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OFF DESIGN ANALYSIS OF A GAS TURBINE POWER PLANT AUGMENTED BY
STEAM INJECTION USING VARIOUS FUEL TYPES
by Robert J. Stochl

National Aeronautics and Space Administration
lewis Research Center
Cleveland, Ohio 44135

SUMMARY

The results of an analysis to estimate the off-design performance of a
specific gas turbine powerplant with steam injection are presented. Results
were obtained using coal-derived low and intermediate heating value fuel gases
and a conventional distillate. The turbomachinery characteristics used in the
calculation of off-design operation were scaled from available performance maps
of aircraft type gas turbines.

The results indicate that steam injection does provide substantial in-
creases in both power and efficiency within the available compressor surge
margin. The results also indicate that the increase in performance with steam
injection 1s insensitive to the type of fuel. Also, in a cogeneration applica~
tion, steam injection could provide some degree of flexibility by varing the
split between power and process steam.

INTRODUCTION

A concept for simultaneously increasing the power output and efficicncy of
a gas turbine is based on the injection of steam into the combustor of the gas
turbine. Steam injection increases the power output of a gas turbine by incres-
ing the mass flow (and its specific heat) through the turbine without signifi-
cantly increasing the power required to drive the compressor. If the steam is
generated by recovering otherwise wasted heat from the gas turbine exhaust, the
power system efficiency would also be increased. From this standpoint a steam-
injected gas turbine cycle is thermodynamically similar to a combined gas~
turbine - steam-turbine cycle. However, the steam portion of the steam injected
cycle operates at much lower pressure levels, and higher temperature levels than
the steam portion of a conventional combined cycle. It also has a potential
cost advantage of not requiring a separate steam turbine generator or its heat
rejection system.

Several investigators (refs. 1 to 4) have analytically shown that a cou-
siderable increase in performance (both power and efficiency) can be achieved
by injecting steam into the combustor of a gas turbine. Although the authors
of reference 2 did consider a variation in compressor-pressure ratio with
increased mass flow, most analyses have estimated the performance of a gas
turbine at each steam injection rate assuming design-point performance. They
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have not included the analysis of a fixed set of hardware for a variation in
the amount of injected steam. A potential advantage of steam-injection gas
turbines i the ability to change power level by changing the steam-injection
rate, while holding the turbine~inlet temperature at a constant value., This
could result in attractive performance over a range of power outputs for a
fixed machine,

One purpose of this investigation was to determine the effect of steam
injection on the performance of a gas-turbine system using turbomachinery not
specifically designed for steam injection. The system operating parameters
(such as turbine~inlet temperature and compressor-pressure ratio), used in this
report werc based on presently available, advanced, single-shaft, heavy-duty
gas turbines. The turbomachinery characteristics used in the calculation of
off-design operation were scaled from available performance maps of aircraft-
type gas turbines. These maps would not necessarily match those of heavy~-duty
industrial gas turbines but should be suitable to indicate the proper trends
and to assess the potential performance advantages in using steam injection in
gas turbines.

When the amount of steam injection is increased in a particular fixed-
geometry gas turbine, the turbine fiow increases relative to the compressor
flow, increasing the compressor back pressure and moving the compressor pres-
sure ratio toward the surge line. The initial surge margin available to the
compressor depends on its design operating point. Because the operating point
of a particular gas turbine might be different when used with a coal-derived
gaseous fuel compared with a conventional liquid fuel, it i3 of interest to
consider a variety of fuel types in assessing the advantages of steam injection.
Also, in a power system integrated with a gasifier, it might be necessary to
start up using a fuel other than that produced by the gasifier or to be able to
operate on a second fuel if the gasifier for some reason must be shut down.
Therefore, the performance of a specific gas turbine with steam injection was
considered using coal derived low and intermediate heating value fuel gases,
as well as a conventional distillate. Systems using low heating value fuel
from both an atmospheric gasifier and from a pressurized gasifier were consid-
ered. The emphasis here is not to evaluate or compare gasifier designs but to
determine the effect of the fuels obtained from the various gasifiers. Calcu-
lations were performed assuming that the turbomachinery operated at the design
point for only one of these fuels. The operating point was then calculated for
each of the other fuels. In each case a range of steam injection rates were
considered. Two sets of such calculations were made: one assuming that the
turbomachinery operated at its design point when low heating value fuel from
an atmospheric gasifier is used, the other assuming that intermediate heat-
ing value fuel from a pressurized gasifier is used.

The turbine-inlet temperature was assumed constant at 1093° ¢ (2000O F).
The effects of turbine cooling were not included in the analysis, The inlet
steam conditions to the combustor were assumed to be 482° C at 1.379 MPascal
(900° F at 200 psia) in all cases.
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DESCRIPTION OF SYSTEMS AND ASSUMPTIONS

Four basic gas turbine system configurations were evaluated. The basic
distinction between the four configurations is the type of fuel used,

Configuration 1 - Simple steam~injected gas turbine fueled by the products of
an air-blown coal gasifier operating at atmospheric pressure,

Configuration 2 -~ Simple steam~injected gas turbine fueled by the products of
an air-blown pressurized coal gasifier.

Configuration 3 - Simple steam-injected gas turbine fueled by the products of
an oxygen-blown pressurized coal gasifier.

Configuration 4 - Simple steam~injected gas turbine fueled by a light
distillate.

