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Performance of Evaporative Cycle Gas Turbines
Derived from Aeroengines
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Università di Reggio Calabria, 89100 Reggio Calabria, Italy
and

Bernardo Fortunato†

Politecnico di Bari, 70125 Bari, Italy

The modi� cation of the thermodynamiccycle could be an attractive opportunity for improving the performance
of aeroderivative gas turbines. The simulation of a aeroderivative gas turbine modi� ed to realize a nonintercooled
regenerative water-injected (RWI) cycle is presented. The thermodynamic analysis of the RWI cycle shows that
aeroderivative gas turbines with a pressure ratio from 16 to 20 can reach thermal ef� ciency of 45%. The design of
the enhanced gas turbine is carried out under the hypotheses that the compressor is unchanged and that the stator
vanes of the two-stage high-pressure turbine are partiallyopened to accommodateto the larger mass � ow produced
by water injection. The other characteristics of the turbine stator blades (internal and external area and internal
coolantpassages) and the rotor blades are supposed unchanged.A stage-by-stageoff-design model, including blade
cooling and hydrodynamics, is introduced for predicting the performance of the modi� ed high-pressure turbine.
The effects produced by modi� cation of the cycle are then evaluated. The off-design incidence angles at the rotor
inlet of both the stages appear to limit the maximum amount of the water that can be injected per air mass unit.
The increase of the blade temperature instead can be compensated by decreasing the turbine inlet temperature or
by refrigerating the cooling air. The mathematical model adopted for simulating the on-design and the off-design
behavior of the enhanced gas turbine is described.

Nomenclature
C, W , U = absolute, relative, peripheral velocity
cp = speci� c heat at constant pressure
h = heat transfer coef� cient
i = enthalpy for gas and superheated vapor
î = enthalpy for liquid water
K = ori� ce coef� cient, de� ned by Eq. (A19)
k = speci� c heat ratio
M = Mach number
MW = molecular weight
Çm = mass � ow rate
Çmcl = coolant mass � ow rate per row
P = power
Pr = Prandtl number
p = pressure
Re = Reynolds number
St = Stanton number
s = entropy
T = temperature
w = speci� c work
xw = water-to-air ratio, de� ned by Eq. (3)
Y = cooling air mixing momentum loss parameter
a 2, a 3 = absolute velocity angle, measured from the axial

direction
b = compressor pressure ratio
C = mass � ow parameter, de� ned by Eq. (8)
D T = temperature variation
D h = incidence angle
e = heat transfer ef� ciency
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g = ef� ciency
H = dimensionless temperature
q = density
U = blade cooling effectiveness, (Tg ¡ Tb) / (Tg ¡ Tcl)
} = � ow coef� cient
W = stage load coef� cient

Subscripts

b = blade
cl = coolant
e = external, gas side
g = gas
i = internal, coolant side
in, out = inlet, outlet
is = isentropic
rot = turbine rotor row
st = turbine stator row
t = turbine stage
w = water

Superscripts

0 = stagnation value
0 = partial (referred to the pressure)
* = design point of the base aeroderivativegas turbine

I. Introduction

I N the last severalyears the performanceof the aeroderivativegas
turbines has been signi� cantly increased. The use of advanced

� uid dynamics computationalmethods has improved the ef� ciency
of the compressor and of the turbine. New materials for the turbine
blades and improved effectiveness of the cooling systems have of-
fered the possibility to increase the turbine inlet temperature and,
consequently, the cycle ef� ciency and speci� c work. Further, per-
formance improvement can be obtained with modi� cation of the
thermodynamic cycle. For small and middle power plants ranging
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Fig. 1 Plant arrangement of the RWI cycle aeroderivativegas turbine.

within 20–30 MW, evaporativecyclesmay be an alternativeto com-
binedcyclesbecausetheyallowan increaseof ef� ciencyandspeci� c
work without a bottoming steam turbine.

A mathematical model is offerred for the simulation of the on-
design and off-design performance of the air cooled turbine used
in evaporative cycles (Appendix A). The applicationsof this model
are to analyze the effects of the modi� cations of the cycle on the
behaviorof the gas turbine, to do a part-loadanalysis,and to analyze
the performanceof the power plant at variousambient temperatures.

This paper deals with the upgrade of a gas turbine composed of a
single shaft gas generator and a power turbine. The single shaft ar-
rangement suggests considerationof an upgrade to non-intercooled
cycles because insertion of the intercooling requires modi� cation
of the compressor.

