the boiler pressure on

Pump work input: (3) increases, (D) decreases,
{c) remains the same

Turbine work (a) increases, (D) decreases,
output: (c) remains the same

Heat supplied: (8) increases, (D) decreases,
(c) remains the same

Heat rejected: (a) increases, (D) decreases,

{c) remains the same

Cycle efficiency:  (a8) increases, (D) decreases,
{c) remains the same

Moisture content  (3) increases, (0) decreases,
at turbine exit:  (c) remains the same

10-10C  Consider a simple ideal Rankine cycle with fixed
boiler and condenser pressures. What is the effect of super-
heating the steam to a higher temperature on

Pump work input: (a) increases, (b) decreases,
(c) remains the same

Turbine work (a) increases, (b) decreases,
output: (c) remains the same

Heat supplied: (a) increases, (b0) decreases,
(c) remains the same

Heat rejected: (8) increases, (0) decreases,

(c) remains the same

Cycle efficiency:  (a) increases, (b) decreases,
(c) remains the same

Moisture content (&) increases, (b) decreases,
at turbing exit:  (¢) remains the same

10-11C  How do actual vapor power cycles differ from ide-
alized ones?



10-12C Compare the pressures at the inlet and the exit of
the boiler for (a) actual and () ideal cycles.

10-13C The entropy of steam increases in actual steam tur-
bines as a result of irreversibilities. In an effort to control
entropy increase, it is proposed to cool the steam in the tur-
bine by munning cooling water around the turbine casing. It is
argued that this will reduce the entropy and the enthalpy of
the steam at the turbine exit and thus increase the work out-
put. How would you evaluate this proposal?

10-14C Is it possible to maintain a pressure of 10 kPa in a
condenser that is being cooled by river water entering at
20°C?

10-7C The four processes that make up the simple ideal cycle are (1) Isentropic compression in a pump.
(2) P = constant heat addition in a boiler, (3) Isentropic expansion in a turbine. and (4) P = constant heat
rejection in a condenser.

10-8C Heat rejected decreases: everything else increases.

10-9C Heat rejected decreases: everything else increases.

10-10C The pump work remains the same. the moisture content decreases. everything else increases.

10-11C The actual vapor power cycles differ from the idealized ones in that the actual cycles involve
friction and pressure drops in various components and the piping, and heat loss to the surrounding medium
from these components and piping.

10-12C The boiler exit pressure will be (a) lower than the boiler inlet pressure in actual cyeles, and (b) the
same as the boiler inlet pressure in ideal cycles.

10-13C We would reject this proposal because Wy, = iy = B2 = @oue. and any heat loss from the steam will
adversely affect the furbine work output.

10-14C Yes, because the saturation temperature of steam at 10 kPa is 45.81°C, which 1s much higher than
the temperature of the cooling water.



10-15 A steam power plant operates on a simple ideal
Rankine cycle between the pressure limits of 3 MPa and
50 kPa. The temperature of the steam at the turbine inlet is
300°C. and the mass flow rate of steam through the cycle is
35 kg/s. Show the cycle on a T-s diagram with respect to sat-
uration lines, and determine {a) the thermal efficiency of the
cycle and (b) the net power output of the power plant.

10-15 A steam power plant operates on a simple ideal Rankine cycle between the specified pressure limits.
The thermal efficiency of the cycle and the net power ouiput of the plant are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6).
;'Tl = 'ﬁf@ WKP: = 340.54 kJ"’kg
vy =V s spips = 0.001030 m” kg

‘vp,iJJ.:ul(Pz _ﬁ} .
= (0.001030 m*/kg |3000- 50 )kPa LS
1kPa-m
=3.04kke -
hy =l +W, 5 =340.54+3.04 = 343.58 kl/kg

P; =3 MPa | hy =2994.3 kl/kg s
T, =300°C }53 = 65412 kIkg-K
Py =50kPa }n _S4TSp 6541210912 oo
54 =353 5p 6.5019
hy=hg +x3h g =340.54+(0.8382)2304.7)
=22723kl/kg
Thus,
Gy = hy —hy =29943-343 58 = 2650 7 kl’kg
Gou =y —hy =2272.3-340.54 =1931 8 kl/kg
Woet = @in — o = 2650.7-1931.8 = 718.9 kl/kg
and

Tow _, 19318

L —27.1%
T 0 2650.7

(B) W, =mw,, =(35ke/s)718 9 kifkg) = 25.2 MW



10-16 Consider a 210-MW steam power plant that operates
on a simple ideal Rankine cycle. Steam enters the turbine at
10 MPa and 500°C and is cooled in the condenser at a pres-
sure of 10 kPa. Show the cycle on a T-s diagram with respect
to saturation lines, and determine (a) the quality of the steam
at the turbine exit. (&) the thermal efficiency of the cycle,
and (c) the mass flow rate of the steam. Answers: () 0.793,
(b) 40.2 percent, () 165 kg/s

10-16 A steam power plant that operates on a sumple 1deal Rankine cycle 1s considered. The quality of the
steam at the turbine exit, the thermal efficiency of the cycle, and the mass flow rate of the steam are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) From the steam tables (Tables A-4. A-5_ and A-6),

Iy =hpg001m. =191.81ki/kg

Vi = Vs 101E. = 0.00101 m’/kg T A

Wom=vi(P—R)
{ﬂ 00101 m f'kg)[l[] 000-10kPa q

=10.09 kl/kg
By = Iy + W, ; =191.81+10.09 = 201.90 kV/kg

lkPam]

T

P, =10 MPa th =3375.1klkg
T; =500°C |53 =6.5995kl/kg-K =5

=0.7934

P, =10kPa o S3 75y 6.5995-0.6492
54 =353 *

se 14996
hy =hy +x4hg =191.81+(0.7934)(2392.1)=2089.7 kI/kg

(&) gy =hy —hy =3375.1-201.90 =3173.2 kI/kg
Qo = Hy — Iy =2089.7-191.81=1897.9 kl/kg
Woet = Gin — Gout =3173.2 -1897.9 212754 kl’ke
and

T = Waet _ 12754 klkg _40.2%
B g, 31732kke

. W, 210,000 k¥
(© = 2=t ® ~164.7 kg/s
W 12754kIkg




10-17 Repeat Prob. [0-16 assuming an isentropic effi-
ciency of 85 percent for both the turbine and the pump.
Answers: (3) 0.874, (b) 34.1 percent, (c) 194 kgis

10-17 A steam power plant that operates on a simple nonideal Fankme eyele 15 considered. The quality of
the steam at the turbine exit, the thermal efficiency of the cvele, and the mass flow rate of the steam are to
be determined.

Assumprions 1 Steady operating conditions exist. 2 Einetic and potential energy changes are neglimble.
Analysis (a) From the steam tables (Tables A-4 A-5 and A-8),

VISV iE0kR T 0.00101 mj.'];g

wom =vil\Pa— R )im, . \

: | 1%]
=(0.00101 m* g 10,000-10 kPq
' 1
=11.87 kTkg
hy = by +w, 5 =191 8141187 = 203 68 Klke

/(0.85)

kPa -msfl

Py =10 MPa | by =3375.1kTkg
T, =500°C | sy =635995 klke K

P, =10kPa | . o4 TSr _ 6.5995-0.6492
Y= -
| 7.4956
hy, =h; +xgh g =191.81+(0.7934)(2392.1)= 2085.7 kl/kg

=0.7834

-

S4y T4y

b3 —hy,

—”’-1="’3—i'?r|:&3—‘{4;]' )
=3375.1-(0.85)3375.1-2089.7) = 2282 5 kl/kge

fir=

B, =10kPFa 1 hy—hy; 22825-19181

o hxy= =0.874
hy =2282.5kTkg] B 23921

&) Giw = By —y =3375.1-203.68 =3171.4 klkg
Qo = By — By = 22825191 81 = 2090.7 kI ke
Woy = G — G = 3171.4—2090.7 = 1080.7 kT kg

@ o= o = SO jgg 3



10-20 Consider a coal-fired steam power plant that pro-
duces 300 MW of electric power. The power plant operates
on a simple ideal Rankine cycle with turbine inlet conditions
of 5 MPa and 450°C and a condenser pressure of 25 kPa. The
coal has a heating value (energy released when the fuel is
burned) of 29,300 kl/kg. Assuming that 75 percent of this
energy is transferred to the steam in the boiler and that the
electric generator has an efficiency of 96 percent, determine
(@) the overall plant efficiency (the ratio of net electric power
output to the energy input as fuel) and (b) the required rate of
coal supply. Answers: (a) 24.5 percent, (&) 150 th

10-20 A I00-BIW coal-fired steam power plant operates on 2 simple ideal Fankme cwele betweesn the
specified pressure limits. The overall plant efficiency and the required rate of the coal supply are to be
determined.

