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Fig. 1. Temperature-entrpy (T-s) diagrams for various
power cycle in connection with a combined power
plant.
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Fig. 2. Gas and Water/steam temperature profile in
simple heat transfer boilers supplementary fired to dif-
ferent temperature.
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Fig. 3. Throttle steam pressure versus steam cycle effi-
ciency, heat recovery effectiveness and overall botto-
ming efficiency.
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Fig. 4. Throttle steam temperature versus steam cycle
efficiency, heat recovery effectiveness, and overall bot-
toming plant efficiency for 200 psig throttle pressure.
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Table 1. Thermodynamic state points along flow diagram of the Kalina cycle bottoming plant.

Relative
Point Temperature Pressure Enthalpy Concentration Weight Flow Weight Flow
No. T kPa kJ/kg kg/kg Rate  kg/hr Rate G/Gis

1 12.8 48.3 —151.2 0.288 4.1642

2 12.8 206.8 —151.2 0.288 4.1642

3 56.4 206.8 146.5 0.288 4.1642

4 62.8 206.8 241.1 0.288 4.1642

5 62.8 206.8 1511.6 0.912 0.4038

6 62.8 206.8 104.7 0.221 3.7604

7 62.8 206.8 104.7 0.221 0.5962

8 62.8 206.8 672.8 0.500 1.0000

9 62.8 206.8 104.7 0.221 3.1642

10 414 206.8 354.1 0.500 1.0000

11 414 206.8 47 0.221 3.1642

12 325 517 4.7 0.221 3.1642

13 12.8 206.8 —197.7 0.500 1.0000

14 12.8 8273.7 —197.7 0.500 1.0000

15 532.2 8273.7 2800.0 0.500 9806.7 1.0000

16 480.5 5515.8 2676.6 0.500 1.0000

17 4340 3792.1 2568.6 0.500 1.0000

18 354.8 1896.1 2385.7 0.500 1.0000

19 238.1 689.5 21529 0.500 1.0060

20 128.0 1724 1892.9 0.500 1.0000

21 68.4 55.2 1716.9 0.500 1.0000

22 62.8 545 1327.9 0.500 1.0000

23 414 51.7 718.6 0.500 1.0000

24 333 517 176.0 0.288 4.1642

25 560.0 — — Gas 5.79315

26 65.6 - — Gas 5.79315

27 10.0 - - Water 32.93000

28 239 - - Water 32.93000
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Table 2. Pressure distribution and enthalpy drop through turbine stages.

161

Step Inlet Outlet Adiabatic Adiabatic Actual RPM Shaft Power
No. Pressure Pressure Enthalpy Efficiency Enthalpy Output
(kPa) (kPa) Drop(k]/kg) Drop(k]/kg) &W)
1 82737 5515.8 149.0 0.828 1234 86500 335.86
2 5515.8 3792.1 129.1 0.837 108.0 72500 294.20
3 3792.1 1896.1 216.9 0.843 182.9 81000 497.67
4 1896.1 689.5 2711 0.859 232.8 60000 633.86
5 689.5 1724 296.1 0.878 260.0 43000 707.79
6 1724 55.2 200.5 0.878 176.0 18500 479.26
Overall Turbine Expansion 12627 0.858 1083.1 — 2948.64
Table 3. Thermodynamic features of the Kalina cycle bottimng plant.
Net thermal efficiency of bottoming cycle 0.341
Net therdynamical efficiency of bottoming cycle 0.722
Internal therdynamical efficiency of bottoming cycle 0.8784
Exergy utilization efficiency 0.722
Thermal efficiency of gas turbine (501-KB5) 0.305
Thermal efficiency of combined system 0.530
Net thermal efficiency of combined system (electrical) 0.503
Gas turbine net output 3770 kW,
Bottoming cycle net output 2783 kW,
Total output 6553 kW,
Fuel consumption rate (LHV) 2872 kJ/kW,

or 1694 kcal/kW.
or 6722 Btu/kW,
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Table 4. Performance data for gas turbine combined-cycle system distillate oil fuel, ISO conditions.

1

Gas turbine type

2. Manufacturer

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Gas turbine output (kWe)
. Gas turbine fuel

Consumption

. Gas turbine fuel

Consumption rate
(Btu/kWh)

. Exhaust gas

Initial temperature °F

. Exhaust gas flow lb/hr
. Exergy of exhaust (kW)
. Combined cycle system - Type

Bottoming rankine cycle output
per one gas turbine (kW)
Combined system total output
per one gas turbine (kW)
Combined system fuel
consumption

rate (Btu/kWh)
Presented new bottoming
cycle output (kW)
Combined system with
presented new cycle
output (kW)

Combined system with
presented new cycle

fuel consumption

rate (Btu/kWh)
Bottoming cycle
improvement ratio
Combined cycle
improvement ratio
Thermal efficiency of
combined system with
presented new cycle

