Vapor and Combined Power Cycles



Vapor power cycles

O A gas power cycle considers air as the working fluid — single phase

U A vapor power cycle considers steam as the working fluid — might be two
phases

Carnot Vapor Cycle

O The use of steam as working fluid

High-temperature reservoir

at Ty * Low cost
5  Availability
§ * High enthalpy of vaporization

\)W“et’ . Q Carnot cycle
/ » Give maximum thermal efficiency
s

» But not be suitable to use for analyzing
the efficiency of vapor power cycle

Low-temperature reservoir
at TL 2



Objectives

« Analyze vapor power cycles in which the working fluid is alternately
vaporized and condensed.

* Analyze power generation coupled with process heating, called
cogeneration.

* Investigate methods to modify the basic Rankine vapor power cycle
to increase the cycle thermal efficiency.

* Analyze the reheat and regenerative vapor power cycles.

* Analyze power cycles that consist of two separate cycles known as
combined cycles and binary cycles.



Carnot vapor cycle

The working fluid, steam (water), Carnot Vapor Cycle Using Steam

undergoes a thermodynamic e B B A B
cycle from 1-2-3-4-1. 600 | -
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* To increase the thermal efficiency in any power cycle, we try to increaseg,
the maximum temperature at which heat is added.



Reasons why the Carnot cycle is not used!

* Pumping process 1-2 requires the pumping of a mixture of saturated liquid
and saturated vapor at state 1 and the delivery of a saturated liquid at state
2.

» To superheat the steam to take advantage of a higher temperature,
elaborate controls are required to keep T, constant while the steam
expands and does work.

Energy source
(such as a furnace)

Carnot Vapor Cycle Using Steam
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Rankine Cycle

*The simple Rankine cycle continues the condensation process 4-1 until the
saturated liquid line is reached.

Carnot Vapor Cycle Using Steam Rankine Vapor Power Cycle
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I
Ideal Rankine Cycle Processes
Process Description
1-2 Isentropic compression in pump
2-3 Constant pressure heat addition in boiler
3-4 Isentropic expansion in turbine 5

4-1 Constant pressure heat rejection in condenser



Example

Compute the thermal efficiency of an ideal Rankine cycle for which steam
leaves the boiler as superheated vapor at 6 MPa, 350°C, and is condensed
at 10 kPa.

Use the power system and T-s diagram.
P, = P; =6 MPa = 6000 kPa
T; =350°C

P1 = P4 = 10 kPa Rankine Vapor Power Cycle
500 T T T T T T T T T T

R 1 -
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400 |- —
L 3 J

300 |- .

200

T[C]

10 kPa
100

0 2 4 6 8 10 12
s [kI/kg-K]



Pump

- Assume steady-flow
- Neglecting APE & AKE

- Assume adiabatic and reversible processes

M = iy, = m
M+ W = 1141

Wpurrp — n'(hz o hl)

Since the pumping process involves an
Incompressible liquid, state 2 is in the

compressed liquid region

Recall the property relation:

dh=Tds+vdP

Since the ideal pumping process 1-2 is

Isentropic, ds = 0. dh =vdP

Ah=h,—h,

= [vap

TIC]
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400

300
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100
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‘Qm _— System boundary
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IQU[H
Energy sink

(such as the atmosphere)

Rankine Vapor Power Cycle
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The incompressible liquid assumption allows

Rankine Vapor Power Cycle

V=V, =Const. > |
200 L 6000 kPa
hz - hl = Vl(PZ o Pl) i
The pump work : = ol

Wpump =m(h, —h) = v, (R - Fi)loo:-

0

W 1 1 1 1 1 1 1 1 1 1
_ Tlpump . 0 2 4 6 8 10
Wpump o M _ Vl( P2 Pl) s [kd/kg-K]

Use the steam tables

h =h, =191.81k—J
R =10 kPa} kg
<
t. ligui 3
=satligud J1 000100
\ kg
Wpump - Vl(PZ o F:)L)
3 kJ kJ

~ 000101~ (6000 —10) kPa—~— = 6.05——
kg m’kPa kg



h, is found from

hZ = Wpump + hl

_ 605" 1101815 197,86

kg kg kg

10



Boiler

 To find the heat supplied in the boiler, assume
« Conservation of mass and energy for steady flow

* Neglect APE & AKE o
* No work is done on the steam in the boiler o
m =m=m @)
mzhz + an — rn\BhB Wpumpia
Q, =m(h,—hy) A i
 Find the properties at state 3 from the ®
superheated tables . K
=3043.9—
P, =6000 kPa} , kg
<
T13=350°C ] |s _ 6335719
\ kg-K

» The heat transfer per unit mass :

qin:Q

m g

" =h,—h, = (3043.9—197.86)E—J _ 284519

kg

11



Turbine
O To find turbine work assume

- Conservation of mass and energy for steady flow.

