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A Case Study of Mixed Gas-Steam Cycle GT
: LM6000 Class Aeroderivative Gas Turbine

Kirk Hanawa
Ishikawajima-Harima Heavy Industries Co., Ltd., Tokyo, Japan

ABSTRACT

Many ideas were proposed to aim the generation thermal
efficiency up to 60%, such as “Steam-Cooled H-Tech. Combined
Cycle”, “Methanol Conversion Regenerative Gas Turbine”,
“Kalina Cycle” etc.”" " ™ ™

The target thermal efficiency of 60% based upon LHV, could be
also attained, when applying mixed gas-steam cycle like ISTIG
and/or GAS3D for advanced acroderivative gas turbines, which
comprise of multiple shafts with overall pressure ratio more than
50, and TTT more than 2600 F (1700 K).”

It might be meaningful to evaluate existing aeroderivative gas
turbines like LM6000 ete. by applying such an improving concept,
as the more advanced gas turbines to be derived from GE90,
PW4000, and Trent800 are not available to date for land
applications.

The intercooled ICAD GT of 77 MW was adopted as a base
engine, and it was derived that the water /steam-injected
WI/GAS3D GT version could produce 106 MW with 56% thermal
efficiency, and it must be emphasized that the power curve in
variation with ambient temperature i3 very flat than conventional
GT plants,

NOMENCLATURE

A**  Turbine Effective Nozzle Area

Cp Specific Heat at Constant Pressure

for Variable defined as m*K for Comp. or Turbine

g**  Specific Heat Ratio defined as 1+8 for Comp. or Turbine

G**  Mass Flow at cach station

GEN  Abbreviation of Electric Generator

he Variable defined as 1-0.5*m for Turbine

Hw** Latent Heat of Water

HN**  Varisble defined as 1+0 5%(28.96/18.01+N) for Turbine
HPC  Abbreviation of High Pressure Comp.

HPT  Abbreviation of High Pressure Turbine

HRSG Abbreviation of Heat Recovery Steam Generator

e Index for Water/Steam Injection defined as (1-+Gw/Ga)
Jue Latent Heat Enthalpy Index defined as H/Cpa/Ta

K**  Tanp. Difference Ratio Index defined as {To-TiyTi
L** Mixing Temp. Difference Ratio defined as (Tw-Ta)Ta

LPC  Abbreviation of Low Presgure Comp.

LPT  Abbreviation of Low Pressure Turbine

m**  Temp. Rise/Drop Index

MPC  Abbreviation of Medium Pressure Comp.

MPT  Abbreviation of Medium Pressure Tutbine

N**  Mixed Temp. Index defined as L*(S-1) or L*($-1)-J

P**  Pressure at each station

PW  Shaft Horsepower at GT Coupling

PWT  Abbreviation of Power Turbine

R Gas Constant: air; 287.C, steam; 461.7 J/kg/K

S#*  Specific Heat Difference Ratio Index as (Cps-Cpa)/Cpa

T+ Temperature at each station

X**  Shaft Speed
wi Fuel flow
Suffix

'} Air (Molecular Weight: 28.96)
g Combustion Gas or Mixed Gas
s Steam (Molecular Weight: 18.01)

w Waier

Numbering suffix

2 Compressor Inlet (LP Compressor [nlet)
24 LPC Qutlet

25 MP Compressor Inlet

27 MP Compressor Outlet

28 HP Compressor Inlet

3 Compressor Outlet (HP Compressor Outlet)
34 Combustor Inlet

4 Combustor Outlet

41 Turbine Intet (HP Turbine [nlet)

42 HP Turbine Outlet

4 MP Turbine Inlet

46 MP Turbine Qutlet

47 LP Turbine Inlet

48 LP Turbine Qutlet

49 Power Turbine Inlet

] Turbine Cutlet (FWT Outlet)

91 thru 98 Referto Fig. 1

100(am) HRSG Qutlet (Economizer Qutlet)

4. INTRODUCTION

The popular method to increase the efficiency is the adoption of
a steam bottoming cycle. In order to avercome intrinsically poor
“Rankine” cycle due to the moderate temperature of 1000 F {810 K)
or less class, it might be appropriate to heat up the steam to 2500 F
(1700 K)or higher, by mixing in a main gas stream. Mixed gas-
steam cycles, however, have congiderable impacts to the basic GT
cycle mainly due to the specific heat increase by steam mixing, and
due to the bigger mass flow in the turbine by steam injection.