LM5000

32670

315.75*

9650*

807

984960**

19867
N/A
N/A
N/A

N/A

14678

47348

6668.8*

N/A

N/A

0.512

PG6521(B)

PG7111(E)

GENERAL ELECTRIC

35860
404.5*

11280*

1020
1094400**
31640
STAG 206B
STAG 406P
12240
48100

8410*

23366

59226

6830*

1.910

1.231

0.500

75000
809.25*

10790*

1004
2210400**
62242
STAG 107E
STAG 407E
24400

99300

8150*

45965

120965

6690*

1.892

1218

0.511

501-D
Westing-
house
101410
1057.7*

10430*

970
2909530**
77320
PACE 5011
38317***

139727

7570*

5870

159980

6611*

1.529***

1.145%**

0.517

*To convert k] - multiply by 1.504

**To convert kg - mulyiply by 0.45359

***Triple-pressure boiler in Rankine bottoming cycle
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Table 5. Results for an HRB with working fluid composition ranging from 0 (pure water) to 1 (pure ammonia).

X 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1
Q 4404 4706 4945 5136 5289 54.07 5507 5592 5664 5729 57.70 MW
AT 53.79 4661 4062 3555 3126 27.75 2463 21.80 1923 16.71 1583 K
AT, 7252 7173 7132 7092 7048 70.08 6958 6893 6829 6790 7186 K
AT 7934 7851 7806 7764 7717 7675 7622 7551 7484 7441 76.14 K
Tec 0238 0266 0285 0295 0298 0300 0302 0309 0332 0382 0413 MW/K
Tho 0314 0352 038 0415 0441 0456 0465 0466 0452 0416 0.288° MW/K
Tsh 0.107 0120 0133 0.147 0162 0179 0200 0226 0259 0304 0400 MW/K
/0. 1 1.118 1198 1.240 1252 1261 1269 1298 1395 1605 1.735
©/tO0h 1 1121 1229 1322 1405 1452 1481 1484 1440 1325 0917
©/t0y, 1 1122 1243 1374 1514 1673 1869 2112 2421 2841 3.738
5. NH3H,0 & ¥4 2y MWe} Hedo] o] FolA| 2 7 9] hFHFLEI
538K, 725K, 79.3Ks 2}, 70% tE o} 84S
st 4 AFehsiEe] Kalina Abo)2& o] 8% wf 2 AME2 woli o A7]o) 4] 6.7 MW, 227)¢] 4] 32 MW,
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Table 6. Comparison of the results for a HRB with 70% NH;H;O and a HRB with pure H,O.

Thermodynamic Properties of 70% NH3;H;O

P T h S v M
kPa K kJ/kg J/kgK m’kg kg/s
4076. 29¢.15 —75.7 238. 0013 19.12
4000. 371.39 276.7 1292. .0016 19.12
3832. 465.25 1956.1 5336. 0510 19.12
3777. 771.15 28478 6809. 0972 19.12
101. 328.59 64.2 214. 8373 100.00
101. 386.39 1316 402. .9818 100.00
102. 656.79 452.8 1030. 1.6598 100.00
103. 797.15 6234 1263. 1.9976 100.00
Thermodynamic Properties of Pure H,O
P T h s v M
kPa K k]/kg J/kgK m’kg kg/s
4053. 298.15 108.6 369. 0010 13.13
4000. 523.38 1083.3 2792. 0013 13.13
3893. 521.76 2816.9 6114. 0525 13.13
3854. 777.15 3462.8 7132. 0909 13.13
001. 430.20 183.0 529. 1.0962 100.00
102. 538.38 311.0 794. 1.3687 100.00
102. 727.62 538.6 1155. 1.8426 100.00
70% NH3;H,O Pure H,O
Heat Transfer Results
Heat exchanged with gas = 559 440 MW
Heat exch. in economizer = 6.7 128 MW
Heat exch. in boiler = 321 2283 MW
Heat exch. in superheater = 17.1 85 MW
Pinch point temp. difference = 150 150 K
Economizer temp. differences = 304 - 150 1320 - 150K
Boiler temp. differences = 150 - 1915 150 - 2059K
Superheater temp. differences = 1915 - 200 2059 - 200K
Heat transfer coeff. in EC = 268 314 W/m?K
Heat transfer coeff. in BO = 359 39.7 W/m’K
Heat transfer coeff. in SU = 155 25.8 W/m’K
Econ. Boiler Super.
hin  70% NH;H,O 2606. 10000. 260. W/m?’K
Pure H,O 7403. 10000. 1022. W/m’K
ht 70% NH3;H,O 15109. 14349. 12639. W/m?k
Pure H;O 14976. 13978. 12397. W/m?K
hout 70% NH,H,0O 349 40.7 473 W/m?K
Pure H,O 36.7 469 545 W/m?K
Heat transfer surface in EC = 11530. 7562. m?
Heat transfer surface in BO = 12901. 7860. m?
Heat transfer surface in SU = 14479. 4115. m?