Assumprions 1 Steady operating conditions exist. ! Kmetic and potential energy changes are neghgzibla.
Analysis (a) From the steam fables (Tables A-4 A-5 and A-8),
by = bz augp, = 27196 kIke T
V] =V g asame = 0.001020m7 ke

“'pjn=”1LP:—l:':|]' . .

1kT
= [ﬂ.DDl 02 ms-'kg ISC'U'U'—ES kPai P——
) ’ 1kPa-m
=507 klkg - !

hy =l +w, o =271.96+5.07=277.03 klke

Py =5MPa) hy =3317.2kIkg

T; =450°C |5; =6.8210kTkg K

P =25kPa| _34-:; 6.8210-0.8932

=5 | g 6.9370
hy=h; +x.h, =27196+(0.8545)2345 5)=2276.2 kT/ke

=(.8545

The thermz] efficiency 1= determmined from
Gy = by —hy =3317.2-277.03 = 30402 kVVkg
Qs = by —hy = 22762 - 27096 = 2004.2 kIkg

g =1 o 20042
2 e 3040.2

= 0.3407

Thus, _
vl = M * Mooy % Mg = (0.3407N0.75)0.96 ) = 24.5%
{8} Then the required rate of coal supply becomes
W _ 300,000 kIs
ol 02453

O, = =1222992 kJ/s

Rt
| =0.04174 tons/s =150.3 tons/h

s

. O 1222992 kTis{ lton
el = = o T |
ool : kg | 1000 kg



10-21 Consider a solar-pond power plant that operates on a
simple ideal Rankine cycle with refrigerant-134a as the work-
ing fluid. The refrigerant enters the turbine as a saturated
vapor at 1.4 MPa and leaves at 0.7 MPa. The mass flow rate
of the refrigerant is 3 kg/s. Show the cycle on a T-5 diagram
with respect to saturation lines, and determine (a) the thermal
efficiency of the cycle and (b) the power output of this plant.

10-21 A solar-pond power plant that operates on a sumple 1deal Fankine evele with refrigerant-134a as the

working fluid 15 considered The thermal efficiency of the eyele and the power cutput of the plant are to be
determined.
Assumprions 1 Steady operating conditions exist. 1 Einetic and potential energy changes are neghizmble.
Analysis (a) From the refingerant tables (Tables A-11, A-12, and A-13}.

b =hsgorum =88.82 klke

V1 =V g p7upa = 00008331 m'/ke
= Vll::Pl _P]]'

“'F_.in
ra

w 1kT |
= [_ﬂ.nmsm m kg 1400 - 700 kPq - l

1kPa.m’

L #

=0.58 klkge

hy =hy+wy =88.82+0.58 =8940 klkg

54 =5y _ 0.9105-0.33230
5 g 0.58763
hy=h; +x5h; =88.82+(D.9839)176.21)= 26220 kI kg

=(0.9838

Thus
G =hy —hy =27612-8240=18672 kI'kg
oy = hg —hy =26220-88.82=17338klke
Wi = i — @y = 13672 -17338=1334kIkz
and

Woet 1334 kTkg

= =7.1%
gw 18672 kIke

Ra =

)] W, =mw, =(3kgis)1334 kIkz)= 4002 kKW



10-22 Consider a steam power plant that operates on a sim-
ple ideal Rankine cycle and has a net power output of
45 MW. Steam enters the turbine at 7 MPa and 500°C and is
cooled in the condenser at a pressure of 10 kPa by running
cooling water from a lake through the tubes of the condenser
at a rate of 2000 kg/s. Show the cycle on a T-s diagram with
respect to saturation lines, and determine (a) the thermal effi-
ciency of the cycle, (b) the mass flow rate of the steam, and
(c) the temperature rise of the cooling water. Answers:
(&) 38.9 percent, (b) 36 kgfs, (c) B.4°C

10-22 A steam power plant operates on a simple ideal Fankine cyvele between the specified pressure hinmts,
The thermal efficiency of the cycle, the mass flow rate of the steam. and the temperature nse of the cooling

water are to be determined.

Assumprions 1 Steady operating conditons exist. 2 Einetic and potential energy changes are neghizible.

Analysis (@) From the steam tables (Tables A-4, A-5 and A-8),
V] =¥ ;g 10km = 0.00101 m® kg
Wein = L’1'::-'7": _P]:I
"

1 KT

]-:Pa-msf,

=(0.00101 m*xg)[7.000-10 kPa* 1

=7.06 kTkg

hy =k +wpp =191.81+7.06 =198.87 klke

Py =7 MPa | h; =3411.4 kTkg
T, =500°C J 55 =6.8000 kIkg - K

Py=10kPa| ~_33—s; _638000-0.6492
: Sk 7.4996

=0.8201

_74=.Tj

hy=h; +xghg =191 81+(0.8201)(2392.1)= 2153 6 kl/kg

Thus, gy =h; —hy =3411.4-198.87=32125kTke
o =hs —h =2153.6-191.81=1961 8 kIkz
Wy = G — G = 3212.5-1961.8=1250.7 kg

=38.9%

wmd gy < Mew 12507 kIke
B g 32125kIkg

&) m = — =————=30kgs

(¢} The rate of heat rejection to the cooling water and its temperature nse are
O = Mgom =(35.98 kg/s (1961 8 kIkg )= 70,586 kI/s
O 70,586 kT/s

AT i = = =§4°C
sonlmguar 2000 kg/s §4.18 kIkg - *C
coolingwakr )




10-23

Repeat Prob. 10-22 assuming an isentropic effi-

ciency of 87 percent for both the turbine and the pump.
Answers: (a) 33.8 percent, (b) 41.4 kgfs, (c) 10.5°C

10-23 A steamn power plant operates on a simple nomideal Fankine cyele between the specified pressure
limits. The thermal efficiency of the cvele, the mass flow rate of the steam. and the temperature rise of the
cooling water are to be determmined.