- The process is adiabatic and reversible
- Neglect APE & AKE

500

M, =m, =m m}
mshz :Wurb + rnAh4 - 300 '
Wurb — rr(h?; B h4) ) 200__

100

Find the properties at state 4 from the

steam tables by noting s, = s; = 6.3357 oo_

Rankine Vapor Power Cycle

1
6000 kPa

kJ/kg_K s [kJ/kg-K]
at P, =10kPa: s, :0.6492k—‘]; S, :8_1488k_‘]
kg- K kg- K
S, =S; +X,Sy,
S,—S _
X, = s St 6.3357 - 0.6492 _ 0.758

g

s, 7.4996
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h, =h, +Xx,h,

U The net work done by the cycle :

g

~191.81— +0.758(2392.1) —

KJ kJ
KQ X

g

= 2005.Ok—\J

kg

QT he turbine work per unit mass

500

Wi = hz _h4

— (3043.

TIC]

9-2005.0)— o
g 100 |

kJ T

0 2 4 6 8 10 12

kJ
K

=1038.9 —

kg

Wnet — V\lturb —W

pump
= (1038.9— 6.05)k—J
kg
:1032.8k—J
kg

Rankine Vapor Power Cycle

400 |-

300 |-

I
6000 kPa

s [kJ/kg-K] 13



O The thermal efficiency

1032.8k—J

W, K
77th = == kg

Gn 284517
kg

=0.363 or 36.3%

500

Rankine Vapor Power Cycle

Energy source
(such as a furnace)

‘(_)i" _—System boundary 400 -
¥

!
6000 kPa

300 | -
3)
= 200 a
10 kPa
100 a
i Y4
Condenser
0 1 1 L 1 1
,Qom 0 2 4 6 8 10 12
Energy sink s [kJd/kg-K] 14

(such as the atmosphere)



Previous lecture

|Ideal Rankine cycle

Analyzing the efficiency of components

Today lecture

Deviation of actual vapor cycles

Way to improve the Rankine cycle

Ideal Rankine cycle with reheat
|Ideal Rankine cycle with regeneration

Next lecture

Isentropic efficiency

Cogeneration

15



Deviation of actual vapor power cycles from idealized cycles

Th

&

T

IDEAL CYCLE

Irreversibility .'

m the pump |  Pressure drop
in the boiler
,_/Lfﬂ' -7
\ “ 701 Irreversibility
) f R | in the turbine

Fressure drop
in the condenser

Fluid friction — pressure drops in boiler, condenser, and piping

Irreversibility: heat loss from steam to surroundings

Isentropic efficiency

Ws _ th_hl

e =

W, hZa_n

— "M4a

W, _h
w, h,—h, 16

S




Example

A steam power plant operates on the cycle shown in Fig. If the isentropic
efficiency of turbine is 87 percent and the isentropic efficiency of the pump

Is 85 percent, determine (a) the thermal efficiency of the cycle and (b) the
net power output of the plant for a mass flow rate of 15 kg/s

15.9 MPa
3590 15.2 MPa
©), 625°C
%" 15 MPa
(2) 416 MPa SLLAS
Wpump,in _
] :_:::_ Pump
= ] np=0.83
@ 19 kPa
38°C

Condenser




Ways to improve the simple Rankine cycle efficiency

Increase the average temperature at which heat is transferred to the

working fluid in the boliler, or decrease the average temperature at which
heat is rejected from the working fluid in the condenser.

wpu mp,in

®

13 MPa

Boiler

(1) 175 kPa

Condenser

73 kPa

350

18



Ways to improve the simple Rankine cycle efficiency

e Lower condenser pressure
- Less energy is lost to surroundings.

- Moisture is increased at turbine exit.
- Min. temp is limited by cooling temperature
- Lower temperature gives lower pressure, and this might cause the

problem of air leakage into condenser.
- Too much moisture gives lower turbine efficiency and erosion of

turbine blade. Gin

Boiler

(2) 13 MPa

wpump,In

@ 175 kPa Condenser

75 kPa



Ways to improve the simple Rankine cycle efficiency

Q Superheat the vapor (without increasing the boiler

pressure)
Average temperature is higher during heat addition.

