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10-2
Carnot Vapor Cycle

10-1C 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.

10-2E A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency,
the quality at the end of the heat rejection process, and the net work output are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (@) We note that

TH = Lsat@250 psia =401°F=861R T
TL = Tsat@40psia = 26720F = 727.2 R
and
1 /250 psiay 2
T 272R .
mhc=1——L=1—L=0.1553=15.5% Ve
’ Ty 861 R / G &
7 :
(b) Noting that 54 = 51 = S 250 psia = 0.56784 Btu/lbm R, | 40psia _
4 3
Sq— 8¢ —
T 0.56784-0.3921 _ 1 oo
S fo 1.2845 s

(¢) The enthalpies before and after the heat addition process are
hy =h; +x,h, =376.09 +(0.95)825.47)=1160.3 Btw/lbm

Thus,
qin =hy —h, =1160.3 —376.09 = 784.2 Btu/Ilbm

and
Woet = @in = (0.1553)(784.2 Btu/Ibm) =122 Btu/lbm
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10-3

10-3 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 Ty =250°C =523 K and 7} = T @ 20 kea = 60.06°C = 333.1 K, the thermal efficiency becomes

T 333.1K
Npe =1-—5=1-—""—=0.3632=36.3%
Ty 523K T
(b) The heat supplied during this cycle is simply the enthalpy of
vaporization,
o] 1 )\
Gin = hfg@ S50 =1715.3 kl/kg 250°C ! q-l
Thus, g
T, 333.1K ﬁ 20 kP
=q;, =——q;, = 1715.3 kJ/kg)=1092.3 kJ/k p ay
Gout =41 TH 9in ( 523 K ]( g) g 2 . 1
out
(c) The net work output of this cycle is

Woet = Nindin = (0.3632)1715.3 kl/kg) = 623.0 kJ/kg

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 (@) Noting that Ty =250°C =523 K and T}, = T @ 10kpa = 45.81°C = 318.8 K, the thermal efficiency becomes

T 18.8 K
Mg e =1--2=1- SI88K _ 39,040
T, 523K T
(b) The heat supplied during this cycle is simply the enthalpy of
vaporization,
2
Gin =N @ 2s0°c =1715.3kl/kg 250°C 1/ )
Thus, i
T : :
Qo =41 =7 a1 =| 2o [(1715.3 Kiikg) =1045.6 kg | 10kPa,
T, 523K )
4 qout
(c) The net work output of this cycle is

Weet = Nindin = (0.3904)1715.3 kl/kg )= 669.7 kd/kg
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10-4

10-5 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,
ﬂthczl__Lzl_M:46'5% r
’ Ty 350+273K

(b) Note that

—_

o -
52:S3:Sf+X3ng 350°C

=0.8313 +0.891 x 7.0769 = 7.1368 kl/kg-K

R

Thus,

W T N

60°CT

N

T, =350°C

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

(c) The net work can be determined by calculating the enclosed area on the 7-s diagram,

S4=5; +Xy8 5 =0.8313+(0.1)7.0769)=1.5390 ki/kg - K

Thus,
Wt = Area = (T} — T, M55 —54)=(350 - 60)(7.1368 — 1.5390) = 1623 kJ/Kg
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10-5

The Simple Rankine Cycle

10-6C 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.

10-7C Heat rejected decreases; everything else increases.

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

10-9C The pump work remains the same, the moisture content decreases, everything else increases.

10-10C 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.

10-11C The boiler exit pressure will be (a) lower than the boiler inlet pressure in actual cycles, and (b) the same as the
boiler inlet pressure in ideal cycles.

10-12C We would reject this proposal because W, = A1 - Ay - gour, and any heat loss from the steam will adversely affect
the turbine work output.

10-13C Yes, because the saturation temperature of steam at 10 kPa is 45.81°C, which is much higher than the temperature
of the cooling water.
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10-14 A simple ideal Rankine cycle with R-134a as the working fluid operates between the specified pressure limits. The
mass flow rate of R-134a for a given power production and the thermal efficiency of the cycle are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From the refrigerant tables (Tables A-11, A-12, and A-13),

T
VI =V @oampa =0.0007907 m*/kg
Wp,in:UI(P2_P1) "
=(0.0007907 m* /kg)(1600 — 400)kPa (—]
1kPa-m?
=0.95kl/kg
hy =Ry +w,;, =63.94+0.95 = 64.89 kl/kg
P, =1.6MPa | hy =305.07 kl/kg
T, =80°C 53 =0.9875kJ/kg-K §

P, =0.4MPa

} h, =27321kJ/kg
S4 :S3

Thus,

@i = hy —h, =305.07 - 64.89 = 240.18 kI/kg
Gou =hs —hy =273.21-63.94 =209.27 kl/kg
Wioet = Qin — Gou = 240.18-209.27 = 30.91kI/kg

The mass flow rate of the refrigerant and the thermal efficiency of the cycle are then

W 750K/
30.91kJ/kg

=24.26kg/s

Wn et

Qo . 20927
=1 Jout _y_ =
h 240.18

in

0.129
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10-15 A simple ideal Rankine cycle with R-134a as the working fluid is considered. The turbine inlet temperature, the cycle
thermal efficiency, and the back-work ratio of the cycle are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From the refrigerant tables (Tables A-11, A-12, and A-13),
P, = Py @ 100c =414.89kPa T
hy =hyggoc =65.43kI/kg
V| =V g0 =0.0007930 m’ kg

Wp,in:Ul(PZ _Pl) 1k
= (0.0007930 m>/kg)(1400 — 414.89)kPa (—j

3
— 0.78 kl/ke IkPa-m
hy = Iy +wy 1 = 65.43+0.78 = 66.21 kl/kg

T, =10°C } hy =hy +x4h, = 65.43+(0.98)(190.73) = 252.35 k/kg

x, =098 [ s4=5,+x,5, =025286+(0.98)(0.67356) = 0.91295 kl/kg-K
P, =1400 kPa hy =276.91k)/kg
s3 =5, =0.91295kl/kg-K | T, =53.0°C

Thus,
Gin =hy —hy =276.91-66.21=210.70 kl/kg
Gout =h4 —hy =252.35-65.43=186.92kJ/kg

The thermal efficiency of the cycle is

18692
210.70

77th =1- QOut _

in

0.113

The back-work ratio is determined from

Wpin  Whin 0.78 kl/kg

ry = - =0.0318
Wrow h—hy (27691-25235)kl/kg
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10-16 A simple ideal Rankine cycle with water as the working fluid is considered. The work output from the turbine, the

heat addition in the boiler, and the thermal efficiency of the cycle 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),
P = Py @ a0oc =7.385kPa T
Py = Py @300°c =8588kPa
hy =h g apec =167.53kI/kg
V| =V @ 40ec =0.001008 m’ kg
Wpin = V1 (P — F)

p,in
— (0.001008 m* /kg)(8588 — 7.385)kPa (L}j
—8.65kl/kg IkPa-m

hy = hy +w,;, =167.53+8.65=176.18 kl/kg

T; =300°C } hy =2749.6 kl/kg

Xy =1 53 =5.7059 kl/kg - K
Sq4 — S —
T, =40°C | x, = 4751 5.7059-0.5724 —0.6681
S 7.6832
S4 :S3

hy =hy +x4h g, =167.53+(0.6681)(2406.0) = 1775.1 k/kg

Thus,

Wrou = hy —hy =2749.6-1775.1=974.5 kd/kg
Gin =hy —hy =2749.6-176.18 = 2573.4 kJ/kg
Qou =hy —hy =1775.1-167.53 =1607.6 ki/kg

The thermal efficiency of the cycle is

Gou _,_ 16076
2573.4

Mg =1- =0.375

in
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10-9

10-17E A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The
rates of heat addition and rejection, and the thermal efficiency of the cycle 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-4E, A-5E, and A-6E),
hy =h @ 3psia =109.40 Btu/lbm
Y| =V @ 3psia =0.01630 ft’/Ibm

Wpin = Y1 (P = R)
— (0.01630 ft>/1bm)(800 — 3)psia (ﬁJ

5.404 psia - ft>
= 2.40 Btu/Ibm psta
hy = hy + W, =109.40 +2.40 =111.81 Bw/lbm

P; =800psia | Ay =1456.0 Btu/lbm
T3 =900°F 53 =1.6413 Btw/lbm - R
S4 =5y 1.6413-0.2009

S g 1.6849
hy=hy +xyh g =109.40 +(0.8549)(1012.8) = 975.24 Btw/lbm

=0.8549

P,=3psia | x,=
S4 :S3

Knowing the power output from the turbine the mass flow rate of steam in the cycle is determined from

: W.
Wi ou =m(hy —hy) iy = Tout 1750kJ/s [0,94782 Btu

= ] =3.4501bm/s
hy —hy  (1456.0 — 975.24)Btu/lbm 1kJ

The rates of heat addition and rejection are

O, =1(hy — hy) = (3.450 Ibm/s)(1456.0 — 111.81)Btu/lbm = 4637 Btu/s

Oy = 1i(hy — hy) = (3.450 Ibm/s)(975.24 — 109.40)Btu/lbm = 2987 Btu/s

and the thermal efficiency of the cycle is

M S- Lo 28T 3550 35.6%

0., 4637
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10-18E A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The
turbine inlet temperature and the thermal efficiency of the cycle are to be determined.

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

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E),
hl = h/@ Spsia = 13018 Btu/lbm
VI =V @ spsia =0.01641ft°/Ibm

Wp,in :UI(PZ _Pl)

. 1B
= (0.01641 ft*/1bm)(2500 — S)psia| ———

5.404 psia - ft
=7.58 Btu/lbm

hy = hy + W, =130.18+7.58 =137.76 Btw/lbm ’

P, =5psia } hy =hy +x,h, =130.18+(0.80)(1000.5) = 930.58 Btu/lbm

x, =080 | s4=s,+x,5, =0.23488+(0.80)(1.60894) =1.52203 Btu/Ibm-R
P, = 2500 psia hy =1450.8 Btu/Ibm
sy =5, =1.52203 Btw/lbm-R | T; =989.2°F

Thus,
Gin =Ny —hy =1450.8—137.76 =1313.0 Btu/lbm
Gout =h4 —hy =930.58-130.18 = 800.4 Btu/lbm

The thermal efficiency of the cycle is

Gout 800.4
= Fout _q_ -0.390
T 1313.0

in
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10-11

10-19E A simple steam Rankine cycle operates between the specified pressure limits. The mass flow rate, the power
produced by the turbine, the rate of heat addition, and the thermal efficiency of the cycle 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-4E, A-5E, and A-6E),
hy =h @1 psia = 6972 Btu/lbm
VI =V @ epsia =0.01614ft>/Ibm

Wp,in =V (PZ _Pl)
= (0.01614 ft*/1bm)(2500 — I)psia [1B$]

5.404 psia - ft°
=7.46 Btu/lbm
hy =hy +w,;, =69.72+7.46 =77.18 Btu/lbm

Py = 2500 psia } hy =1302.0 Btu/Ibm

T, = 800°F s; =1.4116 Btu/lbm-R s
Sqg—S ¢ —
Py —lpsia | xp =475 _ 1.4116-0.13262 _ oo
o S fa 1.84495
470 hyg =hy +x45h g =69.72+(0.6932)(1035.7) = 787.70 Btu/lbm
hy —h
nr =ﬁ—> hy = hy =11 (hy —hyg ) =1302.0—(0.90)(1302.0 — 787.70) = 839.13 kl/kg
37 gy

Thus,

@i =h3 —h, =1302.0—77.18 = 1224.8 Btw/Ibm
Gou = hs —hy =839.13—69.72 = 769.41 Btu/Ibm
Wiet = @i — Qou = 1224.8-769.41 = 45539 Btu/lbm

The mass flow rate of steam in the cycle is determined from

W,

net

. Wy 1000kJ/s  (0.94782 Btu
= }’}/[]/Vnet m = =
w 455.39 Btu/lbm 1kJ

net

):2.081Ibm/s

The power output from the turbine and the rate of heat addition are

1kJ

Wi ou = My —hy) = (2.0811bm/s)(1302.0 - 839. 13)Btu/lbm(m

J =1016 kW

0., =g, =(2.0811bm/s)(1224.8 Btu/Ibm) = 2549 Btu/s

and the thermal efficiency of the cycle is

Waee 1000 kJ/s [0.94782 Btu

oot _ j -0.3718
0, 2549Buss| 1K

M =
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10-12

10-20E A simple steam Rankine cycle operates between the specified pressure limits. The mass flow rate, the power
produced by the turbine, the rate of heat addition, and the thermal efficiency of the cycle 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-4E, A-5E, and A-6E),

hy =h @1 psia = 6972 Btu/lbm

VI =V @epsa = 0.01614ft/Ibm r

Wp,in =V (PZ _Pl)
= (0.01614 ft*/1bm)(2500 — I)psia [1B$]

5.404 psia - ft°
=7.46 Btu/lbm
hy =hy +w,;, =69.72+7.46 =77.18 Btu/lbm

P; =2500psia | hy; =1302.0 Btu/lbm
T3 =800°F 53 =1.4116 Btu/lbm-R

S4=S;  1.4116-0.13262
S 1.84495

=0.6932

P, =1psia | x,, =

4753 hag =hy +x4h g =69.72+(0.6932)(1035.7) = 787.70 Btw/lbm
hy —h

nr =ﬁ—> hy = hy =11 (hy —hyg ) =1302.0—(0.90)(1302.0 — 787.70) = 839.13 kl/kg
37 gy

The mass flow rate of steam in the cycle is determined from

: W 1000 kJ/s (0.94782Btu

Wier =m(hy —hy) m= = j =2.048 Ibm/s
hy—h, (1302.0-839.13) Btu/lbm 1kJ

The rate of heat addition is

1kJ

)i = mi(hy —hy) = (2.048 Ibm/s)(1302.0 - 77.18)Btw/Ibm| —————
O =m(hy —hy)=( X )Btu (0_94782%

j = 2508 Btu/s

and the thermal efficiency of the cycle is

i Wi  1000kJ/s (0.94782 Btu
th —

net _ j=0.3779
0, 2508Btus|  1kJ

The thermal efficiency in the previous problem was determined to be 0.3718. The error in the thermal efficiency caused by
neglecting the pump work is then

~0.3779-0.3718
0.3718

Error x100 =1.64%
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10-13

10-21 A steam power plant operates on a simple ideal Rankine cycle between the specified pressure limits. The thermal
efficiency of the cycle, the mass flow rate of the steam, and the temperature rise of the cooling water 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),

hy =hs@iokpa =191.81 kl/kg

VI =V, @10k =0.00101 m’/kg T

Wp.in :UI(PZ _Pl)

1kJ
= (0.00101 m3/ng7,000—10 kPa) ——
1kPa-m?®

=7.06 kl/kg

hy =hy+w, =191.81+7.06 =198.87 k/kg

P, =7 MPa | hy =3411.4 kl/kg s
T, =500°C | s; =6.8000 k/kg - K

=0.8201

P, =10 kPa }x _S4=S; 68000 —0.6492
.= =
S fe 7.4996
hy =h; +x4h,, =191.81+(0.8201)2392.1)=2153.6 ki/kg

54 =583

Thus,
Qin =hy —hy =3411.4-198.87=3212.5 kl/kg
Gout =Ns —hy =2153.6-191.81=1961.8 kl/kg
Wiet =in — Gout =3212.5-1961.8=1250.7 kl/kg
and
1250.7 kJ/k
g = e IBOTIAE _ 5 g0y
o 3212.5kl/kg
®) o= W _ AS000KIs _ o) o
w  1250.7 kl/kg

(c) The rate of heat rejection to the cooling water and its temperature rise are

Oout = MG oy = (35.98 kg/s(1961.8 kl/kg )= 70,586 ks

Qout _ 70,586 kJ/s _gaoc

AT,
(2000 kg/s )4.18 kJ/kg-°C)

coolingwater —

(mc) coolingwater
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10-14

10-22 A steam power plant operates on a simple nonideal Rankine cycle between the specified pressure limits. The thermal
efficiency of the cycle, the mass flow rate of the steam, and the temperature rise of the cooling water 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),
hy =hrgiow. =191.81kI/kg
Y| =V @ 10kpa =0.00101 m’/kg

Wp.in :Vl(Pz _Pl)/’?p
3 1kJ
:(0.00101 m ﬂ<gX7,000—10 kPa) ———— 1/(0.87)

1 kPa-m?®
=8.11kl/kg
hy =h +Whin = 191.81+8.11=199.92 kJ/kg

P, =7 MPa | hy =3411.4 kl/kg
T, =500°C | s, =6.8000 kl/kg - K s

=0.8201

Py =10kPa | ~_ s4—S; _6.8000-0.6492
Yo, 7.4996
hyg =hy + x40, =191.81+(0.820)(2392.1)=2153.6 kl/kg

S4 ZS3

hy —h
nr :ﬁ —> hy=hy _77T(h3 _h4s)
37 M =3411.4—(0.87)3411.4 - 2153.6)=2317.1 k/kg
Thus,
Gin = hs —hy =3411.4-199.92 = 3211.5 kl/kg
Gou = hy —hy =2317.1-191.81 = 2125.3 kl/kg
Woet = Gin — Gou = 3211.5-2125.3 =1086.2 ki/kg
and
1086.2 kl/k
My = = £ _33.8%
g 32115 kl/kg
® o= Vot _ AS000KVs _ 0y 4oy o

w.. 1086.2 kl/kg

net

(c) The rate of heat rejection to the cooling water and its temperature rise are
Oout =111 o = (41.43 kg/s)2125.3 kI/kg) = 88,051 kl/s

AT 0 O 88,051 kJ/s _105°C
SOOMENT ™ (16) cootngwater (2000 kg/s)4.18 kl/kg-°C)
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10-15

10-23 A simple Rankine cycle with water as the working fluid operates between the specified pressure limits. The rate of
heat addition in the boiler, the power input to the pumps, the net power, and the thermal efficiency of the cycle 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),

P, =50kPa hy = h;gosc =314.03kl/kg
Ty = T soxpa —6.3=81.3-6.3=75°C

. V| =V g7sc =0.001026 m /kg
Wp,in:VI(P2_Pl) kI T
=(0.001026 m*/kg)(6000 — 50)kPa [—3]
— 6.10 kJ/kg IkPa-m

hy = hy +w, 5, =314.03+6.10=320.13 kJ/kg

P, =6000kPa | h; =3302.9kI/kg
T, =450°C sy =6.7219kl/kg-K

S4=S;  6.7219-1.0912
S g 6.5019
hay = hy +x45h 5 =340.54+(0.8660)(2304.7) = 2336.4 ki/kg

=0.8660 s

S

P, =50kPa | x,, =
S4 :S3

hy —h
Ny = #—> hy = hy =17 (hy = hyg) = 3302.9 - (0.94)(3302.9 — 2336.4) = 2394.4 ki/kg
3 4s
Thus,
O, = m(hy —hy) = (20 kg/s)(3302.9 —320.13)kJ/kg = 59,660 kW
W out = t(hy —hy) = (20kg/s)(3302.9 - 2394.4)kI/kg = 18,170 kW
Wpin = tiwp, = (20kg/s)(6.10kl/kg) =122 kW
Waet =W ot —Wpin =18,170-122 = 18,050 kKW
and
W,
o =2 050 g0
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10-16

£E
10-24 E The change in the thermal efficiency of the cycle in Prob. 10-23 due to a pressure drop in the boiler is to be
determined.

Analysis We use the following EES routine to obtain the solution.

"Given"

P[2]=6000 [kPa]

DELTAP=50 [kPa]

P[3]=6000-DELTAP [kPa]

T[3]=450 [C]

P[4]=50 [kPa]

Eta_T=0.94

DELTAT_subcool=6.3 [C]

T[1]=temperature(Fluid$, P=P[1], x=x[1])-DELTAT_subcool
m_dot=20 [kg/s]

"Analysis"

Fluid$="steam_iapws'

P[1]=P[4]

x[1]=0

h[1]=enthalpy(Fluid$, P=P[1], T=T[1])
v[1]=volume(Fluid$, P=P[1], T=T[1])
w_p_in=v[1]*(P[2]-P[1])
h[2]=h[1]+w_p_in
h[3]=enthalpy(Fluid$, P=P[3], T=T[3])
s[3]=entropy(Fluid$, P=P[3], T=T[3])
s[4]=s[3]

h_s[4]=enthalpy(Fluid$, P=P[4], s=s[4])
Eta_T=(h[3]-h[4])/(h[3]-h_s[4])
g_in=h[3]-h[2]

g_out=h[4]-h[1]

w_net=q_in-q_out
Eta_th=1-g_out/g_in

Solution

DELTAP=50 [kPa] DELTAT_subcool=6.3 [C] Eta_T=0.94
Eta_th=0.3022 Fluid$="steam_iapws' h[1]=314.11 [kJ/kg]
h[2]=320.21 [kJ/kg] h[3]=3303.64 [kJ/kg] h[4]=2396.01 [kJ/kg]
h_s[4]=2338.1 [kJ/kg] m_dot=20 [kg/s] P[1]=50

P[2]=6000 P[3]=5950 P[4]=50
g_in=2983.4 [kJ/kg] g_out=2081.9 [kJ/kg] s[3]=6.7265 [kJ/kg-K]
s[4]=6.7265 [kJ/kg-K] T[1]=75.02 [C] T[3]=450 [C]
v[1]=0.001026 [m"3/kg] w_net=901.5 [kJ/kg] w_p_in=6.104 [kJ/kg]
x[1]=0

Discussion The thermal efficiency without a pressure drop was obtained to be 0.3025.
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10-25 The net work outputs and the thermal efficiencies for a Carnot cycle and a simple ideal Rankine cycle are to be

determined.

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

Analysis (a) Rankine cycle analysis: From the steam tables (Tables A-4, A-5, and A-6),

hy = h 50 kpa =340.54 kI/kg
VI =Vsr@s0kpa = 0.001030 m3/kg

Wp,in :VI(PZ _Pl)
= (0.001030 m3/ng5000 - so)kpa[&]

1 kPa -m?
=5.10 kJ/kg
hy =h + Wpin =340.54 +5.10=345.64 kl/kg

Py =5MPa }h3 =2794.2 kJ/kg

X =1 53 =5.9737 kl/kg - K

P, =50 kPa S4— S _
A }x4= 478 59737109120 _ oo

S fe 6.5019
hy=h; +x4h g, =340.54+(0.7509)(2304.7)
=2071.2 k/kg

S4 :S3

i, = hy —hy =2794.2 —345.64 = 2448.6 kl/kg
Gout =y —h =2071.2-340.54=1730.7 kl/kg
Wt = Gin — oyt = 2448.6 —1730.7 =717.9 kJ/kg

qout

Nn =1- =

in

| 17307
2448.6

=0.2932=29.3%

(b) Carnot Cycle analysis:
P, =5MPa | hy =2794.2 kl/kg
Xy =1 T, =263.9°C
T, =T; =263.9°C }hz =1154.5 kl/kg

x, =0 5, =2.9207 kJ/kg-K

L _SiTSy 2.9207-1.0912
P =50kPa | s, 6.5019
hl :hf +xlhfg

=0.2814

=340.54 + (0.2814)(2304.7) = 989.05 k) /kg

Gin =h3 —hy, =2794.2-1154.5=1639.7 kl/kg
Gout =hs —h; =2071.2 -340.54=1082.2 kl/kg
Wiet =Gin — Gout =1639.7—1082.2=557.5 kJ/kg

qout

9in

10822
1639.7

=1 =0.3400=34.0%

N =1-

' T Rankine
cycle
3
2
1 4
s
47 Camot
cycle
2 3
1 4
s

10-17
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10-18

10-26 A 120-MW coal-fired steam power plant operates on a simple ideal Rankine cycle between the specified pressure
limits. The overall plant efficiency and the required rate of the coal supply 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),

h =hsgiskpa =225.94 kl/kg

VI =V, @15 kpa =0.0010140 m’ kg T

Wp,in :VI(PZ _Pl)
= (0.001014 m3/1<gX9000 ~15 kPa)[&J

1 kPa-m?®
=9.11kJ/kg
hy =h + Whin = 225.94+9.11=235.05 kl/kg

P, =9 MPa | h; =3512.0 kl/kg
T, =550°C | s, =6.8164 kl/kg-K P

- =0.8358
S 7.2522

hy=h; +x4h,, =225.94+(0.8358)(2372.4)=2208.8 kl/kg

P, =15kPa }x _S4=S;  6.8164-0.7549
4=

S4 ZS3

The thermal efficiency is determined from

Gin =hy —hy, =3512.0-235.05=3276.9 kl/kg
Gout = M4 —hy =2208.8 —225.94=1982.9 kl/kg

and
9 out 1982.9

= 1 —
o 3276.9

=0.3949

Nn =1-

Thus,
Moverall =Mt X Meomp * Tgen = (0.3949)(0.75)(0.96) = 0.2843 = 28.4%

(b) Then the required rate of coal supply becomes

: W,
O, = Pner 120000 KIs _ 1) 150 1y
Moverall 0.2843

and
o O, _ 422,050 kJ/s
= -
N Coa 29,300 kJ/kg

=14.404 kg/s =51.9 tons/h
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10-19

10-27 A single-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The mass flow rate of
steam through the turbine, the isentropic efficiency of the turbine, the power output from the turbine, and the thermal
efficiency of the plant are to be determined.

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

Analysis (a) We use properties of water for geothermal water (Tables A-4 through A-6)

T, =230°C
h; =990.14 kl/kg
3
P, =500 kPa L amhy 990.14-64009
hy =h =990.14kke[ > hy 2108 ' steam
' turbine
The mass flow rate of steam through the turbine is > separator 4
my = x,m; =(0.1661)(230 kg/s) = 38.20 kg/s 2 —
condenser
(b) Turbine: EZ 6
P; =500kPa | hy; =2748.1kl/kg Flash 5
X3 = 1 8§3 = 6.8207 kJ/kg -K chamber >
P, =10 kPa .
o hys =2160.3 ki/kg production |- reinjection ¥
45953 well well
P, =10 kPa
N 0.90 }h4 =h; +x4h g =191.814(0.90)(2392.1) = 2344.7 kl/kg
X4 = V.

hy—h, 2748.1-23447

= =0.686
hy—hy,  2748.1-2160.3

Nnr =

(c¢) The power output from the turbine is
WT,out =m5(hy —hy) = (38.20kJ/kg)(2748.1-2344.7)kJ/kg = 15,410 kW
(d) We use saturated liquid state at the standard temperature for dead state enthalpy

T, =25°C
hy =104.83 kl/kg
X9 =0

Ey, =i, (h —hy) = (230kI/kg)(990.14 —104.83)kI/kg = 203,622 kW

 Wrow 15410
T T T 03,602

n

=0.0757=7.6%
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10-20

10-28 A double-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The temperature of
the steam at the exit of the second flash chamber, the power produced from the second turbine, and the thermal efficiency of
the plant are to be determined.

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

Analysis (a) We use properties of water for geothermal water (Tables A-4 through A-6)

T, = 230°C
h; =990.14 kl/kg
xl = 0
P, =500 kPa
x, =0.1661
hy =h; =990.14 kJ/kg |
rity = xyri, = (0.1661)(230 kg/s) = 38.20 kg/s 3 .
mg = my —mz = 230-0.1661 =191.80 kg/s | steam
8 turbine
P; =500 kPa >
3 }h3 —2748.1 kl/kg > separator 4
X3 = 1
2 u—
P, =10 kPa 7
h, =2344.7 kl/kg 6 condenser
x4 =0.90 §§ separator
P, =500kPa 57
6 he = 640.09 kl/kg Flash Flash 9
xg =0 chamber chamber |
P; =150kPa | T; =111.35°C
hy =hg x; =0.0777 — 1 reinjection ¥
production well
P; =150 kPa 11
- }hg —2693.1 kJ/kg we
x8 =

(b) The mass flow rate at the lower stage of the turbine is
mg = x,mg = (0.0777)(191.80 kg/s) = 14.90 kg/s
The power outputs from the high and low pressure stages of the turbine are

Wit ou = i3 (hy — hy) = (38.20 kI/kg)(2748.1 - 2344.7)k)/kg = 15,410 kW

Wiy, ou = 1itg (hs — hy) = (14.90 k/kg)(2693.1 - 2344.7)kJ/kg = 5191 kW

(c) We use saturated liquid state at the standard temperature for the dead state enthalpy
T, =25°C

}ho =104.83 ki/kg
xO =

E, =ity (h — hy) = (230 kg/s)(990.14 —104.83)kJ/kg = 203,621 kW

Wrow 15410+5193

- =0.101=10.1%
E 203,621

Mn =

in

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



www.semeng.ir

www. 20f 11 e. org

10-21

10-29 A combined flash-binary geothermal power plant uses hot geothermal water at 230°C as the heat source. The mass
flow rate of isobutane in the binary cycle, the net power outputs from the steam turbine and the binary cycle, and the
thermal efficiencies for the binary cycle and the combined plant are to be determined.

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

Analysis (a) We use properties of water for geothermal water (Tables A-4 through A-6)

T, =230°C

hy =990.14 kl/kg
x =0
P, =500 kPa

x, =0.1661
hy = hy =990.14 kl/kg

tity = xyrity = (0.1661)(230 kg/s) = 38.20 kg/s
g = ity — ity = 230 —38.20 = 191.80 kg/s

P, =500 kPa !
hy =2748.1kl/kg 3
xy =1 steam
} separator turbine
P, =10 kPa 4 condenser
h, =2344.7 klJ/kg |
x4 =0.90
air-cooled 5
P. =500kPa — A condenser
6 }hé = 640.09 kJ/kg 0

Y6 = 0 isobutane 1T 7

T, =90°C 2 turbine BINARY

- }h7 =377.04 kl/kg CYCLE

pump
The isobutane properties are obtained heat exch : f-\
. eat exchanger

from EES: ash | U

P; =3250kPa chamber ~

hg =755.05 kJ/kg —
Ty =145°C
Py =400 kPa production reinjection
hy =691.01 kl/kg well well
T, =80°C

P,y =400 kPa } hy =270.83 kJ/kg

X0 =0 v,o =0.001839 m* kg

Wpin = VlO(Bl - Plo)/ my .
= (0.001819 m3/ng3250 400 )kPa| ————|/0.90
1kPa-m
=5.82 kl/kg.
Iy =ho+w,;, =270.83+5.82 = 276.65 kl/kg
An energy balance on the heat exchanger gives
me(he —hy) = mig, (hg =hyy)
(191.81kg/s)(640.09 -377.04)kl/kg = m;, (755.05-276.65)k]/kg —> m;,, = 105.46 kg/s

180

(b) The power outputs from the steam turbine and the binary cycle are

Wi geam = 3013 — hy) = (38.19 kI/kg)(2748.1 - 2344.7)kJ/kg = 15,410 KW

Wriso = ity (g — hy) = (105.46 kJ/kg)(755.05 - 691.0)kJ/kg = 6753 kW
Wpetbinary = Wr.iso — MlisoWp.in = 6753 —(105.46 kg/s)(5.82 kl/kg) = 6139 kW
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10-22

(c) The thermal efficiencies of the binary cycle and the combined plant are

Oinbinary = Miso (g —hy1) = (105.46 kI/kg)(755.05 — 276.65)k/kg = 50,454 kW

Wnet,binary _ 6139

nth,binary = = = 0.122 = 12.2%
Qin,binary 50,454

T, =25°C
hy =104.83 kl/kg

X9 =0

E;, =m(h —hy)=(230kJ/kg)(990.14-104.83)kJ/kg = 203,622 kW

W steam +Wne ina
Mg = e ety I5410+ 6139 _ 106 _ 10,69
' E. 203,622

m
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10-23

The Reheat Rankine Cycle

10-30C The pump work remains the same, the moisture content decreases, everything else increases.

