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Cycles for Gas Turbines and
Jet propulsion

Learning objectives:

1.

2.

2.1
2.1.1

In this chapter, ‘Gas Turbine cycles’ are analyzed with ‘air standard assumptions.

Brayton cycle is the air standard cycle for Gas Turbines. Ideal Brayton cycle consists of two
isentropics and two constant pressure processes.

Modifications to the Ideal cycle to increase the thermal efficiency are also studied; these
include adding a regenerator and resorting to multistage compression in the compressor and
multistage expansion in the turbine.

Jet propulsion cycle used for aircraft propulsion is also analysed.

Several Functions/ Procedures are written in Mathcad and EES to determine net work,
thermal efficiency etc of the Ideal and actual Brayton cycles.

Large number of problems from University question papers and standard Text books are
solved with Mathcad, EES and TEST.

Definitions, Statements and Formulas used [1-71:

Air standard assumptions:

Since the actual Gas power cycles are rather complex, we make following assumptions to simplify

the analysis:

ii.

iii.

iv.

Working fluid is air circulating continuously in a closed loop, with air behaving as an Ideal gas
All processes making up the cycle ate internally reversible

The combustion process is replaced by a heat addition process from an external source

The exhaust process is replaced by a heat rejection process that restores the working fluid to
its initial state

In ‘cold air standard assumption, specific heat of air is assumed to be constant at cp = 1.005
kJ/kg.K and ratio of sp. heats as y = 1.4
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2.1.2 Ideal, simple Brayton cycle:

P-v and T-s diagrams are shown below:

Here, we have:

1-2: isentropic compression in compressor
2-3: external heat addition in heater (combustion chamber)
3-4: isentropic expansion in turbine

4-1: heat rejection in a cooler

P4 T

Various quantities for the ideal Brayton cycle are calculated as follows:

Air standard efficiency:

R B
. e klikg
W comp = ':P'Tl'i,_rp - 1_,-'
Turbine work:
11
f1y
Wearp = cpT3{ 1= — | kl/kg
LpS

9
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Net work:
Whet= Wb ~ Weomp klfkg
- -". Y —
()P

From Theory. optimum r, for max. work is: ¢ = —
PoiT)

Back Work ratio:

“Tu:-nmp

Weurb

BEWEatio =

Heat supplied:
Q= cp(T3-T2) kJikg
Thermal efficiency:

W et

Qin

Nip =

213 Actual, simple Brayton cycle:

-I—.lln

P1

10
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Actual, Simple open cycle...Compr. work, Turbine work, Back Work Ratio:

ST
T1 « -1
Weomp = P — / kJ/kg
Mcomp
. 1
Wear= 8| T3 1= —— M| yykg
o)
W
BWRatio = —
Viurb
Net work:
Whet= Wi — ‘i.R'mmp
Heat supplied:
:;' "i-'—]. H"
Tlr fo—-1) ek
Qu=cp|T3-|T1+ —F g
" comp

Thermal efficiency of Actual Simple Open Cycle Gas Turbine :

TII.‘rﬂ et

Brayton_actual EFF =

Efficiency of ldeal Open Cycle Gas Turbine with ldeal Regeneration:.

..Depends on pressure ratio and the cycle max to min temp. ratio

-1
(T1)

Brayton IdealRegen EFF=1—| i1

T - T3, P

11
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Efficiency of ldeal Open Cycle Gas Turbine with ldeal Regeneration:

In terms of temp. ratio, t=T1/T3, re-writing the above eqn, we have:

Brayton_[dealRegen EFF =1 - [t}-rI:I

214 Actual Open Brayton Cycle with Regeneration:
Here = is the effcy of regenerator, defined as:

T3 -T2a

a= — %
Td4a - T2a

=
-]
Turbine Work:
W w3/ 1 )
=cp T3 1- —— I
turb =1 turb klikg
.o )
Compressor Work:
|r-' "i-'—]. H"
S T -
comp = °F k/kg
"comp
12
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Met Work:

Whet= Wit — v'ycomp klfkg

Back Work Ratio:

'1;[.:"
BWRatio= —

wtm’o

Temp at exit of compressor:

[t
Tl r -1
Taa=Tl+ —F K
Mcomp
Temp at exit of turbine:
T4 T3-T3 Irl
da=T3-Ti1- -
1| K
¥
Lo
360°
thinking.
]
Deloitte.
DiSCOVCI‘ the truth at WWW.dClOittC.Ca/CaI‘CCI‘S © Deloitte & Touche LLP and affiliated entities.
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Regen. effectiveness, z:

T5 - Ta
e
T, - T2a

Therefore, temp at exit of high pressure stream in regenerator, T3 (K):
Ti=Tla+z(T4a - T2a) K
Heat supplied:
Q= cp-(T3 - T5)  klikg

Thermal efficiency:

2.1.5 Actual open cycle...with reheating, inter-cooling and regeneration:
Given overall pr. ratio, rp:

Therefore, pressure ratio per stage = rp0-3

T

14
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Total Compressor work input, for two stages:

T L §
N Z kikg

" eomp

WE

comp = FF°

Total Turbine work output, for 2 stages:

] Ir-. 1 ‘-"I
W =y T3 1- — Mtk |2

05— kikg

o)
Net Work output:
Wt = WE i — “'K.:ump kd/kg
Back Work Ratio:

WE

BWRATIO= — —F
W
Work Ratio:
‘i.Tme.h - WE
WRATIO = comp
WE 1
Temp. T2a:
I.'" .._1 h‘-l
| I}.j-'—_ |
Tl ¢ .
Tlaz —-F .11 K
Ncomp
Temp. Tda:
r‘ 1
Ta=T3-| T3 1o ——— Mgy
03—
o)

T5, temp at exit of high pressure stream in regenerator:

T35 - T2a

= ———— ___reqgen. effcy.
Td4a — T2a : v

15
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Then:
Ti=T2a +z{T4a — T2a) K
Heat supplied:

Ql= cp-(T3 - T5) + cp-(T3 — Tda)  klikg

Thermal efficiency:

“Ktu:t‘o - 1;'-\‘I(;r:-:nrnl:n
Q1

EFFCY =

2.1.6 Ideal Jet Propulsion cycle [1]:

Here, the ambient air is first compressed slightly in a diffuser, and then compressed in a compressor. The
turbine produces just enough power to run the compressor and auxiliaries. High pressure, high temp
exit from the turbine is further expanded in a nozzle to the ambient pressure. High velocity exit from

the nozzle provides the thrust to propel the aircraft.

REALLY
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Schematic diagram of the turbo-jet and the T-s diagram are shown below:

Diffuser Compressor Burner Turbine Nozzle

' Qout
P = const.

=k P

In the above, we have:

1-2: Isentropic compression in diffuser

2-37 Isentropic compression in compressaor
3-4: constant pressure heat addition in burner
4-5: |sentropic expansion in turbine

5-B: |sentropic expansion in nozzle

B-1: Constant pressure heat rejection

Generally, the ambient conditions (at the cruising height of aircraft), P1, T1 are known. Also, the
compressor pressure ratio, rp (= P3/P2),and the temp at turbine inlet, T4 are given. The cruising velocity
of aircraft, V1 is also known. For ideal jet propulsion cycle, turbine exit temp T5, nozzle exit temp T6,

nozzle exit velocity V6, heat supplied, thrust produced, propulsive power and the propulsive efficiency
are calculated as follows:

17
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Process 1-2: Isentropic pressure rise in diffuser:

From an energy balance:

V2T V1
h2+ —=hl+ —
2 2

W2 is nearly equal to zero.

Therefore:

vi°
(R2-hl)- —=0

. Tl:
e, cp{I2-T1) - - =1

-

=3 T2=T1+ i K....Ans.
2-ep
T 1
And: Pl=PFl- 1_—'1 | kPa...when P1 is in kPa
I‘.‘- _,l'l

Process 2-3: Isentropic compression in compressor:

Pi=mpP2 kPa..Ans.

7= 1

T3=T2p = K..Ans.

Process 4-5: Isentropic expansion in turbine:

Remember: Wmmp = Wi
Then: hi-hl=hi-h3

8. cp(T3-T2) = cp-(T4 - T3)

ie. Ti=T4-T3+ T2 K...Ans.
rj“‘w"'Tl

And: Pi=Pi | kPa....Ans.
L T4

18
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Process 5-6: Isentropic expansion in nozzle:

= 1

‘esY !
To=T3| — |

| K...Ans.
VP35

From an energy balance:

-
Ve A
hi+ —=hi+ —

2 2

But. V5 is almost zero. Therefore:

-

R
ep(T6-T3) + — =0

L

. V6=+{2-cp-(T5-T6) mis...Ans.

Met Thrust:

F=m(Vé-V1) N..where m = air flow rate in kg/s.
Propulsive power:

Wp=FVl=m (V6 V1)Vl kW..Ans.

The Wake
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Heat supplied:

Q= m-(hi - h3) = mcp-(T4 - T3)  kW...Ans.

Propulsive efficiency:

Wp
np= —
o

K.E. at exit:

Heat rejected:

Quye = m-(hé — h1)  KW...Ans.

Check: Q, =Wp+EKE_ ;i + Quuyt

Note: In an actual Jet propulsion cycle, isentropic efficiencies of diffuser, compressor and turbine will
have to be considered. Also, combustion efficiency in the burner section and the velocity coefficient of

the nozzle will have to be taken in to account.

2.2 Problems solved with Mathcad:

Prob.2.1. Write Mathcad Functions for Thermal efficiency, compressor work, Turbine work, Net work

and Work ratio of an Ideal, Simple Gas Turbine cycle (i.e. Ideal Brayton Cycle):

Mathcad Functions:

Thermal efficiency:

7= 14

13
Brayton EFFl{y.rp) =1-1 —|
T ' ) Lip)

Ex: tp =4 Brayton EFF1{y.1p) = 0.327
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Plot of effcy. vs pressure ratio, rp:
fp=12.25 ....define a range variable

=14

0s T 1 1 T T T 1

Thermal effcy. vs pressure ratio for
simple Brayton cycle

0.7

0.6

Bm‘_‘,’[ﬂﬂ_EfPl{T _.rp} 04 /

o 03 /

02

0.1 /

o 2 4 46 %3 10 12 14 16 18 20 22 24

Compressor work:

Weomplep Tltp.7) = cpTlisp |~ —1)  kJikg

Ex:  op=1005 kllkgK T1 =300 K tp =4 =14

“’mp{cp,Tl,rp,?} = 146527 kdlkg

Turbine work:

T_l
¢ . I-"'l'\l T
Wiurblep. T3, 1p.7) = cp T3 1 - | — | kJ/kg
Lip)

Ex:  cp=1005 klkgK T3 =150 K =4 =14

Wine(cp. T3, 1p.7) = 493028 kJikg

21
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Met work:

“’Tﬂet{_cp LT1,T3, IP-'."} = “’Ttu.rb{_':p JI3, Ip__fir} - g"rwmp{_cp LT1, IIJ-'.’} kg

Ex:  ep=1005 klkgK T3 =1500 K T1=300 K =4 y:=14

Wiet{ep. T1T3,1p.7) = 3465 klikg

Plot W, vs r for given T1, T3:
Ti=300 K Ti=1200 K
p=12.24 ....define a range variable
200 T 1 T T T T T ]
) Net work (kJ/kg) vs pressure ratio for
330 given T1, T3, for simple Brayton cycle
300
] |

230

Wasr . T1, T3, 15.7) 200

150

100 [

I:"' T3 .‘ll :I" (T_ 1:}

rp—:—t

From Theory. optimum r, for max. work is:
VT

22
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Mow: T1 =300 K T3 =1200 K

"

Ir" T3H|| : [.T_ 1}

And, = 11.314

;lﬂ_ﬁ_}ll-
i.e. optimum pressure ratio for max. work =r, = 11.314.

This is verified from the above graph.

Back Work ratio:

“’T-:ﬂmp[_':P .T1, rp_.',r}
Winrcp, T3, rp_.',r}

BWRatio(cp. T1.T3.1p.7) =

Ex: cpo= 1005 kdikg K T3 = 1200 K TI=300 K =4 T=14

fp [

BWRatio(cp. T1. T3, 1p.7) = 0.371

> RBS Group
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Plot Back Work ratio vs Mot

T3 =120 K Tl=300 K

fp=12.24 ....define a range variable
= | I L A N B
0.7 Work ratio vs pressure ratio for given __|
- T1, T3 for simple Brayton cycle
0.6 —]
|
0.5 S
. _—
.o-""'-'-'-'-'_

BWRatio{cp, T1,T3.1,.7) 04

0 2 4 4 8 10 12 14 16 13 20 22 M

Single program for Ideal, simple Brayton cycle:

Bravien cycle sunple{op, T1, T3, p.rl = Effcy < Braywn EFFY|y, rp|
“"mmp — “-{Umplr'f‘ Il rP_'I-:I
Wiy ¢ Wiyl ep, T3,mp.7]
Wt ¢ Wretlop. T1. T3, 1p. 7]
BWRatio « BWRatwo{cp, 11,13, 1,9
TThaffey ! "Weomp (Wka)" "WearbkIkn)"  “Wiet (lIke)" "Back Work Ratia" |

A+
Effey Weomp Wb Weiet BWRatio

Ex: T3=1200K T1:=300 K  cp=1005 klikg =14 g5=4

Let: B = Brayton_cycle_simple|cp, T1, T3, rp_.';'}

. ("Theffey.” "Weomp (kIkg)" "Wiurb(kI'kg)" "Wnet(kIkg)" "Back Work Ratio" )
l.e. = | |
L0327 146.527 394.422 247.895 0371 J

Thus, for given T1, T3, cp, y, and r, Thermal effcy etc are calculated in one step, very conveniently.

24
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Prob.2.2. In a gas turbine plant, working on a simple Brayton cycle, air at the inlet to the compressor

is at 1 bar, 30 C. Pressure ratio is 6. Max. temp is 900 C. Find the thermal efficiency, net work and back

work ratio.

Mathcad Solution:

Apply the above written Mathcad program:

Data:

TI=30+273 K T3=9800+273 K

Applying the Mathcad Function:

B:= Bra}-‘tnn_c}-'cle_simplei_u:p__1'1_.TS__rp_.'.-'_l

i.E. E=.
0.401 205571

Thus:

Th. effcy. = 0.401 = 40.1%...Ans.

cpo= 1005 klikg K tp =6 1 =14

("Theffey." "Weomp (Kkg)' "Wrurb(klkg)" "Wnet (I’kg)" "Back Work Ratio" |

472328 268.756 0451

Compressor work = Wcomp = 203.571 kJ/kg ... Ans.

Turbine work = Wturb = 472.328 kJ/kg ... Ans.

Net work = Wnet = 268.756 kJ/kg .... Ans.

Back Work Ratio = 0.431 .... Ans.

Prob.2.3. Write Mathcad Functions for thermal efficiency etc of an actual, simple Brayton cycle i.e. taking

in to account the isentropic efficiencies of compressor and turbine.

Mathcad Functions:

Compressor Work (kJ/kg):

1""_:cj:ﬂpil]: 1 Tp-T-CP .-.rlcgmp.: :

Download free eBooks at bookboon.com
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Turbine Work (kJ/kg):
o ; i 1
Wieurb| I3. 1.7, 2P Nturb) = ep| T3 1= [Nt
.

Net Work (kJ/kg):

TIrT*'Tﬂst[_rl T3 tp. 7. 0P Meomp M tu:bj' = T'f"""t1.u:‘t:-[_I'3 B R | tu:bj' - 1;fj"'f-::vc&ﬂ:q::-[_I'1 :Ip.T. 0P, ﬂwmp,:'

Back Work Ratio:

T.,R-'wmp['['l Ip. 1. O, T]-:u:!mp,:'

BWRatio{ T1,T3,r5.7.cp.m Miurh) = : L
) P comp D -
Wiurbl T3. 1. 7. €PN turb)

Heat supplied (kJ/kg):

Qin{ T1. T3, 15,7, 0P Neomp) = cp| T3—| T1+ —
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Efficiency of Actual Simple Open Cycle Gas Turbine:

Whet T1. T3, InaT.CP: ﬂ-:ﬂmp.-'f'lturb_}'

Bravton_actual EFF | 1. 7. cp. T1, T3 M com .-T]turb.:' = -
P P Qinl T1, T3, 5.7.P .M comp)

Single program for actual, simple Bryton cycle:

Brayven cycle mctusd{T1,T3, T+ f VP e Nk | = Effcy w= Bravion schusl EFF Tor ep.TIL TS ot M bk
Woomp = Wiompl TLtp. 709 Moo
Wienet = Weursl T3, 5, 7P pugh!

Wt o= W T1, T3, 10,7, 5P, e Mtath)

Q[upp — Qiel TL T3, To. <P, Meomp!

HWHaho &~ BWHlataf T2, FF rF_ =] ““'-"-P Mgt
TEMey” "Weemp &Tkg)” "Woet 00k} "Wnet AT %z)"  "Dsupp 00 %)" "Back WRaty"
A e
Effey Womap What Wt Civpp BV Rano

Prob.2.4. In a gas turbine plant, working on a simple Brayton cycle, air at the inlet to the compressor
is at 1 bar, 30 C. Pressure ratio is 6. Max. temp is 900 C. Isentropic efficiencies of the compressor and

turbine are 0.8 each. Find the thermal efficiency, net work and work ratio.

Mathcad Solution:
Data:
vo=14 tp = 1005 7=14 T1=305 K Ti=11T3 K tp = i)

Neomp = 0.8 Nturh = 0.8

Then, we have, using the Mathcad Function written above:
BB = Brayton_cycle_actual|T1, T3, 1p.7.cp. Neomp. M turb_.:'
=8

("Effey” "Weomp (KI'kg)" "Wturb (kIkg)" "Wret (Kkg)" "Qsupp (Ikg)' "Back WRatio" ||
\ 0.199 254464 377.862 123.398 619.836 0673
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Thus:

Th. effcy. = 0.199 = 19.9 %...Ans.

Compressor work = Wecomp = 254.464 kJ/kg ... Ans.
Turbine work = Wturb = 377.862 kJ/kg ... Ans.

Net work = Wnet = 123.398 kJ/kg .... Ans.

Heat supplied = Qsupp = 619.886 kJ/kg ... Ans.

Back Work Ratio = 0.673 .... Ans.

Prob.2.5 Write a Mathcad Function for Thermal efficiency of an Ideal Brayton cycle with ideal regenerator.

Efficiency of Ideal Open Cycle Gas Turbine with Ideal Regeneration:.

Depends on pressure ratio and the cycle max to min temp. ratio:

T
Eravton IdealRezen EEFI'.-'_.rp_.Il_.TSI =1l- =
T - : : LT3

In terms of temp. ratio, t = T1/T3, re-writing the above eqn, we have:

Brayton_IdealRegen EFF{y.t.1p) =1 ()1 !
Plot the Efficiency vs pressure ratio, for different temp ratios:

=14

fp = 1.2..24 ___define a range variable
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o3 L PO B —
" \ Thermal effcy. of ldeal Brayton cycle with and
0.7 T without regeneration
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— TLT3i=02

""" TLT3=023

—  TLT3=033

— - Simple Brayton cycle, no regeneration
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Also, plot thermal effcy vs pressure ratio for T3 = 900, 1200, 1500 and 2000 K, with T1 = 300 K:
We have:

T1=30K =14

rlr-_l
. N (T1Yy
Brayton IdealRegen EFE| 'Ir_.rp_.Tl_.I'BII =1-1 - Fp
' ' LIa)

tp=12.24 ....define a range variable

0.83 Thermal effcy vs Pressure ratio for Brayton -
0.8 cycle with ldeal regenerator for various T3

0.75 =
- \\ ]

0.7 - . . =

0.63 - —]

0.8 - —

0.35 - —

Thermal effey.

0.45 o]

0 2 4 & ] 0 12 14 16 18 20 22 24
Pressure ratio, 1p

— Ti=0MK
""" T3=1200K
— Ti=13MK
— - Ti=20MEK

Prob.2.6 Write Mathcad Functions for Thermal efficiency etc of an ideal Brayton cycle with regenerator

of efficiency = ¢

Mathcad Solution:

Let the pressure ratio be 10, and regenerator efficiency = 80%. Also, T1 = 300 K, T3 = 1400 K, cp =
1.005 kj/kg.K, y = 1.4.
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We shall write Functions for all calculated quantities:

Data:

p=10 =14 cp = 1.005 klkg K

T1 =300 K T3 = 1400 K s =08 .__regen. effectiveness

. -T2
We have for Regen. effectiveness: == Dot
T4-T2
T 1
3 /
¥
5
5
Fig.Prob.2.6

Temp at exit of compressor:

— 1

T2rp.7.T1) = Tlrp | K.

Temp at exit of turbine:

T3
|

T4 rp.7.T3) =

e

T
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Temp at exit of high pressure stream in regenerator:
T5(1p.7.2. TLT3) = T2 1,7, T1) + &( T4 1p.7.T3) - T21p.7.T1)) K
Heat supplied:

Qs(ep.rp.7.2.T1.T3) = cp(T3 - T3(rp.7.2.TL.T3)) /g

Compressor Work:

Weomplep. tp.7.T1) = ep-(T2{rp, 7. T1) - T1)  klikg

Turbine Work:

Winblep. 1p.7.T3) = cp-(T3 - T4{rp.7.T3)) klikg

The next step for
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Met Work:

Waetlep. £p. 7. T1.T3) = Wiyl cp.1p.7.T3) = Weomplep.1p.7.T1)  klikg

Thermal efficiency:

Whetlep. 1p.7.T1, T3)

Nihl cp.1p.7.2. T1.T3) = — :
SE : Qslep.tp.v.2.T1T3)

l.e. Miblep.tp.7.2. T, T3} = 0562 =56.2% ... Ans.

(b) Plot Thermal efficiency of the cycle vs regenerator effectiveness, other conditions remaining

the same:

Since efficiency is written as a function of other, involved variables, it is very easy to plot efficiency

against any of the other variables.

=10 y=14 ep = 1005 klikg K

Tl =300 K T3 = 1400 K

z:=0,01.1 .._.define arange variable

T T T T T T T 1
| Efficiency vs regen. effectiveness for
ideal Brayton cycle /

0.39

0.37

0.3

A

N ep.tp.7.2. T1,T3) 0.53 -

0.51
]
0.49

047

60 01 02 03 04 03 06 07 03 0% 1
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If we need to plot efficiency vs T3:

t = 1w =14 ep = 1005 klkgK
T1=7300 K
T3 = 900,950.. 1500 ....define a range variable
0.63 1 T T T T T 1
Thermal effcy. vs T3 for Ideal Brayton cycle
0.62 for different values of regen. effectiveness ;
-
-
0.59 T
- | ’,_a"‘
0.56 SR B
. __.--_H_J. -___."'-- _,.:-F"f
_ vl
= 0.53 >
2 s
[+ s
E 03 pre=
B /
= 047
0.4 e
0.4l W
0.38 <~
03

200 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1430 1500
Max. temp. T3 (K)

— PRegen. eff =07
""" Fegen. eff. =0.8
—  Regen. eff =09
— - BRegen.eff =1
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Prob.2.7 Write a Mathcad Function for Thermal efficiency of an actual Brayton cycle with regenerator.

i.e. including the efficiencies of compressor (ncomp), turbine (nt_,) and the regenerator (¢):

T
L
Fig.Prob.2.7
Mathcad Functions:
Turbine Work:
o R N
Winrbl fp.7.0p. T3 . Neurb) = cp| T3 1 - | b kJfkg
Lo )
Compressor Work:
S
_ , Thirp = -1
“T-:csmp[rp.-'."='3P=T1=71-:amp.:' =g klikg
Necomp

Net Work:
“Trlet[_ Ih.T.CP. T1,T3, ﬂc-}mp.-rlturb_}' = 1i"‘Tn.u'l::-'._1’1::-.-'.“.-'3'13' .-T3.-T'Iturb_.:' - “'-:-}mp[_fp.-'.’.- cp. T1 .-ﬂmmp_}' kdfkgg
Back Werk Ratio:

.‘l.‘if,:mpll.fp__'ln' i T1 N T].:mp:'

EWRatio| rp,7.cp. T1,. T3, Meomp. M furh) = : :
B P ! "i.R'mfb[rp__'I-'__u:p__T3_.T‘|mrb_:l
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Temp at exit of compressor:

|r "In’ —_ 1 .\I

F
Tl = -1
' \ P /
Taltp. 7. Tl Meomp) = T1 + ———=
Neomp

Temp at exit of turbine:

-

. . . I
Tdaltp. 7. T3.Nurb) = T3 - T3 1 - — Moy K
. L —

Regen. effectiveness, z:

T5-T2a
e e —
Tz — T2a

Therefore, temp at exit of high pressure stream in regenerator:

T3(1p.7. TL T3, Neomp . Niturb-2) = T2a{1p.7. TL. Neomp) + & T4a(1p.7. T3 . Niurb) — T2a(1p.7. TL.ncomn)) K
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Heat supplied:

Qinl 7p.7.P. TL. T3, Mcomp-Niturb-2) = cp-(T3 = T3(1p.7. TL. T3 Mcomp-Niurb-2))  kd/kg

Thermal efficiency:

1;"'Tnet[_fl:x-'.’.- cp. Tl .-T3.-T'I-:|}mp.-'f'ltu:b_}'

Brayton actual resen EFF| 1, L7.0p, T1. T3 1 Tt b_.ﬂ} = - -
FTOmn_ _TEZen Ip.d comp- T turk- 8 -
Qinl 1p.7.2p. T1.T3. M comp- Mturb -2

Single program for actual, Brayton cycle with Regenerator:
Brayon_aetual gegend TL. T3 fp. 7. 40 Neomp Toah 2/ = [ Effey o Brayton_serasl regen EFF{fp. 1,00 TL T3 Neomp- Mt 2/
Wy — Weommpd tp.7 8. T N omp
Winrh &= Wt tp. 09, T3, Niget!
Wase+= Waetl 6P THLTH Mepen Miriarb!
Q!::pp - Qlin! . .:p.TI.T.'-.'-‘I.:w.".m.:.I
BEWFanio «— EWRatial 1. 7,00 TL.TH Neomp.- Mgt
"Effey” "Weomp (kikgl” TWhoh (k)" TWoet (Ek)”  "Qsupp (kiks)" "EWRaba" |
., Effey We

A -

mp Wty Wnat Tougp EWRatis _'

7=14  cpo= 1003 klkgkK T1=303 K Ti=1173K =

1
=
1
L

Meomp = 0.8 Niugh = 0.8 2 ....effcy of regenarator

Applying the above Mathcad Function, we get:

EE = Bra}-‘ton_au:mal_regenl'_rl T3 tp.7. 0P Meomp: M turb.-ﬂ_}'

!""Eﬁ'l:-}-'” "Weomp (kIkz)" "Wiurb (k)" "Waet (k)" "Qsupp (/ke)" "B‘i.‘-‘Raﬁu"H'[
L 0281 254 464 377.862 123398 438.368 0.673 _,-'

Plot Thermal effcy vs rp for various T3:

vo=14 tp = 1003 =14 T1=303 K

Neomp = 0.8 Niurh = 0.8 z:= 075 _...eficy of regenerator

tp=1,15.16 ....define a range variable
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0.6 r r T r r — -
Thermal effcy. of actual Brayton cycle with regenerator vs
055 | Ppressure ratio, for different T3 N
0.3
043 e R R
~
04 7
£ T T T
2 T
0.33 -
a\-‘ T [
E ER R T =
§ D3 oo ; ﬂ"'u.
025 iy e
02 %N e
; {
0.13 # -
0.1 i
0.035 ’
0
1] 2 4 ] g 10 12 14 16
Pressure ratio, 1p
— T3=000K
""" T3=1200K
—  T3=130K
— - T3=200K

Plot Thermal effcy vs rp for various compressor and turbine efficiencies, for fixed T1,T3:

vo=14 op = 1003 y=14 T1=1303 K T3=1200 K
Meomp = 0.8 Niwb = 0.8 z = 0.75 __eficy of regenerator
rp=1.15.16 ....define a range variable
38
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0.6
I I I I I I I
| Thermal effcy. of actual Brayton cycle with regenerator vs
0.33 [ pressure ratio, for different compressor and turbine efficiencies

03
0.45 — e
- 14— — 1 . o i - ] .
0.4 Jf = - — L
s e
.. 039 : =]
2 03 e —
= 025 ¥ R
02 ¥
L
0.13 [ e
0.1 EI
0.05 ’I

’ 0 2 4 ] ] 10 12 14 16
Pressure ratio, 1p

— eta comp =-eta twrth=10.7

""" eta_comp =eta_turb =108

— ' eta_comp =-eta twb=00

— - eta_comp =eta_tuwb =003

Prob.2.8 The extreme pressures and temps in an open cycle gas turbine plant are 1 bar and 5 bar, and
27 Cand 550 C respectively. Calculate the efficiency of the cycle when (i) there is no regenerator, (ii) there

is a regenerator with 60% effectiveness. Take y = 1.4 [VTU-Jan. 2003]

Mathcad Solution:

Use the Functions written earlier.

Data:
=z =04 . effectivenes of regen.

Pl=1har P3=3 bar tp =3 vo=14
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Case [i): when there is no regenerator:

B = Bra}-'tnﬂ_n:}-'cle_simplel'_ cp. T1.T3.1p .-'."_.I'

e 3 ("Theffcy.” "Weomp (Kkg)" "Wrurb(kI'kg)" "Wnet (kIks)” "Back Work Ratio" )
1. = 1

. 0369 176.022 304.887 128.865 0.577 JJ

Thus, Thermal effcy. = 36.9% when there is no regenerator ... Ans.

Case (ii): when there is a regenerator with an effectiveness of 60 %:

We use the following program, written earlier:

EIm}.‘fnn_arﬂul_rf}_rrm .75 rl.__'l- = "-:.H‘..p-qm-":" - rﬂ.-;.- — !'Iraj.'lun_.rrmnl_ugfn_j'FFITP T.cp 1T ‘."-.l]_.‘:“:1FI Trurk.2 |

w’:nmp - “r-.'r'rrq'ﬁ L »p. 11, 'lrr:rr'.pl'
Wouet = Wowbl fpo 7o T3 M)
Wisr — \"a::'u'r;‘. yop, TLTS !_"Hf'..p-r'!lﬂ'I:

0,-;;-;_-, - 0-_:“[_-- r.ep 11, T3 " ocugy s T bl 8}
EWRate ¢ BWRatisl tp. 7. p. TL T3, Neomp. rurt!

it CWeamp (clkz)” "Weorh kgl “Waet 0 kg)" “Qeupp (lkg)”  EWRstin )

Ad | Ey Weomp Weh Wonr Giope BWRatio |
We have:
r =14 ep = 1005 klkg.K fp =3
TI=27T+273 K T3=330+273 K =z:=046 .. effcyofregenerator
Neomp = 1 Mg =1 --.-@ssumed as 100 % since no values are given.

Then:

EE = Bra}-‘tnn_an:mal_regenl'_fl a1y, u:p__'r]wmp_.‘r][mb_.s}

!l'-.IIEE'I:}._II II‘RTI:DmP [k:l'kg}ll II‘RTtUIh [kjkg}ll IITIIRTﬂEt[kag}II ”QSL‘[PP [k:l’kg}ll “B‘;.R‘Rauollh'l-
| J

, 0300 176.022 304.887 128.363 32277 0377

Thus, Thermal effcy. = 39.9% when there is a regenerator with € = 0.6 ... Ans.
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Prob.2.9 In a Regenerative Brayton cycle, inlet conditions to compressor are: P1 = 100 kPa, T1 = 300
K. Regenerator efficiency = 80%. Max. temp is 1400 K. Compressor and turbine efficiencies are 90, 80
and 70% each. Plot (i) thermal efficiency, (ii) Back work ratio, (iii) net work developed in kJ/kg, when

pressure ratio varies from 2 to 20.

Mathcad Solution:

We shall use the Mathcad Functions written above, viz:

1;'Vnet[fp.-'.“.-':13' T1,T3 :Meomp: M tu\rb_.:'

Bravton_actual regen EFF(t,.7.cp. T1. T3 . Mcomp. M turh-2) = -
F P ’ Qi_-n|_fp.-'.“.-':P.-Il.-n.-rlcump.-ﬂtu:b.-ﬂ_:'

Weompl fp.7.cp. TL, Tlc-}mp_.:'
Winrbl fp- 7.0 T3 Mty

BﬁR‘RaﬁDLI’p__'I-' JCp. T1 . T3 . T-I':Dﬂ'lp_- N [uf‘b:' =
1;'Vﬂet[fI::-.-'." .cp, T1, T3, Neomp:T turb::' = 1;'Vt1.u‘l::-|.r1::-.-'." .op.T3.m turb::' - 1iIT"'-:rc:4rr11::-|.rp-.-'." .cp. T1, T'I-:u:smp_.:' klikg

Data:

TI=300 K T3=1400 K g=08 ..regen. effcy.

1005 klkg K

1
[
.

o
"

STEP INTO A WORLD
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www.ecco.com/trainees
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Thermal efficiency.:

fp=2,25.20 ...define a range variable
effcy (eta_comp = effcy (eta_comp = effcy (eta_comp =
p eta_turb = (.9) eta_turb = 0.8) eta_turb = 0.7)
i 0.397 0327 0.24
4 0.433 0.386 0.265
G 0.487 0.374 0.258
8 0478 0.352 D.242
10 0452 0.328 0.223
12 0.448 0.304 D.202
14 0.43 0.28 [ =
16 0.415 0.258 D162
18 04 0.236 D142
20 0.385 0.215 0.123
Thermal effcy. vs Pressure ratio
Regen. eff. =e=0.8
0.5 p— ——
a . ncomp=nub=09
043
-\_\_\"_"‘-\-._\_\
/ —
04 T
033
A ncomp = nturb = 0.8
03 -
B 023 <=
E ™ R
= 02 1
- T
0.15 T
- mcomp = nturb = 0.7
01
T
0.03 I
T
I} T
2 4 ] 3 10 12 14 16 13 20

Pressure rafio, 1p
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Back Work Ratio (BWR):

BWR (eta_comp = BWR [eta_comp = BWR (eta_comp =

p eta_turb = (.9) eta_turb = 0.8) eta_turb = 0.7)
2 0322| 0408 © o533

4 0.393 0.495 0.65

6 0.441 0.559 0.73

a 0.479 0.607 0.792
10 0.511 0.646 0844
12 0.538 0.681 0.889
14 0.562 0712 0.93
16 0.584 0739 0.966
18 0604 0.765 0.9949
20 G023 04.768 1025

efficiency reliability delivery
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L2 1] —
Back Weork Ratic vs Pressure ratio
L1 Regen. eff. = 0.8
1 ——]
—_—
1—
0.9 —
L~

= =
= 048
Tt . A oot
= ¢
=z 0 < [——
) e [

0.5 =]

.-'-'.-- -"""'gf

0.4 /

0.3

02

o 2 4 6 8 10 12 14 16 18 20
Pressure rafio, rp

— eta_comp=eta_trb=092

""" eta_comp = eta_turb =08

— - eta_comp = eta_twb =07

Net Work:
Whnet (eta_comp = Wnet eta_comp = Whnet [eta_comp =
p eta_turb = 0.9) eta_turb = 0.8) eta_turb = 0.7)
2 154.14 119.69 82.619
4 251.335 184,968 112787
i 283.409 199.041 106.676
8 295 411 198.404 91.680
10 298.639 191.842 ¥3.909
12 207 345 182526 556.335
14 293.491 171.855 36.754
16 288.101 160.526 18.496
18 281.761 148.913 0.705
20 274823 137225 -16.567
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Met Work vs Pressure ratio
Regen. eff. =2=0.8

500
280
260 /
240
/
220
/

200 .
180 / - -
160 ek

140 ¥ *
120
100

/,.,-ﬂ‘"’ _\___hq_‘——-_____h__

Met Work (kg

0 2 4 6 § 10 12 14 16 18 20
Pressure ratio, rp

— eta_comp =eta_twb =09

""" eta_comp = eta_turb =08

—  eta_comp=-eta twrb=07

Prob.2.10. Write Mathcad Functions for efficiency etc of a Brayton cycle with intercooling, reheating

and regenerator.

Mathcad Solution:
Assumed that:

The compressor has two stages, with equal pressure ratio in each stage.
Overall pressure ratio = rp, preassure ratio in each stage = rp”0.5

'Perfect inter-cooling’ between compressor stages, i.e. after compression in first stage, air is cooled back

to initial temp before entry to second stage.
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Similarly, turbine has two stages, pressure ratios in LP and HP turbines being equal, and re-heating back

to HP turbine inlet temp after expansion, before entering LP turbine.

Regenerator effectiveness = .

ex o128 regen. effcy
T T4a-T2a

See the diagram below:

T &
3 |-
2
T +
C
5
Fig.Prob.2.10

We have the following Mathcad Functions:

Total Compressor work input:

{ -1 Y
03— |
; . I‘].'Il rp - 1_).2.
1i|R“'[{'CIZ!‘ﬂZ'l. |_T1rr r‘.frl:prn-:ﬂﬂ'l :I = Oy = kul'llkg
F d ? P Neomp
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Total Turbine work output:

. \ { 1
""xtu:blm.-fp.-?.-CPrT'Iturb_:' = Cp I53-11- ;| Mtub -2 kl/kg

05—

¥

Lo J

Net Work output:

'Wnetl._rl.-T3.-fp.-'r’.-'313'.-'f'l-:u-mp.-ﬂturb_~l' = T"""I(Ct1.1\r'[:-|-_T3.-Ip.-'.’.-'3'13'.-71mﬂ:-}I - 1;""1K-c1:>ﬂ:1p|._Tl.-fp.-'r’.-'313'.-'f'I-:t!-mI::-_‘:'

Back Work Ratio:

WK{.}mp[_Tl Ap-T.CP. ﬂ-:omp}
ggq([mbl'_ﬁ Ap:T.Cp. 1 tuﬂ:-jII

BWRATIO(T1. T3, tp.7.cp. Ncomp. turb) =

Work Ratio:
“"Kturb|._r3 Ip. Y00 M furb) — 1i""‘-Kw:rc:4ﬂ:11::-|._T1 Ip.T.CP. T'I-:u:smp.:'
Wbl T3. 1.7, 0p. M urty)

WRATIO(T1, T3, 1.7 .P. Mlcomp- Nturb) =

O
The stuff that makes life worth living

NORWAY.
YOUR IDEAL STUDY DESTINATION.
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Temp. T2a:
. AR
0.3 |
. Tlix S|
Uﬂ'_“.-rp.-'.*.-n.:omp_? = . F ) LTI K
Neomp
Temp. Tda:
. Vel 1)
T—l-alll':l_.rp_.',f_.'r]tmblll =T5- T3] 1~ ) " Mturb K
0.5
o)

T5, temp at exit of high pressure stream in regenerator:

T3 -T2a
g= ———  ___regen. effcy.
Tda — T2a

Then:

le.l—l_.].—a__I’p__'ln'__'l"l.:mp__'r‘l[urb._g.':l = TEaI_Tl__rp__-l.-__-rlcﬂmp.-:l + E-l.].—-l-al.].—a_.fp__'l.'._-r-l[urb.':l _ l—zal.l—l_.I'p__'l.'._.r.lcmp.-:l..:l K

Heat supplied:

QYT T3, 1p.7.cP Meomp: Mturb-2) = (T3 = T3(TL. T3, 1p.7. Ncomp. N turb-2) ) -
+cp(T3 ~ T4a(T3. .7 . Npurb)) kJ/kg

Thermal efficiency:

WEyrt| T3 8.7 P - N turb) — WEeompl T1-p.7. <P . Ncomp)
Qlll—]‘ I3, rp-'-n"-' CPrT'I-:amp.-T'Iturb.-E_.:'

EFFCY|T1,T5, .7 Meomp: 1 turb-E) =

Prob.2.11. In a Regenerative Brayton cycle, with intercooling and reheating, overall pressure ratio is
9, inlet conditions to compressor are: T1 = 293 K. Regenerator efficiency = 80%. Max. temp is 898 K.
Compressor and turbine have 2 stages and for each stage, efficiencies are 80% and 85% respectively. Find
Thermal effcy and Back Work ratio etc.
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(b) Plot (i) thermal efficiency, (ii) Back work ratio, (iii) net work developed in kJ/kg, when pressure
ratio varies from 2 to 20.