- Moisture is reduced at turbine exit.
- Max. temp is limited by metallurgical property

T
Increase in w, Boiler
N L 3 MPa
] @ 350°C
3 (2) 13 MPa
‘ Wiarb,out
L |
wpump,In
2
= Pum
P 75kPa 1 (3)
l . = Font
@ 75 kPa Condenser
- =ik

S 75 kPa



Ways to improve the simple Rankine cycle efficiency

* Increase boiler pressure (for fixed maximum temperature)

- Availability of steam is higher at higher pressures.

- Moisture is increased at turbine exit (Side effect and improved by
reheating).

Boiler

] o
o TJII.EI.?.’
( :}--3 MPa
wturb.out
Decrease

|
\ ///]ﬂ Whet wpump,In

\" =C{ﬂ Pump
T d{&/ (1) 175 kPa

Increase
in wWpg,

Condenser

75 kPa



Example

Consider a steam power plant operating on the ideal Rankine cycle. Steam
enters the turbine at 3 MPa and 350 ©C and is condensed in the condenser
at a pressure of 10 kPa. Determine (a) the thermal efficiency of this power
plant, (b) the thermal efficiency if steam is superheated to 600°C instead of
350°C, and (c) the thermal efficiency if the boiler pressure is raised to 15
MPa while the turbine inlet temperature is maintained at 600°C.

T, = 600°C

3
39 T, = 350°C
3 MPa 3 MPa

\p r
2 2
10 kPa 10 kPa
1 4 1 4

5 5

(a) (b) (c) 22




net _ Oin — Youe —1— Uin

qOUt

Condenser

39 T, =1350°C
3 MPa




T

(b)

()

T . 350 °C 600 °C 600°C
P 3 MPa 3 MPa 15 MPa
X 0.8128 0.915 0.804
G 2921.3 3488 3376.2
Cou 1944.3 2188.5 1923.5

N 33.4% 37.3% 43%

(a)




ldeal Reheat Rankine Cycle

As the boiler pressure is increased in the simple Rankine cycle, not only
does the thermal efficiency increase, but also the turbine exit moisture

Increases.

1. Superheat the steam to very high temperature before it enters the
turbine (limited by metallurgical property)

2. Expand the steam in the turbine in two states, and reheat it in

between.

Increase in W oot

Increase
in wyg,

3y 3

TIIJJI

Decrease

</_,/inwﬂet

25




ldeal Reheat Rankine Cycle

Wb :\N[urb,l_l_vvcurb,Z :(hz_h4)+(hs _hG)

Gn = qprimary_l_qreheat :(hB_hZ)_F(h:S _h4)

3

Reheater 4

Pd-:PS:Preheut

5

Condenser

a

26



|deal Reheat Rankine Cycle

- The average temperature during the reheat process can be increased

by increasing the number of expansion and reheat stages.

- As the number of stages is increased, the expansion and reheat

T

processes approach an isothermal process at the max. temp.

In theory, efficiency from the second reheat is about half of that from a
single reheat. And if the turbine inlet pressure is not high enough,
double reheat would result in superheated exhaust (increase the

average temperature for heat rejection) — super critical pressure P >
22.06 MPa

TH

- Tlurg Jehesat

27
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Rankine Cycle with Reheat

Component Process
Boiler Const. P
Turbine Isentropic
Condenser Const. P
Pump Isentropic

The thermal efficiency is given by

W
_ het
Nin

G
_(h-h) + (R -h) - (h - h)

(hy - h) + (K - hy)
_ h-h
(hy - h) + (hy - h,)

First Law Result

Qin = (h3 - hy) + (hg - hy)
Wout = (h3 - hy) + (hg - hg)
Qout = (h6 - hl)

Wi = (hy - hy) =v,(P, - Py)

%



Example

Consider a steam power plant operating on the ideal reheat Rankine
cycle. Steam enters the high-pressure turbine at 15 MPa and 600°C and
IS condensed in the condenser at a pressure of 10 kPa. If the moisture
content of the steam at the exit of the low-pressure turbine is not to
exceed 10.4 percent, determine (a) the pressure at which the steam
should be reheated and (b) the thermal efficiency of the cycle. Assume the
steam is reheated to the inlet temperature of the high-pressure turbine.

ISMPH' @ T, °C

600
Boiler @ turbine =

é Reheater
Py=Ps=Propen
@ 10 kPa




AssumpHowns

i Stea 87 o{;evq{-{'nc’ condiHouns

2 AkE & APE ave Mea[ll‘gige.

s  Idedl remeat Bomleine O{C—(Q

(4) Pressure ot which the steam should be reheotesl € Ps=7)
Ts = lEI'CM)“C.