10-31C The T-s diagram shows two reheat cases for the reheat Rankine cycle similar to the one shown in Figure 10-11. In
the first case there is expansion through the high-pressure turbine from 6000 kPa to 4000 kPa between states 1 and 2 with
reheat at 4000 kPa to state 3 and finally expansion in the low-pressure turbine to state 4. In the second case there is
expansion through the high-pressure turbine from 6000 kPa to 500 kPa between states 1 and 5 with reheat at 500 kPa to
state 6 and finally expansion in the low-pressure turbine to state 7. Increasing the pressure for reheating increases the
average temperature for heat addition makes the energy of the steam more available for doing work, see the reheat process 2
to 3 versus the reheat process 5 to 6. Increasing the reheat pressure will increase the cycle efficiency. However, as the
reheating pressure increases, the amount of condensation increases during the expansion process in the low-pressure turbine,
state 4 versus state 7. An optimal pressure for reheating generally allows for the moisture content of the steam at the low-
pressure turbine exit to be in the range of 10 to 15% and this corresponds to quality in the range of 85 to 90%.

Steam apws
= IAPWS

900 T T T T

800 -

700 -

600 -

— 6000 kPa —
4000 kPa —

TIK

500 -

400 |- /

ool

200 1 1 I 1 L | I | n | n | n | n | n
(0} 20 40 60 80 100 120 140 160 180

s [kd/kmol-K]

10-32C The thermal efficiency of the simple ideal Rankine cycle will probably be higher since the average temperature at
which heat is added will be higher in this case.
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10-24

10-33 An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the
thermal efficiency of the cycle 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),

T
VI =V @10kpa =0.001010 m> /kg
Wp,in:UI(P2_P1) ”
=(0.001010 m* /kg)(8000 —10)kPa | ————
1kPa-m?
=8.07 kl/kg
hy =hy +w,;, =191.81+8.07 =199.88 kl/kg
Py =8000kPa | h; =3273.3kJ/kg
Ty = 450°C 53 =6.5579 kI/kg-K Z
Sq4—S —
P, =500kPa | x, =t/ 63579718604 4,5,
S fe 4.9603
S4 = S3

hy =hy +x4h g = 640.09+(0.9470)(2108.0) = 2636.4 kl/kg

P, =500kPa | hy =3484.5k)/kg
T, =500°C | 55 =8.0893kl/kg K
S6 =57 8.0893—0.6492

S 7.4996
he =hy +xh, =191.81+(0.9921)(2392.1) = 2564.9 kl/kg

=0.9921

P, =10kPa } Xg =

Thus,

i = (hy —hy)+(hs —h,) =3273.3-199.88 + 3484.5 - 2636.4 = 3921.5 kl/kg
Gou = he —hy =25649-191.81=2373.1kJ/kg
Wioet = Gin — oy = 3921.5-2373.1=1548.5kI/kg

The mass flow rate of steam in the cycle is determined from

Wi _ 5000kJ/s

W =wh. —h m= =
net = M1y —hy) 1548 5 kl/kg

=3.229kg/s

Whet

and the thermal efficiency of the cycle is

o _,_ 23731
3921.5

=0.395

Nn =1

in
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10-34 An ideal reheat steam Rankine cycle produces 2000 kW power. The mass flow rate of the steam, the rate of heat
transfer in the reheater, the power used by the pumps, and the thermal efficiency of the cycle 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 or EES),

Thus,

VI =V @100kpa =0.001043m* /kg

Wp,in:UI(P2_P1) "
= (0.001043 m> /kg)(15000 — 100)kPa [—3j
1

—15.54 k)/kg kPa-m
hy = hy +w, = 417.51+15.54 = 433.05 kI kg

T; =450°C 53 =6.1434kJ/kg-K

S4 =Sy 6.1434-2.4467
S 3.8923
hy =hy +x4h g, =908.47+(0.9497)(1889.8) = 2703 3 kl/kg

P, =15,000 kPa } hy =3157.9kl/kg

P, =2000kPa | x, = =0.9497

S4 :S3

Ps; =2000kPa | hs =3358.2kJ/kg
T =450°C 55 =7.2866kl/kg-K
S¢ =Sy 7.2866-1.3028

S 6.0562
he =h +x6h g, =417.51+(0.9880)(22257.5) = 2648.0 kl/kg

Py =100kPa } Xg = =0.9880

S6 :SS

Gin = (hy —hy)+(hs —hy) =3157.9-433.05+3358.2-2703.3 =3379.8 kl/kg
Gout =he —h; =2648.0-417.51=2230.5kl/kg
Woet =Gin —Gout =379.8—-2230.5=1149.2kJ/kg

The power produced by the cycle is

W,

o = 1w,y = (1.74kg/s)(1149.2k)/kg) = 2000 kW

The rate of heat transfer in the rehetaer is

Oreneater = 1(hs —hy) = (1.740 kg/s)(3358.2 2703 .3) ki /kg = 1140 kW
Woin = iwp sy = (1.740 kg/s)(15.54 kl/kg) = 27 KW

and the thermal efficiency of the cycle is

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course

9 out 2230.5
=]1-—"=1-——"-=0.340
yny 3379.8

in

preparation. If you are a student using this Manual, you are using it without permission.


www.semeng.ir

www. 20f 11 e. org

10-26

10-35 A steam power plant that operates on the ideal reheat Rankine cycle is considered. The turbine work output
and the thermal efficiency of the cycle 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),

VI =V @ a0 kpa =0.001017 m’/kg
Wp.in :VI(PZ _1)1)
= (0.001017 m3/ng6000 —20 kPa &3
1 kPa-m
=6.08 kl/kg
hy =h +w,;, =251.42+6.08=257.50 ki/kg

P, =6 MPa | hy =3178.3 kl/kg
T, =400°C | s, =6.5432 kl/kg - K

P, =2 MPa
hy =2901.0 ki/kg
S4 :S3

P, =2 MPa | hy =3248.4 kl/kg
Ts =400°C [ s55=7.1292 ki/kg-K

S6 =S, 7.1292-0.8320
S 7.0752

he =h +xgh, =251.42+(0.8900)2357.5)=2349.7 kl/kg

=0.8900

P, =20 kPa}xﬁ =

S6 :SS

The turbine work output and the thermal efficiency are determined from

W out = (3 = hy )+ (hs — hg )=3178.3 — 2901.0 + 3248.4 — 2349.7 = 1176 kd/kg
and
qin = (hy —hy )+ (hs — hy )=3178.3 = 257.50 + 3248.4 — 2901.0 = 3268 kJ/kg

Wnet =Wrour — Wpin =1176 —6.08 =1170 kl/kg

Thus,

Whet _ 1170 kJ/kg =0.358=35.8%
qin 3268 kl/kg

N =
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10-27

13
10-36 E Problem 10-35 is reconsidered. The problem is to be solved by the diagram window data entry feature of EES
by including the effects of the turbine and pump efficiencies and reheat on the steam quality at the low-pressure turbine exit
Also, the T-s diagram is to be plotted.

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

"Input Data - from diagram window"

{P[6] = 20 [kPa]

P[3] = 6000 [kPa]

T[3] =400 [C]

P[4] = 2000 [kPa]

T[5] = 400 [C]

Eta_t = 100/100 "Turbine isentropic efficiency"
Eta_p = 100/100 "Pump isentropic efficiency"}

"Pump analysis"

function x6$(x6) "this function returns a string to indicate the state of steam at point 6"
x6$="
if (x6>1) then x6%$="(superheated)'
if (x6<0) then x6%$="(subcooled)'

end

Fluid$='Steam_IAPWS'

P[1] = P[6]

P[2]=P[3]

X[1]=0 "Sat'd liquid"

h[1]=enthalpy(Fluid$,P=P[1],x=x[1])
v[1]=volume(Fluid$,P=P[1],x=x[1])
s[1]=entropy(Fluid$,P=P[1],x=x[1])
T[1]=temperature(Fluid$,P=P[1],x=x[1])
W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
W_p=W_p_s/Eta_p

h[2]=h[1]+W_p "SSSF First Law for the pump"
v[2]=volume(Fluid$,P=P[2],h=h[2])
s[2]=entropy(Fluid$,P=P[2],h=h[2])
T[2]=temperature(Fluid$,P=P[2],h=h[2])

"High Pressure Turbine analysis"

h[3]=enthalpy(Fluid$, T=T[3],P=P[3])

s[3]=entropy(Fluid$, T=T[3],P=P[3])

v[3]=volume(Fluid$, T=T[3],P=P[3])

s_s[4]=s[3]

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4])
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4])
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency"
T[4]=temperature(Fluid$,P=P[4],h=h[4])
s[4]=entropy(Fluid$, T=T[4],P=P[4])
v[4]=volume(Fluid$,s=s[4],P=P[4])

h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine"
"Low Pressure Turbine analysis"

P[5]=P[4]

s[5]=entropy(Fluid$, T=T[5],P=P[5])

h[5]=enthalpy(Fluid$, T=T[5],P=P[5])

s_s[6]=s[5]

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6])
Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6])
vs[6]=volume(Fluid$,s=s_s[6],P=P[6])
Eta_t=(h[5]-h[6])/(h[5]-hs[6])"'Definition of turbine efficiency"
h[5]=W_t_Ip+h[6]"SSSF First Law for the low pressure turbine"
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X[6]=QUALITY (Fluid$,h=h[6],P=P[6])

"Boiler analysis"

Q_in + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler"

"Condenser analysis"

h[6]=Q_out+h[1]"SSSF First Law for the Condenser"
T[6]=temperature(Fluid$,h=h[6],P=P[6])
s[6]=entropy(Fluid$,h=h[6],P=P[6])

X65$=x6%$(x[6])

"Cycle Statistics"

W_net=W_t_hp+W_t Ip-W_p

Steam apws

- ldeal Rankine cycle with reheat

Eff=W_net/Q _in
700
600 |-
500 |-
__ 400}
O i
= 300|
200 |-
100 -
0
0.0
SOLUTION
Eff=0.358
Eta_p=1
Eta_t=1

Fluid$='Steam_IAPWS'
Q_in=3268 [kJ/kg]
Q_out=2098 [kJ/kg]
W_net=1170 [kJ/kg]
W_p=6.083 [kJ/kg]
W_p_s=6.083 [kJ/kg]
W_t_hp=277.2 [kJ/kg]
W_t_Ip=898.7 [kJ/kg]
x6s$="

40 50 6.0
s [kJ/kg-K]

10-28

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course

preparation. If you are a student using this Manual, you are using it without permission.


www.semeng.ir

www. 20f 11 e. org

10-29

10-37E An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the
thermal efficiency of the cycle 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-4E, A-5E, and A-6E or EES),

hy =hy@10psia =161.25 Btu/lbm

VI =V @ 10psia =0.01659 ft*/Ibm T

Wp,in =V (PZ _Pl)

~ (0.01659 ft*/1bm)(600 ~10)psia | ——
5.404 psia - ft
~1.81Btw/lbm

hy = hy + W, =161.25+1.81=163.06 Btw/lbm

P, =600 psia } hy =1289.9 Btu/lbm

T, = 600°F sy =1.5325 Btu/Ibm-R
Sqg—S ¢ —
Py =200psia | x, = 400 (LSRS0S o0 o 5
S g 1.00219

5475 hy =hy +xyh gy =355.46+(0.9865)(843.33) = 1187.5 Btw/lbm
Ps =200 psia hs =1322.3 Btu/lbm

Ty = 600°F s5 =1.6771 Btu/lbm-R
S4=5;  1.6771-0.28362

S g 1.50391
he =hy +xgh g, =161.25+(0.9266)(981.82) = 1071.0 Btw/lbm

=0.9266

Ps =10psia | x, =
S6 :SS

Thus,

Gin = (hs —hy)+(hs —hy) =1289.9-163.06+1322.3~1187.5 =1261.7 Btu/Ibm
Gout = hs —h, =1071.0-161.25 = 909.7 Btu/Ibm
Woet = Qi —Gout =1261.7—909.8 = 352.0 Btu/Ibm

The mass flow rate of steam in the cycle is determined from

W,

net

net w . 352.0 Btu/lbm 1kJ

net

. . Weee  5000KkJ/s (0.94782 Btuj 1347 Tors

The rates of heat addition and rejection are

0., =g, =(13.47 Ibm/s)(1261.7 Btw/Ibm) = 16,995 Btu/s
Ouu =1qoy = (13.47 1bm/s)(909.7 Btw/lbm) = 12,250 Btu/s

and the thermal efficiency of the cycle is

Wiy 5000kJ/s (0.94782 Btu

Mo = T 16990 Bs | 1K

j: 0.2790
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10-30

10-38E An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the
thermal efficiency of the cycle are to be determined for a reheat pressure of 100 psia.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From the steam tables (Tables A-4E, A-5E, and A-6E or EES),
hy =h @ 10psia =161.25 Btu/lbm
VI =V @ 6psia =0.01659 ft*/Ibm

Wp,in =V (PZ _Pl)

~ (0.01659 ft*/1bm)(600 ~10)psia | ——
5.404 psia - ft
~1.81Btw/lbm

hy = hy + W, =161.25+1.81=163.06 Btw/lbm

P; =600psia | £y =1289.9 Btu/lbm
T; = 600°F 53 =1.5325 Btw/lbm - R

S4=S;  1.5325-0.47427
S g 1.12888
hy =hy +x4h g, =298.51+(0.9374)(888.99) = 1131.9 Btw/lbm

=0.9374

P, =100psia | x, =

S4 :S3

Ps =100psia | hs =1329.4 Btu/lbm
T5 = 600°F 55 =1.7586 Btu/lbm-R

Se =Sy 1.7586-0.28362

S 1.50391
he =hy +xgh g, =161.25+(0.9808)(981.82) = 1124.2 Btw/lbm

=0.9808

Ps =10psia | x, =
S6 :SS

Thus,

Gin = (hs —hy)+(hs —hy) =1289.9-163.07 +1329.4—1131.9 = 1324.4 Btw/lbm
Gout = hs —h, =11242-161.25 = 962.9 Btu/Ibm
Woot = Qi — Gou = 1324.4-962.9 = 361.5 Btu/Ibm

The mass flow rate of steam in the cycle is determined from

=mw m=

net w . 361.5Btu/lbm

net

w,

net

Woei  5000kJ/s (0.94782 Btu

=13.111bm/s
1kJ
The rates of heat addition and rejection are

0, =g, =(13.111bm/s)(1324.4 Btu/Ibm) = 17,360 Btu/s
Ouu =11qoy = (13.111bm/s)(962.9 Btu/Ibm) = 12,620 Btu/s

and the thermal efficiency of the cycle is

Wiy 5000kJ/s (0.94782 Btu

net _ j =0.2729
0, 17360Btus\  1kJ

Mn =

Discussion The thermal efficiency for 200 psia reheat pressure was determined in the previous problem to be 0.2790. Thus,
operating the reheater at 100 psia causes a slight decrease in the thermal efficiency.
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10-39 An ideal reheat Rankine with water as the working fluid is considered. The temperatures at the inlet of both turbines,
and the thermal efficiency of the cycle 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),

h =h;q ok =191.81kI/kg
Vi =V @10kpa =0.001010 m’ kg

Wp,in:VI(PZ_Pl) 1K
= (0.001010 m/kg)(7000 — 10)kPa (—]

3
—7.06 kJ/kg 1kPa-m
y = hy + w1 =191.81+7.06=198.87 ki/kg

P, =800kPa } hy =hy +x4h 5 =720.87 +(0.93)(2047.5) = 2625.0 kl/kg

x, =093 Sq =587+ X485 =2.0457+(0.93)(4.6160) = 6.3385 kJ/kg - K
P; =7000kPa | hy =3085.5kJ/kg
S5 =8, T, =373.3°C

P, =10kPa } he =hy +xgh, =191.81+ (0.93)(2392.1) = 2416.4 kl/kg

g =090 | s=s, +x6s, =0.6492 +(0.93)(7.4996) = 7.6239 ki/kg - K
P, =800kPa | hg =3302.0kJ/kg
S5 =8¢ T5 =416.2°C
Thus,
G = (hy — hy) + (hs — hy) = 3085.5 — 198.87 + 3302.0 — 2625.0 = 3563.6 kl/kg
Gou = hg — by =2416.4-191.81=2224.6 k/kg
and
ng =1 dou _ 22240 _ 3757 37 604
3563.6

in
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10-32

10-40 A steam power plant that operates on an ideal reheat Rankine cycle between the specified pressure limits is
considered. The pressure at which reheating takes place, the total rate of heat input in the boiler, and the thermal efficiency
of the cycle 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),
hl :hsat@IOkPa :19181kJ/kg T

Y| = V@10 kpa =0.00101 m*/kg 35
Wp,in:Ul(PZ_Pl) - )
:(0.00101 m3/ng15,000—10 kPa) ———— 4
1kPa-m?
=15.14 kl/kg
=191.81+15.14 = 206.95 kl/kg 10 kPa

h2 = hl + ij]'n

Ty =500°C | s, =6.3480 ki/kg K
P, =10kPa | hg =h, +x6h, =191.81+(0.90)2392.1)= 2344.7 ki/kg
Se =S, + X458, =0.6492+(0.90)(7.4996) = 7.3988 kl/kg - K

P, =15 MPa}h3 =3310.8 kJ/kg s

Sﬁ :SS

Ts =500°C }PS = 2150 kPa (the reheat pressure)

55 =5 hs =3466.61 kl/kg
P, =2.15 MPa

h, =2817.2 kl/kg
S4 = S3

(b) The rate of heat supply is

Oin = 1il(y —hy )+ (hs —hy )]
= (12 kg/s)(3310.8 —206.95 +3466.61—2817.2 )k/kg
= 45,039 kW

(c) The thermal efficiency is determined from

Oout =1l —hy )= (12 kJ/s)2344.7-191.81)k)/kg = 25,835 kl/s
Thus,

Oout | 25834 klls

N =l-——=

= 42.6%
0., 45,039 kl/s
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10-33

10-41 A steam power plant that operates on a reheat Rankine cycle is considered. The condenser pressure, the net power
output, and the thermal efficiency 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),

P, =12.5MPa }h3 =3476.5 kl/kg | ;3 ¥
T, =550°C |53 =6.6317 kl/kg-K Boiler
4
P, =2 MPa .
hy, =2948.1 kl/kg | . 6
S4s =983 :
Ny = hy—hy N > Condenser
’ hy —hy T2 Pump
1

—hy=hs —nr (ha _h4s)

=3476.5—-(0.85)(3476.5—2948.1) .

=3027.3 ki/kg
P; =2 MPa | hs = 3358.2 kl/kg
Ty =450°C |55 =7.2815kJ/kg-K
= 1 = (Eq1)
xg =095~ T
P =2
S =& h6s = (Eq 2)

6 5 s

hS _h6

= ——>hg=hs —ny(hs —hg, )= 33582 —(0.85)(3358.2 — /s, ) (Eq.3)
5 Mes

The pressure at state 6 may be determined by a trial-error approach from the steam tables or by using EES from the above
three equations:

Ps=9.73kPa, hs="2463.3 ki/kg,
() Then,
= hy@omswps =189.57 kilkg
Vi =V @10 kpa = 0.001010 m’/kg
Wi =B~ R)/n,
(0.00101 m*/kg12.500-9.73 kPa{iJ/(O.%)
—14.02 ki/kg I kPa-m
hy = h +w,;, =189.57+14.02 = 203.59 k/kg

Cycle analysis:

Gin = (3 = hy )+ (hs — hy ) = 3476.5-203.59 + 3358.2 — 2463.3 = 3603.8 k/kg
Gou = he —hy =2463.3-189.57 = 2273.7 ki/kg
Wi = 1(qin — qGou) = (7.7 kg/s)(3603.8 - 2273.7)k) kg = 10,242 kW
(¢) The thermal efficiency is

2273.7 kI/k
gy =1—Lowt g £ 0369 =36.9%
3603.8 ki/kg

9in
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10-34

Regenerative Rankine Cycle

10-42C Moisture content remains the same, everything else decreases.

10-43C This is a smart idea because we waste little work potential but we save a lot from the heat input. The extracted
steam has little work potential left, and most of its energy would be part of the heat rejected anyway. Therefore, by
regeneration, we utilize a considerable amount of heat by sacrificing little work output.

10-44C In open feedwater heaters, the two fluids actually mix, but in closed feedwater heaters there is no mixing.

10-45C Both cycles would have the same efficiency.

10-46C To have the same thermal efficiency as the Carnot A
cycle, the cycle must receive and reject heat isothermally. T _
Thus the liquid should be brought to the saturated liquid state Boiler
at the boiler pressure isothermally, and the steam must be a intet
saturated vapor at the turbine inlet. This will require an Boiler
infinite number of heat exchangers (feedwater heaters), as / 2 & exit
shown on the 7-s diagram. VV -
| >
——
[
Cout

v
9
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10-35

10-47E Feedwater is heated by steam in a feedwater heater of a regenerative Rankine cycle. The ratio of the bleed steam
mass flow rate to the inlet feedwater mass flow rate 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 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible.

Properties From the steam tables (Tables A-4E through A-6E or EES),
hl = hf@ 110°F — 78.02 Btu/Ibm

P, =20 psia

h, =1167.2 Btu/lbm
T, =250°F

hy = hf@ 2sep = 193.32 Btu/lbm

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

Mass balance:

; N 70 (steady) _ Water
Min —Maye = AWlsystf::m =0

out =7 110°F -
Min = Mout 20 psia
©)

tiny + 1ty = ity Water
—> (B 20psia
Energy balance: 225°F
: : : &0 (steady) Steam 7
Eiy —Eqy = AEsystem =0 20 psia
— | S o
Rate of net energy transfer  Rate of change in internal, kinetic, 250°F
by heat, work, and mass potential, etc. energies

Ein = Eout
tiyhy +yhy =1shy (since Q = W = Ake = Ape = 0)
myhy +myhy = (my +my )hy
Solving for the bleed steam mass flow rate to the inlet feedwater mass flow rate, and substituting gives

my  h—hy  (78.02-19332)kikg

i, hy—h, (19332-1167.2)klkg

0.118
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10-36

10-48 In a regenerative Rankine cycle, the closed feedwater heater with a pump as shown in the figure is arranged so that
the water at state 5 is mixed with the water at state 2 to form a feedwater which is a saturated liquid. The amount of bleed
steam required to heat 1 kg of feedwater 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 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible.

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

Steam
£ =7000kPa 6000 kPa
= h g sepec =1134.8KkI/k
T, =260°C } M= hr@zare =11348 10k 325°C T 3
Py =6000KPa |- 5969.5k1k °
T, =325°C 3T R RE ~—t
7000 kPa Feedwater
P, =7000 kPa :
¥ } he = h @ 7000kpa =1267.5kI/kg sat. lig. 7000 kPa
X6 =0 260°C

Analysis We take the entire unit 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
. - _ : J0 (steady) _
Ein - Eout - AE system =0
[ S
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E in = E out

myhy +myhy +mywp;, = mghg

myhy +mshy +mywp i, = (my +ms)hg
Solving this for 5,

he —h 5-1134.
— 6 1 —(lkgls) 1267.5-1134.8 =0.0779 kg/s
(hy —hg) + wp 2969.5 -1267.5+1.319

7}13 :ml

where

Wpin =V4(Ps = Py) =V ;g eo00kpa (Ps — Py)

=(0.001319 m*/kg)(7000 — 6000) kPa(llﬂ}j =1.319kJ/kg

kPa-m
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10-37

10-49E An ideal regenerative Rankine cycle with an open feedwater heater is considered. The work produced by the
turbine, the work consumed by the pumps, and the heat rejected in the condenser 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-4E, A-5E, and A-6E),

hy =h;q s s =130.18 Btu/Ibm
VI =V @ spsia =0.01641ft>/Ibm

Wprin =1 (P —P)

— (0.01641 ft*/Ibm)(40— S)psia | ——
5.404 psia - ft
—0.11Btu/lbm

hy = hy + Wy, =130.18+0.11=130.29 Btw/lbm

h3 = hf@ 40 psia =236.14 Btu/lbm
Vs =V @ a0psia =0.01715 ft*/Ibm

Weiin = V3 (Py —F5)
=(0.01715 ft3/lbm)(500 —40)psia [1B$J

5.404 psia - ft°
=1.46 Btu/lbm
hy = hy + Wy, =236.14+1.46 =237.60 Btu/Ibm

Ps =500psia | hs =1298.6 Btu/Ibm
Ts = 600°F §5 =1.5590 Btu/lbm-R

Ss =8, _1.5590-0.39213
S 128448
h = hy +xgh , =236.14+(0.9085)(933.69) = 1084.4 Btu/Ibm

54—, 1.5590-0.23488
S 1.60894
hy =hy +2x7h 5 =130.18+(0.8230)(1000.5) = 953.63 Btw/lbm

Py =40 psia } Xg = =0.9085

S6 =S5

=0.8230

P; =5psia } X; =

§7 =85

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater heater.
Noting that Q =W = Ake= Ape=0,

; ; AT &0 (steady) _
Ein - Eout - AEsystem =0

Ein = Er)ul
D sk = i h, ——> sighg +1iyhy = tishy ——> yho + (1= y)hy =1
where y is the fraction of steam extracted from the turbine (=4 / m15). Solving for y,

_hy—hy  236.14-130.29

y= = =0.1109
hg —h, 1084.4-130.29
Then,
Wrou = hs —hg +(1=y)(hg —h;)=1298.6-1084.4+(1-0.1109)(1084.4 - 953.63) = 330.5 Btu/Ilbm
Wpin = Wprin + Wpin = 0.11+1.46 =1.57 Btu/lbm
Gout =(A=)(h; —h)=(1-0.1109)(953.63-130.18) = 732.1Btu/lbm
Also,

@iy =hs —h, =1298.6-237.60 = 1061 Btu/lbm

9 out 1 732.1

ng =1- -=03100

in
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10-38

10-50E An ideal regenerative Rankine cycle with an open feedwater heater is considered. The change in thermal efficiency
when the steam supplied to the open feedwater heater is at 60 psia rather than 40 psia is to be determined.

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

VI =V @ spsia =0.01641ft>/Ibm T
Wprin = V1 (P —F)
— (0.01641 % lom)(60— S)psia | —— >t
5.404 psia - ft
=0.17 Btu/Ibm
hy =hy +w,;, =130.18+0.17 =130.35 Btw/Ibm
V3 =V @e0psia =0-01738 ft*/Ibm
WPILin =v3 (P - Py) s

= (0.01738 ft*/Ibm)(500 — 60)psia (1B$]

5.404 psia - ft°
=1.42 Btu/Ibm
hy =hy +w_ . =262.20+1.42 = 263.62 Btu/lbm

pin

Ps; =500psia | hs =1298.6 Btu/Ibm
Ts = 600°F §5 =1.5590 Btu/lbm-R

S4=S;  1.5590-0.42728
S 1.21697
he =hy +xgh , =262.20+(0.9300)(915.61) =1113.7 Btw/lbm

s4=S;  1.5590-0.23488
S 1.60894
hy =hy +2x7h , =130.18+(0.8230)(1000.5) = 953.63 Btw/lbm

=0.9300

Py =60psia | x4=
S6 =S5

P, =5psia } Xy = =0.8230

5, =85
The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater heater.
Noting that QEWEAkeEApeEO,

: : : &0 (stead

Ein - Eout = AEsystem sready) — 0

Ein = Eout
D ik =Y titgh, ——> tighg +1iyhy = ishy ——> yhe +(1=y)h, = s

where y is the fraction of steam extracted from the turbine (= m / 15 ). Solving for y,

hy—hy 262.20-130.35

Y e —h, 137-13035 M
Then,

Gin = hs —h, =1298.6-263.62 = 1035 Btu/lbm

Gou = (1= y)(hy —hy) = (1—0.1341)(953.63~130.18) = 713.0 Btu/Ibm
and gy =1-Jou 713053994

1035

in

When the reheater pressure is increased from 40 psia to 60 psia, the thermal efficiency increases from 0.3100 to 0.3111,
which is an increase of 0.35%.
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13
10-51E E The optimum bleed pressure for the open feedwater heater that maximizes the thermal efficiency of the cycle
is to be determined by EES.

Analysis The EES program used to solve this problem as well as the solutions are given below.