Assumprions 1 Steady operating condihons exist. 2 Emetic and potenfial energy changes are neglimble.
Analysis (a) From the steam tables (Tables A-2 A-5 and A-8),

W

Thus,

(B)

I = kg0 =19181 kIke
1=z 0ae = 0.00101 m’ kg

pan

= (P -F :'-"J'?F
s A Y
. . 1kT ; '
=(0.00101 m’%g)7.000-10 kPai — |.-'m_37,|
' ' M1 kPa-m ] '

=811kIke
=hy+w,; =191.81+8.11=199.92 kTke

Py =7MPa| hy;=3411 4 kT ke
T; =500°C J 5y =6.8000 kTke - K

P, =10kPa 54— 5 6.8000 - 0.6492
I = =
s, 7.4996
hy, =hg +x3h, =191.81+(0.820)2392.1)=2153.6 klke

=0.8201

54 =53

}I] - J]_l|

e h hy=hy =y by —hy, )
37 My

=34114-(0.87)3411.4 - 2153.6)=2317.1 kT kg
g = hy — Iy = 3411.4-199.92 = 3211.5 kTkg

Gu = hs —hy = 2317.1-191.81 = 21253 kI kg

Wiy = @i — G =3211.5—2125.3 =1086.2 kl/kg

way  10862kIke _

Tw = g. 32115kIkg

Ry =

33.8%

() The rate of heat rejection to the cooling water and itz temperature nse are

0, =mg,, =(41.43 kg/s)2125.3 kIkg )= 88,051 kl/s

Dons BE.051 kl's

- =T - -=10.5°C
(ME) conlingmasee 12000 kg/s}4.18 kTkg-°C)

":"T-:.uuli.n;m‘h: =



10-24 The net work output and the thermal efficiency for
the Carnot and the simple ideal Rankine cycles with steam as
the working fluid are to be calculated and compared. Steam
enters the turbine in both cases at 10 MPa as a saturated
vapor, and the condenser pressure is 20 kPa. In the Rankine
cycle, the condenser exit state is saturated liquid and in the
Carnot cycle, the boiler inlet state is saturated liquid. Draw
the T-s diagrams for both cycles.

10-24 The net work outputs and the thermal efficiencies for 3 Camet cycle and a simple ideal Bankine
cyrle are to be determined.

Assumpions 1 Steady operating conditons exist. 2 Kinetic and potential energy changes are negligible.
Analysis (@) Bankine cycle analysis: From the steam tables (Tables A4, A-5, and A-8),
by =B e o ypy = 25142 KTEE

V) =V anup, = 0001017 m’ kg e e
cyvcle
“._pin-“'ldﬂ‘__ﬁ] 1ET )
- [0.001017 m® kg [10,000 - =
. | 1kPa-m” | 3
=1015 kTkg
By = by + W, =25142+10.15 = 261.57 klkg 2
P, =10 MPa | k; = 2725.5 Kk n 4
x5 =1 | 53 =5.6159 kTke ‘K .:,
- 20kPa 4=y _5.6150-0.8320
] Xy = : — - 0.6761
Sy =0z 7.0752

By = .H.,- +;-.r.,ﬁi-,Le - 251.42+(0.6761)2357.5)
-13453 kI kg
g, =h, —h, = 2725526157 - 24630 kTkg
Gog = hy =By =1845.3—-251 42 = 1504 0 kTkg
W =g, —g,, = 2463015040 - 8699 klke

1504.0
Jau _q_ - 0353
e 14639

(%) Camot Cyele analysis:
Pj-1:1:1-,1]:|s:‘_|11i-3 = 27255 kl'kg
Xy =1 | T =3110°C
T, =T; =3110°C |k, =1407.8 Kl kg
Xy =0 |5, =33603k7%kz-E

My =1

. _5175r 3360308320
B =20kPa) Vo, 7.0752
5| =53 :.'11-kJ.-+1'1kJ.;!
= 25142 +(0.3574)(2357.5) = 1093 9 kT kg
g, =hy —hy =2725.5-1407.8 = 1317.7 kIkg
Gous = Fry —hy =18453-1093.9 = 7514 kI kg
et = 0y — g =1317.7-7523 = 565 4 kT/ke

- 03574

Y.

W

fous _;_ 7514
1. 1317.7

- .430

Tk -1-



Air-cooled
d 3
G;) ’ condenser 1 @
[_:I"urbinc
- |::Pu

10-25 A binary geothermal power plant uses geothermal B @
water at 160°C as the heat source. The cycle operates on the € 10
simple Rankine cycle with isobutane as the working fluid.
Heat is transferred to the cycle by a heat exchanger in which Heat exchanger
geothermal liquid water enters at 160°C at a rate of 555.9 kg/s
and leaves at 90°C. Isobutane enters the turbine at 3.25 MPa  Geothermal .
and 147°C at a rate of 305.6 kg/s, and leaves at 79.5°C and ™" water out

410 kPa. Isobutane is condensed in an air-cooled condenser
and pumped to the heat exchanger pressure. Assuming the
pump to have an isentropic efficiency of 90 percent, determine
{a) the isentropic efficiency of the turbine, (b) the net power
output of the plant, and (c) the thermal efficiency of the cycle.

10-25 A binary geothermal power operates on the simple Bankine cycle with isobufane as the working
flwid. The izentropic efficiency of the nurbine, the net power ontput, and the thermal eficiency of the cycle
are to be determimed.

Assumprions 1 Steady operating conditons exist. 2 Eimenc and potentizl energy changes are neglizible.
Properdies The specific heat of geothermal water is taken o be 4. 18 kI kg.°C.

Amnalysis (@) We need properties of isobutane,
which are not available in the book . However,
wa can obtain the properties from EES.
Turbine:

F 2 -SESIII]-:Pa] hy = T61.54 kIkg

T, =147°C _| 5, = 25457 kTkg - K

air-cooled
condenzar

P, =410KkPa ) )
ih,, = 670.40 kTkg

Ty =83 )
P, - 410kPa .
4 }}r, - 689.74 Kl kg heat exchanger

Ty =179.5°C | |_'
by —hg 76154 -689.74
By —h,, T61.54-670.40

(&) Pump:

By = Ry sioum — 273.01kTkg
Vo= Voo sinape = 0001842 m* kg

0o.7ae walsr m

Br

Woin = 'r‘l':Pz —ﬂ::'-'-'?ﬁ-

g

TP 1kT |}
- {III.E'DIB-E m’-’kg_li?“ﬂ—ﬂﬂ]kpa — 0050
’ L 1kPa-m" }

-581klkg
By =By =W, =273.01+ 58] = 27882 klke

W e = My — ) = (305.6 KT kZ)(T61.54 — 689 74)kT kg - 21041 kW

Wpu = mRy — ) = siw, = (305.6k1/kg)(5.81kTkg) = 1777 kW
Wy =1 e — oy =21041-1777 = 20,165 kW
Heaat Exchanger:
Ol = Mg (T — T ) = (5559 kT k) (4. 18 kT kg *C)(160 — 90)°C = 162,656 kW

W 20165
c =
© T o, 162656

w0124 - 12 4%




10-26 The schematic of a single-flash geothermal power @

plant with state numbers is given in Fig. P10-26. Geothermal f 1
resource exists as saturated liquid at 230°C. The geothermal

liquid is withdrawn from the production well at a rate of 230 ﬁ
kgfs, and is flashed to a pressure of 500 kPa by an essentially
isenthalpic flashing process where the resulting vapor is sepa-

rated from the liquid in a separator and directed to the tur- Separator 16
bine. The steam leaves the turbine at 10 kPa with a moisture

—— |

content of 10 percent and enters the condenser where it is @

Condenser

uid coming off the separator. Determine (a) the mass flow
rate of steam through the turbine, (b) the isentropic efficiency - @
of the turbine, (c) the power output of the turbine, and () the
thermal efficiency of the plant (the ratio of the turbine work

condensed and routed to a reinjection well along with the lig-
Flash
chamber "®

output to the energy of the geothermal fluid relative to stan- @
dard ambient condiu’onu} Answers: (d) 38.2 kgfs, (D) 0.686, Production Reinjection
() 15.4 MW, (d) 7.6 percent well well

10-26 A single-flash geothermal power plant nses hot geothermal water at 230°C as the beat source. The
mzzs flow rate of steam throwgh the mrbine, the isentropic efficiency of the urbine, the power output from
the tarbine, and the thermal efficiency of the plant are to be determined.