Se = S

b

>kate 6 P, = 0 kfa

Xp = ©.%96 (mixture)

% = S+ %Sfy
0.6492+ 039b (7.4996)

-

= T3ST iy k. 30



l’lb = lﬂ‘|‘_+ Kblflgﬁ

lal.g) <+ o0.aes (2392.1)

f

= 2%35.1 Lj/lw,

Ty, state s Tg = boo“c,} Pc= 4.0 Mo

S¢ = Se hWe = 36749 LY

ﬁwf
The,ve{ore\ steom shovlel be rehested af- 4 Mfa o .

lower +o -Pt"eveﬂd' a wmoisfure omvtemt abové, 04 9%

31



(&> Thermal. eﬂicimm' My =

Qin = (hy—hy) + Chg=hy)

thi- = hb"'hl
Shﬂﬂ 1 'Pl = o k?& ’S
Sat. lic!ul'ol.

State 21 P. = I1s Mfa

‘U" (Pz,"n ) <

wpum Fl';'

1]

1

1S.14 kI /kq

1= Qiy
Qovt

h = Me owpa = 1A18] kT

“,
"+ Gatou = oroL 1

( 0.00101 .Lﬂ_?)((lr,ooo-lo)k&)(l__@-_"l_'_
2 )

"3 "

32



h?_ = L|| + NPUMF‘I"V'

=

alsl+ (5.1%)

= 206 .95 ll.-]'

Tq
State 3: P75 = s Mf’w} hy = 3593, 1 ky/kg
Ty, = 600% 3; = 66T LI
lcay .k
State 4 P = 4 M‘Pq} hy = 3§ WI/ky
% = S (Te=39€S )
Thes

ain = Chy =) + Che —hyy)

—
—

( 35%3.] —206.0S)+( 3b74.9 - 3(55)
= 3%9b.1 Lt

o

33



C[Nf': "'b- l"l

= 23%5.| — lal.3¥%
=  2]14%.3 k3
V]-\-h = 1= 9y
Gevt
= |- 21433 = ©.4F or eS5/.
3%96.1

Com.[mre with, {dea | Ramkive 0-fole. wi tout v-eheuﬁml)

o (o
No . reheat ©.04 43Y.
Wit  reheat 0.€b a45y.

34



Assignment 5

Compare the thermal efficiency and turbine-exit quality at the condenser
pressure for a simple Rankine cycle and the reheat cycle when the boiler
pressure is 4 MPa, the boiler exit temperature is 400°C, and the condenser
pressure is 10 kPa. The reheat takes place at 0.4 MPa and the steam
leaves the reheater at 400°C.

MNth Xturb exit
No Reheat 35.3% 0.8159

With Reheat 35.9% 0.9664

35




ldeal Regenerative Rankine Cycle

» To improve the cycle thermal efficiency, the average temperature at which
heat is added must be increased.

 Allow the steam leaving the boiler to expand the steam in the turbine to an
intermediate pressure.

Boiler

Open
FWH

Pump II

Condenser

Pump I

- Some of steam from turbine is
sent to a regenerative heater to
preheat the condensate before
entering the boiler.— increase
feeding water (boiler) temp.

- However, this reduces the mass of
steam expanding in the lower-
pressure stages of the turbine,
and, thus, the total work done by
the turbine. The work that is done
IS done more efficiently.

36



The preheating of the condensate is done in a combination of open and
closed heaters.

- In the open feed water heater, the extracted steam and the
condensate are physically mixed.

- In the closed feed water heater, the extracted steam and the
condensate are not mixed.

Boiler [ C= Boiler

Open Mixing
. FWH ] chamber
9
C 4] 13
Pump 11 Condenser Condenser
1
Pump II Pump I

Pump I

Open feed water heater Closed feed water heater 37



Cycle with an open feedwater heater
n = =N,
Oo = (1= Y) (N, — 1)
W o = (s =5 )+ (1= y) (s =1y )

Wpump,in - (1_ y) pump,1,in + Wpump,z,in

y=rm/m
Wpump,l,in =V ( PZ _ Pl)

Wpump,2,in =V, ( P4 _ P3)

s
38




Let Y =1 /M be the fraction of mass extracted from the turbine for the
feedwater heater.

mn:m)ut
m,+m, =m=m
m, =y -y =m(1-y)

Conservation of energy for the open feedwater heater:

E.in — E.out
ryh, +ryh, =y, .
yrn5h6 + (1_ y)rnjhz — rn:'sh3 Open

yoheho
h—h, T O—




Cycle with a closed feedwater heater with pump to
boiler pressure

Boiler

[ ™ |

40



Example

Consider a steam power plant operating on the ideal regenerative Rankine
cycle with one open feed water heater. Steam enters the turbine at 15 MPa
and 600°C and is condensed in the condenser at a pressure of 10 kPa.
Some steam leaves the turbine at a pressure of 1.2 MPa and enters the
open feed water heater. Determine the fraction of steam extracted from the
turbine and the thermal efficiency of the cycle.