P[5]=500 [psia]
T[5]=600 [F]
P[6]=60 [psia]
P[7]=5 [psia]
x[3]=0

"Analysis"

Fluid$="steam_iapws'

"pump "

P[1]=P[7]

x[1]=0

h[1]=enthalpy(Fluid$, P=P[1], x=x[1])
v[1]=volume(Fluid$, P=P[1], x=x[1])
P[3]=P[6]

P[2]=P[3]
w_pl_in=v[1]*(P[2]-P[1])*Convert(psia-ft*3, Btu)
h[2]=h[1]+w_pl_in

"pump II"

h[3]=enthalpy(Fluid$, P=P[3], x=x[3])
v[3]=volume(Fluid$, P=P[3], x=x[3])
P[4]=P[3]
w_pll_in=v[3]*(P[4]-P[3])*Convert(psia-ft*3, Btu)
h[4]=h[3]+w_pll_in

"turbine”

h[5]=enthalpy(Fluid$, P=P[5], T=T[5])
s[5]=entropy(Fluid$, P=P[5], T=T[5])
s[6]=s[5]

h[6]=enthalpy(Fluid$, P=P[6], s=s[6])
x[6]=quality(Fluid$, P=P[6], s=s[6])
s[7]=s[5]

h[7]=enthalpy(Fluid$, P=P[7], s=s[7])
x[7]=quality(Fluid$, P=P[7], s=s[7])
"open feedwater heater"
y*h[6]+(1-y)*h[2]=h[3] "y=m_dot_6/m_dot_3"
"cycle"

g_in=h[5]-h[4]

q_out=(1-y)*(h[7]-h[1])
w_net=q_in-q_out
Eta_th=1-g_out/g_in
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P Nth
[kPa]

10 0.3011
20 0.3065
30 0.3088
40 0.3100
50 0.3107
60 0.3111
70 0.31126
80 0.31129
90 0.3112
100 0.3111
110 0.3109
120 0.3107
130 0.3104
140 0.3101
150 0.3098
160 0.3095
170 0.3091
180 0.3087
190 0.3084
200 0.3080

MNth

0.312

0.31F

0.308 -

0.306

0.304 |

0.302

0.3

80 120
Bleed pressure [kPa]

160

200

10-40
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10-41

10-52 A steam power plant operates on an ideal regenerative Rankine cycle with two open feedwater heaters. The net
power output of the power plant and the thermal efficiency of the cycle are to be determined.

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

Analysis
l
I
7 T
Boiler
8
— |
' | 10
6 |
9
fwh II fwh I Condenser
2

4
j5 13 : /
P III < P

(@) From the steam tables (Tables A-4, A-5, and A-6),

V| =V @ spa =0.001005 m’/kg
; 1kJ
Wworin =1 (P, —P1)=(0.001005 m /ngZOO—s kPa . =0.20 kJ/kg
' Pa-m
=137.75+0.20 =137.95 kl/kg

h2 = hl + Wp[,in

P3 =0.2 MPa }h3 = hf@ 02 MPa — 504.71 kJ/kg

satliquid V3 =V @02 mpa =0.001061 m®/kg

1kJ
Worin=v3(Py =P )= (0.001061 m3/ng600—2oo kPa) ————
' 1kPa-m
=0.42 kl/kg
hy =hy+w ;5 =504.71+0.42 = 505.13 ki/kg

Ps =0.6 MPa }hs =hs@osmpa = 0670.38 ki/kg

satliquid Vs =V @ 06mpa =0.001101 m*/kg

1kJ
Worrin = Vs (P — Ps )= (0.001 101 m3/1<gX10,000—600 kPa) ———
’ 1 kPa-m
=10.35 kJ/kg
he = hs +w 1 =670.38+10.35 = 680.73 kl/kg

P, =10 MPa | h, =3625.8 ki/kg
T, =600°C | s, =6.9045 ki/kg-K

P, =0.6 MPa

}hg =2821.8 kl/kg
Sg = S7

S9=S;  6.9045-1.5302
S 5.5968

hy =h, +xoh, =504.71+(0.9602)2201.6) = 2618.7 kl/kg

Py =0.2 MPa }xc, = =0.9602

S9 :S7
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10-42

S10 =57 6.9045—0.4762
S e 7.9176

g =h; +x0h g =137.75+(0.8119)(2423.0)=2105.0 ki/kg

=0.8119

P, =5kPa }xlo =

S10 =87

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater
heaters. Noting that Q =W = Ake = Ape =0,
FWH-2:
Eip o = My, =0
E in = E out
D sk =Y righ, ——> tighg +tighy =rishs —> yhy + (1= )by =1(hs)

system

where y is the fraction of steam extracted from the turbine (=11 / ms ). Solving for y,

hs—h,  670.38—505.13
Y e —h,  2821.8-505.13

=0.07133

FWH-1:
D ik = i h, ——> tghy + 1iyhy =sivshy ——> zhy + (1= y = 2)hy = (1= y)hy
where z is the fraction of steam extracted from the turbine ( =r, / 1115 ) at the second stage. Solving for z,

y)=— "= (1-0.07136)=0.1373
hy —hy 2618.7-137.95

Then,
Gin = hy — hs =3625.8—680.73 = 2945.0 kl/kg
Gou = 1=y —z)(hyg — Iy ) = (1-0.07133-0.1373)(2105.0 —137.75) = 1556.8 kl/kg
Wnet = qin - qout = 29450 - 15568 = 13882 kJ/kg
and

Wi = mwne = (22 kg/s)1388.2 ki/kg) = 30,540 kW = 30.5 MW
(b) The thermal efficiency is

1556.8 kl/k
gy =1-Jou _p_ § _471%
¢n 29450 Kl/kg
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10-53 An ideal regenerative Rankine cycle with a closed feedwater heater is considered. The work produced by the turbine,
the work consumed by the pumps, and the heat added in the boiler 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),

hy =Ry 20kpa = 25142 KJ/kg ,

VI =V @ 20kpa =0.001017 m*/kg 4
Wp,in:UI(PZ_Pl) 1K
=(0.001017 m*/kg)(3000 — 20)kPa (ﬁj 5
1kPa-m
=3.03kl/kg Boiler

hy = hy +w,, =251.42+3.03 = 254.45kI/kg

Condenser

/

P, =3000 kPa } h, =3116.1kJ/kg Y

T4 =350°C Sy = 6.7450 kJ/kg -K | Closed

P, =1000 kPa | fwh
hs =2851.9klJ/kg 3

S5 =54

S¢=S; _ 6.7450—0.8320
S fe 7.0752
he =hy +xgh,, =251.42+(0.8357)(2357.5) = 2221.7 kl/kg

=0.8357

Py =20kPa | x4 =
S6 = S4
For an ideal closed feedwater heater, the feedwater is heated to the

exit temperature of the extracted steam, which ideally leaves the
heater as a saturated liquid at the extraction pressure.

P, =1000 kPa } hy =762.51kI/kg

X, =0 T, =179.9°C
hg = hy =762.51kI/kg
P, = 3000 kPa

hy =763.53kJ/kg
T, =T, =209.9°C

An energy balance on the heat exchanger gives the fraction of
steam extracted from the turbine (=715 / m1, ) for closed

feedwater heater:

D ik = i h,
Ihshs +ﬁ12h2 = I’}”l3h3 +’/i’l7h7
Yhs +1hy =1hy + yh,

Rearranging,
hy—h,  763.53-254.45

= =0.2437
hs—h;  2851.9-762.51

y=
Then,
Wrou = Rg —hs +(1=y)(hs —hg)=3116.1-2851.9+(1-0.2437)(2851.9 -2221.7) = 740.9 kJ/kg
wp i =3.03kJ/kg
Gin =h4 —hy =3116.1-763.53 =2353 kJ/kg
Also, Wy =W oy —Wpin = 740.9-3.03 = 737.8 kl/kg

Yo _ 7378 _ 3136

2353

M =

in
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13
10-54 E Problem 10-53 is reconsidered. The optimum bleed pressure for the open feedwater heater that maximizes the
thermal efficiency of the cycle is to be determined by EES.

Analysis The EES program used to solve this problem as well as the solutions are given below.

"Given"
P[4]=3000 [kPa]
T[4]=350 [C]
P[5]=600 [kPa]
P[6]=20 [kPa]

P[3]=P[4]
P[2]=P[3]
P[7]=P[3]
P[1]=P[6]

"Analysis"
Fluid$="steam_iapws'

||pump I"

x[1]=0

h[1]=enthalpy(Fluid$, P=P[1], x=x[1])
v[1]=volume(Fluid$, P=P[1], x=x[1])
w_p_in=v[1]*(P[2]-P[1])
h[2]=h[1]+w_p_in

"turbine"

h{4]=enthalpy(Fluid$, P=P[4], T=T[4])
s[4]=entropy(Fluid$, P=P[4], T=T[4])
s[5]=s[4]

h[5]=enthalpy(Fluid$, P=P[5], s=s[5])
T[5]=temperature(Fluid$, P=P[5], s=s[5])
x[5]=quality(Fluid$, P=P[5], s=s[5])
s[6]=s[4]

h[6]=enthalpy(Fluid$, P=P[6], s=s[6])
x[6]=quality(Fluid$, P=P[6], s=s[6])

"closed feedwater heater"

x[71=0

h[7]=enthalpy(Fluid$, P=P[7], x=x[7])
T[7]=temperature(Fluid$, P=P[7], x=x[7])
T[3]=T[7]

h[3]=enthalpy(Fluid$, P=P[3], T=T[3])
y=(h[3]-h[2])/(h[5]-h[7]) "y=m_dot_5/m_dot_4"

"cycle"

g_in=h[4]-h[3]
w_T_out=h[4]-h[5]+(1-y)*(h[5]-h[6])
w_net=w_T_out-w_p_in
Eta_th=w_net/q_in
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Py Nih
[kPa]
100 0.32380
110 0.32424
120 0.32460
130 0.32490
140 0.32514
150 0.32534
160 0.32550
170 0.32563
180 0.32573
190 0.32580
200 0.32585
210 0.32588
220 0.32590
230 0.32589
240 0.32588
250 0.32585
260 0.32581
270 0.32576
280 0.32570
290 0.32563

MNth

0.326

0.3258

0.3255

0.3253

0.325

0.3248

0.3245

0.3243

0.324

0.3238

100

140

180 220
Bleed pressure [kPa]

260

300

10-45
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10-55 A regenerative Rankine cycle with a closed feedwater heater is considered. The thermal efficiency is 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 or EES),

Y| =V @ 20kpa =0.001017 m*/kg

Wp,in:UI(PZ_Pl) "
=(0.001017 m? /kg)(3000 — 20)kPa [—]
1kPa-m?
=3.03kJ/kg
hy =hy +w,;, =251.42+3.03=254.45k]/kg Boiler
P, =3000kPa | h, =3116.1kJ/kg
T, =350°C 54 =6.7450kJ/kg-K 7y
A 4
P, =1000 kPa
. hs, =2851.9kl/kg . Closed
S5y =84 ' fwh
3
Ses =S . — 0.
P, =20kPa | x, = 6s ~Sr _ 6.7450-0.8320 _ 0.8357
o s Sf 7.0752
bs T 74 hes =hy +x6h g, =251.42+(0.8357)(2357.5) = 2221.7 kl/kg
hy —h
nr = #—)hs =hy —np(hy —hsg) =3116.1-(0.90)(3116.1-2851.9) = 2878.3 kl/kg
4 — sy
nr = " ——he =hy —nr(hy —he ) =3116.1-(0.90)(3116.1-2221.7) =2311.1kJ/kg
4 — es
For an ideal closed feedwater heater, the feedwater is heated to
the exit temperature of the extracted steam, which ideally leaves T

the heater as a saturated liquid at the extraction pressure.

P, =1000kPa | h, =762.51kl/kg

x7 =0 } T; =179.9°C

P; =3000 kPa

T, =T, =209.9°C
An energy balance on the heat exchanger gives the fraction of
steam extracted from the turbine (=ms / m, ) for closed

} hy =763.53kI/kg

feedwater heater:

Condenser

zmihi = Zmehe
mshs +niyhy =myhy +mqh,
vhs +1hy =1hy + yh,
Rearranging,
hy —h, 763.53-254.45

- =0.2406
hy—h, 28783-762.51

y:

Then,

Wrou = hy —hs + (1= y)(hs —hg) = 3116.1-2878.3+(1-0.2406)(2878.3 - 2311.1) = 668.5 kl/kg

Wpin = 3.03kJ/kg
Qi =hy —hy =3116.1-763.53 = 2353 kl/kg
AlSO, Wy = Wi o — Wpin = 668.5-3.03 = 665.5 kl/kg

Whet _ £5'35 02829 = 28.3%

M =

in
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10-47

10-56 A regenerative Rankine cycle with a closed feedwater heater is considered. The thermal efficiency is 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 or EES),

Boiler

Condenser

Closed
' fwh

When the liquid enters the pump 10°C cooler than a saturated liquid at the condenser pressure, the enthalpies become

P, =20kPa } hy = hy g sec =209.34kI/kg

Ty = T@aorpa —10=60.06-10=50°C [ v, =v ;¢ 50.c =0.001012m° kg

Wp,in:UI(PZ_Pl) 1K
= (0.001012 m? /kg)(3000 — 20)kPa (—J
=3.02kl/kg IkPa-m

hy = hy +w, 5 =209.34+3.02 =212.36 k/kg

P, =3000kPa | h, =3116.1kJ/kg
T, =350°C 54 =6.7450kI/kg - K

Py =1000 kPa
hs, =2851.9kl/kg

Sss =S4

Ses =Sy 6.7450-0.8320
Sfe 7.0752

hey =hy +xg.h g =251.42+(0.8357)(2357.5) = 2221.7kl/kg

=0.8357

N

P, =20kPa } X

Ses =S4

hy — s

iy = hs = by~ (hy —hs,) = 3116.1-(090)3116.1-2851.9) = 2878 3kl kg
4 — sy
hy —h

fr =l = hy 17 (hy ) = 3116.1- (090)3116.1-2221.7) = 231 11 Kl kg
4~ es

For an ideal closed feedwater heater, the feedwater is heated to the exit temperature of the extracted steam, which ideally
leaves the heater as a saturated liquid at the extraction pressure.

P, =1000kPa | h, =762.51kl/kg

x;=0 T; =179.9°C
P; =3000 kPa

hy =763.53kI/kg
T, =T, =209.9°C
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10-48
An energy balance on the heat exchanger gives the fraction of steam extracted from the turbine (= #15 / m1, ) for closed
feedwater heater:

zmihi = Zmehe
Ihshs +7h2h2 = m3h3 +I’i17h7
Yhs +1hy =1hy + yh,
Rearranging,

hy —h -
s=hy 7635321236 _ o
hy—h, 28783-762.51

y:

Then,

Wrout =hg —hs +(1—y)(hs —hg)=3116.1-2878.3+(1-0.2605)(2878.3-2311.1) = 657.2 kl/kg
Wpin = 3.03kJ/kg
Gin =hy —hy =3116.1-763.53 =2353kl/kg
Also,
Whet = W out — Wpin = 657.2-3.03 = 654.2 kl/kg

_ Wne _ 605342 oogq

¢ 2353
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13
10-57 E The effect of pressure drop and non-isentropic turbine on the rate of heat input is to be determined for a given
power plant.

Analysis The EES program used to solve this problem as well as the solutions are given below.

"Given"

P[3]=3000 [kPa]
DELTAP_boiler=10 [kPa]
P[4]=P[3]-DELTAP_boiler
T[4]=350 [C]

P[5]=1000 [kPa]

P[6]=20 [kPa]
eta_T=0.90

P[2]=P[3]
P[7]=P[5]
P[1]=P[6]

"Analysis"

Fluid$='steam_iapws'

Il(a)ll

"pump "

x[1]=0

h[1]=enthalpy(Fluid$, P=P[1], x=x[1])
v[1]=volume(Fluid$, P=P[1], x=x[1])
w_p_in=v[1]*(P[2]-P[1])
h[2]=h[1]+w_p_in

"turbine"

h[4]=enthalpy(Fluid$, P=P[4], T=T[4])
s[4]=entropy(Fluid$, P=P[4], T=T[4])
s[5]=s[4]

h_s[5]=enthalpy(Fluid$, P=P[5], s=s[5])
T[5]=temperature(Fluid$, P=P[5], s=s[5])
x_s[5]=quality(Fluid$, P=P[5], s=s[5])
s[6]=s[4]

h_s[6]=enthalpy(Fluid$, P=P[6], s=s[6])
x_s[6]=quality(Fluid$, P=P[6], s=s[6])

h[5]=h[4]-eta_T*(h[4]-h_s[5])
h[6]=h[4]-eta_T*(h[4]-h_s[6])
x[5]=quality(Fluid$, P=P[5], h=h[5])
x[6]=quality(Fluid$, P=P[6], h=h[6])

"closed feedwater heater"

x[7]=0

h[7]=enthalpy(Fluid$, P=P[7], x=x[7])
T[7]=temperature(Fluid$, P=P[7], x=x[7])
T[3]=T[7]

h[3]=enthalpy(Fluid$, P=P[3], T=T[3])
y=(h[3]-h[2])/(h[5]-h[7]) "y=m_dot_5/m_dot_4"

"cycle"

g_in=h[4]-h[3]
w_T_out=h[4]-h[5]+(1-y)*(h[5]-h[6])
w_net=w_T_out-w_p_in
Eta_th=w_net/q_in
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10-50
Solution with 10 kPa pressure drop in the boiler:

DELTAP_boiler=10 [kPa] eta_T=0.9
Eta th=0.2827 Fluid$='steam_iapws'
P[3]=3000 [kPa] P[4]=2990 [kPa]
g_in=2352.8 [kJ/kg] w_net=665.1 [kJ/kg]
w_p_in=3.031 [m"3-kPa/kg] w_T out=668.1 [kl/kg]
y=0.2405

Solution without any pressure drop in the boiler:

DELTAP_boiler=0 [kPa] eta T=1

Eta th=0.3136 Fluid$='steam_iapws'
P[3]=3000 [kPa] P[4]=3000 [kPa]
g_in=2352.5 [kJ/kg] w_net=737.8 [kl/kg]
w_p_in=3.031 [m"3-kPa/kg] w_T out=740.9 [kl/kg]
y=0.2437
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10-51

10-58 A steam power plant operates on an ideal regenerative Rankine cycle with two feedwater heaters, one closed
and one open. The mass flow rate of steam through the boiler for a net power output of 400 MW and the thermal efficiency
of the cycle are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic

|
and potential energy changes are negligible. | g '
Analysis (a) From the steam tables (Tables A-4, A-5, and .
Boiler
A-6), 9
Iy =h g 10kpe =191.81 KI/kg —

\l/ 11 1-y-z
VI =V @ 10kpa =0.00101 m’/kg 5 A 3 o *
Closed
Worin = Y1 (P 2 Pl) { f‘(;;slf 25’;11 Condenser
1kJ J

= (0.00101 m3/ng6oo ~10 kPa ;
1kPa-m

2
~0.60 ki/kg IE f7 1
hy=h +w . =191.81+0.60=192.40 ki/kg 5D< @

pl,in

P3 =0.6 MPa h3 = hf@ 03 MPa — 670.38 kJ/kg
sat.liquid | v3 =0 ;¢ 03 p, =0.001101 m’/kg

Wl in :V3(P4 _P3)

1kJ
= (0.001 101 m3/ng10000 —600 kPa —

1kPa-m
=10.35 kl/kg

hy=hy +w =670.38 +10.35=680.73 kl/kg

pll,in

P6 =1.2 MPa }h6 = h7 = hf@ 1.2 MPa — 798.33 kJ/kg
Ts = Tat@1.2 mpa = 188.0°C

sat. liquid

T, =Ts, P, =10MPa — hs =798.33 kl/kg
P, =10 MPa }hg =3625.8 kl/kg s

T3 =600°C |54 =6.9045 kJ/kg -K
Py, =12 MPa
hy =2974.5 kl/kg
S9 :SS
P,y =0.6 MPa
hyo =2820.9 kl/kg
S10 =53

Si1=S; 69045 - 0.6492
S 7.4996

hy =hy +x,h, =191.81+(0.8341)(2392.1)=2187.0 kl/kg

=0.8341

P, =10 kPa }xnz

S11 =53

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater
heaters. Noting that Q =W = Ake = Ape =0,
Ein _ Eout _ Al;jsystem&O(steady) -0
Ein = Eout
Zmihi = Zmehe ——> titg (hy = hg ) = 15 (hs = hy) ——> ylhy = hg) = (hs = hy)
where y is the fraction of steam extracted from the turbine (=1, / 75 ). Solving for y,

hs—hy _798.33-680.73
Y by —hy 2974579833

=0.05404
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10-52
For the open FWH,
” ” ” 0 (stead
Ein - Eout = AEsystem (sready) 0
Ein = Eout

Dtk =Y tigh, ——> tighy +iyhy + 1itghyg = ishy —— yhy + (1= y = 2)hy + zhyg = (1)h
where z is the fraction of steam extracted from the turbine ( =r, / 1115 ) at the second stage. Solving for z,

(hy —hy) = y(hy —hy) _ 67038 -192.40 - (0.05404)798.33 — 192.40)

- =0.1694
hyo —hy 2820.9-192.40
Then,
i, = hg —hs =3625.8—798.33=2827 kl/kg
Gou =(1=y = 2)hy =k )=(1-0.05404 — 0.1694)2187.0 —191.81)=1549 kl/kg
Woet = Gin — Gout = 2827 —1549 =1278 kJ/kg
and

W 400,000 kJ/s
1278 kJ/kg

=313.0 kg/s

Wnet

(b) gy =1- Lo _ 1549 KIkg _ o 455~ 4529
2827 kJ/ke

in
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10-53

13
10-59 E Problem 10-58 is reconsidered. The effects of turbine and pump efficiencies on the mass flow rate and
thermal efficiency are to be investigated. Also, the 7-s diagram is to be plotted.

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

"Input Data"

P[8] = 10000 [kPa]

T[8] = 600 [C]

P[9] = 1200 [kPa]

P_cfwh=600 [kPa]

P[10] = P_cfwh

P_cond=10 [kPa]

P[11] = P_cond

W_dot_net=400 [MW]*Convert(MW, kW)

Eta_turb= 100/100 "Turbine isentropic efficiency"

Eta_turb_hp = Eta_turb "Turbine isentropic efficiency for high pressure stages"
Eta_turb_ip = Eta_turb "Turbine isentropic efficiency for intermediate pressure stages"
Eta_turb_Ip = Eta_turb "Turbine isentropic efficiency for low pressure stages”
Eta_pump = 100/100 "Pump isentropic efficiency"

"Condenser exit pump or Pump 1 analysis"
Fluid$='Steam_|APWS'

P[1] = P[11]

P[2]=P[10]

h[1]=enthalpy(Fluid$,P=P[1],x=0)  {Sat'd liquid}
vl=volume(Fluid$,P=P[1],x=0)

s[1]=entropy(Fluid$,P=P[1],x=0)
T[1]=temperature(Fluid$,P=P[1],x=0)
w_pumpl_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
w_pumpl=w_pumpl_s/Eta_pump "Definition of pump efficiency"
h[1]+w_pumpl= h[2] "Steady-flow conservation of energy"
s[2]=entropy(Fluid$,P=P[2],h=h[2])
T[2]=temperature(Fluid$,P=P[2],h=h[2])

"Open Feedwater Heater analysis"

z*h[10] + y*h[7] + (1-y-z)*h[2] = 1*h[3] "Steady-flow conservation of energy"
h[3]=enthalpy(Fluid$,P=P[3],x=0)

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]"
s[3]=entropy(Fluid$,P=P[3],x=0)

"Boiler condensate pump or Pump 2 analysis"

P[5]=P[8]

P[4] = P[5]

P[3]=P[10]

v3=volume(Fluid$,P=P[3],x=0)

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume"
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency"

h[3]+w_pump2= h[4] "Steady-flow conservation of energy"
s[4]=entropy(Fluid$,P=P[4],h=h[4])

T[4]=temperature(Fluid$,P=P[4],h=h[4])

"Closed Feedwater Heater analysis"

P[6]=P[9]

y*h[9] + 1*h[4] = 1*h[5] + y*h[6] "Steady-flow conservation of energy"
h[5]=enthalpy(Fluid$,P=P[6],x=0) "h[5] = h(T[5], P[5]) where T[5]=Tsat at P[9]"
T[5]=temperature(Fluid$,P=P[5],h=h[5]) "Condensate leaves heater as sat. liquid at P[6]"
s[5]=entropy(Fluid$,P=P[6],h=h[5])

h[6]=enthalpy(Fluid$,P=P[6],x=0)

T[6]=temperature(Fluid$,P=P[6],x=0) "Condensate leaves heater as sat. liquid at P[6]"
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10-54
s[6]=entropy(Fluid$,P=P[6],x=0)

"Trap analysis"

P[7] = P[10]

y*h[6] = y*h[7] "Steady-flow conservation of energy for the trap operating as a throttle"
T[7]=temperature(Fluid$,P=P[7],h=h[7])

s[7]=entropy(Fluid$,P=P[7],h=h[7])

"Boiler analysis"

g_in + h[5]=h[8]"SSSF conservation of energy for the Boiler"
h[8]=enthalpy(Fluid$, T=T[8], P=P[8])

s[8]=entropy(Fluid$, T=T[8], P=P[8])

"Turbine analysis"

ss[9]=s[8]

hs[9]=enthalpy(Fluid$,s=ss[9],P=P[9])

Ts[9]=temperature(Fluid$,s=ss[9],P=P[9])

h[9]=h[8]-Eta_turb_hp*(h[8]-hs[9])"Definition of turbine efficiency for high pressure stages"
T[9]=temperature(Fluid$,P=P[9],h=h[9])

s[9]=entropy(Fluid$,P=P[9],h=h[9])

ss[10]=s[8]

hs[10]=enthalpy(Fluid$,s=ss[10],P=P[10])

Ts[10]=temperature(Fluid$,s=ss[10],P=P[10])

h[10]=h[9]-Eta_turb_ip*(h[9]-hs[10])"Definition of turbine efficiency for Intermediate pressure stages"
T[10]=temperature(Fluid$,P=P[10],h=h[10])

s[10]=entropy(Fluid$,P=P[10],h=h[10])

ss[11]=s[8]

hs[11]=enthalpy(Fluid$,s=ss[11],P=P[11])

Ts[11]=temperature(Fluid$,s=ss[11],P=P[11])
h[11]=h[10]-Eta_turb_Ip*(h[10]-hs[11])"Definition of turbine efficiency for low pressure stages"
T[11]=temperature(Fluid$,P=P[11],h=h[11])

s[11]=entropy(Fluid$,P=P[11],h=h[11])

h[8] =y*h[9] + z*h[10] + (1-y-z)*h[11] + w_turb "SSSF conservation of energy for turbine"

"Condenser analysis"
(1-y-2)*h[11]=q_out+(1-y-z)*h[1]"'SSSF First Law for the Condenser"

"Cycle Statistics"

w_net=w_turb - ((1-y-z)*w_pumpl+w_pump?2)
Eta_th=w_net/q_in

W_dot_net =m_dot * w_net

Nturb Ntn m [kg/S]
0.7 0.3834 369
0.75 0.397 356.3
0.8 0.4096 345.4
0.85 0.4212 335.8
0.9 0.4321 327.4
0.95 0.4423 319.8
1 0.452 313
Npump Nth m [kg/s]
0.7 0.4509 313.8
0.75 0.4511 313.6
0.8 0.4513 313.4
0.85 0.4515 313.3
0.9 0.4517 313.2
0.95 0.4519 313.1
1 0.452 313
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10-55
Perwn [KPa] y z
100 0.1702 0.05289
200 0.1301 0.09634
300 0.1041 0.1226
400 0.08421 0.1418
500 0.06794 0.1569
600 0.05404 0.1694
700 0.04182 0.1801
800 0.03088 0.1895
900 0.02094 0.1979
1000 0.01179 0.2054
700 — ‘ ‘ ; ‘St‘eaT'AF"WS‘
GOO; 8 W §
500} ]
400} i
o
— 300} g
200} ¥ .
100f 1,2 -
L m 10 kPa
%.0 11 22 33 44 55 66 77 88 99 110
s [kJ/kg-K]
0.46
0.45-
0.44-
0.43 I
< 042 I
: -
0.41
0.4-
0.39 I
0.38 s s s s s s
0.7 0.75 0.8 0.85 0.9 0.95 1
MNturb
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10-56

370 r r T T T T
360
350
@ L J
D 340
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= 330
320
310 . . . . . .
0.7 0.75 0.8 0.85 0.9 0.95 1
MNturb
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< 0.4516 313.4 %
=i ha
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S
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10-57
10-60 A steam power plant that operates on an ideal regenerative Rankine cycle with a closed feedwater heater is
considered. The temperature of the steam at the inlet of the closed feedwater heater, the mass flow rate of the steam
extracted from the turbine for the closed feedwater heater, the net power output, and the thermal efficiency 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),
5 High-P
VI =V g 20 kpa =0.001017 m’/kg | turbine
: !
Wl in =V1(P2 _Pl)/??p | _ Low-P
3 1 Boiler turbine
=(0.001017 m’/kg)(8000 —20 kPa)@
’ l
=9.22 kl/kg | I 1y
hy =hy + Wi 9
_ 4 10
=251.42+9.223 T |Mmixing| ., [closed g ¥
=260.65 kl/kg Cham. IST71 fwh
2

P, =1MPa hy = hy@impa =762.51 kl/kg 11 T3 !
sat.liquid | 3 =v 4 \p, =0.001127m’/kg @ ; °
Wil in =V3(Pll _P3)/77p

=(0.001127 m*>/kg)(8000 — 1000 kPa)/0.88

=8.97kJ/kg

By =hy +w, ;. =762.51+8.97="771.48 kl/kg

pll,in
Also, hy = hyg = hy; = 771.48 klJ/kg since the two fluid streams which are being mixed have the same enthalpy.
Py =8 MPa | hs =3399.5 kl/kg
T5 =500°C |55 =6.7266 kl/kg - K
P; =3 MPa
he, =3104.7 kl/kg
S¢ =S5
hs — hg
hS - hés

— hg = hs —77T(h5 _hﬁs)
=3399.5 - (0.88)(3399.5 - 3104.7) = 3140.1 k/kg

nr =

P, =3 MPa }h7 =3457.2 kJ/kg

T, =500°C [ s, =7.2359 kl/kg-K
P, =1MPa
hgs =3117.1k)/kg

SS = S7

hy —h
Nr :ﬁ—> hs=hy =np(hy = hg,)

T =3457.2 - (0.88)3457.2 - 3117.1)=3157.9 kl/kg
P, =1MPa

T, =349.9°C
hg =3157.9kl/kg
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10-58
P, =20kPa
ho, =2385.2 kl/kg
Sg =87
h —h
nr :ﬁ—> hy = h; —’7T(h7 _h9s)
7 — Mog

=3457.2-(0.88)(3457.2 — 2385.2)=2513.9 kl/kg

The fraction of steam extracted from the low pressure turbine for closed feedwater heater is determined from the steady-
flow energy balance equation applied to the feedwater heater. Noting that O=W=Ake=Ape=0,

(1 - )’)(hw - hz): J’(hg - hz)
(1-y)(771.48 - 260.65) = y(3157.9 - 762.51) —— y =0.1758
The corresponding mass flow rate is
mg = yms =(0.1758)(15 kg/s) =2.637 kg/s
(¢) Then,

Gin = hs — hy +hy — hg =3399.5 - 771.48 + 3457.2 — 3140.1=2945.2 kJ/kg
Gou = (1= y)hy —hy)=(1-0.1758)2513.9 — 251.42) = 1864.8 k/kg

and

W,

net

=1m(qi, — ou ) = (15kg/s)(2945.8 —1864.8)kJ/kg =16,206 KW
(b) The thermal efficiency is determined from

Gou _ 18648KIKg (oo e oo
2945.8 kl/kg

Nn =1-

in
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10-59

10-61 A Rankine steam cycle modified with two closed feedwater heaters is considered. The T-s diagram for the ideal cycle
is to be sketched. The fraction of mass extracted for the closed feedwater heater z and the cooling water flow rate are to be
determined. Also, the net power output and the thermal efficiency of the plant are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (b) Using the data from the problem statement, the enthalpies at various states are

hy=hy @0 pa =251 ki/kg

Y| =V, g 20 kpa =0.00102 m*/kg 5 MPa
Wpl,in :VI(PZ _Pl) 1kJ T 1.4 MPa
= (0.00102 m3/ng5000 -20kPa) ———
1kPa-m’
=5.1kJ/kg
hy =hy +wy 4 =251+5.1=256.1kl/kg 245 kPa

Also,
hy =hyy =h @ass s =533kI/kg
hy, =hy; (throttle valve operation)
hy =he =hs @400 pa =830kJ/kg

hyy = hy (throttle valve operation)

20 kPa

An energy balance on the closed feedwater heater gives
11y + zhy + yhyy =1y + (¥ + 2)hy,

where z is the fraction of steam extracted from the low-pressure turbine. Solving for z,

(hy = hy) + y(hyy — hyy) (533 -256.1) +(0.1153)(533 - 830)

= =0.1017
hy —hy, 2918 - 533
(c) An energy balance on the condenser gives
mghg + 1,y + iy hyy =y +myh,

M, (hyy = b)) = mghg + iy hyy —mihy
Solving for the mass flow rate of cooling water, and substituting with correct units,
_ ms [(1 —y—2)hg +(y+2)h; - lhl]
Y ¢ AT,
_ (50)[(1 —0.1153-0.1017)(2477) + (0.1153 + 0.1017)(533) —- 1(251)]
B (4.18)(10)

=2158kg/s
(d) The work output from the turbines is
Wrou =hs = Yhe —zhy —(1-y - 2)hg
=3900 — (0.1153)(3406) — (0.1017)(2918) — (1 - 0.1153 — 0.1017)(2477)
=1271kl/kg
The net work output from the cycle is
Whet = WT,out — Wp,in
=1271-5.1=1265.9kJ/kg
The net power output is
W, =mw,, =(50kg/s)(1265.9kl/kg) = 63,300 kW = 63.3 MW
The rate of heat input in the boiler is
Qin =m(hs —h,)=(50kg/s)(3900 — 830) kl/kg =153,500 kW
The thermal efficiency is then
W.. 63300kW
0. 153,500kW

Nn = =0.412=41.2%
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10-60

Second-Law Analysis of Vapor Power Cycles

10-62C In the simple ideal Rankine cycle, irreversibilities occur during heat addition and heat rejection processes in the
boiler and the condenser, respectively, and both are due to temperature difference. Therefore, the irreversibilities can be
decreased and thus the 2™ law efficiency can be increased by minimizing the temperature differences during heat transfer in
the boiler and the condenser. One way of doing that is regeneration.