Assumprions 1 Steady operating conditions axist. 2 Einatc and potential energy changes are neglizible.
Amalysiz (a) We use properdes of water for

geothenmal water (Tables A4 through A-§)
T, = 230°C]
By =990.14 kTkg
=0 |
P, = 500kPa 1 R—h, 990.14-640.00 :
hy =, = 900.14 tJ.-th'x‘ T Thy 27108 - 0.1881 me
The mass flow rate of steam through the furbins is SEpAratnr 4
i, = x, ity = (0. 1661230 kg's) = 38.20 kgls .
() Turbins: ondenser
E <1:-|:|kpa] hy = 27481 kT kg X e 5
| 55 - 6.8207 WKz -E e >
'mkpalh_zlm.n}tg production |- | W
5y =53 wall ﬂm
£y ~10kPa }m — ki +xahg =191 81+ (D.90)(2392.1) - 2344.7 klkg
4= .00 ] J .4
- By—hy 2THB1-234T oo

h,—h,, 2748.1-11603
() The power cutput from the tarbine is
L e = Mgy =Ry ) = (33 20 KT kE)2748 1- 2344 T)kT kg = 15 410 KW
(af) We nse samrated liguid state at the standard temperamre for dead state enthalpy
I, =25°%C
,=25%C]

h, =104 83 kTK
i = 0 J . .

E,, =ity (i —hp) = (230KTE)000.14 - 104 83)kT kg — 203,622 KW

. Frow 15410 oo wcne
& =T F T 203,622 D




The Reheat Rankine Cycle

10-29C How do the following quantities change when a
simple ideal Rankine cycle is modified with reheating?
Assume the mass flow rate is maintained the same.

Pump work input:  (8) increases, (0) decreases,
(c) remains the same

Turbine work (8) increases, (b) decreases,
output: (c) remains the same

Heat supplied: (a) increases, (B) decreases,
(c) remains the same

Heat rejected: (8) increases, (b) decreases,

(c) remains the same
Moisture content  (3) increases, (b) decreases,
at turbing exit:  (c) remains the same

10-30C  Show the ideal Rankine cycle with three stages of
reheating on a 7-s5 diagram. Assume the turbine inlet tempera-
ture is the same for all stages. How does the cycle efficiency
vary with the number of reheat stages?

10-31C Consider a simple Rankine cycle and an ideal
Rankine cycle with three reheat stages. Both cycles operate
between the same pressure limits. The maximum temperature
is 700°C in the simple cycle and 450°C in the reheat cycle.
Which cycle do you think will have a higher thermal
efficiency?

10-22C The pump work remains the same, the motsture content decreases, everything else mcreases.

10-3Z The I-; disgram of the ideal Fankine T A
cycle with 3 stages of reheat is shown on the
side. The cycle efficdency will increase as the
onmber of reheating stages moreases.

10-21C The themmal efficiency of the simple ideal Blankine cycle will probably be higher since the average
temperature at which heat is added will be higher in this case.




10-32 A steam power plant operates on the ideal

reheat Rankine cycle. Steam enters the high-
pressure turbine at 8 MPa and 500°C and leaves at 3 MPa.
Steam is then reheated at constant pressure to 500°C before it
expands to 20 kPa in the low-pressure turbine. Determine the
turbine work output, in kl/kg, and the thermal efficiency of
the cycle. Also, show the cycle on a T-5 diagram with respect
to saturation lines.

10-32 [dizo solved by EES on enclosed C0Y A stesm power plant that operates on the ideal rebeat Fankin
cycle is considered. The mrbine work oufpat and the therma] efficiency of the cycle are to be determinad

Assumpeions 1 Steady operating condigons exist. 2 Kinetc and potental energy changes are neglizible.
Amnalysis From the steam tables (Tables A-4. A-5 and A-4),
By =R g pe = 25142 KIKE r
b - I'r".lr:g i Py ™ 0001017 Illsllkg
Woin ™ '_"'L“Ji il _ ( 1kT
- 0001017 mikz [H:E-I:-D =20 k.Pa‘ e
' : 1kPa -m’
=812 kTkz - .

My = Iy + Wy =251.42+8.12 = 25954 kTkg

B =3MPa | by = 33005 kIks

k
T, = S00°C | 5y = 6.7266 KIkz- K
P, =3MPa

lm - 3105.1kTkg
Fy -0y

F, =3MPa | by = 34572 kIkg
Iy o= SO0°C L Soo= 72350 KTEE-K
P oo 0kPalx Sg—Iy 72359048320
6 T 70752
Tl =B+ aghy - 25142 +10.905 1::12 3575)= 23852 kT/kg
The mrbine work owtput and the thermal efficiency are determined from
W g = [y =y |+ Ry —hg :I -3300 531051 +3457T 223852 = 13664 KXz

= 00051

S o 5x

and
G ™= [k3 —h, ] + Hrj —h, :I -3300 525054 +3457 2 3105 1 = 3402 O kD kz
Woa = Wr gur —Wpin = 13664-8.12 1358 3 k1kg
Thus,
_ W, _ 13583 kTkge —38.9%



10-34 Consider a steam power plant that operates on a
reheat Rankine cycle and has a net power output of 30 MW.
Steam enters the high-pressure turbine at 10 MPa and 500°C
and the low-pressure turbine at 1 MPa and 500°C. Steam
leaves the condenser as a saturated liquid at a pressure of
10 kPa. The isentropic efficiency of the turbine is 80 percent,
and that of the pump is 95 percent. Show the cycle on a T-s
diagram with respect to saturation lines, and determine
(a) the guality (or temperature, if superheated) of the steam at
the turbine exit, (b) the thermal efficiency of the cycle, and
(c) the mass flow rate of the steam. Answers: {a) 88.1°C,
(b) 34.1 percent, (c) 62.7 kgls

10-34 A steam power plant that operstes on 2 rehear Fankine cycle is considered. The guality {or
temperanure, if superheated) of the steam at the mrbine exit, the thenmal efficiency of the cycle, and the
mass flow rate of the steam are to be determined.

Assumpitons 1 Steady operatmg conditions exist. 2 Emeac and potental energy changes are neglizible.
Amalysiz (a) From the steam tzbles (Tables A4 A-5 and A-6)
fy = kﬁ'ﬁ wirs = 19181 ET kg

L UIE 0 kPs ™ 0001010 Illj'kg

W - | Py P:I L
1kT

R [l:r_l;i':l
1 kPa-m?* )

- [oo0101 m* tgtm Dﬂﬂ—lﬂkps1
-10.62 klkg

By =iy + Wy =191 81+10.62 = 20243 ETkg

R =10 MPa ]h;-33?5.1 Klkg

T, = S00°C |5, 65905 kTkg K
Py, =1MP

b : ] hy, = 2783.8 Klkg
Su=5

by —Fy

T, — 1, —* k-t"*s"lr':"’s"km]

-3375.1-(0.80)(3375.1- 2783 7) = 2002.0 kT'kg

Ay =

P, =1MPa | k, = 3479.1 kTkg
T; = 500°C | 35 = 77642 kTkg - K

Se =3y 7.7642-0.6402
Pss'mkp“']xﬁs' e 74996
Sy _

= 00487 (at mrbine exit |

S, m=md :

ST g, =k sxg b =19181+ (094872392 1) 2461 2 kIkg
hy —h

Ay = ;—H:-.Fr —n ik -k, )
5 g

-3479.1-(0.80)(3479.1 - 2461 2)
- 2664 8kTkz>h, {superheated vapor )
From steam tables at 10 kPa we read I, =88.1°C.
) Wr o = B3 — g )+ (B — g ) = 3375.1-2002.0 + 3479.1 - 2664.8 - 12874 kTkg
=y =y )+ (e — By ) = 3375.1- 202 43 + 3479.1- 2002.0 = 3740 8 klkz
et = W g — W, o, = 1287.4-10.62 = 1276.8 kTkg
Thus the thermal efficiency is

W 12768 KIkg

ST S 34.1%
e T3z ung

(¢} The mass flow rate of the steam is

W,  B0,000kTs
w,, 12769kIkg

T -

-62.7 kgls



10-35 REepeat Prob. 10-34 assuming both the pump and the
turbine are isentropic. Answers: (a) 0.949, (b) 41.3 percent,

(c} 50.0 kgis

10-35 A stesm power plant that operates on the ideal reheat Fankine cycle is considered. The quality
tremparature, if superheated) of the steam at the mrbine exit, the thermal efficiency of the cycle, amd 1
mazs flow rate of the steam are to be detarmined.