®
' 15 MPa
600°C

wlurb,out

Boiler Turbine (}:

Tin

T

-y

41



Assum *pHom

. Sfeﬂéf qaevq‘-ivw, oonditions
2 AKER APE cwe \aeqh‘sib(e
8 JXdeal Regevmerntive Bow luvee ex.tcte

a) Fachon of. steam extrmcteq Leom the toroine

y = h)“"‘l’l?.
Mo —h, ©

Boiler

@in

>




State| © P =~ o kPa} h = haoee = @13 L3 /kg
Sat. ll'quid % = Yl okm = 0-90l0f _N_I?

&9

State 2. P2 = L2 Mfa

S = 38
NP‘MP'){” = 'Zri CP‘;._PI)
=  (0.0010] m’)(_(lzoo-—lo) h&)( N2
2 .2 L}/g b/
' kg
l’lz_ = l'l| + WPUMP l,fn

= Qas + 1.2 = (A3.0| ‘br/ﬁg

43



B = Ve .2 Men = 000 133 _'f

hﬁ

"‘3"- hi@ 1.2 Mfa = 748.3% X

Siv:le 3. P3 = 1.2 M‘PO\.
Sat. ll'al ol d

State 4 ‘Pq. = 1S Mfa
Se = 53

Npepz,v = 03 (T -§)

f!

(0.001l 3% _@3)( Ctsoo—rzn)k.l’a)< j_tul
“‘1 | cfa .

= |S$.% ILI/LB

hs = h} + Wpump2, v

(798.3% + [5.7) = %(+.03 WI/by

44



State 5= fs = 1sM?a,’S he = 3931 kI/kg

Ts = 600 C sy = b.bTAL  WI/k5.K

Statee. f, = L2 M&,% h, = 2%0.2 kS/kq

2 = 5-5' To = 2Il®.4 °C.
State 7 Pv, = o kfa
Xy = Sp-sp = 6.67aL-0.b44z = 0.70¢
%% 24996

hg = Wy + tx,hgs e lalsl+ 0.30% (2392.])

= 2Us. 3 kf/kq
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Evergy avalysis ou. feed water hester : assume well msvlar

Pyt (1Y) ke = by
Recall ' Ms
™M

Thes y = hy-he = TAT33- 930/ < 0.227
hy—be 2%60.2 — [93.0/

Thev-e.rore

Qu = hy Wy = (35¥3.| — $14.03) = 2764 &.)/19

Qoot = Cl=Y)Chg—hy =((-0.297)(218.3-(9/.%)
= [4%6.9 lLJ’/k?

VI.H,‘ > |- 91‘1 = = [4%6a = 0.9p3 @®r. %£.39

Govl 2964. )
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Example: Closed feedwater heater

A steam power plant operates on an ideal regenerative Rankine cycle. Steam
enters the turbine at 6 MPa 450°C and is condensed in the condenser at 20 kPa.
Steam is extracted from the turbine at 0.4 MPa to heat the feedwater in a closed
feedwater heater. Water leaves the heater at the condensation temperature of the
extracted steam and that the extracted steam leaves the heater as a saturated
liquid and is pumped to the line carrying the feedwater. Determine (a) the net work

output per kilogram of steam flowing throught the boiler and (b) the thermal
efficiency of the cycle.