The performance analysis method to evaluate the operational
parameters’ changes by steam mixing, is already discussed™ ,
which was established based upon the following concepis, subject
to the small perturbation range.

1) Comp. Characteristic  Enthalpy Rise « Speed’

2) Turbine Characteristics G*(R*T)**/P x A

3) Gns Constant Change = 1+28.96/18.01*(1-1)
4)  Specific Heat Change = 1+ (Cps-Cpa)/Cpa*(I-1}
3)  Specific Heat Ratio Unchanged



2. MODIFYING PLAN OF AERODERIVATIVE GT
The original gas turbineg for the study is adopted from existing

available seroderivative models, because those are of multiple

shaft type with bleed ports, which would be suitable for

mid-HPT. The flow diagram i3 shown in Fig. 2, where the core
HPC is divided into MPC and HPC, and the core HPT is
hypothetically separated into HPT and MPT.
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Fig 2 Gra-Steam Mixed Cycle Flow
intercooling and/or steam injections. It is expected to have better
thermal efficiencies as the cvaporaied steam to be worked in much Power@GT 41.IMW x Efficlency @GT 42.1%
higher temperature region by being injected into the main gas flow. 8 * 8
The concept of steam injected GT is not new, and the water Exhaust Gas THK x 121
ingestion has been also adopted as the measure to recover the ~4808 at Bee ke -
power degradation in high ambient temperature, mainly at the GT
inlet. And since early 1980's, really steam injected gas turbines - L > "
have been successfully operated with middle 40°s thermal P Tarbi
efficiency level, which were further beyond the original cycle [~ o - | Dinlaha
efficiency. 2 |- s b | MP Turblne__
In this study, the leading particulars of LM6000 class is settled ]
with the addition of newly designed power turbine for both 50 and - oo L Ao L ) 1B Turbee
60 Hz applications. The rated HPT inlet temperature is 1570 K E, : :\Pomer Turbine
{2367 F), which is lower than the take-off rating of aircrafl, and the - N oo SRR
leading particulars are as follows. And T-8 diagram of an original r ' '; ‘
dry GTis showninFig.1. = e emd L it .
Conditions 101.3 kPa (14,7 PSIA) Ambient Pressure 1777 L,,?m; """ 7
2882K (59.0F ) Ambient Temperature aee Lo F— b
4.0kPa (160”!“20) [nlet Duct Losses Y. " "s 1 15
2.6 kPa {10.4"H20) Exit Duct Losses Entropy {(kI/kg/K)
Configuration Standard Dry Fie.1 T-SDi f an Original Dry GT
Power Output 41.3 MW @ GT Coupling B sgram ot an Uniginal Dry
i o .
gﬁf‘-‘::czir Flow 42.1% 1 21@ GE;}: ?gég:g 1b/s) Firstly, it is to investigate parameters of the intercooled cycle to
Pressure Ratio 30.0 check whether the resultant pressure ratic and shaft power are
HPT Inlet Temp. 1,570 K(2367 F) within the specified limits or not, by the performance transfer
GT Exit Temp. 731 K(856 F) magnix.

It wounld be granted for the gas turbine as a triple shaft engine
type, because of investigating the impacts of steam injections in
the middle of compression and expansion processes, i.e., mid-HPC
and

Secondly, it is to make case studies for thermal efficiency
improvement pians with steam injection at the existing different
ports, in the sgarch of best binary cycle.



3. A CASE STUDY OF MIXED GAS-STEAM CYCLE

3.1 MODELING OF INTERCOOLED GAS TURBINE

The air from LP Compressor is intercooled down to 365 K (90 F)
prior to MP Compressor inlet, indirectly through a heat exchanger
by the supply of 298 K (77 F) city waler.