Assumprions 1 Steady operating conditons exist. 2 Kinetic and potential energy changes are neglizible.
Amalysis (g) From the stearn tables (Tables A4, A-5 and A-8),

By =B g 19181 KT kg r A

by - L’IE 10 kPa ™ 00010l Illjkg
“'.lu_:: -”11;5 _Pl..-l g
3 ) 1 )
- [0.00100 m* %g f10,000-10 tPaj— |
: | 1kPa-m?
-10.09 kTkg :
hy =By +Wp 4 =191.81+10.09 = 201.90 kTke

B =10 MPa ] ks =3375.1ETkz
To= ST | 5y = 65905 Klkg K
P =1MPa |

bhy =27838 KTkg
‘T-I- - .T:__ ]
P = 1MPa | by, = 34791 kTkg
T, = SM0°C |5, =7.7642 kTkz-K
P =10kPa] % = Teoip TTE42-0.5492 o 0487 (at nurbine exit)
N . S 7.4806 '
Mg = By + Xghg =191.81+(0.9487)(2392.1) - 24612 kl'ke

(&) Wy oy = |y — B )+ by — R ) = 3375.1-2783.7 + 3470.1 - 2461 2 — 16003 kT kg

V2

T = Iy _I

g, =iy — by )+ (h, — k) =3375.1- 20190 + 3479.1-2783.7 - 3868.5 klkg

Wiy = W g — W i = 16084 10,08 = 15803 kTkg
Thus the thermal efficiency is

o oy 15093 kTkE g o



10-37 A steam power plant operates on an ideal reheat Rank-
ine cycle between the pressure limits of 15 MPa and 10 kPa
The mass flow rate of steam through the cycle is 12 kg/s. Steam
enters both stages of the turbine at 300°C. If the moisture con-
tent of the steam at the exit of the low-pressure turbine is not to
exceed 10 percent, determine (a) the pressure at which reheat-
ing takes place, (b) the total rate of heat input in the boiler, and
(c) the thermal efficiency of the cycle. Also, show the cycle on
a T-5 diagram with respect to saturation lines.

10-37 A steam power plant that operates on an ideal reheat Fankine cycle berween the specified pressare
limits 1= considered The pressure at which rsheating fakes place, the total rate of heat input o the botler,
and the thermal efficiency of the cycle are to be determined.

Assumprions 1 Steady operating condinons exist. X Enetic and potental energy changes are negligible.
Amnalysis (g) From the steam tzblas (Tables A4 A-5 and A-5),
By - k-ug oxpe =191 E1 KTkg TA

Uy - Lr-g 10 LPs ™ 000101 Illjkg

Wom =[P~ B
-{0.00101 m 'kg]ls 000 —10 L'Pa1
-15.14kTkg

By =iy +Wp =19181+15.14 = 20685 kT ks

1kPa-m® ]

P, =15MPa ] hy = 3310.8 k1kg
L, =500°C |5 =63480k1ke K
P. =10kPa ] by =+ xh =191.81+(0.00[2302.1) - 2344.7 kT kg

S = 5 =5y =%ty = 06402 +(0.90)7.4006) - 73082 KT kg - K

T, = 500°C } P, = 2161 kPa (the reheat pressure

S5 =5 By = 346653 kTkz

Py =2.161 MPa |
bhy =28172kTkz
&y - Fy

(&) The rate of heat supply is
g, = ’ﬂE'ﬁ'a -y ::"" (e _"’.J]
=12 kg/s)3310.8 - 206.95 + 3466 53 - 2817.2 kT kg - 45,038 KW
(¢} The thermal efficiency is determined from
Oy =il — iy )= (12 kTis (23447101 81 kTkg - 25,835 kT's
Thus,
- | J5EI4Es

e 42.6%
O,  45.039KDs

Tw =



10-35 A steam power plant operates on the reheat Rankine |
cycle. Steam enters the high-pressure turbine at 12.5 MPa
and 550°C at a rate of 7.7 kg/s and leaves at 2 MPa. Steam is Boiler
then reheated at constant pressure to 450°C before it expands

Turbine

in the low-pressure turbine. The isentropic efficiencies of the g] : ®
turbine and the pump are 85 percent and 90 percent, respec- &

tively. Steam leaves the condenser as a saturated liquid. If the /- \
moisture content of the steam at the exit of the turbine is not ()1 |Condenser

to exceed 5 percent, determine (a) the condenser pressure,

(b) the net power output, and (c) the thermal efficiency. L_(Pump) |
Answers: (a) 9.73 kPa, (b) 10.2 MW, (c) 36.9 percent @

=0

10-38 A steam power plant that operates on 2 rebeat Fankine cycle is considersd The condenser pressure,
the net power oniput, and the thermal efficiency are to be determined.

Assumprions 1 Seady operating condigons exist. 2 Emetic and potendal energy changes are neglizible.
Analysis (g) From the steam tables {Tables A4, A-5, and A-9),
P =125MPa } By o= 3476.5 klkg |

I, = 550°C 5;=06.6317kIlkg-E | 3
: _ Turbine
B, -2MPa Boder .
T By, = 20481 kTkg
Ty =5 ] -
1 ! : N, g
fir = Bl &
g — by, Fi Condenser

—hy =B _11?["“3 _'Hh::l
- 3476.5— (0.85)3476.5- 2048 1)
- 3027 3KkTkg

P, = 2MPa] h, =33582 klkg
T, =450°C |5, = 72815 kIke K

56 =3 S . i 6
¥
>

-k ; .
nr -hh —— hgm b —mr (s — )
: =3358.2 —I:IZIJIE]BSEE.E —I0481)=30273 klkg
The pressure at state § may e determined by a mwial-emmor approach Som the steam tables or by wsing EES
from the sbove equations:
P:=9T3kPa, h:=24633kTkg,
{(#) Then,
.|'|'| - }f_."'i} 0TI kP ™ 182 57 Utg

V=g oum = 0001010 m’ kg

“-_p_in - ull:P} _H:ITF

) 15 S TP
- {IZI.EIDIIZII ma-’kg_llliﬂll}—ﬂ_??r kPa 3 f0.90)
’ 1 kPa-m” | ’
=14.02 kI'kg ‘
By = By + Wy = 18857 +14.02 = 203.5% kNkg
Cyile analysis:

g, =y —hy )+ (kg —h, )= 3476.5-3027 3+ 3358 2 - 2463 3 = 3603 8 kI kg

Gog = hg =By =3027.3-189.57 = 2273.7 kI kg

oy = 11( G — Qe ) = (7.7 KE/s)(3603 8-2273 TikIkz = 10,242 kW
) The thermal efficiency is
Gou _, 22737 klke
’ 36038 klke

By =1- - 0350 = 36.9%



Regenerative Rankine Cycle

10-39C How do the following quantities change when the
simple ideal Rankine cycle is modified with regeneration?
Assume the mass flow rate through the boiler is the same.

Turbine work (a) increases, (0) decreases,
output: (c) remains the same

Heat supplied: (@) increases, (b) decreases,
(c) remains the same

Heat rejected: (@) increases, (b) decreases,
(c) remains the same

Moisture content (a) increases, (0) decreases,
at turbine exit: (c) remains the same

10—40C  During a regeneration process, some steam is
extracted from the turbine and is used to heat the liquid water
leaving the pump. This does not seem like a smart thing to do
since the extracted steam could produce some more work in
the turbine. How do you justify this action?

1041C How do open feedwater heaters differ from closed
feedwater heaters?

10—42C Consider a simple ideal Rankine cycle and an ideal
regenerative Rankine cycle with one open feedwater heater.
The two cycles are very much alike, except the feedwater in
the regenerative cycle is heated by extracting some steam just
before it enters the turbine. How would you compare the effi-
ciencies of these two cycles?