®
T/
tl\w Trbine.
1o

y @ @ ey

L

Mixing
Vel mbey

A aamdw}w
@ﬁ‘:oéF E’“ D -




Assml;kong
. 5“‘@«61 o{:ocqlim] oovdiHoy exist

e Ake & Ate  ave veqligible

From. Qteam table

N = hegeotm = S92 U3/ig

= ©.oo|el¥ m’/u?

o
]

e 20 uta

Wotim = 9 (h=f)

n

(0.00101% 1 ) ( booo - 20 a.&)C lw T
by o ™

= 6.0% Y fla'

W, = ‘n,‘!' We3m S 2S1.4z+690¢v = I57.50 E.’I

lu'
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?3 = o4 M g hy = L’f-e.o.q Mt = SOT-60 QJ/""I
.o ) 4
Qal. \m'ulol Ty = ‘b;_@@& M 0.00 (03 % _\E[

WPJE,'&I 2 T3 C 'Pc'--?g)

= (0.00l0<% -NE:) ( 6000 =~ 400 M’A-)( Led

lufa. ™
S 6903 h.,s/u.c'
'nq > \n}-f- NPIEI"-‘ t 60M.bbtbOT = §10.73 -L:'!
h‘v:. H 1‘3‘ CPQ“"P}) s h = GI@?’; ":;
3 >
i i

Albo hy = hgs hg = €10.33 l:_%\ stiee the tevo ﬂuf.(

stredms which are g\:ec‘wt mixel howe the Some e thal P/
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Pe = 6Min } h, = 3702.9 U/la’
Ts = 4GooC o = 6329 WSlkq.k
Pb = oy Mfa ‘X‘ = )5-—34 e 6.3%UQ - [.F35 = O.Qbﬁ}
24 &.Uq)
¢ = 3
s hb = \q_ + ‘xh‘gﬁ
= 604.6b + (096b1)(2]35.%)
- 2h6s.3> I
Tq
Py > 20 A rx;' = %93~3p = 6.3219 ~0%329 = 0.%32y
S; « Sy S,g_q .05
\q; = htﬂ-')&l‘lpﬁ

- 25192 + CoXx3zs)(23y3.y)

-—

= z2le W/
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The @mcl—fo\q &F steom ex?\-«cf'ca[ Y &e'[‘av\'ﬂl‘hca( @r-ow[
the 31‘&141 ~Plow SMeng Yy balom ce eﬁ[m{-l'wn o?n-ph'eb( fo thu

Pecd ourter ator . Vobimg tuad 1 WX ale & Ape Fo

o
éiﬂ “Eop+ = A% '
Em = Eot
S mw = £ Me e,

"';\g_(."lg"‘"\(,) = Y;‘G CHB" h‘})

Q) Crgmbe ) = -y
w'r\evt \1 8 the -{-Md"l'nw a,e SfGM/L exfwffd ‘{’VW
the torbwe (= My/eiy) Selving Pory
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< Whe~he < 610.33 - 253 80

(he=lng )+ Che=he) 2665.3 ~ C0%.00+6/033 252 I

= ©./463

Thea  Qqin: Wy —he = 3302.9 ~6lo. #3 = 2692.2 C“-’/n-.?
Qoot = C1°Y)Chy=hy) = (i—o. 143 )(2z14~25]-%2)
= (6354 &I/y

Avl  Wrnet = Qiu~-Qoot =26a2.2 -lb35.¢

= lole.gs &I/ky

o) The thermal e]QPt'q‘ewa.{ 5 detevmined -prewl

Iy = Bt < (S tesd W3/
Qv go\Z-.L &-J/b.u’

= 33% %
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Deviation from Actual Cycles

* Piping losses--frictional effects reduce the available energy content of the
steam.
*Turbine losses--turbine isentropic (or adiabatic) efficiency.

T P3
3 /
actual  _ h3 . I’.I4a / )

W,

\Nisentropic h3 o h4s // Py

4s

77turb —

S

The actual enthalpy at the turbine exit (needed for the energy analysis of the
next component) is

h4a = h3 o nturb(h3 o h4s)
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*Pump losses--pump isentropic (or adiabatic) efficiency.

T 2, / P,

. Vvisentropic . hZS — hl /
77pump o o

P

Wactual hZa o hl

The actual enthalpy at the pump exit (needed for the energy analysis of the
next component) is

1

hZa:hl+ (th_n)

Ji pump

*Condenser losses--relatively small losses that result from cooling the

. . o4
condensate below the saturation temperature in the condenser.



Second law analysis of vapor power cycles

- Ideal Carnot cycle is a totally reversible

- Ideal Rankine cycles may involve irreversibilities external to the system,
e.g. heat transfer through a finite temperature difference

- Second law analysis of these cycles is used to reveal where the largest
irreversibilities occur and what their magnitude are.

Xdestruction — TOng — TO (Sout - Sn)

=T, Zr'nsnL_Sﬂ—Zr'ns— Q

out b,out in Tb,in

Or on a unit mass basis for a one-inlet, one-exit, steady flow device

:TOSgen :TO S ™9 +-I-b’ —

Xdestructi on

Tb,in 55



Second law analysis of vapor power cycles

- Exergy destruction associated with a cycle depends on the magnitude of
the heat transfer with the high- and low- temperature reservoirs.