I &
T P
2a
2 7 b
A4
!
™ F e
~ 1
5
Fig.Prob.2.11

Mathcad Solution:

We shall use the Functions written above.

Data:

T1=203 K T3i=2808 K z:=08 ..regen. effcy.

T=14 ep = 1005 klkg K tp=9 _..overall pressure ratio

Neomp = 0.3 Mturk = 0.83

Solution:

Total Compressor work input:

T
P05 —

T 2

1-|‘¥rp o= 1_},-#
Neomp

WE. ,}mpl'_Tl Tp-T-TP.Me E!ﬂlp} =y

i-E- .‘ltxfﬂmpl..rl_.Ip_.-l"_.l:P_.Tl,:mp} = 2."'1-]-51 kJ.Irkg T .ﬂ."s.
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Total Turbine work output:

i . N 10
WEpurbl T3. 1p. 7.0 Mturb) = cp| T3 1 - ———— | Murb |2

322 kd/kg .... Ans.

aa

8. WKiyeb| T3.1p.7.0p. Miurb) = 41

Net Work output:

“Tnet[.rl.-ri-fp.-'.".-':P.-T]-:-}mp.-rIturb_}' = “T:turb[.ri-fp.-'.".-EP:T'Iturb::' - “Eﬂmpl..rl.-fp.-'.".-':P.-ﬂ-:-}mp::'
=3 "i.l'ﬂgtl'.Tl_.H__rp_.';_.u:p_.'r].:,}mp__'r]mrb} = 1413871 kJ/kg .... Ans.

Back Work Ratio:

“T{cnmp[_n Tp-T.CP. T'I-:csmp_-:'
Wiuep| T3, 1p. 7. P Murb)

BWRATIO{T1,T3,p.7.2P . Ncomp- M turb) =

le.  BWRATIO(TL,T3.15p.7.P. Ncomp: Nk = 0657 ... Ans.

4
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Work Ratio:

. - WI(Cmr'[:-[_n--III?'.-'.’.-'313'.-7“1.1:'[:-_}' - “Tfﬂmpl..rl-'IP-'-’.-':P.-T]-:Bmp}
WERATIO{TL.T3. 1. 7. P Mcomp- Mturb) =

‘E'RK[UIblTa 3 rp-'-n" SEPLT] ['Ilfb:l

1. WRATIO|[T1.T3,1p.7.cP. Neomp- Niurb) = 0.343 ... Ans,

Temp. T2a:

{ -1 )
S 0s—

Tl | -1

Dal..rl-fp-'.“.-ﬂ-mmp_-l' = +T1
Necomp
l.e. T2a(Tl.1p.7.Meomp) = 42805 K....Ans.
Temp. Tda:
. . I.-" 1 H'l
T4al T3, 5p. 7. Npurp) = T3 — | T3+ 1 - ———— |"Mturb
0.5.—
|_‘h rp ! __,.'

18 T4a(T3.1p.7. M) = 692367  K....Ans.

T5, temp at exit of high pressure stream in regenerator:

T3 -T2a
s= ———  ___regen. effcy.
T4a — T2a

T5(T1. T3, 1p. 7. Ncomp-Nturp-2) = T2a(TL.5p. 7. Neomp) + 2 T4al T3 rp. 7. iurs) — T2a( T1.tp.7. M comp))

e T5(T1.T3,1p.7. Mcomp-Mturb-2) = 639.504 K...Ans.

Heat supplied:

Q1T1, T3, 1p.7.2p. Neomp- Nturb.2) = cp-(T3 — ril’_rl__ra,rp__-,a__qcmp_.nmb__a}}
+ep-| T3 - T4al T3, 1.7 Mt

i.e. QII'_TI_.TS_.rp_.',f_.n:p_.'r].mmp__r]mrb_.a} = 466435  kl/kg ... Ans.
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Thermal efficiency:

WEiugl T3, 7p.7.P . Ntusb) — WEeompl T1. 1p.7.cP. Ncomp)

EFFCY(T1,T3. 15,7 . Neomp - Miurh 2] = : -
' P i ' QUTL.T3.1p.7.2P. Ncomp- M turb-E)

ie. EFFCY(TL. T3, 1p.7. Neomp- Niurb.2) = 0.304  ..Ans.

(b) Plot (i) thermal efficiency, (ii) Back work ratio, and (iii) net work developed in kJ/kg, when

pressure ratio varies from 2 to 20, other conditions remaining the same:

.I;\J

23520 ...define a range variable

Thermal efficiency:

Thermal effey. vs pressute ratio

034

033

0.32 -
iy
/

03

029 II|IJ
0283
027
026

023 \\\‘
024 0

Thermal effcy.

(3]

4 6 8 w 12 14 16 18 20
Pressure ratio, tp
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Back Work Ratio:

Back Work Ratio vs Pressure ratio

0.7 ]

Back Work Katio

0 2 4 6 8 0 12 14 16 18 20
Prassure rafio, 1p

Delft
e t University of
Technology

Challenge the future
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Net work output:

Net work output vs Pressure ratio

160
150
140 =
130
120
110
100 /
a0 JIII{
/
20 ,'}
10

60

Mot work output k1 kg

0 2 4 ] 8 0 12 14 16 18 20
Prazsure ratio, 1p

2.3 Problems solved with EES:

Prob.2.12 Write EES Procedures for efficiency etc. of :

i. Simple, Ideal, air standard Brayton cycle

ii. Simple, actual Brayton cycle, i.e. including the isentropic efficiencies of compressor and turbine,
iii. Actual Brayton cycle with regenerator, and

iv. Regenerative Brayton cycle with ‘perfect intercooling’ and preheating (two stages in

compressor and turbine)

EES Procedures:

1. Simple, Ideal, air standard Brayton cycle:

TiL
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$UnitSysyem Sl Pa, K, kJ

PROCEDURE Simple_Brayton_ideal(cp, gamma,P1, T1, rp,T3:T2, T4, Q_in,W_comp, W_turb, W_net,
eta_th, BackWorkRatio)

“Thermal effcy. etc of Air standard, ideal, Brayton cycle”

“Inputs:cp, gamma, P1(kPa), T1 (K), rp,T3 (K)”

“P1, T1 .. at compressor inlet; T2 ...compressor exit temp after isentropic comprn;
T3 ... temp at turbine inlet; T4 ...at turbine exit after isentropic expn. ”

“Outputs: T2 (K), T4 (K), Q_in (kJ/kg),W_comp (kJ/kg), W_turb (kJ/kg), W_net (kJ/kg), eta_th,
BackWorkRatio”

T2:=T1 * (rp)((gamma-1)/gamma) “..finds T2”
P2:=P1 *rp

P3:=P2

P4:=P1

T4 :=T3 * (1/rp)*((gamma-1)/gamma) “...finds T4”
Q_in :=cp * (T3 - T2) “kJ/kg ... heat supplied”

W_comp :=cp*(T2-T1) “kJ/kg ... compressor work input”
W_turb := cp*(T3-T4) “kJ/kg .... turbine work output”
W_net :=W_turb-W_comp “kJ/kg .... net work output”
eta_th=W_net/Q_in “...thermal effcy”

BackWorkRatio :=W_comp/W_turb “.. Back Work Ratio”

END
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ii. Simple, actual Brayton cycle, i.e. including the isentropic efficiencies of compressor

and turbine:

T.“

P1

L

PROCEDURE Simple_Brayton_actual(cp, gamma,P1, T1, rp,T4,eta_comp, eta_turb: T3, T6, Q_in,W_
comp, W_turb, W_net, eta_th, BackWorkRatio)
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“Thermal effcy. etc of Air standard, actual, Brayton cycle”
“Inputs: P1(kPa), T1 (K), rp,T4 (K),eta_comp, eta_turb

P1, T1 ... at compressor inlet; T2 ...compressor exit temp if comprn. were isentropic; T3 ... compr. exit

for actual compression

T4 ... temp at turbine inlet; T5 ...at turbine exit if expn. were isentropic; T6 ...at turbine exit for actual

expn. ”

“Outputs: T3 (K), T6 (K), Q_in (kJ/kg),W_comp (kJ/kg), W_turb (kJ/kg), W_net (kJ/kg), eta_th”
T2:=T1 * (rp)((gamma-1)/gamma) “...finds T2”

T3:= (T2 - T1) / eta_comp + T1“finds T3”

P2:=P1 *rp

P3:=P2

P4:=P3

P5:=P1

P6:=P1

T5:= T4 * (1/rp)A((gamma-1)/gamma) “...finds T5”

T6 := T4 — (T4 - T5) * eta_turb “..finds T6”

Q_in:=cp * (T4 - T3) “kJ/kg ... heat supplied”

W_comp :=cp*(T3-T1) “kJ/kg ... compressor work input”
W_turb := cp*(T4-T6) “kJ/kg .... turbine work output”
W_net :=W_turb-W_comp “kJ/kg .... net work output”
eta_th=W_net/Q_in “...thermal effcy”

BackWorkRatio :=W_comp/W_turb “.. Back Work Ratio”

END
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iii. Actual Brayton cycle with regenerator:

L

PROCEDURE Regen_Brayton_actual(cp, gamma,P1, T1, rp,T4,eta_comp, eta_turb, epsilon: T3, T6,
T7, Q_in,W_comp, W_turb, W_net, eta_th, BackWorkRatio)

“Thermal effcy. etc of Air standard, regenerative, actual, Brayton cycle”

“Inputs: P1(kPa), T1 (K), rp,T4 (K),eta_comp, eta_turb, epsilon

P1, T1 .. at compressor inlet; T2 ...compressor exit temp if comprn. were isentropic; T3 ... compr. exit

for actual compression

T4 ... temp at turbine inlet; T5 ...at turbine exit if expn. were isentropic; T6 ...at turbine exit for actual

expn.

T7 ... temp at exit of high pressure stream of regenerator

epsilon = effectiveness of regenerator”

“Outputs: T2 (K), T6 (K), T7 (K), Q_in (kJ/kg),W_comp (kJ/kg), W_turb (kJ/kg), W_net (kJ/kg),
eta_th,BackWorkRatio”

T2:= T1* (rp)A((gamma-1)/gamma) “..finds T2”
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T3:= (T2 - T1) / eta_comp + T1“finds T3”

P2:=P1 *rp

P3:=P2

P4:=P3

P5:=P1

P6:=P1

P7:=P2

T5:=T4* (1/rp) M ((gamma-1)/gamma) “...finds T5”
T6 := T4 - (T4 - T5) * eta_turb “..finds T6”

T7 :=T3 + epsilon * (T6 - T3) “K..finds T7..temp at exit of high pressure stream of regenerator”

Q_in:=cp * (T4 - T7) “kJ/kg ... heat supplied”
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W_comp :=cp*(T3-T1) “kJ/kg ... compressor work input”
W_turb := cp*(T4-T6) “kJ/kg .... turbine work output”
W_net :=W_turb-W_comp “kJ/kg .... net work output”
eta_th=W_net/Q_in “...thermal effcy”

BackWorkRatio :=W_comp/W_turb “.. Back Work Ratio”

END

iv. Regenerative Brayton cycle with ‘perfect inter-cooling’ and preheating (two stages in

compressor and turbine):

T1

By

PROCEDURE Brayton_intercool_reheat_regen (cp, gamma, P1, T1, rp_tot, T3, eta_comp, eta_turb,
epsilon: T2a, T4a, T5, Q_in,W_comp, W_turb, W_net, eta_th, BackWorkRatio)

“Thermal effcy. etc of Air standard, regenerative, actual, Brayton cycle, with intercooling and reheating -

2 stages for compr. and turbine”

“Inputs: cp, gamma,P1(kPa), T1(K), rp_tot,T3(K),eta_comp, eta_turb, epsilon
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P1, T1 .. at compressor inlet; T2a ... ... compr. exit for actual compression

rp_tot = overall pressure ratio

T4a ... ... at turbine exit for actual expn.

T5 ... temp at exit of high pressure stream of regenerator

epsilon = effectiveness of regenerator”

“Outputs: T2a (K), T4a (K), T5(K), Q_in(k]J/kg),W_comp(k]/kg), W_turb(k]/kg), W_net(k]/kg), eta_th,
BackWorkRatio”

rp = sqrt(rp_tot) “..pressure ratio per stage”

T2:=T1* (rp)((gamma-1)/gamma) “...finds T2”

T2a:= (T2 - T1) / eta_comp + T1“finds T2a”

P2:= P1 * rp_tot

P3:=P2

P4a:=P1

P5:=P2

P6:=P1

T4 := T3 * (1/rp)*((gamma-1)/gamma) “...finds T4”

T4a := T3 - (T3 - T4) * eta_turb “..finds T4a”

T5 := T2a + epsilon * (T4a - T2a) “K..finds T5..temp at exit of high pressure stream of regenerator”

Q_in:=cp* (T3 - T5) + cp * (T3 - T4a) “kJ/kg ... heat supplied”

W_comp :=2* cp * (T2a-T1) “kJ/kg ... total compressor work input”
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W_turb := 2* cp * (T3-T4a) “kJ/kg .... total turbine work output”

W_net :=W_turb-W_comp “kJ/kg .... net work output”

eta_th=W_net/Q_in “...thermal effcy”

BackWorkRatio :=W_comp/W_turb .. Back Work Ratio”

END
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Prob.2.13. Consider a simple Brayton cycle with P1 = 100 kPa, T1 = 300 K, T3 = 1300 K, with pressure
ratio = 8.
T &

L i

Fig.Prob.2.13
EES Solution: We shall use the EES Procedure written above.

“Data:”

P1=100 “kPa”
T1=300 “K”

T3 = 1300 “K”
cp=1.005 “kJ/kg.K”
gamma=1.4

rp=38

CALL Simple_Brayton_ideal(cp, gamma,P1, T1, rp,T3 :T2, T4, Q_in,W_comp, W_turb, W_net, eta_th,
BackWorkRatio)

Results:

Mairi | Simple Brapton_ idedl |

Umit Settings: 51 K Pa kJ mass deg

[BackworkRatio <0418 cp=1005 [kijkgK] y=14

P1 =100 [kPg] Qjy = 760.3 [kfka] m=8 T1 =300 [K]
T2 =5434[K] T3 =1300 [K] T4 =717.7 [K] Woeamp = 2447 [kdfkg]
Wet = 340.6 kJikgl| Wiy =565.3 [kifka]

Thus:

Net work output = W_net = 340.6 kJ/kg ... Ans.

Thermal effcy. = eta_th = 0.448 = 44.8% .... Ans.

Back Work Ratio = 0.418 .... Ans.
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(b) Plot eta_th vs rp, for rp = 2 to 18:

First, compute the Parametric Table:

Cycles for Gas Turbines and Jet propulsion

T3 =1300 K:
- [
1?’9 g ik
Run 1 2 01797
Run 2 4 0.327
Run 3 G 0.4007
Run 4 8 0.448
Run 5 10 0.4821
Run 6 12 0.5083
Run 7 14 0.5295
Run 8 16 0.5471
Run 9 18 0.5621

Now, plot the result:

08 . . v . v - - - v
Thenmnal efflty. vs Pressure ralio fur sinple Braylon cvcle
_'_,_,,-'—"""ff
05 P, il
T
o
//
0.4 /
&=
=
03
0:2
i1 £
0 2 4 (53 8 10 14 16 18 20
rp
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(c) Plot W_net vs rp, for T3 = 900, 1200 and 1500 K:

T3 =900 K:

b P ) Whet

b e T
Run 1 2 96.47
Run 2 4 1493
Run 3 6 160.8
Run 4 G 160.5
Run & 10 166 4
Run 6 12 1481
Run 7 14 139.6
Run & 16 130.6
Run 9 18 1214

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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T3 =1200 K: T3 =1500 K:

1 i il IZ
1[>e i Wnet b P Whet
' [kJ/kg] 1 [kJ/kg]
Run 1 2 1506 Run 1 2 204 8
Run 2 4 247.9 Run 2 4 346.5
Run 3 6 2616 Run 3 6 4024
Run 4 8 295.6 Run 4 8 4306
Run 5 10 300.7 Run & 10 446.1
Run & 12 301.3 Run 6 12 454 6
Run 7 14 293.3 Run 7 14 4589
Run & 16 23956 Run 8 16 460 5
Run 3 18 2309 Run 9 18 460 4
Now, plot the results:
480
[ Net Work vs Pressure ratio
420 |
360 |
=)
2 300
5 T3 =1200 K
o
— 240
]
i
=
= 180]
[ rt——.
120 | / .
; : T3=000K ]
ol . . . . . 4
0 2 2 6 8 10 12 14 16 18 20
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“Prob.2.14. A gas turbine operates on a pressure ratio of 6. Inlet temp to the compressor is 300 K and
to the turbine is 577 C. If the volume of air entering the compressor is 240 mA3/s, calculate the net
power output of the cycle in MW. Also, compute its efficiency. Assume that the cycle operates under
ideal conditions. [VTU-ATD-Jan.-Feb. 2005]”

TJI.

Fig.Prob.2.14

EES Solution: We shall use the EES Function written above.

“Data:”

P1=100 “kPa”

V1 = 240 “mA3/s”
T1=300 “K”

T3 =577+273 “K”
cp=1.005 “kJ/kg.K”
gamma=1.4

rp=6

R_air = 0.287 “kJ/kg.K”

“Calculations:”

m_air = P1* V1 / (R_air * T1) “kg/s .... mass rate of air entering the compressor”

“Using the EES Function written above:”

CALL Simple_Brayton_ideal(cp, gamma,P1, T1, rp,T3 :T2, T4, Q_in,W_comp, W_turb, W_net, eta_th,
BackWorkRatio)

NetPower = m_air * W_net / 1000“MW .... Net power developed in MW”
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Results:

Unit Settings: 51 K Pa kJ mass deq

BackWoaorkRatio = 0.5534 cp=1.005 [kJikg-K] ik = 0.4007

v=14 Mgy = 278.7 [kats] MetFower = 3922 [MW]

F1 =100 [kPa] Ll = 351.2 [kdfka] tp =k

Fiair= 0.287 [kdfkogK] T1 =300 [K] T2 =500k [K]

T3 =850 [K] T4 =509.4 [K] W1 =240

Wogmp = 2016 [kdfko] Wt = 1407 [kdfkg] Wb = 3423 [kdflg]
Thus:

Net power developed = 39.22 MW ... Ans.

Efficiency = eta_th = 0.4007 = 40.07% ....Ans.
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“Prob.2.15. In an open cycle constant pressure gas turbine, air enters the compressor at 1 bar, 300 K.
Pressure of air after compression is 8 bar. Isentropic efficiencies of compressor and turbine are 80%
and 85% respectively. Temp of air at entry to turbine is 1300 K. Calculate the net work and the thermal
efficiency of the cycle. Take cp = 1.005 kJ/kg.K”

Note: This is the same problem as in Prob.2.13, but with compressor and turbine efficiencies considered.

T #

P1

Fig.Prob.2.15

EES Solution: We shall use the EES Function written above.

“Data:”

P1=100 “kPa”

T1=300 “K”

T4 = 1300 “K”

cp=1.005 “kJ/kg K”

gamma=1.4

rp=38

eta_comp = 0.8“..compressor isentropic effcy”

eta_turb = 0.85 “turbine isentropic effcy”

“Calculations:”

CALL Simple_Brayton_actual(cp, gamma,P1, T1, rp,T4,eta_comp, eta_turb:T3, T6, Q_in,W_comp,
W_turb, W_net, eta_th, BackWorkRatio)
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Results:

Unit Settings: 51 K Pa kJ mass deg

BackWYorkRatio = 067147

i = 0.2741
P1 =100 [kPa]
T1 =300 [K]
T6 =805 [K]

W = 4975 [kfkg]

Thus:

cp=1.008 [kdio-k]
Mhyrb = 0.85

Qi = 6392 [kdfkg]
T3 =604.3 [K]
Weamp = 305.8 [k/ka]

Net work = W_net = 191.7 kJ/kg .... Ans.

Thermal effcy. = eta_th = 0.2741 = 27.41% ....Ans.

Comparing with Prob.2.13, there, we had:

Net work output = W_net = 340.6 kJ/kg

Thermal effcy. = eta_th = 0.448 = 44.8%

Neamp = 0.8

v =14

tp =48

T4 =1300 [K]

Wt = 191.7 [kdkg]

(b) Plot eta_th against pressure ratio, other conditions remaining the same:

First, compute the Parametric Table:

¥ : [
1[>‘3 rp Mth
Run 1 2 0.1268
Run 2 4 02191
Run 3 B 0.2563
Run 4 g 02741
Run 5 10 0.2a21
Run & 12 0.2842
Run 7 14 0.2821
Run & 16 0277
Run 9 18 0.2695
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Now, plot the results:

032 — . : . . :
0.3 | Thermal effcy. vs Pressure ratio
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(c) Plot W_net vs rp, for T4 = 900, 1200 and 1500 K:

T4 =900 K:

[l [l
P P Whet
1.9 [kJ/kg]

Run 1 2 5559

Run 2 4 6829

Run 3 6 5609

Run 4 8 38.58

Run 5 10 19.86

Run 6 12 1.162

Run 7 14 17.07

Run 8 16 34 68

Run 9 18 5164

Note that beyond rp = 12, W_net is —ve, i.e. cycle is not feasible.
T4 =1200 K: T4 =1500 K:
4 P m Wiet . P P o Wiet .
1.9 [kJ/kg] 1.9 [kJ/ka]

Run 1 2 101.6 Run 1 2 147.7
Fun 2 4 1521 Fun 2 4 2359
Run 3 B 158.8 Run 3 B 261.5
Fun 4 g 1534 Run 4 B 268.2
Run & 10 1434 Fun & 10 266.9
Run & 12 1314 Run & 12 261.7
Run 7 14 115.6 Run 7 14 2543
Run 8 16 105.5 "Rund | 16 245.8
Run 9 18 8242 Run 9 18 236.5
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Now, plot the results:

300 .
r Met work output vs Pressure ratio
25[}: T4 =1500 K|
200 |
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=, ]
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2 100 '
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50 | _
! T4 =900 K 3
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“Prob.2.16. In a regenerative gas turbine, air enters the compressor at 1 bar, 300 K. Pressure of air after

compression is 8 bar. Isentropic efficiencies of compressor and turbine are 80% and 85% respectively.

Temp of air at entry to turbine is 1300 K. Regenerator efficiency = 78%. Calculate the net work and the

thermal efficiency of the cycle. Take cp = 1.005 kJ/kg.K”

Note: This is the same problem as in Prob.2.15, but with regenerator efficiency considered.

T *

Pz
o

Fig.Prob.2.16
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EES Solution: We shall use the EES Function written above.
“Data:”

P1=100 “kPa”

T1=300 “K”

T4 = 1300 “K”

cp=1.005 “kJ/kg K”

gamma=1.4

rp=38

eta_comp = 0.8“..compressor isentropic effcy”
eta_turb = 0.85 “turbine isentropic effcy”

epsilon = 0.78 “....regenerator effcy”

“Calculations:”

CALL Regen_Brayton_actual(cp, gamma,P1, T1, rp,T4,eta_comp, eta_turb, epsilon:T3, T6, T7, Q_in,
W_comp, W_turb, W_net, eta_th, BackWorkRatio)

Results:
Unit Settings: 51 K Pa kJ mass deqg

BackWorkFatio = 0.6147 cp=1.005 [kdfkgK] =078

Neomp = 0.8 iy, = 0.3537 Ntk = 0.85

v=14 F1 =100 [kFa] X = 5418 [kfk]

=8 T1 =300 [K] T3 =6043 [K]

T4 =1300 [K] TE =805 [K] T? =760 [K]

Wioomp = 3058 [kfkd] Wier = 1917 [kdfka) Wi = 4975 [kJika)
Thus:

Net work = W_net = 191.7 kJ/kg ... (same as in Prob.2.15, without regen.)

Thermal effcy. = eta_th =0.3537 = 35.37% .... Ans. (compare this with 27.41% obtained in Prob.2.15,

without regen.)
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(b) Plot eta_th vs Pressure ratio, rp, other conditions remaining the same:

First, compute the Parametric Table:

i | ™
1?9 rp Mth

Fun 1 2 0.3262
Run 2 4 0.3879
Run 3 B 0.3764
Run 4 g 0.3537
Fun & 10 0.3287
Run & 12 0.3037
Run 7 14 0.2794
Run & 16 0.256
Fun 9 18 0.2335
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Now, plot the results:
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Thermal effcy. vs Pressure ratio

0.38 -
0.36 -
0.34 -
0.32 -

0.28|
026 |
024|
022|

“Prob.2.17. In an open cycle constant pressure gas turbine, air enters the compressor at 1 bar, 300 K.
Pressure of air after compression is 4 bar. Isentropic efficiencies of compressor and turbine are 80% and
85% respectively. The air fuel ratio is 90 : 1. Calculate the power developed and the thermal efficiency
of the cycle if the flow rate of air is 3 kg/s. Take cp = 1.005 kJ/kg.K and gamma = 1.4 for air and gases.
Calorific Value of fuel = 42000 kJ/kg. [VTU- ATD-March 2001]”

T#

3
7 .

z
o L
1

Fig.Prob.2.17

Download free eBooks at bookboon.com



“EES Solution:”

“Data:”

P1=100 “kPa”

T1=300 “K”

P2=400 “kPa”

eta_comp=0.8 “compressor effcy”
eta_turb=0.85 “turbine effcy”
AFratio=90 “air/fuel ratio”
m_a=3.0 “kg/s ... air flow rate”
cp=1.005 “kJ/kg.K”

gamma=1.4

CV=42000 “kJ/kg ... calorific value of fuel”

“Calculations:”

r_p = P2/P1 “..pressure ratio”
T2/T1=(P2/P1)"((gamma-1)/gamma) “...finds T2”
(T2-T1)/(T3-T1)=eta_comp “finds T3”

m_f* CV=(m_a+m_f) * cp * (T4-T3)“..finds T4”
m_a/m_f = AFratio “..finds mass flow rate of fuel, m_f”
P3=pP2

P4=P3

P5=P1

P6=P1

T5/T4=(P5/P4)"((gamma-1)/gamma) “...finds T5”

(T4-T6)/(T4-T5) = eta_turb “...finds T6”

Q_in=m_f*CV “KJ/s ... heat supplied”
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W_comp=m_a*cp*(T3-T1) “kJ/s ... compressor work input”
W_turb=(m_a+m_f)*cp*(T4-T6) “KkJ/s .... turbine work output”
W_net=W_turb-W_comp “k]/s .... net work output”
eta_th=W_net/Q_in “...thermal effcy”

BackWorkRatio=W_comp/W_turb “... Back Work Ratio”
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Results:
Unit Settings: Sl K kPa kJ mass deqg

AFratio =90 BackWorkRatio = 0.63587 cp=1.005 [klikg-k]
Cho=42000 [kJdika) Neomp = 08 Ny = 01774

Ntwb = 0.85 v=14 mg =3 [kos]
my=0.03333 [kogs] F1 =100 [kFa] F2 =400 [kFa]
F3 =400 [kFa] Fd4 =400 [kFa] FE =100 [kFa]
FE =100 [kFa] Qi = 1400 [kdfs] rp =4

T1 =300 [K] Tz =445.5 [K] T3 =4822 [K]

T4 =9415 [K] TH =6336 [K] TE =G673.5 [K]
Wiopmp = 5495 [kl/s] W' ar = 2484 [kfs] Wi = 7979 [kJ/s]
Thus:

Net power developed = 248.4 kW .... Ans.

Thermal efficiency = eta_th = 0.1774 = 17.74% .... Ans.

(b) Plot eta_th and W_net vs pressure ratio, r_p:

First, produce the Parametric Table:

[l [ [ (I
B P2 My Wiet Mth
118 [kPa] [kJis]
Run 1 200 2 144 1 0.1029
Run 2 300 3 209.6 0.1497
Run 3 400 4 248 4 0.1774
Run 4 500 5 2742 0.1959
Run 5 600 6 292 7 0.2091
Run 6 700 7 306.5 0.2189
Run 7 800 8 3171 0.2265
Run 8 900 9 3254 0.2324
Run 9 1000 10 332.1 0.2372
Run 10 1100 11 3374 0.241
Run 11 1200 12 341.8 0.2442
Run 12 1300 13 3454 0.2467
Run 13 1400 14 3484 0.2488
Run 14 1500 15 3508 0.2506
Run 15 1600 16 352.8 0.252
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Now, plot the graphs:
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Prob.2.18. In a Regenerative Brayton cycle, with intercooling and reheating, overall pressure ratio is
9, inlet conditions to compressor are: T1 = 293 K. Regenerator efficiency = 80%. Max. temp is 898 K.
Compressor and turbine have 2 stages and for each stage, efficiencies are 80% and 85% respectively. Find
Thermal effcy and Back Work ratio etc. Also:

b) Plot eta_th vs regenerator efficiency, €, and,
c) Plot (i) thermal efficiency, (ii) Back work ratio, (iii) net work developed in kJ/kg, when

pressure ratio varies from 2 to 20.
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Fig.Prob.2.18

Note: This is the same as Prob.2.11, solved earlier with Mathcad.

Now, we shall solve it with EES, using the EES Procedure written above. (See Prob.2.12)

EES Solution:
“Data:”

P1=100 “kPa”

T1=293 “K”

T3 =898 “K”

cp=1.005 “kJ/kg K”

gamma=1.4

rp_tot=9

eta_comp = 0.8“..compressor isentropic effcy.
eta_turb = 0.85 “turbine isentropic effcy”

epsilon = 0.8 “...regenerator effcy”

“Calculations:”

CALL Brayton_intercool_reheat_regen(cp, gamma,P1, T1, rp_tot,T3,eta_comp, eta_turb, epsilon:T2a,
T4a, T5, Q_in,W_comp, W_turb, W_net, eta_th, BackWorkRatio)

82

Download free eBooks at bookboon.com



Results:
Unit Settings: 51 K Pa kJ mass deg

BackWvorkRatio = 0.6563 cp=1.005 [kdfkoK] =08

Neamp = 0.8 Ny = 0.3042 Nturh = 0.85

v=14 F1 =100 [kPa] Qi = 4665 [kflkg]

Ptat =9 T1 =283 [K] Tea =4251

T3 =895 [K] Tda =692.4 Th =6395 [K]

Weamp =271.5 [kfko] et = 1419 [kdfka] Wb = 413.3 [kdfka)
Thus:

Net work output = W_net = 141.9 kJ/kg .... Ans.

Thermal effcy. = eta_th = 0.3042 = 30.42% ... Ans.

(b) Plot eta_th vs regenerator efficiency, &:

First, compute the Parametric Table:

- - ™
1.[.3:&_ e Tth
Run 1 07 0.287a
Run 2 072 0.2909
Run 3 0.74 02941
Fun 4 0.76 0.2974
Run & n.7a 03007
Fun 6 0a 0.3042
Run 7 0.62 03077
Fun 8 0.84 03112
Run 9 0.86 0.3149
Fun 10 0.88 03187
Run 11 049 0.3225
Run 12 0.92 0.3265
Run 13 0.94 0.3305
Fun 14 0.96 03348
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Now, plot the results:

0.34 —

Thermal effcy. vs regenerator effcy
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(c) Plot (i) thermal efficiency, (ii) Back work ratio, (iii) net work developed in kJ/kg, when

pressure ratio varies from 2 to 20, other conditions remaining the same:

Parametric Table:

s hal [l ol

Pt Mih BackWorkRatic Wiat

1.10 [kJ/kg]
Run 1 2 0.2786 0.5298 658.02
Run 2 4 0.3236 0.5849 114 .4
Run 3 B 0.3198 0.6198 131.7
Run 4 g 0.3097 0.6458 139.7
Run & 10 0.2986 0.6667 1433
Run & 12 0.287% 0.6843 1447
Run 7 14 0.2776 0.6995 144 8
Run & 16 0.2679 0.713 144
Run 9 18 0.2589 0.7251 1427
Run 10 20 0.2504 0.7361 141
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Now, plot the results:
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“Prob.2.19. In a regenerative gas turbine cycle, air enters the compressor at 1 bar, 15 C. Pressure ratio =

6. The isentropic efficiencies of compressor and turbine are respectively 0.8 and 0.85. Max. temp in the

cycle is 800 C. The regenerator efficiency = 0.78. Assume cp = 1.1 kJ/kg.K and gamma = 1.32 for the
combustion products and find the cycle efficiency. [VTU - ATD - July 2003]
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Fig.Prob.2.19

EES Solution:
“Data:”

P1=100“kPa”
T1=15+273“K”

rp = 6 “...pressure ratio”
P2=P1 * rp “kPa”
“P3=P2”

P5=P1

P6=P1

P7=p2

P3=p2

P4=P2

P8=P1
gamma=1.4
cp=1.005“k]/kg.K”
eta_comp=0.8
eta_turb=0.85
eta_regen=0.78
cpg=1.1"k]/kg.K”
gamma_g=1.32
T4=800+273“K”
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“Calculations:”

T2/T1=(rp)"((gamma-1)/gamma)*...finds T2”
{(T2-T1)/(T3-T1)=eta_comp".finds T3}

T3 =T1+ (T2 - T1) / eta_comp “....finds T3”
T4/T5=(P4/P5)"((gamma_g-1)/gamma_g)“.finds T5”
(T4-T6)/(T4-T5)=eta_turb®...finds T6”

cp* (T7 - T3)/(cp * (T6 - T3)) = eta_regen “...finds T7”
cpg * (T6-T8) = cp * (T7-T3)“...finds T8”

W_C=cp * (T3-T1)“kJ/kg”

W_T=cpg * (T4-T6)“k]J/kg”

W_net=W_T - W_C“kJ/kg”

Q_in = cpg * (T4 - T7) “kJ/kg”

eta_th=W_net/Q_in “..thermal effcy”
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Results:

Unit Settings: 51 C kPa kJ mass deqg
cp=1.005 [kdfkgk] cpg =11 [klfbkgk] Neomp = 0.8

Mregen = 0.78

g =132

P4 =600 [kPg]
PE =600 [kPs]
T2 = 4805 [K]
T =751.7 [K]

Woer= 1116 [klfkg]

niy = 0.2739 Nturb = 0.85 v=14
P1 =100 [kPa] P2 =600 [kPa] P3 =600 [kPa]
PE =100 [kPa] FPE =100 [kPa] P? =100 [kPa]
Dy = 4074 [kdikg] tp =6 T1 =288 [K]
T3 =528.7 [K] T4 =1073 [K] TG =695 [K]
T7? =7026 [K] T8 =542.7 [K] W= 241.9 [kd/ka)
W = 3535 [kdikg)
Thus:
Net work output = W_net = 111.6 kJ/kg .... Ans.
Thermal effcy. = eta_th = 0.2739 = 27.39% .... Ans.
(b) Plot the variation of eta_th with regen. effcy.:
First, compute the Parametric Table:
...................................... g -
1.[?1; Mregen Mth
Run 1 0.7 0.2613
Run 2 0.72 0.2644
Run 3 0.74 0.2675
Run 4 0.76 0.2707
Run 5 0.78 0.2739
Run 6 0.8 0.2773
Run 7 0.82 0.2807
Run 8 0.84 0.2842
Run 9 0.86 0.2878
Run 10 0.88 0.2915
Run 11 0.9 0.2952
Run 12 0.92 0.2991
Run 13 0.94 0.3031
Run 14 0.96 0.3072
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Now, plot the results:
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Prob.2.20. The extreme pressures and temps in an open cycle gas turbine plant are 1 bar and 5 bar,
and 27 C and 550 C respectively. Calculate the efficiency of the cycle when (i) there is no regenerator,
(ii) there is a regenerator with 60% effectiveness. Take y = 1.4 [VTU-Jan. 2003]

Note: This is the same as Prob.2.8, solved with Mathcad. Now, we shall solve it with EES, using the EES

Procedures already written in Prob. 2.12.

EES Solution:

a) Without regenerator:

Fig.Prob.2.20a
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“Data:”

P1=100“kPa”
T1=27+273K”
P2=500“kPa”
P3=Pp2

P4=P1
gamma=1.4
cp=1005“T/kg.K”
T3=550+273“K”

rp = 5 “Pressure ratio”
p

“Calculations:”
“Without regenerator:”

CALL Simple_Brayton_ideal(cp, gamma,P1, T1, rp,T3 :T2, T4, Q_in,W_comp, W_turb, W_net, eta_th,
BackWorkRatio)

Results:

Unit Settings: 51 C kPa kd mass deq

BackiWorkRatio = 05773 cp=1.005 [kfgK] Nth = 0.3686
v=14 F1 =100 [kPa] F2 =500 [kPa]
F3 =500 [kFa] P4 =100 [kFa] Dip = 3496 [kJfko)
=5 T1 =300 [K] T2 =475.1 [K]
T3 =823 [K] T4 =5196 [K] Woomp = 176 [kdfka]
Wier = 1269 [kJfko) Wb = 304.9 [kJfka)

Thus:

Net work output = W_net = 128.9 kJ/kg ... Ans.

Thermal effcy. = eta_th = 0.3686 = 36.85% ... Ans.
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b) With regenerator:

Fig.Prob.2.20b

> RBS Group
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“Data:”

P1=100“kPa”
T1=27+273“K”
P2=500“kPa”

P3=p2

P5=P2

P6=P1

P4=P1

gamma=1.4
cp=1.005"k]/kg.K”
epsilon=0.60 “.regen. effcy”
T4=550+273“K”

rp=5

eta_comp = 1 “...compressor isentropic effcy”

eta_turb = 1 “..turbine isentropic effcy”

“Calculations:”
“With regenerator:”

CALL Regen_Brayton_actual(cp, gamma,P1, T1, rp,T4,eta_comp, eta_turb, epsilon:T3, T6,T7, Q_in,W_
comp, W_turb, W_net, eta_th, BackWorkRatio)

Results:

Unit Settings: 51 C kPa kJ mass deg

BackWorkRatio = 05773 cp=1.005 [kfkgk] g=0k

TNeomp =1 Mt =1

=14 F1 =100 [kFa) F2 =500 [kFa)
P3 =500 [kPa] P4 =100 [kPa] PE =500 [kPa]
PE =100 [kPa] |Gin - 322.8 [kJ;kg]| m =5

T1 =300 [K] T3 =4701 [K] T4 =823 [K]
T6 =519.6 T7 =501.8 Weamp =176 [KJ/kg]
Wit = 1289 [kdfka) Wy = 3049 [kdfko]
Thus:

Net work output = W_net = 128.9 kJ/kg ... Ans.
Heat supplied = Q_in = 322.8 kJ/kg ... Ans.