The cooling effectiveness is to be defined as (HPT Inlet Temp. -
Nozzle Bulk Temp.Y(Nozzle Bulk Temp. - Cocling Air Temp), and
in this case, that effectiveness is assumed to be kept constant.
Newly allowable raised HPT temperature is calculated as in
following manner.

T4=(1150-750)*(1570 - L150)/(1150 - 808) + 1150= 1641 K
Taken into account the coeling air temperature rise, newly rated
HPT Inlet Tanp. should be settled at 1620 K (2457 F), ie,, 50 K (90
F) raised from the original figure of 1570 K (2367 F).

dP2/P| dT2T| dT25/T] dAA/A] dT4T FdA47/A] dA4YiA dH;fIiJ

dP24/P ] -03q q o144 08¢ -414 3.9
dP3 /P Y -08 -18] -134{ 267 -217 3.9
dP48/P ] -08] -18] -02] 261 -2.14 2.84
dT24/T q 079 q o0 029 -13d 1.2
dT2sT q q [ q q q q
434/ T q q 04] 043 059 0.6 q
dT49/T [ q 0.2 0.0  -0.24
dT8 /T | 02§ 011 034 023 044 041 08y 02
402 /G § 084 -18] -0.39 2.1 201 3.44
d4G49/G O8] 1.8 034 219 <211 3.
dPW/PWE 1.3 -iod 16y -014 404 28] 464 03
dWEWF 080 -137 0.0 341 261 394

Tablel Performance Transfer Matrix for an Original Dry

GT

The performance transfer matrix for this case is listed in Table. 1
and the performance of intercooled advanced GT (ICAD version) is
able to calculate as follows.

dT25/T25 = (305 -380) /38C =-0.197

dT4 /T4 =(1620-1570)/1570 = +0.032

dAd /A4 =+0.040

dA49/A49= -0.030

The adjustment of every turbine nozzle areas could be settled
for optimizing thermal efficiency and avoiding to hit P3 limit
figure.

Any parameters including power output (PW) can be settled by
this transfer metrix forroulae. The resultant leading particulars are
83 below, and corresponding T-S diagram is shown in Fig.3.

Configuration 4% larger HPT and 3% Smatler PWT Nozzles

Power Output 77.1 MW @ GT Coupling
Efficiency 474% @ GTCoupling
Suction Air Flow 176  kgfs (389 ib/x)
Intercooled Temp. 308 K ( 9 F
Pressure Ratio 41.9
HPT Inlet Temp. 1,620 K(2457 F)
Water [njection 0 (None)
Steam Injection 0 (Nene)
GT Exit Temp. 701 K(802 F)
Compared with the original dry GT, the changes are as below.
Power 87 % Bigger
Efficiency 13 % Better
Pressure Ratio 40 % Bigger (Close to 42.0 Maximum)

This ICAD GT of 77 MW class is agsigned as a base engine instead
of an original GT for the further planning, as modifications from
ICAD GT are expected to be relatively less and casy.

Power@GT 77.1MW 3 Efficlency@GT 47.4%

Exhaust Gas 791K x 17Tkg/s

Tenpnbnik)

Entropy (kMgK)
Fig. 3 T-SDiagram of an Intercooled Base GT

3.2 MODELING OF MIXED GAS-STEAM CYCLE QT

INDIRECTLY COOLED ISTIG (ICADASTIG)
The rated HPT inlet temperature is kept as 1620 K as above, and
the leading particulars of this ¢ycle are as follows.