The plant arrangement of the regenerative water-injected (RWI)
cycle is shown in Fig. 1. Water is injected into the airstream in
an aftercooler (AC) placed at the compressor discharge. The air–
water mixture is then heated in a regenerative heat exchanger (R)
before entering in the combustion chamber (CC). The water, before
being injected in the aftercooler, is heated by the hot gas leaving the
regenerator in a heat exchanger called an economizer (ECO).

The additionofwater to the air increasesthe turbinemass � ow and
power output while the power absorbed by the compressor remains
about constant. With respect to a simple regenerativecycle, the air–
vapor mixture enters the heat exchanger at a lower temperature.
This allows the increase of heat recovery and the reduction of the
gas temperature in the exhaust stack, with a favorable effect on the
cycle ef� ciency.

The thermodynamicanalysis of this cycle has been given by var-
ious authors. Gasparovich and Hellemans1 discussed the cycle per-
formance under the simpli� ed hypothesesof constantheat capacity
of theworking� uids.El-Masri2 investigatedtheRWI cyclemodi� ed
with intercooling and water injection in the regenerator.Annerwall
and Svedberg3 compared the RWI cycle with other evaporative and
steam-injected cycles at constant pressure ratio (13.5) without pro-
viding information on the effects of blade cooling. Chiesa et al.4

provide the thermodynamic analysis of the RWI cycle with inter-
cooling for an aeroderivativegas turbine with pressure ratio of 30.
Horlock5 examined a cycle, which he called “Evaporative Gas Tur-
bine cycle,” with and without intercooling, taking into account, in a
simpli� ed manner, the effects of turbine cooling.

In Ref. 6, the authors have taken into account the variation of
the thermodynamic properties of the working � uids due to water
injection. In Ref. 5, Horlock has taken into account the effects of the
turbine cooling with a simpli� ed approach for the evaluation of the
coolant mass � ow. From Ref. 5, it appears that for the RWI cycle
the ef� ciency peaks to 50% at a relatively low pressure ratio (b =8)
but little decrement is observed by increasing the pressure ratio up
to the maximum value considered in his calculations ( b =16).

The RWI cycle with intercooling has been analyzed by various
authors.2 ¡ 5,7 In Ref. 5, the RWI cycle with and without intercooling
are comparedone to each other. It appears that intercoolingprovides

little bene� t to the plant thermal ef� ciency (about 1%). The main
effect of intercoolingis a signi� cantdecreaseof the amount of water
injected.

Results provided in Ref. 5 con� rm the interest of a deeper in-
vestigationabout the possibilityof upgrading the aeroderivativegas
turbine in a RWI cycle. The interest in aeroderivative gas turbines
for the RWI cycle power plants comes from the following consid-
erations:

1)A new gas-turbineenginespeci� callydesignedfor a mixedgas/
steam cycle does not seem to be economically feasible because of
the costs required to design and produce a completely new engine.

2) The enhancedpowerplant canbe obtainedwith the substitution
of the power turbine and a limited number of modi� cations of the
gas generator [compressor and high-pressure turbine (HPT)].

A conventional thermodynamicanalysis is not able to predict the
performanceof a power plant obtainedby upgradingan aeroderiva-
tive gas turbine. The insertion of evaporative units produces differ-
ent effects than a simple dry regeneration.The injection of water or
steam and the insertionof heat exchangersmodify the gas generator
operating region and the enthalpic drop in the power turbine. The
mechanical energy balance of the shaft connecting the compressor
and the HPT is altered by the increase of mass � ow expanding in
the turbine. Opening the HPT nozzle vanes is generally needed to
avoid the decrease of turbine inlet temperature.

Modi� cation of the secondary cooling system is also needed.
The cooling air can no longer be extracted from the plenum out-
side the combustion chamber because the temperature of the air
entering the combustion chamber is increased by regeneration. A
complete, new design of the blade cooling system can be avoided
by the modi� cation of the secondary air cooling circuit for extract-
ing the air directly from the compressor.Moreover, the refrigeration
of the cooling air is also considered for increasing the turbine inlet
temperature.

The performance of the upgraded system can be predicted by
means of an off-design analysis of the core engine in the modi� ed
plant con� guration.6,8,9 For this reason, a mathematical model able
to predict the performance of the upgraded aeroderivative gas tur-
bine is introduced. For a better predictionof the turbine expansion,
the mathematical model includes a stage-by-stage off-design anal-
ysis for the turbine and the simulation of the air cooling off-design
behavior. This model provides a suitable evaluation of the temper-
ature for the blades and for the exhaust gas exiting the turbine.

II. Characteristics of the Base Aeroderivative Engine
The enhanced gas turbine is supposed to originate from an

aeroderivativegas turbine,composedof a gas generatorand a power
turbine. The gas generator includes a multistage axial compressor,
a combustion chamber, and an HPT.