Thermal effcy. = eta_th = 0.3992 = 39.92% ... Ans.
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Plot Heat supplied (Q_in) and Thermal effcy. (eta_th) against regenerator effcy (¢):

First, compute the Parametric Table:

™| hal B2 b
4 2 Ui Mth
- [kl/kg]
Fun 1 0.6 3228 0.3992
Fun 2 0.B5 3205 0.402
Run 3 0.7 318.3 0.4049
Run 4 0.75 3161 0.4077
Fun & 0.8 3138 0.4106
Fun & 0.85 3116 0.4136
Run 7 0.9 3094 0.4166
— Y78 T ) 110
— e e e

Now, plot the results:

325

Heat supplied vs Regen. effcy.
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Thermal effcy. vs Regenerator effcy.
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“Prob.2.21. A simple gas turbine plant operating on Brayton cycle has air entering the compressor at
100 kPa and 27 C. Pressure ratio = 9. Max. cycle temp = 727 C. What will be the percentage change
in cycle effcy. and net work output if the expansion in the turbine is divided in to two stages, each of
pressure ratio 3, with intermediate reheating to 727 C? Assume compression and expansion are ideal,
isentropic. [VTU - ATD - July 2006]”

Tii.

Fig.Prob.2.21a.

EES Solution:

“Case 1. Simple, ideal Brayton cycle:”

“Data:”

P1=100“kPa”

T1=27+273“K”

P3=pP2

P4=P1

gamma=1.4

cp=1.005"k]/kg.K”

T3=727+273“K”

rp = 9 “...Pressure ratio”

P2=Pl1*rp
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“Calculations:”

CALL Simple_Brayton_ideal(cp, gamma,P1, T1, rp,T3 :T2, T4, Q_in,W_comp, W_turb, W_net, eta_th,
BackWorkRatio)

Results:

Unit Settings: 51 C kPa kJ mass deqg

BackiorkRatio = 0.562 cp=1.005 [kdkgK] Nth = 04662
y=14 P1 =100 [kPa] P2 =900 [kPa]

P3 =900 [kPs] P4 =100 [kPa] Qi = 440.2 [kdikg]
=4 T1 =300 [K] T2 =562 [K]

T3 =1000 [K] T4 =533.8 [K] Weamp = 263.3 [kika]
Wpet = 205.2 [kdkg] W = 468.5 [kdkg]

Thus, for simple, ideal Brayton cycle:

W_net = 205.2 kJ/kg ...Ans.

eta_th = 0.4662 = 46.62% ... Ans.

“Case 2. Simple, ideal Brayton cycle, with two stage expansion:”

&

T

L

Fig.Prob.2.21b.
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“Data:”

P1=100“kPa”

T1=27+273“K”

P3=P2

P6=P1

gamma=1.4

cp=1.005"k]/kg.K”

T3=727+273“K”

rp_comp = 9 “...pressure ratio for compression”

<« . . b2l
rp_expn= 3 “...pressure ratio for each stage of expansion

“Calculations:”

P2 = P1 * rp_comp “...pressure at exit of compressor”

P3/P4 = rp_expn/((gamma - 1)/gamma)®...finds P4”

P5="P4

T2/T1 = rp_comp”((gamma - 1)/gamma)®...finds T2”

( n»‘ia A)&Graduate
o {

L

Find out more and apply

redefining / standards
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T3/T4 = rp_expn”((gamma - 1)/gamma)®...finds T4”
T5=T3
T5/T6 = rp_expn/((gamma - 1)/gamma)®...finds T6”

“Compressor work:”

W_comp = cp * (T2 - T1) “kJ/kg”

“Turbine work, total for both the stages:”
W_turb_tot = cp * (T3 - T4) + cp * (T5 - T6) “kJ/kg”

“Net work output:”

W_net = W_turb_tot - W_comp “kJ/kg”

“Heat supplied:”
Q_in=cp * (T3 - T2) + cp * (T5 - T4)“kJ/kg”

“Thermal effcy.”
eta_th = W_net/ Q_in

Results:

Unit Settings: 51 C kPa kJ mass deg

cp=1.005 [kfkg-K] nih = 0.3913

P1 =100 [kPa] P2 =900 [kPa)
F4 =E575 [kFa] F& =857.5 [kFa)
Dl = 7109 [kdflkg] PPeomp = 3

T1 =300 [K] Tz =562 [K]

T4 =7306 [K] T5 =1000 [K]
Wiopmp = 263.3 [kdikg] Wiar = 2702 [kfkg]

Thus, for simple, ideal Brayton cycle, with two stage expansion:

W_net = 278.2 kJ/kg ...Ans.

eta_th = 0.3913 = 39.13% ... Ans.
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v=14
F3 =800 [kPa]
FE =100 [kPa]

rF'e:-:pn=3
T3 =1000 [K]
TE =7306 [K]

Wiy tot = 5415 [kdfkg]




Therefore,

Change in Net work output = (278.2 - 205.2) * 100 / 205.2

27182 - 2052

052

i.e. Net work output has increased by 35.575%.

Change in Thermal effcy. = (0.3913 - 0.4662) * 100 / 0.4662

g 03304662 o 16066 %....Ans.

0.4662

i.e. Thermal effcy. has decreased by 16.066%. (This is due to the fact that heat supplied also has

increased due to reheating)

Prob.2.22. Write an EES Procedure for Propulsive efficiency etc of an ideal jet propulsion cycle.
T_s diagram for Ideal Jet propulsion cycle is shown below:

Remember:

1-2: Isentropic compression in diffuser

2-3- |sentropic compression in compressor

3-4: constant pressure heat addition in burner
4-4: |sentropic expansion in turbine
5-6: |sentropic expansion in nozzle

6-1: Constant pressure heat rejection
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T
4
P = const.
Qin 5
AE 6
“ Qout
2
1 P = const.
5
Fig.Prob.2.22

$UnitSysyem SI Pa, K, k]

PROCEDURE Ideal_JetPropulsion_cyclel(m, cp, gamma,P1, T1, rp,T4,V1 :P2, P3, P5, T2, T3, T5, T6,
V6, E W_PQ_in,W_comp, W_turb, eta_PKE_exit,Q_exit)

“Thermal effcy. etc of Ideal Jet propulsion cycle”

“Inputs: m (kg/s), cp, gamma, P1(kPa), T1 (K), rp,T4 (K), V1 (m/s)”

|
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“P1, T1 .. at diftfusor inlet; T2 ...diffusor exit temp after isentropic comprn;

rp = compressor pressure ratio; T4 ...at turbine inlet ”

“Outputs: P2(kPa), P3, P5, T2, T3, T4.T5, T6, V6, F(N), W_P(kW),Q_in(kW),W_comp(kW), W_
turb(kW), eta_ PKE_exit(kW),Q_exit(kW)”

T2:=T1 +V1A2/(2 * ¢p*1000) “..finds T2 (K)”

P2:=P1* (T2/T1)"(gamma /(gamma - 1)) “kPa”

P3:=P2 * rp “kPa”

T3 := T2 * rpA((gamma - 1)/gamma) “K”

T5:=T4 - T3 +T2 “K”

P4 := P3 “kPa”

P5:=P4 * (T5/T4)"(gamma / (gamma - 1)) “kPa”

P6 := P1“kPa”

T6 := T5 * (P6/P5)A((gamma-1)/gamma) “...finds exit jet temp, T6(K)”

V6 :=sqrt(2 * cp*1000 * (T5 - T6)) “m/s ... velocity of exit jet”

F:=m* (V6 - V1) “N ... Net Thrust”

W_P :=F * V1/1000 “kW ... Propulsive power”

Q_in:=m* cp * (T4 - T3) “kW ... heat supplied”

W_comp := m* cp *(T3-T2) “kW ... compressor work input”

W_turb := W_comp “kW .... turbine work ”

eta_P := W_P/Q_in “...Propulsive effcy”

102
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KE_exit := (m * (V6 - V1)A2/2)/1000 “kW”

Q exit=m * cp * (T6 - T1) “kW”

END

Prob. 2.23. A turbojet aircraft flies at a velocity of 900 km/h at an altitude where pressure and temp are 40
kPa and -35 C. Compressor pressure ratio is 10 and inlet temp of gases to turbine is 950 C. Air flow rate
is 45 kg/s. Using cold air standard assumptions, determine: (a) temp and pressure of gases at turbine exit,

(b) velocity of gases at nozzle exit, and (c) propulsive power, heat supplied and the propulsive efficiency.

I
__/‘) 4

P= l:nnf:t;/
Qin - J_,.// 15
I 16
- | _r " Qout

1 — P = const.
5

Fig.Prob.2.23

EES Solution: We shall use the EES Procedure written above.

“Data:”

m = 45 “kg/s”
cp = 1.005 “kJ/kg.K”

gamma = 1.4

P1 =40 “kPa”
T1 =-35+273 “K”
rp=10

T4 =950 + 273 “K”
V1 =9E05/3600 “m/s”
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“Calculations:”

CALL Ideal_JetPropulsion_cyclel(m, cp, gamma,P1, T1, rp,T4,V1 :P2, P3, P5, T2, T3, T5, T6, V6, E
W_PQ_in,W_comp, W_turb, eta_PKE_exit,Q_exit)

Results:

Unit Settings: Sl K Pa kJ mass deqg

cp=1.005 [kdkgK] np=0.2335 F=23715 [N] v =14

KE it = 9811 [Ki] m =45 [ka/s] P1 =40 [kPa] P2 =61.48 [kPa]

P3 =E1458 [kPa] |P5 - 2757 [kPa]| Clayit = 14574 [K4] \uin = 31814 [KWW]

m =10 T1 =238 [K] T2 =269.1 [K] T3 =5195 [K]

T4 =1223 [K] TS =972 [K] TG =560.3 [K] W1 =250 [m/s]

VB =810.3 [m;s]| Weamp = 11326 [kiw] |wp=?429 [kW]| Wb = 11326 [KWA]
UNIVERSITY OF
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Thus:

At turbine exit: T5 = 972.6 K, P5 = 275.7 kPa .... Ans.

Velocity of gases at nozzle exit = V6 = 910.3 m/s .... Ans.

Propulsive power = W_P = 7429 kW .... Ans.

Heat supplied = Q_in = 31814 kW ....Ans.

Propulsive efficiency = eta_P = 0.2335 = 23.35% ... Ans.

Also:

Plot the variation of heat supplied and Propulsive efficiency as turbine inlet temp, T4 varies from

900 K to 1500 K, other conditions remaining same:

First, compute the Parametric Table:

™ B ol
T4 Qi Mp
1.13 K] kW]
Fun 1 g00 17206 0.2881
Run 2 950 19468 02768
Run 3 1000 217249 02668
Run 4 1050 23990 0258
Fun & 1100 26251 02501
Run & 1140 28513 0.2429
Run 7 1200 30774 0.2363
Run & 1250 33035 0.2303
Fun 9 1300 35296 0.2248
Run 10 13460 37558 0.2197
Run 11 1400 398149 02149
Run 12 1450 42080 0.2105
Fun 13 1500 44341 0.2063
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Now, plot the results:
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“Prob.2.24. In problem 2.23, if the isentropic efficiencies of compressor, turbine and nozzle are 80%,

85% and 90% respectively, other conditions remaining the same, find out the propulsive efficiency etc.

T
P = const. 4a /
G o Ta
i,

3 Ia T

2 _,,/"'/ - Qout

1 P = const.

s

Fig.Prob.2.24

EES Solution:
“Data:”

m = 45 “kg/s”
cp = 1.005 “kJ/kg.K”

gamma = 1.4
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P1 =40 “kPa”

T1=-35+273 “K”

rp =10

T4 =950 + 273 “K”

V1 = 9E05/3600 “m/s”

eta_comp = 0.8 “...compressor isentropic effcy”
eta_turb = 0.85 “..turbine isentropic effcy”

eta_nozzle = 0.9 “...nozzler isentropic effcy”

“Calculations:”

T2 =T1 +V1A2/(2 * cp*1000) “..finds T2 (K)”

P2 = P1* (T2/T1)A(gamma /(gamma — 1)) “kPa”

P3 =P2 * rp “kPa”

T3 = T2 * rpA((gamma - 1)/gamma) “K”

(T3a - T2) = (T3 - T2) / eta_comp “...finds T3a (K)”
W_comp =m * cp * (T3a - T2) “kJ....compressor work”

W_turb = m * cp * (T4 - T4a) “k]J .... turbine work”

W_comp = W_turb “... finds T4a (K)”

(T4 — T4a) = eta_turb * (T4 - T5) “....finds T5 (K)”

P4 = P3 “kPa”

P5 =P4 * (T5/T4)"(gamma / (gamma - 1)) ” ... finds P5 = P4a, kPa”
P4a = P5 “kPa”

P7 = P1“kPa”

P7a = P1 “kPa”

T7 = T4a * (P7/P4a)A((gamma-1)/gamma) “...finds T7(K)”
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(T4a - T7a) = eta_nozzle * (T4a - T7) “...finds T7a (K)”

V7a = sqrt(2 * cp*1000 * (T4a - T7a)) “m/s ... velocity of exit jet”

F=m?* (V7a- V1) “N ... Net Thrust”

W_P =F * V1/1000 “kW ... Propulsive power”

Q_in=m *cp * (T4 - T3a) “kW ... heat supplied”

eta_P = W_P/Q_in “...Propulsive effcy”

KE_exit = (m * (V7a - V1)A2/ 2)/1000 “kW”

Q exit=m * cp * (T7a - T1) “kW”

Results:
Unit Settings: S| K Pa kJ mass deg

cp=1.005 [kdfkg-K] Neomp = 0.8 Tinozzle = 0.3
Tk = 085 F=22637 [M] +=14

m =45 [kals] F1 =40 [kPa] F2 =861.48 [kPa]
P4 = 6148 [Pa] Pda =175.4 [KPs]

P7a - 40 Qo - 17620 [6W]

T1 -238 K] T2 -268.1 [K] T3 -5195 [K]

T4 =1223 [K] Tda =903.9 [K] TS =8547 [K]
T7a = 6278 [K] VI =250 [mjs] WTa =753 [mfs]

Wigh = 14158 [kiW]

Thus:

At turbine exit: T4a = 909.9 K, P4a = 175.4 kPa .... Ans.

Velocity of gases at nozzle exit = V7a = 753 m/s .... Ans.

Propulsive power = W_P = 5659 kW .... Ans.

Heat supplied = Q_in = 28982 kW ....Ans.

Propulsive efficiency = eta_P = 0.1953 = 19.53% ... Ans.

np= 01953
KEca =5634 [KW]
P3 =h148 [kFa]

F? =40 [kPs]
e —10

T3a -582.2 [K]
T? =596.5 [K]

Weomp = 14158 [KW]
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Also:

Plot the variation of exit jet velocity (V7a), Propulsive power (W_P), heat supplied(Q_in) and
Propulsive efficiency(eta_P) as turbine inlet temp (T4) varies from 900 K to 1500 K, other

conditions remaining same:

First, compute the Parametric Table:

P o | wva | wh U R e
e K] I!] [mis] j kW] EI = K] ﬂ W] ’!1 lzl
Run 1 300 488.3 2681 | Run1 300 14375 0 1865
Run 2 950 | 5387 3248 | Run2 950 | 16636 | 01952
Run3 | 1000 5844 3762 | Run3 1000 18897 | 01991
Run 4 1050 | 626.5 4235 | Rund 1050 21158 | 0.2002
Run & 1100 | 6657 4677 | Run5 1100 73420 | 01997
Run & 1150 | M6 5092 | Run& 1150 | 25681 | 0 1983
Run 7 1200 | 73756 | 5405 | Run7? 1200 27942 | 01963
Rung | 1250 7708 | 5359 | Run8 1250 30203 0.194
Run® 1300 802.6 6217 | Run9 1300 32465 0 1915
Run 10 1350 | 8331 6560 | Run 10 1350 | 34706 0.1889 |
Run 11 1400 | s6us G491 Hun 11 1400 | JuEl U 1883
Run 12 1450 | 890.9 7210 | Run12 1450 39248 01837
Run 12 1500 | 9184 | 7519 | Run13 1500 11510 | 0.1811

efficiency reliability delivery
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Now, plot the results:
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2.4 Problems solved with TEST:

Prob.2.25. A GasTurbine power plant operates on simple Brayton cycle with air as working fluid and
delivers 32 MW of power. Min. and max. temp. in cycle are 310K and 900K. Pressure at exit of compressor
is 8 times the value at the inlet. Assuming isentropic eff. of 80% and 86% for compressor and turbine,

determine the mass flow rate of air through the cycle. [VTU-ATD-July 2008]

Tli

P1

Fig.Prob.2.25
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TEST Solution:
Following are the steps:

We shall do the calculations assuming that the air mass flow rate is 1 kg/s and find out the net power

produced. Then, it is a simple matter to compute the mass flow required to produce 32 MW.

1. From the TEST daemon tree, select the “Vapour Power and Gas Power cycles’ daemon:

Clozed

| -
b umdd s | Sesrem Srates | [ e e——
LT I L ALE | Flcwi Seetes |
Talsles Conveiter }
| I |
T ——— ¥
Unsteady :Zl-.*-s-nlzd Processas = Cpen-Steady Systems Open Pracesses
| ' : - i |
oL 4 N - Steady Cyoies ’ e
Specific Generis Generic Sgecific
| i
1 |
| ] |
Uniform Systems | | Ran-Uinlform Non-Mixing | | Non-Unilgrm Semi Mixing | | Noa-Uniform Mixing |

=

Puyrhranetey

| Combustion and Chemical Equilibrium |

| feeipraca ring Cyries |
|

I [ I
| Ny Whining Multl-Flow Syuloms

e,
Mapor Compression and [ 2 Combustion and ,J_'"I
Gas Refrigeration Cycles | Peychremetry Chémical Equilibrium J | eas DTn“_,;”_s_

| Single-Flow Systams | | Mixing Multi-Flow Systeins |

S

Vapor Power and
-

Gas Power Cyeles

Clicking on “Vapour Power and Gas Power cycles’ brings up the window for

material selection.

Open Poswer. Cyrle Doemnong: Sedect o Marorial Mede! o Laimeh

Vapre [Sseam ) Pawnr Cyeles

Fure Bas Modeis

Gas Pawer Cyrips

Comblned Cyries

"‘I.-"

ek ’ ‘-:, - ”
.
122 Mol A r_'&ﬁ
Nawvipaiion Japt Minde] | PreilMade]
Map

ey a . '8 - g . -
25 ™ congt W : % % romm
P Nt T Bamned !fu MJEOL. n-#g f‘.l'!'.*'.ller_

e L

114

3as Mixture Modals

Download free eBooks at bookboon.com




Applied Thermodynamics:
Software Solutions: Part-Il Cycles for Gas Turbines and Jet propulsion

3. Choose PG model (i.e. const. sp. heat), and select Air for working substance. Fill in the
conditions for State 1, i.e. state at entry to compressor: pl= 100 kPa, T1= 310 K, and
mdotl = 1 kg/s. Press Enter. Immediately, all properties at State 1 are calculated:

Folay e widiia TR sl précsisn

‘" Mixed T8l " Engllzh jmﬁmq.-ﬂ CRTEU R T L N super Coicutote S Lood N Superinitaiizs |

Fpved. T3l CEnglsn ‘ﬂi_ng_a_:;._.:u_ =] b Heln Messages On

| P b R

5. For State 3: It represents the state after actual compression, taking in to account the
isentropic effcy. of compressor. Enter p3 = p2, T3 = T1 + (T2 - T1) / 0.8 where 0.8 is the
compressor effcy. and mdot3 = mdotl. Hit Enter. We get:

= Mixed® ¢ £ " English I i) qu|J I Hidp Mnenages On ‘Cupos-taraln. w Sippny initinften
' Colbp B J Pl
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6. For State 4: we have: p4 = p3, T4 = 900 K, mdot4 = mdotl. Hit Enter. We get:
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7. For State 5: Enter p5 = p1, s5 = s4, mdot5 = mdotl, and hit Enter. We get:

* Mixed -8l T English

L . = o

= = v
S 7 £ a5 B
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8. For State 6: i.e. actual exit of turbine: Enter p6 = p5, T6 = T4 - 0.85 * (T4 - T5) where 0.85
is isentropic effcy. of turbine. And mdot6 = mdotl1. Hit Enter. We get:

& Mixed T8 T English j!c_?_;!-o_:il % Wolp Messopeni O Supes-llecals
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9. Now, go to Device panel. For device A, enter State 1 and State 3 for il-state and el-state
respectively. Also, since there is only one stream select Null state for i2-state and e2-state.

And Qdotl = 0 since in this process there is no external heat transfer. Hit Enter. We get:

Wil el = 0.0 KW [Eelimrend werah fan bfes ket
gl MEnglish a Iﬂ:um -u-_ﬂ % Ml Massisgeea iy
| Device Pared |
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0= (’?%1 +-’f‘3;2}"1!5ﬁ.1 +.'i!.,2) L 7 g it .E{tf} port & closerd
0= (A + i) = (Mada ¥ Mzl )0 - Wy —_— i =
= _ orsa =3 | WinHip:
e Qi - . : ; f—r Wark i nogathve |
0 = [ Hghy + a5y ) [mrﬁri it ) I;" 5, : > Heat in rmrj;:"ri'.-r

' T

10. Similarly for Device B: enter State 3 and State 4 for il-state and el-state respectively. Also,
since there is only one stream select Null state for i2-state and e2-state. And, Wdot_ext = 0

since for this process no external work transfer occurs. Hit Enter. We get:

bt Prurial Avimrei B it
& Mixed: 8 ¢ English ;{'ﬁﬁmn.ﬂ w;l v Hplp Mrrasgos On
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11. And, for Device C: enter State 4 and State 6 for il-state and el-state respectively. Also, since

there is only one stream select Null state for i2-state and e2-state. And, Qdot = 0 since for

this process no external heat transfer occurs. Hit Enter. We get:

Qo = 2T0A2ERE KW [Mal el ranabis ratal
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12. And, for Device D: enter State 6 and State 1 for il-state and el-state respectively. Also, since
there is only one stream select Null state for i2-state and e2-state. And, Wdot_ext = 0 since

for this process no external work transfer occurs. Hit Enter. And, SuperCalculate. We get:

& Mixed 5 T Engligh

“Mired 5 Cenaisn  cJeowen | iepuemoomon v | SIS
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W I g
M = e ey e = L= '._.ri: H’m = ':.“m ¥ ) B
G I madicating, direction

- ki

We observe that Wdot_net = 32.23766 kW.

This is the net power developed when the air flow rate is 1 kg/s. Therefore, to produce 32 MW, we need
a flow rate of 32E06/32237.66 = 992.63 kg/s .... Ans.
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14. From the Plots widget, choose T-s diagram, and we get:
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15. And I/O panel gives the TEST code etc:

S OUTPUT OF SUPER-CALCULATE

# Daemon Path: Systems>Open>SteadyState>Specific>PowerCycle>PG-Model; v-10.ca08

fommm oo Start of TEST-code --------mmmmmmmm oo oo
States {

State-1: Air;

Given: { pl= 100.0 kPa; T1= 310.0 K; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 1.0 kg/s; }

State-2: Air;

Given: { p2= 800.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= “mdot1” kg/s; }

State-3: Air;

Given: { p3= “p2” kPa; T3= “T1+(T2-T1)/0.8” K; Vel3= 0.0 m/s; z3= 0.0 m; mdot3=
“mdot1” kg/s; }

State-4: Air;

Given: { p4= “p3” kPa; T4= 900.0 K; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= “mdot1” kg/s; }

State-5: Air;

Given: { p5= “p1” kPa; s5= “s4” kJ/kg.K; Vel5= 0.0 m/s; z5= 0.0 m; mdot5= “mdot1” kg/s; }

State-6: Air;

Given: { p6= “p5” kPa; T6= “T4-0.86*(T4-T5)” K; Vel6= 0.0 m/s; z6= 0.0 m; mdot6= “mdot1”
kg/s; }
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Analysis {

Device-A: i-State = State-1; e-State = State-3; Mixing: true;

Given: { Qdot= 0.0 kW; T_B=298.15 K; }

Device-B: i-State = State-3; e-State = State-4; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 298.15 K; }

Device-C: i-State = State-4; e-State = State-6; Mixing: true;

Given: { Qdot= 0.0 kW; T_B=298.15K; }

Device-D: i-State = State-6; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B=298.15 K; }

}
oo End of TEST-code --------mmmm oo oo
fommmeee- Property spreadsheet starts:
# State p(kPa) T(K) v(mA3/kg)  u(kJ/kg) h(kJ/kg)  s(kJ/kg)
# 1 100.0 310.0 0.8897 -77.07 11.89 6.926
# 2 800.0 561.9 0.2016 103.39 264.64 6.926
# 3 800.0 624.8 0.2241 148.51 327.83 7.032
# 4 800.0 900.0 0.3229 345.66 603.95 7.399
# 5 100.0 496.6 1.4251 56.6 199.1 7.399
# 6 100.0 553.0 1.5872 97.07 255.78 7.507
e Property spreadsheet ends----------=------m oo

# Mass, Energy, and Entropy Analysis Results:

# Device-A: i-State = State-1; e-State = State-3; Mixing: true;
# Given: Qdot= 0.0 kW; T_B= 298.15 K;
# Calculated: Wdot_ext= -315.93448 kW; Sdot_gen= 0.10659171 kW/K; Jdot_net=

-315.93448 kW; Sdot_net= -0.10659171 kW/K;
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# Device-B: i-State = State-3; e-State = State-4; Mixing: true;

# Given: Wdot_ext= 0.0 kW; T _B=298.15 K;

# Calculated: Qdot= 276.12698 kW; Sdot_gen=-0.5599514 kW/K; Jdot_net= -276.12698
kW; Sdot_net= -0.366183 kW/K;

# Device-C: i-State = State-4; e-State = State-6; Mixing: true;

# Given: Qdot= 0.0 kW; T_B= 298.15 K;

# Calculated: Wdot_ext= 348.17215 kW; Sdot_gen= 0.10810609 kW/K; Jdot_net=
348.17215 kW; Sdot_net= -0.10810609 kW/K;

# Device-D: i-State = State-6; e-State = State-1; Mixing: true;

# Given: Wdot_ext= 0.0 kW; T _B= 298.15 K;

# Calculated: Qdot= -243.88931 kW; Sdot_gen= 0.23712797 kW/K; Jdot_net= 243.88931

kW; Sdot_net= 0.5808808 kW/K;

# Cycle Analysis Results:

# Calculated: T_max= 900.0 K; T_min= 310.0 K; Qdot_in= 276.12698 kW;

# Qdot_out= 243.88931 kW; Wdot_in= 315.93448 kW; Wdot_out= 348.17215
kw;

# Qdot_net= 32.23766 kW; Wdot_net= 32.23766 kW; Sdot_gen,int= -0.10813
kW/K;

# eta_th=11.67494 %; eta_Carnot= 65.55556 %; BWR= 90.74089 %;
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#0000+ CALCULATE VARIABLES: Type in an expression starting with an ‘=" sign (‘= mdot1*(h2-h1);
‘= sqrt(4*A1/PI); etc.) and press the Enter key)*0t++x

#Mass flow rate of air: mdot = 32*MW / Wdot_net = 32%¥10/6/(32.23766*10/3) kg/s

=32%1016/(32.23766%1013) = 992.6278768372147 kg/s ....required mass flow rate of air... Ans.

Prob.2.26. In an open cycle constant pressure gas turbine, air enters the compressor at 1 bar, 27 C.
Pressure of air after compression is 5 bar. Isentropic efficiencies of compressor and turbine are 80% and
84% respectively. The air fuel ratio is 75 : 1. The air flow rate is 2.5 kg/s. Determine the power developed
and the thermal efficiency of the cycle. For both air and combustion gases, take cp = 1.005 kJ/kg.K and
y = 1.4. Calorific Value of fuel = 42000 kJ/kg. [VTU- ATD-July 2004]

Fig.Prob.2.26

TEST Solution:
Following are the steps:

Steps 1 and 2 are the same as for Prob.2.25.i.e. select “Vapour Power and Gas Power cycles’ daemon
from the ‘daemon tree’ and, for material model chose PG model (i.e. const. sp. heat) and select air as

the working substance.
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3. Choose PG model (i.e. const. sp. heat), and select Air for working substance. Fill in the

conditions for State 1, i.e. state at entry to compressor: pl= 100 kPa,, T1= 27 C, and

mdotl = 2.5 kg/s. Hit Enter. Immediately, all properties at State 1 are calculated:

& pixed T 5 Enguan sed SupeiHur Sup Cacudat

Santn Pamnl | Sl Fahin I Cipe Faniil | it Azl |

4. For State 2: Enter p2, s2 = sl (for isentropic process 1-2), and mdot2 = mdotl. Hit Enter.
We get:

L I L e A 5u0= aicuiat= [l Looo I suver inmaiae

Saclil Filial |

125

Download free eBooks at bookboon.com



Applied Thermodynamics:
Software Solutions: Part-II

Cycles for Gas Turbines and Jet propulsion

5. For State 3: It represents the state after actual compression, taking in to account the

isentropic effcy. of compressor. Enter p3 = p2, T3 = T1 + (T2 - T1) / 0.8 where 0.8 is the

compressor effcy. and mdot3 = mdotl. Hit Enter. We get:
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6. For State 4: we have: p4 = p3. To find T4, use the fact that energy supplied by the fuel is

equal to increase in enthalpy of the gases as they pass through the combustion chamber. i.e.

mg-CV= eplm, + mg|-(T4 - T3)

my
o CV=ep 1+ (Ti-T
B mg

e, Ti=T3+
m
a
cprl 1+ —
{ [ mfﬂ
ILE. Ti=T3 + ﬂ
1.005-(1 + 75)

Also, mdot4 = mdot3 + mdot3/75. Hit Enter. We get:
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8. For State 6: i.e. actual exit of turbine: Enter p6 = p5, T6 = T4 - 0.84 * (T4 - T5) where 0.84
is isentropic effcy. of turbine. And mdot6 = mdot5. Hit Enter. We get:

& Miced - T8l T English ﬂmm.iil W Help Messages On

9. Now, go to Device panel. For device A, enter State 1 and State 3 for il-state and el-state
respectively. Also, since there is only one stream select Null state for i2-state and e2-state.

And Qdotl = 0 since in this process there is no external heat transfer. Hit Enter. We get:
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10. Similarly for Device B: enter State 3 and State 4 for il-state and el-state respectively. Also,
since there is only one stream, select Null state for i2-state and e2-state. And, Wdot_ext = 0

since for this process, no external work transfer occurs. Hit Enter. We get:

A3 W IEdemal vk Kansfer ratzl
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11. And, for Device C: enter State 4 and State 6 for il-state and el-state respectively. Also, since
there is only one stream, select Null state for i2-state and e2-state. And, Qdot = 0 since for

this process, no external heat transfer occurs. Hit Enter. We get:

Cidul — TA05304T 00 el el et rid]
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12. And, for Device D: enter State 6 and State 1 for il-state and el-state respectively. Also, since
there is only one stream, select Null state for i2-state and e2-state. And, Wdot_ext = 0 since

for this process, no external work transfer occurs. Hit Enter. And, SuperCalculate. We get:
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We observe that: Wdot_net = 292.1911 kW = Power developed .... Ans.

And, thermal efficiency = eta_th = 20.792% .... Ans.

14. From the Plots widget, choose T-s diagram, and we get:

T.K
1162 /
p=¢
27014 il
6.2 s, kdikg K 858
15. And I/O panel gives the TEST code etc:

fommmmmm v OUTPUT OF SUPER-CALCULATE
# Daemon Path: Systems>Open>SteadyState>Specific>PowerCycle>PG-Model; v-10.ca08
oo Start of TEST-code -----------mm oo
States {

State-1: Air;

Given: { pl= 100.0 kPa; T1= 27.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 2.5 kg/s; }
State-2: Air;

Given: { p2= 500.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= “mdot1” kg/s; }

State-3: Air;
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Given: { p3= “p2” kPa; T3= “T1+(T2-T1)/0.8” deg-C; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “mdot1”
kg/s; }

State-4: Air;

Given: { p4= “p3” kPa; T4= “T3+42000/(76*1.005)” deg-C; Vel4= 0.0 m/s; z4= 0.0 m; mdot4=
“mdot3+(mdot3/75)” kg/s; }

State-5: Air;

Given: { p5= “p1” kPa; s5= “s4” kJ/kg.K; Vel5= 0.0 m/s; z5= 0.0 m; mdot5= “mdot4” kg/s; }

State-6: Air;

Given: { p6= “p5” kPa; T6= “T4-0.84*(T4-T5)” deg-C; Vel6= 0.0 m/s; z6= 0.0 m; mdot6=
“mdot5” kg/s; }

Analysis {

Device-A: i-State = State-1; e-State = State-3; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-B: i-State = State-3; e-State = State-4; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Device-C: i-State = State-4; e-State = State-6; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-D: i-State = State-6; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }
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Applied Thermodynamics:

Software Solutions: Part-Il Cycles for Gas Turbines and Jet propulsion
s Property spreadsheet starts:

# State p(kPa) T(K) v(mA3/kg) u(k]/kg) h(kJ/kg)  s(kJ/kg)

# 1 100.0  300.2 0.8614 -84.13 2.01 6.893

# 2 500.0 475.6 0.273 41.57 178.06 6.893

# 3 500.0 519.5 0.2982 73.0 222.08 6.982

# 4 500.0 1069.3 0.6138 466.99 773.88 7.706

# 5 100.0 6749 1.9368 184.35 378.03 7.706

# 6 100.0  738.0 2.1179 229.58 441.37 7.796

# Mass, Energy, and Entropy Analysis Results:

# Device-A: i-State = State-1; e-State = State-3; Mixing: true;

# Given: Qdot= 0.0 kW; T_B= 25.0 deg-C;

# Calculated: Wdot_ext= -550.17303 kW; Sdot_gen= 0.22130843 kW/K; Jdot_net=
-550.17303 kW; Sdot_net= -0.22130843 kW/K;

# Device-B: i-State = State-3; e-State = State-4; Mixing: true;

# Given: Wdot_ext= 0.0 kW; T_B= 25.0 deg-C;

EXPERIENCE THE POV

FULL ENGAGEMENT...
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# Calculated: Qdot= 1405.3047 kW; Sdot_gen= -2.6451857 kW/K; Jdot_net= -1405.3047
kW; Sdot_net= -2.068229 kW/K;

# Device-C: i-State = State-4; e-State = State-6; Mixing: true;

# Given: Qdot= 0.0 kW; T_B= 25.0 deg-C;

# Calculated: Wdot_ext= 842.36414 kW; Sdot_gen= 0.22728187 kW/K; Jdot_net=
842.36414 kW; Sdot_net= -0.22728187 kW/K;

# Device-D: i-State = State-6; e-State = State-1; Mixing: true;

# Given: Wdot_ext= 0.0 kW; T_B= 25.0 deg-C;

# Calculated: Qdot= -1113.1135 kW; Sdot_gen= 1.2165818 kW/K; Jdot_net= 1113.1135

kW; Sdot_net= 2.5168192 kW/K;
# Cycle Analysis Results:

# Calculated: T_max= 1069.3352 K; T_min= 300.15 K; Qdot_in= 1405.3047 kW;

# Qdot_out= 1113.1135 kW; Wdot_in= 550.17303 kW; Wdot_out= 842.36414 kW;

# Qdot_net=292.1911 kW; Wdot_net= 292.1911 kW; Sdot_gen,int= -0.98001 kW/K;
# eta_th= 20.79201 %; eta_Carnot= 71.93116 %; BWR= 65.31297 %;

Prob.2.27. In a reheat gas turbine cycle, comprising one compressor and two turbines, air is compressed
from 1 bar, 27 C to 6 bar. The highest temp in the cycle is 900 C. The expansion in the first stage turbine
is such that the work from it just equals the work required by the compressor. Air is reheated between
the two stages of expansion to 850 C. Assume that the isentropic efficiencies of the compressor, the first
stage and the second stage turbines are 85% each and that the working substance is air. Calculate the
cycle efficiency. [VTU-ATD-July 2004]

Fig.Prob.2.27
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TEST Solution:
Following are the steps:

Steps 1 and 2 are the same as for Prob.2.25.i.e. select “Vapour Power and Gas Power cycles’ daemon
from the ‘daemon tree’ and, for material model chose PG model (i.e. const. sp. heat) and select air as

the working substance.

3. Choose PG model (i.e. const. sp. heat), and select Air for working substance. Fill in the
conditions for State 1, i.e. state at entry to compressor: pl= 100 kPa, T1= 27 C, and
mdotl = 1 kg/s. Hit Enter. Immediately, all properties at State 1 are calculated:

W @ vanabhe 10 SRASE IER vl wilm e

& Mived. 50 T English Jm;m vJ 7 Help Messages Un Sussrite m m Super inlalize

© Stote Panel Pl Mt sielm il

4. For State 2: Enter p2 = 600 kPa, s2 = sl (for isentropic process 1-2), and mdot2 = 1kg/s.
Hit Enter. We get:

B IR R T R A T A . oot N oot S i ol
e Fgma 1 A 0 Tram
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5. For State 3: It represents the state after actual compression, taking in to account the
isentropic effcy. of compressor. Enter p3 = p2, T3 = T1 + (T2 - T1) / 0.85 where 0.85 is the
compressor effcy. and mdot3 = 1kg/s. Hit Enter. We get:
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6. For State 4: we have: p4 = p3. T4 = 900 C, mdot4 = 1 kg/s. Hit Enter. We get:

T Mixed T30 CEnglish

7. For State 5: Enter s5 = s4, mdot5 = 1 kg/s, and T5 = T4 - (T4 - T6)/0.85 where 0.85 is the
turbine isentropic effcy. Hit Enter. We get (after SuperCalculate later):

Wi (oS e owér 2 VEREDH 10 dyspidy &5 vatie wilh ro

7 Mixed 5l T Engilan _ﬂmm_:-j ¥ Help isessages Un

8. For State 6: i.e. actual exit of turbine: Enter p6 = p5, For T6, we have compressor work =
first stage turbine work, i.e. cp * (T4 - T6 ) = cp * (T3 - T1). Therefore, T6 = T4 -
(T3 - T1). And mdot6 = mdot5. Hit Enter. We get:
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9. For State 7: Temp of reheating is T7 = 850 C, p7 = p6, mdot7 = 1 kg/s. Hit Enter. We get:
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10. State 8: i.e. after isentropic expansion in second stage turbine. Enter p8 = p1, s8 = 57,
mdot8 = 1 kg/s. Hit Enter. We get:

“opixed g T Enghsh

11. State 9: i.e. after actual expansion in second stage turbine. Enter p9 = p8, mdot9 = 1 kg/s,
T9 =T7 - (T7 - T8) * 0.85 where 0.85 is the isentropic effcy of second stage turbine.
Hit Enter. We get:

" Miked T80 T Englsh
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12. Now, go to Device panel. For device A, enter State 1 and State 3 for il-state and el-state
respectively. Also, since there is only one stream select Null state for i2-state and e2-state.