Configuration 11% larger HPT and 9% Smalier PWT Nozzles
Operation Mode  Indirecily Cooled(ICADMVISTIG

Power Qutput 106.2 MW @ GT Coupling

Efficiency 55.0% @ GT Coupling

Suction Air Flow 178  kg/s (392 1b/s)
Intercooled Temp. 305 K (9% F

Pressure Ratio 41.7

HPT Inlet Temp. 1,620 K(2,457 F)

Steam Injection 20.1 kg/s (44.4  lb/s) in Total

Steam Injection 1 @ HP Compressor Exit

Conditions 6,000 kPa (870 PSIA) x 660 K(728 F)
Flow 14.8 kg/s (32.6 1bfs)
Steam Injection I @ LPT Inlet
Conditions 4,000 kPa (580 PSIA)x 539 K (510 F)
Flow 23kg/s (5.11b/s)
Steam Injection I1I @ PWT [nlet
Conditions 2,000 kPa (290 PSIA)x 514 K (465 F)
Flow 3.0kg/s (6.6 Ib/s)
GT Exit Temp. 680 K (765 F)
HRSG Exit Temp. 424 K (303 F)

Compared with the original intercooled [CAD GT, parametric
changes are resulted as below,

Power 38 %Bigger
Efficiency '16 % Better
Pressure Ratio Kept as Maximum (42.0)

The resultant performance particulars are listed in Table 2, and
the its transfer matrix listed in the lower half of the table, where any
parameters are controlled by ambient and operating paremeters, are
calculated in Exel or Lotus 1-2-3 tabular calculation software by
using indices listed in the upper half. "

And the corresponding T-S diagram is shown as in Fig.4.
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Power@GT 1062MW 1 Efficiency@GT 55.0%

Exheust Gow SMK x 19Mh
Steamn Evaprrated 11.0%

§

T

1688

— 144

|~ 124

1848

Timgmesnes 1KY
1

Fig.4 T-S Diagram of an ICAD/STIG GT

WATER-INJECTED ISTIG (WHISTIG)

The water, the amount of which is settled to the dew point, is
injected at the exit of LPC. It should be noted that the cooled
temperature (T25) would be changeabie in variation with the LPC
discharge pressure, raised by the water injection.

The flow diagram of this intercooled gas turbine cycle is shown in
Fig. 2, where the purely treated water 15 injected at LPCexit. The
rated HPT intet temperature is kept as 1620 K as above.

GT Exit Temp. 658 K(725 F)

HRSG Exit Temp. 430 K315 F)

Compared with the base ICAD GT, parametric changes are:
Power 22 %Bigger

Efficiency 17 % Better

Power@GT 4.0 MW 1 Eficdeny@GT 5.6 %

Exheust Gas 650K x 1Tkgh
Stvam Evaporsted 9.59%

¥ L L 1.3 1.» 135

Fig. S5 T-S Diagram of a WI/STIG GT

WATER-INJECTED GAS3D (WHGAS3D)

The water is injected ag in the WI/ISTIG cycle, where the medium
pressure steam is to be injected at the exit of MP compressor,
instead of LP turbine inlet. The performance of water injection

The performance transfer matrix is expressed in Table 3 and the
performance of water injection intercooled advanced GT with
various steam injection (WIISTIG version) is able to calculate.

di24/124 =1+ 3.6/158 =+].023

di3/I3 =1+11.3/158/1.023 =+1.070

dT4 /T4 =(1620-1620)/1620 = 0.0

dAd4 /A4 =-0.010

d146/146 = 1+2.2/158/(140.023+0.070) =+1.013

d148/148 = 1+2.9/158/(140.023+0,070+0.13)=+1.016

dA49/A49= -0.090
The resultant particulars are as below, and the T-S disgram is
shown in Fig. 4.

Configuration 1% Smatler HPT and 9% Smatler PWT Nozzles
Operation Mode  Water Injected(WI/ISTIG