Xdestruction :TO Z-I(-JOUt _Z_I(_:Iin
b

b,out in

For a cycle that involves heat transfer only with a source at T,; and a sink at
T,, the exergy destruction are

Xdestruction o
1 T,

— TO c]out Qi n

Exergy of a fluid stream ¢ at any states is

(p=(h—ho)—TO(s—sb)+V—22+ 0z
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Example

Determine the exergy destruction associated with the Rankine cycle (all four
processes as well as the cycle), assuming that heat is transferred to the
steam in a furnace at 1600 K and heat is rejected to a cooling medium at
290 K and 100 kPa. Also, determine the exergy of the steam leaving the
turbine

Gin

——&§—

Boiler
| 3 MPa
3I50°C

(2) 13 MPa &
Winrb out .&“
ey

3
W Turbine :%—-— 350 |-
pump.in
. @ Hont \I
- 100 kPa
@ 4 Condenser | “ 4

100 kPa

T.°C{




Om = 272%.6  k3/kg _—

Process |1-2 & 3-4 owe {mmFl‘c 350 |-

.= O
X destrectov 3
!

K desteetion, 34 = O L

Process 2-%2 8 4-1 ove constomt pressore
C heatt additiov) Cheat \-eiecH ov)

Prom. Steam table

S = % = SPguskea = 2132 kI/iq.k

S¢ = S3 = 67S ki/ug.k Cab SMB 350%)
58



Thos.
X destrution 23 = To(sz,"'sz_ — Qinzs )
Tsource

= (zowlr.){ (6745-1.2]32) — 29t%.6 L’J/fa,'
' oo K

= o Wi/

xde‘i‘\‘rUc-Honqu = To (9' =S¢t q"""u‘” )

= CZCIOILJ{ (!.ZISZ.-B.’I4SO)+ 20% .6 “J/ﬁ-a
| Zeo ke

= 414 LI/

Theverorel the l‘rr-e.vexsiLiliLf ol the oycle s "cacsh-mi-!u,c.(e
= Waesllz."'«“’lz; T Xdeg,34 T Fdesg

= O+ WO T Ot 414 = (s g/ ey
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e o
Exovg~t ' ’Spq, = C"!4.-'|'10)-"TOC94-S¢)"'/Z:7; ﬁ/ﬂ

= C.l’q.—l’lo) — To (4 -So)

l'lo""' h@?-"lowtlookfu & l".f.emok- = Y.358 t"j/""‘?

o= s@aqou.llooua. = SP@ zaok = ©.2533 k'yh_q.h

Thos
p, = (2403 -q1.385) — tho)Jl 6.798‘—0.1333;
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Cogeneration

Cogeneration is the production of more than one useful form of energy
(such as process heat and electric power) from the same energy source

Qs

< i 120kW
<:\\\4 Turbine:::%::3
- Y \
Boiler Process >/ 10kwW
heate Boiler
Qp y'y
pump

pump

A simple process-heating plant An ideal cogeneration plant 61



Cogeneration

Cogeneration is the production of more than one useful form of energy
(such as process heat and electric power) from the same energy source

Steam turbine ——— Producing EE

5~ 7 atm, 150 — 200°C

Process heat

h 4

Chemical, pulp and
paper, oil production

A 4

Heat transfer to the
steam in boliler
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Cogeneration

Efficiency/Environmental Comparison
Conventional Generation COGEN Microsystems

Delivered Electricity Waste Heal
100 Units ‘Only 40 Units

pCU
{Cogenanahon
Total Fuel Input Unif)

671 Units

Usalul Heat
300 Units

Boiler [ as Heater




Utilization factor, g,

Waste heat rejection from turbine transfers to the steam in boiler and is
utilized as either process heat or electric power.

@ Utilization factor, €
I . Net work output + Process heat delivered
Boiler - Total heat input
B W +Q,
+— Qi
120 kW :
@ 100 kW . Qout
g, =1——
Qi

Woump =0

Qout = presents the heat rejected in the condenser.