Configuration 1 is shown schematically in figure 1(a). Ambient air at 16° ¢
(60° F) and 0.010 MPascals (14.7 psia)) is pressurized in a compressor, heated
in the combustor together with injected steam by the burning of fuel from the
gasifier, and expanded in the turbine. The turbine drives the compressor and
generator. The hedt in the turbine exhaust is used to raise 482° C (9000 ),
1.379 MPascal (200-psia) steam in a heat recovery boiler, a portion of which

is used for steam injection (the remainder could be used as process steam).

The turbine-inlet temperature was maintained at 1093° C (2000° F) in all cases.
The fuel from the gasifier was assumed to enter the gas turbine combustor at
316° C (600° F) and at a pressure 0.334 MPascals (48.5 psia) above the compres-
sor exit pressure. The composition of the fuel going into the combustor is
given in table I for each configuration. The auxiliary power requirement in-
cluded in this configuration was that required to raise the low heating value
fuel gas to a pressure 0.334 MPascals (48.5 psia) above the main compressor-—
discharge pressure.

Configuration 2 (fig. 1(b)) is similar to configuration 1 except that the
pressurized air required by the gasifier is supplied from the gas-turbine com-
pressor. The auxiliary power requirement included in this configuration is the
power necessary to increase the air supply pressure by 0.334 MPascals (48.5
psia) in a boost compressor. The gasifier air input to fuel output ratio
(May/ME - 0.7628) and fuel gas composition as shown in table I were assumed
constant and unaffected by gasifier pressure level.

Configuration 3 (fig. 1l(c)) is a simple gas turbine fueled from an oxygen-
blown pressurized gasifier. The oxygen is produced from air and pressurized to
the operating pressure level of the gasifier (P + 0.334 MPascals (48.5 psia)).
The gasifier was assumed to require 0.291 kilograms of oxygen per kilngram in-
termediate heating value fuel output. The fuel composition of the intermediate
heating value fuel into the gas turbine combustion is given in table 1. The
auxiliary power requirements for this configuration were assumed to be
(1) 0.255 kilowatt~hour ker kilogram of atmospheric pressure oxygen produced in
the oxygen plant and (2) the power required to pressurize the oxygen to the
gasifier operating pressure.




Configuration 4 (fig. 1(d)) s a simple steam Injected pas turbine using
a lipht distillate fuel, PFuel system auxiliary power would be relatively small
and was not included.

1t was assumed ‘or all cases that the gasificrs were capable of operating,
without change in efficiency, over the range of fucel flow rates required by the
gas turbine for the various steam injection rates. The lower stack gas temper-
ature limit for the turbine exbaust was assumed to he 149° ¢ (300 F). This
limit, as will be discussed later, in all but two cases restricted the maximum
amount of 4829 € (900° F) steam that could be produced by recovering hieat from
the turbine cexhaust.,

With the exception of configuration 4, cach of the fuel supply systems arce
in various degrees integrated with the power conversion system., Lt Is not the
purpose of this report to evaluate or compare the varfous gasificer systems.
However, to properly compare system performance for the various fuels some con=-
sideration of gasifier performancewas required. Included in the net work output
of the pas turbine systems are the auxiliary power requirements needed to supply
the fuel gas to the gas turbine combustor at a pressure of 0,334 MPascals (48.5
psia) above combustor pressure. Auxiliaries associated with coal preparation
or fuel gas clean up were not included. Figure 2 is an cnergy flow diagram for
each of the three coal derived fuel systems. These data are the result of a
heat balance of a fluid bed gasifier with cold gas clean up. TIn figure 2(b)
and (¢) the fuel gas is reheated by recuperation to 3169 € (600Y ¥). In cach
pasifior steam is produced in the process of cooling the fuel gas. Any part of
this steam could be used for steam injection into the gas turbine combustor.

To arrive at the system efficiency the gas turbine cycle efficiency was
multiplied by the cffective efficiency, ng, of the fuel supply systems. The
ng 18 equal to the fuel enerpy input to the gas turbine (Q,¢r1) divided by the
coal energy input to the fuel supply system (Qn.conl) and  Qp gr is based on
ouly the higher heating value of the fuel gas and QI,COHl is based on the
higher heating value of Tllinois unumber 6 coal 28.406 Mj/Kg (12 235 Btu/lb).
For configurations 1| and 2 ng = 0.760, for configuration 3 ng = 0.8006.

As mentioned in the introduction, two sets of calculations were made. One,
designated design option 1, is where system coufiguration 1 (without steam in-
Jjection) operated with the parameters listed in table IT. Confipgurations 2 to
4, with and without steam injection, as well as configuration 1, with stcam
injection, were then considered as operating in an off-desfign mode. The sccond
set of caleulations, design option 2, {s where configuration 3 (without steam
injection) operated with the parameters listed in table 11. Here, configuration
1, 2, and 4, with and without steam injection, as well as configuration 3, with
steam Injection, were operated in an off-design mode. All caleulations were
performed using the compressor and turbine characteristics shown in figures 3.
These characteristics, obtained by scaling a large aircraft-type turbomachine
to an industrial size operating with the chosen design parameters, apply to a
single-shatt pas turbine operating at its desipgn speed.  The pressure losses
for cach component with the addition of steam injection and the other fuels
were assumed to change according to the relation
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M 1s the mass flow rate,

T 4s the inlet temperature,

P 1is the inlet pressure,

AP is the component pressure drop,

and the subscript d indicates design condition.

