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ANALYSIS OF STEAM INJECTED GAS TURBINES
FOR
SOLAR THERMAL APPLICATIONS*

Kevin L. Linker
Solar Distributed Receiver Division
Sandia National Laboratories
Albuquerque, New Mexico

ABSTRACT

The Department of Energy’'s (DOE) Solar Thermal Program has as one of its
program elements the development and evaluation of heat engine technologies
that are applicable to Distributed Receiver Systems. The primary research
and development activities, for the past several years, have involved the
dish-electric concept in which a heat engine, solar receiver, and generator
are combined as a power conversion assembly (PCA) and mounted at the focus
of a parabolic dish concentrator. PCAs based on Rankine, Brayton, and
Stirling cycle heat engines have been designed and built at 10-25 kWe power
levels with varying degrees of success. The small Brayton cycle engines in
particular have fallen short of expectations as a focal mounted PCA. This
report analyzes larger Brayton engines (500 kWe and above) supplied with
fossil fuel and solar energy from 15-m diameter parabolic dishes or small
central receivers. In particular, a steam injected gas turbine (STIG) cycle
is examined because of its ability to offer higher efficiencies as compared
to the combined cycle, regenerative Brayton cycle, and water injected
Brayton cycle. This report outlines quantitatively the cycle parameters
that affect efficiency for a solar-augmented steam-injected gas turbine.

*This work was supported by the U.S. Department of Energy (U.S. DOE) under
Contract DE-AG04-76DP00789,
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SOLAR THERMAL TECHNOLOGY
FOREWORD

The research and development described in this document was conducted within
the U.S. Department of Energy’s (DOE) Solar Thermal Technology Program. The
goal of the Solar Thermal Technology Program is to advance the engineering
and scientifiec understanding of solar thermal technology and to establish
the technology base from which private industry can develop solar thermal
power production options for introduction into the competitive energy
market.

Solar thermal technology concentrates solar radiation by means of tracking
mirrors or lenses onto a receiver where the solar energy is absorbed as heat
and converted into electricity or incorporated into products as process
heat. The two primary solar thermal technologies, central receivers and
distributed receivers, employ various point and line-focus optics to con-
centrate sunlight. Current central receiver systems use fields of
heliostats (two-axis tracking mirrors) to focus the sun’s radiant energy
onto a single tower-mounted receiver. Parabolic dishes up to 17 meters in
diameter track the sun in two axes and use mirrors to focus radiant energy
onto a receiver. Troughs are line-focus tracking reflectors that con-
centrate sunlight onto receiver tubes along their focal lines.
Concentrating collector modules can be used alone or in a multi-module
system, The concentrated radiant energy absorbed by the solar thermal
receiver is transported to the conversion process by a circulating working
fluid. Receiver temperatures range from 100°C in low-temperature troughs to
over 1500°C in dish and central receiver systems.

The Solar Thermal Technology Program is directing efforts to advance and
improve promising system concepts through the research and development of
solar thermal materials, components, and subsystems, and the testing and
performance evaluation of subsystems and systems. These efforts are carried
out through the technical direction of DOE and its network of national
laboratories who work with private industry. Together they have established
a comprehensive, goal directed program to improve performance and provide
technically proven options for eventual incorporation into the Nation's

energy supply.

To be successful in contributing to an adequate national energy supply at
reasonable cost, solar thermal energy must eventually be economically com-
petitive with a variety of other energy sources. Components and system-
level performance targets have been developed as quantitative program goals.
The performance targets are used in planning research and development ac-
tivities, measuring progress, assessing alternative technology options, and
making optimal component developments. These targets will be pursued
vigorously to insure a successful program.

This report presents a heat engine cycle for solar thermal applications
which could meet DOE’'s near-term and long-term goals. Development cost and
proof-of-concept would not solely burden the Solar Thermal Technology
Program. Its application is becoming wide spread throughout the power
generating industry.