And Qdotl = 0 since in this process there is no external heat transfer. Hit Enter. We get:
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13. Similarly for Device B: enter State 3 and State 4 for il-state and el-state respectively. Also,
since there is only one stream, select Null state for i2-state and e2-state. And, Wdot_ext = 0

since for this process, no external work transfer occurs. Hit Enter. We get:
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14. And, for Device C: enter State 4 and State 6 for il-state and el-state respectively. Also, since
there is only one stream, select Null state for i2-state and e2-state. And, Qdot = 0 since for

this process, no external heat transfer occurs. Hit Enter. We get:
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15. And, for Device D: enter State 6 and State 7 for il-state and el-state respectively. Also, since
there is only one stream, select Null state for i2-state and e2-state. And, Wdot_ext = 0 since

for this process, no external work transfer occurs. Hit Enter. We get:

Mbuym dTrouinl Guer 3 VAlLalde be Wi play v weillino e predsion

.8 T English «[ecmas = > B Hurlp 1 = £ it Bagmo Cdcudaie Rugjoere it ey
g REINS | e Mlinfngyes SBupo
| Duvice Paind '

ilmam—mm - J

16. For Device E: enter State 7 and State 9 for il-state and el-state respectively. Also, since there
is only one stream, select Null state for i2-state and e2-state. And, Qdot = 0 since for this

process, no heat transfer occurs. Hit Enter. We get:
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17. For Device F: enter State 9 and State 1 for il-state and el-state respectively. Also, since there
is only one stream, select Null state for i2-state and e2-state. And, Wdot_ext = 0 since for

this process, no external work transfer occurs. Hit Enter and SuperCalculate. We get:
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18. Now, go to cycle panel. It gives the major parameters of this cycle:

Wikl erl = B0 KW [Baliemail sk dramisitur iialie]
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We observe that: Wdot_net = 205.84143 kW = Power developed .... Ans.

And, thermal efficiency = eta_th = 24.924% .... Ans.

19. From the Plots widget, choose T-s diagram, and we get:
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20. And I/O panel gives the TEST code etc:

B o i i i i i i OUTPUT OF SUPER-CALCULATE

# Daemon Path: Systems>Open>SteadyState>Specific>PowerCycle>PG-Model; v-10.ca08

fommm oo Start of TEST-code ---------m-mmmmm e
States {

State-1: Air;

Given: { pl=100.0 kPa; T1= 27.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 1.0 kg/s; }

State-2: Air;

Given: { p2= 600.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= 1.0 kg/s; }

State-3: Air;
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Given: { p3= “p2” kPa; T3= “T1+(T2-T1)/0.85” deg-C; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= 1.0
kg/s; }

State-4: Air;

Given: { p4= “p3” kPa; T4= 900.0 deg-C; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= 1.0 kg/s; }

State-5: Air;

Given: { T5= “T4-(T4-T6)/0.85” deg-C; s5= “s4” kJ/kg.K; Vel5= 0.0 m/s; z5= 0.0 m; mdot5=
1.0 kg/s; }

State-6: Air;

Given: { p6= “p5” kPa; T6= “T4-(T3-T1)” K; Vel6= 0.0 m/s; z6= 0.0 m; mdot6= 1.0 kg/s; }

State-7: Air;

Given: { p7= “p6” kPa; T7= 850.0 deg-C; Vel7= 0.0 m/s; z7= 0.0 m; mdot7= 1.0 kg/s; }

State-8: Air;

Given: { p8= “p1” kPa; s8= “s7” kJ/kg.K; Vel8= 0.0 m/s; z8= 0.0 m; mdot8= 1.0 kg/s; }

State-9: Air;

Given: { p9= “p8” kPa; T9= “T7-(T7-T8)*0.85” K; Vel9= 0.0 m/s; z9= 0.0 m; mdot9= 1.0 kg/s;

Analysis {

Device-A: i-State = State-1; e-State = State-3; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-B: i-State = State-3; e-State = State-4; Mixing: true;
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Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Device-C: i-State = State-4; e-State = State-6; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-D: i-State = State-6; e-State = State-7; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Device-E: i-State = State-7; e-State = State-9; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-F: i-State = State-9; e-State = State-1; Mixing: false;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

———————— Property spreadsheet starts
State  p(kPa) T(K) v(m~3/kg) u(kJ/kg) h(kJ/kg)
1 100.0 300.2 0.8614 -84.13 2.01
2 600.0 501.0 0.2397 59.81 203.61
3 600.0 536.5 0.2566 85.22 239.18
4 600.0 1173.2 0.5611 541.38 878.06
5 232.99 895.1 1.1025 342.15 599.03
6 232.99 936.8 1.1539 372.03 640.88
7 232.99 1123.2 1.3834 505.55 827.88
8 100.0 881.8 2.5307 332.64 585.72
9 100.0 918.0 2.6346 358.58 622.04
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# Cycle Analysis Results:

# Calculated: T_max= 1173.15 K; T_min= 300.15 K; Qdot_in= 825.87555 kW;
Qdot_out= 620.0341 kW; Wdot_in= 237.17693 kW; Wdot_out= 443.01834 kW;
Qdot_net= 205.84143 kW; Wdot_net= 205.84143 kW; Sdot_gen,int= -0.6904 kW/K;
eta_th= 24.92402 %; eta_Carnot= 74.41504 %; BWR= 53.53659 %;

H OH

Prob.2.28. A gas turbine plant draws in air at 1.013 bar, 10 C and has a pressure ratio of 5.5. The max.
temp in the cycle is limited to 750 C. Compression is conducted in an un-cooled rotary compressor having
an isentropic efficiency of 82% and expansion takes place in a turbine with an isentropic efficiency of
85%. A heat exchanger with an efficiency of 70% is fitted between the compressor outlet and combustion
chamber. For an air flow of 40 kg/s, find: (i) overall effcy. of the cycle, (ii) turbine output, (iii) air-fuel
ratio if the calorific value of fuel used is 45.22 MJ/kg. [VTU - ATD - Jan. 2009]
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Fig. Prob.2.28 (a) and (b)

Process 1-2: Isentropic compression in Compressor

Process 1-3: Actual compression

Process 4-5: Isentropic expansion in Turbine

Process 4-6: Actual expansion in turbine

Process 3-8: heating in heat exchanger

Process 8-4: heat supply in combustion chamber

Process 6-7: cooling in heat exchanger

Working fluid: Air with const. sp. heat
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TEST Solution:

We shall first do the calculations for air mass flow rate of 1 kg/s, and then it is quite easy to find out

required quantities for an air flow rate of 40 kg/s.

Following are the steps:

Steps 1 and 2 are the same as for Prob.2.25.i.e. select “Vapour Power and Gas Power cycles’ daemon
from the ‘daemon tree’ and, for material model chose PG model (i.e. const. sp. heat) and select air as

the working substance.

3. Choose PG model (i.e. const. sp. heat), and select Air for working substance. Fill in the
conditions for State 1, i.e. state at entry to compressor: pl= 1.013 bar, T1= 10 C, and
mdotl =1 kg/s. Hit Enter. Immediately, all properties at State 1 are calculated:

Mayk rnnuse ovel §viriahle i nispdhy (18 vallee W more precsin
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4. For State 2: Enter p2 = 5.5 * pl, s2 = sl (for isentropic process 1-2), and mdot2 = mdotl.
Hit Enter. We get:

= Mixed TSl C English
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5. For State 3: It represents the state after actual compression, taking in to account the
isentropic effcy. of compressor. Enter p3 = p2, T3 = T1 + (T2 - T1) / 0.82 where 0.82 is the
compressor effcy. and mdot3 = mdotl. Hit Enter. We get:

Wxed O3 Congin Jscued | @hepumomon  swertwon| NSRRI

6. For State 4: we have: p4 = p3. T4 = 750 C,
Now, to find T4:

Heat supplied by fuel results in increase of enthalpy of the air+fuel mixture reaching the Turbine inlet:

me-CV = [{ma + mg)-cp-(T4 - 9] = (m, + mg)-(ht - hS)

[W=3 CV= | — + 1 -(h4 - h¥)
m.f

my cv

e, —=—-1 ..AfFratio
my  (hd - hE)
. mg hi - hi
And: mdotd = {ma + Iﬂf} = Iﬂ.a[l + m—a] = mdnﬂ[l + m)
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Enter these values for State 4, and hit Enter. We get:

With medi grefia g

T Mixed 5 CEnglsh < [eCesed v o] @ rHemessageson  Supernarale |

G MoUES v A vadiable 1o JERIaY 8 < ilde

Lot Fiitim| it i

8. For State 6: i.e. actual exit of turbine: Enter p6 = p5, T6 = T4 - 0.85*(T4 - T5) where 0.85 is
the isentropic effcy of turbine. And mdot6 = mdot5. Hit Enter. We get:

T I L Y [ N L TR A 5 o | Supet nitiafiz:

Lt em il | 152 Fial
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9. For State 7: p7 = pl, mdot7 = mdot4.

To find h7: For the heat exchanger, we have:

h8 — h3 = mdots-(hé — hT) ..for air flow of 1 ka/s through compressor

hi — h3
mdoth

I.e. hi=hé-

Enter these values as shown below, and hit Enter. We get (after SuperCalculating later):

sl wall ik iy i

® Mixad  © 3l Engiisn -:|e|:aﬁn-n vl k| W Help Mussagus O Suberrs

|

360°
thinking.

Deloitte.

Discover the truth at www.deloitte.ca/careers © Deloitte & Touche LLP and affiiated entities.
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10. State 8. i.e. exit of high pressure stream from heat exchanger. Enter p8 = p2, mdot8 = mdot4.
And, T8 = T6 - 0.7 * (T6 — T3), where 0.7 is the heat exchanger effcy. Hit Enter. We get:

@ OvOr 2 vadabig 8o QiAplay B8 vasu o Wil Mo precisindl
Fai. © engisn me v _I el | W = m

- R R O

11. Now, go to Device panel. For device A, enter State 1 and State 2 for il-state and el-state
respectively. Also, since there is only one stream select Null state for i2-state and e2-state.

And Qdotl = 0 since in this process is isentropic. Hit Enter. We get:

(o wRile Wil more preciion,

" Milxed T 8l T English « [SCaged ﬂ 1% Help Mussagus On li'upll-ﬂlmh.! Super Calculaie
i <k | B s il

1 Do P |

< [owiwanz 5|

Steady Multi-Flow Mixing Device - A ] ;
: : = — State-Nu
" ! ns: AT : g _N

Mass, Enengy, and Entropy Equations L 3 i L

0=(mﬂ+mnj" :) e o i a porl i closed
0= (mrt.'rrl L m:}-“:i} {mla-l.".ti + mIJJrJ:I] Q w % b 20 TR
2 i s WinHip:
Q Work in negative
ﬂ={m,|$'ﬂ i :] '[JH,-,S‘,] > m‘ﬂsﬂ}‘ 1; ; ? Heal in positive
sﬂ —_—
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12. Similarly for Device B: enter State 8 and State 4 for il-state and el-state respectively. Also,
since there is only one stream, select Null state for i2-state and e2-state. And, Wdot_ext = 0

since for this process, no external work transfer occurs. Hit Enter. We get:

i 85 watiie Wil midde-pretisiin

# Mixed ©:sl T Englsn ‘-Juc:isf-u-__ulj & Haln Massages On

| Device Panel |

4 [ B

rf'j

13. And, for Device C: enter State 4 and State 6 for il-state and el-state respectively. Also, since
there is only one stream, select Null state for i2-state and e2-state. And, Qdot = 0 since for

this process, no external heat transfer occurs. Hit Enter. We get:

Faied TF T English jgc_:y;u-n u-ﬂ o Hufp Medsages On :upmmﬂ
| Uavice Panel

« | OmionC 1481 ‘

14. And, for Device D: This is the heat exchanger. Enter State 3 and State 8 for il-state and el-
state respectively. Also, select state 6 for i2-state and state 7 for e2-state. And, Qdot = 0 since

for this heat exchanger, no external heat transfer occurs. Hit Enter. We get:

ﬂ_ﬂcwu:ﬂ_ = l 1 Hetlgr Musyages On supul-nmu.! Super Catculale m

I Ihodtie Panal L Bt i E=nal ]
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15. For Device E: enter State 7 and State 1 for il-state and el-state respectively. Also, since there

is only one stream, select Null state for i2-state and e2-state. And, Wdot_ext = 0 since for

this process, no work transfer occurs. Hit Enter. We get:

Meéne NiguEe ovif A variatas Lo diifess (1 walih sl fnooy Brecialsn

T Mixed Tar T English < ltCasa_J.l L "_I ¥ Help Messages On Supsi-arale Super Lakculate
| Dewice Panet | | [
o v = | Cacutato | o Son-Mixitg 1+ Mixing Device
e e - .l.; T T i =) J e IR
| oo | ot en 5 | sdotges
Jdof et Sdof_net
EEmaE o ~ [AmsET e ~
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16. Now, go to cycle panel. It gives the major parameters of this cycle:

Move mousa Svie 3 yariatly 4 JEEplar 1 valus wilh more piecision

o Mwed 5 T Englien :[p_cggg-p “|»| 7 HelpMessagesoOn  Sunerfierats

[ overall Cycle Equations (n devices): I Wi
. =, Sl - /T-‘| L, Wark in negative
= i 0 0, =3 masid? Jh O [ o el it positive
] el i - EEN
= e i, ) B, woan
W, =% W0 =X I, .0 s e e L
"’ .2:'“-“":":t 1 Ji[_n‘rm[ } I— I il W e bl
W, Bl s l = eIl
M= fewm =j A jF‘n = Qr!rl ﬁ”“- 1.“.““".:. w"I.l su‘?m’dm‘
(2, T i indicating direction.

Note that Net work = Wdot_net = 158.366 kW/kg of air ....Ans.

Thermal efficiency = eta_th = 33.478% ... Ans.

17. Go to Plots widget and get the T-s plot:

T.K { 7667, 1270.554 )

112546

254 .83

6.15 s, KJ/Kg.K g.49
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18. I/0O panel gives the TEST code etc:

S OUTPUT OF SUPER-CALCULATE

# Daemon Path: Systems>Open>SteadyState>Specific>PowerCycle>PG-Model; v-10.ca08

fommm oo Start of TEST-code --------mmmmmmmm oo oo
States {

State-1: Air;

Given: { pl= 1.013 bar; T1= 10.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 1.0 kg/s; }

State-2: Air;

Given: { p2= “p1*5.5” bar; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= “mdot1” kg/s;

State-3: Air;

Given: { p3= “p2” bar; T3= “T1+(T2-T1)/0.82” deg-C; Vel3= 0.0 m/s; z3= 0.0 m; mdot3=
“mdot1” kg/s; }

State-4: Air;

Given: { p4= “p3” bar; T4=750.0 deg-C; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= “mdot1*(1+(h4-h8)/
(45220-h4+h8))” kg/s; }

State-5: Air;
Given: { p5= “p1” bar; s5= “s4” kJ/kg.K; Vel5= 0.0 m/s; z5= 0.0 m; mdot5= “mdot4” kg/s; }
State-6: Air;

Given: { p6=“p1” bar; T6=“T4-0.85*(T4-T5)” deg-C; Vel6= 0.0 m/s; z6= 0.0 m; mdot6= “mdot5”
kg/s; }

State-7: Air;
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Given: { p7= “p1” bar; h7= “h6-(h8-h3)/mdot6” kJ/kg; Vel7= 0.0 m/s; z7= 0.0 m; }

State-8: Air;

Given: { p8= “p2” bar; T8= “T6-0.7*(T6-T3)” deg-C; Vel8= 0.0 m/s; z8= 0.0 m; }

Analysis {

Device-A: i-State = State-1; e-State = State-2; Mixing: true;

Given: { Qdot= 0.0 kW; T_B=298.15K; }

Device-B: i-State = State-8; e-State = State-4; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 298.15 K; }

Device-C: i-State = State-4; e-State = State-6; Mixing: true;

Given: { Qdot= 0.0 kW; T_B=298.15 K; }

Device-D: i-State = State-3, State-6; e-State = State-8, State-7; Mixing: false;

Given: { Qdot= 0.0 kW; T_B=298.15K; }

Device-E: i-State = State-7; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 298.15 K; }
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#ommmmme- Property spreadsheet starts:

# State p(kPa) T(K) v(mA3/kg) u(kJ/kg) h(kJ/kg) s(kJ/kg)

# 1 101.3 283.2 0.8022 -96.31 -15.05 6.831

# 2 557.15 461.1 0.2375 31.16 163.47 6.831

# 3 557.15 500.1 0.2576 59.14 202.66 6.913

# 4 557.15 1023.2 0.527 433.9 727.53 7.631

# 5 101.3 628.4 1.7802 151.03 331.36 7.631

# 6 101.3 687.6 19479 193.46 390.78 7.721

# 7 101.3 631.9 1.7902 153.58 334.93 7.637

# 8 557.15 556.3 0.2866 99.43 259.1 7.02

e Property spreadsheet ends--------------=- oo oo oo

# Cycle Analysis Results:

# Calculated: T_max= 1023.15 K; T_min= 283.15 K; Qdot_in= 473.04626 kW;

# Qdot_out= 353.86844 kW; Wdot_in= 181.90714 kW; Wdot_out= 340.2733 kW;

# Qdot_net= 119.1778 kW; Wdot_net= 158.36613 kW; Sdot_gen,int= -0.48131 kW/K;
# eta_th= 33.47794 %; eta_Carnot= 72.32566 %; BWR= 53.45913 %;

The Wake
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#*CALCULATE VARIABLES: Type in an expression starting with an ‘=" sign ('= mdot1*(h2-h1);
‘= sqrt(4*A1/PI)) etc.) and press the Enter key) et

#A/F ratio:

=(45220 — h4 + h8) / (h4 - h8) = 95.534... Ans.

#Turbine output:

=mdot4*(h4 - h6) = 340.273 kW/ kg of air ...(same as Wdot_out in ‘Cycle Analysis esults, above)

Then, for 40 kg/s of air:

Tubine output = 340.273 * 40 = 13610.92 kW ... Ans.

2.5 References:

1. Yunus A. Cengel & Michael A. Boles, Thermodynamics, An Engineering Approach, 7 Ed.
McGraw Hill, 2011.

2. Sonntag, Borgnakke & Van Wylen, Fundamentals of Thermodynamics, 6™ Ed. John Wiley &
Sons, 2005.

3. Michel ]. Moran & Howard N. Shapiro, Fundamentals of Engineering Thermodynamics, 4"
Ed. John Wiley & Sons, 2000.

4. PK. Nag, Engineering Thermodynamics, 2™ Ed. Tata McGraw Hill Publishing Co., 1995.
R.K. Rajput, A Text Book of Engineering Thermodynamics, Laxmi Publications,
New Delhi, 1998

6. Domkunndwar et al, A course in Thermal Engineering, Dhanpat Rai & Co., New Delhi, 2000

7. HIH Saravanamutto, G.EC. Rogers & H. Cohen, Gas Turbine Theory, 5* Ed., Pearson Ed.
Ltd., 2001.
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3 Vapour Power Cycles

Learning objectives:

7. In this chapter, “‘Vapour Power cycles’ are analyzed with particular reference to Rankine
cycle and its variations, used in Steam Power Plants.

8. Cycles dealt with are: Ideal Rankine cycle, Practical Rankine cycle with the isentropic
efficiencies of turbine and pump considered, Reheat Rankine cycle (with both ideal and
actual processes), Regenerative Rankine cycle and Reheat-Regenerative Rankine cycle.

9. Several useful Mathcad Functions are written for properties of steam in superheated and
two-phase regions, since Mathcad does not have built-in Functions for steam, and are used
in solving problems.

10. Also, many useful Functions/Procedures are written in EES for different variations of
Rankine cycle.

11. Problems from University question papers and standard Text books are solved with
Mathcad, EES and TEST.

3.1 Definitions, Statements and Formulas used[1-7]:

While analyzing the following cycles, quantities of interest are: heat supplied in boiler (q,, in kJ/kg),
heat rejected in condenser (q_, in kJ/kg), work output of turbine (w,, in kJ/kg), work required by pump
(Wpump

kg/kWh), and work ratio.

, in kJ/kg), net work (w,_, in k]/kg), thermal efficiency (n), Specific Steam consumption (SSC, in

3.1 Carnot cycle for steam:
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T 4

X\
/

For Carnot cycle:

Process 1-2: Isentropic expansion in turbine

Process 2-3: Isothermal heat rejection in condenser

Process 3-4: Isentropic compression in pump

Process 4-1: Isothermal heat addition in boiler

> RBS Group
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Then, per unit mass of steam circulating, we have, in units of kJ/kg:

Tl -T2

Qout

Vapour Power Cycles

T = =1-—  With temp in Kelvin
gip = hl — hd Nearnot 1 %
Qout = h2 — h3 n = Tt 100
Qin
T =hl - h2
wT =hl - h? 3600 . Wt
B8C = Work Ratio:  WR =
Wnat wT
"."L'nat = ".TT - ".'i'p
3.1.2 Ideal Rankine cycle for steam:
Boiler T
Sy k,i_j

.n'-o-".l

L

Turbine

“ondenser

{1

/ conden)
N

A
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Here, we have, per kg of steam circulating:

Pump work: (with sp. vol =vf3 in m”3/kg, P1, P2 in bar):

Qip = hl — ht
Qout = h2 — h3 wp = vi3-(P1 - P2)- 107 kdpump work
[ —
W= hl-h hi=hi+ wy
Wit = WT — ¥p S50 = 3600
Wnet
Whet
= 100 ] Wi
" Tin Work Ratio:  WER = net
‘.‘E'T
313 Actual Rankine cycle for steam:
Boiler ~
Hﬁh"ﬁ. \j__)r

Turbine

“ondenser

f"}

<]

e e 63
N -
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Here:

Process 1-2: Ideal isentropic expansion in turbine
Process 1-3: Actual expansion in turbine

Process 4-5: Ideal isentropic compression in pump
Process 4-6: Actual compression in pump

T Pump work, w_p_ideal (with sp. vol = vf3 in m"3/kg P1, P2 in bar), in ki kg:

ht - h?
hs - b4 Wp_ideat = Vi3 (P1 = P2)-107 kJikg
ﬂpmp= 6 — bt Ehj_ .
hi=hi+ Wp idea] hémh4s 1 — 72 Wy actual = hE — hd
Qm=h1 - hé Npunp
- “’uet_lm
Qeu=h3 - h4 yl b Gin
wr= hl _h3 SSC= 3600 kg-'kWh
What
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314 Reheat Rankine cycle, with ideal processes for steam:

| iah-P
Roiler Reheater @ urbine

3 | ge

©+ 4 |

Condenser

8
For this case, we have:
Qi = (hl — h6) + (h3 - h2 Whet
im - [ } [ :} n o= -100
in
=hi-hs
Qout 3600
S85C = .
. W net
Wp = vi5-(P6 - P5)-10°  kllkg
: Whet
B} Work Ratio:  WER =
hé =hi+Wp WT

W = (hl — h2) + (h3 — hd)

Whet = WT - Wp
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3.1.5 Actual, Reheat Rankine cycle for steam:

Boiler Reheater
[
]
}|.--'
= P
(8 (9)
o

Various parameters are calculated as:

Vapour Power Cycles

hE - h7
in=(hl — b} + (hi — h3  —
Qin= ( )+ ( ) Npump he - b
= hi — h7 hl — h3
out Miurb] = ———
hl — h2
Wigh = (hl — h3} + (hi - ha) hi — hé
e
h8=h7 + +{7-(P1 - B3)-107
Wet
wp = ho - b7 n= —= 100
Qin
Whet = 1;""[1.11'[!- - “-p 3600
. Whet 55C= v
Work Ratio: WR = Wet
Wiurh
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3.16 Regenerative Rankine cycle, with ideal processes for steam:

@

-
»

Turbine

Boiler

Open
FWH

Find out more and apply

redefining / standards
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Various parameters are calculated as:

gip = hl — h7

Qout = (h3 — b4)-(1 - ¥)
wr= (hl - h2) + (h2 — h3)-(1 - y)

wpi = (h3 — hi)-{1 - ¥)

wpr=hi7 - hé

Wet = WT — (WP1 + wp2)

hi — hi
h2 — hi

y=
.
h= h6 + vf5-(P7 — P§)-10°
.
h3 = hd + vf4-(P5 — P4)-10°

Vet

n= -100
din
88C = 3600
Whet
. Wnet
Woark Ratio:  WE =
".TT

3.1.7 Actual, Regenerative Rankine cycle for steam:
—]
@ Turbine
] Boiler
P OO
p -l -
Open @13
FWH Y
‘um;)—|—‘— ump :
/

Fig.Prob.3.3.11 (a) Actual regenerative Rankine cycle with one open FWH, and (b) T-s diagram

168

Download free eBooks at bookboon.com



Various quantities are calculated as:
h% — hi
h3 — h8

gin = hl - hil V=

- S — Tl — wr 2
Qout = (h3 — hE)-(1-¥) h7 = hé + vf5-(P7 - P6)-10°

N A i CAT 4 =1
wT = (hl — h3) + (h3 - h3}-{1 - ¥)

h1d= h% + +{3-(P10 — P9)- 107

wpl = (h8 - h)-(1 - ¥)

Wi
M= ——-100
Jin
wp = hll — h? -
< 600
$5C =
Wnet
Wpat = WT — I.“P'. + 1.1'1:}:.!

Wnet

Work Hatio: WER =

3.2 Problems solved with Mathcad:
Note:

Mathcad does not have built-in functions for Water/Steam. So, generally, while solving problems on
Rankine, cycle which uses Water/Steam as working substance, we have to refer to steam tables often to

get properties of water/steam at various state points.

However, in our case, first, along with Mathcad, we shall use the free software SteamTab of M/s

ChemicaLogic to get properties of water/steam.

For more information on SteamTab, see Chapter 1 of Part-I of the free e-book “Basic Thermodynamics:

Software Solutions”, by the same author, available from www.bookboon.com.

Next, we shall develop few simple Mathcad Functions based on published Steam Tables (Ref: TEST

software, www.thermofluids.net). These Functions use the built-in linear interpolation function ‘linterp’

to get properties from the Tables.

Prob.3.2.1 A steam power plant works on Rankine cycle between pressure ratio 20 bar and 0.05 bar.
Steam supplied to the turbine is dry, saturated. Find thermal effcy., work ratio and Specific Steam
Consumption (SSC). What would be the efficiency and work ratio in case of Carnot cycle operating in

the same pressure limits? [M.U.]
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Fig.Prob.3.2.1 (b) and (c).T-s diagram of simple, ideal Rankine cycle, and of Carnot cycle

Mathcad Solution:

Fig.(a) above shows the schematic diagram, and fig. (b) shows the ideal Rankine cycle on the T-s diagram.
(Ref. [7] for figures).

We need properties of Water/Steam at the salient points, and we shall use SteamTab of ChemicaLogic

to get the properties.

We have:

State 1: Inlet to turbine: P1 = 20 bar, T1 = Tsat, sat. vap.

From ‘Saturated - vapor’ Tab of SteamTab, for sat. vap. we get: T1 = 212.377 C, hl = 2798.29 kJ/kg,
s1 = 6.33901 kJ/kg.C
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Chemical ogic SteamTab Companion

Apout  Saturated | Superhested/Subcooled | Constants |
Independert Vanable: | = Lnits: Close
" Temperature i Metric /51
Value, bar |70 :
{* Pressure " English Calculate
- Phase:
" Vapor ™ Liguid ™ Twophase
Property | Value | Unit | ~
Temperature 212377 T
Fressure 20 bar
Steam quality 1060 %
Volume 0095585 midkg
Density 100417 kg/m? n
Compressibility factor (.838836 dimensionless
Enthalpy 275825 klikg
Entropy 633501 ko C)
Helmoltz free enengy -£73638 kldkg
Intemal energy 289512 kliag
Gibbs free enengy 275458 kldkg
Heat capactty at constant volume 215345 kJikaC) !
Chemicalogic Comporafion, 35 South Bedford 5t Ste 207, Budington, MA 01803 Tel:
T81-425-6738
Copyright 2 1535-2003 Chemicalogic Comporation. All ights reserved.

\ The next step for
" top-performing

oraduates

Masters in Management Designed for high-achieving graduates across all disciplines, London Business School’s Masters
in Management provides specific and tangible foundations for a successful career in business.

This 12-month, full-time programme is a business qualification with impact. In 2010, our MiM
employment rate was 95% within 3 months of graduation*; the majority of graduates choosing to
work in consulting or financial services.

As well as a renowned qualification from a world-class business school, you also gain access
to the School’s network of more than 34,000 global alumni —a community that offers support and
opportunities throughout your career.

For more information visit www.london.edu/mm, email mim@london.edu or
give us a call on +44 (0)20 7000 7573.

*Figures taken from London Business School’s Masters in Management 2010 employment report
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Vapour Power Cycles

State 2: Exit of turbine and inlet to condenser: P2 = 0.05 bar, s2 = s1 = 6.33901 kJ/kg.C. Entering these

values, we get from ‘Superheated/Subcooled’ Tab of SteamTab:

Chemicalogic SteamTab Companion

About | Satursted  Superheated/Subcooled | Constarts |
Input: Units: Close
| Pressure ~| loos + Metric/S|
| Ertropy | 6.23301 7~ English Calculate
Property ] Value J Uit ~l
Temperature 328743 T
Pressuns 0.05 bar
Steam guality F40479 %
Yolume 208709 mikog
Dlensity 00479137  hko/m?
Compressibility factor 0.738866 dimensionless
Enthalpy 153151 klkg
Entropy 633507 klika Th
Helmoltz free energy 12334 klkag
Intemal energy 182756 kl'ka
Gibbs free energy -1597562 kg
Heat capacity at constant volume MNAA - kel Mg )
Heat capacity at constant pressurs N/ el g " Ch
Speed of sound M/A mies
Coefficient of thermal expansion N/ 1T ot
Chemicalogic Comporation; 33 South Bedford St. Ste 207, Burdington, M& 07803 Tel:
TB1-425-6738
Copyright © 1333-2003 Chemicalogic Corporation. All rights reserved.

We get: we get: T2 = 32.8743 C, h2 = 1931.91 kJ/kg, s2 = 6.33901 kJ/kg.C, quality, x2 = 74.0479% =

0.7405.

State 3: Exit of condenser and inlet to Pump: P3 = 0.05 bar, sat.liq. Entering these values, we get from
‘Saturated . liquid’ Tab of SteamTab:
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Chemical ogic SteamTab Companion

About  Satursted | Superheated/Subcooled | Canstants |

Independent Vanable: i~ LUnits: Closs
" Temperature o Metric/Sl
Walue, bar 1[:._1}5
* Pressurs " English Caleulate
Fhase:
{" Wapor o Liquid ™ Twophase r—
Property ] "u"alue1 Ittt ] -~
Temperature 128743 T
Pressurs 005 bar g
Steam quality b % =
Yolume 0133 midko
Dienaity 594703  kg/m? T
Compressibility factor 3 BA503E-005 dmensionless
Enthalpy 137.78% kg
Entropy 0476198 klika C)
Helmoltz free enengy -1.38465 kg
Irtemal energy 137744 klAag
Gibbs free enengy -T97963 klika
Heat capacity at constant velume 4710833 kdAka Th |
Chemicalogic Corporation. 3% South Bedford 5t. Ste 207, Burdington, MA 01803 Tel:
7814256738
Copynght © 19932002 Chemicaloaic Comoration. All nghts resenved.

We get: h3 = 137.749 k] /kg, T3 = T2 = 32.8743C, v{3 = 0.00100533 m~3/kg

State 4: Exit of Pump and inlet to boiler: P4 = 20 bar, s4 = s3 = 0.476198 kJ/kg.C. Then, from
‘Superheated/Subcooled’ Tab of SteamTab:
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Chemical ogic SteamTab Companion

About | Satursted Supethested/Subcooled | Constarts
Inpit: - -~ Uits: [ Close
i Fressure —TJ |2ﬂ- % Metrc/5]
iEl'ftl'ﬂF'b’ :J ][;-_4?5155 " English Calculate
Property | Value | Unit | il
Temperature 325226 T
Pressure 20 bar
Steam quality Subcooled %
Yolume 007100445 mikg
Dlensity 53557 ka/m?
Compressibility factor 0.0142215  dimensionless
Enthalpy 135753 kdig
Entropy 0476158 ld/kg.C) -
Helmoltz free enengy -8.00678 kg
Imtemal enengy 137744 kil
Gibbs free energy -555738 klikg
Heat capacity at cohstant vaolume 409507 kdAkg.TT)
Heat capacity at constant pressure 417443 kdikg.C)
Speed of sound 1518868 mis
Coefficient of themal expansion 0000325826 1/°C ol
Chemicalogic Comporation, 55 South Bedford St. Ste 207, Budingtor, MA 01803 Tel;
TE1-425-6738
Copyright = 1535-2003 Chemicalogic Comporation. All dghts reserved.

We get: h4 = 139.753 kJ/kg.
Now that we have got properties at the four salient points, we can complete the calculations:

Data:

Pl =20 bar P2 =003 bar P3 =003 bar Pi = Pl

Calculations:

From SteamTab:

hil = 279829 kl'kg h? = 193191 kl'kg h3 = 137740 kd'kg i = 1397353 kd'kg

12 = 0.7403 Vi3 = 0.00100333 m*3/kg

Therefore:

Q=hl-hi ie Q =260x 1[||3 kJ/kg .... heat supplied

Qgyut =h2-h3 8. Qo= 1794 x 1[|I3 kJ/kg .... heat rejected
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W =hl-hl le. W = 86638 kJikg....... Turbine work output

Wp=hi-h3 ie& Wp=200¢ klkg......Pump work required

Note: Pump work is also calculated as: vf3-(P1 — P2)-100 = 2.006  kJ...matches with the
value already obtained.

Wt = Wr—Wp e, W =864376  kJlkg.... Net work output

1 = ﬂEt-lI}I} e, 1 =32513 %, ...Thermal effcy....Ans.
it
3600 . ; . .
S8C = - LB, 85C = 4163 kg/kWh... Specific steam consumption....Ans.

net

1;'.Ii:ﬂEt

Woark Ratioc  WER = ie. WR =028 Work ratio.....Ans.

"5.1'1—

For Carnot cycle:

We have the T-s diagram:

“ ¥

Properties at State points 1 and 2 are already obtained.

Get properties at State 4 and State 3:

State 4: P4 = P1 = 20 bar, sat. liquid state.

From ‘Saturated - liquid’ tab of SteamTab:
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Chemical.ogic SteamTab Companion

About Saturated | Superheated/Subcaoled | Constants |
[ Independent Varabla: 5 Units: . [ Close
™ Tempersturs % Metrc/5]
Walue, bar |2{}
% Pressure " English Calculzte
Phase: -
™ Wapor * Ligud ™ Twophase
Property l Value l Linit A
Temperature 22377 °C
Pressure 20 bar
Steam quality 0 %
Yolume 17675 midkag
Dlensity 845758 kao/m? %
Compressibility factor 0010503  dimensionless
Enthalpy 508458 llikg
Entropy 244675 kikg.C)
Helmoltz free eneray -2B1.881 klidg
Imtemal energy 06145 kldg
Gibbs free energy 279468 kldg
Heat capacity at constant vaolume 327375 kdilka D) N
Chemicalogic Comoration, 53 South Bedford St. Ste 207, Burdington; MA 01803 Tal:
TE1-425-6738
Copyright © 1533-2003 Chemicalogic Comporation. Al ights reserved.

UNIVERSITY OF
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We get: h4 = 908.498 kJ/kg, s4 = 2.44675 kJ/kg.C

State 3: P3 =

0.05 bar, s3 = s4.

Vapour Power Cycles

Entering these values in ‘Superheated/subcooled’ tab of SteamTab:

Chemicalogic SteamTab Companion

About | Satursted  Supetheated/Subcooled | Constants |

lnpu-t: =

1= Unita:

Close
|Pressurs =] [o0s = Metric/S!
| Entropy | |244675 ™ Engiish Calculate
Property J Yalua I it J e,
Temperature 328743 °C
Pressure 008 bar
Steam quality 24 3882 %
Yalume 7.01558 m3kg
Density (L.14254  |fg/m?
Compressibility factor 0248364 dimensionless
Enthalpy 74D TR klikg
Entropy 244675 JelAkg."Ch =
Helmaoltz free energy 430575 kJig
Irtemal energy FORFOT7  kdfag
Gibbs free energy 187962 Wldg
Heat capacity at constant velume ) R A s
Heat capacty at constant pressure MNAA kel kg C)
Speed of sound M/A mis
Coefficient of themal expansion T bl

Chemical ogic Comoration, 39 South Bedford St: Ste 207, Bodingtor, M4 §1803 Tel:
TR1-425-6738

Copyright ® 1555-2003 Chemicalogic Corporation. All ights reserved.

i.e. h3 = 740.785 kJ/kg.C, quality, x3 = 24.8883% = 0.2489

Now, complete the calculations in Mathcad:

For Camot Cycle:

Ul carnot

037

...Thermal effcy...Ans.
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Work of Turbine remains same. Now, compression is from point 3 to point 4.

From SteamTab:

h3 = 740,785 kdikg.... corresp. to 0.05 bar and 53 = 54
hi = 908498 kl'kg
Therefare:
Wp = hi - h3 le. Wp=167713 kllkg.....New pump work.... Ans.
W — W

. T P

Work Ratio: WE amot = T
8. WR_go= 0806 ... Ans.

STEP INTO A WORLD
OF OPPORTUNITY

www.ecco.com/trainees
tfrainees@ecco.com
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Prob.3.2.2. Write Mathcad programs/Functions for properties of steam:

As mentioned earlier, our Mathcad Functions are based on published Steam Tables (Ref: TEST software,

www.thermofluids.net).

There are separate Tables for Superheated steam and for Saturated steam.

First, for Superheated steam:

For each pressure, the Table is copied as a matrix in Mathcad, each column is extracted as a vector, and

linear interpolation is done for intermediate values.

Functions are written for the following pressures: 0.1, 0.5, 1.0, 5, 10, 14, 16, 20, 25, 30, 40, 60, 70, 80,
100, 150, 200 and 250 bar.