where

DESIGN OPTION 1 RESULTS

The effect of fuel type on the performance of design option 1 turbomachin-
ery is shown in table I1I. As stated previously, design option 1 turbomachinery
was sized for the parameters listed in column 1 (configuration 1). The results
shown are without steam injection (Mg/Mz; = 0). There is a 28 to 35 percent de-
crease in the gross output for configurations 2 to 4 compared with configura-
tion 1. The design fuel to air ratio for configuration 1 was 0.257. This
means there is 25.7 percent more mass flow through the turbine than through the
compressor, resulting in a higher gross work output per pound of airflow. As
the heating value of the fuel increases (for intermediate Btu and light dis-
tillate fuels), the fuel to air ratio required to maintain 1093° C (2000° F)
turbine inlet temperature decreases (i.e., (F/A)gons 3 = 0.076 and (F/A)oonf 4
= (0.022) which lowers the gross specific work output. However, when the auxil-
iary power required to compress the fuel and/or oxidizer are deducted from the
generator output, the resulting difference in net power between configuration 1
and the other three is reduced 12 to 15 percent. It should be noted that the
relatively small amount of auxiliary losses shown for configuration 2 results
because a major portion of the power required for the pressurization of the
oxidizer is supplied by the gas turbine compressor and is, therefore, included
in the determination of the gas turbine generator output.

There are three efficiency values shown in table III. Gas turbine effi-~
ciency (ngy), which is defined as the generator output divided by the energy
input to the gas turbine combustor based on the higher heating value of the
fuel gas. Cycle efficiency (“Cycle) is the generator output minus the auxil-
iary power required for motor driven air or fuel gas compressors (net power
output), divided by the energy input to the gas turbine combustor. And system
efficiency which 1is, except for configuration 4, the net power outjput divided
by the coal energy input to the gasifier based on the higher heating value of
the coal. For configuration 4 the light distillate fuel was assumed not be
derived from coal and to require no auxiliary power so the three efficiency
values are the same. The gas turbine efficiency is also highest for configur-
ation 1. Thkis 1s to be expected since the turbomachinery in the other config-
urations would be operating at an off-design point with other compressor
efficiencies and lower pressure ratios. Once the auxiliary losses and gasifier
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efficiencies are included, the cycle and system efficiencies arc higher for the
intermediate heating value and light distillate fuels (configuratlons 3 and 4).
The detailed performance results using steam injection are tabulated in

table IV. The performance results are presented in figures 4 to 6.

Figure 4 illustrates the effect of steam injection on the net power ocutput
for the four configurations. The trend for all configurations is an approxi-
mately linear increase in net power for increasing steam to air ratios. There
is approximately an 8 electrical megawatt (MW.) increase in power for each 0.1
increase in the steam to air ratio. The maximum amount of steam that can be
injected into the combustor is limited by the surge margin of the compressor
The compressor-pressure ratlo increase toward the surge line as the «team-
injection rate increases. The steam to air ratio at which compressor surge is 3
encountered is indicated in figure 4. It varies from a steam to air ratio of '
slightly more than 0.2 for configuration 1 to 0.5 for confipiiarion 4. 1In all
configurations steam can be produced by recovering the heat i, .(.e turbine
exhaust. In the configurations using the coal-derived fuel gases (configura-
tions 1 to 3) additional steam is generated in the gasification process. (See
fig. 2.) The limits on the steam to air ratios for these two steam-generating
gsources are also indicated in figure 4. TFor configuration 1 the compressor
surge limit is reached before the steam generating capacities are exceeded.

For configurations 2 to 4 the steam raising capability in the turbine exhaust
l1imits the steam to air ratio to approximately 0.22. For configuration 2 this
steam to air ratio can be increased to 0.37 by also using steam produced in the
gasification process, while the steam to air ratio for configuration 3 can only
be increased to 0.26 using gasification steam. The performance results that
follow, for design option 1, will be restricted to the appropriate limiting
steam air ratios.

Figures 5 and 6 present the cycle and system efficiencies over the appro-
priate steam to air ratios. The trend for all configurations is increasing
cycle and system efficiencies for increased steam to air ratio. There is '
approximately a 32-percent increase in system efficiency (fig. 6) for config-
uration 1 for its limiting steam to air ratio. For configurations 2 to 4 there
is approximately a 40 to 62 percent increase.

It should be noted that the system efficiency for the light distillate fuel
(configuration 4) is considerably higher than for the coal derived fuels, be-
cause that power system was not charged with any fuel conversion efficiency or
any auxiliary power losses connected with the supply of fuel. TIf the light
distillate was derived from coal the system efficiency values shown would then
have to be modified by a conversion efficiency factor which would bring them
more in line with other coal derived fuels. If the light distillate was not
derived from coal its cost of power would be higher thanm the coal derived fuels.

Figure 7 is a composite of figures 4 and 6, that illustrates the relation
of system efficiency, net power output, and steam to air ratio. With steam
injection the percent increase in efficiency is less than the percent increase
in net power output due to the additional fuel required to heat the injected
steam tc the turbine-inlet temperature. In a cogeneration application the heat
in the turbine exhaust might also be used to generate steam for process use as
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well as for injection. Also, the steam generated in the gasification process
can be used for either injection or process. To follow a variation in power

versus steam requirements, it might be desirable to vary the amount of steam

injection versus the amount of steam used for process.