10-63E The exergy destructions associated with each of the processes of the Rankine cycle described in Prob. 10-17E 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 10-17E,
51 =5, =5/ G3psia = 0-2009 Btu/lbm-R T
s3 =5, =1.6413 Btu/lbm-R

@iy =hy —hy =1456.0—111.81=1344.2 Btw/Ibm
Gout = hy —hy =975.24-109.40 = 865.8 Btu/Ibm

The exergy destruction during a process of a stream from an inlet
state to exit state is given by

9in 9 out
X dest :TOS en :TO Se =8;i — +
g T S
source sink

Application of this equation for each process of the cycle gives

1344.2 Btu/lbm
1960 R

Xgestroyed.23 = To (s3 — 5, - Tqi“ J = (500 R)(1.6413 ~0.2009 — ] =377 Btu/lbm
source
865.8 Btu/Ibm

X destroged 41 = To(sl - MJ = (500 R)[0.2009 L6413+ =2

j =146 Btu/lbm
sink
Processes 1-2 and 3-4 are isentropic, and thus

xdestroyed, 12 = 0

xdestroyed, 34 = 0
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10-61

10-64 The exergy destruction associated with the heat rejection process in Prob. 10-21 is 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 10-21,
S| =S5 =58 @iokpa = 0.6492 kl/kg-K
s3 =54 =6.8000 kJ/kg-K
hy =3411.4 kl/kg
Gou =1961.8 kl/kg

The exergy destruction associated with the heat rejection process is

qR.41 =178.0 kd/kg

J =(290 K)(o.6492 ~6.8000 + Mj

X destroyed,41 :TO{SI — Syt
R

The exergy of the steam at the boiler exit is simply the flow exergy,
5 &0
w3 = (s =)= Ty s3 _So)+73 + 6123&0
= (h3 - ho)—ﬂ)(% —So)

where

hy = h@(zc)o K, 100 kPa) = h @0k =71.95kl/kg
50 = S@(290 K100 kPa) = S @ 200k = 0-2533 kl/kg-K

Thus,
v, = (3411.4—71.95) ki/kg — (290 K }6.800 — 0.2532) k)/kg - K = 1440.9 kJ/kg
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10-62

10-65 The component of the ideal reheat Rankine cycle described in Prob. 10-33 with the largest exergy destruction is to be
identified.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Prob. 10-33,
51 =5, =S r@iokpa = 0-6492kJ/kg-K T
§3 =54 =6.5579kJ/kg-K
ss =8¢ =8.0893kJ/kg-K
Gin2.3 =hy —hy =3273.3-199.88 =3073.4 kl/kg
Gin, 4.5 = hs —hy =3485.4-2636.4 = 848.1kJ/kg
qou =2373.1kJ/kg

The exergy destruction during a process of a stream from an
inlet state to exit state is given by

9in 9 out
xdest:TOSgen:TO(se_si_ +T

source sink

Application of this equation for each process of the cycle gives

in,2- 3073.4kI/k
Xgestroyed,23 = To| 53 =55 —uj = (283 K)[6.5579 ~0.6492 ——gj = 687.1kJ/kg
source
in 4. 848.1kJ/k
Xgestroyed.as = To| S5 =54 — Bin, 45 J = (283 K)(8.0893 ~6.5579 —WKg) =161.6 kJ/kg
Xdesroyed.s1 = To| 1= 56 +MJ = (283 K)[0.6492 ~8.0893 +%j =267.6kd/kg
sink

Processes 1-2, 3-4, and 5-6 are isentropic, and thus,

xdestroyed,lz =0
xdestroyed,34 =0
xdestroyed,56 =0

The greatest exergy destruction occurs during heat addition process 2-3.
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10-63

10-66 The exergy destructions associated with each of the processes of the reheat Rankine cycle described in Prob. 10-35

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 10-35,
51 =S5 =5 @ookpa = 0-8320 kl/kg - K
§3 =54 =6.5432 kJ/kg - K
55 =54 =7.1292 kl/kg - K
G230 =3178.3-257.50 =2920.8 kJ/kg
G4s5m =3248.4-2901.0 =347.3 kl/kg
Gout =hg —hy =2349.7 —251.42 =2098.3 kJ/kg

Processes 1-2, 3-4, and 5-6 are isentropic. Thus, ij, = i34 = iss = 0. Also,

Xgestroyed2s = To| 3 =55 + Tr23 J =(295 K)(6.5432 ~0.8320 +
R

Xgestroyedds = To| S5 =54 + R 45 J =(295 K)(7.1292 —6.5432 +
R

Xgestoyed.s1 = To| S1 =56 + A1 ] =(295 K)(0.8320 ~7.1292 +
R
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10-64

13
10-67 E Problem 10-66 is reconsidered. The problem is to be solved by the diagram window data entry feature of EES
by including the effects of the turbine and pump efficiencies. Also, the T-s diagram is to be plotted.

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

function x6$(x6) "this function returns a string to indicate the state of steam at point 6"
xX6$="
if (x6>1) then x6$="(superheated)'
if (x6<0) then x6%$="(subcooled)'
end
"Input Data - from diagram window"
{P[6] = 20 [kPa]
P[3] = 6000 [kPa]
T[3] =400 [C]
P[4] = 2000 [kPa]
T[5] = 400 [C]
Eta_t = 100/100 "Turbine isentropic efficiency"
Eta_p = 100/100 "Pump isentropic efficiency"}
"Data for the irreversibility calculations:"
T_0=295[K]
T_R_L=295[K]
T_R_H =1500 [K]
"Pump analysis"
Fluid$='Steam_IAPWS'
P[1] = P[6]
P[2]=P[3]
X[1]=0 "Sat'd liquid"
h[1]=enthalpy(Fluid$,P=P[1],x=x[1])
v[1]=volume(Fluid$,P=P[1],x=x[1])
s[1]=entropy(Fluid$,P=P[1],x=x[1])
T[1]=temperature(Fluid$,P=P[1],x=x[1])
W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
W_p=W_p_s/Eta_p
h[2]=h[1]+W_p "SSSF First Law for the pump"
v[2]=volume(Fluid$,P=P[2],h=h[2])
s[2]=entropy(Fluid$,P=P[2],h=h[2])
T[2]=temperature(Fluid$,P=P[2],h=h[2])
"High Pressure Turbine analysis"
h[3]=enthalpy(Fluid$, T=T[3],P=P[3])
s[3]=entropy(Fluid$, T=T[3],P=P[3])
v[3]=volume(Fluid$, T=T[3],P=P[3])
s_s[4]=s[3]
hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4])
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4])
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency"
T[4]=temperature(Fluid$,P=P[4],h=h[4])
s[4]=entropy(Fluid$, T=T[4],P=P[4])
v[4]=volume(Fluid$,s=s[4],P=P[4])
h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine"
"Low Pressure Turbine analysis"
P[5]=P[4]
s[5]=entropy(Fluid$, T=T[5],P=P[5])
h[5]=enthalpy(Fluid$, T=T[5],P=P[5])
s_s[6]=s[5]
hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6])
Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6])
vs[6]=volume(Fluid$,s=s_s[6],P=P[6])
Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency"
h[5]=W_t_Ip+h[6]"SSSF First Law for the low pressure turbine"
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X[6]=QUALITY (Fluid$,h=h[6],P=P[6])

"Boiler analysis"

Q_in + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler"
"Condenser analysis"

h[6]=Q_out+h[1]"SSSF First Law for the Condenser"
T[6]=temperature(Fluid$,h=h[6],P=P[6])
s[6]=entropy(Fluid$,h=h[6],P=P[6])

X65$=x6%$(x[6])

"Cycle Statistics"

W_net=W_t_hp+W _t Ip-W_p

Eff=W_net/Q _in

"The irreversibilities (or exergy destruction) for each of the processes are:"

g_R_23 =- (h[3] - h[2]) "Heat transfer for the high temperature reservoir to process 2-3"

i 23=T_0*(s[3] -s[2] + q_R_23/T_R_H)

gq_R_45 =- (h[5] - h[4]) "Heat transfer for the high temperature reservoir to process 4-5"

i_45=T_o*(s[5] -s[4] + q_R_45/T_R_H)

g_R_61 = (h[6] - h[1]) "Heat transfer to the low temperature reservoir in process 6-1"
1=T o*(s[1]-s[6] +gq_ R _61/T R L)

4 =T o*(s[4] -s[3])

6 = T_o*(s[6] -s[5])
2=

i_6
i3
i_5
i_12 =T_o*(s[2] -s[1])

700 T T T T T T 1 S'team:mpv'vS L L L
I Ideal Rankine cycle with reheat

600 |-

500 -
__ 400}
9
~ 300

200 |-

100 |-

0 . . . . . .
00 10 20 30 40 50 6.0
s [kJ/kg-K]

SOLUTION
Eff=0.358 Eta_p=1
Eta_t=1 Fluid$='Steam_IAPWS'
i_12=0.007 [kJ/kg] i_23=1110.378 [kJ/kg]
i_34=-0.000 [kJ/kg] i_45=104.554 [kJ/kg]
i 56=0.000 [kJ/Kg] i 61=240.601 [kJ/kg]
Q_in=3268 [kJ/kg] Q_out=2098 [kJ/kg]
q_R_23=-2921 [kJ/kg] q_R_45=-347.3 [kJ/kg]
gq_R_61=2098 [kJ/kg] T_0=295 [K]
T_R_H=1500 [K] T_R_L=295 [K]
W_net=1170 [kJ/kg] W_p=6.083 [kJ/kg]
W_p_s=6.083 [kJ/Kg] W_t_hp=277.2 [kJ/kg]
W_t 1p=898.7 [kJ/Kkg]

10-65
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10-66

10-68E The component of the ideal regenerative Rankine cycle described in Prob. 10-49E with the largest exergy
destruction is to be identified.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Prob. 10-49E,

S| =S5 =58 7@spsia = 0-23488 Btu/lbm-R T

$3 =54 =57 @aopsia = 0-39213 Btw/Ibm-R

S5 =8¢ =87 =1.5590 Btu/lbm-R

qin =hs —h, =1298.6—-237.6 =1061kJ/kg
Gout = 732.1Btu/lbm
y=0.1109

The exergy destruction during a process of a stream from an
inlet state to exit state is given by

9in 9 out N
xdest:Tosgen:TO(se_si_ +T
source sink

Application of this equation for each process of the cycle gives

Xgestroyed.ds = To [ss 54 ——1in J = (520 R)(l.5590—0.39213— =168.9 Btu/lbm

source

1061 Btu/lbm]

732.1 Btu/lbm

Xaeswoyed.71 = To (sl - q"—‘“j = (520 R)(O.23488 ~15590+ ==

sink

) =43.6 Btu/lbm

For open feedwater heater, we have

xdestroyed,FWH = TO [33 —VSe _(l_y)SZ]
= (520 R)[0.39213 — (0.1109)(1.5590) — (1 - 0.1109)(0.23488)]
=5.4Btu/lbm

Processes 1-2, 3-4, 5-6, and 6-7 are isentropic, and thus
X destroyed,12 — 0 xdestroyed,56 =0
X destroyed, 34 =0 xdcstroycd, 67 — 0

The greatest exergy destruction occurs during heat addition process 4-5.
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10-67

10-69 A single-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The power output from
the turbine, the thermal efficiency of the plant, the exergy of the geothermal liquid at the exit of the flash chamber, and the
exergy destructions and exergy efficiencies for the flash chamber, the turbine, and the entire plant are to be determined.

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

Analysis (a) We use properties of water for geothermal water (Tables A-4, A-5, and A-6)

T, = 2300(:};,1 =990.14 kJ/kg

x =0 s, = 2.6100 kl/kg.K |
P, =500 kPa x, =0.1661 3
hy = h, =990.14 kJ/kg| s, = 2.6841 ki/kg.K steam
] ] turbine

ms =X, > separator 4

=(0.1661)(230 kg/s)

=38.19kg/s 27

condenser
P, =500kPa | hy =2748.1 kl/kg X 6
x3 =1 53 =6.8207 kl/kg-K Flash 5T
P, =10kPa | h, = 24643 ki/kg chamber >
x, =095 |, =7.7739 kl/kg-K
— 1 reinjection Y

Py =500kPa | iy = 640.09 ki/kg production well
xg =0 s¢ =1.8604 kl/kg-K well

mg =my —ny =230-38.19 =191.81kg/s
The power output from the turbine is

Wy =ity (hy —hy) = (38.19kI/kg)(2748.1 - 2464.3)k]/kg = 10,842 KW
We use saturated liquid state at the standard temperature for dead state properties

T, = ZSOC} hy =104.83 kl/kg

Xo=0 | s,=03672kl/kg

E,, =1, (hy —hy) = (230 kI/kg)(990.14 —104.83)kI/kg = 203,622 kW

Wrow 10,842
T T T 03,622

m

=0.0532=5.3%

(b) The specific exergies at various states are
v, =h —hy—Ty(s; —sy)=1(990.14-104.83)kJ/kg — (298 K)(2.6100-0.3672)kJ kg K =216.53 kl/kg
Wy =hy —hy—Ty(s5 —50)=1(990.14—-104.83)kJ/kg — (298 K)(2.6841—-0.3672)kJ/kg. K =194.44 kJ/kg
Wy =hy—hy —T,(s3 —54) =(2748.1-104.83)kJ/kg — (298 K)(6.8207 — 0.3672)kJ/kg K = 719.10 kl/kg
Wa=hy—hy—Ty(s4 —5,)=(2464.3-104.83)kJ/kg — (298 K)(7.7739-0.3672)kJ/kg.K =151.05 kJ/kg

W =he —hy =Ty (56 —5,) = (640.09—104.83)kI/kg — (298 K)(1.8604 — 0.3672)k)/kg. K = 89.97 ki/kg

The exergy of geothermal water at state 6 is

X =1gw =(191.81kg/s)(89.97 kl/kg) = 17,257 kW
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10-68
(c¢) Flash chamber:
Xdest, re =m (y, —yw,) =(230kg/s)(216.53-194.44)kJ/kg = 5080 kW

Miec _Ya 19444 00e_g9.8%
€Ty, 216,53

(d) Turbine:
)'(dest’T =ity (s —w ) =Wy = (38.19 kg/s)(719.10 —151.05)kJ/kg - 10,842 kW = 10,854 kW

W. 10,842k
Myr =—— = 0,842 kW =0.500 = 50.0%
T (v —w,)  (38.19kg/s)(719.10—151.05)k)/kg
(e) Plant:
X bt = iy = (230 kg/s)(216.53 kI/kg) = 49,802 kW

X gestplant =X — Wy = 49,802 10,842 = 38,960 kW

in,Plant

Wy 10842kW

= =0.2177=21.8%
49,802 kW

T1Plant = 2
X

in,Plant
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10-69

Cogeneration

10-70C 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.

10-71C No. A cogeneration plant may involve throttling, friction, and heat transfer through a finite temperature difference,
and still have a utilization factor of unity.

10-72C Yes, if the cycle involves no irreversibilities such as throttling, friction, and heat transfer through a finite
temperature difference.

10-73C 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.
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10-70

10-74 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),

hy =hsgioxpa =191.81kl/kg

VI =V, @ 10kpa =0.00101 m’/kg |

WpLin = Y1 (Pz - Pl) Boiler
3 1kJ
= (0.00101 m /ng600—10 kPa —
1kPa-m
=0.60 kl/kg
Process
hy = hy +wp, =191.81+0.60 =192.41 kl/kg 15 proces
Condenser

hy =hy @ o6wpa = 670.38 kl/kg ;
Mixing chamber: @ : D 1
D sk = tingh, ——> tighy = 1iyhy + ity hy

_ righy ik (22.50)(192.41)+ (7.50)(670.38)
riiy 30
~ 3
v, = Uf @ h/»:311490 kl/kg =0.001026 m /kg

or, hy =311.90 kl/kg

WplLin = Va4 (Ps - P4)
3 1kJ
= (0.001026 m /ng7000 —600 kPa) ——
1kPa-m
=6.57 kl/kg
hs = hy + Wy, =311.90+6.57 = 318.47 kl/kg

P, =7 MPa | hy =3411.4 kl/kg
T, =500°C [ s, =6.8000 kl/kg - K

P, =0.6 MP
7 a }h7 —2774.6 kl/kg
S7 = S6
Ss—S;  6.8000—0.6492
B =10kPa | xg=——L = —0.8201
~ Ste 7.4996 s
S8 =S¢

hg = hy +xghy, =191.81+(0.8201)2392.1) = 2153.6 kl/kg

Then,
WT,out =mg (h6 —hy )+ mg (h7 —hg )
=(30 kg/s)3411.4-2774.6)kJ/kg +(22.5 kg/s ) 2774.6 — 2153.6 )k)/kg = 33,077 kW

Wyin = 1ty Worin +1itgWonin = (22.5 kg/s)0.60 kl/kg)+ (30 kg/s)(6.57 ki/kg) = 210.6 kW

Wt =Wrow —Wpin =33,077-210.6 = 32,866 kKW

AlSo,  Oprocess = 117 (hy — hy) = (7.5 keg/s J(2774.6 — 670.38) ki/kg = 15,782 kW

Oy =115 (hg —hs )= (30 ke/s(3411.4-318.47)= 92,788 kW
d o =Tt Oocess _ 32866+15,782

\ =52.4%
0. 92,788
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10-71

10-75E A large food-processing plant requires steam at a relatively high pressure, which is extracted from the turbine of a
cogeneration plant. The rate of heat transfer to the boiler and the power output of the cogeneration 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-4E, A-5E, and A-6E),

VI =V @2 psia =0.01623 ft*/Ibm
Boiler
WpLin = VI(PZ - Pl)/ﬂp
= L(0.01623 ft*/lbm)(140 — 2)psia
x __1Bm 15 Process
5.4039 psia - ft° heater Condenser
=0.48 Btu/lbm
hy=h +w

- =94.02 + 0.48 = 94.50 Btw/Ibm 3 4
() Je{r1)<
hy = h @ 140 psa = 324.92 Btw/lbm \_/
Mixing chamber:
Ep = Al 0 '
Ein = Eout

or,
1)y + 1ty
hy = T2tz Hritghs (8.5)(94.50) + (1.5)(324.92) —199.07 Btu/lbm
iy 10
V4 Z Vs @ 112907 Brutbm = 0-01640 ft/Ibm
Wpll,in:U4(P5_P4)/77p | s
. Bt
—(0.01640 £*1bm 800~ 140 psia) ———~— |/(0.86)
5.4039 psia-ft
=2.33 Btu/lbm
hs =hy + W,y i =129.07 +2.33=131.39 Btw/lbm

P, =800 psia | s =1512.2 Btu/lbm
T, =1000°F [ s, =1.6812 Btu/lbm - R

Py, =140 psi
7s psia }hh —1287.5 Btw/lbm
S75 =S¢
Sg, =57 1.6812—0.17499
Sk 174444

hgy =h, +xgh, =94.02+(0.8634)1021.7)=976.21 Btw/lbm

=0.8634

P, =2 psia }xgs =
S8s =S¢

Then, Q. =rits(hs —hs)=(10 Ibm/s)1512.2 —131.39)Btu/Ibm = 13,810 Btu/s

(b) WT,out =17 Wr,s =17 [’hs (hs = hyg ) +mg (h7s = hg )]
=(0.86)[(10 Ibm/s)1512.2 —1287.5) Btw/Ibm + (1.5 Ibm/s }1287.5 — 976.21) Btu/Ibm|
= 4208 Btu/s = 4440 KW
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10-72

10-76 A cogeneration plant has two modes of operation. In the first mode, all the steam leaving the turbine at a relatively
high pressure is routed to the process heater. In the second mode, 60 percent of the steam is routed to the process heater and
remaining is expanded to the condenser pressure. The power produced and the rate at which process heat is supplied in the
first mode, and the power produced and the rate of process heat supplied in the second mode 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),

hy

Vi

Wpl,in

WplI,in

=hy @a0pa =251.42 kl/kg
=Vr@20kpa = 0.001017 m3/kg

:U1(P2—P1)

1 kPa-m?

1k
~(0.001017 m?/kg)10.000-20 kPa{—J

=10.15 kl/kg
= hy + Wy, =251.42+10.15=261.57 ki/kg

=h;@osmpa =640.09 kl/kg
=V, @oswpa =0.001093 m’/kg

:V3(P4—P3)

1kPa-m
=10.38 kl/kg

hy =hy+ WplLin = 640.09 +10.38 = 650.47 kl/kg
Mixing chamber:
Ein - Eout = AEsystem

Dtk =Y dith,  ——> itshs = rihy + 1igh,

_tighy +ighy _(2)(261.57)+ (3)(650.47)

20 (steady) =0 — Ein _ E

out

or, hs =494.91kl/kg
ms 5
Py =10 MPa | hg =3242.4 kl/kg
Ts =450°C |54 =6.4219 kl/kg-K
S7 =S —
7 7Sy _ 64219 1'8604:0.9196

P, =0.5MPa }x7 =

. 4.9603
$q =8¢ St

Sy =Sy _ 6.4219-0.8320
S 7.0752

Py =20 kPa }XS = =0.7901

Sg :Sﬁ

When the entire steam is routed to the process heater,

1kJ
~ (0.001093 m*/kg)10,000-500 kPa{—

|

3

Boiler

Process
heater

hy =h; + X7k, =640.09 +(0.9196)2108.0)=2578.6 kl/kg

hy =h; +xgh, =251.42+(0.7901)2357.5)=2114.0 kl/kg

W ou =116 (hg —hy )= (5 kg/s)(3242.4 — 2578.6 )kJ/kg = 3319 kW

Oprocess =117 (hy — 3 )= (5 ke/s)(2578.6 — 640.09 )kJ/kg = 9693 KW

(b) When only 60% of the steam is routed to the process heater,

WT,out =mg (hs —h, )+ g (h7 - hs)

= (5 kg/s)(3242.4—2578.6) kl/kg + (2 kg/s (2578.6 —2114.0) ki/kg = 4248 KW

Qprocess

=11, (hy —hy )= (3ke/s [2578.6 — 640.09) kI/kg = 5816 kKW

Condens.
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10-73

10-77 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 25 MW is 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), | | \l/
6
hl =hj@10kPa =19l.glkJ/kg Turbine
Vl = U/‘@ 10 kPa = 0.00101 m3/kg BOiler 7
WpI,in =V (PZ _Pl) ! 8
3 1kJ
= (000101 m /ngl6OO -10 kPa 1kP—3 Process
a-m 5
=1.61kl/kg T heater
9 Condense
hy =hy +wyp;, =191.81+1.61=193.41kl/kg
b —1 — _
hy=hy=hg =h; g1 6mpa =858.44 kl/kg 1
Vi=Vs@iempe =0.001159 m*/kg fiwh @
WpII,in=V4(P5_P4) "
= (0.001 159 m3/ng9000 — 400 kPa — .6
1kPa-m
=8.57 kl/kg
hs =hy + wyp;, =858.44 +8.57=867.02 kl/kg

P, =9 MPa | hy =3118.8 kl/kg
Ty =400°C [ s4 =6.2876 ki/kg-K

S7=S; 62876 2.3435
S 4.0765
hy =h; +x;h,, =858.44+(0.9675)1934.4)=2730.0 kl/kg

5§ =S 6.2876—0.6492
S 7.4996
hg =h; +xghg =191.81+(0.7518)2392.1)=1990.2 ki/kg

=0.9675

P, =1.6 MPa | x, =
S7 =8¢

P, =10 kPa }xgz =0.7518

S8 :S6

Then, per kg of steam flowing through the boiler, we have

Wrout = (hﬁ —hy )+ (1- y)(h7 —hg )
=(3118.8-2730.0) ki/kg + (1-0.35)(2730.0 — 1990.2) kJ/kg
=869.7 ki/kg

Wpin = (1 - y)wpl,in + WolLin
=(1-0.35)1.61 kJ/kg)+ (8.57 ki/kg)
=9.62 kl/kg

Woet = Wrow — Wpin =869.7 —9.62 =860.1 ki/kg

Thus,
_ Wa 25,000 k)/s

= 29.1kg/s
W  860.1kJ/kg
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10-74

=
10-78 Problem 10-77 is reconsidered. The effect of the extraction pressure for removing steam from the turbine to be
used for the process heater and open feedwater heater on the required mass flow rate is to be investigated.

