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ABSTRACT

Mitsubishi Heavy Industries Ltd. have proposed the advanced hydrogen/oxygen combustion
tutbine system which is an intercooled topping reaiperation cyde as part of a Japanese govemment
sponsored progam WENET (“Word Energy Network™). The effidency of this cyde reaches more
than 60% (HHV), not (LHV), with a power capacity of SOOMW. This cydeis Hrmed by acompressor,
tutbines, a combustor and heat exchangars. The combustor bums hydrogen/oxygen to make high
tempeature (1700 °C) steam.

As aresult of MHI reseach in 19 [1], the topping extration cyde(A) designed by Jeridha et al. [2]
was Hund to be the best cyde MHI also designed the intercooled topping recuperation cyde (BI) in
1995 which modifed cyde(A) to be suitable Dr a high combustion tempeature (1700 °C).

This paper presents the details of the comparison between the above mentioned cydes. The
investigation shows that cyde (B) is considered to be better than cyde (A) fom the point of view of
both the thermal effciency and the £asibility of mamifcture

1 INTRODUCTION

WENET, a part of “New Sunshine Project”, is a Japanese govemment program aimed a solving
energy and environmental problems in thewodd. WENET, which began in 1993 and is expected to last
Dr30 years, has theaim of constructing adean energy network throughout the woild; fistly by producing
Hydrogen by dectiic dissolution of waterusing hydro-eledricpower, solarenergy, geothermal energy,
wind energy, etc. and then transporting, storing and generating electiicity usingthis produced Hydrogen.
In this paper some evaluation of* Hydrogen/Oxy gen Combustion Tutbine Cydes”, whichis a sub-task
of“Word Energy Network”, is presented.

In 1994, three diferent dosed hydrogen combustion tutbine cydes, were evaluzated [1] Theseare the
Bottoming Reheat Cyde the Topping Extrattion Cyde (A) designed by Jericha et al. [2] and the
Rankine Cyde Results ofthis study showed the Topping Extration Cyde(A) to be the best cyde

Subsequent to this reseach, fither work was undertaken to design a highly effcient and highly
Easible cydeadapted to high combustion tempeature (1700 °C) - the Topping Recuperation Cyde(B).
Cydes with an intercooler between low pressure and high pressure compressors in cydes (A) and (B)
have also been investigated which are the Intercooled Topping Extration Cyde (Al) and the Inter
cooled Topping Reauparation Cyde (BI).



2 CYCLE CONFIGURATIONS
The Intercooled Topping Extration Cyde (AD) shown in Figure 1 is a kind of gas tuibine
combined cydewhosewoiking fuidis steam. The topping cydeis a Brayton cydecomprising oflow
pressure compressor 1, high pressure compressor 2, tutbine 4 ,heat exchanger 5,6, and combustor 3. The
bottoming cydeofcyde(Al) is a Rankine cyde. Steam is extracted fom between heat exchanger 5 and
6, is expanded by tuibine 6, and condensed by condenser 8. The same fow mates as the hydrogen fiel
and stoichiometric oxygen are discharged, the rest ofthe steam is pumped up by pump 12 and 13. The
steam is economized by £ed waterheaters 10 and 11, reauperated by heat exchanger 5 and 6, expanded
by tutbine 9 and mixed with the topping steam in the outlet of compressor 2. The water to be inter-
oooled is extracted affer being condensed in condenser 13, and pumped up in pump 17. It is mixedwith
the the topping steam in the outlet of comprssor 1. The Topping Extration Cyde (A) is same as
nor-inter-ooled one of cyde(Al).
The Intercooled Topping Reauperation Cyde(BI) shownin Figure 2 is also akind ofgas tutbine
combined cyde like cyde (Al). Cyde(B]) has added heat exchangers 14 and 15 compared with cyde
(AD. The heat exchanger 14 recuperates the heat fom the exhaust ofturbine 4 to the exit ofcompressor2.

3 ASSUMPTIONS CONDITIONS

The investigations are caried out preliminanly in the operating conditions in Table 1 and the
component effciencies in Table 2. Table 1 shows the oparaing pressures and tempeatures of each
component (such as tutbines, compressors, and heat exchangers) which are assumed to be thealmost the
same values in cyde(A), (Al), B) and (BI). The values in Table 1 and 2 are expected in the near fiture
Because of these assumptions, the thermal difarences ofthe cydes can be darifed. The total output ofall
cydes is a constant SOOMW. Combustor outlet tempeatures are assumed to be both 1700 °C and 1500
°C, because the fring tempeatures of curent high eficiency industrial gas turbines have already reached
1500 °C. Cooling steam fow rate ratio is 0%, and 15% The outlet pressure downstream of the
condensers is fxed a 0.05bar(10°Pa). As the components’ assumptions and conditions abovearealmost
the same, the manufctuning realization of the components (turbines heat exchangers, compiressors,
combustors and so on) should be nearly equivalent.