Figure 8 illustrates the relation between steam available for process use
and the steam used for injection into the combustor. Two sets of results are
shown. One is the result of using only the steam produced by reducing the
turbine exhaust to the limiting stack temperature. The other is the result of
using the steam produced from the turbine exhaust plus steam available from the
particular gasifier. The maximum amount of 482° C (9000 F), 1.379 MPascals
(200-psia) steam that could be raised with and without gasifier steam is shown
along the MS/Ma = 0 coordinate., The amount of available process steam de-
creases linearly for increased injection ratios until all the steam raised is
used for injection, or in the case of system configuration 1, the compressor
surge limit is reached. The difference between the two sets of results is the
steam produced in the gasification process. Both low heating value gasifica~-
tion subsystems produce considerably more steam than the intermediate heating
value subsystem. The prunds of steam per pound of fuel gas output are slightly
higher for the low heating value subsystem (0.458 and 0.368 for the atmospheric
and pressurized low heating value subsystem, respectively, compared with 0.309
for the intermediate heating value system). However, the total fuel required
using the low heating value fuel gas is more than three times that required of
the intermediate heating value gas, resulting in much larger total steam
production.

The relation between the total steam available (including any steam gener-
ated in the gasification process) for process use and net power is illustrated
in figure 9 over the allowable range of steam to air ratios. This figure is a
composite of figures 4 and 8. This information illustrates the potential abil-
ity of these systems to follow variation in power versus steam requirements.
Both the net power and process steam production is greatest for system config-
uration 1 at any given steam to air ratio, followed by configurations 2 and 3.
Configuration 4 produces less steam than configuration 3 but slightly more
power,

DESIGN OPTION 2 RESULTS

The effect of fuel type on the performance of design option 2 is shown in
table V. Design option 2 turbomachinery was sized for configuration 3 using
the parameters listed in the second column. The basic comparisons shown are
again for a steam to air ratio of zero. Configuration 1 was eliminated from
this option because it was unable to operate below the compression surge point.
The net power output for the remaining configurations were all approximately
20 MWe. The gas turbine efficiency for the design configuration (intermediate
heating value fuel) is approximately the same as obtained using the light dis-
tillate. But, again, once the auxiliary losses and gasifier efficiencies are
included, the cycle and system efficiencies are higher for the configuration
using the light distillate fuel. The cycle and system efficiencies of the low
heating value fuel configuration were the lowest of the three cases.
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The detailed performance results for option 2 with steam injection are
presented in table VI, and in figures 10 to 12. Figure 10 illustrates the
effect of steam injection on the net power output for the threc configurations.
There is not a significant difference in net power output between the configur-
ations at any steam to air ratio. The trend for all cases is again a lincar
increase in power for increasing injection rates. There is, again, approxi-
mately an 8-MWe increase in power for each 0.1 increase in the steam to air
ratio. The values of the steam to air ratio at which compressor surge is
encountered and at which the limit of the steam raising capability of the
turbine exhaust 1is encountered are indicated. For configuration 2 the surge
limit is encountered before the steam raising limit. For configuration 3 the
surge limit and steam raising capability limit both occur at a steam to air
ratio of approximately 0.20. For configuration 4 the steam raising limit of
the turbine exhaust occurs well before recaching compressor surge. Additional
steam is not available for this configuration as it is in the coal~derived fuel
gas cases.

Figures 11 and 12 present the cycle and system efficiencies over the
applicable range of steam to air ratics. The trend is again increasing cycle
and system efficiencies for increased steam to air ratios. The efficiencies
are again ranked in the same order as the fuel heating value of each configu-
ation. The larger difference in system efficiency (fig. 11) results because
the calculation for light distillate fuel does not have fuel conversion losses,

Figure 13 is a composite of figures 10 and 12 and illustrates the relation
between system efficiency, power output, and injection ratio. The trend is
again increasing power and efficiency with increased injection ratio, with the
magnitude of increase dependent on the configuration. As mentioned in the
design option 1l results, the percent increase in efficiency is less than the
percent increase in power output because of the additional fuel required for
steam injection.

Figure 14 illustrates the relation between the steam available for process
use and that used for steam injection. Again, there are two sets of results:
one for only the steam raised by reducing the turbine exhaust to the stack
limit: the other for the total steam producing capability that includes steam
raised in the gasifiers. The total amount of available process steam decreases
linearly for increased injection ratios until the compressor surge limit is
reached or in the case of configuration 4 (the light distillate case) all the
steam raised is used for injection.

Figure 15 illustrates the relation between power, total process steam pro-
duction, and the amount of steam injection. The trends are similar to those
shown for design option 1 (fig. 9) except here configuration 3 is also limited
by the compressor surge margin.

CONCLUDING REMARKS

Both the net power output and efficiency of gas turbine systems can be in-
creased by injecting steam into the combustor of the gas turbine. As an




increasing amount of steam 1is injected into the combustor of a fixed geometry
gas turbine, the mass flow through the turbine increases relative to the mass
flow through the compressor. This increcased relative flow increases the com-
pressor back pressure moving the compressor pressure ratio toward the surge
line., The maximum increase 1in performance depends on the surge margin avail-
able to the particular compressor,

The turbomachinery characteristics assumed for this analysis had a suffic-
ient surge margin to accommodate a significant amount of steam injection (up
to 50 percent of the compressor flow rate). This stcam injection did provide
substantial increases in both power and efficiency. The percent increase in
power is about twice the increase in efficlency for a unit increase in steam
Injection.