1. INTRODUCTION

Gas turbine technology offers several advantages for solar applications.
Gas turbines or Brayton cycles have grown from a level of understanding
beginning in 1791 when the first patent was issued for a gas turbine engine
[1]. Major breakthroughs are not required to adapt this technology to solar
use. The gas turbine is inherently simple because it has only two rotating
parts and essentially no heat exchangers. Manufacture, construction, and
maintenance are relatively easy. Gas turbines have demonstrated hundreds of
thousands of hours of operation and a large infrastructure exists to main-
tain these machines. Gas turbines can have high cycle efficiencies and high
specific power. For solar applications this could be a major advantage.
When incorporated in a hybrid solar system the gas turbine offers the dis-
tinct advantage of internal combustion; a heat exchanger is not required to
transfer energy into the engine. The addition of a direct absorption solar
receiver can be a simple matter for a gas turbine. Sanders Associates
demonstrated this concept with their Development Test Module [2]. Finally,
gas turbines are readily available from several manufactuers in larger ouput
sizes making near-term delivery and installation of a gas turbine for solar
applications practical.

The use of steam injected gas turbines (STIG) for power generation has long
been recognized. However, results in many instances have been disappointing
in terms of system efficiencies. The steam injected cycle is a combination
of Brayton and Rankine cycles. The working fluid for each cycle is com-
pressed separately, heated, and then combined for expansion and heat
rejection. The two fluid streams are then separated by condensing the
Rankine fluid. The use of two fluids, two thermodynamic cycles, and the
operating parameters that maximize the system efficiency for a steam in-
jected gas turbine (STIG) cycle is a patented cycle known as the Parallel-
Compound Dual Fluid Heat Engine or the Cheng cycle [3].

The STIG cycle differs from the regenerative cycle, combined cycle, and
water injected gas turbine cycle in several ways. Each of these cycles is
briefly outlined, together with its differences from the steam injected
cycle. The STIG is then amalyzed, and first law optimum operating
parameters detailed. The system examined is hybrid fueled with fossil fuel
and solar energy for the heat source. With the addition of a fossil-fuel
combustor, the STIG can operate at its design point condition regardless of
the solar insolation, thus avoiding part load inefficiencies that would
penalize gas turbines for annual performance in a solar application [4].

2. REGENERATIVE GAS TURBINE CYCLE

Using air as the working fluid, the regenerative gas turbine cycle utilizes
the waste heat from the turbine exhaust to preheat incoming air prior to
combustion (Figure 1). By recovering this waste heat, the efficiency of a
simple Brayton cycle can be increased significantly. Using waste heat in
this manner is the only similarity between the regenerative cycle and steam
injected cycle.
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Fig. 1, Regenerative Gas Turbine Cycle

Regeneration of a simple gas turbine engine places a restriction on the
engine’s compression ratio because the temperature of the turbine exhaust
must be larger than the discharge temperature of the compressor. The heat
transfer rate will depend on the temperature difference between the two
fluid streams. The effect of increasing the pressure ratio (PR) to increase
the cycle efficiency is diminished because higher compression ratios mean
higher turbine expansion ratios, resulting in lower turbine exhaust tempera-
tures and a smaller temperature difference across the regenerator.
Additionally, with increased PR, more work is required to compress the air,

The actual transfer of waste heat is not a simple matter for a large gas
turbine power plant. Typically, the turbine exhaust location is not close
to the compressor discharge. As a result, a scheme to transfer heat between
the two areas is done with insulated ducts, which contribute to increased
pressure drop, heat loss, and reduced system efficiency.

3. ¢o E C

i
A combined cycle uses the Brayton and Rankine engines but does not mix their
respective working fluids like the steam injected cycle. The waste heat
from the Brayton cycle is used to boil the water for the Rankine cycle.
Since the fluid streams are separate, two power turbines are required in-
stead of one (Figure 2).