oflix| =28t ®M23d H2E 19934 o
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Table 6. continued.
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Total heat transfer surface
Pressure Drops
Press. drop in EC cold side =
Press. drop in EV cold side
Press. drop in SU cold side
Press. drop in HRB cold side
Press. drop in EC hot side =
Press. drop in EV hot side
Press. drop in SU hot side
Press. drop in HRB hot side =
Exergetic Analysis
Exergy from gas =
Exergy to mixture =

I

Exergy loss in economizer =
Exergy loss in boiler =
Exergy loss in superheater =
Exergy loss in exhaust -
Boiler exergy loss =
Boiler exergetic efficiency =

38910. 19538. m?
76809. 52930. Pa
167915. 106901. Pa
54773. 8945. Pa
299497. 198776. Pa
293. 240. Pa
552. 396. Pa
864. 300. Pa
1709. 936. Pa

25.7 2283 MW

19.7 185 MW

4 1.5 MW

4.2 22 MW

14 7 MW

3 31 MW

6.2 74 MW
76.0 713 %
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Table 7. Thermodynamic constants for the comparison
of the Kalina and the Rankine cycle in connection with
a combined power plant.

Exhaust gas temperature 538.C
Cooling sink temperature 12.7C
Pinch point temperature 14.C
difference
Exit gas temperature 28.C
Condensing water outlet 24.C
temperature
70% NH3/H20 condensing 16.C
temperature
Rankine Kalina
Turbine inlet pressure 14. 11. MPa
Turbine back pressure 0.3 0.48 MPa
Turbine 1st law efficiency 86.5 86.5 %

Table 8. Definitions of efficiency for the comparison of thermodynamic performance.

Available energy o=(h—

6=Cy(T=T)~T.C, I

Definition of efficiency
Boiler efficiency

ho) - T(,(S - Su)

T with constant heat capacity and pressure

.. hm—hnul
1st law efficienc iler | = ——————
Y o P ot
2nd law efficiency Nt 1T= B = o) = TomnS = o)
( in " dmb) meh S;mlh)
Cycle efficiency
1st law efficiency Neyele [= worlf ogtput.
i heat gain in boiler
.. t
2nd law efficiency Neyerel | = work output

available energy gain in boiler

Bottoming sysem
1st law effciency
2nd law efficiency

Nws = Noaiter 1X Neyele I
nsys II = Nboiter II X nc)c]r II

Oll4XIZE M2 25 19934 98
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Table 9. Comparison of available energy loss in com-
ponents and turbine work.

Rankine cycle Kalina cycle

Loss Loss

Component (kJ/kg gas) % (kJ/kg gas) %

Boiler 53.2 22.5 315 13.3
Exhaust gas 26.0 11.0 7.7 33
Turbine 18.7 8.0 20.8 8.7
Heat rejection 13.3 5.6 15.4 6.5
Turbine work 125.7 53.1 1614 68.1
Total 2369 100.0 2369 100.0

Table 10. Comparison of the efficients of the Kalina
cycle and the Rankine cycle.

Efficiency Rankine Kalina
cycle % cycle %
News 1 23.0 295
Nevete | 31.0 34.0
Nboiter | 76.0 86.6
u,., 11 53.0 68.1
Negete 11 79.7 816
Mooer 11 66.0 834
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Fig. 11. Comparison of available energy loss in compo-
nents and turbine work of the Kalina cycle and the
Rankine cycle as a bottoming plant.
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Fig. 12. A schematic flow diagram of the Kalina cycle
implemented at Canoga Park, Calif.,, USA.
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Table 11. Test results of Exergy Inc.’s December 10, 1991, test.

ABB 13E Gas turbine

Rankine cycle

KCS1D2 KCS6D2 KCS5C8D3

2pressure level
Bottoming cycle output(MW) 74.00 82.03 88.35 90.62
Bottoming cycle thermal efficiency 30.58 33.88 36.51 37.39
Bottoming cycle 2nd law efficiency 65.19 73.14 78.73 80.38
Improvement ratio 1.00 1.08 1.19 1.23
Combined cycle output(MW) 216.17 224.20 230.52 232.79
Combined cycle thermal efficiency 50.28 52.15 53.62 54.14
GE 70001F Gas Turbine 3pressure level KCS1D2 KCS6D2 KCS8D3
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Bottoming cycle thermal efficiency 30.70 35.50 38.53 39.08
Bottoming cycle 2nd law efficiency 63.96 73.67 79.88 80.68
Improvement ratio Kalina/Rankine 78.30 90.19 97.91 99.92
Bottoming cycle thermal efficiency 30.70 35.50 38.53 39.08
Bottoming cycle 2nd law efficiency 63.96 73.67 79.88 80.68
Improvement ratio Kalina/Rankine 1.00 115 125 1.28
Combined cycle output(MW) 237.12 248.12 255.89 257.90
Combined cycle thermal efficiency 5341 55.91 57.65 58.10
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