Although the turbomachinery in this analysis was capable of accepting a
significant amount of steam, the actual amount of steam avallable for injection
depends on the steam generating capability of the entire power systaem. Steam
can be raised by recovering heat from the turbine exhaust products. This
analysis considered gas~turbine systems fueled by either an atmospheric or a
pressurized low heating value fuel pasifier, a pressurized intermediate heating
value fuel gasifier, or by a conventional light distillate. Steam produced in
the gasifiers is also available for injection into the gas-turbine combustor.
in all but two of the power systems considered in this analysis, the maximum
system steam raising capability (through exhaust heat recovery and gasifier
steam) was between 18 and 26 nercent of the compressor air flow. This amount
of steam injection resulted in power increases of 68 to 100 percent an’ effici-
ency increases between 32 and 52 percent over the respective cases without
steam injection., The system fueled by a pressurized low heating value fuel
gasifier had a system steam raising capability of 37 percent of compressor flow,
which results in power and efficiency increases of 145 and 62 percent, respec-
tively, over the noninjected case. The percent increase in performance with
steam injection is relatively insensitive to the type of fuel. Steam injection
could apply equally well to the various types of integrated-gasifier ~ gas-
turbine systems. However, the use of certain fuels or integration schemes
offer a greater potential performance increase.

In an industrial cogeneration application, part of the steam generated by
gasifier and the gas-turbine exhaust heat recovery can be used for steam injec-
tion, and part can be used to meet industrial process needs. By varying the
amount of steam used for injection, the ratio of power to process steam produced
by the system can be easily varied. As stated previously, the power output can
be varied by up to 145 percent for the cases studied here. When the maximum
steam injection rate is used, the steam available for process is zero in all but
three cases studied here. (In those three cases the compressor surge line limit
was reached before all the steam available was used for Injection). When the
steam-injection rate is reduced to zero, the steam available for process use is
1769 to 3266 kilograms per hour (3900 to 7200 pounds per hour) per megawatt of
power produced for the cases studied.
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TABLE 1. = FUEL COMPOSITION FOR EACH CONFLGURATION

Species Power system configuration
=
1 2 3 4
Mass fraction
co 0.29%06 0.29%06 0.6033 0
o, . 0913 »0913 2870
Ny . 0116 L0116 .0281]
CHy +0150 <0150 <0085
Ny . 5851 +5851 0051
HyS + 0005 . 0005 . 0012
1,0 . 0059 . 0059 . 0069 \
Cit1, 942 0 0 0 1.0
Higher heating value
Mj/Kg (Btu/1b) 5,42 (2332) | 5.42 (2332) | 13.91 (5982) | 43.26 (18 600)

TABLE 1I. - GAS TURBINE DESIGN OPERATING POINT PARAMETERS

Compressor pressure ratio
Compressor efficiency (adiabatic)
Turbine inlet temperature, °C (°F)
Turbine pressure ratio

Turbine efficiency (adiabatic)
Loss pressure ratio?:

(Ap/p)duct Q-0
PP comb, -
@P/P)gyer
(AP/PYgyet 6-0
(OP/Phurss @@

Mechanical efficiency
Generator efficiency
Compressor inlet air flow, Kg (iﬁi)

sec sec
Steam to air ratio

1093 (2000)

69.04 (152,21)

11.0
0.846

9.735
0,91
0.885
0.0L35
0.030
0.0135
0.0135
0.050
0.98
0.96

0

aSubscripts refer to duct locations shown in fig, 1,
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TABLE VI,

=~ DETAILED PERFORMANCE

Pawer system Compressor [ Compressor Compressor Combustor | Gasfifier | Fuel flow| Steam to
contiparation pressure D otticiency, atr tlow, afr flow | adr flow] to com~ | comprestor
vt o, e, My to com- to com~ | bustor alr flow
"R(. ’ Ee/sve (Th/sec) | prossor pressor [ air flow ratio,
atr flow | afr flow| ratfo, Mg/ My
rativ, ratio, mg/mg
ny /my m, /m, 1
b B 2
2 = Gas turbine 12.42 0.8.9 69,04 (152.2]) 0.841 0.159 0.248 0
fucled Trom an
atr-blown 12,94 W41 8131 .168 +266 L042
prossurized
pasilior 14,39 LR04 B4 176 . 281 . 077
3 - Gas turbine 1.0 0. 840 0L 04 (15.2.01) 1.0 —— 0.074 4]
fuclaed from 11.55 JRA2 l ——- .079 .05
oxvyen-hlown IR B34 H —~—— +085 .10
pressurized 1260 824 —— + 090 .15
pastfior 13,21 Nl | - . 094 .20
4 - Gas turbine 10,47 0.845 69,04 (152.21) 1.0 el 0.022 0
fueled with a 10,99 R — .023 .05
Ipht ddstillace 11,50 S84 - . 025 .10
L2.02 8136 —- .026 .15
12,54 V807 - . 028 .20
114.06 814 - .029 .25
11,30 L80% / ——— . 030 .28
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Figure 1, - System schematics.




et

—] Turbine Generator

2000 ¢ 14

()

™~

5
Couet]

6

y

Combystor
Prc-Prc*dd : 3
| mgt  Steam my
O], fe———
M, [900°F, 200 psia |
Compressor
" Process
0 1 PO steam
? Pressutec 4 Intermediate Heat
965”‘;?’ Btu fuel gas r:caovery
an :
clean-up boiter
and
Oxygen hest recovery Coal
Air —wn p')z]gt heat cxchangir-l 1
Steam for process 7
l or injection o stack or
Ny Waler optional water
sten
pump recovery system

(¢) Configuration 3: gas turbine with steam injection fueled from an oxygen-
blown pressurized gasifier.