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

"Input Data"

y = 0.35 "fraction of steam extracted from turbine for feedwater heater and process heater"
P[6] = 9000 [kPa]

T[6] = 400 [C]

P_extract=1600 [kPa]

P[7] = P_extract

P_cond=10 [kPa]

P[8] = P_cond

W_dot_net=25 [MW]*Convert(MW, kW)
Eta_turb= 100/100 "Turbine isentropic efficiency"
Eta_pump = 100/100 "Pump isentropic efficiency"
P[1] = P[8]

P[2]=P[7]

P[3]=P[7]

P[4] = P[7]

P[5]=PI[6]

P[9] = P[7]

"Condenser exit pump or Pump 1 analysis"
Fluid$='Steam_IAPWS'

h[1]=enthalpy(Fluid$,P=P[1],x=0)  {Sat'd liquid}

v1=volume(Fluid$,P=P[1],x=0)

s[1]=entropy(Fluid$,P=P[1],x=0)

T[1]=temperature(Fluid$,P=P[1],x=0)

w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency"

h[1]+w_pump1= h[2] "Steady-flow conservation of energy"
s[2]=entropy(Fluid$,P=P[2],h=h[2])

T[2]=temperature(Fluid$,P=P[2],h=h[2])

"Open Feedwater Heater analysis:"

z*h[7] + (1-y)*h[2] = (1- y + z)*h[3] "Steady-flow conservation of energy"
h[3]=enthalpy(Fluid$,P=P[3],x=0)

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]"
s[3]=entropy(Fluid$,P=P[3],x=0)

"Process heater analysis:"

(y - z)*h[7] = qg_process + (y - z)*h[9] "Steady-flow conservation of energy"
Q_dot_process = m_dot*(y - z)*q_process"[kW]"

h[9]=enthalpy(Fluid$,P=P[9],x=0)

T[9]=temperature(Fluid$,P=P[9],x=0) "Condensate leaves heater as sat. liquid at P[3]"
s[9]=entropy(Fluid$,P=P[9],x=0)

"Mixing chamber at 3, 4, and 9:"

(y-2)*h[9] + (1-y+z)*h[3] = 1*h[4] "Steady-flow conservation of energy"
T[4]=temperature(Fluid$,P=P[4],h=h[4]) "Condensate leaves heater as sat. liquid at P[3]"
s[4]=entropy(Fluid$,P=P[4],h=h[4])

"Boiler condensate pump or Pump 2 analysis"

v4=volume(Fluid$,P=P[4],x=0)

w_pump2_s=v4*(P[5]-P[4])"SSSF isentropic pump work assuming constant specific volume"
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency"

h[4]+w_pump2= h[5] "Steady-flow conservation of energy"
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10-75
s[5]=entropy(Fluid$,P=P[5],h=h[5])
T[5]=temperature(Fluid$,P=P[5],h=h[5])
"Boiler analysis"
g_in + h[5]=h[6]"SSSF conservation of energy for the Boiler"
h[6]=enthalpy(Fluid$, T=T[6], P=P[6])
s[6]=entropy(Fluid$, T=T[6], P=P[6])
"Turbine analysis"
ss[7]=s[6]
hs[7]=enthalpy(Fluid$,s=ss[7],P=P[7])
Ts[7]=temperature(Fluid$,s=ss[7],P=P[7])
h[7]=h[6]-Eta_turb*(h[6]-hs[7])"Definition of turbine efficiency for high pressure stages"
T[7]=temperature(Fluid$,P=P[7],h=h[7])
s[7]=entropy(Fluid$,P=P[7],h=h[7])
ss[8]=s[7]
hs[8]=enthalpy(Fluid$,s=ss[8],P=P[8])
Ts[8]=temperature(Fluid$,s=ss[8],P=P[8])
h[8]=h[7]-Eta_turb*(h[7]-hs[8])"Definition of turbine efficiency for low pressure stages"
T[8]=temperature(Fluid$,P=P[8],h=h[8])
s[8]=entropy(Fluid$,P=P[8],h=h[8])
h[6] =y*h[7] + (1- y)*h[8] + w_turb "SSSF conservation of energy for turbine"
"Condenser analysis"
(1- y)*h[8]=q_out+(1- y)*h[1]"SSSF First Law for the Condenser"
"Cycle Statistics"
w_net=w_turb - ((1- y)*w_pump1+ w_pump2)
Eta_th=w_net/q_in
W_dot_net =m_dot * w_net
Steamapws
Pextract T]th m Qprocess 700 ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '
[kPa] [kg/s] [kW] I 1
200 | 03778 | 254 | 2770 600 - T
400 | 0.3776 | 26.43 2137 i 7]
600 | 0.3781 | 27.11 | 1745 500} T
800 | 0.3787 | 27.63 1459 i 1
1000 | 0.3794 | 28.07 | 1235 o 0r s 1
1200 | 0.3802 | 28.44 1053 2. i 1
1400 | 0.3811 | 28.77 | 900.7 = 3001 9000 kPa 7
1600 | 0.3819 | 29.07 | 770.9 r 3,4,5.9 ]
1800 | 0.3828 | 29.34 659 200 - u 1600 kPa i/ 7
2000 | 0.3837 | 29.59 | 561.8 - 1
100} 1.2 / o i
- . 10 kPa u 1
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
00 11 22 33 44 55 66 7.7 88 99 110
s [kJ/kg-K]
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10-76
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10-77

10-79E A cogeneration plant is to generate power while meeting the process steam requirements for a certain industrial
application. The net power produced, the rate of process heat supply, and the utilization factor of this 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-4E, A-5E, and A-6E),

(b)

(c)

hy = hy g 2aoor =208.49 Btu/lbm
hy, = h

P, =600 psia }h3 =1408.0 Btw/Ibm

T, =800°F sy =s5 =5, =1.6348 Btw/lbm - R
P, =120 psia

}h7 =1229.5 Btu/lbm

S7 = S3

Wnet = I’i15 (hS - h7 )
= (12 1bm/s)(1408.0 ~1229.5) Btu/Ibm
= 2142 Btu/s = 2260 kW

Qprocess = Zmzhz _Zmehe

= titghg + ity hy — it by —
=(6)1408.0)+(12)1229.5)—(18)208.49)
=19,450 Btu/s

& =1 since all the energy is utilized.

3 4
Boiler
6 i
2 Process
T heater
1
@ I
T
) 600 psia
1 120 psia

j

34,5
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10-78

10-80 A Rankine steam cycle modified for a closed feedwater heater and a process heater is considered. The 7-s diagram for
the ideal cycle is to be sketched; the mass flow rate of the cooling water; and the utilization efficiency of the plant are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (b) Using the data from the problem statement, the enthalpies at various states are

hl = h/(‘ @ 10 kPa = 191.81 kJ/kg

Wpl,in:VI(PZ_Pl) - T 2 MPa
= (0.00101 m3/ng10000—10 kPa) ———
1kPa-m?
hy =h +Wppin =191.81+10.1=201.9 kJ/kg
hy=hg =hy=h =908.47 kl/k
3 8 9 f @?2000 kPa g 10 kPa
th = h” = hf @700 kPa = 69700 kJ/kg
An energy balance on the closed feedwater heater gives
y(hs —hg) =hy —h,

hy—h, 908.47-201.9
hs—hg  2930—908.47

y= =0.3495

The process heat is expressed as
Qprocess = Zm(h6 - th) = mwcpATw

L _ zilhg—hy) _0.05(100kg/s)(2714-697.00) kike _ . Kgls
Y ¢ AT, (4.18 kl/kg -°C)(40°C)

(c¢) The net power output is determined from
Wnet = WT - WP
= iy (hy ~hs)+ 2(hy —he) +(1=y=2)(hy ~h7) = wp]
— (100 kg/s){0'3495(3374 —2930) kJ/kg +0.05(3374—-2714) kJ/kg
+(1-0.3495—0.05)(3374 — 2089) kJ/kg — (10.1 kJ/kg)
=94,970 kW

The rate of heat input in the boiler is

O, =m(hy —hy) =(100kg/s)(3874-908.47) kl/kg =296,550kW
The rate of process heat is

Oprocess = 0.0511(hg —hyg) = 0.05(100 kg/s)(2714 — 697.00) ki/kg = 10,085 kW

The utilization efficiency of this cogeneration plant is

Wt + Oprocess (94,970 +10,085) kW
0., 296,550 kW

= 0.354=35.4%

&y =
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10-79

Combined Gas-Vapor Power Cycles

10-81C The energy source of the steam is the waste energy of the exhausted combustion gases.

10-82C Because the combined gas-steam cycle takes advantage of the desirable characteristics of the gas cycle at high
temperature, and those of steam cycle at low temperature, and combines them. The result is a cycle that is more efficient
than either cycle executed operated alone.
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10-80

10-83 A 450-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the
bottoming cycle is an ideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas
with variable specific heats.

Analysis (a) The analysis of gas cycle yields (Table
A-17) T

Ty =300 K ——> hg =300.19 kl/kg 1400 K-
P, =1.386

Ty

P, = %P,S = (14)(1.386)=19.40 —— hy = 635.5 kl/kg
8

T,p = 1400 K ——> hy, =1515.42 kl/kg I s
P, =4505 400°C
P,
p =—lp = L (450.5)=32.18 —— hy; = 735.8 ki/kg
11 P]O 10 14
Ty, =460 K —— h;, =462.02 kl/kg 6
From the steam tables (Tables A-4, A-5, A-6), 300 K7 |

7

Y| =V, @a0kpa =0.001017 m’/kg

Wpl,in:UI(PZ_Pl) Lk
J
= (0.001017 m3/ng600—20 kPa) ———
1 kPa-m?
=0.59 kl/kg

By =h +w, =251.42+0.59 = 252.01 ki/kg

pLin

V3 =V @ o6 mpa =0.001101 m’/kg

WplLin = V3 (P4 - P3)
3 1kJ
= (0.001 101 m /ng&OOO —-600 kPa) ——
1kPa-m
=8.15 kl/kg
hy = hy + Wy, = 670.38+8.15 = 678.53 kl/kg

P, =8 MPa | hy =3139.4 kl/kg
T, = 400°C [ s5 = 6.3658 kl/kg-K

S —S;  6.3658-1.9308
Spe 4.8285
h = hy + xgh, = 670.38+(0.9185)(2085.8) = 2586.1 kl/kg

=0.9185

Py =0.6 MPa | x4 =

S6:S5

s7-S;  6.3658-0.8320
S 7.0752
hy = hy+x7hy =251.42+(0.7821)(2357.5) = 2095.2 kl/kg

P, =20kPa | x; = =0.7821

Noting that Q = 7 = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields
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10-81

E'vin _Eout — AE &0 (steady) =0

system
Ein = Eout

Zmihi = zmehe ——> ity (hs = hy) = 1y, (g = iy )
g hs—h,  3139.4-678.53

Zair = = 8.99 kg air / kg steam
mg  hy—hy  735.80-462.02

S

(b) Noting that O = W = Ake = Ape = 0 for the open FWH, the steady-flow energy balance equation yields

; ; _ AT &0 (steady) _
Ein - Eout - AEsystem =0

Ein = Eout
Zmihi = Zmehe ——> tiyhy + titghg = rshy ——> yhe + (1= y)hy = (ks
Thus,
_hy—h, 670.38—252.01
Y e —h,  2586.1-252.01

wr = hs — hg +(l_y)(h6 _h7)
=3139.4-2586.1+(1—0.1792)(2586.1 - 2095.2) = 956.23 kJ/kg

=0.1792 (the fraction of steam extracted)

Whet,steam = Wr = Wpin = Wr — (1 - y)wp,l —Wpn1

=956.23—(1-0.1792)0.59)—8.15 = 948.56 kJ/kg

Whet,gas = Wr = Wc,in = (hIO - hll)_ (h9 - hS)
=1515.42-735.8—(635.5-300.19) = 444.3 kl/kg

The net work output per unit mass of gas is

= 4443+ -1 (948.56) = 549.8 kJ/kg

Whet = Wnet,gas + ﬁwnet,steam 8.99
e = Waca _ 450,000 KIIs _ g 1071 00
et 549.7 Kl/kg
and
O = 1t (g — hy ) = (818.5 kg/s)1515.42 — 635.5) kl/kg = 720,215 kW
W 450,000 kW
(c) My == =62.5%

0, 720215kW
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10-82

13
10-84 E Problem 10-83 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam
flow rate and cycle thermal efficiency is to be investigated.

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

"Input data”

T[8] = 300 [K] "Gas compressor inlet"

P[8] = 14.7 [kPa] "Assumed air inlet pressure"

"Pratio = 14" "Pressure ratio for gas compressor"

T[10] = 1400 [K] "Gas turbine inlet"

T[12] = 460 [K] "Gas exit temperature from Gas-to-steam heat exchanger "
P[12] = P[8] "Assumed air exit pressure"

W_dot_net=450 [MW]

Eta comp =1.0

Eta_gas_turb=1.0
Eta pump=1.0
Eta steam turb =1.0

P[5] = 8000 [kPa] "Steam turbine inlet"

T[5] =(400+273) "[K]" "Steam turbine inlet"

P[6] = 600 [kPa] "Extraction pressure for steam open feedwater heater"
P[7] = 20 [kPa] "Steam condenser pressure"

"GAS POWER CYCLE ANALYSIS"

"Gas Compressor anaysis"

S[8]=ENTROPY (Air, T=T[8],P=P[8])

ss9=g[8] "For the ideal case the entropies are constant across the compressor"

P[9] = Pratio*P[8]

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit"

Eta_comp =w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp >w_comp_isen"
h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic,
ke=pe=0 per unit gas mass flow rate in kg/s"

h[8]=ENTHALPY (Air, T=T[8])

hs9=ENTHALPY (Air,T=Ts9)

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic,
ke=pe=0"

T[9]=temperature(Air,h=h[9])

S[9]=ENTROPY (Air, T=T[9],P=P[9])

"Gas Cycle External heat exchanger analysis"

h[9] + g_in = h[10]"SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0"
h[10]=ENTHALPY (Air,T=T[10])

P[10]=P[9] "Assume process 9-10 is SSSF constant pressure”
Q_dot_in"MW"*1000"kW/MW"=m_dot_gas*q_in

"Gas Turbine analysis"

s[10]=ENTROPY (Air, T=T[10],P=P[10])

ss11=s[10] "For the ideal case the entropies are constant across the turbine"

P[11] = P[10] /Pratio

Tsll=temperature(Air,s=ss11,P=P[11])"Ts11 is the isentropic value of T[11] at gas turbine exit"
Eta_gas_turb =w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb"
h[10] = w_gas_turb_isen + hs11"SSSF conservation of energy for the isentropic gas turbine, assuming:
adiabatic, ke=pe=0"

hs11=ENTHALPY(Air, T=Ts11)

h[10] = w_gas_turb + h[11]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic,
ke=pe=0"

T[11]=temperature(Air,h=h[11])

s[11]=ENTROPY (Air, T=T[11],P=P[11])
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10-83

"Gas-to-Steam Heat Exchanger"

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic,
W=0, ke=pe=0"

m_dot_gas*h[11] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5]
h[12]=ENTHALPY (Air, T=T[12])

s[12]=ENTROPY (Air,T=T[12],P=P[12])

"STEAM CYCLE ANALYSIS"

"Steam Condenser exit pump or Pump 1 analysis"

Fluid$='Steam_|APWS'

P[1] = P[7]

P[2]=P[6]

h[1]=enthalpy(Fluid$,P=P[1],x=0)  {Saturated liquid}
v1=volume(Fluid$,P=P[1],x=0)

s[1]=entropy(Fluid$,P=P[1],x=0)

T[1]=temperature(Fluid$,P=P[1],x=0)

w_pumpl_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
w_pumpl=w_pumpl_s/Eta _pump "Definition of pump efficiency"

h[1]+w_pumpl= h[2] "Steady-flow conservation of energy"
s[2]=entropy(Fluid$,P=P[2],h=h[2])

T[2]=temperature(Fluid$,P=P[2],h=h[2])

"Open Feedwater Heater analysis"

y*h[6] + (1-y)*h[2] = 1*h[3] "Steady-flow conservation of energy"

P[3]=P[6]

h[3]=enthalpy(Fluid$,P=P[3],x=0)  "Condensate leaves heater as sat. liquid at P[3]"
T[3]=temperature(Fluid$,P=P[3],x=0)

s[3]=entropy(Fluid$,P=P[3],x=0)

"Boiler condensate pump or Pump 2 analysis"

P[4] = P[]

v3=volume(Fluid$,P=P[3],x=0)

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume"
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency"

h[3]+w_pump2= h[4] "Steady-flow conservation of energy"
s[4]=entropy(Fluid$,P=P[4],h=h[4])

T[4]=temperature(Fluid$,P=P[4],h=h[4])

w_steam_pumps = (1-y)*w_pumpl+ w_pump2 "Total steam pump work input/ mass steam"
"Steam Turbine analysis"

h[5]=enthalpy(Fluid$, T=T[5],P=P[5])

s[5]=entropy(Fluid$,P=P[5],T=T[5])

ss6=s[5]

hs6=enthalpy(Fluid$,s=ss6,P=P[6])

Ts6=temperature(Fluid$,s=ss6,P=P[6])
h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency"
T[6]=temperature(Fluid$,P=P[6],h=h[6])

s[6]=entropy(Fluid$,P=P[6],h=h[6])

ss7=s[5]

hs7=enthalpy(Fluid$,s=ss7,P=P[7])

Ts7=temperature(Fluid$,s=ss7,P=P[7])
h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency"
T[7]=temperature(Fluid$,P=P[7],h=h[7])

s[7]=entropy(Fluid$,P=P[7],h=h[7])

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe"
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7]

"Steam Condenser analysis"

(2-y)*h[7]=g_out+(1-y)*h[1]"SSSF conservation of energy for the Condenser per unit mass"
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out

"Cycle Statistics"

MassRatio_gastosteam =m_dot_gas/m_dot_steam

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas _comp)+ m_dot_steam*(w_steam_turb -
w_steam_pumps)"definition of the net cycle work"
Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent"
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Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb +

m_dot_steam*w_steam_turb) "Back work ratio"
W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps)
W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp)

NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam

Pratio MassRatio Whetgas W etsteam Nth NetWorkRatio
gastosteam [kW] [kW] [%] gastosteam
10 7.108 342944 107056 59.92 3.203
11 7.574 349014 100986 60.65 3.456
12 8.043 354353 95647 61.29 3.705
13 8.519 359110 90890 61.86 3.951
14 9.001 363394 86606 62.37 4.196
15 9.492 367285 82715 62.83 4.44
16 9.993 370849 79151 63.24 4.685
17 10.51 374135 75865 63.62 4932
18 11.03 377182 72818 63.97 5.18
19 11.57 380024 69976 64.28 5.431
20 12.12 382687 67313 64.57 5.685
Combined Gas and Steam Power Cycle
1600 T T T T T T T T
1500 ]
1400 ]
1300 ]
1200 _e-Gas Cycle _
1100[ ]
_. 1000} a Steam Cycle 8
X, 900} ]
— I 11
800 i
700| ]
600 r 8000 kPa ]
500[ 3.4 12 ]
400; 1’2 /= 600 kPa 1
300 7- 20 kPa =% - 1
200 [ 1 L 1 L 1 L 1 L 1 L 1 1 | !

s [kJ/kg-K]
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10-85

66 .
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10-86

10-85 A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for the
bottoming cycle. The mass flow rate of air for a specified power output is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg'K and k=1.4 (Table A-2a).
Analysis Working around the topping cycle gives the

following results: T
(k=1)/k 7
P, 1373 K
Ty, =Ts {-ﬁJ =(293K)(8)*¥"* =530.8K
Ps
hes —hs _¢p(Tes —T5)
Mc = =
he —hs Cp(T6_T5)
Tés B TS
=Tt 6 320°C
c .
=293 +M =572.8K
0.85
P (k=1)/k 0.4/1.4 i STEAM :
T =T, {P—g] =(1373 K)(gj =758.0K 293 KT CYCLE 5 pa
7 .
Qout s
hy —hg ¢, (I7 —Tx)

Ny = > Ty =T7 —nr (17 —Tyy)
=1373-(0.90)(1373-758.0)

=819.5K

hy —hg, - Cp(T7 —Tgy)

Ty = Ty @ooookpa = 275.6°C =548.6K

Fixing the states around the bottom steam cycle yields (Tables A-4, A-5, A-6):
hl = hf@ 20kPa — 251.42 kJ/kg
V| =V @a0kes =0.001017 m’ /kg
Wp,in:UI(PZ_Pl) 1K
=(0.001017 m>/kg)(6000 — 20)kPa (—j

3
— 6.08kl/kg IkPa-m
hy = Iy + w5 =251.42+6.08 = 257.5 K/kg

P, = 6000 kPa } hy =2953.6 kl/kg

T, =320°C 53 = 6.1871kl/kg-K
P, =20kPa
hy, =2035.8Kkl/kg

S4 = S3

hy—h
nr :# ——>hy =hy —np(hy —hyy)

3T =2953.6—(0.90)(2953.6 —2035.8)

=2127.6kl/kg
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10-87
The net work outputs from each cycle are

Whet, gas cycle — WT,out ~ WC,in
:Cp(T7 _Tg)—cp(Ts =Ts)
=(1.005 kJ/kg-K)(1373-819.5-572.7+293)K
=275.2kl/kg

Wnet, steam cycle = WT,out - WP,in

=(h; _h4)_wP,in
=(2953.6-2127.6)—6.08
=819.9kl/kg

An energy balance on the heat exchanger gives

¢, (Ty =Ty) o _ (1.005)(819.5-548.6)

myc, Ty —Ty)=m,,(hy-h m
a p( 8 9) w( 3 2) w h3_h2 a 2953.6-257.5

=0.1010ri1,

That is, 1 kg of exhaust gases can heat only 0.1010 kg of water. Then, the mass flow rate of air is

. Woet 100,000 kJ/s
“w., (1x2752+0.1010x819.9) kJ/kg air

net

=279.3kg/s
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10-86 A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for the
bottoming cycle. The mass flow rate of air for a specified power output is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are
¢, =1.005kJ/kg'K and k= 1.4 (Table A-2a). T

Analysis With an ideal regenerator, the temperature of the air 1373 K+
at the compressor exit will be heated to the to the temperature
at the turbine exit. Representing this state by “6a”

T, =T, =819.5K

The rate of heat addition in the cycleis | S N--__

Qin :macp(T7_T6a) 6s
— (279.3 kg/s)(1.005 kl/kg -°C)(1373 ~819.5) K |
=155,370 kW

STEAM

The thermal efficiency of the cycle is then 5 a
Woee 100,000 kW V. «
7 = et = 199, ~0.6436 / Oou s 4
0., 155370kwW o s

Without the regenerator, the rate of heat addition and the thermal efficiency are
0., = myc,(T; —Tg) =(279.3kg/s)(1.005 kJ/kg - °C)(1373 - 572.7) K = 224,640 kW

Wy 100,000 kW

oot _ = 0.4452
0, 224,640kW

Mn =

The change in the thermal efficiency due to using the ideal regenerator is

Ang, =0.6436—0.4452 =0.1984
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10-89

10-87 The component of the combined cycle with the largest exergy destruction of the component of the combined cycle in
Prob. 10-86 is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic

and potential energy changes are negligible. T
Analysis From Problem 10-86, 1373 K+ 7
Tource, gas cycle =1373K
Tource, steameycle = 13 =819.5K
Tgo =293K
51 =55 =S r@aokea = 0-8320kJ/kg-K
53 =6.1871kJ/kg-K 6s 320°C

s, =6.4627kl/kg - K
Gine7 =¢,(T7 —T5) =804.3kl/kg
Ginas = h3 —hy =2696.1kJ/kg | |

Gou =hy —h, =1876.2kJ/kg 293 K1 47 CYCLE 5 p,
i, =0.10107, = 0.1010(279.3) = 28.21 kg/s /1 ‘VQM 4s 4

X destroyed,12 = 0 (isentropic process)

X gestroyed. 34 = 111, T (54 — 53 )= (28.21kg/s)(293 K)(6.4627 — 6.1871) = 2278 kW

y 3 qout
X gestroyed, 41 =M, T [Sl Syt

sink

=8665 kW

= (28.21kg/s)(293 K)£0.8320 —6.1871 +M]

. . ) . T .
Xdestroyed,heatexchanger = maTOAS89 +mwTOAS23 = maTO(cp lnT_ +maTO(SS _Sz)
8

= (279.3)(293){(1 .005) In %} +(28.21)(293)(6.1871—0.8320)
=11260 kW
. T, P, .
X gestroyed.s6 = MaTo| €, =&~ RIn = | = (279.3)(293){(1 005)n 727 _(0.287) ln(8)} = 6280 kW
’ T, P, 293
. , O 1373 804.3
X =m,Ty| ¢, In———0 | =(279.3)(293)| (1.005)In —— ——= | = 23,970 kW
destroyed, 67 atol “p 2 uree J ( )( )|:( ) 5727 1373 :l

: , T, P 819.5 1
X gestroyed.78 = M4 To| €, ln% ~RIn P—jj = (279.3)(293){(1 .005)In T (0.287) 1n(§ﬂ = 6396 kW

The largest exergy destruction occurs during the heat addition process in the combustor of the gas cycle.
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10-90

10-88 A 280-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the
bottoming cycle is a nonideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal
gas with variable specific heats.

Analysis (a) Using the properties of air from Table A-17, the analysis
of gas cycle yields

T
Ty =300 K ——> hg =300.19 ki/kg
P, =1.386
P
P, = F"Prg =(11)1.386)=15.25 — hy, =595.84 ki/kg
8
hos — h
Ne = h9 h8 —> hy = Iy +(h9s _hs)/ﬂc
9~ /g =300.19 + (595.84 — 300.19)/(0.82)
=660.74 kl/kg
Tip =1100 K —— hy, =1161.07 kl/kg
P, =167.1
P
P =—Lp =(ij(167.1):15.19 —> Iy, =595.18 kl/kg
11 P 10 11 &
10
hyy —h
Urzﬁ—_)hn:hlo_ﬂr(ho_hm) s
10 = s =1161.07—80.86)(1161.07—595.18)

=674.40 klJ/kg

T, =420 K —— h, =421.26 kl/kg
From the steam tables (Tables A-4, A-5, and A-6),

Y =V @1okpa =0.00101 m’/kg

Wpl,in:V1(P2—P1) Lk
J
=(0.00101 m3/ng800—10 kPa) ———
1kPa-m
=0.80 k/kg
hy =hy + Wy, =191.81+0.80=192.60 kl/kg
V3=V, g osmpa =0.001115 m’/kg
WhlLin :V3(P4 _P3) .
= (0.001 115 m3/ng5000 —800 kPa 1—J3
1 kPa-m
=4.68 kl/kg
hy =hy +wy;, =720.87 +4.68=725.55 kl/kg

Py =5MPa | hs =3069.3 kl/kg
T5 =350°C |55 =6.4516kl/kg K
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10-91

=0.9545

S e 4.6160

Ses — S 7 —
P, =0.8 MPa }xés _Ses ~S; _ 6451620457
hes =h +xg.h g, =720.87 +(0.9545)2085.8) = 2675.1 ki/kg

Ses =S5

hS _h6

Ny = —— hg =hs = (hs — hg, )=3069.3 - (0.86)(3069.3 — 2675.1)= 2730.3 ki/kg

h5 - hés
S7-5; 64516 0.6492
St 7.4996

=0.7737

P, =10kPa | x,, =

I =k +xh g, =191.81+(0.7737)(2392.1)= 2042.5 ki/kg
hs —h

Ny = # —— hy =hs =y (hs — hyg )=3069.3 —(0.86)3069.3 — 2042.5) = 2186.3 kl/kg
5 M

Noting that O =W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields

Ein _ Eout —AE J0 (steady) _ 0

system
Ein = Eout

Zmihi = Zmehe ——> 1ty (hs = hy )= i (yy = Iy )
Mg hs—hy  3069.3—725.55

air

m, by —h, 674.40-421.26

s

=9.259 kg air / kg steam

(b) Noting that Q =W = Ake = Ape = 0 for the open FWH, the steady-flow energy balance equation yields

Ein _Eout = AE O steady) =0 > Ein = Eout

system
D iy = s h, ——> tityhy + tinghg = rityhy —— yh + (1= ), = (s
Thus,

hy —h, 720.87 —192.60
he —h, 2730.3-192.60

wr =77T[h5 —hg +(1_y)(h6 —h7)]
=(0.86)[3069.3 - 2730.3 + (1 - 0.2082)(2730.3 — 2186.3)| = 769.8 kJ/kg

y= =0.2082 (the fraction of steam extracted)

Whetsteam = Wr = Wpin = Wr — (1 - y)wp,I ~Wp
=769.8 — (1-0.2082)(0.80) - 4.68 = 764.5 k)/kg

Wnet,gas =Wwr — Wein = (hIO - hll )_ (h‘) - hS)
=1161.07 — 674.40 — (660.74 — 300.19) =126.12 kJ/kg

The net work output per unit mass of gas is

W (764.5)=208.69 kl/kg

net — Wnet,gas + 6 42 5 Wnet,steam

=126.12 + !
9.259

p = Wi 280000 KIS _ 10y
w.  208.69 ki/kg

net

and Oy, =iy (g — o )=(1341.7 kg/s\1161.07 — 660.74) kJ/kg = 671,300 KW

Wi 280,000 kW

0, 671,300 kW

(©) N = —0.4171=41.7%
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13
10-89 E Problem 10-88 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam
flow rate and cycle thermal efficiency is to be investigated.

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

"Input data”

T[8] = 300 [K] "Gas compressor inlet"

P[8] = 100 [kPa] "Assumed air inlet pressure"

"Pratio = 11" "Pressure ratio for gas compressor"

T[10] = 1100 [K] "Gas turbine inlet"

T[12] = 420 [K] "Gas exit temperature from Gas-to-steam heat exchanger "
P[12] = P[8] "Assumed air exit pressure"

W_dot_net=280 [MW]
Eta_comp =0.82
Eta_gas_turb = 0.86
Eta pump=1.0

Eta steam_turb = 0.86

P[5] = 5000 [kPa] "Steam turbine inlet"

T[5] =(350+273.15) "K"  "Steam turbine inlet"

P[6] = 800 [kPa] "Extraction pressure for steam open feedwater heater"
P[7] = 10 [kPa] "Steam condenser pressure"

"GAS POWER CYCLE ANALYSIS"

"Gas Compressor anaysis"

S[8]=ENTROPY (Air, T=T[8],P=P[8])

ss9=g[8] "For the ideal case the entropies are constant across the compressor"

P[9] = Pratio*P[8]

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit"

Eta_comp = w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp >w_comp_isen"
h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic,
ke=pe=0 per unit gas mass flow rate in kg/s"

h[8]=ENTHALPY (Air, T=T[8])

hs9=ENTHALPY (Air,T=Ts9)

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic,
ke=pe=0"

T[9]=temperature(Air,h=h[9])

S[9]=ENTROPY (Air, T=T[9],P=P[9])

"Gas Cycle External heat exchanger analysis"

h[9] + g_in = h[10]"SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0"
h[10]=ENTHALPY (Air,T=T[10])

P[10]=P[9] "Assume process 9-10 is SSSF constant pressure”
Q_dot_in"MW"*1000"kW/MW"=m_dot_gas*q_in

"Gas Turbine analysis"

s[10]=ENTROPY (Air, T=T[10],P=P[10])

ss11=s[10] "For the ideal case the entropies are constant across the turbine"

P[11] = P[10] /Pratio

Tsll=temperature(Air,s=ss11,P=P[11])"Ts11 is the isentropic value of T[11] at gas turbine exit"
Eta_gas_turb =w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb"
h[10] = w_gas_turb_isen + hs11"SSSF conservation of energy for the isentropic gas turbine, assuming:
adiabatic, ke=pe=0"

hs11=ENTHALPY(Air, T=Ts11)

h[10] = w_gas_turb + h[11]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic,
ke=pe=0"

T[11]=temperature(Air,h=h[11])

s[11]=ENTROPY (Air, T=T[11],P=P[11])
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10-93

"Gas-to-Steam Heat Exchanger"

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic,
W=0, ke=pe=0"

m_dot_gas*h[11] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5]
h[12]=ENTHALPY (Air, T=T[12])

s[12]=ENTROPY (Air,T=T[12],P=P[12])

"STEAM CYCLE ANALYSIS"

"Steam Condenser exit pump or Pump 1 analysis"

Fluid$='Steam_|APWS'

P[1] = P[7]

P[2]=P[6]

h[1]=enthalpy(Fluid$,P=P[1],x=0)  {Saturated liquid}
v1=volume(Fluid$,P=P[1],x=0)

s[1]=entropy(Fluid$,P=P[1],x=0)

T[1]=temperature(Fluid$,P=P[1],x=0)

w_pumpl_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
w_pumpl=w_pumpl_s/Eta _pump "Definition of pump efficiency"

h[1]+w_pumpl= h[2] "Steady-flow conservation of energy"
s[2]=entropy(Fluid$,P=P[2],h=h[2])

T[2]=temperature(Fluid$,P=P[2],h=h[2])

"Open Feedwater Heater analysis"

y*h[6] + (1-y)*h[2] = 1*h[3] "Steady-flow conservation of energy"

P[3]=P[6]

h[3]=enthalpy(Fluid$,P=P[3],x=0)  "Condensate leaves heater as sat. liquid at P[3]"
T[3]=temperature(Fluid$,P=P[3],x=0)

s[3]=entropy(Fluid$,P=P[3],x=0)

"Boiler condensate pump or Pump 2 analysis"

P[4] = P[]

v3=volume(Fluid$,P=P[3],x=0)

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume"
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency"

h[3]+w_pump2= h[4] "Steady-flow conservation of energy"
s[4]=entropy(Fluid$,P=P[4],h=h[4])

T[4]=temperature(Fluid$,P=P[4],h=h[4])

w_steam_pumps = (1-y)*w_pumpl+ w_pump2 "Total steam pump work input/ mass steam"
"Steam Turbine analysis"

h[5]=enthalpy(Fluid$, T=T[5],P=P[5])

s[5]=entropy(Fluid$,P=P[5],T=T[5])

ss6=s[5]

hs6=enthalpy(Fluid$,s=ss6,P=P[6])

Ts6=temperature(Fluid$,s=ss6,P=P[6])
h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency"
T[6]=temperature(Fluid$,P=P[6],h=h[6])

s[6]=entropy(Fluid$,P=P[6],h=h[6])

ss7=s[5]

hs7=enthalpy(Fluid$,s=ss7,P=P[7])

Ts7=temperature(Fluid$,s=ss7,P=P[7])
h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency"
T[7]=temperature(Fluid$,P=P[7],h=h[7])

s[7]=entropy(Fluid$,P=P[7],h=h[7])

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe"
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7]

"Steam Condenser analysis"

(2-y)*h[7]=g_out+(1-y)*h[1]"SSSF conservation of energy for the Condenser per unit mass"
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out

"Cycle Statistics"

MassRatio_gastosteam =m_dot_gas/m_dot_steam

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas _comp)+ m_dot_steam*(w_steam_turb -
w_steam_pumps)"definition of the net cycle work"
Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent"
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10-94
Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb +
m_dot_steam*w_steam_turb) "Back work ratio"
W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps)
W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp)
NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam
Pratio MassRaliOgasosiean - 1600 IColmtlnn('ad IGas alnd'St(Iaarp F’IovxferICy'cIeI
[%0] 1500 [ ]
10 8.775 42.03 1400 [ 10 1
11 9.262 41.67 1300 [ ]
12 9.743 41.22 1200 —e—Gas Cycle b
13 10.22 40.68 1100 1
14 10.7 40.08 1000 m Steam Cycle 1
15 11.17 39.4 < o0l - 1
16 11.64 38.66 ool 1 1
17 12.12 37.86 ool 1
18 12.59 36.99 sool ]
19 13.07 36.07 sool - 5000 kPa 1 ]
20 13.55 35.08 ol 12 g 800 kPa 1
300 _/'/ 101Pa g - ]
200 L . . oy
0.0 11 2.2 3.3 4.4 55 6.6 7.7 8.8 11.0
s [kJ/kg-K]
14

MassRatlogastosteam

10 12 14 16 18 20
Pratio

43

Nth (%]

10 12 14 16 18 20
Pratio
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10-90 A combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the bottoming
cycle is a nonideal reheat Rankine cycle. The moisture percentage at the exit of the low-pressure turbine, the steam
temperature at the inlet of the high-pressure turbine, and the thermal efficiency of the combined cycle are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas
with variable specific heats.