The paramatricstudies based on the aboveinvestigations are carried out to assess the charateristics of
pressure ratio and the inlet tempeature oftutbine 4. The pressure ratio should be seleted carefilly if the
operaing tempeature is decided because a lot of ictors are affcted by the pressure ratio. The merits and
demerits of inareasing the pressure ratio are displayed in Table3. From Table3, it would bebenefcialto
achieve a high cydethermal effciency a the lowest possible pressure ratio.

4 PERFORMANCES AND FEASIBILITY OF COMPONENT

Cydeaalculations prcyde(A), (Al), (B) and (BI) were carried out to estimate the performance of the
cydes. The typica results of cydecalculations, assuming that combustor outlet tempeature is 1700 °C
and cooling steam fow rate ratio is 0% are shown in Table4. Compaisonofcyde (A) and (BI) shows
the thermal effciency of cyde (BI) to have a relative change of 4.0% higher than cyde(A). The fist vane
height of'the high pressure, high tempeature tutbine of cycde (BI) has a relative change of 7% higherthan
cyde(A). The exhaust tempeature ofthe tutbine 4 and the maximum operating tempeature ofthe heat
exchanger in each cydeare almost the same a 800 °C . The compressoroutlet temperature is bout 700
°C in cydes (A) and B) and 550 °C in cydes (AD) and (BI). Therebre, cydeBI)is judged to bethe best
cydefom the point of view of the £asibility ofthe components. The results of other cases are shown in
Table5.

The results ofthe parametricstudies are shown in Figure 3 and 4. The results show that the pressure
ratio br the maximum themal eficiency is about 130 in cyde(A) and 50 in cycde BI). The thermal



efidency of cyde (BI) is higher than cyde (A) br a pressure mtio of less than 70. If the pressure matio
becomes higher; a lot of problems shown in Table 3 are anticipated. Cyde (BI), therebre, has an
advantage in terms of themal effcdency a a more fasible pressure ratio. The pressure matio
should ,therefore, be set to 50.

The thermal eficiency ofcyde (BI) is higher than cyde(A) when the tuibine 4 inlet temperature is
morte than 1500 °C. CydeB]) is, therebre, suitable Hr the high operational tempeature cydeof more
than 1500 °C. The £atures of the Intercooled Topping Recuperation Cydeare shownin Table6.

5 CONCLUSIONS

1) Thethermal effidency ofcyde(BI)is 62.2%HHV), whichis a relative change of4.0% higher than
oydeA).

2) The cyde(B]) has a relative change of 7% larger fist stage tutbine vane height than cyde(A), and the
advantage fom the point of view ofboth the manufcturing of the complex cooling passage inside the
vane and the tutbine acrodynamic effciency. It is espedially important to have high acrodynamiceffciency
ofthe high tempeature tutbines in each cydeto achieve higher overall thermal effciency.

3) The pressure ratio Hr the maximum thermal effciency is about 50 in cyde (BI), which is lower than
that of cyde (A) a 130. Cyde BI), therebre, has an advantage of high thermal effidency & a more
Easible pressureratio.

4) Cyde(B]) is suitable br a high operational temperature cydeof more than 1500 °C.

5) The intercooled topping recuperation cyde(BI) in Figure 2 is considered to be the best cyde fom
the view point of the thermal effcdiency and the asibility of manuficturing,
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* Inlet Temperature of Turbine 4 = 1700°C
* Cooling Steam Flow Rate Ratio =0
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Fig.1 A Typical Calculation Result of Intercooled Topping Extraction Cycle(Al)

12P
C: Combustor H:
CP: Compressor F:
T: Turbine CD:
P: Pump IC:

Heat Exchager
Feed Water Heater
Condenser

Inter Cooler

Component Power(MW)
C1 159
Cc2 55.8
T4 473.2
T7 72.8
T9 38.5
Mech Loss 5.1
Gen Loss 76
Total 500
Thermal Efficiency 59.7%

« Inlet Temperature of Turbine 4 = 1700°C
* Cooling Steam Flow Rate Ratio =0
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Fig.2 A Typical Calculation Result of Intercooled Topping Recuperation Cycle (Bl)

2P

C: Combustor  H:

CP: Compressor F:
T. Turbine CD:
P: Pump IC:

L2

Heat Exchanger
Feed Water Heater
Condenser

Inter Cooler

Component Power(MW)
C1 28.7
Cc2 100.5
T4 546.8
T7 64.8
T9 30.4
Mech Loss 5.1
Gen Loss 7.6
Total 500.
Thermal Efficiency 62.2%
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Fig.3 Effects of Topping Pressure Ratio
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Fig.4 Effects of Inlet Temperature of Turbine 4

Table 1 Operating Conditions

Table 2 Components Efficiency

Compressor Inlet 1.0 bar Compressor Efficiency 0.89
Pressure

Compressor Inlet +5°C of a Saturated Turbine Efficiency 0.93
Temperature Temperature - .