The boiler of the combined cycle serves an identical function to the heat
recovery steam generator (HRSG) in the STIG cycle by using waste heat from
the Brayton cycle to evaporate water. However, in the case of the combined
cycle the water exiting the boiler must be far enough into the superheat
region so that condensation does not occur during expansion through the
steam turbine. This requirement places a significant limitation on the
steam boiler.
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Fig. 2, Combined Cycle

The boiler must be designed large enough to superheat the water and yet not
add excessive pressure drop. An alternative to this cycle would be the
addition of a fossil-fuel fired boiler and/or solar augmented system to
maintain a superheat state for the Rankine turbine. It will be seen that in
the STIG cycle the requirement for superheated steam from the heat exchanger
is unnecessary because any wet steam will be superheated in the combustor.

4. WATER INJECTED GAS TURBINE

Water injection is used to increase power output from gas turbine cycles.
This method has been used for jet engines in aircraft to increase the mass
flow through the turbine for additional thrust during take-off. Recently,
however, water injection has been used to control air pollution in gas
turbine power plants by reducing the NO_ levels,

For pollution control water is introduced into the air stream after the
compressor to the point of saturation. The amount of water injected must be
in correct proportion to the air mass flow so that complete vaporization of
the injected water takes place prior to the regenerator. The steam-air
mixture recovers the exhaust heat from the turbine exhaust before entering
the combystion chamber, With this steam-air mixture the flame temperature
in the combustion chamber is reduced, resulting in lower NO levels in the
system’s exhaust (Figure 3).

Although the same two working fluids are used for the water injection cycle
and the STIG cycle, the operation and design of the water injection is
different. As a result, there are two factors which limit the water injec-
tion cycles ability to achieve the thermal efficiency of the STIG cycle.
First, the steam-air mixture used to recover heat in the regenerator has a
specific heat capacity approximately a thousand times less than the water
vaporization method used in the STIG cycle. As a result, less energy
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Fig. 3, Water Injected Gas Turbine

is extracted from the turbine exhaust gas. Second, the pressure ratio (PR)
limitation imposed on the regenerative gas turbine also applies to the
water-injected cycle. By increasing the pressure ratio (PR) to improve
cycle efficiency, a smaller AT occurs across the regenerator, thus less heat
transferred. In addition, increased work to compress the air is required.

5. STEAM INJECTED GAS TURBINE CYCLE

The STIG cycle can be thought of as two separate thermodynamic cycles that
have been combined in a way to complement one another. The cycle begins
with water pressurized to a level slightly higher than the exit pressure of
the compressor (Figure 4). The water is heated in the heat recovery steam
generator (HRSG) and injected into the solar receiver and combustion chamber
where the steam is mixed with air from the compressor. From the combustion
chamber the steam-air mixture is expanded through a turbine and then ex-
hausted through the counter flow HRSG. The steam-air mixture passed through
the HRSG drops to a temperature no lower than the saturation temperature of
the water in the mixture. A separate condenser could be utilized to con-
dense the water out of the steam-air mixture. A portion of the condensed
liquid could be treated and returned to the feed water pump to be recircu-
lated through the cycle. The remaining condensed liquid would be routed to
a cooling tower and used for condensing further steam-air mixtures or dis-
carded and make-up water could be added (Figure 5). Under most situations
no more than 3 kg/kWh would be required for make-up [5].



™ SoLAR |
I_’I_ECEIER_! FUEL
'f'
“-‘l' > COMBUSTOR———I
'\
COMPRESSOR TURBINE GENERATOR
—’-—-’_‘_‘-
SUPERHEATED OR —

SATURATED STEAM

WATER

HEAT

- EXHAUST LEXCHANGER

A
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Also, by closing the cycle, the possibility of using working fluids other
than a steam-air mixture could further improve the thermal efficiency.
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Fig. 5, Closed STIG Cycle

The fundamental advantage of the STIG cycle is that it combines the ad-
vantage of low back-work ratio (WC/W ) of the Rankine cycle, with the very
high temperature heat addition procéss of the Brayton cycle. In addition,
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almost complete exhaust heat regeneration can be used to further enhance
cycle efficiency.