Turbine Generator
4
200° F
— ’
3 Duct
Combustor "
my
6
”"S Steam
"900° +, 200 psia ]
!
Process
| steam
tight
distiliate Heat
recovery
b er
! To stack or
Water L—‘--—optional water
recovery system
Pump

(d) Configuration 4; gas turbine with steam injection fueted with a water
distittate,

Figure 1, = Concluded.




Rt L R S i LA AL e T o

Heat recovery

heat exchanger —
100 ..‘_._.._..._....._._.__..9_._;(_.___.1
{Energy units) N 2 |4)
Qn. coa! Steam fel. ,
: Gasilier 1,83 Ib steam/Ib coal
Air ) r
3.04 1b air/ib coal” oo fiel gas — Steam /
NN for process - |
) |
Clean~up ‘Fue\ supply
system | system
|
RO [ I—
Low Btu Based on fuel
fuel gas~ 8. * pigher heating value
Losses Auxiliary
(3.8 power 4,0 1b fuel gas/lb coal

.2
(@ Configuration 1: atmospheric gasifier, low Btu fuel,

ot o — —— S — N F— —— — S M ——— o 1|

(100} . (17.2) ~Steam for process
Qin. coal /" Steam | 1,47 Ib steam/lb coal
(3.9 Gasifier | ~Low Btu fuel gas
Air Raw fuel 4,0 1b fuei/ib coal
308 tairflo ICOal Heat recovery ,/" \(76.0 = Based on HHV)
| heat exchanger =~ 4.8+ Sensible
< |
| |
| Clean-up I
| system i
| [
I —_
Losses Auxiliary
1.9 power
2.0

{b) Configuration 2; pressurized gasifier, low Btu fuel,

Fig2ure 2. - Energy flow paths for fuel supply systems of configurations 1,
, and 3,




Steam

e e e e e o e S ST for process »»
ado) . 5o, 7
Steam 0,51 1b steamfib caal
Gasitier 1
Oxygen Raw fuel 1,65 (b fuel/lb coal
4
0.48 :g gg?enl deat recovery 77 Yintermediate
\ heat exchanger —~ | Biu fuel
| {{80.6 = Based on HHV
| I\ 2.6 = Sensible
i Clean-~up ‘1
| system |
l |
L I —
Losses Auxitiary
(2.9 power

1.4

ic) Configuration 3: pressurized qasifier, jntermediate Btu fuel.

Figure 2, + Concluded.

T




T

—
>
T
1

oo
|

Compressor pressure ratio, PR C
=

?50

,
' Surge
line

90 percent

Efticiency,
n

/ 0.501
| 818

.83

. 846
4 .84

1 3%
. 826

8

of design speed

200

250

Mass flow parameter, m T/P

(a) Compressor

64—

60—

S6H—

tlass flon parameter, myTIP

Over the pressure ratio range
considered, the mass flow
parameter my/T/P, was assumed
constant with a value of 236, 12,

~-Design speed

]

Over pressure ratio range considered
the turbine mass flow parameter and
efficiency were assumed constant with

s values of 62, 18 and 0,91, respectively.
! For design option 2 the mess flow para-
/ meter value was 53,12,

Aa—//

Mass flow parameter
== tffeciency
44.._
@ | \ | L
2 4 6 8 10 12 14

Turbine pressure ratio

(bY Turtine

Figure 3. - Compressor and turbine characteristics tor design
options 1 and 2,

1.00

[+
(=]

.60

F=3
[=]

Turbine efficiency, 7

n>
o

e -




3

- vondo ufsap
jo anis Kiaurydewogqan) paxy 10} ndino samod jau
uo uondalur weays pue adky anj jo VI - v 1nbuy

m_EmE ‘o1jes MOl 105534dwod 0} Wes

g 1A [ A | 9

-{ vonido ub1sap jo 3z1s ALautydeLioqany paxt) ayy Joj [ | ] I i ut

Huanya 54 Jo uoialur tieals pue 3dfy Ny 30 193j53 - 6 34nbtd

(G ) ‘Ones Koy 10SS3I0LI0D Of WEANS
€ A | 0

1 _ e

aaiised panunssayd Mg M0 —— - —
(1 uonesnbyusd)

1ajised Ju3ydsowe nig M0y  ——
adky [any

aeysp Whl  —--—
€ uoneanbyuedy
13yj1seb pazunssaid nig ARIPIUUNY| - —
(2 uonembnjuody
: 1apsed pazunssaud njg MO — - —
! (1 uonesndyuod)
1aiise6 ousydsouwe nig Moy  ——
adfy 3Ny

O
-~
[=8
o
@
&
©
a
€ uonenbizuc) = \\
aepisip b —-— = y7
g uonesnbyLd) £ y’ —igs
aayisel pazunssasd nig ALPIWINY]  — e — 2 .
uoneanbyuodj = ,,
PRt H uddi e \K ( uonenbiyuody k
2 !
[+
a
@

1SN2yYx3d auIcINy uy
Aungeded buisies wedts o Liwi
abuns 10s5$32dit0)