10-28C Moismre content remains the same, everything el:ss decreases.

10-40 This iz a smart idea becanse we waste lifils work potental but we save a lot fom the heat mpuat.
The exmacted steam has litdle work potential left, and most of itz enerzy would be part of the heat rejected
amyway. Therefore, by regensration, we uiilize a considerable amonnt of heat by saaificing little work

outpt

10-41C In open fesdwater heaters, the two fuids acmally mix but in closed feedwater heaters there is no

10-42C Both cycles wounld have the s:ame efficiency.

10-43C To have the sams thermal eficiency as the Camot
cycle, the cycle must recerve and reject beat isothermally.
Thus the Lguid shownld be brought to the samrated Liguid
state at the boiler pressure isothermally, and the steam must
be a sanmrated vapor at the mrbine inbet This will require
an infinite munber of beat exchangers (feedwater heaters),
as shown on the I-r diagram.




10—dd4 A steam power plant operates on an ideal regenera-
tive Rankine cycle. Steam enters the turbine at 6 MPa and
450°C and is condensed in the condenser at 20 kPa. Steam is
extracted from the turbine at 0.4 MPa to heat the feedwater in
an open feedwater heater. Water leaves the feedwater heater
as a saturated liquid. Show the cycle on a T-5 diagram, and
determine (a) the net work output per kilogram of steam
flowing through the boiler and (&) the thermal efficiency of
the cycle. Answers: (a) 1017 klikg, (b) 37.8 percent

10-44 A steam power plant that operates on an idesl regenerative Fankime cycle with an open feedwater
heater is considerad. The net work output per kg of steam and the thermal eficiency of the cycle are o be
determinad
Assumpeions 1 Steady operating conditions exist. X Kinenc and potental enetgy chanzes are neglizible.
Amnalysiz (@) From the steam tzbles (Tables A4 A-3 and A-§).
By =g soipe = 25142 KIkg Th
Yy =¥ g anane =0.001017 m’ kg
W =P -5 I
plin 1
1kT |

_Iu 001017 m 'kg]-mﬂ 20 kPa 1 |
| 1kPa-m”’ |

~039kTke
My m By 9 g 4 = 251424030 = 251 81 KT ke
‘ﬁ-“ D*\.‘Pa\’k3—hfgndm —L‘{H-ﬁk.‘rtg
sat Liguid

-V g nsupe = 0.001084 mke

Wit ja = V3 [Py — Py |=[0.001084 m kg]ﬁuun 400 kPair - 6.07 klkg
4-m

hy = by +w = 604.66+6.07 - 610.73 klkg
Py =6 MPa | by =3302.0kTkg
T, =450°C |5, = 67219 kIkz K
Sg—5y 6.7219-17765
S g 5.1181
he = hp +xgh g =604.66+(0.9661)2133.4) - 26657 Kl kg

- 0.0661

B, 04 MPa]x -

Sig =iy _|

Se—%r 6.7219-D8320
T 70752 % %
Thy mhp 43k =251.42 +1E-.H325,(235‘F.5,I-EI4.E' klkz
The fraction of steam exiracied is determined from the steady-flow enerzy balance equation applied to the
foedwater heater. Moting that P Fx Al Ape a0,
E -E_ =aE TS _g
E. =E..
N iy =3 ik, —— vy + mghy = ish; — yhe+ (1 3y =10k

whera 1 is the fraction of steam exwacted from the turbine (- m, /o ). Solving fory,

By —hy 60466 - 25181

h; —hy D2665.7-251.81

- 0.8325

P,-:utpa]x,-

Sy owm S

= 0.1462

Then,
g, =h; —k, =3302.9 -610.73 = 2692.2 kI kg
Gy =I1= ¥ )by =k, )= (1-0.1462)2214.0 - 251.42) = 1675.7 kI kg
ADd We = i — Gag = 2692.2-1675.7 =1016.5 kdikg
(b)) The thermal efficiency is determined from
Fous 1675.7 kIkg

-1 -1- - 37.8%
e g 26022 klkg




1045 Repeat Prob. 1044 by replacing the open feedwater
heater with a closed feedwater heater. Assume that the feed-
water leaves the heater at the condensation temperature of the
extracted steam and that the extracted steam leaves the heater
as a saturated liquid and is pumped to the line carrying the
feedwater.

10-45 A steam power plant that operates on an ideal regsneranve Fankine cycle with a closed fesdwater
heater iz considered. The net work output per kg of steam and the thermal efficiency of the cycle are to be
determined.

Assumprions 1 Seady operating condidons exist. 2 Einetic and potential energy changes are negligible.
Analbysiz (a) From the steam tables (Tables 44 A-5, and A-8),

By = g 20y, — 25142 KTz r
Vi = Vg 20kre =0.001017 m’ kg
Worm =[P —F ) (1
- (0001017 m’ kg [5000- 20 kPa | o
-G08 kIkg L LaRa-m

By = By +W 5y = 25142+ 6.08 = 257.50 kTkg
P =04MPa ]|y =BG s pr, =004 66 kTke
k
sat liquid [, = v g0 g, = 0001084 m’ g

. C 1k )
W = -P)=l0.001084 m’ ke |6000- 400 tPa1— =607 kIk
ol = 1A —B) f el | 1kPa-m’ s

+

By, -y W - G046+ 6.07 = 610.73 kIkg
by = by =0y | B — B )= iy = 610.73 kTkg
Also, hy = by = kg, = 61073 kl'kg since the two fhod streams which are being mixed have the same

P =6MPa | h: =3302.0 kTkg

T, =450°C | 5: =6.7219kTkg ‘K

S5 =3y 6721917765
P —04MPa]| % =—=
‘ & S 5.1191

6 =7 Jﬁé Rh,o+xh =604.66+(0.0661)2133 4)= 26657 kI'k
-k, +x k= 604,66 (0. 4)-2665.7 klkg

= 0661

S; -3, 67219-0.
B =20kPa | %~ STEE 080 32
' - 70752

By =hp + 3ok =251.42+(0.8325)2357.5) = 2214.0 kTkg
The fraction of steam extracted is determined fromm the steady-flow energy balance equation applied o the
feadwater heater. Moting that & a I a Ake w Apew 0,
E -E_-aE T g
Ei: -Euu
Z i, _Z m k., ——s iy [By —hy J=mirg (g — s ) —— (=3 )Whg — Ry )= 30 — B3 )
where v is the fraction of steam exmactsd fom the mrbine { = M /M ). Solving for y,
b — hy 610.73 — 25750
¥ T —i )= (ks —h)  2665.7— 604.66 + 610.73 — 25750
@y, = Bz —f1g = 330289 —510.73 = 26922 KT kz
Then, gy ==y, -k )=(1-0.1463)2214.0- 25142} =1675.4 KT kg
And  w -g, —q,, —26022-16754 -1016.8 klikg
{#) The thermal efficiency is determined from
1675.4 klkg

my =1-Jm g BT REE a7 g
7 26922 klkg

- 0. 1463




EXERGETIC ANALYSIS OF POWER CYCLES

10-54 Determine the exergy destruction associated with
each of the processes of the Rankine cycle described in Prob.
[0-15, assuming a source temperature of 1500 K and a sink
temperature of 290 K.

10-54 The exergy destructions associated with each of the processes of the Rankine cycle described in
Prob. 10-15 are to be determined for the specified source and sink temperatures.

Assumptions 1 Steady operating condifions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Problem 10-15,
5| =52 =5fgs0kpa =1.0912klkg-K
53 =354 =65412kJkg-K
q,, = 2650.72 kl/kg
Qo =1931.8 kl/kg

Processes 1-2 and 3-4 are isentropic. Thus, i;; =0 and 7, =0. Also,

i

-2650.8 klkg
1500 K

. .