. 6
€, — 100% when no any heat losses in system )



Example

Steam enters the turbine at 7 MPa and 500°C. Some steam is extracted from
the turbine at 500 kPa for process heating. The remaining steam continues to
expand to 5 kPa. Steam is then condensed at constant pressure and pumped
to the boller pressure of 7 MPa. At times of high demand for process heat,
some steam leaving the boller is throttled to 500 kPa and is routed to the
process heater. The extraction fraction are adjusted so that steam leaves the
process heater as a saturated liquid at 500 kPa. It is subsequently pumped to
7 MPa. The mass flow rate of steam through the boiler is 15 kg/s.
Disregarding any pressure drops and heat losses in the piping and assuming
the turbine and the pump to be isentropic, determine (a) the maximum rate at
which process heat can be supplied, (b) the power produced and the
utilization factor when no process heat is supplied, and (c) the rate of process
heat supply when 10 percent of the steam is extracted before it enters the

turbine and 70 percent of the steam is extracted from the turbine at 500 kPa
for process heating.
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7 MPa

Mixing
chamber

500°C
Expansion
valve
500 kPa
Process | @
heater 5 kPa
Pump II

«—i—i@q B ® Condenser
Pump I

7 MPa @ I
5 kPa
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Weump t,m = g CPp~Fy)

( 0.001005 _'p_s){c'rooo-s) U'a.i ( W )

"ﬂ HL?A.W!}/

n

.03 W3

Wewmpz = g (P ~ o)

]

(o.omom_m_f'){(vooo—-soo)w’a'i = ey

L9 A ";.PQ.MV
T Tl W/
W=y hy by = 344 KT/,
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hb = zZ07% L,S/u_q

"“T = k’-&s:ao ktaa € 640 .09 kj/t?
W= h{_ ¢ 5 Wl = 137. 98 loJ’/u'

‘hﬂ':- h"‘" NP"MP"“:' = C';?.q&' +7.0;)

‘4'05 \'lqi- wmpz|\i\ = 64009+ .10

= b47T.19 kX /kq
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(a) Maxw\{r_ q{_ process heat is whew all the "'E:[M [eavfm,
Jhe bolley & throttled amel sewt to the process heey Lev
omd woue G Seur to the furbjue ( h;|4= f\;l.rt h;l' = |5 k7/5

omd NTI; =M= h;l',oa o)

d?-ﬂmax = ) Chg=hy)
= (ls- Lﬁ/,)(“”-“"“""")% = 4/ 570 kW

guT100Y. C MO heat 15 rejected m the aondeusev heaf
loss Prom e rir{mr el other aam.rowena+g are uea’lfsg'{.,

omd  aombusHom losses ave vot oousidered )
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(o) Whew wno process heat s\srfll'cd . all e gfeouy

leaufha’ the botley passes through Hre $urbive  auol
expomds to. the ocomdemser pressom. of & kfa (

\’\:1;::: h;)hc: l\;)' = (S ILQ/S omcl niltt\;lse.o)

Wiwb ot = m Chy~h,) = Cis k%){(zm.‘l ~20755 L]

= 20, o6 W

Nwmp,vh = (s ,%)CV'O’ E') s (os LW

Wwd"wl- = W‘\VYL‘Q\)" = NP""‘PI’;"

= Z0,0Tp- 108 = (99 ww & 2o MW
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!‘;l‘ c"l| "'""l" )

Ci1s h_:,){(wp.p- (44.73) g'ﬁ
4%.099 Lw

Wwet+ &p = 47110
& 439919

= 0. 40¢ er.

40 .%/
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) Noglect MY AKE & APE
F—M EE 0

Mghe + MS“_‘_S = Qpout ¥ Myhy

| \';!4_,_;.-— (o.)Cts ((-q/,) = (.S L‘-"’/,

= wmrme = LS tlos =02 g

Bpit = Wighy + Mighs = Migh,
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Thvs :
Epet = Cls kq/y) (3411.4 KY/p)

 '+("‘0".&' Lo'[s)tz?gq_g 'LJ/M')
— (12 bqts) (e40.09 3/ bg)

“25.2 MW & Use m process heq fer
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Example

A textile plane require 4 kg/s of saturated steam at 2 MPa, which is extracted
from the turbine of a cogeneration plant. Steam enters the turbine at 8 MPa
and 500°C at a rate of 11 kg/s and leaves at 20 kPa. The extracted steam
leaves the process heater as a saturated liquid and mixes with the feed water
at constant pressure. The mixture is pumped to the boiler pressure. Assuming
and isentropic efficiency of 88 percent for both the turbine and the pumps,

determine (a) the rate of process heat supply, (b) the net power output, and
(c) the utilization factor of the plant.

Boiler M

Process

@__ heater
o (e

D) ® )
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e
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v

= 33q9.5~ (0.93)(3529.5-3000.4
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