A sample set of Functions written for a pressure of 5 bar are shown below:

Steam at 5 bar: T.. . .deg C
vom*3lkg
T v u h 5 u, h.._kdikg:

5. kikg K. deg. C
flil.SE- 03749 23612 27487 6.321311_
200 04240 26420 28354 70392
250 04744 27233 206077 72700
300 03226 28029 30642 74399
350 05701 28824 31677 74320
2

400 06173 20632 32719 77938

500 07109 31234 34830 30373
S5 = 600 08041 329946 3701.7 83522
T00 08960 34775 382390 83032

300 0.0896 36621 41569 8.8211
000 10822 3853.6 43947 9.0329
1000 1.1747 40518 4639.1 92328
1100 12672 42563 4880.0 94224
1200 13956 44668 51466 09.6029

\ 1300 143521 46825 54086 9.7749)
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el o 1s
tempd = 83 length{temp3) = 13

y 5 o
spvold = Si{l' enithd = Si{:" etitropd = 53

HSTEAMSB(T) = linterp{temp3, enth3, T) = HSTEAMSIB(230) = 2.961 = 107
SSTEAMIB(T) = linterp{temp3 . entrop3. T) = SSTEAMSB(230) = 7271

Then, all the Functions written for the different pressures are combined into a single program with linear

interpolation applied for any desired pressure:

This Function returns enthalpy (h, kJ/kg) and entropy (s, kJ/kg.C) when pressure (P, in bar) and temp
(T, in C) are input.

h_and = SupetheatSteam{P T} = |return "P should be between 0.01 bar and 250 bar” o P < 0.01 w P2 230
return "'T should be between 4381 C and 1300 C" o T« 4381+ T = 1300
f P01 ~P<03

h « HSTEAMOIB(T) + H-[HSE&IMB[I} — HSTEAMOIB(T))
2=

P-01
s « SSTEAMOIB(T) + ﬁ-(ssrﬂumjs(r} — SSTEAMOIB(T))

fPz0iAPl

(P-0.5)

h « HSTEAMOSB(T) + : (HSTEAMIB(T) — HSTEAMDIE(T))
)

P-03
s « SSTEAMOSE(T) + [1 5 ;-[SSTE_-L‘»JIB[T} - SSTEAMOSB(T))

fPzlAP<s

P-1
h « HSTEAMIB(T) + = (HSTEAMSB(T) — HSTEAMIB!T))

G-1

s « SSTEAMIB(T) + %-(SST&‘QﬁB(T} — SSTEAMIB(T))

fPx35AP<10

h « HSTEAMSB(T) + ([fﬂ_ j}} (HSTEAMI10B(T) — HSTEAM:B(T))
-3

- (-5
s « SSTEAMSB(T) + 03

(SSTEAMI0B(T) — SSTEAMSE(T))

if P10 A P4

h « HSTEAMI0B(T) + %-[HS]‘E_L\-IHB[T} — HSTEAMI0B(T))
(P - 10)
s < SSTEAMIOB(T) + m-(ssrﬂa\nm(r} — SSTEAMIOB(T))
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fP2HAP<16

(P14
h « HSTEAMI4B(T) + W [(HSTEAMI6B(T) — HSTEAMI4B(T))
-1
s« SSTEAMU4B(T) + e (SSTEANI16B(T) - SSTEAMI4B(T))
FPx16,P<20
E-16 .. "
h « HSTEAMISB(T) + ﬂ-[hSTEL-‘vﬁﬂB{I} — HSTEALIGB(T))
(P - 18)

s « SSTEAMIGB(T) +

o (SSTEAMROB(T) — SSTEAMISB(T))

o+

£ P20 ~P<25

&

h & HSTEANDOBIT) + (_7 {HSTEAM23B(T) — HSTEAMMBITY

'!Q\

(P - 20)

s « SSTEAM20B(T) + {'—m-(ssmﬁmssm ~ SSTEAMMNB(T))
"lj b

if P25 AP<30
(®-23
(30— 25)

35y
s « SSTEAMIB(T) + .[{Pu ‘JS* -(SSTEAMS30B(T) — SSTEAM2SB(T))
0-15

h « HSTEAM2SB(T) + {HSTEAM30B(T) — HSTEAM2SE(T))

if P30 A P4l
30

b HSTEAMIOB(T) + Luil (HSTEAMAOB(T) — HSTEANDOB(T))
30 4

{P—mo}j (SSTEAMU4OB(T) — SSTEAMB0B(T))

s « SSTEAM30B(T) +
8y Py
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if P40 A P<60

h + HSTEAMBOB(T) +
100

s « SSTEAMSOB(T) + (ED

P10 AP< 130

h < HSTEAMIOOB(T) + ——

B
« « SSTEAMIOIB(T) + —

i P2 150w P 200
b« ESTEAMISOB(T) + —
(200 — 134)
{I— 130}

24— SETFANIRORITY «
™= =150

(B s)

(- 80
-

P — 80)
(P — 100)

T s lm}
(150 — 100)

(P — 150)

# P2 200 A PS50
® 200
h « HSTEAMIMB(T) + R N
(250 - 200
P — 200)
+ « SSTEANDOOB(T) + 0. — 200
(30— 200

Vapour Power Cycles

o
n & HSTEAVMOB(T) + =~ *0) (3o TR ANISOB(T) — HSTEAMAOB(T))
{6l — 1)
(P — 40)
21 I § N 5 LY — L = Ee ¥y ¥
SSTEAMAOB(T) + = ~ (SSTEAMG0B(T) — SSTEAMIOB(T))
‘ (60 — 40}
£ P60 P<T0
(® - 60) .
h « HSTEAMS0B(T) + m—w-msmums.{n — HSTEAMS0B(T))
(P — 1) i}
s ¢ SSTEAMSGUB(T) + ——— - (SSTEAMTOB(T) — SSTEAMG0B(T))
# P70 P<80
§ @ 70) . 3
h « HSTEAMT0B(T) + m—_g-msmumus.{n — HSTEAMT0B(T))
(P — 70)
s — SSTEAMIB(T) + ———- % - AN -~
SSTEAMTOB(T) (-39 — - (SSTEAMSIB(T) - SSTEAMTOB(T)
# P>80 A P< 100

E.'I -(HSTEAMI00B(T) — HSTEAMSRIB{T))
.s

(SSTEAM1MB(T) — SSTEAMS0B(T))

4

% (HSTEAMIS0B(T) — HSTEAMI00B(T))

-(SSTEAMI50B(T) — SSTEAM100B{T})

{HSTEAMM0B(T) — HSTEAMIB(TY)

(SRTEANDMB(T) — SSTEAMISIR(T))

{HSTEANDSOB(T) — HSTEAMD200B(T))

{SSTEAMDSOB(T) — SSTEAMINOB(TY)

Next, we write Functions for properties of steam in the two-phase region:

Here, the Sat. pressure Table is used. Since the Table is rather large, we write it separately as a simple

text file in Notepad and name it as satprop.prn, and read it from Mathcad with the built-in Function

READPRN, i.e. we enter: READPRN(“satprop.prn”
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A part of the Sat. Table is shown below:
...PRESSURE TABLE (Ref: TEST]

PROPERTIES OF SAT. STEAM

Vapour Power Cycles

PRESS. TEMP hf h st EE vt Vg
(MPa) (<) (k1/kg)  (k1/kg) (k1/kg.k) (k31/kg.k) (cc/g) (cu.m/kg)
0.0006113 0.01 0.01 2501.4 0. 000 9.1562 1.000 206.14
0.001 6.98 29.3 2514.2 0.1059 8.9756 1.000 129.21
0.0015 13.03 54.71  2525.3 0.1957 §.8279  1.001 87.98
0.002 17.50 73.48  2533.5 0.2607 §.7237  1.001 67.00
0.0025 21.08 88.49  2540.0 0.3120 §.6432 1.002 54.25
10.00  311.06 1407.65 2724.7 3.3596 5.6141  1.452 0.018026
11.00  318.15 1450.10  2705.6 3.4295 5.5527  1.489 0.015987
12.00 324.7 1491.30  2684.9 3.4962 5.4924  1.527 0.014263
13.00  330.93 1531.5 2662.2 3. 5606 5.4323  1.567 0.012780
14.00 336.7 1571.1 2637.6 3.6232 5.3717  1.611 0.011485
15.00  342.24 1610.5 2610.5 3.6848 5.3098 1.658 0.010337
16.00  347.44 1650.1 2580.6 3.7461 5.2455  1.711 0.009306
18.00  357.06 1732.0 2509.1 3.8715 5.1044  1.840 0.007489
20.00  365.81 1826. 3 2409.7 4.0139 4.9269 2.036 0.005834
22.09 374.14 2099.3 2099.3 4.4298 4.4298  3.155 0.003155

To write the Functions, we extract each column as a vector and use them to get interpolated values, in

conjunction with the interpolation function ‘linterp’ in Mathcad.

SAT = READPEN{"satprop.pm" )

Y
psat = S_—‘LT{D' length{psat) = 54

p
tzat = S_—‘LT{ L

%
hgsat = S_—‘LT{J'

%
hfzat = 8AT

{2

o
sfzat = S_—‘LT{l

_'}
sgsat = S_—‘LT{:"

Psat.... Mpa, Tsat ..

hfsat, hgsat..._kl'kg;

sfsat, sgsat.. _klikg K

.deg. C

i) g
visat = 5_—":.1_{& vgsat = S_—‘LT{"

Following very useful Functions are written to find out enthalpy, entropy, sp. volume of both the sat.

liquid and sat. vapor conditions, as functions of sat. temp and sat. pressures. Note that pressure is in

MPa in these Functions:
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TSAT(P) = linterp{ psat, tsat. P} VGERATP(P) = linterp psat,vgsat,P)
PSAT(T) = linterp{tsat, psat,T) VGESATTI(T) = linterp{tsat,vgsat, T)
HESATP(P) = linterp{ psat, hfsat F) VESATE(P) = linterp{ psat,vfsat,P)- 10 °
HESATTI(T) = linterp{tsat hfsat, T} VESATT(T) = linterp(tsat,vf=zat, T} 10 °

W = -
HGSATP(P) = linterp( psat, hgsat, P) FOSAIP(R) = VGSAIR(R) — VESAIR(E)

it =V - %
HGSATT(T) = linterp(tsat, hgsat. T) FGSATI(T) = VGSATI(T) - VESATI(T)
UGSATP(P) = HGSATP(P) — P-10°-VGSATR(P)
HFGSATP(P) = HGSATP(P) — HFSATP(P) )
UFSATP(P) = HFSATP(P) - P-VFSATP(P)- 107

HEGSATI(T) = HGSATI(T) ~ HFSATIT)  (;p654Tp(P) = UGSATP(P) — UFSATP(P)

SFSATP(P) = linterp(psat, sfsat, P) UGSATT(T) = HGSATT(T) - PSAT(T)-107-VGSATT(T)
SFSATT(T) = linterp(tsat, sfsat. T) UFSATT(T) == HFSATT(T) - PSAT(T)-107-VFSATT(T)
SGSATP(P) = linterp(psat.sgsat,P) UFGSATT(T) = UGSATT(T) - UFSATT(T)

SGSATT(T) = lnterp{tsat, sgsat, T}
SFGSATR(P) = SGSATP(P) — SFSATP(P)

SFGSATT(T) = SGSATT(T) - SFSATT(T)

Further, following additional functions for finding out the entropy, enthalpy, quality etc in the two-phase

region are written. They are very useful in calculations related to Rankine cycle.

In the following program: psat = sat. pr.(bar), tsat = sat. temp (C), s = entropy (kJ/kg.C),
h = enthalpy (kJ/kg), x = quality:

quality Ps(psat,s) = |{return "psat should be between 0.006113 bar and 220%bar ! ") if psat < 0006113 ~ psat > 2209
psat

10

sf « SFSATP(PSAT)

sfg « SFGSATR(PSAT)

s — sf

PEAT =

X

sfz

184

Download free eBooks at bookboon.com



Applied Thermodynamics:
Software Solutions: Part-Il Vapour Power Cycles

quality_Ts(tsat.s) = |return "tsat should be between 0.01 Cand 37414 C 1" of tsat < 001 ~ tsat > 374.14
sf + SESATT(tsat)
sfz «— SFGSATT(tsat)

s — sf

i

sfz

quality_Thtsat.h) = |return "tsat should be between 001 Cand 37414 C!" if tsat < 0.01 ~ tsat = 37414
hf « HFSATT(tsat)
hfg « HFGSATT(tsat)
h — hf
hfz

X

entropy_2phase Px{psat.x) = |{retum "psat should be between 0.006113 barand 2209 bar ! "} psar < 0.006113 ~ psat> 2209

pSAT « B2
10

sf +— SFSATP(PSAT)
sfz « SFGSATP(PSAT)

54— 5f + m-3fz

O
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entropy_2phase_Tx(tsat,x) = |return "tsat should be between 001 Cand 37414 C 1" if tsat < 0.01 ~ tsat > 37414
sf «— SFSATT(tsat)
sfg «— SEGEATT(tsat)

s « sf + xsfg

enitropy_Zphase_Thitsat h) :

return "tsat should be between 0.01 C and 37414 C 1" if tsat < 0.01 ~ tsat > 37414
sf « SFSATT(tsat)

sfz +— SEGSATT(tsat)

i +— quality_Th(tsat. h)

s+ sf + x-sfgz

enthalpy 2phase Pxpsat.x} = |(retum “psat should be between 0.006113 barand 2209 bar! ") of psat < 0006113 ~ psat> 2209
sat

psar « 22
1

hf + HESATP{PSAT)

hfz « HFGSATER{PSAT)
h « bf + x-hiz

enthalpy 2phase Twx(tsat_x) :

return "tsat should be between 0.01 Cand 37414 C 1" if tsat < 0.01 ~ tsat = 37414
hf « HFSATT(tsat)

hfg « HFGSATT(tsat)

h « hf + x-hfg

enthalpy_2phase Ts{tsat,s) .= |return "tsat should be between 0.01 Cand 37414 C 1" of tsat < 001 ~ tsat > 37414
x «— quality Ts{tsat.s)

hf « HESATT(tsat)

hfg « HEGSATTI{tsat)

h « bf + xhfz

enthalpy 2phase Ps{psat =} = |{retum "pzat should be between 0006113 barand 220 9 bar ! "} f ps=at < 0006113 ~ peat > 2209
% +— qualitv Ps{psat.s)

PaAT o« B
10

hf « HFSATP{PSAT)
hfg «— HFGSATP(PSAT)
h « hf + zhfz
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Further, for convenience and uniformity, we write the following program to get enthalpy and entropy
when P and T are given in bar and deg.C respectively:

P
enthalpv(P, T) = |tsat « TSAT — ¢

h « h_and s SuperheatSteam{P,T), , if T = tsat

[

(return "State pointin two phase region— use 2 phase Functions" ) otherwise

il
entropy(P . T) = |tsat « TSAT — ¢

]
g

s+ h and s SuperheatSteam(P. T}, . of T = tsat

(return "State point in two phase region— use 2 phase Functions" ) otherwise

Now, let us solve the above Problem on Simple, Ideal Rankine cycle, using these Functions:

Problem statement is repeated below:

Prob.3.2.1 A steam power plant works on Rankine cycle between pressure ratio 20 bar and 0.05 bar.
Steam supplied to the turbine is dry, saturated. Find thermal effcy., work ratio and Specific Steam

Consumption (SSC). What would be the efficiency and work ratio in case of Carnot cycle operating in
the same pressure limits? [M.U.]

(b) For the ideal Rankine cycle above, plot the thermal effcy and net work output as the condenser
pressure varies from 6 kPa to 15 kPa (i.e. from 0.06 bar to 0.15 bar):

Bq_i]m'

e |
Py

Turbine

“ondenser

o)
N

4

Fig.Prob.3.2.1 (a) Schematic diagram of simple, ideal Rankine cycle
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Fig.Prob.3.2.1 (b) and (c) T-s diagram of simple, ideal Rankine cycle, and of Carnot cycle
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Solution using Mathcad Functions:

Since we have to plot the thermal effcy and net work output as against condenser pressure (P2) later, we

shall write the relevant quantities as functions of P2:

Calculations:

To find h1 and s1:

hl = enthalpy 2phase Px(P1,x1) kl/kg..... using the Function written above, with pressure in MPa

e hl=27995x 10" kJ/kg... at inlet to turbine

P17 : . , . .
s1 = SGEATP M kfkg.C_.... using the Function written above. with pressure in MPa
10 )

e sl=63409 k/kg.C
Data:
P1:=20 bar P2 =005 har P3 =005 har Pi=Pl x1=1 =x=0

hl=28x 10" kJ/kg....this value remains the same.
sl = 6341 kJ/kg.C ....this value remains the same.

s2 = 6341 kJ/kg.C ....this value remains the same.

Now, write the relevant quantities as functions of condenser pressure P2:
h2(P2) = enthalpy 2phase Ps(P2.s2) 18 h2(P2) =1933x 10" kJ/kg..at exit of turbine
Alsa: #2(P2) = quality Ps(P2.s2)

ie. x2(P2) = 0.741 ...quality of steam at point 2, after expn. in turbine

To find h3: i.e. at entry to pump:

h3(F2) = enthalpy 2phase Pu(F2,0) e, h3(P2) = 13782 =137.82 kd'kg
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To find hd: i.e. at exit of pump:

:;' pA . -3 .
vi3(P2) = VFSATP! % : ie (P2 = 1005x107°  mA3/kg..sp. vol. of sat. lig. at 2
\ 10

Therefore:  wy(P2) = vi3(P2)-(P1 - P2)- 107 k. pump work

le.  wp(P2) = 2.003 kJ...pump work
Then: hi(P2) = h3(P2) + wp(F2)
l.e.  h4(P2) = 139.823 kJikg..at exit of pump, and inlet to boiler
Therefore:
Qin(P2) = hl — h4(P2) 8. gqin(P2) = 2.66 x 10° kJikg .... heat supplied

Qout(P2) = KAPD) — h3(PD) 8. quu(P2) = L793 x 10° kJikg .... heat rejected

wT(P2) = hl — h2(F2) e wr(P2) = 866.73 kJikg....... Turbine work output

Wnet(P2) = wT(P2) — wp(P2) 8. wpet(P2) = 864725 kllkg.... Net work output

Wnet(P2)
n(P2) = 100 m(PY)=32512 ,..Thermal effcy....Ans.

Qin(F2) =
88C(P2) = 36?;} l.e. S5C(P2) = 4163 kg/kWh... Specific steam consumption....Ans.

Whetl s

. Wnet(P2) .

Work Ratio:  WR(P2) = ——— WR(P2) = 0298  Work ratio.....Ans.
wT(P2)

For Carnot Cycle:

Ty = TSAT(2) le. Tp=21242 C T. = TSAT(0.005) e T.=3288 C

(Tp+ 273) — (T +273) .
Nearnot = — — ~ LB Teamot = 0.37 ...Thermal effcy...Ans.
Ty, + 273
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Waork of Turbine remains same. Mow, compression is from point 3 to point 4.

From Mathcad Functions written above:

(P47 .

s4 = SFSATH B | Le. s4=2447 kdikg C
10 )
(P47 .

hi = HESATPE % fie.  hi=2920879 kdikg
|10 )

Work of Turbine remains same. Mow, compression is from point 3 to point 4.

From Mathcad Functions written above:

P4y . .

=4 = SFSATP L fle sd=2447 kJ/kg.C.... note that pressure is in MPa
10 )
(P4 . o

hi = HFSATP, — | i.e.  hi=20870  kJ/kg.. note that pressure is in MPa
10 )

To find h3:

We have:  =3:= =4 __forisentropi compression in pump

Then:

h3 = enthalpy 2phase Ps(P3,s3) e, h3i= 741085 kJikg.... corresp. to 0.05 bar and s3 = s4

Alsa: 13 = quality Ps{P3 s3)

8. x3=0240  ..quality at point3
Therefare:
wp=hi- h3 e, wp= 167703  kJ/kg.....New pump work.... Ans.
WT — W
Work Ratio: WRearmot = FT-¥F
".TT
.8, WRcamot = 0807 . . Ans.
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(b) For the ideal Rankine cycle above, plot the thermal effcy and net work output as the condenser
pressure varies from 6 kPa to 15 kPa (i.e. from 0.06 bar to 0.15 bar):

We have already the relevant quantities as functions of condenser pressure P2:
Now, plot the results:

P2 = 0.06,007_015 bar.....define a range variahle

P2 = waet(P2) = n(P2) = SSC(PY) =  WR(PY) = x2(P2) =
0.06 547 632 32.019 4247 0.098 0.745
0.07 830.348 31513 4336 0.998 0.749
0.08 515.352 31.072 1415 0.098 0.753
0.09 802.717 30.698 4.485 0.998 0.756
0.1 789.977 30.318 1557 0.997 0.759
0.11 780.884 30.047 461 0.997 0.761
0.12 771.739 29.774 4665 0.997 0.763
0.13 762.54 29.496 4721 0.997 0.765
0.14 753.286 29.216 4779 0.997 0.768
0.15 743.976 28.931 4839 0.997 0.77
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| | | | |
Specific Steam Comsumption (kg/kWh) vs
condenser pressure, P2 (bar)
4% /
SSC(P2) 46
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42
0.04 006 0.08 0.1 0.12 0.14 0.16

“I studied
English for 16 -
LJ

years but... »
...I finally
learned to
speak it in just
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download

194 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/EOT

Applied Thermodynamics:
Software Solutions: Part-Il Vapour Power Cycles

Prob.3.2.2 In a reheat Rankine cycle, steam at 500 C expands in a HP turbine till it is saturated vap. It
is then reheated at constant pressure to 400 C and then expanded in a LP turbine to 40 C. If the max.
moisture content at the turbine exhaust is limited to 15%, find: (i) the reheat pressure, (ii) pressure of
steam at the inlet to HP turbine, (iii) net specific work output, (iv) cycle efficiency, and (v) steam rate.
Assume all ideal processes. [VTU-ATD-Dec. 2011]

— =
i 1igh-P
lf i T "h.
~heate = Turbine
| Reheater < I Y
|
4 |\g-/|

. 3) K—
6= T
2 + I_ff’UIIIT;} < | Condenser \

% (5) >

B 1 500 C
3 400C
156.465 bar | +
21.073 bar
2% Y
.07 385 bar N
- B 40c

L ]

Fig.Prob.3.2.2 (a) Ideal Reheat, Rankine cycle, and (b) T-s diagram

Mathcad Solution:

Essentially, we have to find out the enthalpies at all the state points.

We shall use the Mathcad Functions written above, and start with State 4, since the temperature and

quality are known at point 4.

T1=3500 C =1 Ti=400 C x4 = 0.83 T4=40C T5=T4
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Calculations:

P4=PSAT(TS) Qe Pi=7402x10 ° MPa=7402 Pa=0.07402 bar

=3 P = 007402 bar Pi=P4

To find sd: use the Mathcad Function already written above.

s4 = entropy Jphase Tw(T4,.x4) 1e, s=4=7104 klkgC

To find h4:
hd = enthalpy 2phase Tu(T4 zd) ie. hi=2213x 10" kJ/kg.C
To find P3:

Mow: s3:=s¢ .. forisentropic expn. in turbine-2

Using the 'Solve block’ of Mathcad:

Let: P3 =15 bar. _guess value
Given
=3 = entropy(P3.T3)
P3 = Find(P3)

P3=12101 bar....Ans..... Reheat pressure

Then find s2 at this reheat pressure:
P2 =F3

Y
s2 = SGSATP, — | ...Note: Pressure is in MPa

le.  s2=6324 klikg.C

And: st =352 ___forisentropic expn. in turbine-1
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MNow, find P1:

Using the 'Solve block’ of Mathcad:
Pl:=200 bar... guess value

Given

sl = entropvw(P1,T1)

Vapour Power Cycles

P1 = Find(P1)
Pl= 1542356 bar....Ans..... Turbine-1 inlet pressure
MNow:
Pi=P4 P6=PF1
P2y .
T2 =TSAT| — | ie. T2=214736 C
10
P4 = 007402 bar Ti=40 C
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To find enthalpies at all points:

hl = enthalpy(P1,T1) ie. hl=3302x 10 kJikg
h2 = enthalpy(P2,T2) e h2=28x10 kJikg
h3 = enthalpy(F3,T3) ie.  h3=3246x 100  klikg

-

hi=2213x 107 kdikg
hi = enthalpy 2phasze Tu(T3.0) e, hi= 1673578 kJikg

For hé:

-
a

VS = VFSATT(TS) ie fi=1008x10 m*3/kg...sp. val. of lig. at inlet to pump

Therefore:  Wp = +f5-(P6 — P3)- 100 e Wp=1561x 10° J=15.61 kJikg ... pump work

e, Wp= 1561 kd/kg...pump work

And: hé = hi + Wp e hé = 185188 kJ/kg

Therefore:

Qi = (hl — hé) + (h3 — h2) ie Qp=33563x10 kJkg .... heat supplied
Qgut = ht — h3 I8 Quui=2046x 10"  kJikg .... heat rejected

W = (hl - h2) + (h3 — hd) e W= 1533% 10" kJ/kg....... Turbine work output

Wt = WT - Wp 8 Wpee=1519% 10  kJ/kg.... Net work output
1;'vﬂE[ .

M= A0 Pe. m=42612 %, ..Thermal effcy....Ans.

i1

3600 . . . :
85C = - l.e. 88C =237 i.e.  kg/kWh... Specific steam consumption....Ans.

net
1i'."'1-I'I.E|I

Work Ratioc WR = e, WE = 009 Work ratio.....Ans.

W

Note: In the above analysis, Pump work is considered. But, many times, the pump work can be neglected

since it is quite small compared to net work.
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Prob.3.2.3 Steam at 30 bar, 350 C is supplied to a steam turbine in a practical regenerative Rankine cycle
and the steam is bled at 4 bar. The bled steam comes out as dry, saturated steam and heats the feed water
in an open type feed water heater to its sat. liquid state. The rest of the steam in the turbine expands to
a condenser pressure of 0.1bar. Assuming the turbine efficiency to be same before and after bleeding,
determine: (i) the turbine effcy. (ii) steam quality at inlet to condenser, (iii) mass flow rate of bled steam

per unit mass flow rate at turbine inlet, and (iv) the cycle efficiency. [VTU-ATD-Jan.-Feb. 2005]

(b) For this Regenerative Rankine cycle, plot the thermal effcy., net work output and SSC as the turbine

inlet pressure, P1 varies from 15 bar to 100 bar:

]
® E;;}}l
\J/

Open
FWH

.| Boiler
'.. L -1.I~

L J
A

Fig.Prob.3.2.3 (a) Regenerative Rankine cycle, and (b) T-s diagram

Solution using Mathcad Functions:

Refer to the schematic diagram given above.
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Since we have to plot the thermal effcy. and net work output against turbine input pressure (P1) later,

we shall write the relevant quantities as functions of P1:

Data:
T1=350 C Pl=30 bar P2:=4 har P3=P2 Pi=01bhar P5=Pf Ps=P4

PFi=P2 Pi=P2 P0=Pl x3=1 =b6=10 =10

Calculations:

To find enthalpies at salient points:

h1(P1) = enthalpy(P1.T1) i.e. hi(P1) = 3115x 100 kJikg

s1(P1) = entropy(P1.T1)i.e. sI(P1) = 6.743 kdikg.C

And: s2(P1) = s1(P1) ..forisentropic expn. in turbine-1
Therefore:  h2(P1) = enthalpy 2phase_Ps(P2,s2(P1))

e hAP=2675x100 klikg

MsM
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And: at paint 3, it is sat. vap., i.e. x3 = 1. Therefare:

h3 = enthalpy_2phase Px(P3.x3) e, h3=2732x 107 kJikg

h1(P1) — h3

Therefore, turbine effcy: Pl)y = ——— -~
¥ M = ey — e

e Niurb(Pl) = 0853 = 85.5 %....turbine effcy....Ans.

£3 = entropy_2phase Pu(P3,x3) le. s3=68% klkgC
And: =4:=3s3 __forisentropic expn. in turbine-2
Therefore:  hi = enthalpy_2phase Ps(P4 sd)
e hi=2185x100 kJikg
And: h3{P1} = h3 — iyp(PL-(h3 — hd) i.e.  h5(Pl) = 2265 x 1IZII3 kJ/kg
Also: hé = enthalpy 2phase Pu(Pé x8) e, hé=191.83 kJikg

To find hT:

off = VESATP(PS) ie ff=1043x10 m"3/kg...sp. vaol. of lig. at inlet to pump

Therefore:  Wp = +f5-(P7 - P6)- 100 e Wp=40677  J=0.406 kJ/kg ... pump-1 work

e, Wp=0406 kdkg...pump work

And: h7 = ht + Wp ie. h7=122235 kJikg
MNow: h8 = enthalpy 2phase Pu(PB,z8) e, h8=60474 klikg
To find h9:

+fS = VESATR(PS)

e vf8=1292x10 ° m*3/kg sp vol of lig at inlet to pump
Therefore:  Wp(P1) = +f3-(P1 — P1)- mj e, Wp(Pl) = 3237« 103 J=3.255 kJ/kg ... pump-2 work
i.e.  Wp{Pl) = 3233 kJ/kg...pump-2 work

And: h9(P1)=h8+ Wp(Pl) ie hoPl) = 607.995 kJikg
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Therefore:
Amount of steam bled from turbine: Let this fraction be y.
Then applying an energy balance to the open heater:

vh3 + (1 - v)-h7= 1-h8

_ h8-h7

e o
N hi - h7

lLe. w=0162 ...fraction bled from turbine ... Ans.

Qun(P1) = (h1(P1) — hO(P1)) i.e. Q(P1) = 2.507x 10° kJ/kg ... heat supplied
Qoyt(P1) = (hS(P1) — h6)-(1 — v) ©8 Quu(PL) = 1.737x 10° kJIkg .... heat rejected

WT(P1) = (h1(P1) - h3) + (h3 - h3{P1))-{1 - ¥) I.8e. Wp{P1l) = 773.724 kJikg....... Turbine work putput

Wpy = (h7 - hi)-(1 - ¥) ie.  Wpp=034 kJ/kg......work required for Pump-1
Wpa(Pl) = (h¥P1) — hi) e, Wpa(P1) = 32355 kJikg......work required for Pump-2
Wiet(P1) = WT(P1) — (Wpp + Wp(P1)) i Wye(P1) = 770.129 kJ/kg.... Net work output

Whet(P1) 1

NP1} = ———-100 i.e. n(P1) = 30715 %, ...Thermal effcy....Ans.
Qin(F1)
SSC(PL) = _ 360 i.e. BSC(P1) = 44677 kg/kWh... Specific steam consumption....Ans.
Whet(P1)
: Whet(P1) . .
Work Ratio:  WR(P1) = ———— e WE(P1) =029 Work ratio.....Ans.
WT(P1)

Note: In the above analysis, Pump work is considered. But, many times, the pump work can be neglected

since it is quite small compared to net work.
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(b) For the Regenerative Rankine cycle solved above, plot the thermal effcy., net work output and

SSC as the turbine inlet pressure, P1 varies from 15 bar to 100 bar:
We have already written the relevant quantities as functions of pressure P1:
Now, to plot the results:

Pl=15,20_100 bar.__ define a range variable

Pl = n(P1L) = Wyet(P1) = $SC(P1) =
15 39.126 993577 3.623
20 35.208 890.407 4.043
25 32.649 822.2 4378
30 30.715 770.129 4675
35 29.181 728.328 4.943
40 27.744 £89.298 5.223
45 26.543 §56.185 5.436
50 25.375 £24.168 5.768
55 24,237 503.164 6.069
60 23.125 563.095 £.393
65 22.057 534.103 6.74
70 20.996 505.582 7.121
75 19.921 476.849 755
80 18.847 448 426 8.028
85 17.698 413,263 8.607
90 16.541 388.267 9.272
95 15.374 358.436 10.044

100 14.199 328.766 10.95
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3.3 Problems solved with EES

i. It has built-in functions for properties of steam and several other fluids.
ii. Also, the cycle can be ‘overlaid’ on the built-in property diagrams.
ili. In EES, there is also a facility to enter data and perform calculations from a single window,

called ‘the diagram window’.
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Prob.3.3.1 Superheated steam enters the turbine of an ideal Rankine cycle at 8 MPa, 480 C. The condenser
pressure is 8 kPa. The net power output of the cycle is 100 MW. Determine: (i) rate of heat transfer in
the steam generator, (ii) thermal efficiency, (iii) mass flow rate of condenser cooling water in kg/s, if

water enters the condenser at 15 C and exits at 35 C.

b) Plot each of the quantities mentioned above for condenser pressures ranging from 6 kPa to
100 kPa.
c) Plot each of the quantities in (a) as steam generator pressure varies from 4 MPa to 24 MPa,

maintaining the turbine inlet temp at 480 C. [Ref: 3]

Bq_i]er

Fo Il
P

o N

/

4
A :
-
5

Fig.Prob.3.3.1 (a) Schematic diagram of simple, ideal Rankine cycle, and (b) T-s diagram

EES Solution:
“Data:”

Fluid$ = ‘Steam_IAPWS'

P[1]=8000[kPa]*...at entry to turbine”

P[2]=8[kPa]“...at exit of turbine”

Download free eBooks at bookboon.com



P[3]=P[2]%...at entry to pump’

P[4]=P[1]"...at exit of pump”

x[3]=0.0 “..sat. liq. at entry to pump”

T[1]=480[C]

Power = 1E05[kW] “...power developed”

T_cwl = 15 [C] “.inlet temp of cooling water”

T_cw2 = 35 [C] “.exit temp of cooling water”

cp_w = 4.18 “kJ/kg.C ... sp. heat of cooling water”

“Calculations:”

h[1]=ENTHALPY (Fluid$,T=T[1],P=P[1])“k]/kg...enthalpy of fluid at entry to turbine”

s[1]=ENTROPY (Fluid$,T=T[1],P=P[1]) “kJ/kg.C...entropy of fluid at entry to turbine”

s[2]=s[1] “..for isentropic expn. in turbine”

h[2]=ENTHALPY (Fluid$,s=s[2],P=P[2])“k]/kg...enthalpy of fluid at exit of turbine”

T[2]=TEMPERATURE(Fluid$,s=s[2],h=h[2])“C...temp at exit of turbine”

x[2]=Quality(Fluid$,T=T[2],s=s[2])“...quality of steam at exit of turbine”

v_f=VOLUME(Fluid$,P=P[3],x=x[3]) “m~3/kg ... sp. vol. of fluid entering the pump”

T[3]=T_SAT(Fluid$,P=P[3]) “..sat. temp. at condenser pressure”

h[3]=ENTHALPY (Fluid$,T=T[3],x=x[3])“k]/kg ... enthalpy at entry to pump”

w_p = v_{ * (P[4]-P[3]) “kJ..pump work”

h[4]=h[3]+w_p “kJ/kg ... enthalpy at the exit of pump”

q_in=h[1]-h[4]“k}/kg”
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q_out=h[2]-h[3]“k]/kg”

w_turb = h[1] - h[2] “k]J/kg .... turbine work output”

w_net = w_turb - w_p “kJ/kg ... net work output”

eta_th=1- q_out/q_in

s[3]=ENTROPY (Fluid$,P=P[3],h=h[3]) “kJ/kg.C ... entropy of fluid at entry to pump”
s[4] = s[3]“...isentropic compression in pump”
T[4]=TEMPERATURE(Fluid$,P=P[4],s=s[4])“C...temp at exit of pump”

m_steam = Power / w_net “kg/s .... mass flow rate of steam”

m_cw * cp_w * (T_cw2 - T_cwl) = m_steam * q_out “...kg/s ... finds mass flow rate of cooling water,

by energy balance in the condenser”

Qtot_in = q_in * m_steam “kW .... total heat input in steam generator”

DESTINATIONS GATE  ARRIVAL
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GLOBAL ASSIGNMENTS OW FASTER
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. . : FASTER
CAREERIDEVELOPMENT O FAGEE
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®&» OLIVER WYMAN GET THERE FASTER
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Results:

Unit Settings: 51 C kPa kJ mass deg

Chy =418 g = 0.3972

Fluid$ = 'Steam_|APWS' |m.:w = 1816 [kg,-’s]‘

‘msteam - 79.48 [kg,."s]| Power = 100000 [Ki] |C!tutin - 251778 [RW]| i = 3168 [kdfkg]
Qo = 1910 [kdfka] Tow1=15 [C] Teowz=35 [C] wi = 0001008 [m3kg)
‘wnet = 1258 [kJ,fkg]| iy = 8.06 [kJ/kg] |wtu,b = 1266 [kJ,f'kg]|
- [ ] ™ 4 ™5 ol
Sort i Pi 5i %,
[k/kg] [kPa] [kl/kg-C] [C]
] 3350 8000 { .. 6.661 480
[2] 2083 8 6661 41.51 0.7549
[3] 173.8 8 0.5925 41.51 0
[4] 181.9 8000 0.5925 41.75
Thus:
Heat input in the steam generator = Qtot_in = 250175 kW....Ans.
Mass flow rate of steam = m_steam = 78.98 kg/s .... Ans.
Mass flow rate of cooling water = m_cw = 1804 kg/s ... Ans.
Thermal efficiency = eta_th = 0.3972 = 39.72% ... Ans.
T-s plot of cycle:
?':”:I T T T T T T T T SFHW:IAP‘.TIE T T T T
500 | [
- 5 on 5
500 | T % e g
~ 100 | -
QU I
300 ]
200 -
100 - -
':I - #154 1 1 1 L 1 |.a<|jilu 1 L Iz " 1 T““I 1 1 ."’é-
oo 11 22 33 44 55 66 V7 83 99 11.0
s [kd/kg-K]
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(b) Plot each of the quantities mentioned above for condenser pressure (P2) ranging from 6 kPa
to 100 kPa.

First, compute the Parametric Table:

- i il [ [ [
b ) P2 Qtot;, Mtk My
115 [kPa] [KW] [kg/s]
Run 1 5 244363 0.4092 1727
Run 2 11.79 2hB612 0.3867 1897
Fun 3 18.57 267641 0.3736 2005
Run 4 2536 274571 0.3642 2088
Fun &5 3214 280324 0.3567 2157
Run B 38.93 285310 0.3505 2217
Run 7 4571 289752 0.3451 2270
Run @ £2.5 2937386 0.3404 2318
Fun 9 59.29 297459 0.3361 2362
Run 10 66.07 300953 0.3323 2404
Run 11 7286 304194 0.3287 2443
Run 12 79.64 307255 0.3255 2479
Run 13 86.43 310161 0.3224 2614
Run 14 93.21 312934 0.3196 2647
Run 14 100 315580 0.31659 2679
Now, plot the results:
x 10° R
320
L Total heat input vs condenser pressure
310 L Simple, Ideal Rankine cycle
300 [
3 290 [
= 280]
I
g 270 f
260 [
250 |
71 P S S AP AP O

0 10 20 30 40 70 80 80 100

50 60
P[2] [kPa]
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x 10°
26—

Mass flow rate of cooling water vs condenser pressure
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(c) Plot each of the quantities in (a) as steam generator pressure (P1) varies from 4 MPa to 24
MPa, maintaining T1 at 480 C.

First, compute the Parametric Table:

hdE hdE AP hd

P, Qtoty, Nth My

11 [kPal [KW] [kg/s]
Run 1 4000 ; 269416 0.3712 2027
Run 2 6000 258549 0.3868 1897
Run 3 5000 251778 0.3972 1816
Run 4 10000 247090 0.4047 1759
Run & 12000 243657 0.4104 1718
Run 6 14000 241065 0.4148 1687
Run 7 16000 239079 0.4183 1664
Run & 18000 237554 0.421 1645
Run 9 20000 236396 0.423 1632
Run 10 22000 2356543 0.4246 1621
Run 11 24000 234952 0.4256 1614
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Now, plot the results:

x 10°
! Total heat input vs Turbine inlet pressure
285; Simple, Ideal Rankine cycle
260 |
= 255
= 250]
E -
il -
S8 5]
o [
240 |
235 | 1
71 R S A SN S P A R
4 B 8 10 12 14 16 18 20 22 24
P[1] [kPa] x10°
Thermal effcy. vs Turbine inlet pressure
043 ]| Simple, l[deal Rankine cycle
0.42 |
0.41|
= [
= [
0.4]
0.39
0.38|
037 L—
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2100 ——
: Mass flow rate of cooling water vs Turbine inlet pressure
2000 Simple, Ideal Rankine cycle
1900 |
v
2‘1800
2 [
e 1700
1600
2 6 12 14 16 18 20 22 24
P[1] [kPa] X 10°

“Prob.3.3.2 Write an EES Procedure to calculate thermal effcy etc of a Simple, actual, Rankine cycle, i.e.

considering the isentropic efficiencies of turbine and pump:”

Boile ®
AT -
Pl]ﬂtpf Turbme
" o
® PN
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Fig.Prob.3.3.2 (a) Schematic diagram of simple, actual Rankine cycle, and (b) T-s diagram [Ref: 7]

EES Solution:
$UnitSystem kPa C k]

PROCEDURE Simple_actual_Rankine(P[1], T[1], P[2], eta_turb, eta_pump: T3], w_turb_act, w_p_act,

w_net, eta_th,q_in, q_out)
“Inputs:P1(kPa), T1 (C), P2 (kPa), eta_turb, eta_comp

Outputs: T3 (C...actual turbine outlet temp), w_turb_act (kJ/kg), w_comp_act (kJ/kg), w_net (kJ/kg),
eta_th, q_in (kJ/kg), q_out (kJ/kg)”

In the past four years we have drilled

81,000 km

That's more than twice around the world.