Compressor Outlet 50.0 bar Combustion Efficiency 1.0
Pressure Combustor Pressure Loss | 5% of inlet pressure
Compressor Outlet 550°C

Temperature (With inter-cooled)

Heat Exchanger Pressure Loss

5% of inlet pressure

Turbine 4 Inlet
Temperature

Cooling Air Flow Rate
Ratio of Turbine 4

Turbine 4 Outlet
Temperature

Turbine 9 Inlet
Temperature

Turbine 9 Inlet
Pressure

Maximum Operating
Temperature of Heat
Exchanger

Temperature Efficiency

of Heat Exchanger
Total Output

1700, 1500°C

0,0.15

Less than 870°C

593°C

350 bar

Less than 900°C

Less than 0.85

500 MW

Pump Loading 0
Mechanical Efficiency 0.99
Generater Efficiency 0.985




Table 3 Merits and Demerits

by increasing Pressure Ratio

Table 4 Comparison of Results

Merits
3 Higher Thermal Efficiency

Demerits
Y Increase the number of stages of turbines

and compressors

Y Increase the leakage flow rate
> Higher compressor exhaust temperature
Y Thicker casing of compressor outlet and

combustor chamber

> Higher heat transfer coefficient on the

surface of blades

Y Higher energy to pump up a fuel
3 Lower height of first stage turbine vanes

Thermal Relative Relative Compressor Exhaust Maximum
Efficiency | Change of [ Change of Outlet Temperature | Operating
(%) Thermal First Stage |Temperature of Temperature
Efficiency |Turbine Vane (c) Turbine 4 of Heat

Height of () Exchanger
Turbine 4 ('C)
Cycle A| 60.0 1 1 707 803 803
Cycle Al| 59.7 0.995 0.98 550 803 803
CycleB| 624 1.04 1.09 707 822 822
CycleBl| 62.2 1.04 1.07 550 822 822

Y Inlet Temperature of Turbine 4=1700°C
> Cooling Steam flow Rate Ratio=0

Table 5 Results of Cycle Calculations

Topping Extraction Cycle Topping Recuperation Cycle

Cycle (A) (AN (B) (D)
Pressure ratio 50 50 50 50
Inlet temperature 1700 1500 1700 1500 1700 1500 1700 1500
of turbine 4
Cooling Flow 015| o [015| o |o01s5| o |015| o |015| o |o015| 0 |015| o o015
rateratio
Compressor |- 234.3(234.3(234.3(234.3 234.3|234.3|234.3|234.3
Outlet 707.0(707.0{707.0{707.0 707.0(707.0{707.0| —
Temperature |

High 549.8|549.8549.8(549.8 549.8|549.8|549.8549.8
Inlet temperature |803.1|699.4|672.7|578.2[803.1|699.4|672.7|579.8|821.6 716.8|689.6 821.6(716.8(689.6(595.7
of Turbine 4
Flow rate of 209.15(223.35|267.68|289.84 | 202.11 | 211.44| 252.06| 266.42| 246.35| 241.10 | 290.65 237.95(236.88|279.83| 275.63
Turbine 4
Thermal 60.0 | 59.5 | 59.6 | 58.2 | 59.7 | 59.0 | 59.1 | 58.0 | 62.4 | 60.0 | 60.3 62.2 | 60.3 | 60.3 | 57.8
Efficiency (%) [mis=5a8°) (Ti5<565°

Table 6 Features of Cycles

Inter-cooled Topping Extraction Cycle
(A)

Inter-cooled Topping Recuperation Cycle

(81

1. System Configurations

2. Recuperation from Turbine

Outlet to Combustor Inlet

3. Characteristic of Pressure

Ratio

4. Characteristic of Temperature

of Turbine 4 Inlet

5. Steam Flow Rate of Turbine

4 Inlet

> Combined Cycle

X

> Optimized Pressure Ratio is about 130
> Higher Efficiency in less than 1500°C

> Small

B S

O

Y Optimized Pressure Ratio is about 50
> Higher Efficiency in more than 1500°C

> Large (Easier to construct complicated|
cooling passages)