In order for the STIG cycle to maximize the thermal efficiency several
operating parameters must be considered. These parameters include the
turbine inlet temperature (TIT), pressure ratio (PR), pinch point tempera-
ture difference (ATP) of the HRSG and the steam-air flow ratio (X).

6. ANALYSIS OF ST INJECTED GAS TURBINE FOR SOLAR APPLICATION

Figure 6 is an example of a STIG cycle engine with several parabolic dishes.
In this configuration the solar energy system consists of several parabolic
concentrators, with each concentrator reflecting the beam radiation to a
solar receiver. The receiver absorbs this thermal energy and delivers it to
the working fluid which is used in the STIG cycle. Gas turbines in this
solar application would have the thermal energy delivered from several
parabolic dishes. Power levels would be 200 kWe to 1 MWe. Previous gas
turbines with power levels 5 to 10 kWe have followed the concept one engine
per dish. However, at these lower power levels gas turbines are confronted
with problems which are not factors with larger units. Some of these fac-
tors include component tolerances and system pressure drops [6]. For solar
applications the system would be hybridized with a fossil fuel boiler to
maintain operation of the system at the turbomachinery’s design point, ie.
turbine inlet temperature. :

STEAM INJECTED
GAS TURBINE (STIG)

Fig. 6, Steam Injected Cycle with Parabolic Dish Concentrators

Figure 7 illustrates a central receiver system using a steam injected gas
turbine engine. The engines in this application would be much larger,
1 MWe to 10 MWe, than would be possible from several parabolic dishes.

Without fixing the steam injected cycle to a particular solar system, a
generic analysis can be made of the cycle. Figure 8 diagrams the basic
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cycle with each component. To examine this system as a whole the individu:fll
components are analyzed and their operating parameters described mathemati-
cally.

ALTERNATE
LOCATION FOR STIG

STEAM INJECTED
GAS TURBINE (STIG)

MMM

Fig. 7, Steam Injected Cycle with Central Receiver

As previously mentioned the STIG cycle is comprised of a Brayton cycle and
regenerative Rankine cycle. Each cycle along with its interdependence can
be illustrated on a temperature-entropy diagram in Figure 9.

- SOLAR .
A~ | RECEIVER »{ COMBUSTOR
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COMPRESSOR URBINE —
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Fig. 8, STIG Cycle

The idealized Brayton cycle begins with atmospheric air at state "1" which
is compressed to state "2." The addition of solar energy and fossil-fuel
energy enables the cycle to reach the turbine inlet temperature (TIT) at
state "3." Expansion through the turbine brings the thermodynamic state to
"4" [7]. Finally with heat transfer to the Rankine fluid and some addi-
tional cooling, the thermodynamic state is returned ideally* to point "1."
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(*Note: In reality this cycle is open. However, for analysis purposes, the
cycle is completed.)

3 vaporpomMeE 3
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Fig. 9, Temperature - Entropy Diagram

The Rankine side of the STIG cycle begins with water at state "6," which is
pumped to a pressure at state "7," which is slightly higher than the pres-
sure at state "2." This high pressure liquid is heated through the HRSG to
state "8." The temperature at "8" cannot exceed the exhaust temperature of
the turbine at point "4," which is the high temperature of the HRSG. The
steam is then mixed with the air and the combination is heated with solar
energy and fossil fuel to reach the TIT at point "3." Expansion through the
turbine brings the mixture to state "4." From state point "4" exhaust heat
from the steam makes this a regenerative Rankine cycle. From state "4" the
water is condensed out of the steam-air mixture and returned to state "6."
Part of the waste heat from the Brayton and Rankine cycles, areas "a" and
"b" respectively, are used to heat the water to steam before the two fluid
streams are mixed.

The thermal efficiency, Meh? for this cycle is given by the following ex-
pression.

Wt + Wc + WD
" = : (1)

The parameters needed to evaluate the efficiency are the turbine work, W_,
compressor work, W&, pump work, W_, and the energy input, Qh’ from the high
temperature heat sdurces. P

The parameters W_, Wc, W _, and Q_ can be estimated by assuming isentropic
changes for an ideal gaspalong with uniform-state, uniform-flow processes.