Who are we?

We are the world’s leading oilfield services company. Working
globally—often in remote and challenging locations—we invent,
design, engineer, manufacture, apply, and maintain technology
to help customers find and produce oil and gas safely.

Who are we looking for?

We offer countless opportunities in the following domains: ‘ ‘

= Geoscience and Petrotechnical
u Commercial and Business

If you are a self-motivated graduate looking for a dynamic career,

apply to join our team. What will you he?

careers.slb.com Schiumbeprger
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Fluid$ := ‘Steam_IAPWS'

P[3]:=P[2]“...pressure at actual exit from turbine”

P[4]:=P[2]“...pressure at inlet of pump”

P[5] := P[1] “..pressure at exit of pump”

>

x[4]=0.0 .. .sat. lig. at entry to pump’

“Calculations:”

h[1] :=ENTHALPY (Fluid$,T=T[1],P=P[1])“k]/kg...enthalpy of fluid at entry to turbine”

s[1] :==ENTROPY (Fluid$,T=T[1],P=P[1]) “k]/kg.C...entropy of fluid at entry to turbine”

s[2] :=s[1] “..for isentropic expn. in turbine”

T[2] :=TEMPERATURE(Fluid$,P=P[2],s=s[2])“C...temp at isentr. exit of turbine”

h[2] :=ENTHALPY (Fluid$,s=s[2],P=P[2])“k]/kg...enthalpy of fluid at exit of turbine”

w_turb_isentr := h[1] - h[2] “k]J/kg .... turbine work output, isentropic”

w_turb_act := eta_turb * w_turb_isentr “kJ/kg ... actual turbine output”

h[3] := h[1] - w_turb_act “kJ/kg ... enthalpy at actual turbine outlet”

T[3] :=TEMPERATURE(Fluid$,P=P[3],h=h[3])“C...temp at actual exit of turbine”

x[2] :=Quality(Fluid$,T=T[2],s=s[2])"....quality of steam at isentropic exit of turbine”

v_f :=VOLUME(Fluid$,P=P[4],x=x[4]) “m~3/kg ... sp. vol. of fluid entering the pump”

T[4] :=T_SAT(Fluid$,P=P[4]) “...sat. temp. at condenser pressure”

h[4] :=ENTHALPY (Fluid$,T=T[4],x=x[4])“k]/kg ... enthalpy at entry to pump”
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w_p_isentr := v_{ * (P[5]-P[4]) “K]..isentr. pump work”

w_p_act := w_p_isentr / eta_pump “kJ/kg .... actual pump work required”

h[5] :=h[4]+w_p_isentr “k]/kg ... enthalpy at the isentropic exit of pump”

h[6] := h[4] + w_p_act “kJ/kg ... enthalpy at actual exit of pump”

q_in :=h[1]-h[6]“k]/kg”

q_out :=h[3]-h[4]“k]/kg”

w_net := w_turb_act - w_p_act “kJ/kg .... net work output”

eta_th :=1- q_out/q_in “..thermal effcy”

s[3] :==ENTROPY (Fluid$,P=P[3],h=h[3]) “k]J/kg.C ... entropy of fluid at actual exit of turbine”
s[4] := ENTROPY (Fluid$,P=P[4],x=x[4]) “k]/kg.C ... entropy of fluid at inlet of pump”

s[5] := s[4]“..isentropic compression in pump”

T[5] :=TEMPERATURE(Fluid$,P=P[5],s=s[5])“C...temp at isentropic exit of pump”

s[6] :=ENTROPY (Fluid$,P=P[6],h=h[6]) “k]/kg.C ... entropy of fluid at actual exit of pump”

T[6] :=TEMPERATURE(Fluid$,P=P[6],s=s[6])“C...temp at actual exit of pump”

END

“Example: Verify the results obtained in Prob.3.3.1”
We have:
P[1]=8000 “kPa”

T[1] = 480“C”
P[2] = 8“kPa”

Download free eBooks at bookboon.com



>

eta_turb = 1“..isentropic effcy. of turbine’

eta_pump = 1. isentropic effcy. of pump”

CALL Simple_actual_Rankine(P[1], T[1],P[2], eta_turb, eta_pump: T[3], w_turb_act, w_p_act, w_net,
eta_th,q_in,q_out)

Results:
b ain l Simple_actual_Rankine ]

Unit Settings: 51 C kPa kJ mass deqg

Npump = 1 nih = 0.3972 Miub = 1
Oin = 3168 [kdfkg] Hout = 1910 [kdika] wiet = 1258 [kdikg]
wip et = 808 [kdfk] Wib,act = 1266 [kdfkg]

We see that the results match.

Auxiliary results calculated are obtained from the ‘Simple_actual_Rankine’ tab in the Results:

Local variables in Procedure Simple_actual_Rankine {1 call. 0.02 sec)
i =0.3972 Nt =1
h1=3350 [kJ/ko] h2=2083 [kdfka]

Mpump=1
Fluid$="Steam_laPWws'

h3=2083 [kdfk]
hg=181.9 [kdfkg]
P8 [kPa]
Fe=B000 [kPa]
51=B.661 [kdfkg-C]
54=0.5925 [kJikg-C]
Ty=480 [C]
T4=4151 [C]

wi =0.001008 [rnkg]
wp isent=0 .06 [kdfkg]
x=0.7949

hig=173.8 [kdfka)
F4=8000 [kPa]
Fsa [kPa]

Oin =3168 [kfk]
s7=6.661 [kd/kg-C]
s5=05925 [klkg-C]
Tz=41.51 [C]
Ted1.75 [C]

Wit =1258 [kdfkg]
Wiyrh,act = 1266 [kfkg]
x4=0
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hg=181.9 [kd/ka]

P8 [kFa]

Pe=8000 [kPa]

Cout =1910 [kdikg]
53=6.661 [kd/kg-C]
s5=05925 [klfkg-C]
T+41.51 [C]

Te=41.75 [C]

wip,act =0.06 [kdfkg]
Wiy jsentr= 1266 [kdfkg]
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Prob.3.3.3 Superheated steam enters the turbine of an actual, simple Rankine cycle at 8 MPa, 480 C. The
condenser pressure is 8 kPa. The net power output of the cycle is 100 MW. Isentropic effcy of turbine =
85%, and that of the pump is 70%. Determine: (i) thermal effcy., (ii) mass flow rate of steam, (iii) mass

flow rate of condenser cooling water in kg/s, if water enters the condenser at 15 C and exits at 35 C.

b) Plot each of the quantities mentioned above for condenser pressures ranging from 6 kPa to

100 kPa.

c) Plot each of the quantities in (a) as steam generator pressure varies from 4 MPa to 24 MPa,

maintaining the turbine inlet temp at 480 C. [Ref: 3]
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v
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Fig.Prob.3.3.3 (a) Schematic diagram of simple, actual Rankine cycle, and (b) T-s diagram
[Ref: 71

EES Solution:

We shall use the EES Procedure written above:

“Data:”

P[1]=8000“kPa”

T[1] = 480“C”

P[2] = 8“kPa”

eta_turb = 0.85

eta_pump = 0.7

cp_w = 4.18“k]/kg.C...sp. heat of condenser cooling water”
T_cwl = 15 “C... inlet temp of cooling water”

T_cw2 =35 “C ... exit temp of cooling water”

“Calculations:”

CALL Simple_actual_Rankine(P[1], T[1],P[2], eta_turb, eta_pump: T[3], w_turb_act, w_p_act, w_net,
eta_th,q_in,q_out)

Power = 100000 “kW”
“Therefore:”
m_steam = Power / w_net “kg/s....mass flow rate of steam required to produce net power of 100 MW”

m_w*cp_w* (T_cw2 - T_cwl) = m_steam * q_out “..finds mass flow rate of cooling water required,

m_w, by an energy balance in the condenser”
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Results:
Unit Settings: 51 C kPa kJ mass deg

Chw = 418 [kdkg-C] Npump = 0.7 1t = 0.3365

Misteam = 93.92 [kg/s]| [, = 2359 [kays]| Power = 100000 [KiW]
Hout =2100 [kdfkg] Tew1 =15 [C] Teowz=135 [C]
Wpact = 11.51 [kfkg] Wiyrb,act = 1076 [klfko]

Thus:

Thermal effcy. = eta_th = 0.3365 = 33.65%...Ans.

Mass flow rate of steam = m_steam = 93.92 kg/s .... Ans.

Mass flow rate of cooling water = m_w = 2359 kg/s .... Ans.

Tty = 0.85
din = 3164 kgl
et = 1065 [kJ;kg]|

(b) Plot each of the quantities mentioned above for condenser pressures (P2) ranging from 6 kPa

to 100 kPa:

First, compute the Parametric Table:

i ] - all ] 4 ™

b ) P2 Nth Mateam My

I [kPa] [kg/s] [kg/s]
Run 1 b 0.3468 9011 2253
Run 2 11.79 0.3275 97.45 2456
Run 3 18.57 0.3164 102.2 2584
Fun 4 2536 0.3084 105.8 2R33
Run & 3214 0.302 108.8 2764
Run & 38.93 0.2967 111.5 2835
Run 7 4571 0.2921 113.9 2899
Fun 8 £2.5 0.2881 116 2956
Fun 9 £9.29 0.2845 118 3009
Fun 10 6607 0.2812 119.8 30453
Fun 11 72.86 02732 121.6 3104
Run 12 79.64 0.2754 123.2 3148
Fun 13 8643 0.2728 124.8 3189
Fun 14 93.21 0.2703 126.3 3229
Run 15 100 0.263 127.8 3267
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Now, plot the results:

036
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(c) Plot each of the quantities in (a) as steam generator pressure (P1) varies from 4 MPa to 24

MPa, maintaining the turbine inlet temp at 480 C:

First, compute the Parametric Table:

el B hal B el [l
Py Mth Msteam My
A [kPa] [kg/s] [kg/s]
Run 1 4000 0.3149 98.59 2602
Run 2 5000 0.3279 85 51 2451
Run 3 8000 0.3365 93.92 2359
Run 4 10000 0.3426 8311 2295
Run 5 12000 0.3472 82.79 2249
Run & 14000 0.3506 82 82 2214
Run 7 16000 0.3533 89312 2190
Run & 18000 0.3552 93.65 2171
Run 9 20000 0.3567 84 37 2157
Run 10 22000 0.3577 95 23 2148
Run 11 24000 0.3582 96.37 2143
Now, plot the results:
036 ——— T
Actual, simple Rankine cycle
Thermal effcy. vs Inlet pressure to Turbine
0.35 |
0.34
=
= I
0.33 ]
0.32|
0.31 I eSS eSS S .. A
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P[1] [kPa] X 10°

Download free eBooks at bookboon.com



89

98

g7

Msteam [kg’ts]

[}
P

92

Actual, simple Rankine cycle

Mass flow rate of steam vs Inlet pressure to Turbine

A

2700 [
2600 |

2500 |

my, [kg/s]

2200 |

5 10

15 20 25
P[1] [kPa] x 10°

2400 |

2300 |

Actual, simple Rankine cycle
Mass flow rate of cooling water vs Inlet pressure to Turbine
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(d) Use the Diagram Window in EES to input data and make calculations:

Diagram Window in EES can be used to input data. Simple diagrams can be made with the tool bar

provided, or diagrams made in your favorite software can be copied in to the diagram window.

Advantages of using the diagram window are:

1. Drawings, plots and data and results cal all be shown in a single window, thus adding to the
clarity of solution
2. Changing the data and doing the calculations to observe the results are done from a
single window
3. Since the user need not know the details of calculations and has to oOnly input the data,
press ‘Calculate’ button and observe the results, he need not be conversant with the software
nor the details of calculations.

4. Can be distributed to those in the team who may not know details of EES.

Following is the procedure to use the diagram window:

a) From the equations window, press AD (i.e. control + D). We get:

iz Diagram Window

pleplim

L] Q

MloEl:|@i®vielol |

Iﬂ
el
.gJ:

.:.24..8.;24 r:qlain.

On the right, you see the vertical, diagram window tool bar.

You can also get the diagram window by clicking on the ‘speed button’ in the tool bar of eqn. window,

as shown below:

Q EES Professivnial:

Fe Al Seadh Opfies Ceodaie Taldes Plols Wenhnes  Hedn o Framgies

CHS 2Ry OB B K= B “EH BEE FETE e v B
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Explanation of each button in the diagram window tool bar is given below (Ref: EES Manual):

Add Calculate button or animation control

_Ej‘ Display updated plot or add Ik to plot

Add text

Add lines or arrows

Add Help button
Add filled polygon

Add ellipse or circle

==
o
Add rectangle ] Eyfl Add Print button
[5)
>

Add polvline

Access Palette

Group selected items Ungroup items

Align selected items Show grid

.
T

Add link button _@ Add audio-visual 1tem
Add T.oad Tnputs bulton Add Save Inputs button
Add Check box item _}_?_l Add Radio button group

REALLY

Grant Thornton—a'great place to work.

We’re proud to have been recognized as one of Canada’s
Best Workplaces by the Great Place to Work Institute™ for
the last four years. In 2011 Grant Thornton LLP was ranked
as the fifth Best Workplace in Canada, for companies with
more than 1,000 employees. We are also very proud to be
recognized as one of Canada’s top 25 Best Workplaces for

Priyanka Sawant
Women and as one of Canada’s Top Campus Employers.

Manager

GREAT

Il
1o, -
. . ° Grant Thornton
Audit « Tax « Advisory ;
www.GrantThornton.ca/Careers An instinct for growth

© Grant Thornton LLP. A Canadian Member of Grant Thornton International Ltd
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b) After copying the schematic diagram and T-s diagram, press on the top, left button
(i.e. Add text) on the tool bar:

Add Diagram Text item

[ Type

')
Text }{y- o8
i Formatted text | AOB
" Input variable '}{Y]

i Dutput varnable wier

Text ihew text

FuntiDelauIt Lj | & Horizontal

~ =
Size |21 Eulur- ! Nl
¥ Background 1 ”JF Buld--

[~ Frame text | Hide [ ltalic

i~ Location [pixels) ™ Underline

Left |5‘l Mame

« Ok MNew | ¥ Cancel ‘

Here, by choosing the radio buttons, we can enter text, formatted text, input variable or output variables.

Partly completed diagram window is shown below:

E LES Professicnal: CO\lacuments and Settingsipersonallletktop\Prob. 3.3.2-3-sctualHankine-diagram window LES - |agran... r,.__lr@E

By rie Edit Search Oplions Caodate Tables Pl Windows Help Examples - x
SH&SGITE OEE VB B/ED HEHEE EBEFE DETETES 8| 2 | 4
Actual, simple Rankine cycle calculations: '&_| E-|!

NIz

ulf=

92

o~ Bl a J?.J..QJ

120 A :_J_ - E]J| X
e s bE
. e e El

& — Q'HIHLL'I!SCI:H o E‘Q

I\.LI e ] > ﬂﬂ
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c) Now, select the Input variable radio button, and we get:

Add Diagram Text ltem

" Type “Select input vanable
7 Text “
i Formatted text eta_pump i
* an E: eta_turb
" Dutput vanabl m_steam
m_w
¥ Include vanable name  Power
i Include units EE% &
I Shder input -
[~ Hide armray wariables
Tab order |6 *;]
Font 1Default __VJ = Honzenta

l"_" Vo b
Size |21 Eulur- — —
v Background . v Bold

[~ Frame text [ Hide [~ ltalic

i~ Location [pixels] [~ Underline

Left |54 i Mame:
Top |?1 ]

& 0K MNew X Cancel

The Wake

the only emission we want to leave behind

Low-speed Engines Medium-speed Engines Turbochargers Propellers Propulsion Packages PrimeServ

The design of eco-friendly marine power and propulsion solutions is crucial for MAN Diesel & Turbo.
Power competencies are offered with the world’s largest engine programme — having outputs spanning
from 450 to 87,220 kW per engine. Get up front!

Find out more at www.mandieselturbo.com

Engineering the Future — since 1758.

MAN Diesel & Turbo
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d) Choose the required Input variables and click OK one by one. They appear neatly on the
Diagram window. You can drag them and position wherever you feel like. Do the same
thing with Output variables too. And add a ‘Calculate’ button also, from the tool bar on the

right. Final arrangement of Diagram window is shown below:

Wi EES Professional:

=0

F

Actual, simple Rankine cycle calculations:

C\Dovurmenls and Settingsypersonal \DesklopMiob. 3. 3.2 3 acteal Rankine disgram window EES  [Disgran...
ﬁmﬁzmmmummmﬁwmw
s [ E \‘"E B ke

mEBEREE B8 IMETEERa M| 2

1

@

£

Inputs:
Py =@|:ri'a:
Pz {e]peal
7, s00] 13
Neume.

=i
ol 8|
NI
Diﬁ!'
T4 @ 1]
Hm!cr '@) _P_i!]
J 2\t
2
8
bR
=3
Calculate Cutputs:
Wior, ges = FETROMRD]
Wo ne = 78 3 fllg]
0y = VS [Mg)
Q. = 3330 8]
Byt = T8 ]
m =
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e) To make calculations: When the tool bar is visible in the diagram window, it is said to
be in the ‘Development mode’, i.e. you can add diagrams, text etc. To do calculations, you
have to change to the Application mode’. To do this, press (control+ D) again. The tool bar
disappears and you are in the Applications mode. Thus, by pressing (control + D) you can

alternate between these two modes easily. In Applications mode, now, we have:

Actual, simple Rankine cycle calculations:

Boiler

Condenser

Inputs: ik Qutputs:
P, -[22000] kPl s e = 1072 [lifkeg]
Py a]ira] Wi o= 3457 IO
T, =480} [C] Wrat = 1038 [kifig]
Ngump 207 Qi = 2807 [elikg]
MHusers Q= 1850 [ldikg]
ik - 0.3582

In Applications mode, we can input any new values we desire for the Input variables, and press ‘Calculate’

button, and immediately the output variables update themselves.

As an example, make following entries for Input variables: P1 = 20 MPa, P2 = 6 kPa, T1 = 550 C,
eta_pump = 0.75 and eta_turb = 0.8. And, click on Calculate button. We get:
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Actual, simple Rankine cycle calculations:

e Boiler |
{5, -
|
- &
Pump
]— {/:Ccmdcnﬂcq

L
I -
{i_l\ — _rﬁl.;
Inputs: [ Calculate’ Dutputs:

Py {20000 | P a) Wiy, g = 1184 Ikbkg
b, 8 el Wo ary = 26,83 [RJikg]
1y Il Wy~ 1428 Jilg]
g Wi = 3218 fidkg]

sy = 2038 ldeg]

LT _

iy, = 0:3509

In the above screen shot, see how the results have changed.

f) In addition, you can position the Input variables, by the side of respective components in
the schematic diagram itself for clarity. For example, eta_turb can be placed by the side of

the turbine, P1, T1 over the Turbine, eta_pump near the pump etc. See below:

Actual, simple Rankine cycle calculations:

|5 50U &
Boiler T
P (\L}
J'! J |
) N
Nt Turbme
—
i 2.5
\i_nndmscr} iy 4'4
~ ik Pz 10| BFal
Calculate | Outputs:
Wiyrpag ~ 1155 [Rikg]
Wy, o= 2500 Il
Wt 1129 ficlikg]
B = 2210 IRlig]
Yput = 2089 Thkg]
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There are many other buttons in the tool bar, and many more possibilities of using the diagram window;

Refer to the User Manual in EES to get more information.

Thus, Diagram window is a very convenient, useful facility in EES.

Prob.3.3.4 An ideal Rankine cycle with reheat uses water as the working fluid. The conditions at the
inlet to the first stage turbine are 14 MPa, 600 C and the steam is reheated between the turbine stages
to 600 C. For a condenser pressure of 6 kPa, plot the cycle thermal efficiency versus reheat pressure for

pressures ranging from 2 to 12 MPa. [Ref: 3]

— ]
— Tigh-P
Boiler Reheater L Turbine
[l
| ; =
(3)
(6= R—
= “ '—f‘flum;} < | Condenser
A A —

Fig.Prob.3.3.4 (a) Ideal Rankine cycle with reheat, and (b) T-s diagram
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EES Solution:
“Data:”

Fluid$ = ‘Steam_IAPWS'

P[1]=14000[kPa]..at entry to HP turbine”

T[1]= 600[C] “...HP turbine inlet temp.”

T[3] = 600[C] “.reheat temp”

P[2]=2000[kPa]“...reheat pressure.... at exit of HP turbine”
P[3] = P[2]“...at inlet to LP turbine”

P[4]=6 [kPa]“....at exit of LP turbine”

P[5]=P[4]..at inlet of pump”

P[6] = P[1] “.at exit of pump, i.e. inlet to boiler”

x[5] = 0 “..sat. liq. at entry to pump”

> RBS Group

CAREERKICKSTART

An app to keep you in the know

Whether you're a graduate, school leaver or student, it’s a difficult time to start your career.

So here at RBS, we’re providing a helping hand with our new Facebook app. Bringing together
the most relevant and useful careers information, we’ve created a one-stop shop designed

to help you get on the career ladder — whatever your level of education, degree subject or
work experience.

And it's not just finance-focused either. That's because it's not about us. It's about you.
So download the app and you’ll get everything you need to know to kickstart your career.

So what are you waiting for?

Click here to get started.
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“Calculations:”

h[1]=ENTHALPY (Fluid$,T=T[1],P=P[1])“k]/kg...enthalpy of fluid at entry to HP turbine”

s[1]J=ENTROPY (Fluid$,T=T[1],P=P[1]) “k]/kg.C...entropy of fluid at entry to HP turbine”

s[2]=s[1] “..for isentropic expn. in HP turbine”

h[2]=ENTHALPY (Fluid$,s=s[2],P=P[2])“k]/kg...enthalpy of fluid at exit of HP turbine”

T[2]=TEMPERATURE(Fluid$,s=s[2],h=h[2])“C...temp at exit of HP turbine”

h[3]=ENTHALPY (Fluid$,T=T[3],P=P[3])“k]/kg...enthalpy of fluid at entry to LP turbine”

s[3]=ENTROPY (Fluid$,T=T[3],P=P[3]) “kJ/kg.C...entropy of fluid at entry to LP turbine”

s[4] = s[3] “..for isentropic expn. in LP turbine”

h[4]=ENTHALPY (Fluid$,s=s[4],P=P[4])“k]/kg...enthalpy of fluid at exit of LP turbine”

T[4]=TEMPERATURE(Fluid$,s=s[4],h=h[4])“C...temp at exit of LP turbine”

x[2]=Quality(Fluid$,T=T[2],s=s[2])“....quality of steam at exit of HP turbine”

x[4]=Quality(Fluid$,T=T[4],s=s[4])"....quality of steam at exit of LP turbine”

v_f=VOLUME(Fluid$,P=P[5],x=x[5]) “m~3/kg ... sp. vol. of fluid entering the pump”

T[5]=T_SAT(Fluid$,P=P[5]) “..sat. temp. at condenser pressure”

h[5]=ENTHALPY (Fluid$,T=T[5],x=x[5])“k]J/kg ... enthalpy at entry to pump”

w_p = v_{* (P[6]-P[5]) “k]J..pump work”

h[6] = h[5]+w_p “kJ/kg ... enthalpy at the exit of pump”

q_boiler = h[1]-h[6]“k]/kg .... heat input in boiler”

q_reheat = h[3]-h[2]“k]/kg ... heat input in reheater”
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q_in = q_boiler + q_reheat “kJ/kg .... total heat input to cycle”
q_out=h[4]-h[5]“k]/kg”

w_turbl = h[1] - h[2] “kJ/kg .... HP turbine work output”

w_turb2 = h[3] - h[4] “kJ/kg .... LP turbine work output”

w_turb_tot = w_turbl + w_turb2 “kJ/kg ... total turbine work output”

w_net = w_turb_tot - w_p “kJ/kg .... net work output”

eta_th=1- q_out/q_in “...thermal efficiency of cycle”

s[5]=ENTROPY (Fluid$,P=P[5],h=h[5]) “k]J/kg.C ... entropy of fluid at entry to pump”
s[6] = s[5]“...isentropic compression in pump”
T[6]=TEMPERATURE(Fluid$,P=P[6],s=s[6])“C...temp at exit of pump”

Results (with reheat pressure P2 = 2000 kPa):

Unit Settings: 51 C kPa kJ mass deqg

i, = 04608 Fluid$ = 'Steam_lAPWS' Obailer = 34926 [kJika)
Oin =4121 [lkdfkg] Cout = 2222 [kikg] reheat = B34.5 [kikg]
wi = 0.001006 [m3fkg] wier = 1899 [klfkg] win=14.08 [kdfkg]
w1 = 24998 [kdfkg] wiyrbz = 1317 [kdfkg] Wiy tat = 1913 [kdfl]
| ¥ ¥ ¥ ¥): >
Sort hi Pi 5i Ti X
[kPa] [C]

[1] 3592 14000 5.7149 500

[2] 2996 2000 5.719 288 100

[3] 3691 2000 7.704 600

[4] 2373 G 7.704 36.16 0.92

[5] 161.5 G 0.5208 36.16 0

[6] 165.6 14000 0.5208 36.43

Thus, for a reheat pressure of 2 MPa, we have:

Thermal efcy of cycle = eta_th = 0.4608 = 46.08% .... Ans.
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Cycle on the T-s plot, using Property plot of EES:

?UU , I , I , Steanl'lmpwsl

600 r 43 |
500 + 1

400} ]

p—

9 A

o 14000 kPa
-

300+
200 - — 2000 kPa — |

100 ¢

s [kJ/kg-K]

ORACLE
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Cycle on the h-s plot, using Property plot of EES:

4000 . . . slteammp-,_ll.,.,s

L 14000 kPa 2000 kPa ]
3
3500 | / '

G kPa

Loy

o

(=

o
T

rJ

n

o

o
T

h [kJ/kg]

-

n

o

o
T

e, 4

2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100 110

s [kJd/kg-K]

(b) Plot Thermal effcy. vs reheat pressure (P2):

First, compute the Parametric Table:

- - [ ] ™

P> P2 Wiet Gin Mk

112 [kPa] [kJikg] [kJikg]
Run 1 2000 1899 4121 0.4608
Run 2 3000 1847 4009 0.4607
Run 3 4000 1803 3921 0.4597
Run 4 5000 1763 3848 0.4583
Run 5 6000 1728 3784 0.4566
Run 6 7000 1695 3727 0.4547
Run 7 8000 1664 3675 0.4528
Run 8 9000 1635 3627 0.4508
Run 9 10000 1608 3582 0.4488
Run 10 11000 1581 3540 0.4467
Run 11 12000 1556 3500 0.4447
Run 12 13000 1532 3462 0.4426
Run 13 14000 1509 3426 0.4404
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Now, plot the results:

0.47 —
Ideal Rankine cycle with reheat

0.465 | Thermal effcy. vs reheat pressure
0.46 |

= [
£0.455|
0.45|

0.445|

0.441 _—
12 14 16

Prob.3.3.5 An actual Rankine cycle with reheat uses water as the working fluid. The conditions at the
inlet to the first stage turbine are 14 MPa, 600 C and the steam is reheated between the turbine stages
to 600 C. For a condenser pressure of 6 kPa, plot the cycle thermal efficiency versus reheat pressure for
pressures ranging from 2 to 12 MPa. Assume the isentropic efficiencies of both the turbines, and the

pump as 0.8. [Ref: 3]
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Fig.Prob.3.3.5 (a) Actual Rankine cycle with reheat, and (b) T-s diagram

EES Solution:
Let us first write an EES Procedure for Actual Rankine cycle with reheat:

$UnitSystem kPa C kJ

PROCEDURE Reheat_Rankine_actual(P[1],P[2], P[5], T[1],T[4],eta_turbl,eta_turb2,eta_pump:w_
turbl,w_turb2,w_p,w_net,q_boiler,q_reheat,q_in,q_out,eta_th)

’ntiia iA)gx Graduate

Find out more and apply

redefining / standards
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{Reheat_Rankine_actual finds eta_th etc for an actual, reheat Rankine cycle.

Pressures in kPa, Temps in C, Work in kJ/kg

Inputs: P[1], T[1] ... at inlet of HP Turbine, , P[2], T[4].... at inlet of LP Turbine, P[5] at incondenser

(or inlet to pump)

eta_turbl,eta_turb2,eta_pump ...isentropic efficiencies of HP turb, LP turb and pump
Outputs: w_turbl,w_turb2,w_p .... actual wors of HP turb, LP turb and pump

w_net .... net work output,

q_boiler,q_reheat,.... heat transferred in boiler and reheater

q_in,... total heat supplied, q_out ... heat rej. in condenser

eta_th .... thermal effcy.

}

Fluid$ := ‘Steam_IAPWS'

P[3] := P[2]...at actual exit of HP turbine”

P[4]:=P[2]%....at inlet of LP turbine”

P[6] :=P[5]“..at inlet of pump”

P[6] := P[5] “.at exit of LP Turbine, inlet of condenser”

P[7] := P[6] “.at inlet to pump”

P[8] := P[1]“at isentropic exit of pump”
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“Calculations:”

h[1]:=ENTHALPY (Fluid$,T=T[1],P=P[1])“k]/kg...enthalpy of fluid at entry to HP turbine”
s[1]:=ENTROPY (Fluid$,T=T[1],P=P[1]) “k]J/kg.C...entropy of fluid at entry to HP turbine”
s[2]:=s[1] “..for isentropic expn. in HP turbine”

h[2]:=ENTHALPY (Fluid$,s=s[2],P=P[2])“k]/kg...enthalpy of fluid at isentropic exit of HP turbine”
T[2]:=TEMPERATURE(Fluid$,s=s[2],h=h[2])“C...temp at isentropic exit of HP turbine”
w_turbl_isentr := h[1] - h[2] “k]J/kg .... HP turbine isentr. work output”

w_turbl := eta_turbl * w_turbl_isentr “kJ/kg .... HP turbine actual work output”

h[3] :=h[1] - w_turb1“k]/kg... enthalpy of fluid at iactual exit of HP turbine”

s[3] :=ENTROPY (Fluid$,h=h[3],P=P[3]) “k]/kg.C...entropy of fluid at actual exit of HP turbine”
T[3] := TEMPERATURE(Fluid$,s=s[3],h=h[3])“C...temp at actual exit of HP turbine”

h[4] :=ENTHALPY (Fluid$,T=T[4],P=P[4])“k]/kg...enthalpy of fluid at inlet of LP turbine”

s[4] :=ENTROPY (Fluid$,T=T[4],h=h[4]) “k]J/kg.C...entropy of fluid at inlet of LP turbine”

s[5] := s[4] “..for isentropic expn. in LP turbine”

h[5]=ENTHALPY (Fluid$,s=s[5],P=P[5])“k]/kg...enthalpy of fluid at isentropic exit of LP turbine”
w_turb2_isentr := h[4] - h[5] “kJ/kg .... LP turbine isentr. work output”

w_turb2 := eta_turb2 * w_turb2_isentr “kJ/kg .... LP turbine actual work output”

h[6] :=h[4] - w_turb2“k]/kg... enthalpy of fluid at iactual exit of LP turbine”

s[6] :=ENTROPY (Fluid$,P=P[6],h=h[6]) “k]/kg.C...entropy of fluid at actual exit of LP turbine”
T[6] := TEMPERATURE(Fluid$,s=s[6],h=h[6])“C...temp at actual exit of HP turbine”

T[7] :=T_SAT(Fluid$,P=P[7]) “...sat. temp. at condenser pressure”

s[7] :=ENTROPY (Fluid$,T=T[7],x=x[7]) “kJ/kg.C...entropy of fluid at entry to pump”
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h[7] :=ENTHALPY (Fluid$,T=T[7],x=x[7])“k]/kg ... enthalpy at entry to pump”

s[8] := s[7]“.for isentropic comprn. in pump”

v_f=VOLUME(Fluid$,P=P[7],x=x[7]) “m~3/kg ... sp. vol. of fluid entering the pump”
w_p_isentr := v_{ * (P[8] - P[7]) “kJ/kg ... isentr. pump work”

w_p := w_p_isentr/eta_pump “kJ/kg .... actual pu,p work”

h[8] :=h[7] + w_p_isentr“k]/kg ... enthalpy at isentr. exit of pump”

h[9] := h[7] + w_p “kJ/kg ... enthalpy at actual exit of pump”

T[8] := TEMPERATURE(Fluid$,s=s[8],P=P[8])“C...temp at isentr. exit of pump”

s[9] := ENTROPY (Fluid$,P=P[9],h=h[9]) “k]J/kg.C...entropy of fluid at actual exit of pump”
T[9] := TEMPERATURE(Fluid$,s=s[9],P=P[9])“C...temp at actual exit of pump”

x[3] :=Quality(Fluid$,T=T[3],s=s[3])“....quality of steam at actual exit of HP turbine”
x[6] :=Quality(Fluid$,T=T[6],s=s[6])“....quality of steam at actual exit of LP turbine”
q_boiler := h[1]-h[9]“k]/kg”

q_reheat := h[4]-h[3]“k]/kg”

q_in := q_boiler + q_reheat “kJ/kg .... total heat input to cycle”

q_out :=h[6]-h[7]“k]/kg”

w_turb_tot := w_turbl + w_turb2 “kJ/kg ... total turbine work output”

w_net := w_turb_tot - w_p “kJ/kg .... net work output”

<

eta_th :=1- q_out/q_in “...thermal efficiency of cycle”

END
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“Ex: Verify results of Prob.3.3.4”

We have:

“Data:”

P[1]=14000“kPa”

P[2] = 2000 “kPa ... reheat pressure”

P[5] = 6 “kPa”

T[1] = 600 “C”

T[4] = 600 “C”

eta_turbl =1
eta_turb2 =1
eta_pump=1

Vapour Power Cycles
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“Calculations:”

CALL Reheat_Rankine_actual(P[1],P[2], P[5], T[1],T[4],eta_turbl,eta_turb2,eta_pump:w_turbl,w_
turb2,w_p,w_net,q_boiler,q_reheat,q_in,q_out,eta_th)

Results (for a reheat pressure of 2 MPa):
Main l Fleheat_Hankine_au:tual]

Unit Settings: 51 C kPa kJ mass deg

Npurmp = 1 fth = 0.4608 b1 =1

Nub2 =1 Clboer = 3426 [kJ/kg]| in = 4121 [kdjkg]|
out = 2222 [koJfkg] reheat = B345 [kJ/kg]| wnet = 1899 [kJjkg]|
wp=14.08 [kdfka] wiyhl = 5356 [klfg) wipyh2 = 1317 [kd/kal

Click on this line to see the array variables in the Arrays Table window

Main  Reheat_Rankine actual

Local variables in Frocedure Reheat_Rankine_actual {1 call, 0.02 sec)

Npump=1 nth =0.4608 Mturb1 =1
Fluid$='Steam_|APWS' h1=3592 [kd/kg] ho=2996 [kdfkg]
hg=3691 [kdfkg] hg=2373 [kd/kag] hg=2373 [kdfkg]
hg=1655628 [kliko) hg=165.5628 [kdfka] F+y=14000 [kPa]
F=2000 [kFa] FP4=2000 [kPa] FPesb [kFa)

Fr=6 [kFa) Pg14000 [kPa) Fe14000 [kPa]
Oin =4121 [kdfka] Oout <2222 [kdfka] Oreheat <6945 [Kd/kg]
52=6.719 [kJfkg-C] 52=6.719 [k/kg-C] 54=7.704 [kJfkg-C]
sg=7.704 [kfkg-C] s7=05208 [kfkg-C] sg=05208 [kl/kg-C]
Ty=600 [C] Te=288 [C] T=288 [C]
Teg=36.16 [C] TF=36.16 [C] Te36.53 [C]

vi =0.001006 [m¥kg] wiet =1899 [kJ/kq) wip=14.08 [kfkn]
Wiyh1 =535.6 [k/kg] Wiurh1 isentr =339.6 [kJ/kg] wiyhz =1317 [kdfkg]
Wb rot=1913 [kdfkg] x3=100 xg=0192

Thus, we see that the results match very well with the results obtained earlier in Prob. 3.3.4.
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Now, let us solve the prob. 3.3.5 using this EES Procedure:
“Data:”

P[1]=14000kPa”

P[2] = 2000 “kPa....reheat pressure”

P[5] = 6 “kPa”
T[1] = 600 “C”
T[4] = 600 “C”

eta_turbl = 0.8
eta_turb2 = 0.8
eta_pump= 0.8

“Calculations:”

CALL Reheat_Rankine_actual(P[1],P[2], P[5], T[1],T[4],eta_turbl,eta_turb2,eta_pump:w_turbl,w_
turb2,w_p,w_net,q_boiler,q_reheat,q_in,q_out,eta_th)

Results:

Main | Reheat Fankine actual ]

Unit Settings: 51 C kPa kJ mass deq

Mpurmp = 0.8 My = 0.3734 Nyl = 0.8

Mtubz = 0.8 Oboiler = 3423 [kdfkg] Oin = 3998 [kfka]
Qout = 2485 [kdfka] Creheat = 575.4 [kd/kg] wiet = 1513 [kdfkg]
wip =17 61 [kfkg] wipeh] = 476.4 [kdfkg] wipha = 1054 [kdfko]

Click on this line to see the array varables in the Arrays Table window
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Tpump=0.8

Miurbz =0.8

hp=2996 [kJfko)
=273 [k k]
hg=1655628 [k/ky]
Po=2000 [kEs]
Feb [kKFaE]
Fe=14000 [kFa]
tin =3398 [kJfkg]
51=6.719 [kdfkg-C)
a4=7 704 [kl ey
57=05208 [kfkg-C]
T4=600 [C]

T4 E00 [C]

T 3653 [0

Winat =1513 [kd/ko)
wigrh] =476.4 [kfkiy]

Wb 2 jsentr=1 317 [kaika]
xg=100

Mz Feheat_Rankine_aciual

Vapour Power Cycles

n, =0.3784
Fluid$="Steam_|AFWS'
h3=3115 ko]
hy-2637 [kdikg]
hg=169.0839 [kfka]
P2000 [kPa]

Pgb [kPal

FPa=14000 [kPa]

Gour =2485 [kikg]
52=B.71% [kdfkg-C]
s5=7 74 [k.lfkn-C]
5g=0.5208 [kdfkg-C]
TF288 [C

T 73.07 [C]

Te37.39 [C]

wig=17 81 [kl fla]

Wb isentr =3935 [kufkuy]
Wiy pot=1530° [kdfkg]
xz=0

Local variables in Procedure Reheat_Rankine_actual (1 call. 0.08 sec)

Nk =08

hy=3592 [KJ/ka]
hg=3691 [k
hg=151.5 [kfkg]
P1=14000 [kPa]
Pe=2000 [kPs]

Feb [kPa]

Ohriler =3423 Tkt
Crehear =574 [kdtkg]
53=6.922 [kdikg-C]
sp=f Rdd [k ko]
59=05323 [klfkg-C]
T340 [C]
T#36.16 [C]

v =0.001006 [m3ka]
Wy a1 4.08 [lflg]
wiyyh2 <1054 [kfkyg]
x3=100
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Thus: we see that the thermal effcy. when the isentropic efficiencies of HP and LPturbines and the

pump are considered, becomes eta_th = 0.3784 = 37.84% ... Ans.