Analysis (a) We obtain the air properties from EES. The analysis of gas cycle is as follows

T, =15°C —> h, = 288.50 kl/kg

T. =15°C Combustion

T s, =5.6648 kl/kg . chamber
P, =100 kPa 0
Py =700 kP

’ a}hgs =503.47 kl/kg Compressor
S8 = S7

he, —h 7
e = h8 —h7 —> hg =hy +(hg, —hy )/ ¢ 10
8= =290.16+(503.47 —290.16)/(0.80) ¢ || | Heat

=557.21kl/kg exchanger
3

Ty =950°C —— hy =1304.8 kJ/kg
T, =950°C

Py =700kPa
P, =100 kPa

Steam
turbine

}s9 =6.6456 kl/kg

}hl()s =763.79 kl/kg
S10 = S9

h9 _hlo

nr T _h —> hg=hy —'IT(h9 _hIOs)
9 ~Mos =1304.8—(0.80)1304.8 - 763.79)

=871.98 kl/kg

Ty, = 200°C——> hy, = 475.62 kJ/kg T
o | 9
From the steam tables (Tables A-4, A-5, and A-6 950°C
or from EES),
hl = h/z‘ @ 10 kPa = 19181 kJ/kg
VI =V @10 kpa =0.00101 m’/kg
WolLin = Ul(132 - H)/Up
= (0.00101 m3/ng6ooo —10 kPa # /0.80 85 | MP
1 kPa-m a
=7.56 kl/kg 5
By =hy + Wy, =191.81+7.65=199.37 kl/kg
P, =1 MPa) hy =3264.5 kl/kg e o CYCLE 4s
T5 =400°C | s5 = 7.4670 kl/kg-K 10 kPa
Ses =S 7.4670—0.6492 Qou s

=0.9091
S e 7.4996

P, =10 kPa }xm =
hey =hy +xg.h g, =191.81+(0.9091)2392.1) = 2366.4 kl/kg

Ses =S5
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10-96
hs —h
N :ﬁ —> hg=h;s _’7T(h5 _hés)
5~ Mes =3264.5—(0.80)(3264.5-2366.4)
=2546.0 kl/kg
P, =10 kPa B
he = 2546.5 kJ/kg}"6 = 09842

Moisture Percentage =1-x4, =1-0.9842 =0.0158 = 1.6%

(b) Noting that O =W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields
Ein = Eout
D sk =Y s,
titg (hy = hy )+ v (hs =y ) = sty (g =y, )
(1.15)[(3346.5-199.37) + (3264.5— h, )| = (10)(871.98 — 475.62) ——> h, = 2965.0 kl/kg

Also,
P, =6MPa | h; = P, =1MPa
h4s:
T; =? 5y = S4s =83
hy—h
Nnr = ! —>h4:h3—777(h3_h4s)
h3_h4s

The temperature at the inlet of the high-pressure turbine may be obtained by a trial-error approach or using EES from the
above relations. The answer is 75 = 468.0°C. Then, the enthalpy at state 3 becomes: /; = 3346.5 kl/kg

(©) Wt gas = titgis (o — By )= (10 kg/s (1304.8 — 871.98) ki/kg = 4328 kW
We gas = e (hg — by )= (10 kg/s (557.21 - 288.50) kl/kg = 2687 kW

Wnct, gas

W oy — W gus = 4328 — 2687 = 1641 kKW
Wi geam = 1itg (s = hy + hs — hg )= (1.15 kg/s (33465 — 2965.0 + 3264.5 — 2546.0) ki/kg = 1265 kW

Wp seam = MWy = (115 kg/s )(7.564) kI/kg =8.7 kW

s "V pump
Wnet,steam = WT,Steam - WP,steam =1265-8.7=1256 kW

Wnet,plam = Wnet,gas + Wnet,steam

=1641+1256 = 2897 kW
(d) Oy, = ity (hy — hg )= (10 kg/s)1304.8 — 557.21) k)/kg = 7476 kW

Wnet,plant _ 2897 kW

= = 0.388 = 38.8%
0,  T476kW

N =
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10-97

Special Topic: Binary Vapor Cycles

10-91C In binary vapor power cycles, both cycles are vapor cycles. In the combined gas-steam power cycle, one of the
cycles is a gas cycle.

10-92C Binary power cycle is a cycle which is actually a combination of two cycles; one in the high temperature region,
and the other in the low temperature region. Its purpose is to increase thermal efficiency.

10-93C Steam is not an ideal fluid for vapor power cycles because its critical temperature is low, its saturation dome
resembles an inverted V, and its condenser pressure is too low.

10-94C Because mercury has a high critical temperature, relatively low critical pressure, but a very low condenser pressure.
It is also toxic, expensive, and has a low enthalpy of vaporization.

10-95 Consider the heat exchanger of a binary power cycle. The working fluid of the topping cycle (cycle A) enters the
heat exchanger at state 1 and leaves at state 2. The working fluid of the bottoming cycle (cycle B) enters at state 3 and
leaves at state 4. Neglecting any changes in kinetic and potential energies, and assuming the heat exchanger is well-
insulated, the steady-flow energy balance relation yields

Ein _ Eom _ AE &0 (steady) -0
Ein = Eout
D tigh, = ik

myhy +mghy =m hy +mghy or mA(hz _hl):mB(h3 _h4)

system

Thus,

My _hy—hy

mB h2 - hl
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Review Problems

10-96 A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The
thermal efficiency of the cycle is to be compared when it is operated so that the liquid enters the pump as a saturated liquid
against that when the liquid enters as a subcooled liquid.

determined power produced by the turbine and consumed by the pump 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),
hy =h @ soxpa =340.54kl/kg T
Y| =V @a0kpa =0.001030m’ /kg

Wp,in:UI(PZ_Pl) 1K
= (0.001030 m?/kg)(6000 — 50)kPa (—j

3
—6.13kJ/kg IkPa-m
hy = Iy + w5 = 340.54+6.13 = 346.67 Kl/kg

P, = 6000 kPa } hy =3658.8kl/kg

Ty = 600°C 53 =7.1693kl/kg-K 5
Sq4—S —
Py =50kPa | x, =400 610912 (o0
S 6.5019
S4 :S3

hy =hy +x4h g =340.54+(0.9348)(2304.7) = 2495.0 kJ/kg

Thus,
qin =Ny —h, =3658.8-346.67 =3312.1kJ/kg
Gout =Ny —hy =2495.0-340.54 =2154.5k)/kg
and the thermal efficiency of the cycle is

ng =1-Jou 1 _ 21345 _ 4 3405

3312.1

When the liquid enters the pump 11.3°C cooler than a saturated liquid at the condenser pressure, the enthalpies become

P, =50kPa hy = h e =293.07kl/kg
Ty = T@sorpa —11.3=81.3-113=70°C | v, v, 7p0c =0.001023m* /kg

S

Wp,in:VI(P2_Pl) 1K
= (0.001023 m> /kg)(6000 — 50)kPa (—J
— 6.09 kJ/kg IkPa-m

hy = hy + W, =293.07+6.09 =299.16 kl/kg

Then,

Gin = hy —hy = 3658.8-299.16 = 3359.6 kl/kg
Gou = hq —hy =2495.0~293.09 = 2201.9 kl/kg

ng =1-Jou 122019 _ 4 304
3359.6

in

The thermal efficiency slightly decreases as a result of subcooling at the pump inlet.
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10-99

10-97E A geothermal power plant operating on the simple Rankine cycle using an organic fluid as the working fluid is

considered. The exit temperature of the geothermal water from the vaporizer, the rate of heat rejection from the working
fluid in the condenser, the mass flow rate of geothermal water at the preheater, and the thermal efficiency of the Level I

cycle of this plant are to be determined.

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

Analysis (a) The exit temperature of geothermal water from the vaporizer is determined from the steady-flow energy
balance on the geothermal water (brine),

Qbrine = rhbrinecp (TZ - Tl )
—22,790,000 Btu/h = (384,286 1bm/h)1.03 Btw/Ibm -°F)T, —325°F)
T, = 267.4°F

(b) The rate of heat rejection from the working fluid to the air in the condenser is determined from the steady-flow energy
balance on air,

Qair = maircp (T9 _TS)
= (4,195,100 1bm/h)(0.24 Btu/lbm - °F)84.5—55°F)
=29.7 MBtu/h

(c) The mass flow rate of geothermal water at the preheater is determined from the steady-flow energy balance on the
geothermal water,

Qgeo = mgeocp (Tout -T )
~ 11,140,000 Btw/h = rir, (1.03 Btw/Ibm - °F)(154.0 - 211.8°F)
Mye, =187,120 Ibm/h
(d) The rate of heat input is

Oin = Ovaporizer + Oreheater = 22,790,000 +11,140,000

= 33,930,000 Btu/h
and
W, =1271-200 =1071 kW
Then,
W 1071 kW 3412.14 Bt
Ny == = Y 1-10.8%
0, 33,930,000 Btwh{ 1kWh
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10-98 A steam power plant operating on an ideal Rankine cycle with two stages of reheat is considered. 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),
V| =V @ 30kpa =0.001022 m’/kg T
Wp,in:VI(Pz_Pl) Lk
= (0.001022 m3/ng10,000 -30 kPa{—J

1 kPa-m?
=10.19 kl/kg
hy =h + Wpin =289.18+10.19=299.37 kJ/kg 10 MPa

P, =10 MPa | 7, =3500.9 kJ/kg 5
T, =550°C s3 —6 7561 ki/kg - K

4MPa 2 MPa

P, =4 MPa

S4 :S3

hy =3204.9 ki/kg /i 30 kPa 8

P, =4 MPa | hs =3559.7 ki/kg
T =550°C s, =7.2335kI/kg K

56 = 55 hg =3321.1kl/kg

P, =2 MPa | h, =3578.4 kl/kg
T, =550°C [ s, =7.5706 ki/kg-K
Sy =Sy _7.5706—0.9441

S fe 6.8234
hg =h, +xgh g, =289.27+(0.9711)2335.3)=2557.1 ki/kg

=0.9711

SS =S7

x8—

}
|
P6=2MPa}
|
}

Then,
9in :(h3 _h2)+(h5 _h4)+(h7 —hs)
=3500.9 -299.37 +3559.7 —3204.9 + 3578.4 —3321.1=3813.7 kJ/kg
Gout =hg —hy =2557.1-289.18 =2267.9kJ/kg
Woet =Gin — Qout = 3813.7—2267.9 =1545.8 kl/kg
Thus,
Whet _ 1545.8 kl/kg — 04053 = 40.5%

T = 3813.7 kl/ke

(b) The mass flow rate of the steam is then

iy Vot _ TS000KUs_yo oy e
W  1545.8 kl/kg

net

10-100
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10-99 A steam power plant operating on the ideal Rankine cycle with reheating is considered. The reheat pressures of the
cycle are to be determined for the cases of single and double reheat.
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis (a) Single Reheat: From the steam tables (Tables A-4, A-5, and A-6),

Py =10kPa | hg = hy +xhy, =191.81+(0.92)2392.1) = 2392.5 ki/kg
S =5, + X8, = 0.6492+(0.92)(7.4996) = 7.5488 ki/kg - K

xg = 0.92
T5 = 600°C
P, = 2780 kPa T T
S5 = Sg DOUBLE 3 5 7
600°C- 600°C g
(b) Double Reheat: 25
Py =25MPa B MPa 4 6
T, = 600°C }s3 =6.3637 kl/kg-K
P4 = Px PS = Px 2
si=s; 1 _g00°C
10 kPa
/1 6 /1 8
s s

Any pressure P, selected between the limits of 25 MPa and 2.78 MPa will satisfy the requirements, and can be used for the
double reheat pressure.
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10-102

10-100 An 150-MW steam power plant operating on a regenerative Rankine cycle with an open feedwater heater is
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility
associated with the regeneration process are to be determined.

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

Analysis
I T
5
Boiler
6 $ 1y
7

y

T4 Open Condenser
fwh
g 1
3 1 Gout
Pl
s

(@) From the steam tables (Tables A-4, A-5, and A-6),

h] :hf@IOkPa :19181kJ/kg

Wolin = VI(PZ _R)/np
~(0.00101m/kg|500-10 kPa{lllj /(0.95)

kPa-m’
=0.52kJ/kg
hy =h+ Wholin = 191.81+0.52=19233kJ/kg

satliquid V5 =V @05 mpa = 0001093 m’/kg

WolLin = V3 (P4 - P3)/np
= (0.001093 m3/ng10,ooo —500 kpa{&}}(o.%)

1 kPa-m
=10.93 kJ/kg
hy =hy+ WolLin = 640.09 +10.93 = 651.02 kl/kg

P, =10 MPa }hs =3375.1kl/kg

Ty =500°C [ 54 =6.5995 kl/kg - K
Sege — S —
xp < So TS _6.5995-18604 o 0
b 05 Mp S 4.9603
6 T N g =k, +xg,h , =640.09 +(0.9554)2108.0)
Ses =S 6s f 65" fg
‘ =2654.1k)/kg
hs —h
Ir = hs_hé — hg = hs —77T(h5 _hes)
5~ Mes =3375.1-(0.80)(3375.1-2654.1)

=2798.3 kl/kg
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10-103
S7s =S . —0.
ey, =378 6.5995-0.6492 _ 0.,
P 10 kPa S fe 7.4996
SZS . }h7s =h; +x5.h =191.81+(0.7934)(2392.1)
' =2089.7 kJ/kg
hs —h
Nr :#—_) hy = hs —’7T(h5 _h7s)
s =M =3375.1-(0.80)(3375.1-2089.7)
=2346.8 ki/kg

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater
heaters. Noting that Q =W = Ake= Ape=0,
Ein - Eout = AE‘vsysteméjo sready) =0
Ein = Eout
Zmihi = Zmehe ——> tiighg + ity hy = rityhy ——> yhe + (1= y)hy =1(h;)

where y is the fraction of steam extracted from the turbine (=11 / 713 ). Solving for y,

hy —h,  640.09 -192.33

- =0.1718
he —h, 2798.3-192.33

y:

Then, ¢y, = hs—hy =3375.1-651.02 = 2724.1 k/kg
Gout = (1= )y — 1) = (1-0.1718)(2346.8 —191.81) = 1784.7 kJ/kg
Waet = Gin — Gout = 2724.1-1784.7 = 939.4 kl/kg

and

 We 150,000 kJ/s
939.4 ki/kg

=159.7 kg/s

Whet

(b) The thermal efficiency is determined from

Gout 1784.7 kl/kg
Ny =1-—"%=1- >
2724.1kl/kg

in

34.5%

Also,

P, =0.5 MPa

s = 6.9453 kl/kg - K
hs = 2798.3 kl/kg

$3 =57 @05 mpa = 1.8604 kl/kg-K
Sy =8 =S;@iokea = 0.6492 kl/kg-K

Then the irreversibility (or exergy destruction) associated with this regeneration process is

Jo
iregen :Tosgen :TO[Zmese _Zmisi +% ]:TO[S3 —VSs _(l_y)SZ]

=(303 K)[1.8604 —(0.1718)6.9453)—(1-0.1718)(0.6492)]
=39.25 kJ/kg
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10-104

10-101 An 150-MW steam power plant operating on an ideal regenerative Rankine cycle with an open feedwater heater is
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility
associated with the regeneration process are to be determined.

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

Analysis
T
Boiler
T4
%
s
(@) From the steam tables (Tables A-4, A-5, and A-6),
hy =h; G0 =191.81kJ/kg
VI =V, @ 10kpa =0.00101 m’/kg
WolLin = Y1 (Pz _Pl) 1K
= (0.00101 m3/ng500—10 kPa) —— |=0.50 kl/kg
1 kPa-m?
hy =hy +wy i, =191.81+40.50 =192.30 kl/kg
P; =0.5MPa hy = hf @0.5MPa — 640.09 kJ/kg
sat.liquid V3 =V;@osmpa =0.001093 m? /kg
plI in = P3) 1kJ
(O 001093 m3/ng10,000 —500 kPa) ———— | =10.38 kl/kg
1kPa-m

hy = hy + Wy = 640.09 +10.38 = 650.47 ki/kg

P =10 MPa }hs =3375.1kl/kg

Ty =500°C [ s5=6.5995 kl/kg-K
Se=S; _ 6.5995-1.8604

P =05 MPa}xé _ 6S S 9603 =0.9554
Sg =8 s i

o he = hy + x6h,, = 640.09 +(0.9554)2108.0) = 2654.1 ki/kg

787 6.5995-0.6492

7 =10 kPa } T, 7.4996

§7 =55

hy = hy+x;hg =191.81+(0.7934)(2392.1) = 2089.7 ki/kg

The fraction of steam extracted is determined from the steady-flow energy equation applied to the feedwater heaters. Noting
that Q=W = Ake = Ape =0,

" " " J0 (stead; - -
Ein _Eout = AEsystem (sready) 0 — Ein = Eout
Zmihi = Zmehe ——> sitghg + 1ty hy = ritshy —— yhe + (1= y)hy =1(h3)
where y is the fraction of steam extracted from the turbine (= / 11, ). Solving for y,
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10-105
_hy—h,  640.09-192.31

Y he —h,  2654.1-19231

=0.1819

Then, gy, = hs—hy = 3375.1—-650.47 = 2724.6 kJ/kg

Gou = (1= )hy — ) = (1-0.1819)(2089.7 —191.81) = 1552.7 kl/kg
Wnet = Gin — Gout = 2724.6—1552.7 = 1172.0 kl/kg
. W, 150,000 kJ/s
and m= =
Whe  1171.9 ki/kg

=128.0 kg/s

(b) The thermal efficiency is determined from

1552.7 kl/k
gy =1-Jou _p_ £ _ 43.0%
¢n | 27247 Klkg

Also,

Sg =55 =6.5995 kl/kg - K
S3 =57 @osmpa =1.8604 kl/kg-K
53 =51 =5;@1okpa = 0.6492kJ/kg-K

Then the irreversibility (or exergy destruction) associated with this regeneration process is

J0
iregen :Tosgen :TO[Zmese _Zmisi +% ]:TO[S3 —VSs _(l_y)SZ]

=(303 K )[1.8604 —(0.1819)6.5995)—(1-0.1819)0.6492)]
=39.0 kd/kg
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10-106

10-102 An ideal reheat-regenerative Rankine cycle with one open feedwater heater is considered. The fraction of steam
extracted for regeneration and the thermal efficiency of the cycle 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),

VI =V @15k =0.001014 m’/kg |

WpLin = Y1 (Pz -A ) 1K Boiler

~(0.001014 m*/kg)600-15 kPa) — |

1 kPa-m?
=0.59 kJ/kg
hy = hy + Wy =225.94+0.59 = 226.53 ki/kg
Open

Py =0.6MPa | i3 =/ g o6mpa = 670.38 kl/kg T4 fwh Condens.
sat. liquid V3 =V;@osmpa =0.001101 m’/kg 2

1
N
WplLin = Y3 (P4 - PS) { 1k J @
3

=10.001101 m3/nglO,OOO —600 kPa

=10.35 kl/kg
hy = hy + Wy = 670.38 +10.35 = 680.73 kl/kg

1kPa-m

P, =10 MPa | hs =3375.1kJ/kg
T =500°C |55 =6.5995 kI/kg-K

P, =1.0 MPa

5e = 55 }h6 =2783.8 kl/kg

P, =1.0 MPa | h; =3479.1kJ/kg
T; =500°C |5, =7.7642 kl/kg - K

B, = 0.6 MPa
Sg = §7

}hg =3310.2 kl/kg

So =Sy 7.7642-0.7549
S 7.2522
hy = hy + xohy, =225.94+(0.9665)2372.3) = 2518.8 kl/kg

=0.9665

B =15kPa | Xy =
S9 =87

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater
heaters. Noting that Q =W = Ake = Ape=0,

Ein _Eout = AE F0(teady) =0 - Ein = Eout

system
Zmihi = zmehe ——> tighg + 1y hy = tishy —— yhy + (1= y)hy =1(h3)
where y is the fraction of steam extracted from the turbine (=g /73 ). Solving for y,

_hy—hy, _ 670.38-226.53
Y h—h,  33102-226.53

0.144

(b) The thermal efficiency is determined from
Gin = (s —hy )+ (hy —hg)=(3375.1-680.73)+(3479.1-2783.8) = 3389.7 kl/kg
Gout = 1=y Ny —hy )= (1-0.1440)2518.8 —225.94) = 1962.7 kJ/kg

1962.7 k.
and mh:l_qout 1 962.7 ki/kg _
3389.7 kl/kg

in

42.1%
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10-107

10-103 A nonideal reheat-regenerative Rankine cycle with one open feedwater heater is considered. The fraction of steam
extracted for regeneration and the thermal efficiency of the cycle are to be determined.

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

Analysis

Turbine

Boiler

Ly
9
er

y
Condens
fwh
2 1
()< 00
<— s
(@) From the steam tables (Tables A-4, A-5, and A-6),

hl = hf@ 15 kPa = 22594 kJ/kg
VI =V @ 1skpa =0.001014 m*/kg

Wpl.in :VI(PZ_PI) LT
= (0.001014 m3/ng600—15 kPa) ————
1kPa-m’
=0.59 kJ/kg
hy =hy + W, =22594+0.59 = 226.54 ki/kg

P3 =0.6 MPa h3 = h//‘@ 0.6 MPa — 670.38 kJ/kg
sat. liquid V3 =V @06 mpa =0.001101 m>/kg

= (0.001 101 m3/nglO,000 —600 kPa 3
1kPa-m

=10.35 ki/kg
hy = by + Wiy = 67038 +10.35 = 680.73 kl/kg

P, =10 MPa }hS =3375.1 kl/kg

WolLin = Vs(Bt - P3) { 1k J

T3 =500°C [ 55 = 6.5995 kl/kg-K
Fe, =1.0MPa }hés = 2783.8 kl/kg
Ses = S5
hs—h
Nr = ﬁ—_) he=hs —nr(hs _h6s)
s~ o =3375.1-(0.84)(3375.1-2783.8)
=2878.4kJ/kg
P, =1.0 MPa | b, =3479.1kl/kg
T, =500°C [, =7.7642 ki/kg-K
h; =06 MPa } hy, = 33102 kl/kg
Sgs = 87
h7 _hs
Ny =-—1—3 —— hy=h, —ny(hy — by, ) =3479.1-(0.84)3479.1-3310.2)
hy = hgs =33372 k/kg
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10-108

Sog =Sy 7.7642—0.7549
S 7.2522
hoy =h +xg.h ;, =225.94+(0.9665)2372.3)=2518.8 kl/kg

=0.9665

Py, =15kPa }xgs =

Sos =587

1y _hh ho = hy — 117 (hy — hy, )=3479.1-(0.84)3479.1-2518.8)

hy = hos —2672.5 kl/kg

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater
heaters. Noting that Q = = Ake= Ape =0,

; ; AT &0 (steady) _
Ein - Eout - AEsystem V=0

Ein = Eout
Zmihi = Zmehe ——> tirghg +1iyhy = ivshy —— yhy + (1= y)hy =1(h;)

where y is the fraction of steam extracted from the turbine (=g /113 ). Solving for y,

_hy—h, 670.38-226.53

= - = 0.1427
hy—h, 33353-226.53

y

(b) The thermal efficiency is determined from
Gin = (hs - h4)+ (h7 - hé)
(3375.1-680.73)+(3479.1 - 2878.4) = 3295.1 ki/kg
Gour = (1= Xy — 1) = (1-0.1427)(2672.5 - 225.94) = 2097.2 kl/kg

and

Qou __ 2097.2 kJ/kg _36.4%

= 1— =
o Tin 3295.1 kl/kg
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10-104 A steam power plant operating on the ideal reheat-regenerative Rankine cycle with three feedwater heaters is
considered. Various items for this system per unit of mass flow rate through the boiler are to be determined.

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

High-P

. . Low-P
I l Turblne Turbine
Boiler
\
12 4+
Closed
FWH I
f
11
ok

Analysis The compression processes in the pumps and the expansion processes in the turbines are isentropic. Also, the state
of water at the inlet of pumps is saturated liquid. Then, from the steam tables (Tables A-4, A-5, and A-6),

hy =168.75 kl/kg hy; =3423.1kl/kg
h, =168.84kl/kg hy, =3204.5kJ/kg

/}:3 :ji;;l; llj/ig hys =3063.6 kl/kg
4 =419, J hy =2871.0kJ/kg

hs =884.46 kl/kg
he =885.86 kl/kg hy; =3481.3kl/kg
hy =1008.3 kJ/kg hig =2891.5kl/kg

By =1011.8kI/kg hyo =2454.7 kI/kg

For an ideal closed feedwater heater, the feedwater is heated to the exit temperature of the extracted steam, which ideally
leaves the heater as a saturated liquid at the extraction pressure. Then,

P, =1800kPa

hy =884.91kJ/kg
T, =T5 =207.1°C
P, =3000kPa

hy, =1008.8 kl/kg
T, =T, =233.9°C

Enthalpies at other states and the fractions of steam extracted from the turbines can be determined from mass and energy
balances on cycle components as follows:
Mass Balances:

x+y+z=1

m+n=z
Open feedwater heater:
mhyg +nhy = zh,
Closed feedwater heater-11:

Zh4 +yh15 = Zh7 +yh5
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Closed feedwater heater-1:

(y+2)hg +xhyy = (y+2)hy; +xhy
Mixing chamber after closed feedwater heater I1:

zhy + yhe = (¥ +2)hg
Mixing chamber after closed feedwater heater I:

xhyo +(y+2)hy =1hy,
Substituting the values and solving the above equations simultaneously using EES, we obtain

hy =885.08 kl/kg
hy, =1009.0 kl/kg

x=0.05334
y=0.1667
z=0.78000
m=0.07124
n=0.70882

Note that these values may also be obtained by a hand solution by using the equations above with some rearrangements and
substitutions. Other results of the cycle are

Wrou = Xy = hig) + (s = hys) + 2(hys — hyg) =502.3 kd/kg
WrouLp =Ml —hig) +n(hy; —hyy) =769.6 kd/kg
Gin = his — iy + 2(hyy — hyg) = 2890 kJ/Kg
Gou = n(hg — 1) = 1620 kJ/kg

py =1- o 21029 6 4304~ 43,904
2890

in
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13
10-105 E The optimum bleed pressure for the open feedwater heater that maximizes the thermal efficiency of the cycle
is to be determined using EES.

Analysis The EES program used to solve this problem as well as the solutions are given below.