X festroyed 23 = i;{sg — 5y + % = (290 K1 6.5412-1.0912 + ] - 1068 kl/kg
R/ ,

;

— 3513 kl/kg

1931 8 kl/ke |
Xestrayed 41 = 10 —K‘
A

i
5 54 + AL ]= (290 Iq 1.0912-6.5412 +
' Tk J \

1055 Determine the exergy destruction associated with
each of the processes of the Rankine cycle described in Prob.
10-16, assuming a source temperature of 1500 K and a sink
temperature of 290 K. Answers: 0, 1112 kl/kg, 0, 172.3 kJikg

10-55 The exergy destructions associated with each of the processes of the Rankine cycle described in
Prob. 10-16 are to be determined for the specified source and sink temperatures.

Assnmptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Problem 10-16,
) =52 = S_;I":':E'I'Ukpa =10.6492 kJ&g ‘K
53 =5, =06.5995 kllkg- K
Gin =3173 2 kT/ke
o =1897.9 klkg
Processes 1-2 and 3-4 are isentropic. Thus, /=0 and 73 =10. Also,
A s
-31732k1k
9235 | _ (290 Kj 6599506492 + - %8
| 1500 K

1897.9 ki/kg ]

53-8y + ]=1111.1 kJ/kg

X dastroyed 23 =10
\ R J

1723 klkg

5] —3g +

\,

'
]= (200 Kl 0.6492 —6.5995 +
A hS

R4
R

X dastroved 41 = 1o T



10-56 Determine the exergy destruction associated with the
heat rejection process in Prob. 10-22. Assume a source tem-
perature of 1500 K and a sink temperature of 290 K. Also,
determine the exergy of the steam at the boiler exit. Take P,
= 100 kPa.

10-56 The exergy destruction associated with the heat rejection process in Prob. 10-22 1s to be determined
for the specified source and sink temperatures. The exergy of the steam at the boiler exit is also to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Problem 10-22,
51 =53 =5 sgoups = 0.6492 ki/kg-K
53 =55 =68000kTkz-K
h; =3411.4 kI/kg
oy =1961.8 kl/kg

The exergy destruction associated with the heat rejection process 1s

grAl 1961.8 kI’kg

s
5y =54+ ]= (290 K‘ 06492 - 68000 + —————= |~ 178.0 kl/kg
Ty | . 290K

X gestroyed 41 = 10

The exergy of the steam at the boiler exit 15 sumply the flow exergy,
5 &0
w3 =(hs—ho)=Tols; —50)+ = +az;5
= (3 = hy) = Tyls3 = 50) ?

g = hgas0 k. 100kpa) = fip @ 200k = 71.95 Klkg

#0

where
50 = S@(190 K, 100kPa) = 55 @ 200k = 0-2533 kI/kg-K

Thus, 1wy =(3411.4-71.95)kI/ks — (290 K 6.800 - 0.2532) kJ/keg - K = 1440.9 kI/kg

1057 Determine the exergy destruction associated with
each of the processes of the reheat Rankine cycle described
in Prob. 10-32. Assume a source temperature of 1800 K and
a sink temperature of 300 K.

10-57 The exergy destructions associated with each of the processes of the reheat Rankine cycle described
in Prob. 10-32 are to be determmned for the specified source and sink temperatures.

Assumprions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Problem 10-32,
5] =53 = Spgones = 0.8320kI/kg -K
53=254 =06.7266 klkg-K
55 =54 =7.2359 kl’kg - K
Gy3m = 3399.5—259.54 =3140.0 klkg
G5 = 3457.2-31051=3521kl/kg
Gogt = hg — I = 2385.2-251.42 = 2133 8 kl/kg

Processes 1-2, 3-4_ and 5-6 are isentropic. Thus, i1; = i3y = iss = 0. Also,

N s &
413 —3140.0 kI'kg I
X actroyed 23 = %[53 -5+ I J = (300 Klﬁ_?zﬁﬁ —0.8320 +WJ =1245.0 kJ/kg
B r ’
~352.5 kJ/k
XfostopeddS = I.:.| S5 — 54 +R5 = (300 K! 7.2359-6.7266 +TKE — 04.1 kI/kg
i, R J n .
( dr el | ( 2338 Kke )|, ,
R |- (300 Kj 0.8320~7.2359 + ——————2 | = 212.6 kJ/kg



1059  Determine the exergy destruction associated with the
heat addition process and the expansion process in Prob.
10-34. Assume a source temperature of 1600 K and a sink
temperature of 285 K. Also, determine the exergy of the
steam at the boiler exit. Take Py = 100 kPa. Answers: 1289
kJkg, 247.9 klikg, 1495 kikg

10-59 The exergy destruchon associated with the heat addibon process and the expansion process o Prob.
10-34 are to be determuned for the specified sowrce and smk temperatures. The exergy of the steam at the
boiler exit 15 also to be determined.
Assumprions 1 Steady operating condifions exist. 2 Kinetic and potential energy changes are neglizible.
Analysis From Problem 10-34,

5| =32 =35 gluir = 06492 kTkg K

53 =65995klkg-E

5;=68464 kTkg K (P, =1 MPa, hy =2902.0 kl’kg)

5 =T.7642 klkg-K

55 =838T0klkeg-K I::PE =10kPa, h; =2664.8 k]-'kg:l

hy =33751kTkg

g =3T498 kTke

The exergy destruction associated with the combined pummpng and the heat addition processes 15

ETItE
Imm}.‘d=r{| 3 T8 +.'.'1_.T_1_+
B
' "y
=(285 I-:] 6.59950.6492+7.7642 — 68464+ > S KIKE | _ 100 5 kyke
] 600K

The exergy destruction associated with the pumpmg process 15
X goroyed)2 = Wpa ~Wp, =Wy, VAP =10.62-10.09 =0.53kT ke
Thus,
X dastroyed, heating = Fdastroyed — Xdaswroyed12 = 1289.5-0.5 =1289 kJ/kg
The exergy destruction associated with the expansion process 13
i q 20
i Y B35
X goumoyed 34 = To| (54 —33 )+ (55 —55 )+ T
R
ks &
=(285 K:ﬂ:ﬁ_m— 6.5995+8 3870 ?.?ﬁ#l;ﬂ;l’kg- E=1479 klkg

The exergy of the steam at the boler exit 15 determuned from
2 #0
Wy =(hy —hy =Tyl —-Tn]""% Taz;
=lhy —hg)-Tpls3—50) =

0

where

hy =h g 25K 1004m) = Pp g assg =031 klkg
50T 5 g (85 E 100kPa) E:J"@HSE =01806 kTkeg-E

vy =(3375.1- 50 51) KJkz — (285 K N6.5995 - 0.1806) kI /kz - K = 1495 kl ks



10—60  Determine the exergy destruction associated with the
regenerative cycle described in Prob. 1044, Assume a source
temperature of 1500 K and a sink temperature of 290 K.
Answer: 1155 klikg

10-60 The exergy destruction associated with the regenerative cycle described in Prob. 10-44 1s to be
determuned for the specified source and sink temperatures.

Assumpiions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Amnalysis From Problem 10-44. gy = 2692 2 klkg and gqn = 16757 kJ'kg. Then the exergy destruction

associated with this regenerative cycle 1s

i A A
: 1675.7 kikg  2692.2 ki/k
Jour _din I=[290 K{ £_ £ |=1155 kI/ke

X =T
S I 290K 1500K |

10-61 The exergy destruction associated with the reheating and regeneration processes described i Prob.
10-49 are to be determined for the specified source and sink temperatures.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Problem 10-49 and the steam tables.