(b) Plot the cycle thermal efficiency versus reheat pressure for pressures ranging from 2 to 12
MPa:

First, compute the Parametric Table:

BT [ [ [ b

[>q P2 Wret Gin Mt

113 [kPa] [kJikg] [kJikg]
Run 1 2000 1513 3998 0.3784
Run 2 3000 1471 3907 0.3766
Run 3 4000 1436 3835 0.3744
Run 4 5000 1404 3775 0.372
Run & 6000 1376 3722 0.3696
Run & Tooa 1344 3675 0.3672
Run 7 G000 1325 3632 0.3648
Run 8 9000 1302 3592 0.3624
Run 10000 1280 3554 0.3601
Run 10 11000 1254 3519 0.3577
Run 11 12000 1234 3485 0.3554
Run 12 13000 1220 3453 0.3531
Run 13 14000 1201 3423 0.3509

Now, plot the results:
038
[ Actual reheat Rankine cycle
0.375 Thermal effcy. vs reheat pressure

0.37 ]
=0 365 |

0.36 |

0.385 [ ]
0 2 4 B 0 12 14 16
PI2f [kPa] .
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(c) Use the Diagram Window in EES to input data and make calculations:

As explained in Prob. 3.3.3, we shall have Diagram window input for data, and calculations as

shown below:

Pl rie Edt Seach Optons Calodate Tables Pioly Windoes Help Tiampes i
EBEHES LAY DEE | vERLE M EOEHERE EEEE DIETEFRSS 2 B
P, -|1-*--}un| kPl

T+ Jemjicy _—

! r}ﬁh P Low-P
] (i s 08

Hoile Reheater I.Ij] = Lu!i:rln{ Furlsin
| .- T 3
4 é (@) (3) P2 12000 kpal T
il I H N '|__

ez S0

¥

\T @ - - T. a0 ajrc;‘/
.’E. G} -+ ‘—fpu:‘j-.r = I_',F_II L Llrlldl:u.rf; )
s

Enter Inputs in the diagram above, and press Calculate button:

Qutputs:

Wyurgs = ATEA [N
Wyuens = 1054 [iubkg)
= 17,64 (ki)

ot ™ 1513 [k kg]
Fhuqiles ™ 3473 [IMG)
Moeheni = 3724 [kidg)
= ER0 fhe.iikg)

] Pl ™ S4EN (K1)
rlll:l . U:”F?BL‘

In the above, Inputs are from the diagram window. When you press Calculate button, above results

are obtained. This confirms the results obtained in part (a) of the above problem.
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Prob.3.3.6. A reheat cycle has the first stage supply conditions of 70 bar and 500 C. The reheat is at 3 bar
and to the same temp. (i) Given that the efficiency of the first stage turbine is 80%, how much energy
is added per kg of steam in the reheat coils? (ii) Assume that the same expansion efficiency exists in
the second turbine. What is the thermal efficiency if the condenser pressure is 0.03 bar? [VTU-ATD-
June-July 2008]

- Tigh-P

Boiler Reheater lx.].x Turbine
N ' Fi ._‘ I _\_\_\_\_\_h'_h
| &
' TN T
\}| I' % | _ '\_2,,,*' 'k-i)'

@ —
= 4 s , o
R A_/ [? ] §

Fig.Prob.3.3.6 Actual, reheat Rankine cycle

EES Solution:

We shall use the EES Procedure developed in the previous problem, with Diagram window input

of data.

STEP INTO A WORLD
OF OPPORTUNITY. 4

www.ecco.com/trainees
tfrainees@ecco.com
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Here, we have:

P[1]=7000“kPa”

P[2] = 300 “kPa....reheat pressure”

P[5] = 3 “kPa’

T[1] = 500 “C”

T[4] = 500 “C”

eta_turbl = 0.8%. first stage turbine effcy”

eta_turb2 = 0.8 “...second stage turbine effcy”

eta_pump= 1“..pump effcy. assumed as 100%”

Make these entries in the schematic diagram in the EES Diagram window as shown below, and click on

‘Calculate’ button. Immediately, the Output results are updated:

l'[?' M Tdit Search  Opfians Calmlats Tehles - Plote Windaws Help | Peamples .

EE Ry ODEE vEEME B PDEEE SREE BETBRIIELM | 2 8
F. 7000 [kPa]
L 4 [c: nl "'|'.|.rr'
| — o R TP [ S
{11.] Thiuarb 1 'i'_l_il_{_hll‘l ek o

Frailer Keheater i
-I" ] = —
A Fa P 4300| P a}
H 2 | Boloka— e
| (3) T 'uﬂ'n Lo SRRy st

L {l Condense

4 o
: - o %
= -2
() (9) f!‘ 0y

b

3

> v, -t
A @ 7

Dutputs;
Vil ey = B[R]
W = BILT [kiky]
W = LG (kD]
Vi gy = 11T [ReJTlig]
Oparjer = 3303 [KJG]
Qrahear ™ BHEY [HAKQ)
th,, = 3990 W]

s Qo™ 2573 Mkl
i = 0.35562
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Thus:

Heat supplied in reheat coils = q_reheat = 686.8 kJ/kg .... Ans.

Thermal efficiency = eta_th = 0.3552 = 35.52% ... Ans.

Prob.3.3.7. A steam power plant incorporates an ideal reheat cycle to improve the existing efficiency.
Steam at 30 bar and 250 C is supplied at high pressure turbine. Reheat pressure is 3 bar, reheat temp
is 250 C. Condenser pressure is 0.04 bar. Determine the cycle effcy. [VTU-ATD-Dec. 2009-Jan. 2010]

: ', —
/l {igh-P
Boiler Reheater L.]..a Turbine
) =7 I E—
[} -
\', d! % | |\_2l—/| I'\-i J
1 -
@
= “ s Condens
AN '—ﬂlum}} - ! ‘on E‘r!h:tr__,\ij )
LWESE \ / N _—
- (7)) 3
S

Fig.Prob.3.3.7 Actual, reheat Rankine cycle

EES Solution:

Let us use the EES Procedure written earlier, but, with the both the turbines and the pump having

effcy. = 1, each.

“Data:”

P[1]=3000“kPa”

P[2] = 300 “kPa”
P[5] = 4 “kPa”
T[1] = 250 “C”
T[4] = 250 “C”
eta_turbl =1
eta_turb2 =1
eta_pump= 1

Download free eBooks at bookboon.com



Applied Thermodynamics:
Software Solutions: Part-Il Vapour Power Cycles

“Calculations:”

CALL Reheat_Rankine_actual(P[1],P[2], P[5], T[1],T[4],eta_turbl,eta_turb2,eta_pump:w_turbl,w_
turb2,w_p,w_net,q_boiler,q_reheat,q_in,q_out,eta_th)

Results:

Main | Reheat_Fankine_actual ]

Unit Settings: 51 C kPa kJ mass deq

Npump = 1 iy =0.3426 Mturb1 =1

Mhurb2 =1 Oboiler = 2732 [kdikg] Oin = 3261 [kdikg]
oyt = 2144 [kdfka] Oreheat = 928.6 [kJ/kg] Wingt = 1117 [kfkg]
wp= 3.008 [kdfkg] Wit = 417.3 [kdfko] Wingh2 = 7028 [kdfkg]

Thus: Thermal effcy. = eta_th = 0.3426 = 34.26%.... Ans.

efficiency reliability delivery
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Local variables in Procedure Reheat_Rankine_actual {1 call. 0.11 sec)

Npurp=1

bz =1

h=2439 [k/kg]
hg=2265 [kd/ka]
hg=124.3987 [kJ/kg]
P>=300 [kPa]

Pe=q [kPa]
Pe=3000 [kPa]

O, =3261 [kdikg]
51=6.289 [kJ/kg-C]
54=7.518 [kd/kg-C]
57=0.4224 [kkgC]
T1=250 [C]

T4=250 [C]
Te=29.03 [C]

et =1117 [kfk]
w1 =417.3 [kdikg]

Wiyrh2 jsentr =7 02.8 [kdfkd]
«5=0.8813

And,

Nk =0.3426
Fluid$="Stearm_|APWE'
h3=2439 [kJiko)
hg=2265 [kdfko]
hg=124.3987 [kJfkg]
F2=300 [kPa]

Pg=d [kPa]

Pg=3000 [kFa]

Cout =2144 [kikg]
57=6.289 [kdkg-C]
55=7.518 [kdfkg-C]
sg=04224 [klfkg-C]
T=1335[C]

Te=28.96 [C]

Tee28.03 [C]

wp=3.008 [kJ/ka]

Wb jsentr=417.3 [kfko]
Wiyrh tot=1120 [kfkiy]
x7 =l

Steam quality after expn. in first stage = x[3] = 0.868 ... Ans.

b1 =1

hqy=2857 [kiko]
hg=2968 [kfo]
h7=121.4 [kfkg]
F4=3000 [kPa]
Ps=300 [kPa]

Fr=d [kPa]

Obaler =27 32 [kfkg]
Oreheat =228.6 [k/kg]
53=6.289 [kfko-C)
55=7.518 [kfkoC)
59=0.4224 [kJfkg-C]
T+1335[C]
T#=28.96 [C]

wi =0.001004 [rn k]
W isentr=a. 008 [kd/kg]
Wb =702.8 [kJfkg]
x3=0.868

Steam quality after expn. in second stage = x[6] = 0.8813 ... Ans.

Prob. 3.3.8 A steam power plant operates on a Reheat Rankine cycle and has a net power output of
80 MW. Steam enters the HP turbine at 100 bar, 500 C and the LP turbine at 10 bar and 500 C after
being reheated. It leaves the LP turbine at 0.1 bar. Assuming ideal processes (and using Mollier chart)
determine: (i) quality of steam at exit of LP turbine, (ii) thermal effcy. (iii) mass flow rate of steam.
[VTU-ATD-Dec. 2009-Jan. 2010]
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Fig.Prob.3.3.8 Actual, reheat Rankine cycle

EES Solution:

We shall use the EES Procedure written for Actual, reheat Rankine cycle, but with turbine and pump

efficiencies put equal to 1:

We have:

“Data:”

P[1]=10000“kPa”

P[2] = 1000 “kPa”

P[5] = 10 “kPa”

T[1] = 500 “C”

T[4] = 500 “C”

eta_turbl =1

eta_turb2 =1

eta_pump=1

“Calculations:”

CALL Reheat_Rankine_actual(P[1],P[2], P[5], T[1],T[4],eta_turbl,eta_turb2,eta_pump:w_turbl,w_
turb2,w_p,w_net,q_boiler,q_reheat,q_in,q_out,eta_th) m_steam = 80E03/w_net “kg/s ... mass flow rate

of steam required for an output of 80 MW”
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Results:

Main | Aeheat Ranking actual |

Unit Settings: 51 C kPa kJ mass deg

Tipump = |

[ =0.413¢]

|msieam =50.02 (kojs]|

Ohoiler = 3173 [kJflg]

Ntk = 1
|oiin = 3889 [kjka]

Oreheat = 6354 [Klfki]
Witz = 1018 [kdkg]

Thus: Thermal effcy. = eta_th = 0.4134 = 41.34% ....

[t = 1699 (ki

wip=10.09 [kykg]

.Ans.

Vapour Power Cycles

Mub2 =1
Oout = 2269 [kdfkg]
Wt = 591.5 [klikg]

Mass flow rate of steam required to produce 80 MW net power = m_steam = 50.02 kg/s ... Ans.

And, for quality of steam at exit of LP turbine, see the results in the ‘Reheat_Rankine_actual’ tab in the

Results:

Maw  Feheat Rankine actual |

Local variables in Procedure Reheat Rankine_actual (1 call. 0.13 sec)

Npurnp= |

Ntubi2 =7

ha=2784 [kdikg]
hg=2461 [klikg]
hg=201.8977 [kdfka]
P=1000 [kPa]
P10 [KPa]

Pge 0000 [kPa]
Oin =3863 [kl
51=6.589 [klkg-C]
S4=/.464 [Kdika-C
s7=06492 [k fkag-C]
T4500 [C]

T=h00 [C]
Ted6.14[C]

Winet =1583 [kJikn]
b1 =591.5 [kd/ka]

Wit rbZivent =1 018 [kudfkg]
w-0.9407

We see that:

ek, =M1 4134
Fluid$="Steam_|APWS'
hg=2784 [kd/lg]
hg=246T [klig]
hg=201.8977 [kdfkg]
P=1000 [kP&]

Pe=10 [kPa]
Fg=10000 [kFa]

Gout =2269 [kdrkg]
£2=0.639 [kig-C]
sg=/./hd [kdfkg-L]
sp=0.6492 [kfko-C]
T2-182.3 [C]

Teg=45.81 [C]

TedB.14 [C]

wigm10.00 [kfkg]
Wirb isent <5315 [kdtkg]
Wb rot= 1609 [ldika]
wy=0

Quality of steam at exit of LP turbine = x[6] = 0.9487 ....Ans.

bt =1

h1=3375 [kdkg]
hg=3478 [kJkg]
hp=1918 [kfkg]
P4=10000 [KPa)
P4=1000 [kPa]
P~=10 [kPa]
Ohoger=3173 [kfko]
Creheat =695.4 [kl/ka]
24=6.609 [kkg-C]
sg=/./64 |kkg-C)
59=0.6493 [kJ/kg-C)
T+1823[C]
T=4581 [C]

v =0.00101 [m3kg]
wip e 0.03 [kdfkg]
wiyb2 =1018 [kdfka]
%2=100
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“Prob. 3.3.9 In a reheat cycle, steam at 500 C expands in a HP turbine till it is sat. vap. It is then reheated
at constant pressure to 400 C and then expanded in a LP turbine to 40 C. If the max. moisture content
at the turbine exhaust is limited to 15%, find (i) the reheat pressure, (ii) pressure of steam at inlet to the
HP turbine, (iii) net specific work output, (iv) thermal efficiency, and (v) steam rate. Assume all ideal

processes. [VTU-ATD-Dec. 2011]”

Note: This problem is the same as Prob.3.2.2 solved with Mathcad.

Boiler Reheater @

Condenser

mp « .

O
The stuff that makes life worth living

NORWAY.
YOUR IDEAL STUDY DESTINATION.

WWW.STUDYINNORWAY.NO
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L)

s 4\

-
-1

Fig.Prob.3.3.9 Ideal Reheat Rankine cycle and T-s diagram

EES Solution:
“Data:”

T[1]=500[C]*“..HP turbine inlet temp”
T[3]=400[C]“..LP turbine inlet temp”
x[5]=0..sat. liq. to pump inlet”

x[2]=1%.sat. vap. at exit of HP turbine”
x[4]=0.85.quality of steam at exit of LP turbine”
T[4]=40[C]"...temp at exit of LP turbine”

“Calculations:”
“See Diagram window for fig.”

P[3]=P[2]

P[5]=P[4]
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P[4]=P_sat(Steam_NBS,T=T[4])“finds P[4]”

s[4]=Entropy(Steam_NBS,x=x[4],P=P[4])“finds s[4]”

h[4]=Enthalpy(Steam_NBS,x=x[4],P=P[4])

s[3]=s[4]

h[3]=Enthalpy(Steam_NBS, T=T[3],s=s[3])“finds h[3]”

P[3]=Pressure(Steam_NBS,T=T[3],s=s[3])“finds P[3]”

h[2]=Enthalpy(Steam_NBS,x=x([2],P=P[2])“finds h[2]”

s[2]=Entropy(Steam_NBS,x=x[2],P=P[2])“finds s[2]”

T[2]=Temperature(Steam_NBS,P=P[2],x=x[2])“finds T[2]”

s[1]=s[2]

h[1]=Enthalpy(Steam_NBS,T=T[1],s=s[1])“finds h[1]”

P[1]=Pressure(Steam_NBS,T=T[1],h=h[1])“finds P[1]”

h[5]=Enthalpy(Steam_NBS,T=T[5],x=x[5])“finds h[5]”

s[5]=Entropy(Steam_NBS,x=x[5],P=P[5])“finds s[5]”

s[6]=s[5]

“Pump Work:”

v_f=VOLUME(steam_NBS,P=P[5],x=x[5])%..sp. vol. of lig. at pump inlet”

w_p=v_f*(P[6]-P[5])“...pump work”

h[6]=h[5]+w_p“finds h[6]”

T[6]=TEMPERATURE(steam_NBS,P=P[6],h=h[6])“finds T6”
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“Turbine Work:”

w_turb=(h[1]-h[2])+(h[3]-h[4]) “..total turbine work”

“Thermal effcy.:”
q_in=(h[1]-h[6])+(h[3]-h[2]) “..heat input®

q_out=h[4]-h[5]

w_net=w_turb-w_p “..net work output”

<

eta_th=w_net/q_in “...thermal effcy”

“Steam rate:”

SSC=3600/w_net“kg/kWh”

4
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Result:

Unit Settings: 51 C kPa kJ mass deqg

g = 0.4264

SSC = 2,366 [ka/kiwh]

wip=15.65 [kJ/kg]

Oin = 3565 [kJikg]
wi = 0.001008 [m3kg]
wiyh = 1536 [kJikg]

Hout = 2045 [kfko]
winet = 1520 [kJfko]

And:
™]: ™= ] 4 [ = [
Sort h; P 5i T; X
[kPa] [C]

[1] 3302 16539 £.322 500
[2] 2800 20949 £.322 21449 1
[3] 3246 2099 7.103 400
[4] 2212 7.381 7.103 40 0.84
[5] 167 .5 7.381 0.6723 40 0
[6] 183.2 16639 0.6723 40.47

Thus:

Reheat pressure = P[2] = 2099 kPa = 20.99 bar ... Ans.

Inlet pressure to HP turbine = P[1] = 15539 kPa = 155.39 bar ... Ans.

Net work output = w_net = 1520 kJ/kg ... Ans.

Thermal effcy. = eta_th = 0.4264 = 42.64% ... Ans.

SSC = 2.368 kg/kWh ...

Ans.
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(b) Plot the cycle on a T-s diagram:

?OO T T T T stealmMBS T T T T
Reheat Rankine cycle
600 1
500 - 1 1
3

__400¢ -

O

2.

— 300} ]
200+ 2 1
100 + 1

O . / . 1 1 . 1 \ 1 . 4
-2.5 0.0 2.5 5.0 7.5 10.0 12.5
s [kJ/kg-K]
(c) Plot Thermal effcy. vs reheat pressure:
First, produce the Parametric Table:
| had
"lth Pz
Run 1 0.4337 1500
Run 2 0.4324 1600
Run 3 0.431 1700
Run 4 0.4298 1800
Run & 0.4236 1900
Run 6 0.4275 2000
Run 7 0.4264 2100
Run & 0.4253 2200
Run 9 0.4243 2300
Run 10 0.4232 2400
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Now, plot the results:

0.434

0.432
0.43

=
£.0.428
0.426

0.424

0422

Thermal effcy. vs Reheat pressure

_ M

P[2] [kPa]

1200 1600 1700 1800 1900 2000 2100 2200 2300 2400

“Prob.3.3.10 Steam enters a steam turbine using reheat cycle at 150 bar and 350 C. The reheat pressure
is 25 bar and exhaust pressure is 0.05 bar. Temp of reheated steam is 300 C. Calculate the cycle efficiency
and power developed for a steam flow rate of 3000 kg/h. [VTU-ATD-Jan.-Feb. 2003]”

—* ]

o r'mgh-l’

Boiler Reheater L Turbing

L
W\, P
% | 2)
| - -
)

Fig.Prob.3.3.10 Ideal Reheat Rankine cycle

Note: T-s diagram is drawn later.
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EES Solution:
“Data:”

P[1]=15000[kPa]....at HP turbine inlet”
P[2]=2500[kPa]“.reheat pressure”

P[3]=P[2]“...at inlet to LP turbine”
P[4]=5[kPa]“...condenser pressure”

P[5]=P[4]"..at inlet to pump”

P[6]=P[1]“..outlet of pump”

T[1]=350[C]*...at inlet to HP turbine”
T[3]=300[C]“.reheat temp... at inlet to LP turbine”

x[5]=0%..at inlet to pump...sat. liq”

!'. b = ! iy St - ?'_--l 1 r____l_ 3 . i : -
1> ¥ o R e $ -
1 = =y s £ -
Delft
e t University of
Technology

Challenge the future
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“Calculations:”

T[4]=T_SAT(steam,P=P[4])“...condenser pressure”

T[5]=T[4]"...inlet to pump”

h[1]=ENTHALPY (steam,T=T[1],P=P[1])“finds h1”

s[1]=ENTROPY (steam,T=T[1],P=P[1])“.finds s1”

s[2]=s[1]*..for isentropic expn. in HP turbine”

h[2]=ENTHALPY (steam,s=s[2],P=P[2])“finds h2”

T[2]=TEMPERATURE(steam,P=P[2],h=h[2])“finds T2”

x[2]=QUALITY(Steam,h=h[2],P=P[2])“finds x2”

s[3]=ENTROPY (steam,T=T[3],P=P[3])“...entropy at state point 3, entry to LP turbine”

s[4]=s[3] ]%...for isentropic expn. in LP turbine”

h[3]=ENTHALPY (steam,s=s[3],P=P[3])“finds h3”

h[4]=ENTHALPY (steam,s=s[4],P=P[4])“finds h4”

x[4]=QUALITY(Steam,h=h[4],P=P[4])“finds x4”

h[5]=ENTHALPY (steam,P=P[5],x=x[5])“finds h5”

s[5]=ENTROPY (steam,P=P[5],x=x[5])“finds s5”

s[6]=s[5]"..for isentropic compression in pump”

“Pump Work:”

v_f=VOLUME(steam,P=P[5],x=x[5])“...sp. vol. at entry to pump”

w_p=v_f*(P[6]-P[5])“...pump work, isentropic”
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h[6]=h[5]+w_p“.enthalpy at state point 6, at exit of pump”
T[6]=TEMPERATURE(steam,P=P[6],h=h[6])“finds T6”

“Turbine Work:”

w_turb=(h[1]-h[2])+(h[3]-h[4])“...combined work of both HP and LP turbines”

“Thermal effcy.:”
q_in=(h[1]-h[6])+(h[3]-h[2])*..heat input”

q_out=h[4]-h[5]“..heat rejected in condenser”
w_net=w_turb-w_p®“...net work output”
eta_th=w_net/q_in“..thermal effcy”

“Power:”

m=3000/3600“kg/s ... mass flow rate of steam”
Power=m * w_net “.net power developed”

Results:

Unit Settings: 51 C kPa kJ mass deg

1 = 0.4008 m = 0.8333 [ko/s]

Ooyt = 1887 [kdfkg] wi = 0.001005 [r‘n3,-"kg]
Wit = 1278 [kd/kg]

Fower = 1052 [kWW]
winet = 1263 [kdfka]

i = 3150 [kdfkg]
wip=15.07 [kfkg]

- [ ™= ] ] - [
Sort hi Pi 5i Ti ‘ %;
[kPa] [C]
[1] 2691 15000 544 350
[2] 2397 2500 544 224 0.7797
[3] 3008 2500 6.642 300
[4] 2025 ] 6.642 3288 0.7789
[5] 137.7 5 0.4761 3288 0
[6] 1628 15000 0.4761 33.26
Thus: Thermal effcy. = eta_th = 0.4009 = 40.09% .... Ans.
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Power developed for a steam flow rate of 3000 kg/h = Power = 1052 kW ... Ans.

Cycle on the T-s diagram:

T00 T T T T T T T T T

G600 - -

2001 100 kEs 2500 kPa 5 kPa

400

T["C]

200 -

100 +

4
12.5

-2.5 | 0.0 | 2.5 5.0
s [kJ/kg-K]

“I studied
English for 16 p
years but... »
...I finally
learned to
speak it in jus
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download

267 Click on the ad to read more
Download free eBooks at bookboon.com



http://s.bookboon.com/EOT

a) Plot eta_th vs HP turbine inlet pressure, P[1]:

Parametric Table:

™| [
Py Ttk
1,10 (kPa]
Fun 1 5000 0.377R
Fun 2 6000 0.3844
Run 3 7000 0.3854
Fun 4 8000 0.3932
Fun & 8000 0.3961
Fun 6 10000 0.3933
Run 7 11000 03959
Fun 8 12000 04009
Fun 9 13000 04015
Fun 10 14000 040145

Now, plot the results:

041

b Thermal effcy. vs HP turbine inlet pressure
0.405 |

Reheat Rankine cycle

04|

0.395 |
= I
= :
039]
0385

038]

0.3?5: - - - . . . . . w
5000 6000 7000 8000 9000 10000 11000 12000 13000 14000
P[1] [kPa]
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b) Plot eta_th vs reheat pressure, P[2]:

Parametric Table:

™ b
P P2 Mth
1.13 [kPal
Run 1 2000 0.3984
Run 2 2500 0.4009
Run 3 3000 04027
Run 4 3500 0.4041
Run & 4000 0.4051
Run 6 4500 0 4058
Run 7 5000 0 4063
Run 8 5500 0 4067
Run 9 6000 04068
Run 10 6500 0 4068
Run 11 7000 0 4066
Run 12 7500 0 4063
Run 13 8000 0.4059
Now, plot the results:
0.41
Thermal effcy. vs reheat pressure |
0.408 Reheat Rankine cycle

0.406

=

= 0.404
0.402

0.4

o@gl» . .. ... ... . ... . ... ...
2000 3000 4000 5000 _ 6000 7000 8000
P[2] [kPa]
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Regenerative Rankine cycle:

Prob.3.3.11 In a regenerative Rankine cycle, with one open feed water heater (FWH), steam enters
the first turbine stage at 12 MPa, 520 C and expands to 1 MPa, where some of the steam is extracted
and diverted to the open FWH operating at 1 MPa. The remaining steam expands through the second
turbine stage to the condenser pressure of 6 kPa. Sat. liquid exits the open FWH at 1 MPa. For isentropic
processes in turbines and pumps, determine for the cycle (a) thermal efficiency (b) fraction of steam
entering the first turbine stage that is diverted to the open FWH, and (c) the mass flow rate of steam

entering the first turbine stage, if the net power output is 330 MW. [Ref: 3]

®

-
|

Turhine

Boiler
Q

Open
FWH
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5
Fig.Prob.3.3.11 (a) Ideal regenerative Rankine cycle with one open FWH, and (b) T-s diagram

EES Solution:
“Data:”

P[1]=12000[kPa]..at entry to first stage turbine”
P[2]=1000[kPa]“..at exit of first stage turbine, and inlet of second stage turbine, inlet to open FWH”
P[3]=6[kPa]“...at exit of second stage turbine, inlet to condenser”
P[4]=P[3]” exit of condenser, inlet to pump-1”

P[5]=P[2]” exit of pump-1,inlet to open FWH, sat. liq”
P[6]=P[5]"..exit of open FWH, sat. liq., inlet to pump-2”
P[7]=P[1]*..exit of pump-2, inlet to boiler”

T[1]=520[C]

x[4] = 0“..sat. lig”

x[6] = 0. .sat. liq”

Power = 330E03“kW...total power developed”

271
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“Calculations:”

h[1]=ENTHALPY (steam,T=T[1],P=P[1])“finds h1”

s[1]J=ENTROPY (steam,T=T[1],P=P[1])“.finds entropy”

s[2]=s[1]..for isentropic expn. in first stage turbine”

h[2]=ENTHALPY (steam,s=s[2],P=P[2])“finds h2”

T[2]=TEMPERATURE(steam,P=P[2],h=h[2])“finds T2, after expn in first stage”

x[2]=QUALITY (Steam,h=h[2],P=P[2])“finds x2”

s[3]=s[2]" for isentropic expn in second stage turbine”

s[4]= ENTROPY (steam,T=T[4],x=x[4])“.finds entropy”

h[3]=ENTHALPY (steam,s=s[3],P=P[3])“finds h3”

x[3]=QUALITY (Steam,h=h[3],P=P[3])“finds x3, Quality of steam entering the Condenser”

h[4]=ENTHALPY (steam,x=x[4],P=P[4])“finds h4”

T[4]=T_SAT(steam, P=P[4])“finds T4”

s[5]=s[4]"...isentr. comprn. in pump-1”

h[5]=ENTHALPY (steam,s=s[5],P=P[5])“finds h5”

T[5]=TEMPERATURE(steam, P=P[5],s=s[5])“finds T5”

T[6]=T_SAT(steam, P=P[6])“finds T6”

h[6] = ENTHALPY (steam,x=x[6],P=P[6])“finds h6”

s[6]=ENTROPY (steam,T=T[6],x=x[6])“.finds entropy”

s[7] = s[6] “..for isentropic comprn in pump-2”

“At point 2, fraction ‘y’ is diverted to Open Feed water heater, and (1- y) expands in second stage turbine
to T3”
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“Heat balance around the Open FWH:”

y*h[2]+(1- y) * h[5] = h[6]“finds y

T[7]=TEMPERATURE(steam, P=P[7],s=s[7])“finds T7”

h[7] = ENTHALPY (steam,s=s[7],P=P[7])“finds h7”

“Pump-1 Work:”

v_f1=VOLUME(steam,P=P[4],x=x[4])“..m~"3/kg...sp. vol. of liq. at entry to pump-1”

w_pl=(1-y) * v_fl1 * (P[5]-P[4])“.k]J/kg .... work input to pump-1”
p Yy g p pump

“Pump-2 Work:”

v_f2 = VOLUME(steam,P=P[6],x=x[6])...m~"3/kg ... sp. vol. of lig. at entry to pump-1”

w_p2=v_{2 * (P[7]-P[6])“.k]/kg .... work input to pump-2”
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“Turbine Work:”

w_turbl=(h[1]-h[2])“k]/kg .... work output of stage-1 of turbine”

w_turb2=(1-y) * (h[2]-h[3])“k]/kg .... work output of stage 1 of turbine”

w_turbtotal=w_turbl+w_turb2“kJ/kg .... combined work output of stage 1 an 2 of turbine”

“Thermal effcy.:”
q_in=(h[1]-h[7])“k]J/kg ... heat supplied”

q_out=(1-y)*(h[3]-h[4])“k]/kg ... heat rejected”

w_net=w_turbtotal-(w_pl+w_p2)“kJ/kg ... net work output”

eta_th=w_net/q_in“..thermal effcy”

“Specific Steam Consumption (SSC):”

SSC=3600/w_net“kg/kWh”

“Mass flow rate of steam for a net power output of 330 MW:”

m_steam = Power / w_net “kg/s”

Results:

Unit Settings: 51 C kPa kJ mass deqg

Nih = 0.4554 Mateam = 275.8 [kods] Power = 330000 [ki]
Qi = 2627 [kl/ka] Qout = 1430 [kdfkg] S50 = 3.009 [kg/kih]
vy = 0.007006 [mk] wip = 0.001127 [mkg] et = 1196 [kdkg]
wipy = 0.7666 [kdikg] wpo = 12.4 [klfkg] Wikl = 538 [kdfkg]
bz = 571.5 [kdfka] W ybtats = 1210 [kdfka] y=0.2337
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Also:

1 ™| |- ] [l 5 [
Sort hi P 5i Ti %
[kPa] [C]
[1] 3402 12000 6.556 520
[2] 2764 1000 6.556 179.9 0.9932
[3] 2018 B G.556 0.773
[4] 151.5 B 0.5208 3617 1]
[5] 152.5 1000 0.5208 36.19
[6] 7629 1000 2139 179.9 i}
[7] 7752 12000 2.139 181.4

Thus:

Thermal effcy. = eta_th = 0.4554 = 45.54% ... Ans.

Fraction of steam flowing in to the HP turbine that is diverted to open FWH = 0.2337 ... Ans.

Steam flow rate required for a net power output of 330 MW = m_steam = 275.8 kg/s .... Ans.

(b)Plot eta_th and fraction ‘y’ for various feed water heater pressures, ranging from 0.5 to
1.5 MPa:

First, compute the Parametric Table:

b o ™
P Ps Mth ¥
1.1 [kF'EI]
Run 1 500 0.4545 0.1966
Run 2 600 0.4549 02061
Run 3 700 04552 0.2143
Run 4 800 04553 0.2214
Run 5 900 0.4554 02279
Run 6 1000 0.4554 0.2337
Run 7 1100 04554 0.239
Run @ 1200 04554 0.244
Run 9 1300 0.4553 0.2486
Run 10 1400 0.4551 02529
Run 11 1500 0.455 0.257
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Now, plot the results:
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Fraction 'y' through the FWH vs FWH pressure
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Prob.3.3.12 In the regenerative Rankine cycle of Prob.3.3.11, include the isentropic efficiencies of both
the turbines and both the pumps, and calculate thermal efficiency and the fraction y’ flowing through
the open FWH. Take all isentropic efficiencies as 0.8.

—

@ Turbine

‘ Boiler
LR

Cpen
FWH
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Fig.Prob.3.3.11 (a) Actual regenerative Rankine cycle with one open FWH,
and (b) T-s diagram

EES Solution:
“Data:”

P[1]=12000[kPa]...at entry to first stage turbine”

P[2]=1000[kPa]..at exit of first stage turbine, isentropic”

P[3] = P[2]“...actual exit of turbine-1, inlet to open FWH”

P[4]=6[kPa]“...at isentropic exit of second stage turbine”

P[5]=P[4]” actual exit of second stage turbine, and inlet to condenser”

P[6]=P[4]” exit of condenser, sat.liq., inlet to pump-1”

P[7]=P[2]"..isentropic exit of pump-1”

P[8] = P[7] “actual exit of pump-1, and inlet to open FWH”

P[9] = P[8]“...exit of open FWH, sat.liq., inlet to pump-2”

P[10] = P[1] “..isentropic exit of pump-2”

P[11] = P[10] “.actual exit of pump-2, inlet to boiler”

T[1]=520[C]

x[6] = 0%..sat. lig”
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x[9] = 0“..sat. lig”

eta_turbl = 0.8%.isentropic effcy. of turbine-1”
eta_turb2 = 0.8“.isentropic effcy. of turbine-2”
eta_pumpl = 0.8“.isentropic effcy. of pump-1”
eta_pump2 = 0.8“.isentropic effcy. of pump-2”
Power = 330E03“kW...total power developed”

“Calculations:”

h[1]=ENTHALPY (steam,T=T[1],P=P[1])“finds h1”
s[1]=ENTROPY (steam,T=T[1],P=P[1])“.finds entropy”

s[2]=s[1]"..for isentropic expn. in first stage turbine”
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h[2]=ENTHALPY (steam,s=s[2],P=P[2])“finds h2”
T[2]=TEMPERATURE(steam,P=P[2],h=h[2])“finds T2, after isentr. expn in first stage”
x[2]=Quality(Steam,T=T[2],h=h[2])“..quality after isentr expn in turbine-1 stage”
w_turbl_isentr=(h[1]-h[2])“k]/kg ....isentropic work output of stage-1 of turbine”
w_turbl=(h[1]-h[2]) * eta_turb1“k]/kg ....actual work output of stage-1 of turbine”

h[3] = h[1] - w_turbl “kJ/kg .... enthalpy at state point 3”
T[3]=TEMPERATURE(steam,P=P[3],h=h[3])“finds T3, after actual expn in first stage turbine”
s[3]=ENTROPY (steam,h=h[3],T=T[3])“.finds entropy at point 3”
x[3]=Quality(Steam,T=T[3],h=h[3])“..quality after actual expn in turbine-1 stage”

s[4] = s[3] “..isentr. expn. in stage-2 of turbine”

h[4]=ENTHALPY (steam,s=s[4],P=P[4])“finds h4, after isentr. expn in stage-2”
w_turb2_isentr=(h[3]-h[4])“k]/kg ....isentr work output of stage-2 of turbine”

w_turb2= w_turb2_isentr * eta_turb2“k]J/kg ....actual work output of stage-2 of turbine”

h[5] = h[3] - w_turb2 “kJ/kg .... enthalpy at state point 5”
T[4]=TEMPERATURE(steam,P=P[4],h=h[4])“finds T4, after isentr expn in second stage turbine”
T[5]=TEMPERATURE(steam,P=P[5],h=h[5])“finds T5, after actual expn in second stage turbine”
s[5]=ENTROPY (steam,h=h[5],T=T[5])“.finds entropy at point 5”
x[4]=Quality(Steam,T=T[4],h=h[4])“..quality after isentr expn in turbine-2 stage”
x[5]=Quality(Steam,T=T[5],h=h[5])“...quality after actualr expn in turbine-2 stage”
T[6]=T_SAT(steam, P=P[6])“finds T6”

s[6]= ENTROPY (steam,T=T[6],x=x[6])“.finds entropy”
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s[7] = s[6] “..for isentr compression in pump-1”

h[6]=ENTHALPY (steam,x=x[6],P=P[6])“finds h6, at exit of condenser, and entry to pump-1”
v_f6 = Volume(Steam,x=x[6],P=P[6])“...m~"3/kg...sp. vol. of liq. at point 6, entry to pump-1”
w_pl_isentr = v_{6 * (P[7] - P[6]) “kJ/kg ....isentr work required for pump”

w_pl = w_pl_isentr / eta_pumpl “kJ/kg ... actual work of pump-1"

h[7] = h[6] + w_p1_isentr “kJ/kg ... enthalpy at isentr exit of pump-1”

h[8] = h[6] + w_pl “kJ/kg .... enthalpy at actual exit of pump-1”
T[7]=TEMPERATURE(steam,P=P[7],h=h[7])“finds T7, after isentr comprn in pump-1”
T[8]=TEMPERATURE(steam,P=P[8],h=h[8])“finds T8, after actual comprn in pump-1~
s[8]=ENTROPY (steam,h=h[8],T=T[8])“.finds entropy at point 8”

“At point 3, fraction ‘y’ is diverted to Open Feed water heater, and (1- y) expands in second stage turbine
to T5”

“Heat balance around the Open FWH:”
h[9] = ENTHALPY (steam,x=x[9],P=P[9])“finds h9”

y = (h[9] - h(8]) / (h[3] - h[8])*finds y”

T[9]=T_SAT(steam, P=P[9])“finds T9”

s[9]= ENTROPY (steam,T=T[9],x=x[9])“.finds entropy”

s[10] = s[9] “..for isentr. comprn in pump-2”

v_f9 = Volume(Steam,x=x[9],P=P[9])“...m~3/kg...sp. vol. of lig. at point 9”
w_p2_isentr = v_{9 * (P[10] - P[9])“k]/kg ... isentr work of pump-2”
w_p2 = w_p2_isentr / eta_pump2 “kJ/kg ... actual work of pump-2”

h[10] = h[9] + w_p2_isentr “kJ/kg ... enthalpy at isentr exit of pump2”
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h[11] = h[9] + w_p2 “kJ/kg .... enthalpy at actual exit of pump-2”
T[10]=TEMPERATURE(steam,P=P[10],h=h[10])“finds T10, after isentr comprn in pump-2”
T[11]J=TEMPERATURE(steam,P=P[11],h=h[11])“finds T11, after actual comprn in pump-2”
s[11]=ENTROPY (steam,h=h[11],T=T[11])“.finds entropy at point 11”

“Turbine Work:”

w_turbtotal=w_turb1+(1 - y) * w_turb2“k]/kg .... combined work output of stage 1 an 2 of turbine”

“Thermal effcy.:”
q_in=(h[1]-h[11])“k]/kg ... heat supplied”

q_out=(1-y) * (h[5]-h[6])“k]/kg ... heat rejected”
w_net=w_turbtotal-(w_p1* (1 - y) + w_p2)“kJ/kg ... net work output”

eta_th=w_net/q_in“..thermal effcy”

one
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“SSC:”

SSC=3600/w_net“kg/kWh”

“Mass flow rate of steam for a net power output of 330 MW:”

m_steam = Power / w_net “kg/s”

Results:

Unit Settings: 51 C kPa kJ mass deqg

Npumpt = 0.8

Mt = 0.8

Fower = 330000 [kA]
55C = 3664 [kgMkWwh]
winet = 985.2 [kdika]
wipz =185 [kdfka]
Wk isentr = 638 [kdfkd]

Npump2 = 0.8

Ntz = 0.8

Gl = 2624 [KJ/k]
wig = 0.001006
w1 = 1.257 [kd/kg]

Wn2 isentr = 12.4 [kdfka]
wyhz = B32.1 [kdfkg]

n = 0.3755

Migteam = 930 [ko/s]

Cout = 1639 [kiki]

wpg = 0.001127

ol izent = T [kdfkg]
wiyh = 51004 [kdfkg]
W2 jsentr = /90.1 [kdfkg]

Wyrbtatal = 1002 [kfkg] y =228
And:
- hal e B P ™= b
Sort i Pi Si i X
[kPa] [C]
[1] 3402 12000 6556 520
[2] 2764 1000 6556 179.9 0.9932
[3] 2892 1000 6625 227 B 100
[4] 2102 b 6825 3617 0.8075
[5] 2260 B 7336 3617 0.8729
[6] 1514 B 05208 3617 0
[7] 1525 1000 05208 36.19
[8] 16527 1000 05216 36.25
[9] 7629 1000 2139 179.9 0
[10] 7763 12000 2139 181.4
[11] 77a4 12000 2146 182 2
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Thus:

When the isentropic efficiencies of both the turbines and pumps are taken in to account,

Thermal effcy. = eta_th = 0.3755 = 37.55% .... Ans.