"Given"

P_boiler=6000 [kPa]
P_cfwh1=3000 [kPa]
P_cfwh2=1800 [kPa]
P_reheat=800 [kPa]
"P_ofwh=100 [kPa]"
P_condenser=7.5 [kPa]
T_turbine=500 [C]

"Analysis"
Fluid$='steam_iapws'

"turbines"

h[13]=enthalpy(Fluid$, P=P_boiler, T=T_turbine)
s[13]=entropy(Fluid$, P=P_boiler, T=T_turbine)
h[14]=enthalpy(Fluid$, P=P_cfwh1, s=s[13])
h[15]=enthalpy(Fluid$, P=P_cfwh2, s=s[13])
h[16]=enthalpy(Fluid$, P=P_reheat, s=s[13])
h[17]=enthalpy(Fluid$, P=P_reheat, T=T_turbine)
s[17]=entropy(Fluid$, P=P_reheat, T=T_turbine)
h[18]=enthalpy(Fluid$, P=P_ofwh, s=s[17])
h[19]=enthalpy(Fluid$, P=P_condenser, s=s[17])

"pump I"

h[1]=enthalpy(Fluid$, P=P_condenser, x=0)
v[1]=volume(Fluid$, P=P_condenser, x=0)
w_pl_in=v[1]*(P_ofwh-P_condenser)
h[2]=h[1]+w_pl_in

"pump II"

h[3]=enthalpy(Fluid$, P=P_ofwh, x=0)
v[3]=volume(Fluid$, P=P_ofwh, x=0)
w_pll_in=v[3]*(P_cfwh2-P_ofwh)
hi4]=h[3]+w_pll_in

"pump III"

h[5]=enthalpy(Fluid$, P=P_cfwh2, x=0)
T[5]=temperature(Fluid$, P=P_cfwh2, x=0)
v[5]=volume(Fluid$, P=P_cfwh2, x=0)
w_plll_in=v[5]*(P_cfwh1-P_cfwh2)
h[6]=h[5]+w_plll_in

"pump IV"

h[9]=enthalpy(Fluid$, P=P_cfwh1, x=0)
T[9]=temperature(Fluid$, P=P_cfwh1, x=0)
v[9]=volume(Fluid$, P=P_cfwh1, x=0)
w_p4_in=v[5]*(P_boiler-P_cfwh1)
h[10]=h[9]+w_p4_in

"Mass balances"
x+y+z=1
m+n=z
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"Open feedwater heater"

m*h[18]+n*h[2]=z*h[3]

"closed feedwater heater 2"

T[7]=T[3]

h[7]=enthalpy(Fluid$, P=P_cfwh1, T=T[7])
Z*h[4]+y*h[15]=z*h[7]+y*h[5]

"closed feedwater heater 1"

T[111=T[9]

h[11]=enthalpy(Fluid$, P=P_boiler, T=T[11])

(y+2)"h[8]+x*h[14]=(y+2)*h[11]+x*h[9]

"Mixing chamber after closed feedwater heater 2"

Z*h[7]+y*h[6]=(y+2)*h[8]

"Mixing chamber after closed feedwater heater 1"

x*h[10]+(y+2)*h[11]=1*h[12]

Ivcyclell

w_T_out_high=x*(h[13]-h[14])+y*(h[13]-h[15])+z*(h[13]-h[16])

w_T_out_low=m*(h[17]-h[18])+n*(h[17]-h[19])
g_in=h[13]-h[12]+z*(h[17]-h[16])

g_out=n*(h[19]-h[1])
Eta_th=1-g_out/g_in

P open fwh Nth
[kPa]
10 0.429828
20 0.433780
30 0.435764
40 0.436978
50 0.437790
60 0.438359
70 0.438768
80 0.439065
90 0.439280
100 0.439432
110 0.439536
120 0.439602
130 0.439638
140 0.439647
150 0.439636
160 0.439608
170 0.439565
180 0.439509
190 0.439442
200 0.439367
210 0.439283
220 0.439192
230 0.439095
240 0.438993
250 0.438887
260 0.438776
270 0.438662
280 0.438544
290 0.438424
300 0.438301

MNth

0.44

0.438

0.436

0.434

0.432

0.43

0.428

50

100

150
POfWh [kPa]

200

250

300

10-112

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course

preparation. If you are a student using this Manual, you are using it without permission.


www.semeng.ir

www. 20f 11 e. org
10-113

10-106 A cogeneration plant is to produce power and process heat. There are two turbines in the cycle: a high-pressure
turbine and a low-pressure turbine. The temperature, pressure, and mass flow rate of steam at the inlet of high-pressure

turbine 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),

P4 =1.4 MPa h4 :hg@1.4MPa =2788.9 kJ/kg
sat. vapor S4=Sg@1.4Mpa =0.4675kI/kg-K T
Sy, — S _ 3
o =TS 6.4675-0.6492 _ <o
S e 7.4996
Ps; =10 kPa :
o hsy =h, +x5.hy,
o =191.81+(0.7758)2392.1)=2047.6 kl/kg 7474
hy —h
ﬂT:h“_hS —>h5:h4—771~(h4—h5s) "
47 s =2788.9 - (0.60)(2788.9 - 2047.6) /1 55
=2344.1kl/kg s
and
Wiasbtow = Ha —hs =2788.9 —2344.1=444.8 kl/kg
. Wi 800 K/ .
oy = — e = S ~1.799 ke/s =107.9 ke/min
Wb low ~ 444.8 kl/kg
Therefore ,

ity =1000 +108 =1108 kg/min = 18.47 kg/s

Wi, 1000 kJ/s

- = =54.15kJ/kg=hy — hy
Mpighry 1847 kg/s

Wiurb,high =

By = Wappign +hi4 = 54.15 + 2788.9 = 2843.0 kl/kg

hy —h

nr :ﬁ—> hay =hy =(hy —hy)/ 7
37 s =2843.0 — (2843.0 - 2788.9)/(0.75)
=2770.8 kl/kg
hys —h;  2770.8 —829.96
Py, =1.4 MPa | Xy = = =0.9908
. B 1958.9
S4g =S, +Xgy8 5 =2.2835+(0.9908)(4.1840) = 6.4289 ki/kg - K

Then from the tables or the software, the turbine inlet temperature and pressure becomes

hy=2843.0kl/kg | P, =2MPa
s, =6.4289 kl/kg - K [Ty = 227.5°C
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10-107 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 rate of process heat, 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.

T
Boiler
1s Process
heater
3 L

1
P )<—t—]
4 2

Analysis From the steam tables (Tables A-4, A-5, and A-6),

hy =hy a0 =251.42 kl/kg
VI =V, @ a0kpa =0.001017 m’/kg

Wolin :Vl(Pz _Pl)/UP

Qprocess

[

20 kPa

1 o

1kJ
~(0.001017 m?/kg)2000-20 kPa{—J /0.88

1 kPa-m
=2.29 kl/kg

hy =h +w ;, =251.42+2.29=253.71kl/kg

pLin

h3 = hf@ZMPa = 90847 kJ/kg

Mixing chamber:

(4 kg/s)(908.47 ki/kg) + (11— 4 kg/s)(253.71kI/kg)) = (11 kg/s)h, —> h, =491.81kI/kg

~ 3
U4 = Uf@h/ =491.81 kl/kg = 0.001058 m /kg

WolLin = V4(Ps - P4)/77p

= (0.001058 m3/ng8000 —2000 kPa{lli}J/O.SS

kPa-m
=7.21kl/kg

hs = hy + Wy = 491.8147.21 = 499.02 ki/kg

P, =8 MPa | g =3399.5 ki/kg
T, =500°C [ s, =6.7266 kl/kg - K

P, =2MP

7 a }hh =3000.4 kl/kg
S7 = S6

h6 _h7

= h6 _h7s
Py, =20 kP

8 2 }hg = 2215.5 kl/kg
Sg =S6

—— hy = hg =17 (hg =y, )=3399.5—(0.88)(3399.5-3000.4) = 3048.3 kl/kg
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h6 - hs
M= > s =he (hg —hg, )=3399.5-(0.88)3399.5-2215.5) = 2357.6 ki/kg
6 "8s
Then,
Oprocess =117 (h7 — h3 )= (4 kg/s(3048.3 — 908.47) kl/kg = 8559 kW
(b) Cycle analysis:
WT,out =1m; (he —h; )+ g (hé —hg )
= (4 kg/s)(3399.5-3048.3 )kJ/kg + (7 kg/s(3399.5 - 2357.6 )k/kg
= 8698 kW
Win =1ty Worin + 1ty Woni = (7 ke/s(2.29 ki/kg)+ (11 kg/s)7.21 kl/kg) =95 kW
Woe =W ow — Wi = 869895 = 8603 kW
(¢) Then,
O,y = irs(hg —hs )= (11kg/s)3399.5-499.02) = 31,905 kW
and

e = Wnet +Qprocess _ 8603+ 8559

. : —0.538=53.8%
0. 31,905
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10-108E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for

the bottoming cycle. The thermal efficiency of the cycle is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable for Brayton cycle. 3
Kinetic and potential energy changes are negligible. 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 k= 1.4 (Table A-2Ea).

Analysis Working around the topping cycle gives the following results:

(k-1)/k
P
Ty, =Ts {?ﬁj = (540 R)(10)*¥1* =1043 R T
5
2560 R
heg —hs _ ¢pTes —T5)
e = =
he —hs Cp(T() -T5)
Tés _TS
—> Ty =T5 +
e
1043 - 540

=540+ ——=1099 R
0.90

P (k-1)/k 0.4/1.4
Ty, =T, = = (2560 R)(—] =1326R
P, 10
540 R
hy —hg ¢, (I7 —Tx)

hy = hgg - Cp(T7 —T,)

Ny = Ty =T; —np (17 - Ty,)

=2560-(0.90)(2560-1326)
=1449R

Ty = Ty @soopsia +30=9783R+50=1028 R

Fixing the states around the bottom steam cycle yields (Tables A-4E, A-5E, A-6E):

VI =V @spsa =0.016411t>/Ibm

Woin =1 (P, —P)
=(0.01641 ft3/lbm)(800 —35)psia (IB;'MJ

5.404 psia - ft°
= 2.41Btu/lbm
hy =hy +w,;, =130.18+2.41=132.59 Btw/lbm

p

P, =800psia | hy =1270.9 Btu/lbm
T, =600°F | s, =14866Btu/lbm-R

P, =5psia
hy,, =908.6 Btu/lbm
S4 = S3
hy, —h
Nr =2 4 —hy =hy —np(hy —hyy)
h3 _h4s

=1270.9 - (0.95)(1270.9 - 908.6)
=926.7 Btu/lbm

The net work outputs from each cycle are

Whet, gas cycle = WT,out ~ WCiin
=Cp(T7 _Tg)—cp(Tﬁ —Ts)
=(0.240 Btu/lbm - R)(2560 —1449 —1099 + 540)R
=132.5Btu/lbm
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Wnet, steamcycle — WT,out - WP,in

=(hy —hy)- Wp in
=(1270.9-926.7)-2.41
=341.8 Btu/Ibm

An energy balance on the heat exchanger gives

e, (Ty—=Ty) o (0240)(1449-1028)

ngc, (Ty —=Ty) =, (hs-h m,, a
€ p Ty =To) =m,, (hs3-hy) hy-h, 1270.9-132.59

=0.08876ri1,

That is, 1 Ibm of exhaust gases can heat only 0.08876 Ibm of water. Then the heat input, the heat output and the thermal
efficiency are

Gin = n.za ¢, (T; =T5) =(0.240 Btu/Ibm - R)(2560 —1099)R = 350.6 Btu/Ibm
ma
My M,y

Gouw =€, (T =T5)+——(hy —hy)
ma ma

= 1x(0.240 Btu/Ibm - R)(1028 — 540)R +0.08876 x (926.7 —130.18) Btu/lbm
= 187.8 Btu/lbm

Qout - 187.8

N =1- =0.4643
9in 6
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10-109E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for
the bottoming cycle. The thermal efficiency of the cycle is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic
and potential energy changes are negligible. 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 k= 1.4 (Table A-2Ea).

Analysis Working around the topping cycle gives the T
following results: 2560 R
p (D
T, =Ts = = (540 R)(10)*¥1* =1043 R
Ps
n _h()s_hS _cp(TGS_TS)
¢ he = hs Cp(Té_TS)
Te, —T-
— > Ty =T +- %22
Mc
= 540419837390 _ 99
0.90
P (k-1)/k 1 0.4/1.4 540 R 5
Ty, =T, = = (2560 R)(—J =1326R
‘ P, 10 i

h, —h c,(T7 =T3)
Ny = e Ty =T; —np (17 - Ty,)

hy —hg, T, - Ty,
77k ey~ ) = 2560 —(0.90)(2560 —1326)
=1449R

Ty = T @so0psia +50=978.3R +50=1028R

Fixing the states around the bottom steam cycle yields (Tables A-4E, A-5E, A-6E):
VI =V @10psia = 0-01659 ft*/Ibm

Woin =1 (P, — )

p
=(0.01659 ft*/Ibm)(800 — 10)psia (IB$]

5.404 psia - ft°
= 2.43 Btu/lbm
hy =hy +w,;, =161.25+2.43=163.7 Buw/lbm

P, =800 psia } hy =1270.9 Btu/Ibm

T; = 600°F s =1.4866 Btw/lbm- R
P, =10psia
hy, =946.6 Btu/lbm
S4 = S3
hy—h
nr =2 4 ——>hy =hy —np(hy —hyy)
h3 _h4s

=1270.9 - (0.95)(1270.9 — 946.6)
=962.8 Btu/lbm

The net work outputs from each cycle are
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Wnet, gascycle — WT,out - WC,in
=c, (T, ~Ty)—c, (Ty ~Ts)
= (0.240 Btu/lbm - R)(2560 — 1449 — 1099 + 540)R
=132.5 Btu/Ibm

Wnet, steam cycle = WT,out - WP,in

=(hy —hy)— Wpin
=(1270.9-962.8)—-2.43
=305.7 Btu/lbm

An energy balance on the heat exchanger gives

e, (Ty—=Ty) o (0240)(1449-1028)
Y hy—h, ¢ 1270.9-163.7

myc,(Ty =Ty) =m,,(hy —hy) m =0.0912611,

That is, 1 Ibm of exhaust gases can heat only 0.09126 Ibm of water. Then the heat input, the heat output and the thermal
efficiency are

G == ¢, (T; —Tg) = (0.240 Btu/Ibm- R)(2560 ~1099)R = 350.6 Btu/Ibm
m

a

ma mW
9 out :m_cp(T9 =T5)+——(hy —hy)

=1x(0.240 Btw/lbm - R )(1028 — 540)R +0.09126 x (962.8 —161.25) Btu/Ibm
=190.3 Btw/lbm

Gou _,_1903

Ny =1- =0.4573

9in

When the condenser pressure is increased from 5 psia to 10 psia, the thermal efficiency is decreased from 0.4643 to 0.4573.
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10-110E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for
the bottoming cycle. The cycle supplies a specified rate of heat to the buildings during winter. The mass flow rate of air and
the net power output from the cycle are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-

standard assumptions are applicable to Brayton cycle. 3 Kinetic T
and potential energy changes are negligible. 4 Air is an ideal gas
with constant specific heats. 2560 R+

Properties The properties of air at room temperature are
¢, =0.240 Btu/lbmR and k= 1.4 (Table A-2Ea).

Analysis The mass flow rate of water is

- .

i, = Qbulldmgs _ 2x10° Btuw/h — 2495 Ibm/h

hy—h;,  (962.8-161.25) Btu/lbm

The mass flow rate of air is then

i, = 285 59 3401bmih

0.09126  0.09126

The power outputs from each cycle are 540 R

Wnet, gascycle — Iha (WT,out - WC,in ) s

= tige, (Ty ~Ty)=rige, (Tg ~T5)

— (27,340 1bm/h)(0.240 Btu/Ibm- R)(2560 — 1449 — 1099 + S40)R| —<W
3412.14 Btwh

=1062kW

Wnet, steam cycle = ma (WT,out - WP,in )
=1y (hy —hy —wps,)

= (2495 Ibm/h)(1270.9 - 962.8 — 2.43)( LW j

3412.14 Btu/h
=224kW

The net electricity production by this cycle is then

W =1062+224=1286 kW
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10-111 A combined gas-steam power plant is considered. The topping cycle is an ideal gas-turbine cycle and the bottoming
cycle is an ideal reheat Rankine cycle. The mass flow rate of air in the gas-turbine cycle, the rate of total heat input, and the

thermal efficiency of the combined cycle are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas
with variable specific heats.

Analysis (a) The analysis of gas cycle yields T

T, =310K ——> h, =310.24 kl/kg
P, =1.5546

I3

P,
P =-3p =(12)1.5546)=18.66 —> hg =630.18 kl/kg
8 P7 7

T, =1400 K ——> hy =1515.42 kl/kg
P, =450.5

i

3 P = (ij@so.s): 37.54 ——> hy, = 768.38 kl/kg
10 P9 9

12

T, =520 K ——> hy; =523.63 kl/kg
From the steam tables (Tables A-4, A-5, and A-6),

Y1 =V, @ 10ka =0.00101 m’/kg

1kJ

Wyrin =1 (P, = P)= (0.00101 m3/ng12,500— 10 kPa - |=12.62 ki/kg
’ 1kPa-m

hy = hy + Wy, =191.81+12.62 = 204.42 ki/kg

P, =12.5 MPa | hy =3343.6 ki/kg
T, =500°C  [s,=6.4651kl/kg -K

P, =2.5MPa

54 =55 }h4 =2909.6 klJ/kg

P, =2.5MPa) hs =3574.4 kl/kg
T, =550°C [ s5=7.4653kl/kg-K

S =Sy 7.4653 —0.6492
S 7.4996
he =hy +xgh g =191.81+(0.9089)2392.1)=2365.8 kl/kg

=0.9089

S¢ =S5

Noting that Q =W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields
Ein = Eout —_)zmlhl = Zmehe — ms (h3 - h2 ): mair (hIO - hll)
) hy—h, . 3343.6-204.42
Majr = mg =
(b) The rate of total heat input is
Qin = Qair + Qrchcat = mair (h9 - hS ) + mrchcat (hS - h4)
=(153.9 kg/s (1515.42 — 630.18) ki/kg + (12 ke/s (3574.4 — 2909.6 )k)/kg
=144,200 kW

=1.44x10° kW
(c¢) The rate of heat rejection and the thermal efficiency are then
Qout = Qout,air + Qout,stcam = mair (hll - h7 )+ I’i’ls (hﬁ - hl )
=(153.9 kg/s)(523.63 — 310.24) kl/kg + (12 kg/s {2365.8 —191.81) ki/kg

(12 kg/s)=153.9 kgls

= 58,930 kW
' k
ey =1— %t =1- 154%4’923000 k‘x} =0.5913=59.1%
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10-112 A combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the bottoming cycle
is a nonideal reheat Rankine cycle. The mass flow rate of air in the gas-turbine cycle, the rate of total heat input, and the
thermal efficiency of the combined cycle are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas
with variable specific heats.

Analysis (a) The analysis of gas cycle yields (Table A-17) T

T, =290 K —— h, = 290.16 kl/kg 1400 K
B =12311

I

PS
P :%117 =(8)1.2311)= 9.849 —— hy, = 526.12 kl/kg

s
7

hg, —h
Nc :%}17 —> ="y +(th _h7)/nc
hs = hy =290.16 +(526.12 - 290.16)/(0.80)
=585.1kl/kg
Ty =1400 K —— hy =1515.42 kl/kg
P, =450.5
290 K
Mo p (%(450.5) =56.3 —— hyy, =860.35 kl/kg
105 })9 9 8 ° s
hy —h
Nr :ﬁ —> =1y —nT(ho _hlos)
9~ Mos =1515.42—(0.85)(1515.42 —860.35)

— 958.4 ki/kg
T, =520 K ——> h, = 523.63 ki/kg

From the steam tables (Tables A-4, A-5, and A-6),
WpI,inzvl(PZ_Pl) "
=(0.00101 m3/ng15,000—10 kPa —J3
1kPa-m
=15.14 kJ/kg
hy =y + wy i, =191.81+15.14=206.95 kl/kg

1,in

P, =15MPa | hy =3157.9 kl/kg
T, =450°C [ s, = 6.1428 kl/kg-K

S4 =S 6.1434-2.6454
S 3.5402
hyy = hy +X45hy, =1008.3+(0.9879)1794.9) = 2781.7 kl/kg

=0.9880

P, =3MPa | X4 =
S45 = 53

h—h
Nr = hy=hy _Tlr(h3 _h4s)

hy = I =3157.9-(0.85)3157.9 - 2781.7)
=2838.1 kl/kg
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P, =3 MPa| hy = 3457.2 kl/kg
T, = 500°C [ 55 = 7.2359 ki/kg-K

Ses =S¢ 2 —0.6492
P, =10 kPa X6:6 /:7 359-0.649

\ =0.8783
Spe 7.4996

S6s = S5 hey = hy + Xg.hy, =191.81+(0.8782)(2392.1) = 2292.8 ki/kg
hs—h
Ny :hS_—h6 — h6: /’l5 _T]T(hS _h6s)
s — b =3457.2—(0.85)3457.2 - 2292.8)
= 2467.5 kl/kg

Noting that Q=W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields

Ein _Eout _ AE F0 (steady) _ 0

system
Ein = Eout
zmihi = zmehe — ms(h3 _hZ) = mair(hlo - hll)
P hy—hy, . 3157.9-206.95 (30 kg/s): 203.6 kgls

air mg =
ho—h, °  958.4-523.63

(b) Qin = Qair + Qreheat = mair (h9 - h8 )+ mreheat (hS - h4 )
=(203.6 kg/s(1515.42 - 585.1) ki/kg + (30 kg/s 3457.2 — 2838.1) kl/kg
= 207,986 kW

(C) Qout = Qout,air + Qout,steam = mair (hll - h7 )+ rhs (h6 - hl )
(203.6 kg/s)(523.63-290.16) kJ/kg + (30 kg/s ) 2467.5-191.81) kl/kg

=115,805 kW
' 115,805 k

My =1- Qou _y HSEOKW _ ) 205
O 207,986 kW
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10-113 A Rankine steam cycle modified with two closed feedwater heaters and one open feed water heater is considered.
The T-s diagram for the ideal cycle is to be sketched. The fraction of mass extracted for the open feedwater heater y and the
cooling water flow temperature rise are to be determined. Also, the rate of heat rejected in the condenser and the thermal
efficiency of the plant are to be determined.

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

Analysis (b) Using the data from the problem statement,
the enthalpies at various states are

hl =hf@20kPa =251kJ/kg
s =hy = hiy =h 7 @ 1a0pa = 458 KI/ke T

5 MPa

1910 kPa

hy =y e pa =676 KI/kg 620 kPa

he =hiy =h; gro10pa =898 kI/kg 140 kPa
An energy balance on the open feedwater heater gives

yhy + (1= y)hy =1h, 20 kPa

where z is the fraction of steam extracted from the low-pressure
turbine. Solving for z,
hy—hy  676-458 s

. - =0.08086
hy —hy 3154458

(c) An energy balance on the condenser gives

it [(1= W=y = 2)hyy + W+ 2hys — (L= Yy =iy (hyy = hyo) = 1i,€ AT,

Solving for the temperature rise of cooling water, and substituting with correct units,

ap =M= w=y =)y + (w2 — (1= y)i]

w

mwcpw

~(100)[(1 - 0.0830 — 0.08086 — 0.0655)(2478) + (0.0830 + 0.0655)(458) — (1 — 0.08086)(251)]
B (4200)(4.18)

=9.95°C
(d) The rate of heat rejected in the condenser is

Oput = 1i1,, AT, = (4200 kg/s)(4.18 kl/kg - °C)(9.95°C) = 174,700 kW

The rate of heat input in the boiler is

Oy, =m(h; —hg)=(100kg/s)(3900 —898) kl/kg =300,200 kW
The thermal efficiency is then

ny =1-Lou g 1TATOOKW ) e 41 806
0, 300,200 kW
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10-114 A Rankine steam cycle modified for reheat, two closed feedwater heaters and a process heater is considered. The 7-s
diagram for the ideal cycle is to be sketched. The fraction of mass, w, that is extracted for the closed feedwater heater is to
be determined. Also, the mass flow rate through the boiler, the rate of process heat supplied, and the utilization efficiency of
this cogeneration plant are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (b) Using the data from the problem statement, the enthalpies at various states are

hy =hy @ a0 kpa =251.4 kl/kg

Y| =V @a0kpa =0.00102 m’/kg

WoLin = VY1 (Pz - Pl) Lk r
=(0.00102 m3/ng5000 -20kPa) ———
1kPa-m
=5.1kJ/kg
hy =hy + Wy, =251.4+5.1=256.5 kl/kg

My =hyy =hyGosspa =533 kJ/kg
hy =Ms=hy=hsgia00kpa =830kI/kg

An energy balance on the closed feedwater heater gives

1y + whyy + zhys + yhys =1y + (¥ + 2 + W)hyg
where w is the fraction of steam extracted from the low-pressure turbine. Solving for z,
_ Uy = hy) + (Y + 2y — zhys — yhys
Mo = hig
_ (467 —256.5)+(0.1160 + 0.15)(467) — (0.15)(533) — (0.1160)(830)
- 3023 - 467

=0.0620
(c) The work output from the turbines is
WTout = hs = yhg — (1= y)hy + (1= )hg — zhg —whyy — (1= y —z = w)h,
=3894 —(0.1160)(3400) — (1 - 0.1160)(3349)
+ (1-0.1160)(3692) — (0.15)(3154) — (0.0620)(3023) — (1 - 0.1160 — 0.15 — 0.0620)(2620)
=1381.6 kl/kg
The net work output from the cycle is
Wiet = Wrout — Wpin = 1381.6-5.1=1376.5 kl/kg
The mass flow rate through the boiler is
W, 300,000 kW
T 1376.5KI/kg

The rate of heat input in the boiler is

=217.9kg/s

Oy, =m(hs —hy) + (1= y)m(hg — hy)
= (217.9 kg/s)(3894 — 830) kl/kg + (1— 0.1160)(217.9 kg/s)(3692 — 3349) ki/kg
=733,700 kW

The rate of process heat and the utilization efficiency of this cogeneration plant are

Oprocess = Z1it(hg — hyy) = (0.15)(217.9 ke/s)(3154 — 533) kl/kg = 85,670 kW

Wret + Oprocess (300,000 + 85,670) kW
0. 733,700 kW

Eu:

=0.526=52.6%
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13
10-115 E The effect of the condenser pressure on the performance a simple ideal Rankine cycle is to be investigated.

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

function x4$(x4) "this function returns a string to indicate the state of steam at point 4"
x4$="
if (x4>1) then x4$="(superheated)'
if (x4<0) then x4$="(compressed)'

end

P[3] = 10000 [kPa]

T[3] = 550 [C]

"P[4] = 5 [kPa]"

Eta_t = 1.0 "Turbine isentropic efficiency"
Eta_p = 1.0 "Pump isentropic efficiency"

"Pump analysis"

Fluid$='Steam_IAPWS'

P[1] = P[4]

P[2]=P[3]

x[1]=0 "Sat'd liquid"
h[1]=enthalpy(Fluid$,P=P[1],x=x[1])
v[1]=volume(Fluid$,P=P[1],x=x[1])
s[1]=entropy(Fluid$,P=P[1],x=x[1])
T[1]=temperature(Fluid$,P=P[1],x=x[1])
W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
W_p=W_p_s/Eta_p

h[2]=h[1]+W_p "SSSF First Law for the pump"
s[2]=entropy(Fluid$,P=P[2],h=h[2])
T[2]=temperature(Fluid$,P=P[2],h=h[2])

"Turbine analysis"

h[3]=enthalpy(Fluid$, T=T[3],P=P[3])
s[3]=entropy(Fluid$,T=T[3],P=P[3])

s_s[4]=s[3]
hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4])
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4])
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency"
T[4]=temperature(Fluid$,P=P[4],h=h[4])
s[4]=entropy(Fluid$,h=h[4],P=P[4])
x[4]=quality(Fluid$,h=h[4],P=P[4])

h[3] =W_t+h[4]"SSSF First Law for the turbine"
x4s$=x4$(x[4])

"Boiler analysis"
Q_in + h[2]=h[3]"SSSF First Law for the Boiler"

"Condenser analysis"
h[4]=Q_out+h[1]"SSSF First Law for the Condenser"

"Cycle Statistics"
W_net=W_t-W_p
Eta_th=W_net/Q_in
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13
10-116 E The effect of superheating the steam on the performance a simple ideal Rankine cycle is to be investigated.

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

function x4$(x4) "this function returns a string to indicate the state of steam at point 4"
x4$="
if (x4>1) then x4$="(superheated)'
if (x4<0) then x4$="(compressed)'

end

P[3] = 3000 [kPa]

{T[3] = 600 [C]}

P[4] = 10 [kPa]

Eta_t = 1.0 "Turbine isentropic efficiency
Eta_p = 1.0 "Pump isentropic efficiency"

"Pump analysis"

Fluid$='Steam_IAPWS'

P[1] = P[4]

P[2]=P[3]

x[1]=0 "Sat'd liquid"
h[1]=enthalpy(Fluid$,P=P[1],x=x[1])
v[1]=volume(Fluid$,P=P[1],x=x[1])
s[1]=entropy(Fluid$,P=P[1],x=x[1])
T[1]=temperature(Fluid$,P=P[1],x=x[1])
W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
W_p=W_p_s/Eta_p

h[2]=h[1]+W_p "SSSF First Law for the pump"
s[2]=entropy(Fluid$,P=P[2],h=h[2])
T[2]=temperature(Fluid$,P=P[2],h=h[2])

"Turbine analysis"

h[3]=enthalpy(Fluid$, T=T[3],P=P[3])
s[3]=entropy(Fluid$,T=T[3],P=P[3])

s_s[4]=s[3]
hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4])
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4])
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency"
T[4]=temperature(Fluid$,P=P[4],h=h[4])
s[4]=entropy(Fluid$,h=h[4],P=P[4])
x[4]=quality(Fluid$,h=h[4],P=P[4])

h[3] =W_t+h[4]"SSSF First Law for the turbine"
x4s$=x4$(x[4])

"Boiler analysis"
Q_in + h[2]=h[3]"SSSF First Law for the Boiler"

"Condenser analysis"
h[4]=Q_out+h[1]"SSSF First Law for the Condenser"

"Cycle Statistics"
W_net=W_t-W_p
Eta_th=W_net/Q_in
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13
10-117 E The effect of number of reheat stages on the performance an ideal Rankine cycle is to be investigated.