¥ =02016

53 =Ssgosmpa = 2-0457 klkg - K

55 =15, =0.7585 klkg -K

5, =78692 klks - K

5| =53 = Ssgoeps = 0.6492 kl/kg -K

Qb = I — g = 3481.3 - 2812.7 = 668.6 kl/kg

Then the exergy destruction associated with reheat and regeneration processes are

Gr67
X dastroyed seheat = 10| 57 ~ 5§ + T
3
( —668.6 kI/k
= (290 Ki 7.8692—6.7585 +7g]=214.3 kJ/kg
i 0K
,— F0

X dactroyedregen = 105 gen =1 =Tyls3 —ysg —(1-¥)s5,)

kZ m,s, —Z m.s; +%

= (290 K [2.0457-(0.2016)6.7585)— (1-0.2016)0.6492 )| = 47.8 kI/kg



COGENERATION

10—63C  How is the utilization factor €, for cogeneration
plants defined? Could €, be unity for a cogeneration plant
that does not produce any power?

10—64C  Consider a cogeneration plant for which the wti-
lization factor is 1. Is the irreversibility associated with this
cycle necessarily zero? Explain.

10—65C  Consider a cogeneration plant for which the wti-
lization factor is 0.5, Can the exergy destruction associated
with this plant be zero? If yes, under what conditions?

10—66C  What is the difference between cogeneration and
regeneration?

10-63C The utilization factor of a cogeneration plant is the ratio of the energy utilized for a useful purpose
to the total energy supplied. It could be unity for a plant that does not produce any power.

10-64C No. A cogeneration plant may involve throttling, friction, and heat transfer through a finite
temperature difference, and still have a utilization factor of unity.

10-65C Yes. if the cycle involves no irreversibilities such as throttling. friction. and heat transfer through a
finite temperature difference.

10-66C Cogeneration is the production of more than one useful form of energy from the same energy
source. Regeneration is the transfer of heat from the working fluid at some stage to the working fluid at
some other stage.



10—67 Steam enters the turbine of a cogeneration plant
7 MPa and 500°C. One-fourth of the steam is extracted fro
the turbine at 600-kPa pressure for process heating. T
remaining steam continues to expand to 10 kPa. T
extracted steam is then condensed and mixed with feedwa
at constant pressure and the mixture is pumped to the boi
pressure of 7 MPa. The mass flow rate of steam through 1
boiler is 30 kg/s. Disregarding any pressure drops and
losses in the piping. and assuming the turbine and the pui
to be isentropic, determine the net power produced and 1
utilization factor of the plant.

Boiler

P1I

10-67 A cogeneration plant is to generate power and process heat. Part of the steam extracted from the
turbine at a relatively high pressure is used for process heating. The net power produced and the utilization
factor of the plant are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From the steam tables (Tables A-4. A-5. and A-6),

hl = hf@ 10 kPa = 191.81 k]fkg

Vi =Vsgioxea = 0.00101 m’ kg

Wpr,in:"l(Pz_ﬁ) . .
1kJ
- (0.00101 m’/kg {600~ 10 kPal -
| 1 kPa-m” )
= 0.60 kI/kg

hy = hy +Wyp e =191.81+0.60 =192.41 ki/kg

hy =h; g ogmpa = 670.38 kl/kg

Mixing chamber:

: - - 20 (steady : :
Ein _Eoul = AES}‘SI‘E]IL (sread) — 0—)"El.u = Eour

D iy =D b, ——> nghy =1y hy +ish
_ rishy +righy _ (22.50)(192.41)+(7.50)(670.38)

or. hy ,
My 30

=311.90 kl/kg

Vs =V g 131190 g = 0.001026 m’/kg



Then

Also

and

T
it =~ vi(B - P) |
1kT
= {0.001026 mg.-'kgl?(}oo — 600 kPa —
1kPa-m
=6.57 kikg :
hs = hy+ W, =31190+657 = 31847 ki/kg
F; =7MPa | hg =3411.4kT/kg
Ts =500°C |55 =6.8000 kTkg - K

P = 0.6 MP,
' a } hy = 2774.6 k/kg
57 = 8¢
S3—S;  6.8000—0.6492
B =10kPa |5g=——"P = —0.8201
S 7.4996
Sg = 8¢

hy=h; J:xghfg =191.81+(0.8201)2392.1)=2153.6 kl/kg

W ou =1hg(hs —hy )+ rig (hy —hg )
= (30 ke/s)(3411 4— 2774 6 )kI/kg + (225 kp/s {2774 6 —2153 6 kI/kg = 33,077 kW
Win =Wyt + 7y Womin =(22.5 ke/s}0.60 k/kg )+ (30 kg/s )6.57 kI/kg )= 210.6 kW
Woer =1 ot —Wyin =33.077-210.6 = 32,866 kKW
Oprocess = 7y —h3 ) = (7.5 kg/s)(2774.6 — 670.38) kI /kg = 15,782 kW
Onm = 1hs(hg — hs) = (30 kg/s |(3411.4 - 318.47) = 92,788 kW
ot + Oprocess 32866 +15782

Su = = 52.4%
o, 92,788

10=70 Consider a cogeneration power plant modified with
regeneration. Steam enters the turbine at 6 MPa and 450°C
and expands to a pressure of 0.4 MPa. At this pressure, 60
percent of the steam is extracted from the turbine, and the
remainder expands to 10 kPa. Part of the extracted steam is
used to heat the feedwater in an open feedwater heater. The
rest of the extracted steam is used for process heating and
leaves the process heater as a saturated liquid at 0.4 MPa. It
is subsequently mixed with the feedwater leaving the feedwa-
ter heater, and the mixture is pumped to the boiler pressure.

®

Boiler

Ty

L,

Turbine I:‘:




10-70 A cogeneration plant modified with regeneration is to generate power and process heat. The mass
flow rate of steam through the boiler for a net power output of 15 MW 1s to be determined.

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

Analysis |
From the steam tables (Tables A-4. A-5_ and A-6), :5 \IL_______-—f"
=" =19181kIke ) Turbine
1=1f @10 kPa : Boiler ; [
Ul = Uf #’ 10kPs = 0.00101 m '{L'.g T— —
WpLin = ‘_’1(P:J_ -5) (g yo \L_f 8
= l{)_ODlDl mg.fkg_rct{][] -10 I-:Pai m] 1s Ifl’mcess // \
a - ate i \
=039 kl’kg : : 9 L cater | Condenser |
By =l +wy, =191.81+0.39=192.20 kIlkg ————
—_ 4 3 —
h} = .“Tq_ = }?9 =h @ 04 MP: = 604.66 k.T.'rkg ll/-' -\I 1
e osm =00 {(pn )y et fun [P 1)
U4=Uf.‘d_; 0.4 MPa =0.001084 m '{kg l\\._/) 2 .
Wil = ‘_’4(Ps -B) _—_—
= lﬁ.ODlDEA mg-"kgIGDOO — 400 kPa i} |
! 1kPa-m” )

—6.07 klkg
hs = hy + Wy, =604.66+ 6.07=610.73 kT/kg

P, =6 MPa 1;;5 =3302.9 kI/kg
Tg =450°C |54 =6.7219 klkg K

57=5p  6.7219-1.7765
Se 5.1191
hy =hy +x7hg =604.66 +(0.9661)2133.4) = 2665.7 ki/kg

=0.9661

P, =04 MPa }.’h =

i1 =75g

Sz T5;  6.7219-0.6492
| S g 7.4996
hg =hp +xghg =191.81+(0.8097)(2392.1)=2128.7 kl/kg

=0.8097

Then. per kg of steam flowing through the boiler, we have
W gut = (Frﬁ —hy )+ D.4[}17 —hg )
=(3302.9- 2665 7)kI/kg +(0.4)2665.7 — 2128 7 ) kI/kg
—852.0 kl/kg

Wy =04w a0 +Woniy
=(0.4)(0.39 kI/kg )+ (6.07 kI/kg)
~6.23kIkg

Woet =Wl gut — Wpin =832.0-623=8458 kl'kg
Thus,

o W _ 15.000kI/s
Wpee 458 klkg

—17.73 kgls