>o
L
L2

JSneyxa auiqng pue si3yj1sed jo
Kupqedes butsier wears o
Jsneyxa auigny uy
Aupgedes buisies weas
Hwy afuns 105s3udu)

Bo




‘s{anj SNoLeA 10}

{ uondo ubisap jo 321S £13unydewoqany paxij 3ul 10} sutayshs
1amod autqny seb uonaafu: wesls 0 oULLLIjLAd ~ ¢ 340514

2y "13m0d 1N

09 0s w |3 0 L
T 11
—{ae
R4
ON - m
3
—6 o
G g
[ ]
€ 3
o —0e
@ O 3z
B
]
—eg
2y S “ones mof) 1 =
105531dW0) G} WEANS— ¢y -s\ A 2
; o &
ﬁ.o\ =
& uonendyuod} —I&y

aejinsip Wb
€ uoneanbiyued)

1arjiset parunssasd m§ Jqeipawsdy]
2 yonean f1uod)

258D pazunssaid Mg o1
It uonenbryucdy

13ytseb Juaygsoune Mg 201

adky 304

1sneyxa JuIgaNt pue srapseb jo
Kungedes Buisier weds

1sneyxa suqamut
fupgeded dussies weAs
uwiy 35i0S 10553:dweD

it o e et

b o

*1 uijdo ubisap jo IS fi3uiydewoqn) paxiy aul 40}
Louaype wdshs Uo uonoeiut wedls pue adfy any Jo A - 9 ainbiy

ey Sw ones wojj J055314ui0d 04 weals

-

o

@ uonenbijuod)
aepnstp Wb
(€ voiesniyuod)
sapiseb pazunssaid ma REPIWINUY
(2 voneanfiuod)
sapseb pazunssad Nig Mo}
(i uoyesnbijued)
1agjisel oudydscune Mg w1

3Ky @0y

sneyxa auqny pue ssaujseb jo
frjiqedes Buisiel weas

jsneyxa auwsng
fjigeded buistes ueals
nuiy 3buns 1055310Wi0)

AN
Uy houadye wals

£ l 19 0

ks

‘.

i

\
.{eo!

-~
oy
™

———— — ’

o /]

—ov
,w
|
|

yuadsed

o pepnpous
101 £3Ua13 UDISIBALCS
arernstp o1 jeo3 as-io ey

O 1pu aeyustp vo pased

O
H



v Surge 1imit

Fuel lype

e oW Btu almospheric gasitier
(congiguration 1

M = |ow Btu pressurized gasifier
‘\ Upper theee sets of results (contiquration 2

© . include steam avaitanie from -———— lnlermeqnate Btu pressurized yasifier

E Jasifiers and turhine {configuration 3)

E,30[ ~ o exhaust = naem  Light distillate

P . {configuration 4)

I AN N

'-5- ‘ 20 \\. Ay ~ \\

5] »t ~

g X ~

€

3

2.

~3 - '
Sleam pro- RN LS ~
10{— duced from N

turbine exhaust ! \

~

Contigurations 2 and 3 X ™. N ~ -
NI OO O R "N SR I N . NS
0 20 a 00 S0 100 120 140 160 Tsox20?

Process steam production, ibihr

Fiqure 8, - Refation between steam used to increase power and that available for process use.
Steam temperature and pressure, 900° ¢ and 200 psi.

50
\ v Compressor surge
. 03 + Stedm to compressor R
\ ; dir tlow ratio, mg/my Fuel type
451 — ~ ! — | ow Bty atmospheric gasifer
\.30 tconfiguration 1)
‘\ —= w~  Low Blu pressurized gasifier
) tconfiguration 21
Ak~ .25 ' === ntermidiate Blu pressurized gasifier
\/\ \\ (configuration 3!
N . o 20 =-e— Light distillate
& K20 N 20 (confiquration 4
= PN
g
% 30—
e
207
9 N S AU NENUUS U N - N
0 20 10 00 80 100 120 1% 10 Isoxlod

Total precesy steast production, Toihr

Figure 9. - Uogeneration system performance tar the fixed turoomachinery size of design option 1
. QO L
for the varwous fuels,  Steam temperature and pressure, 9007 and 200 psi.

g e

et v e g ——




ot

v -

vas
TS

el power,

Compressor surge

Limit of steam ralsing
capability In turbine
exhaust

0

Fuel fype

== Low Blu pressurized gasifier
(configuration 2)

= === |niermediate Btu pressurized
gasitier (configuration 3)

=~ === Light distillate (configuration 4)

//
0| Y
/
20
| i ]
10t
0 1 2

Steam to compressor How ratio, mslma

Figure 10, - Effect of fuel type and steam injection on net power
output for the fixed turbomachinery size of design option 2,

v Compressor surge
(0] Limit of steam raising
capability in turbine
exhaust
Fuel type

= Low Btu pressurized gasifier
{configuration 2)
=== |ntermediate Btu pressurized

25 gasifier {configuration 3)
Light distillate (configuration 4)

T 40r

2

&

z

£35

2

g

&)

33} ORI
e

25 l

0 .l .2 .3
Steam to compressor air flow ratio, Mgim,

Ftqure 11. - Effect of fuel type and steam injection on cycle
efticiency fixed turbomachinery size of design option 2,

GINAL PACE 18

W WX SN
I
[




Pei Y A aa ™ il

l Based on distitlate HIHY;

x 45 olf-site coal to distillate

b conversion efficigncy
nov includerd }>

percent
3
AN

vy
ol ,
v i
N

-~

it ol
k"'ne cnat
3
\ . :