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

function x6$(x6) "this function returns a string to indicate the state of steam at point 6"
X6$="
if (x6>1) then x6%="(superheated)'
if (x6<0) then x6$="(subcooled)'

end

Procedure Reheat(P[3],T[3],T[5],h[4],NoRHStages,Pratio,Eta_t:Q_in_reheat,W_t_Ip,h6)
P3=P[3]

T5=T[5]

h4=h[4]

Q_in_reheat =0

W_tlp=0

R_P=(1/Pratio)*(1/(NoRHStages+1))

imax:=NoRHStages - 1
i:=0

REPEAT

ir=i+1
P4 = P3*R_P

P5=P4
P6=P5*R_P

Fluid$="'Steam_IAPWS'

s5=entropy(Fluid$,T=T5,P=P5)
h5=enthalpy(Fluid$,T=T5,P=P5)

s_s6=s5

hs6=enthalpy(Fluid$,s=s_s6,P=P6)
Ts6=temperature(Fluid$,s=s_s6,P=P6)
vs6=volume(Fluid$,s=s_s6,P=P6)
"Eta_t=(h5-h6)/(h5-hs6)""Definition of turbine efficiency"
h6=h5-Eta_t*(h5-hs6)

W_t_Ip=W_t_Ip+h5-h6"SSSF First Law for the low pressure turbine"
x6=QUALITY (Fluid$,h=h6,P=P6)

Q_in_reheat =Q_in_reheat + (h5 - h4)

P3=P4

UNTIL (i>imax)
END

"NoRHStages = 2"

P[6] = 10"kPa"

P[3] = 15000"kPa"

P_extract = P[6] "Select a lower limit on the reheat pressure"
T[3] = 500"C"

T[5] = 500"C"

Eta_t = 1.0 "Turbine isentropic efficiency"

Eta_p = 1.0 "Pump isentropic efficiency"

Pratio = P[3]/P_extract

P[4] = P[3]*(1/Pratio)*(1/(NoRHStages+1))"kPa"

Fluid$='Steam_IAPWS'
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"Pump analysis"

P[1] = P[6]

P[2]=P[3]

x[1]=0 "Sat'd liquid"
h[1]=enthalpy(Fluid$,P=P[1],x=x[1])
v[1]=volume(Fluid$,P=P[1],x=x[1])
s[1]=entropy(Fluid$,P=P[1],x=x[1])
T[1]=temperature(Fluid$,P=P[1],x=x[1])
W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume
W_p=W_p_s/Eta_p

h[2]=h[1]+W_p "SSSF First Law for the pump"
v[2]=volume(Fluid$,P=P[2],h=h[2])
s[2]=entropy(Fluid$,P=P[2],h=h[2])
T[2]=temperature(Fluid$,P=P[2],h=h[2])

"High Pressure Turbine analysis"

h[3]=enthalpy(Fluid$, T=T[3],P=P[3])
s[3]=entropy(Fluid$,T=T[3],P=P[3])

v[3]=volume(Fluid$, T=T[3],P=P[3])

s_s[4]=s[3]

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4])
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4])
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency"
T[4]=temperature(Fluid$,P=P[4],h=h[4])
s[4]=entropy(Fluid$,h=h[4],P=P[4])
v[4]=volume(Fluid$,s=s[4],P=P[4])

h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine"

"Low Pressure Turbine analysis"
Call Reheat(P[3],T[3],T[5],h[4],NoRHStages,Pratio,Eta_t:Q_in_reheat,W_t_Ip,h6)
h[6]=h6

{P[5]=P[4]

s[5]=entropy(Fluid$, T=T[5],P=P[5])

h[5]=enthalpy(Fluid$, T=T[5],P=P[5])

s_s[6]=s[5]

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6])
Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6])
vs[6]=volume(Fluid$,s=s_s[6],P=P[6])
Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency"
h[5]=W_t_Ip+h[6]"SSSF First Law for the low pressure turbine"
X[6]=QUALITY (Fluid$,h=h[6],P=P[6])

W_t_Ip_total = NoRHStages*W_t_Ip

Q_in_reheat = NoRHStages*(h[5] - h[4])}

"Boiler analysis"

Q_in_boiler + h[2]=h[3]"SSSF First Law for the Boiler"
Q_in = Q_in_boiler+Q_in_reheat

"Condenser analysis"

h[6]=Q_out+h[1]"SSSF First Law for the Condenser"
T[6]=temperature(Fluid$,h=h[6],P=P[6])
s[6]=entropy(Fluid$,h=h[6],P=P[6])

X[6]=QUALITY (Fluid$,h=h[6],P=P[6])
x6s$=x6$(x[6])

"Cycle Statistics"

W_net=W_t_hp+W_t_Ip-W_p

Eta_th=W_net/Q_in
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N NoRH Qin Wt 2400 ————
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0.3941 5 5600 2207 i 2000
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0.3699 8 6264 2317 = 1800
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1600 1 | 1 | | | | | | | I
i1 2 3 4 5 6 7 8 9 10
NoRHStages
042 T T T T T T T T T T T T T T T T T
0.41
0.4
< 039
e L
0.38
0.37
0.36
035- L | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
1 2 3 4 5 6 7 8 9 10
NoRHStages
7000 T T T T T T T T
6500
6000
= I
4
S 5500
= L
= 5000
o4 L
4500
4000-.|.|.|.|.|.|.|.|.
1 2 3 4 5 6 7 8 9 10
NoRHStages

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



www.semeng.ir

www. 20f 11 e. org

10-133

13
10-118 E The effect of number of regeneration stages on the performance an ideal regenerative Rankine cycle with one
open feedwater heater is to be investigated.

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

Procedure Reheat(NoFwh,T[5],P[5],P_cond,Eta_turb,Eta_pump:q_in,w_net)

Fluid$="'Steam_IAPWS'

Tcond = temperature(Fluid$,P=P_cond,x=0)
Tboiler = temperature(Fluid$,P=P[5],x=0)
P[7] = P_cond

s[5]=entropy(Fluid$, T=T[5], P=P[5])
h[5]=enthalpy(Fluid$, T=T[5], P=P[5])
h[1]=enthalpy(Fluid$, P=P[7],x=0)

P4[1] = P[5] "NOTICE THIS IS P4[i] WITH i= 1"
DELTAT_cond_boiler = Tboiler - Tcond
If NoFWH =0 Then

"the following are h7, h2, w_net, and g_in for zero feedwater heaters, NoFWH = 0"
h7=enthalpy(Fluid$, s=s[5],P=P[7])

h2=h[1]+volume(Fluid$, P=P[7],x=0)*(P[5] - P[7])/Eta_pump

w_net = Eta_turb*(h[5]-h7)-(h2-h[1])

g_in = h[5] - h2

else

i=0

REPEAT

i=i+1

"The following maintains the same temperature difference between any two regeneration stages."
T_FWHIi] = (NoFWH +1 - i)*DELTAT_cond_boiler/(NoFWH + 1)+Tcond"[C]"

P_extract[i] = pressure(Fluid$, T=T_FWH][i],x=0)"[kPa]"

P3[i]=P_extract]i]

P6[i]=P_extract][i]

If i > 1 then P4[i] = P6[i - 1]

UNTIL i=NoFWH

P4[NOFWH+1]=P8[NoFWH]
h4[NoFWH+1]=h[1]+volume(Fluid$, P=P[7],x=0)*(P4[NoFWH+1] - P[7])/Eta_pump

i=0
REPEAT
i=i+1

"Boiler condensate pump or the Pumps 2 between feedwater heaters analysis"
h3[i]=enthalpy(Fluid$,P=P3][i],x=0)

v3[i]=volume(Fluid$,P=P3[i],x=0)

w_pump2_s=v3][i]*(P4[i]-P3][i])"SSSF isentropic pump work assuming constant specific volume"
w_pump2[i]=w_pump2_s/Eta_pump "Definition of pump efficiency"

h4[i]= w_pump?Z2][i] +h3[i] "Steady-flow conservation of energy"
sd[i]=entropy(Fluid$,P=P4[i],h=h4]i])

T4[i]=temperature(Fluid$,P=P4][i],h=h4[i])

Until i = NoFWH
i=0
REPEAT
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i=i+1
"Open Feedwater Heater analysis:"
{h2[i] = h6I[il}
s5[i] = s[5]
ss6[i]=s5][i]
hs6[i]=enthalpy(Fluid$,s=ss6][i],P=P6][i])
Ts6[i]=temperature(Fluid$,s=ss6[i],P=P6[i])
h6[il=h[5]-Eta_turb*(h[5]-hs6]i])"Definition of turbine efficiency for high pressure stages"
If i=1 then y[1]=(h3[1] - h4[2])/(h6[1] - h4[2]) "Steady-flow conservation of energy for the FWH"
Ifi>1then

js=i-1

j=0

sumyj =0

REPEAT

j=j+1

sumyj = sumyj + y[j]

UNTILj=js
y[i] =(1- sumyj)*(h3[i] - h4[i+1])/(h6]i] - h4[i+1])

ENDIF
T3[i]=temperature(Fluid$,P=P3Ji],x=0) "Condensate leaves heater as sat. liquid at P[3]"
s3[i]=entropy(Fluid$,P=P3[i],x=0)

"Turbine analysis"
T6[i]=temperature(Fluid$,P=P6][i],h=h6][i])
s6[i]=entropy(Fluid$,P=P6[i],h=h6[i])
yh6[i] = y[iI"h6]i]

UNTIL i=NoFWH

ss[7]=s6[i]
hs[7]=enthalpy(Fluid$,s=ss[7],P=P[7])
Ts[7]=temperature(Fluid$,s=ss[7],P=P[7])
h[7]=h6[i]-Eta_turb*(h6][i]-hs[7])"Definition of turbine efficiency for low pressure stages"
T[7]=temperature(Fluid$,P=P[7],h=h[7])
s[7]=entropy(Fluid$,P=P[7],h=h[7])

sumyi=0

sumyh6i =0

wp2i = W_pump2[1]

i=0

REPEAT

i=i+1

sumyi = sumyi + y[i]

sumyh6i = sumyh6i + yh6][i]

If NoFWH > 1 then wp2i = wp2i + (1- sumyi)*W_pumpZ2][i]
UNTIL i = NoFWH

"Condenser Pump---Pump_1 Analysis:"

P[2] = P6 [ NoFWH]

P[1] = P_cond

h[1]=enthalpy(Fluid$,P=P[1],x=0)  {Sat'd liquid}
v1=volume(Fluid$,P=P[1],x=0)

s[1]=entropy(Fluid$,P=P[1],x=0)
T[1]=temperature(Fluid$,P=P[1],x=0)
w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume"
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency"
h[2]=w_pump1+ h[1] "Steady-flow conservation of energy"
s[2]=entropy(Fluid$,P=P[2],h=h[2])
T[2]=temperature(Fluid$,P=P[2],h=h[2])

"Boiler analysis"
g_in = h[5] - h4[1]"SSSF conservation of energy for the Boiler"
w_turb = h[5] - sumyh6i - (1- sumyi)*h[7] "SSSF conservation of energy for turbine"
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"Condenser analysis"
g_out=(1- sumyi)*(h[7] - h[1])"SSSF First Law for the Condenser"

"Cycle Statistics"
w_net=w_turb - ((1- sumyi)*w_pump1+ wp2i)

endif
END
"Input Data"
NoFWH =2

P[5] = 10000 [kPa]

T[5] = 500 [C]

P_cond=10 [kPa]

Eta_turb= 1.0 "Turbine isentropic efficiency"
Eta_pump = 1.0 "Pump isentropic efficiency"
P[1] = P_cond

P[4] = P[5]

"Condenser exit pump or Pump 1 analysis"
Call Reheat(NoFwh,T[5],P[5],P_cond,Eta_turb,Eta_pump:qg_in,w_net)
Eta_th=w_net/q_in

No Nth Whet Qin 0.47
FWH [kJ/kg] | [kJ/kg] -
0 0.4019 | 1275 3173 0.46
1 0.4311 1125 2609 I
2 | 0.4401 | 1061 2411 0.45
3 0.4469 | 1031 2307 - 044'
4 0.4513 | 1013 2243 s |
5 0.4544 | 1000 2200 0.43
6 0.4567 | 990.5 2169 |
7 0.4585 | 983.3 2145 0.42
8 0.4599 | 977.7 2126 L
9 0.4611 | 973.1 2111 0.41
10 0.462 969.4 2098
0.4
1300
3200
1250 i
L 3000
. 1200 L
> - 2800
~ 1150 —_
X, I 2 |
g 1100 2 2600
3 i =
1050 = 2400

1000 2200

950

2000
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10-119 It is to be demonstrated that the thermal efficiency of a combined gas-steam power plant 1. can be expressed as
Nee =Ny + 15— NgMls Where 1, =W,/ Oy, and 1y =W,/ 0, are the thermal efficiencies of the gas and steam cycles,

respectively, and the efficiency of a combined cycle is to be obtained.

Analysis The thermal efficiencies of gas, steam, and combined cycles can be expressed as

e = o o

n, = & —1— Qg,out
£ Qin Qin

773 ‘/VS — 1 _ Qout

Qg,out Qg,out

where Q;, is the heat supplied to the gas cycle, where O, is the heat rejected by the steam cycle, and where O, oy is the heat
rejected from the gas cycle and supplied to the steam cycle.

Using the relations above, the expression 77, + 17, — 17,7 can be expressed as

Qg,out Qout Qg,out Qout
S ) Wit I P —1- 1-
ng s ng s ( Qin j—i_{ Qg,out J ( Qin ]( Qg,out ]

—1- Qg,out 11— Qout 1+ anOUt i Qout _ Qout
Qin Qg,out Qin Qg,out Qin
— 1 _ Qout
Qin
=M

Therefore, the proof is complete. Using the relation above, the thermal efficiency of the given combined cycle is determined
to be

Moo = Mg + 115 = 171, = 0.4+0.30-0.40 x 0.30 = 0.58

10-120 The thermal efficiency of a combined gas-steam power plant 1. can be expressed in terms of the thermal
efficiencies of the gas and the steam turbine cycles as 7, = 77, + 77, — 77,7); . It is to be shown that the value of 7. is greater

than either of 7, or 7.

Analysis By factoring out terms, the relation 7., = 77, + 77, — 77,775 can be expressed as

Mee = ng+ns_77gns = ’7g+’75(1_77g)> Mg
\_w_—J

Positive since
7y <1

or ncc:77g+775_77g77s:775+77g(1_77s)>77s
| —

Positive since
7, <1

Thus we conclude that the combined cycle is more efficient than either of the gas turbine or steam turbine cycles alone.
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10-121 It is to be shown that the exergy destruction associated with a simple ideal Rankine cycle can be expressed as
X gestroyed = 9in (Uth,(:amot -1, ), where 7y, is efficiency of the Rankine cycle and 7y, camot 18 the efficiency of the Carnot

cycle operating between the same temperature limits.

Analysis The exergy destruction associated with a cycle is given on a unit mass basis as

dr
xdestroyed - TO Z
TR

where the direction of g;, is determined with respect to the reservoir (positive if to the reservoir and negative if from the
reservoir). For a cycle that involves heat transfer only with a source at 7 and a sink at Ty, the irreversibility becomes

q 49 T q T,
m

={in [(1 - 77th)_ (1 - 77th,C)] =in (77th,C - 77th)
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Fundamentals of Engineering (FE) Exam Problems

10-122 Consider a simple ideal Rankine cycle. If the condenser pressure is lowered while keeping turbine inlet state the
same, (select the correct statement)

(a) the turbine work output will decrease.

(b) the amount of heat rejected will decrease.

(c) the cycle efficiency will decrease.

(d) the moisture content at turbine exit will decrease.
(e) the pump work input will decrease.

Answer (b) the amount of heat rejected will decrease.

10-123 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures. If the steam is superheated to a
higher temperature, (select the correct statement)

(a) the turbine work output will decrease.

(b) the amount of heat rejected will decrease.

(c) the cycle efficiency will decrease.

(d) the moisture content at turbine exit will decrease.
(e) the amount of heat input will decrease.

Answer (d) the moisture content at turbine exit will decrease.

10-124 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures . If the cycle is modified with
reheating, (select the correct statement)

(a) the turbine work output will decrease.

(b) the amount of heat rejected will decrease.

(c) the pump work input will decrease.

(d) the moisture content at turbine exit will decrease.
(e) the amount of heat input will decrease.

Answer (d) the moisture content at turbine exit will decrease.

10-125 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures . If the cycle is modified with
regeneration that involves one open feed water heater, (select the correct statement per unit mass of steam flowing through
the boiler)

(a) the turbine work output will decrease.

(b) the amount of heat rejected will increase.

(c) the cycle thermal efficiency will decrease.

(d) the quality of steam at turbine exit will decrease.
(e) the amount of heat input will increase.

Answer (a) the turbine work output will decrease.
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10-126 Consider a steady-flow Carnot cycle with water as the working fluid executed under the saturation dome between
the pressure limits of 3 MPa and 10 kPa. Water changes from saturated liquid to saturated vapor during the heat addition
process. The net work output of this cycle is

(a) 666 kl/kg (b) 888 kl/kg (c) 1040 kJ/kg (d) 1130 kJ/kg (e) 1440 kJ/kg
Answer (a) 666 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=33000 "kPa"

P2=10 "kPa"
h_fg=ENTHALPY(Steam_IAPWS,x=1,P=P1)-ENTHALPY(Steam_IAPWS,x=0,P=P1)
T1=TEMPERATURE(Steam_IAPWS,x=0,P=P1)+273
T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2)+273

g_in=h_fg

Eta_Carnot=1-T2/T1

w_net=Eta_Carnot*g_in

"Some Wrong Solutions with Common Mistakes:"

W1_work = Etal*g_in; Etal=T2/T1 "Taking Carnot efficiency to be T2/T1"

W2_work = Eta2*q_in; Eta2=1-(T2-273)/(T1-273) "Using C instead of K"

W3_work = Eta_Carnot*ENTHALPY (Steam_IAPWS,x=1,P=P1) "Using h_g instead of h_fg"

W4_work = Eta_Carnot*q2; g2=ENTHALPY (Steam_IAPWS,x=1,P=P2)-ENTHALPY (Steam_IAPWS,x=0,P=P2)
"Using h_fg at P2"
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10-127 A simple ideal Rankine cycle operates between the pressure limits of 10 kPa and 3 MPa, with a turbine inlet
temperature of 600°C. Disregarding the pump work, the cycle efficiency is

(a) 24% (b) 37% (c) 52% (d) 63% (e) 71%
Answer (b) 37%

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=10 "kPa"

P2=3000 "kPa"

P3=P2

P4=P1

T3=600 "C"

s4=s3
h1=ENTHALPY(Steam_IAPWS,x=0,P=P1)
v1=VOLUME(Steam_IAPWS,x=0,P=P1)
w_pump=v1*(P2-P1) "kJ/kg"
h2=h1+w_pump
h3=ENTHALPY(Steam_IAPWS, T=T3,P=P3)
s3=ENTROPY(Steam_IAPWS, T=T3,P=P3)
h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4)
g_in=h3-h2

g_out=h4-h1

Eta_th=1-g_out/q_in

"Some Wrong Solutions with Common Mistakes:"

W1 _Eff = q_out/g_in "Using wrong relation"

W2_Eff = 1-(h44-h1)/(h3-h2); h44 = ENTHALPY (Steam_IAPWS, x=1,P=P4) "Using h_g for h4"

W3_Eff = 1-(T1+273)/(T3+273); TI=TEMPERATURE(Steam_IAPWS,x=0,P=P1) "Using Carnot efficiency"
W4_Eff = (h3-h4)/g_in "Disregarding pump work"
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10-128 A simple ideal Rankine cycle operates between the pressure limits of 10 kPa and 5 MPa, with a turbine inlet
temperature of 600°C. The mass fraction of steam that condenses at the turbine exit is

(a) 6% (b) 9% (c) 12% (d) 15% (e) 18%
Answer (c) 12%

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=10 "kPa"

P2=5000 "kPa"

P3=P2

P4=P1

T3=600 "C"

s4=s3

h3=ENTHALPY (Steam_IAPWS, T=T3,P=P3)
s3=ENTROPY(Steam_IAPWS, T=T3,P=P3)
h4=ENTHALPY (Steam_IAPWS,s=s4,P=P4)
x4=QUALITY(Steam_IAPWS,s=s4,P=P4)
moisture=1-x4

"Some Wrong Solutions with Common Mistakes:"
W1_moisture = x4 "Taking quality as moisture"
W2_moisture = 0 "Assuming superheated vapor”
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10-129 A steam power plant operates on the simple ideal Rankine cycle between the pressure limits of 5 kPa and 10 MPa,
with a turbine inlet temperature of 600°C. The rate of heat transfer in the boiler is 300 kJ/s. Disregarding the pump work,
the power output of this plant is

(a) 93 kW (b) 118 kW (c) 190 kW (d)216 kW (e) 300 kW
Answer (b) 118 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).

P1=10 "kPa"

P2=5000 "kPa"

P3=P2

P4=P1

T3=600 "C"

s4=s3

Q_rate=300 "kJ/s"

m=Q_rate/q_in

h1=ENTHALPY (Steam_IAPWS,x=0,P=P1)
h2=h1 "pump work is neglected"
"v1=VOLUME(Steam_I|APWS x=0,P=P1)
w_pump=v1*(P2-P1)

h2=h1+w_pump"

h3=ENTHALPY (Steam_IAPWS, T=T3,P=P3)
s3=ENTROPY(Steam_IAPWS, T=T3,P=P3)
h4=ENTHALPY (Steam_IAPWS,s=s4,P=P4)
g_in=h3-h2

W_turb=m*(h3-h4)

"Some Wrong Solutions with Common Mistakes:"

W1 power = Q_rate "Assuming all heat is converted to power"

W3_power = Q_rate*Carnot; Carnot = 1-(T1+273)/(T3+273); TLI=TEMPERATURE(Steam_IAPWS,x=0,P=P1)
"Using Carnot efficiency"

W4_power = m*(h3-h44); h44 = ENTHALPY (Steam_IAPWS,x=1,P=P4) "Taking h4=h_g"
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10-130 Consider a combined gas-steam power plant. Water for the steam cycle is heated in a well-insulated heat exchanger
by the exhaust gases that enter at 800 K at a rate of 60 kg/s and leave at 400 K. Water enters the heat exchanger at 200°C
and 8 MPa and leaves at 350°C and 8 MPa. If the exhaust gases are treated as air with constant specific heats at room
temperature, the mass flow rate of water through the heat exchanger becomes

(a) 11 kg/s (b) 24 kg/s (c) 46 kg/s (d) 53 kg/s (e) 60 kg/s
Answer (a) 11 kg/s

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_gas=60 "kg/s"

Cp=1.005 "kJ/kg.K"

T3=800 "K"

T4=400 "K"

Q_gas=m_gas*Cp*(T3-T4)

P1=8000 "kPa"

T1=200"C"

P2=8000 "kPa"

T2=350 "C"

h1=ENTHALPY(Steam_IAPWS, T=T1,P=P1)
h2=ENTHALPY(Steam_IAPWS, T=T2,P=P2)
Q_steam=m_steam*(h2-h1)
Q_gas=Q_steam

"Some Wrong Solutions with Common Mistakes:"

m_gas*Cp*(T3 -T4)=W1_msteam*4.18*(T2-T1) "Assuming no evaporation of liquid water"

m_gas*Cv*(T3 -T4)=W2_msteam*(h2-h1); Cv=0.718 "Using Cv for air instead of Cp"

W3_msteam = m_gas "Taking the mass flow rates of two fluids to be equal”

m_gas*Cp*(T3 -T4)=W4_msteam*(h2-h11); h11=ENTHALPY(Steam_IAPWS,x=0,P=P1) "Taking h1=hf@P1"
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10-131 An ideal reheat Rankine cycle operates between the pressure limits of 10 kPa and 8 MPa, with reheat occurring at 4
MPa. The temperature of steam at the inlets of both turbines is 500°C, and the enthalpy of steam is 3185 kJ/kg at the exit of
the high-pressure turbine, and 2247 kJ/kg at the exit of the low-pressure turbine. Disregarding the pump work, the cycle
efficiency is

(a) 29% (b) 32% (c) 36% (d)41% (e) 49%
Answer (d) 41%

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=10 "kPa"

P2=8000 "kPa"

P3=pP2

P4=4000 "kPa"

P5=P4

P6=P1

T3=500 "C"

T5=500 "C"

s4=s3

s6=s5
h1=ENTHALPY(Steam_IAPWS, x=0,P=P1)
h2=h1

h44=3185 "kJ/kg - for checking given data"
h66=2247 "kJ/kg - for checking given data"
h3=ENTHALPY (Steam_IAPWS, T=T3,P=P3)
s3=ENTROPY(Steam_IAPWS,T=T3,P=P3)
h4=ENTHALPY (Steam_IAPWS,s=s4,P=P4)
h5=ENTHALPY (Steam_IAPWS, T=T5,P=P5)
S5=ENTROPY (Steam_IAPWS, T=T5,P=P5)
h6=ENTHALPY (Steam_IAPWS,s=s6,P=P6)
g_in=(h3-h2)+(h5-h4)

g_out=h6-h1

Eta_th=1-g_out/q_in

"Some Wrong Solutions with Common Mistakes:"

W1 _Eff = q_out/g_in "Using wrong relation"

W2_Eff = 1-g_out/(h3-h2) "Disregarding heat input during reheat"

W3_Eff = 1-(T1+273)/(T3+273); TI=TEMPERATURE(Steam_IAPWS,x=0,P=P1) "Using Carnot efficiency"
W4_Eff = 1-g_out/(h5-h2) "Using wrong relation for g_in"
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10-132 Pressurized feedwater in a steam power plant is to be heated in an ideal open feedwater heater that operates at a
pressure of 2 MPa with steam extracted from the turbine. If the enthalpy of feedwater is 252 kJ/kg and the enthalpy of
extracted steam is 2810 kJ/kg, the mass fraction of steam extracted from the turbine is

(a) 10% (b) 14% (c) 26% (d) 36% (e) 50%
Answer (c) 26%

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).

h_feed=252 "kJ/kg"

h_extracted=2810 "kJ/kg"

P3=2000 "kPa"

h3=ENTHALPY (Steam_IAPWS,x=0,P=P3)
"Energy balance on the FWH"
h3=x_ext*h_extracted+(1-x_ext)*h_feed

"Some Wrong Solutions with Common Mistakes:"

W1 _ext = h_feed/h_extracted "Using wrong relation"

W2_ext = h3/(h_extracted-h_feed) "Using wrong relation"
W3_ext = h_feed/(h_extracted-h_feed) "Using wrong relation"

10-133 Consider a steam power plant that operates on the regenerative Rankine cycle with one open feedwater heater. The
enthalpy of the steam is 3374 kJ/kg at the turbine inlet, 2797 kJ/kg at the location of bleeding, and 2346 kJ/kg at the turbine
exit. The net power output of the plant is 120 MW, and the fraction of steam bled off the turbine for regeneration is 0.172.
If the pump work is negligible, the mass flow rate of steam at the turbine inlet is

(a) 117 kg/s (b) 126 kg/s (c) 219 kg/s (d) 288 kg/s (e) 679 kg/s
Answer (b) 126 kg/s

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).

h_in=3374 "kJ/kg"

h_out=2346 "kJ/kg"

h_extracted=2797 "kJ/kg"

Whnet_out=120000 "kW"

x_bleed=0.172

w_turb=(h_in-h_extracted)+(1-x_bleed)*(h_extracted-h_out)
m=Wnet_out/w_turb

"Some Wrong Solutions with Common Mistakes:"

W1 _mass = Wnet_out/(h_in-h_out) "Disregarding extraction of steam"
W2_mass = Wnet_out/(x_bleed*(h_in-h_out)) "Assuming steam is extracted at trubine inlet"
W3_mass = Wnet_out/(h_in-h_out-x_bleed*h_extracted) "Using wrong relation"
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10-134 Consider a cogeneration power plant modified with regeneration. Steam enters the turbine at 6 MPa and 450°C at a
rate of 20 kg/s and expands to a pressure of 0.4 MPa. At this pressure, 60% of the steam is extracted from the turbine, and
the remainder expands to a pressure of 10 kPa. Part of the extracted steam is used to heat 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 feedwater heater, and the mixture is pumped to the boiler
pressure. The steam in the condenser is cooled and condensed by the cooling water from a nearby river, which enters the
adiabatic condenser at a rate of 463 kg/s.

6
Boiler h; =191.81
8 hy =192.20
i h3 = h4 = hg =604.66
hs=610.73
Process he=3302.9
153 heat hy=hg=h;y=2665.6
9 L cater Condenser |  /;; =2128.8
—
4 3

1
Sy s +{1)
2

1. The total power output of the turbine is
(a) 17.0 MW (b) 8.4 MW (c) 122 MW (d)20.0 MW (e) 3.4 MW
Answer (a) 17.0 MW

2. The temperature rise of the cooling water from the river in the condenser is
(a) 8.0°C (b)5.2°C (c) 9.6°C (d) 12.9°C (e) 16.2°C
Answer (a) 8.0°C

3. The mass flow rate of steam through the process heater is
(a) 1.6 kg/s (b) 3.8 kg/s (c) 5.2 kg/s (d) 7.6 kg/s (e) 10.4 kg/s
Answer (e) 10.4 kg/s

4. The rate of heat supply from the process heater per unit mass of steam passing through it is
(a) 246 kl/kg (b) 893 kl/kg (c) 1344 kJ/kg (d) 1891 kl/kg (e) 2060 kJ/kg
Answer (e) 2060 kJ/kg

5. The rate of heat transfer to the steam in the boiler is
(a) 26.0 MJ/s (b) 53.8 MJ/s (c) 39.5 MJ/s (d) 62.8 MJ/s (e) 125.4 MJ/s
Answer (b) 53.8 MJ/s

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).

Note: The solution given below also evaluates all enthalpies given on the figure.
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P1=10 "kPa"

P11=P1

P2=400 "kPa"

P3=P2; P4=P2; P7=P2; P8=P2; P9=P2; P10=P2
P5=6000 "kPa"

P6=P5

T6=450 "C"

m_total=20 "kg/s"

m7=0.6*m_total

m_cond=0.4*m_total

C=4.18 "kJ/kg.K"

m_cooling=463 "kg/s"

S7=s6

s11=s6
h1=ENTHALPY(Steam_IAPWS, x=0,P=P1)
v1=VOLUME(Steam_IAPWS,x=0,P=P1)
w_pump=v1*(P2-P1)

h2=h1+w_pump

h3=ENTHALPY (Steam_IAPWS,x=0,P=P3)
h4=h3; h9=h3
v4=VOLUME(Steam_IAPWS,x=0,P=P4)
w_pump2=v4*(P5-P4)

h5=h4+w_pump?2

h6=ENTHALPY (Steam_IAPWS, T=T6,P=P6)
S6=ENTROPY(Steam_IAPWS, T=T6,P=P6)
h7=ENTHALPY (Steam_IAPWS,s=s7,P=P7)
h8=h7; h10=h7
h11=ENTHALPY(Steam_IAPWS,s=s11,P=P11)
W_turb=m_total*(h6-h7)+m_cond*(h7-h11)
m_cooling*C*T_rise=m_cond*(h11-h1)
m_cond*h2+m_feed*h10=(m_cond+m_feed)*h3
m_process=m7-m_feed

g_process=h8-h9

Q_in=m_total*(h6-h5)

10-135 --- 10-142 Design and Essay Problems
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