Power Output 94.0 MW @ GT Coupling

Efficiency 556% @ GT Coupling

Suction Air Flow 158 kg/s (348 1b/s)
Pressure Ratio 414

HPT Inlet Temp. 1,620 K(2457 B

Water [njection 36kgls (8 0 1b/s) @LPC Exit
Intercooled Temp. 302 X 83

Steam Injection 16.3 kg/s (36 0 !bls) in Total

B e e I L x : intercooled GT with stcam injection (WI/GAS3D version) is
L3P /P - 436 131 081 041 - 0.97 calculated as shown in Table 4.
3PAY/P . 36| 024 0.04 0.4 (% 0.14
[aTZ5/T 0.04 024 -033 .0 0.7d (24 | di27/1 dAd7/a] dlafn]
ST34/T 0.3 024 018 -D. 0.3 ap24/p 354 459 3.
aT49/T 021 083 -00] -080 -0 ap3 /P p4f] -1.3 .
aT8 /T 0.49  -0.81 0.1 128 -0, dP4L/P 048 00 )
G2 /0 033 -o.w% oAl 070 0. aT28T RN .
3G49/G 03] 014 040 021 03 34T 000 0.9 )
SPW/P 064 021 o034 114 o [dT45T G00 0.6 <0,
W 418 /T -0, -1, 0.
[eWiwi] 14 o 38y -oof4 o029 034 o028 0.74 [ | 263 G -
Table.3 Performance Trmsfer Matrix for WIISTIG GT dG49/G

143 23F 348 -0.19 -o.g g4 0.3

Table4 Performance Transfer Matrix for WI/GAS3D GT

d124/124 = 1+ 4.3/169 =+1.026
d127/127 = 142,3/169/1,026 =+1013
di3/13 =1+ 15.4/169/(1+0.026+0.013)
dAd /A4 =-0.010
dl48/148 = 142.9/169/(140.026+0.013+0.088)=+1.015
dA49/A49= 0,090 _
The resultant specifications are as below, and commesponding T-§
diagram is shown in Fig. 6.

=+].088

Configuration 9% Larger HPT and 9% Smaller PWT Nozzles
Operation Mode  Water Injected(WI)/GAS3D .

Power Output 107.6 MW @ GT Coupling

Efficiency 55.6% @ GT Coupling

Suction Air Flow 169 kg/s (373 1b/s)
Pressure Ratio 419

HPT Inlet Temp. 1,620 K(2,457 F)
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Fig. 7 HRSG Heat Balance of WI/GAS3D GT

Fig.6 T-S Diagram of a WI/GAS3D GT

The heat balance in this Heat Recovery Steam Generatoris shown
in Table % and temperature variation as in Fig. 7.

It can be seen in Fig. 8 that any injected water/steam cycles are
subject to very high temperature-baged Rankine Cycle, of which
the maximum cycle temperature is very same ss main gas
temperature.

This would be & main reason for offering better resultant efficiency
than those in conventional combined cycles.

Water Injected/GAS3D T-8 Chart ~=sWater @LPC Exic  2.6%
Power@GT 107.6MW x Efficiency@GT 55.6% Stcams GHFC Inkee 1.3%
——————————— 3808 - - - ——Steam GHPC Exit  $.0%
— Stcam @PWT Inlet 1.5%
- 1600 || nins ax
. ] HFP Turbine
= " Combustgr e T
: MP Turbisge
1P Turbing
[« . Power Tufbine
N 7‘£f s
-2.8 .0 .4 4.0 &0

Etropy (Wl/kg/K)
Fig.8 Gas & Steam T-S Diagram of a WI/GAS3D GT



4. EVALUATION OF CASE STUDIES

MIXED GAS-STEAM CYCLE GT

The ISTIG or GAS3D cycle is not of conventional combined
cycle type, from view points of mechanical definitions, which is of
dual-fluid cycle type, combined thermodynamically inside.

The "Brayton” Cyecle of 1600 K maximum temperature brings
about thermal efficiency of 42 %, and, on the contrary, the
*Rankine” Cycle of 700 K maximum temperature, which would be
appropriate for the bottoming cycle, may have 30 %efficiency at
best. Accordingly, it might be anticipated that it is better for the
cvaporated steam to beused in much higher "Rankine” Cycle due
to 1600K steam. For example, under the condition of 80 % total
extract of the heat and power from the base gas turbine cycle,
following total efficiencies are expected, respectively.

Combined Cycle with "Rankine" Cycle
GT Brayton Cycle Efficiency
Heat Recovery (Heat)
Steam "Rankine” Cycle Efficiency
Heat Recovery Efficiency (Power)
Resultant Efficiency 0.
GAS-3D Cycle
GT Brayton Cycle Efficiency
Heat Recovery (Heat)
Steam "Rankine” Cycle Efficiency
Heat Recovery Efficiency (Power)
Resultant Efficiency 0.57

In principle, in order to have a successful ISITIG'GAS3D cycle,
it
ig essential to check carefully what degrees of parametric changes
are expected from pure air fluid inte dual fluid working.