5 B /,jV v Compressor surge
r g o Limit of steam raising
‘ 3 capability in {urbine
r % exhaust
3 & Fuel type
N T
. 2 s { oW BAU pressurized gasifier
P! {configurdtion 2}
w——=ee  |nlermediate Btu pressurized
) gasificr (confiyuration 3
‘ ———Light distillate {configuration 4)
o IS S
0 10 .20 30
Steam o compresser air flow ratio, “15““3

Figure 12, - Effectof tuel type and sieam injection on syslem ef-

| ficiency for the tixed turbomachinery size of design option 2

457
, i
<'<f 15 4
Ao - / )
- ) L~ Seam to compressor
é A0 i tow ratio, msv'ma
2yl [,
2 S0 < Compressor surge
€ ! (@) Limit of steam raising
2 /0 , capability in turbine
% 3l /YLU exhaust
=]
2 /’(- 15 Fuel type
X 210 Low Blu pressurized qasifier
, {configuration 2)
“:“7. 05 = -=— |ntermediate Btu pressurized
7 0% gasifier (configuration 3)
U s = —= Light distittate (configuration 4
| |
ok Lo
20 30 40 1

Net poner, M\,

fFigure 13 - Performance of gas turbine power cycles for the
tined turbomachinery size of design option 2 for various
fuels and steam-injection ratios.




v Compressor surge Himit

L K Fuel type

" ~\ \\ T Low Btu pressurized gasifler

" N\ tcontiguration 2}

{ . N\ ;

) *\ \ T Intermediate Bty pressurized
20 N \ gasifier tcontiguration 3

v \ NG 7T Lght distinlate deanfiguration 4
! NS
b NN

S N\ \

il )
‘. \ - Includes process steam
8 \ O avallable from gasitier
& N 3 lurbine echast

of - \
0 Steam progiyced ,—,’:\\ N\
trom tutbine exhaust - » \\\ \\
I
ob L1 N\ s
0 20 40 60 80 0 120010

Process steam production, b/t

Figue 14, - Relation between Meam used (o increase power and that

dedilabe tor process use.  Design option 2: steam temperature ang
Pressue, 907 1, ang 200 psi,

- v Compressor surge Iimiy

Fuel type
—— low Bty pressurized gasitier
{configuration 2

) T == Intermediate Bty Pressurized
¥ V{< 0 gasitier (configuration 3)
N\ TR Light distillate {configuration 4)
el K 15 \\
2t 15
[ \\ y\
& 30! . N\
&
o 10\\ 1o
2 * 7&\
? N\
i Mo 05 \XOS
\ .
" \
e d N

R 60 80 100 120103
“Total process steamproductiot\ Ibthr

Lure 15, - Cogeneration system performance for the fixed turbo-
Machinery sjze of esign option 2 for the various fuels, Process
stream temperatyre and pressure, 900% F ang 200 pst, Total
Pracess steam includes that availabe from gasitier and turbine
exhgyst,




.-

 —

S g ———— s ee s e e e e

1 Report No

NASA TM-81611

G Ve andg Subtitle

OF F-DESIGN ANALYSIS OI' A GAS TURBINE POWERDP LANT

72 Goveinment Aciession Ny 3. Recipnent’s Catalog No

6. Report Date

Noverber 1980

AVGMENTED BY STEAM INJECTION USING VARIOUS FFURLS G. Perfarming Grganization Code

et e b s ———at b prhe

7 Agtherist

Robert J, Stachl

778-46-12
8. Pecforming Organization Repart No

E-609

e mmm o v e e o o e 10, WOtk Unit No

4 vertorning Organizetion Neme and Address
National Acronauties and Space
Lowis Researeh Center
Cleveland, Ohio 44135

V¢ Sponsoning Agency Name and Address
Nationia] Acromutics and Spaee

Wiashington, D, C. 20546

1) Sunulﬁmcn(.u y Nuotes

te Abstract

Administ-ation -

11. Contract or Grant No

R . L 13. Type of Report and Perind Coveted

. ) Technical Memorandum
Administration

14. Sponsoting Agency Code

The results of an analysis to estimate the off-desipn performance of a specific gas turbine

powerplant augmented by steam injection are presented. Results are compared using coal-
derived low and intermediate heating valve fuel gases and a conventional distillate, The results
indicate that steam injection could provide substantial increases in both power and efficiency
within the available compressor surge manzin,  The results also indicate that these perform-
ance gains are relatively insensitive as to the type of fuel,

ProRey Mords (Sugaested by Aathor (st

Steam injection
Gas turtunes
Combined eveles

13 Sevordy Classif (of this tepon t
Unelassified

?8 Oistribution Stetement
Unclassified - unlimited
STAR Category 44

20 Secunity Classit (ot this page!
Unelassified

21. No of Pages 272 Price’

TEorsate e Notoane Techasosdietaron Serve e Sprngtie 13 Virginta 22161

SASA O ler dvey 10




National Aeronautics and
Space Administration

Washington, D.C,
20546

Officia! ' ysiness
Penalty for Private Use, $300

NASN\

SPECIAL FOURTH CLASS MAIL

800K

NASA-451

POSTMASTER:

Postage and Fees Paid
Nations! Aeronautics and
Space Administration

If Undeliverable (Section 158
Postal Manual) Do Not Return