Fraction y passing through the open FWH =y = 0.2228 ....Ans.

Mass flow of steam for a net output of 330 MW = m_steam = 335 kg/s ... Ans.

Note: Compare these values with those obtained in Prob. 3.3.11, where all the isentropic efficiencies

were 100%.

(b)Plot eta_th and fraction ‘y’ for various feed water heater pressures, ranging from 0.5 to 1.5
MPa:

First, compute the Parametric Table:

|z e ™
P Ps Mth ¥
1.1 [kPa]
Run 1 500 0.374 01852
Run 2 600 0.3745 0.1947
Run 3 700 0.3749 0.2029
Run 4 800 0.3752 0.2102
Run &5 500 0.3754 02163
Run & 1000 0.3755 02223
Run 7 1100 0.3756 0.2283
Run @ 1200 0.3756 0.2333
Run 9 1300 0.3755 0.2381
Run 10 1400 0.3754 02425
Run 11 1500 0.3753 0.2467
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Now, plot the results:

Vapour Power Cycles

0376 ———— — —
Thermal effcy vs open FWH pressure
Actual, regenerative Rankine cycle
0.3755
= I
= 0375
0.3745 |
0374 . — : : : NN
500 700 an 1100 1300 1500

0
P[2] [kPa]
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0.26

L Mass fraction 'y' through the open FVWH vs FVWH pressure
0.25 [—Actual, regenerative Rankine cycle

0.24
0.23 -
0.22 -
021 -

0.2 -

0.19

0.18 A

500 700 900 1100 1300 1500
P[2] [kPa]

c) Plot the cycle on T-s diagram in EES:

We first get the Property plot for Steam, and then overlay the T-s diagram over it using the Array
Table:

0, o e
600 - .
500+ 8
— 400+ .
o
: 300 I 12000 ¥Pa |
s 1
200 * a 1000 kPa
100+ g .
g 0 }5 : 5 kPa 4
-2.5 0.0 25 50 12.5
s [kJ/kg-K]
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“Prob. 3.3.13 In a regenerative Rankine cycle of Prob. 3.3.11, include the isentropic efficiencies of both
the turbines and both the pumps, and calculate thermal efficiency and the fraction y’ flowing through
the open FWH. Take all isentropic efficiencies as 0.8 Use the Diagram Window in EES to enter input

variables.”

EES Solution:

The EES program is the same as used for Prob.3.3.12.
But, now make inputs from the Diagram Window of EES.
See Prob. 3.3.3 for the detailed procedure and steps.

Diagram window looks as follows, with data as given in previous problem:

_-—"-_.-.-._.
T, 5520} (C1 _
' P, ={12000] kP2 Furbine
.*‘ |‘4-I'|J.1L'1

= = TU00 | [KHal
+ T

\l} Open @[E}
+_V_{?hu—;p-—l—i— it ! 1"umii
O® A G ®0 A

Naump2 0.8 Nrwrmpt g

1 08| ez

v

=+

Enter the Input variables in the diagram above:
And click on Calculate button, Output Results:
nm = 0.3755
Qi — 2624 [kd/kq]
Wit = 985 2 [K/kg]
Wit = 9 10.4 [kd/kg]

Wiyrhe — 032.1 [kd/kg]

Wy = 1251 [kdikg]

We2 = 15.5 [kd/kg]
% =09932 X3 =100
% =08075 ¥s=08729

Note in the above: quality, x[3] = 100 means that it is in the superheated region.
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Now, we shall change the data as:

Turbine inlet pressure, P[1] = 14000 kPa, P[2] = 1000 kPa, condenser pressure, P[4] = 10 kPa, T[1] =

600 C, all isentropic efficiencies as 90%.

First, make these changes in the Diagram window when it is in ‘development mode’ (i.e. when the
Diagram window tool bar is visible). Then, change the Diagram window to the ‘Application mode’ by

pressing (control + D), and the tool bar disappears, Now, click on the ‘Calculate’ button, and we get:

Nturp1 Mooz :
— | f =P

Turhine b}
%
A@

P.10]1Pal

L

d‘; 71 4500]ic]
Hy k3]
P- = 1000] [kPa]
By » T

Open @ ( ;
FWH —
|rfl’u|n|1

g1 I.f:} AL/ (B
“:urn::i Npremnt

| !‘iuih:r

Condenser

Enter the Input variables in the diagram above:

Output Results:
nn = 04214
gin = 2811 [kJikg]
Wret = 1185 [kJikg]
Wiyrn = B676.7 [kJikg]
W = 664 .2 [kd/kg]

And click on Calculate button:

g = 1.111 [kdikg]

wyo — 16.28 [klikg]
100 ¥3 =100
08204 ¥z = 0.6602

X

]

X

i
ik

Now, observe from Output Results that values of eta_th etc. have changed. Quality = 100 indicates

‘superheated region’.

Thus, calculation with Diagram window inputs is very convenient.
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34 Problems solved with TEST:

Prob. 3.4.1 A reheat cycle has the first stage supply conditions of 70 bar, 500 C. The reheat is at 3 bar
and to the same temp. (i) Given that the efficiency of the first turbine is 80%, how much energy is added
per kg of steam in reheat coils? (ii) Assume that the expansion efficiency exists in the second turbine.

What is the thermal effcy. if the condenser pressure is 0.03 bar? [VTU-ATD-June-]July, 2008]

Boiler Reheater @ urbine

3 | :é@

r !

Condenser

F 3
F 3

mp
@
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Fig.Prob.3.4.1(a) Actual Rankine cycle with reheat, and (b) T-s diagram

TEST Solution:
Following are the steps:

16. From the TEST daemon tree, select the “‘Vapour Power and Gas Power cycles’ daemon:

i B35 Buad Closed Cpen =
: i_'-_'_ ed il | Flonse Stiabaes
\_Tabies Oeakia! Converter, |
—_— | |
Unsteady Clased Proresses - Open-Steady Systems

I | Open Procosson
| 1
Generic Specific

" \Meady Cygles)
spacitic Generit

| i I i
| Liniform Systems [ | Nen-tinitarm Non-Mixing | | Non-Uniform Somi Mixing | | Wom-Lnifumy Mi?‘:"ki

-

q

on i
Feychrometry |

| Reciprocating Cycles | | rombustion and Chemical Equilibrim |

[ ] |
| Sinple-Flaw .‘wtlﬁm*:] | Non-Mixing Multl-Haw bystems I | Misting Mulrl-Flow Systems

=~

Paychinmetry

| Vapor Compreszlon and Combustion and
Gas Hefrigeration Tycles Chemical Equilibrom

[ |

Vapor Power and
Gas Power Cycles

ZE

e Oypamice
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Vapour Power Cycles

17. Clicking on ‘Vapour Power and Gas Power cycles” brings up the window for material

selection.
Open Pawes-Cycle Daemons: Select a Material Model to Launch
Vapor {Steam ) Fower Cycles Gas Power Cycles Combined Cyclas

) — 1

‘ ™ & | ~
i -
{22 Model ) | IZ_‘E [ .
Navigation P badel! PG Mads))

Ture Gas Modsis

Zes Mbxturs Models

i
I —ul
i""..-"n ™

-__"'b-r".- [ -
i's » WET Pt g e
| .= ponat ‘E.".- RT J:.'IH'LF;J | = Frond
| : -Fat . sm
e Mude) 13 M) s winise) r-b el

360°
thinking.

Discover the truth at www.deloitte.ca/careers
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Hovering the mouse pointer over ‘Vapor (Steam) Power Cycles, brings up the following explanatory

message:

crafi fp
Ve P Opnem Parwhor Cyaln Barmen -
Baiform fmass, efargy, satropy, and Sycle analysis of an open-powar Sycle (Brayton oyl &7 |18 medificaben, Kanking cyele & its

erchds i eedy, ] comdeioe! Sycln L Opaen el Eycletl dio sl dosedd s Cleagaleel 8§ anel 9

Thp PE [Phamar SHampd | Muckel: The plvamss-ctiammgn {P0 moikd e b s Bo dlotoproee meeli -6 mabint {cmnmipeomed Jogaed ), aalos atiod] mestiee {of

saturaved liguid and saturated vapar phates), super-heated Vapor and aven supencritical gtates, ThHe saturabion and suber-heated tables; and the
compregsed-quid sub omogdel are usyally used for mose stace gvaluanons, For super crinicat staces, TEST employe 3 spacial slgonthm whils
comprassed Bplld tables ank died by specins marked with o astansk [HID®™ a8 opposed to F20),

incliy Auiell sy ool FONE, RB-32, fE, B 1350, N2 GO7, o, sVioudt] b proatud as v Aokds (F U B iy posiidsilliy of 5 pheiges troaaiton; Tk B
migdel g discessed h Chapter 3

18. Click on “Vapor (Steam) Power Cycles, and H20 is selected by default for working
substance. Fill in the conditions for State 1, i.e. state at entry to compressor:
pl= 7000 kPa, T1= 500 C, and mdotl = 1 kg/s. Press Enter. Immediately, all properties at

State 1 are calculated:

WEVE MIUSe (R &Il

Gmixed © 3l CEngish  cfe0me0 ¥ »| W HepMessageson ' Suwer itk

19. For State 2: Enter p2, s2 = sl (for isentropic process 1-2), and mdot2 = mdotl. Hit Enter.
We get:

A Miked- B CEnghsn. o« Iﬂt‘-awn “ Suipor-oala m | Lownt | m
AR ST

|
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20. For State 3: It represents the state after actual expansion, taking in to account the isentropic
effcy. of turbine. Enter p3 = p2, h3 = hl - (h1 - h2) * 0.8 where 0.8 is the turbine effcy. and
mdot3 = mdotl. Hit Enter. We get:

S Mixed Ol CEnglan < [Bcasen v | T repmesssgeson  suecness | [EEEEmd 2D

TiRsice | peil) |

Morew RIS v witfable lo QU It vitbue welll inore preckin

 Mixed Bl T Enghsh

E Mixed T8I T English
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23. For State 6: i.e. actual exit of turbine-2: Enter p6 = p5, h6 = h4 - (h4 - h5) * 0.8 where 0.8 is
isentropic effcy. of turbine. And mdot6 = mdotl. Hit Enter. We get:

@ Mixed © S| CEnglish < focased w o[ Fhepmessapeson  swenrne| ENpemr BN BT
k 18 y !

Staatar Pane

24. For State 7: i.e. entry to pump: Enter p7 = p6, x7 = 0 (for sat. liq.), and mdot7 = mdotl.
Hit Enter. We get:

= Mixed- 5 O English

25. For State 8: i.e. exit of pump: Enter p8 = p1, s8 = s7 (for isentropic compression 7-8), and
mdot8 = mdotl. Hit Enter. We get:

= Mixed- © 8l English ﬂimna.n :"-ﬂ ¥ lalp Meassagea On Sipar-erats

State Panel : ] T '] | N iy | — |
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Vapour Power Cycles
26. Now, go to Device panel. For device A, enter State 1 and State 3 for il-state and el-state
respectively. Also, since there is only one stream select Null state for i2-state and e2-state.

And Qdotl = 0 since in this process there is no external heat transfer. Hit Enter. We get:

Rlurses dpcuimie rmar il wadinilin In diogiey Recelue sl i jeecionn
= Mixed. 50 T Englsn j'@c.-m s 13| Holp Messages On
{ Detice Ponel |

fbeeans v

Steady Multi-Flow Mixing Device - &
Mass, Engrgy, amnd Bribro by Equistions . T | L) Stite:- Nyl
ikl e bzl ‘ £ | Ir indic-ates That

B-—-Eri'q.1+-ﬂ'ﬁ'ﬂ)4[}ﬂﬂ+??'rm} | 2 part i closed

0 = (g gy 410 Jig )= (0, Ly + 10,0 00 )+ Q= Wy, TH— ;
3 e 3 i Busss :Winﬂlr:! [
) E S Witk by el e

e
I['I":r:l"iil +* mr?? ( A +m¢ w2 + }:*” = 0 | Hizal in positive

Note that work of Turbine-1 is 611.2383 kW.

27. Similarly for Device B: enter State 3 and State 4 for il-state and el-state respectively. Also,
since there is only one stream select Null state for i2-state and e2-state. And, Wdot_ext = 0

since for this process no external work transfer occurs. Hit Enter. We get:

Viidol sl = 81712383 KoY [Exiunial ek Banhe fal]
W Mixed: Bl 7 English _-r{'-ﬂﬁ:mll ] v:_:j T Hodp Missages On | Sy Colotadin Sagmer dniticnlire

Dievicn Parnd |

Note that Qdot for process 3-4 is amount of reheat = 686.9116 kW (Ans.)
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28. And, for Device C: enter State 4 and State 6 for i1-state and el-state respectively. Also, since
there is only one stream select Null state for i2-state and e2-state. And, Qdot = 0 since for

this process no external heat transfer occurs. Hit Enter. We get:

Mgid IOLSE DT & vaBEbIE 10 dAaotiy H vale WAR more AN

FMixed sl CEnglisn  <|Ecssed W > | P MelpMessagesOn Sudernerate |

| Device Pansl | | |
m IIJa‘.m{l-Hr v { I~ MonRIIng 5 Mo Device
#FIL :le| a4 o | g e pg,,u. - ; SI Hlie A o -JFI ||i| Hull -\-|
gl aat Sdof_ger
AT AT ¥
Jefat_net Sdnr_,nar

Note that work output of Turbine-2 is: 812.438 kW.
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29. And, for Device D: enter State 6 and State 7 for il-state and el-state respectively. Also, since
there is only one stream select Null state for i2-state and e2-state. And, Wdot_ext = 0 since

for this process no external work transfer occurs. Hit Enter. We get:

Weul e = 812 43208 BN [Euburrrad wimh Bsiieatuy ol

8l T Enghsh jmm-a U-LI  Hedp Massagas On

Davice Pangl | ok o |

Note that process 6-7 is heat removal in condenser; heat removed is: 2572.4763 kW.

30. Now, for Device E: enter State 7 and State 8 for il-state and el-state respectively. Also, since
there is only one stream select Null state for i2-state and e2-state. And, Qdot = 0 since for

this process (in the pump) no external heat transfer occurs. Hit Enter.

@ Mixed 5l TEnglish  f[SCased w| x| ¥ HelpMessages On Supersieraie

super Indtiafize

| Device Pl | W1 48 |

13 Mg Device

Note that pump work is 7.01413 kW (Ans.)

31. And, for Device F: enter State 8 and State 1 for il-state and el-state respectively. Also, since
there is only one stream select Null state for i2-state and e2-state. And, Wdot_ext = 0 since
for this process (in the boiler) no external work transfer occurs. Hit Enter.

And, SuperCalculate.

* Mixed 81 T Englizh _»1m.aeé-u u_d ¥ Help Messages On

Meraicis Pamed
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Note that heat supplied in boiler is Qdot = 3302.2275 kW.

Vapour Power Cycles

32. Now, go to cycle panel. It gives the major parameters of this cycle:

Wriah et =00 WY [Edanmal work ranstes rate]

& Mixed T Bl C Englsh

L

Jhl::mll-l'i " d v Ml Misisiasgesn On

Zugei-tridn l

Cyche Panel

Somprr Caalenleste

T_imax Timin
i . - A

Wt it Cat_el

RSN v [EERGETN w | FEESEE
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0 Overall Cycle Equations (n devices):
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We observe that Wdot_net = 1416.6628 kW, eta_th = 35.513% ... Ans.

33. From the Plots widget, choose T-s diagram, and we get:

Wit
ota. 1

- BESTT

WanHip:
Wouss et
Flegal b sl inggs
[ IO
apud 1, e all
pusifine watl sulwcripts

Indiciting direction

T.K (-4.511,971.905 )
850.46
T8
209.83
-1.69 s, kd/kg.K
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34. I/O panel gives the TEST code etc:

B o i i i i i i OUTPUT OF SUPER-CALCULATE

# Daemon Path: Systems>Open>SteadyState>Specific>PowerCycle>PC-Model; v-10.cb01

fommm oo Start of TEST-code ---------mmmmmmm oo
States {

State-1: H20;

Given: { pl= 7000.0 kPa; T1= 500.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 1.0 kg/s; }
State-2: H20;

Given: { p2= 300.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= “mdot1” kg/s; }

State-3: H20;

The Wake

the only emission we want to leave behind

Low-speed Engines Medium-speed Engines Turbochargers Propellers Propulsion Packages PrimeServ

The design of eco-friendly marine power and propulsion solutions is crucial for MAN Diesel & Turbo.
Power competencies are offered with the world’s largest engine programme — having outputs spanning
from 450 to 87,220 kW per engine. Get up front!

Find out more at www.mandieselturbo.com

Engineering the Future — since 1758.

MAN Diesel & Turbo
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kg/s; }

kg/s; }

Given: { p3= “p2” kPa; h3= “h1-(h1-h2)*0.8” kJ/kg; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “mdot1”

State-4: H20;

Given: { p4= “p3” kPa; T4= “T1” deg-C; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= “mdot1” kg/s; }

State-5: H20;

Given: { p5= 3.0 kPa; s5= “s4” kJ/kg.K; Vel5= 0.0 m/s; z5= 0.0 m; mdot5= “mdot1” kg/s; }

State-6: H20;

Given: { p6= “p5” kPa; h6= “h4-(h4-h5)*0.8” kJ/kg; Vel6= 0.0 m/s; z6= 0.0 m; mdot6= “mdot1”

State-7: H20;

Given: { p7= “p6” kPa; x7= 0.0 fraction; Vel7= 0.0 m/s; z7= 0.0 m; mdot7= “mdot1” kg/s; }

State-8: H20;

Given: { p8= “p1” kPa; s8= “s7” kJ/kg.K; Vel8= 0.0 m/s; z8= 0.0 m; mdot8= “mdot1” kg/s; }

Analysis {

Device-A: i-State = State-1; e-State = State-3; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-B: i-State = State-3; e-State = State-4; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Device-C: i-State = State-4; e-State = State-6; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }
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# State
#01
#02
#03
#04
# 05
# 06
#07
# 08

# Cycle
#
#
#
#

Device-D: i-State = State-6; e-State = State-7; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Device-E: i-State = State-7; e-State = State-8; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-F: i-State = State-8; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Property spreadsheet starts:

p(kPa) T(K) x v(m3/kg) u(kJ/kg)
7000.0 773.2 0.0481 3073.29
300.0 406.7 1.0 0.5837 2471.1
300.0 4414 0.6639 2599.86
300.0 773.2 1.1867 3129.94
3.0 2972 1.0 44.292 2337.61
3.0 365.8 56.178 2504.97
3.0 297.2 0.0 0.001 101.02
7000.0 297.2 0.001 101.02

Analysis Results:

h(kJ/kg)
3410.27
2646.22
2799.03
3485.94
2470.39
2673.5
101.02
108.04

s(kJ/kg)
6.797
6.797
7.163
8.325
8.325
8.771
0.354
0.354

Calculated: T_max= 773.15 K; T_min= 297.22644 K; Qdot_in= 3989.1392 kW;
Qdot_out= 2572.4763 kW; Wdot_in= 7.01413 kW; Wdot_out= 1423.677 kW;

Qdot_net= 1416.6628 kW; Wdot_net= 1416.6628 kW; Sdot_gen,int= -4.75151 kW/K
eta_th= 35.513 %; eta_Carnot= 61.55643 %; BWR= 0.49268 %;

]

#00o*CALCULATE VARIABLES: Type in an expression starting with an ‘=" sign (‘= mdot1*(h2-h1);
‘= sqrt(4*A1/PI)) etc.) and press the Enter key)*++o0t*

#Reheat = (h4-h3) =h4-h3 = 686.91162109375 kW; Thermal effcy. = 35.51%....(Ans.)
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(b) Plot the variation of eta_th and Wdot_net with reheat pressure (P2); vary P2 from 3 bar to 33 bar:
The procedure is quite simple:

i. Go to State 2 in the States panel, change the value pf P2 to desired value

ii. Click on Calculate and then SuperCalculate.

iii. Go to Cycle panel read off the values of eta_th and Wdot_net

iv. Repeat this procedure for the next value of P2

v. Tabulate the values of P2 and eta_th and Wdot_net, and plot the graphs using EXCEL

Following are the results:

P2 (kPa) | Wdot_net (kW) eta_th (%)
300 1416.6628 35513
800 1373.5829 35.807
1300 1338.7622 35.742
1800 1308.7335 35.587
2300 1281.5952 35392
2800 1258.3715 35.21
3300 1235.8524 35.0
3800 1216.2567 34.815
4300 1196.2806 34.6
4800 1178.3009 34.404

> RBS Group

CAREERKICKSTART

An app to keep you in the know

Whether you're a graduate, school leaver or student, it’s a difficult time to start your career.

So here at RBS, we’re providing a helping hand with our new Facebook app. Bringing together
the most relevant and useful careers information, we’ve created a one-stop shop designed

to help you get on the career ladder — whatever your level of education, degree subject or
work experience.

And it's not just finance-focused either. That's because it's not about us. It's about you.
So download the app and you’ll get everything you need to know to kickstart your career.

So what are you waiting for?

Click here to get started.
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Now, plot the results in EXCEL:

Net power developed vs Reheat pressure
for actual, reheat Rankine cycle

1300 ~

1400 -

(kwr)

1300 -+

Wdot_net

1200 -+

11':“:' T T T T T T T T T
300 800 1300 1800 2300 2ZBOO 3300 3800 4300 4800

Reheat pressure (kPa)

Thermal effcy. vs Reheat pressure
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Prob.3.4.2 In an ideal reheat, regenerative cycle,the HP turbine receives steam at 20 bar, 300 C. After
expansion to 7 bar, the steam is reheated to 300 C and expands in an intermediate pressure turbine to 1
bar. A fraction of steam is now extracted for feed water heating in an open type feed water heater. The

remaining steam expands in a low pressure turbine to a final pressure of 0.05 bar. [VTU]

Determine:

a) Cycle thermal effcy. (b) SSC in kg/kWh (c) Quality of steam entering the condenser

1kg 20 bar, 300 C

Boiler

Superheater 7 bar
SRy —

Condenser

¢

0.05 bar

(1-m) kg
0.05 bar

Fig.Prob.3.4.2. Regenerative Rankine cycle with reheat
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TEST Solution:

Steps 1 and 2 are the same as for the previous problem.

3. Click on “Vapor (Steam) Power Cycles, and H2O is selected by default for working
substance. Fill in the conditions for State 1, i.e. state at entry to compressor: pl= 2000 kPa,
T1= 300 C, and mdotl = 1 kg/s. Press Enter. Immediately, all properties at State 1 are
calculated:

RONE MALGHE VL 3 Varatils 10 GFRiay S vakie Willh mohl recEn

I N e e

ORACLE

Be BRAVE
enough to reach for the sky

Oracle's business is information - how to manage it, use it, share
it, protect it. Oracle is the name behind most of today’s most
innovative and successful organisations.

Oracle continuously offers international opportunities to top-level
graduates, mainly in our Sales, Consulting and Support teams.

If you want to join a company that will invest in your future,
Oracle is the company for you to drive your career!

https://campus.oracle.com

ORACLE

ORACLE IS THE INFORMATION COMPANY
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4. For State 2: Enter p2 = 700 kPa, s2 = sl (for isentropic process 1-2), and mdot2 = 1 kg/s.
Hit Enter. We get:

il L dispdiig 1l value watli edre gredelibm

= Mixed 8l English jﬂ:ﬂh-‘ﬂ qi';l  HeipMasangasOn  Sunerfiemla m
3 Pé F e W e

5. For State 3: It represents the state after reheating. Enter p3 = p2, T3 = 300 C and
mdot3 = 1 kg/s. Hit Enter. We get:

W Mized 351

CEnglizh

Jeﬁm&u "‘"".'_,’J Helptessapestn suoecierats | [EERETT) Super Inrhalize

Statis Pl | (e P | o P | T

N Supeme 2090 '\M'ZI'
-

h h——
e e
h' -'-{:.i.‘h = e

6. For State 4: we have: p4 = 100 kPa, s4 = s3, mdot4 = 1 kg/s. Hit Enter. We get:

Super.CMcwlaie L bue Superdnitielire
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7. For State 5: Enter p5 = 5 kPa, s5 = s4, mdot5 = 1- (h8 - h7) / (h4 - h7), and hit Enter. WE

get this expression for mdot5 from a heat balance on the mixing chamber. We get:

“ Mixed 5 T Englign

Note that x5 = 0.861. This is the quality of steam entering the condenser .... Ans.

8. For State 6: i.e. exit condenser: Enter p6 = p5, x6 = 0 (for sat. lig.) and mdot6 = mdot5.
Hit Enter. We get:

I v S v

9. For State 7: i.e. exit of pump-1: Enter p7 = 100 kPa, s7 = s6 (for isentropic comprn. in
pump), and mdot7 = mdot5. Hit Enter. We get:

Fmixed © 3 CEngisn = [BCased ¥ 3| W Repmessageson  swerbean |  [EEET
- i S0 Fana| | VOFEsE |

FobCoviad Liguid - H20 B .
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10. For State 8: i.e. exit of mixing chamber and entry to pump-2: Enter p8 = 100 kPa, x8 = 0 (for
sat. lig.), and mdot8 = 1 kg/s. Hit Enter. We get:

i wlh mvEre

FMied TS CEnglien <]

State Panel |

11. For State 9: i.e. exit of pump-2 and entry boiler: Enter p8 = 2000 kPa, s9 = s8 (for isentropic
comprn. in pump), and mdot9 = 1 kg/s. Hit Enter. We get:

“ Mixed T8l T Englisn ‘Buperitarals m | Lo [ super mnaliza

J=unenaing LEpna -Hm

12. For State 10: i.e. exit of Turbine-2 and entry to mixing chamber: Enter p10 = 100 kPa, h10 =
h4 and mdot10 = (1 - mdot5) kg/s. (See the schematic diagram of system). Hit Enter. We get:

= Mixed 78 " Engiish jmm El'ﬂ W Help Messages On Siperiberats m m Sugear-ipetinize
: P e By | T

Ralimal et Migtiiie: .H.EU
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13. State 11: i.e. entry to turbine-3. Enter p11 = p4, h11 = h4 and mdotl1 = mdot5. Hit Enter:

Wigl PSS DVRE 3 UEINAN 10 DISAISY 8 Vaiig Wil mard pressisn

7 Mixed "5l T English

14. Now, go to Device panel. For device A, enter State 1 and State 2 for il-state and el-state
respectively. Also, since there is only one stream select Null state for i2-state and e2-state.

And Qdot = 0 since in this process there is no external heat transfer. Hit Enter. We get:

WWdal w00 KW TEAtarmal wi iraneher raks)
 Mixed T8 C Englleh "_]_otain-n o x| HelnMessiges On supn-umg Super Calculita Super Mwhokina

Steady Multi-Flow Mixing Device - & - e —

1 I -' .
Mass, Encmy, and Entmpy Equations ﬁ'l;ﬁ;}::i e

D"‘..»H""ﬁﬂ:l“(mﬂ"'ﬁ’nj =1 i b ¥ -——- | & pod s chasnd

0= (#iy fy + 0 o )= (L 00 g )+ 2=,

—_—
Winkips
Wieyirke Y e e
| Hear in poskive

i ]
0 (M + s )=y 45 )4 245,

- {]
et

Note that work of Turbine-1 is 233.368 kW.
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15. Similarly for Device B: enter State 2 and State 3 for il-state and el-state respectively. Also,
since there is only one stream select Null state for i2-state and e2-state. And, Wdot_ext =0

since for this process no external work transfer occurs. Hit Enter. We get:

“Mixed Sl CEngisn  <[gcased v|s| & HepHassagesOn  Supsrnerats |
Device Pasl | el Rl

Note that Qdot for process 2-3 is amount of reheat = 268.9 kW (Ans.)

16. And, for Device C: enter State 3 and State 4 for il-state and el-state respectively. Also,
since there is only one stream select Null state for i2-state and e2-state. And, Qdot = 0

since for this process no external heat transfer occurs. Hit Enter. We get:

_<|ecaset il »| % vl Messages on

[ fevice Pane |

<l

Note that work output of Turbine-2 is: Wdot_ext = 406.6 kW.

17. And, for Device D: enter State 11 and State 5 for il-state and el-state respectively. Also,
since there is only one stream select Null state for i2-state and e2-state. And, Qdot = 0 since

for this process no external heat transfer occurs. Hit Enter. We get:

Wibal il — 4060 A BE eyl e fisnmlon 1 a0a]

& Mixed "8l T English -:jh_.":lnmlj' ” LI W Hadp Mnasages On ‘Balpar ot

| Mo Pansl

< |peacsning
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Note that process 11-5 is expansion in turbine-3; Work = Wdot_ext = 379.61 kW.

18. Now, for Device E: enter State 5 and State 6 for il-state and el-state respectively. Also,
select Null state for i2-state and e2-state. And, Wdot_ext = 0 since for this process (in the

condenser) no external work transfer occurs. Hit Enter. We get:

Goal . nel = £ 2300035057 MV feirER of yEREpa of sRiopy inle ihe et

& Niixed Bl T English Jﬂﬂluln 0 _:-J % Moty Minssages On Bigiei-ttoik | m m

Device Panel |

| ™ Mo-tiing ¥ Miang Device

T v
| Beital- gon

Note that heat removed in condenser is 1855.425 kW (Ans.)
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19. And, for Device F: enter State 6 and State 7 for il-state and el-state respectively. Also, since
there is only one stream select Null state for i2-state and e2-state. And, Qdot = 0 since for

this process (in the pump-1) no external heat transfer occurs. Hit Enter. We get:

WoE et = U0 MW Edemial work Eanskar )

= Mixed Bl English 4[&:3&-:} Sen | el MessapEy On Super-Colculate Suger-inEalze

| Device Pans! |

< [ommwiten |

L0 P Sl Mull _\-

Note that required for pump-1 is Wdot_ext = 0.069 kW.

20. Device G: enter State 8 and State 9 for il-state and el-state respectively. Also, since there
is only one stream select Null state for i2-state and e2-state. And, Qdot = 0 since for this

process (in the pump-2) no external heat transfer occurs. Hit Enter. We get:

“mixed ©sl CEngish = [0Caees v > | HelpMessagesOn  Supsrdisiats |

Device Panel | Sran e |

|

Note that required for pump-2 is Wdot_ext = 1.98 kW.

21. Device H: enter State 9 and State 1 for il-state and el-state respectively. Also, since there is
only one stream select Null state for i2-state and e2-state. And, Wdot_ext = 0 since for this

process (in the boiler) no external work transfer occurs. Hit Enter. We get:

FMixed © 5 CEnglish < |eCsse0 @ J % Help Messages On - Suparterste m Supar.innisilre

| Nevies Pangl | - | I

" Hon Mixing
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Note that heat supplied in boiler = Qdot = 2604.05 kW.
22. Now, go to cycle panel. It gives the major parameters of this cycle:

[y prndEnn. SR 0L VTR CE T R Ay e ymlile-wet minen prneseinmn
T8l CEnglish < [sCused v o] Fhdemessageoon Sueriterce | | [ElEmeaaead D
Cycie Panel | |
- 8
Cro_out Weoti
v [T - EEEE
Sdot_gen int sta_fh

v N v | S

O overall Cycle Equations (n devices): ; e
: bl Work n negatiee

0, = Fommigd 0p 2, = maxig), .0) T g ligat In posithee
il J=b il =X |

[ | s

and W e all
pirsitive with Subseripes
mmcficmean g directaon,

We observe that Wdot_net = 1017.53 kW, eta_th = 35.418% ... Ans.
23. From the Plots widget, choose T-s diagram, and we get:

T.K {3737, TOG.A50 )

|
?12':'2 p:Z{l{H}kPﬂ_ f 700 kPa
100 kPa
3
/ 5 kPa
2
o1
g \

205983

-1.69 5, kJ'/kKg.K 11.71
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24. 1/O panel gives the TEST code etc:

Frommmm v OUTPUT OF SUPER-CALCULATE

# Daemon Path: Systems>Open>SteadyState>Specific>PowerCycle>PC-Model; v-10.cb01

fommm oo Start of TEST-code ---------mmmmmmm oo
States {

State-1: H20;

Given: { pl=2000.0 kPa; T1= 300.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 1.0 kg/s; }
State-2: H20;

Given: { p2= 700.0 kPa; s2= “s1” kJ/kg.K; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= 1.0 kg/s; }

State-3: H20;

\ The next step for
* top-performing

oraduates

Masters in Management Designed for high-achieving graduates across all disciplines, London Business School’'s Masters
in Management provides specific and tangible foundations for a successful career in business.

This 12-month, full-time programme is a business qualification with impact. In 2010, our MiM
employment rate was 95% within 3 months of graduation*; the majority of graduates choosing to
work in consulting or financial services.

As well as a renowned qualification from a world-class business school, you also gain access
to the School’s network of more than 34,000 global alumni —a community that offers support and
opportunities throughout your career.

For more information visit www.london.edu/mm, email mim@london.edu or
give us a call on +44 (0)20 7000 7573.

*Figures taken from London Business School’s Masters in Management 2010 employment report
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kg/s; }

kg/s; }

Given: { p3= “p2” kPa; T3= 300.0 deg-C; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= 1.0 kg/s; }

State-4: H20;

Given: { p4= 100.0 kPa; s4= “s3” kJ/kg.K; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= 1.0 kg/s; }

State-5: H20;

Given: { p5= 5.0 kPa; s5= “s4” kJ/kg.K; Vel5= 0.0 m/s; z5= 0.0 m; mdot5= “1-(h8-h7)/(h4-h7)”

State-6: H20;

Given: { p6= “p5” kPa; x6= 0.0 fraction; Vel6= 0.0 m/s; z6= 0.0 m; mdot6= “mdot5” kg/s; }

State-7: H20;

Given: { p7= 100.0 kPa; s7= “s6” kJ/kg.K; Vel7= 0.0 m/s; z7= 0.0 m; mdot7= “mdot6” kg/s; }

State-8: H20;

Given: { p8= 100.0 kPa; x8= 0.0 fraction; Vel8= 0.0 m/s; z8= 0.0 m; mdot8= 1.0 kg/s; }

State-9: H20;

Given: { p9= 2000.0 kPa; s9= “s8” kJ/kg.K; Vel9= 0.0 m/s; z9= 0.0 m; mdot9= 1.0 kg/s; }

State-10: H20;

Given: { p10= 100.0 kPa; h10= “h4” kJ/kg; Vel10= 0.0 m/s; z10= 0.0 m; mdot10= “(1-mdot5)”

State-11: H20;

Given: { pl1= “p4” kPa; h11= “h4” kJ/kg; Velll= 0.0 m/s; z11= 0.0 m; mdotl1= “mdot5” kg/s;
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Analysis {

Device-A: i-State = State-1; e-State = State-2; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-B: i-State = State-2; e-State = State-3; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Device-C: i-State = State-3; e-State = State-4; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-D: i-State = State-11; e-State = State-5; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-E: i-State = State-5; e-State = State-6; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }

Device-F: i-State = State-6; e-State = State-7; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-G: i-State = State-8; e-State = State-9; Mixing: true;

Given: { Qdot= 0.0 kW; T_B= 25.0 deg-C; }

Device-H: i-State = State-9; e-State = State-1; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B= 25.0 deg-C; }
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#State
#01
#02
#03
#04
#05
#06
#07
#08
#09
#10
#11

Property spreadsheet starts:

p(kPa)  T(K) X v(m3/kg)  u(kJ/kg) h(kJ/kg)  s(kJ/kg)
2000.0 573.2 0.1255 2772.54 3023.48 6.766
700.0 449.6 0.2817 2592.88 2790.11 6.766
700.0 573.2 0.3715 2798.95 3059.01 7.297
100.0 372.8 1.0 1.6767 2484.73 2652.41 7.297
5.0 306.0 0.9 24.3499 2103.9 2225.3 7.297
5.0 306.0 0.0 0.001 137.71 137.72 0.476
100.0 306.0 0.001 137.69 137.79 0.476
100.0 372.8 0.0 0.001 417.34 417.44 1.303
2000.0 372.8 0.001 417.34 419.42 1.303
100.0 372.8 1.0 1.6767 2484.73 2652.41 7.297
100.0 372.8 1.0 1.6767 2484.73 2652.41 7.297

# Cycle Analysis Results:

#

H R H®

Calculated: T _max= 573.15 K; T_min= 306.0008 K; Qdot_in= 2872.955 kW;
Qdot_out= 1855.425 kW; Wdot_in= 2.05108 kW; Wdot_out= 1019.581 kW;
Qdot_net= 1017.52997 kW; Wdot_net= 1017.52997 kW; Sdot_gen,int= -3.4807 kW/K;
eta_th= 35.41754 %; eta_Carnot= 46.6107 %; BWR= 0.20117 %;

10.

11.
12.

13.
14.
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