The compressor work, Wc, for a given air flow rate is (see Figure 8 and 9

for state points):

v - macparl(pa¢ - Da/m) . (2)
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where, PR - pressure ratio, (P2/P1)
¢ - k/(k-1)
k - specific heat ratio of air

air mass flow, (kg/s)
n_ - compressor efficiency

The turbine work, Wt, for a given steam-air flow rate is:

W AR e (3)

= mc_n
t Pt qplPR

where, m - total mass flow, (kg/s)
' N, - turbine efficiency

A pressure loss factor, g 1’ has been included when determining the turbine
work. This factor acdounts for the pressure drops in the combustor,
receiver, regenerator and ducting, which is typically, 5%-10%. 1In this
analysis 5% was assumed.

Combining the fluid streams will change the specific heat, C_, of the total
mass flowing through the turbine. This can be accountdd for using the
following relationships:

Cp = (m/m_) Cog ¥ %g 7 (4)
Cpa = 1:003 + 1.8 x 10747 . and (5)
Che = 4.6 - 103.61° /2 4 2‘5—%‘3 . (6)

T in Kelvins is an average temperature at which the process takes place [8].

The pump work, WP, for a given water flow rate is:

Wp -v (P - Ps)(l/np) m, (7)
where v is the specific volume of water. Under most conditions the pump
work is an insignificant portion of the parasitic power.

To determine the heat, Q,, required for the cycle, a control volume is drawn
around the combustor and solar receiver. An energy balance is performed and

Qh is determined by:

Qh = macpa(T3 - T2) + mscps(T3 - T8) . (8)
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Before Q. can be evaluated, several state point temperatures must be deter-
mined; in particular, temperatures at points 2, 3, 4, and 8.

The compressor exit temperature, T,, is calculated assuming an ideal gas and
an isentropic compressor efficiency, Ng» to give:

¢
PR
Ty =Ty A+ 7= - 1/n) . (9)

2 c

The temperature, T,, is the TIT. For this analysis T, is an independent
variable. The entire system will be designed to opefate for a particular
TIT.

The turbine exhaust temperature, T,, is calculated assuming an ideal gas and
isentropic turbine efficiency, Neo to obtain:

—1 ¢
TQ = T3[1 = g + ’Tt(qplPR) Il (10)

To determine the steam temperature, T,, exiting the HRSG an energy balance
is required between the two fluid streams. For this ideal case the change
in enthalpy for the steam-air mixture equals the change in enthalpy for the
water-steam mixture of the HRSG. The equation for the energy balance is
given by:

mAh = msAh (11)

4-5 7-8 °

The HRSG in this analysis is assumed to consist of an economizer, boiler and
superheater. A typical temperature distribution of both flow streams
through the HRSG can be seen in Figure 10 [8], [9].

The heat released from the turbine exhaust to the water-steam side of the
HRSG is given by:

Ys =Y p v Y5 (12)
Qé-p - mcp(T4 - Tsat - ATP) , and (13)
Q.5 = me (Tg o + AT - Tg) . (14)

where, AT , the pinch point temperature, is defined as the minimum tempera-
ture difPerence between the steam-air side and the water-steam side of the
HRSG.
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The pinch pint has a direct effect on the HRSG's surface area. The surface
area in turn determines the amount of heat transferred, maximum steam flow
and the cost of the HRSG. Typically AT_ is designed to be 10-30°C. For
this analysis AT is assumed to be 15°C R10].

In practice approximately 2% of the available exhaust energy is lost through
the HRSG housing by radiation or other means.

Therefore, the heat absorbed by the water-steam is
Q7-8 = .98 Q4_5 3 (15)
An energy balance of the HRSG results in the following equation.
mwh7 + Q?-S = msh8 + (mw - ms)hsat ; (16)

where h, is the change in enthalpy of the water entering the economizer,
h is the enthalpy of the saturated water in the boiler, h, is the en-
tﬁgfﬁy of the steam exiting the superheater and (m_ - m_) accounts for
continuous blowdown of water (usually 2% - 5% of the gteanl%low) to control
the amount of solids in the water and prevent mineral build-up in the HRSG.