53

0.42

0.38
0.40
0.15

INTERCOOLING METHOD

The parametric changes by indirectly intercooling without
steam injections were described at Section 3.2. And the changes by
water injection intercooling are listed as below,

Configuration 6% smaller HPT and 3% Smaller PWT Nozzles

Power Output 75.4 MW @ GT Coupling
Efficiency 486 % @ GI Coupling
Suction Air Flow 162 kgfs (358 1b/s)
‘Water Injection 4.8 kg/s ( 10.6 1b/s)
Intercooled Temp. 311 K ({( 9 F
Pressure Ratio 419

HPT Inlet Temp. 1,620 K(2457 F)

GT Exit Temmp. 689 K(802 F)

Compared with the base ICAD GT, the efficiency is better by 3%,
relatively, although intercooled temperature is higher than in
indirectly intercooling case. This is mainly caused from the larger
turbine output producing by mixing steam flow of bigger specific
heat value than pure air.

It is seen that this tendency appears evea in ISTIG/GAS3D
analyses, where the efficiency in water injected mode is better than
ICAD mode, relatively by 2%.

Powen@GT 75.4MW x Effickency@GT 48.6%

Exhaust Gas ¢09K x 168kg/s
1900

") Power Turbine

Tew pua e [K)
T
1
3

Comp.

E b a0 as (1 13
Eatropy (L/Ay/K)
Fig.9 T-SDiagram of Intercooled GT by Water Injection

TURBINE NOZZLE AREA CHANGES

When injecting steam into the turbine gas flow, it is normal that
the turbine inlet pressure has to be increased to maintain the
corrected gas flow as constant, corresponding to the speed-up of
rotating speed.  These two parameters are very important factors
for making decision of the gas turbine life, to limit thrust bearing
capacity and mecharical strength of rotating parts. Not to
increase these two parameters, the enlargement of the turbine
nozzle area with the adjustment of turbine nozzle setting angle is
to be congidered.

It was acknowledged in case studies that the countermeasure of
enlarging the nozzle areas is very useful to avoid the speed
increase when injecting steam/water into the gas turbine without
eny aacrifices of the performance parameters or sometimes with
better performance. [t would not be so difficult to adjust the
nozzle area within the range of plus or minus 10 %, by rotating the
setting angle of nozzle cascade rows with buckets as it is.

RAISE OF HPT INLET TEMPERATURE

It is possible to raise HPT inlet temperature for the sake of
cooler HPC delivery air, which is used as cooling media to the hot
parts of GT, because the water injection at LPC and steam injection
during/after HPC brings about lowering HP compressor discharge
temperature.  The enlargement of turbine nozzie areas has also
the cool-down effects by lowering the revolutional speed
mentioned above. In comparison with the original dry cycle, and
the modified & water injected cycle gas turbine, the combustor
inlet temperature has dropped from 808 K down to 750 Kby nearly
60 K difference. The cooling effectiveness is to be defined as
(HPT Inlet Temp. - Nozzie Bulk Temp.)/(Nozzle Bulk Temp. -
Cooling Air Temp.), and in this case, that effectiveness is assumed
to be kept constant,

As described in Sec. 3.2, HPT Inlet Temp. was settled at 1620 K, ie.,
50 K raised from the original figure of 1570 Kin this study.

Much higher TIT like H-technology of 1770 K (2730 F) would
be preferable for realizing 60% or better thermal efficiency
figures.

In this study, however, it was intended to improve existing gas
turbines by applying mixed gas-steam cycle, and it is understood
that it is difficuit to get such high TIT without major
modifications. Such preliminary analyses were done by assuming
more powerful and advanced aeroderivative GTs from turbofan
engines,



5. CONCLUSIONS

The performance transfer matrix method™® could be epplied to
check the performance variation when applying water/steam
injections to existing GTs.