Rearranging Equation (16), the enthalpy of the exiting steam can be deter-
mined by:

v mwh7 + .98Q4_5 - (mW - ms)hsat ' i

8 m
s
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Knowing the steam pressure P, and the steam enthalpy hB’ from Equation (17),
the exit steam temperature T, can be determined from steam tables. The
thermal efficiency of the STI® cycle can now be determined for various
steam-air ratios and TITs.

7. SOLAR RECEIV ALYSTIS

When combining a STIG cycle and solar energy, the effects of a solar
receiver and concentrator, ie. collection efficiency must be considered.
For this analyses only distributed receiver system will be considered.
However, the differences between central and distributed systems will be
noted in the appropriate equations. Figure 11 gives the details of the
receiver and parabolic concentrator assumptions used for this analysis.

(al
RECEIVER
SURFACE
RECEIVER

APERTURE
WITH WINDOW
]

REFLECTING
SURFACE (o)

Fig. 11, Cavity Receiver/Parabolic Concentrator

Based on an energy balance for the receiver and characteristics of the
concentrator a definition for the collection efficiency, 9 1 of solar

energy system can be determined as follows [11]. =2

Q. - net thermal energy out of receiver, (W)
5 " direct normal solar insolation, (W/m")
Ac - aperture area of collector, (m")

The net thermal energy, énet collected by the receiver is given by:
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Qnet = Qin -\Qloss ) 132

where, Qin - thermal energy absorbed by receiver, (W)

Qloss - thermal energy lost from receiver, (W)

The thermal energy into the receiver is defined as:

Qg = I Apra(n)(ng) . (20)
where, p - specular reflectance of concentrator surface
T - transmittance of window in receiver aperture
a - absorptance of receiver surface
n - total number of heliostats for a central receiver, only
Ng- efficiency of heliostats field includes: cosine loss,

shadowing, blocking, atmosphere attenuation for a central
receiver, only

The terms p, 7, and a are characteristics of the concentrator and solar
receiver. In most situations they can be considered a constant and labeled
as one term called the optical efficiency nopt' Equation (20) then becomes:

Qin - IoAcnopt' . (21)
The thermal energy lost from the receiver is comprised mainly of convection
heat transfer and radiation heat transfer through the aperture of the

receiver [12].

! 4 4
Qloss - Arh(Trs - Ta) + aAreF(TrS - Ta ¥ . (22)
where, A - aperture area of receiver, (mz) 2
f - convection heat transfer coefficient, (W/m™ °C)
T - surface temperature of receiver absorber, (°K)
f - ambient air temperature, (°K) 2

- Stefan-Boltzmann Constant, (5.67 x 10 W/m~ °K)
effective emissivity of receiver aperture
- radiation shape factor

oo Qp
1

The convection heat transfer is influenced by the receiver attitude during
operation as well as its design. For example, a STIG system using a cavity
type design would probably use a window over the receiver aperture. This
window would reduce the convection losses, but would have an associated
transmission loss through the window that would result in a reduced optical
efficiency, n For a windowless receiver it has been shown that the
maximum heat iBss will occur with the receiver aperture pointing 60° above a
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horizontal position [13]. In most operating situations for a distributed
receiver system, however, the receiver aperture will be oriented downward
reducing the heat loss substantially.

The temperature of the absorber surface and the radiation shape factor are
of concern in radiation heat transfer from the solar receiver, As the
operating temperature of the receiver increases the heat loss by T .

By substitution and reduction, Equation (18) can be transformed into the
following equation which is concentrator and receiver specific.