ISTIG/GAS3D gas turbine cycles could be counted as an excellent
cycle improvement ideas. The assumed limits, i.c., 1620 K (2467
F)for TIT and 42 for CDP pressure ratio, yields in the results of 107
MW capacity with 56% LHV efficiency at GT coupling. [t was
difficult to get 60% cfficiency, however, those figures are further
better than those of existing LM6000 class combined cycle plants.
And this king of mixed gas-steam cycle is of much more flexible
operability with or without water/steam injection, offering faster
start capability, comparing with conventional combined cycle
plants.

1) Performance Analyses Method
Tt is gaid that STIG version from the original dry engine results in
55% power augmentation and 20% efficiency improvement, and
such results were acquired by applying this method.
Configuration 9% smatler HPT and 12% larger PWT Nozzles

Power Output 65.1 MW (57% Bigger)
Efficiency 51.5% {22% Better)
Pressurs Ratio 324 {10% Larger)
HPT Intet Temp. 1,570K (2,367 F)  (Keptas Same)

It is easy to estimate the power characteristics in variation with

ambient tem e uging dT2/T2 in the transfer matri
dp2/p| ataT | dizan | dish | dP3/® | dAd/a {dadg/a] dPs/P
dT34T [ -5 0.3 3 og 0.0

|
dT4 T ( ] 49 20 [X | 0.5 0.5 g
[P 8 174 -07 ' HE Y [

"dP2/P | ATH/T ]| 124 | dIM | dTAT | dAd/A | dA4%/A] dPe/P
dPa/P 3 -2 9 41 3 -1 1.0
dT34/T ( od 2% 10 0. -0.3 0.4
[APW/FW 14 33 161 64 3. 08 o8 o0
dP2/P | dT2/T | di2a/] | a13 | dT3/T | dAd/A | dA4S/A| PSP
4P3 /P 1 3% 17 o 3. 00 -0,
dT4 /T q 04 34 -2 14 oy -04
dPW/PW| 1.4 -54 259 -o.% sy 14 .13 o

Table 6 Power Variation with T2, under P3, T4, & T3 Control
for an Original Dry Engine

The following is an example for comparing charactenistics of dry
and GAS3D cycles under P3, T4, and T3 control, showing the very
steep power curve under T3 control.
Non-Disvwnsional Power Ontpot
Dry & GASY

[—CARSD (Y}
GAS3D (T4
—GARD (TH
- = = Dry @)
-« = Dry T4
- = = Dy (O

Pavrer Ouowprac. Bmbe -3

Fig. 10 Power Characteristics of Dry and GAS3D Cycle GTs

It can be seen that GAS3D GT has very flat curve and T3 control
parameter is meaningless for GAS3D, which is most important
control parameter for Dry GT at high ambient temperature region.

2) Feasibility Study on ISTIG/GAS3D Cycle

It is assured that ISTIG/GAS3D Cycle is equivalent or guperior to
other cycle improvement ideas such as "Kalina-Cycle", "H-
Technology” etc. There are some features comparing with the
combined cycle with the bottoming cycle of 700 K (800 F) class.

-Unnecessary to have a bottoming ¢ycle components, saving alot
of investment related to the equipment of a bottoming cycle.

-Better Rankine cycle efficiency due to much bigher steam
maximum cycle temperature of 1600 K {2400 F) class by mixing in
the advanced efficient gas turbine.

3) Applicability of Aero-Derivative GT into ISTIG/GAS3D Cycle

It is learned that upper fifty (50) percent class efficiency can be
attainable in GAS3D Cyele, for the sake of excellent efficiency of
original supposed advanced engine. When incregsing maximum
temperature by 50 K, and adjusting turbine nozzle areas within the
range of 10 %, the produced power grows 107 MW from 41 MW and
the thermal efficiency goes up 56 %afrom 42 %,

And it must be mentioned that such efficiency level will go up
more, if the pressure ratio of LP compressor wentup. It wounid be
expected to exceed 60 % level by applying up-rated version of
1M6000 or equivalent GTs, which have to have much bigger
pressure ratio than existing 2.4 level.
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