4

4
T h(Trs - Ta) - aeF(Tr§ - Té_l —_—
Neol CRI_ n '
o ‘opt
where, CR = Ac/Ar, concentration ratio
U = 5, windowed cavity receiver, W/m2°C
T__ = 600 - 1200 C
rs
T =20C
a
CR = 1500
I, = 50 - 1000 W/n’
o = 5,867 % 1078 Wt K*
e = .95
F=1
qopt = .7

Table 1. Receiver - Concentrator Parameters

Based on the assumption from Table (1) and Equation (23) Figure 12 indicates
the predicted thermal performance of a solar cavity receiver and parabolic
concentrator for various levels of insolation and operating temperatures.
The actual collection performance will depend on the specific receiver
designs, however, the general trend will remain the same. It is apparent
from these predictions, that the operating temperature of the receiver is an
important factor in the efficiency of the system. As the temperature of the
receiver increases, the solar collection efficiency decreases. This reduc-
tion is largely due to radiation heat loss from the receiver.
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Fig. 12. Receiver Efficiency vs Insolation and T__

8. Results

To analyze the STIG cycle, a sensitivity analysis was conducted based on the
variation of PR, TIT, and X. Several assumptions, however, were made for
the component efficiences, state point temperatures, pressure ratios and
steam flows. Table 2 summarizes the parameters specified for this analysis.

Compressor, adiabatic efficiency
Turbine, adiabatic efficiency
Pump

Combustor

HRSG, pinch point

HRSG, exhaust temperature

PR, pressure ratio

TIT, turbine inlet temperature

X, steam - air ratio

Table 2, Cycle Parameters

i ™ .83
N, = 90
= .70

Tp

"con = =23

T = 15°C
P

T5 = 150°C
7.5 - 15.0

600°C - 1200°C

.025 - .4

Figure 13 presents a three-dimensional view of the cycle efficiency, given

in Equation (1), as a function of TIT and X for a PR of

12.5,
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Figure 14 presents a similar surface with the TIT of 1000
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Fig. 14. 3-D Surface at Constant TIT
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It is apparent that for any given PR and TIT there is a unique X, which
maximizes the cycle efficiency. This results in ridges along the surfaces

in Figures 13 and 14,

Figure 15 presents the STIG cycle for a TIT of 1000°C and a range of pres-
sure ratios. This figure is a X-Y plane view of several slices through the
three-dimensional surface of Figure 14.

0-49 T T T T T T T
TIT =1000°C

0.47

0.45

0.43

0.41 -

SYSTEM EFFICIENCY,%

0.39 -

A PR=15 i

0 PR=125
0.37 $PR=10
OPR=75
0.35 | | . " | 1
0.0 0.1 0.2 0.3 0.4

'STEAM-AIR RATIO, MS/MA

Fig. 15, STIG Cycle Efficiency vs X

The unique steam-air ratio, X cak’ which maximizes the cycle efficiency, is
a function of the available enBrgy in the turbine exhaust and the designed
pinch point temperature Tp of the HRSG.

Figure 16 shows the properties of the steam at the exit of the HRSG for
various TITs. For steam-air ratios up to X Kk the energy required to
vaporize the water is available from the turbiRe®€xhaust. The steam, in
fact, is superheated and, therefore, additional energy from a solar receiver
and/or combustor is only required to heat the steam to the TIT. At X Kk
the steam-air ratio and turbine exhaust are such that the maximum er%%%y
available from the turbine exhaust has been used to superheat the steamn,
resulting in the highest thermal efficiency. Beyond X Kk the increase in
mass flow through the turbine is not sufficient to of X" the additional
energy required to raise the steam temperature to the TIT, causing decreased

thermal efficiency.
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Figure 17 is an example of the actual T_ in the HRSG as compared to the
design T_. The actual T directly relatBs to the steam exit temperature of

the HRSG.P
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Fig. 17, Actual TP vs Design Tp
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For low steam-air ratios the actugl pinch point temperature should be
greater than the design T . This implies the lack of heat recovery from the
turbine exhaust. With inPreased steam-air ratios the actual T_ approaches

the design T_ until X eak 1S achieved. At X the actual B equals the
designed T ahd the maximim heat recovery has Jedurred. BeyonH Bow the
designed T constrains the actual T . As a result insufficient engkgy from

the turbinePexhaust can be recovered? and the steam temperature and quality
drop.

9. CONCLUSIONS

The first-law analysis described in this paper indicates that within a
defined operating region, the steam injected gas turbine (STIG) is a viable
power generating cycle for solar applications. With steam injection rates
of 10%-20% the STIG cycle can achieve efficiencies of 42%-48%, at TITs of
800°C and above, which can be up to 40% improvement over a simple gas tur-
bine cycle [14].

SYSTEM EFFICIENCY, %

0.22 | 1 i 2
800 1000 1200 1400 1600

TURBINE INLET TEMPERATURE. TIT. C
Fig. 18, Solar System Efficiency vs TIT and PR

Figure 18 indicates the optimum thermal efficiency which could be expected
from,a combined STIG and solar system operating at a solar insolation of 950
kW/m~. As observed in the two previous sections, the thermal efficiency of
the STIG cycle increases with operating temperature while the solar system
efficiency decreases with operating temperature (Figures 12 and 15). When
operating at the X K ratio this system can be expected to be 39-42% for
TITs of 800°C and abdVe. These efficiencies are based on operating the STIG
cycle without additional heat input from a fossil fuel combustor. Actual
system efficiencies will be slightly less due to the unaccounted heat loss

in piping, etc.

Conceptually the incorporation of g solar receiver into a STIG cycle is
straight-forward. The receiver placement prior to and in series with the
fossil-fuel combustor would not degrade the performance of the STIG itself.
With the receiver in this location the radiation heat loss through the
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aperture would be minimized for all operating scenarios, ie. fossil-fuel
only, solar only or a hybrid combination of the two.

To consider a combined steam injected gas turbine (STIG) and solar thermal
system, several issues must be addressed. Some of these are as follows:

1. The availability of water and water treatment must be considered. Many
good solar sites are located in arid regions where water is scarce.

2. Operating strategies must be considered when using solar and fossil
energy to optimize the system efficiency and minimize operating costs.

3. With high pressure ratios, 7.5 - 15, and high temperatures, 800°C -
1400°C, of the STIG cycle, solar receiver design becomes a concern. The
cost-effectiveness of materials to meet these operating conditions could
limit this cycle for solar applications [15].

4. The specific receiver design for a solar thermal application must be
verified. Various concepts of cavity receiver designs exist but few
have been built and tested. However, many components, i.e. windows,
ceramic matrix heat exchangers, insulation and software design codes,
which are part of a total receiver design have been developed.

5. The availability, maturity, and operation of steam injected gas turbines
(STIG) are limited but growing. As the STIG cycle establishes a
technology base, its use will increase.

The steam injected gas turbine offers inherent advantages for medium size
(500 kWe - 5 MWe) solar thermal application. Analysis has shown that within
a defined operating region this cycle can offer high efficiency for a solar
thermal system. In addition, smaller concentrator sizes for a given power
output could be expected. Compared to other cycles, the STIG cycle could
have lower capital costs, reduced complexity, and a compact modular system
design. '

Because the basic technology for the STIG cycle and receiver design is
available further research and development would be a minimum. This could
make a solar augmented STIG cycle an excellent mid-term and long-term can-
didate for parabolic dish and central receiver solar applications,
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Appendix A
NOMENCLATURE

total constant pressure specific heat, (KJ/kg-K)
constant pressure specific heat of air, (KJ/kg-K)

constant pressure specific heat of steam, (KJ/kg-K)

enthalpy of liquid, (KJ/kg)

latent heat of vaporization, (KJ/kg)

'superheat enthalpy, (KJ/kg)

direct normal insolation, (W/mz)
total mass flow, (kg/s)

mass flow of air, (kg/s)

mass flow.of steam, (kg/s)

mass flow of water, (kg/s)
compressor pressure régio
turbine inlet temperature
sensible temperature, (°C or °K)
saturation temperature, (°C or °K)
temperature of receiver surface
temperature of ambient
steam-air ratio (ms/ma)

optimum steam-air ratio
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