Knowledge of the engine characteristicsis needed to evaluate the
off-designbehaviorof the gas turbine.Generally thesedata are man-
ufacturers’proprietaryinformationandnot availableforpublication.
Therefore, a preliminary design of the base engine has been carried
out to obtain the parameters needed for the off-design analysis.

The General Electric Company LM2500 is a typical aeroderiva-
tive gas turbine considered as the reference engine.10,11 A limited
set of information is available from the technical reports from the
manufacturer10,11 and from the literature.12 Such data are about the
longitudinal section of the engine (lacking dimensions), the com-
pressor characteristicmap,10 and the global performanceof the up-
to-dateversionof theengine.11 Some dimensionalinformation(such
as the hub-to tip ratio) can be obtained from the longitudinal sec-
tion of the engine. Other data, such as the turbine inlet temperature,
are collected from the technical literature concerning up-to-date
aeroderivativegas turbines.3,4,7

The set of data used in the calculations of this section are sum-
marized in Table 1. Such assumptionsresulted from a trial and error
procedure carried out to reproduce as much as possible the dimen-
sional characteristicsand the global performanceof the real engine.

The HPT is composedof two cooled stages. The maximum blade
temperature is assumed to be 1100 K for the � rst-stage stator row
and 1000 K for second-stagestator row and for both the rotor rows.
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Table 1 Basic assumptions for the design of the base gas turbine and
the thermodynamic analysis of the RWI cycle

Location Parameter

Compressor Polytropic ef� ciency 0.915
Combustion chamber Pressure losses D p / p = 4%,

combustion ef� ciency 0.996
Fuel Methane, 50.0 MJ/kg LHV
HPT � rst stage W = 1.5, u = 0.5, a 3 = 0 deg, g t = 0.9,

Tb,st = 1100 K, Tb,rot = 1000 K,
Ste = 0.005, Ae / Ag = 4, Yst = 0.5, Yrot = 0.5
cooling system internal and � lm cooling,
e = 0.5; g f ad = 0.15
(both for stator and rotor rows)

HPT second stage See � rst stage, except Tb, st = 1000 K,
cooling system, internal cooling
e = 0.5 (both for stator and rotor rows)

PT Polytropic ef� ciency 0.915, diffuser recovery
= 50% of the exit kinetic head

Friction and 0.5% of the turbomachine work
accessory loss

Electric generator loss 2% of the shaft power

Table 2 Predicted performance of the aeroderivative gas turbine
compared with data extracted from Ref. 11

Predicted Performance
Parameter performance from Ref. 11

Shaft power, MW 23.25 23.3
Exhaust gas � ow, kg/s 68.7 68.9
LHV ef� ciency, % 37.6 37.5
Exhaust temperature, K 795.1 796

Blades are consideredcooled by means of internal convectioncool-
ing and � lm cooling. For the � rst-stage blades, the cooling air is
extracted from the compressor outlet. For the second-stage blades,
the cooling air is extracted from an intermediate section of the mul-
tistage compressor.

The results of the design procedure are given in Appendix B. The
global performance, the cycle state points, and the HPT character-
istics are given therein. Note that the HPT is close to the choking
because the Mach number at the stator row exit is about 0.9 for both
the stages. The hub-to-tip ratio for the � rst stage is rather low, but
not too far from the value that can be obtained from scale measure-
ments on the longitudinal section of the real engine. The rotational
speed (9655 rpm) is almost equal to the value given in Ref. 12. The
cooling effectivenessresulted from calculations for each row of the
HPT appears to be in agreement with data reported in Ref. 13.

In Table 2, the global performance obtained from the described
design procedure are compared with the results given in Ref. 10.
The performance given by the manufacturer is obtained with no
inlet/exhaust losses and no heat losses. Taking into account the pre-
ceding consideration and the simpli� ed approach adopted for cal-
culations, the agreement seems to be good, and the design of the
engine seems to be suf� ciently sound and similar to the real engine
for the purpose of this work.

III. Thermodynamic Analysis of the RWI Cycle
A. Description of the RWI Cycle

The RWI cycle is plotted in Fig. 2 on a temperature–entropy dia-
gram. In this diagram, the entropyof the mixtures is evaluatedusing
total pressureinstead of the partialpressureof each component,2 ne-
glecting the change in the quantity of the gas working � uids due to
air extractionfor coolingand water injectionfor cycle enhancement.
In the analysis of the cycle it is necessary to take into account the
modi� cation of the thermodynamicpropertiesof the working � uids
caused by the variationof the temperatureand the chemical compo-
sition due to water injection, combustion, and mixing with cooling
air.

Fig. 2 Thermodynamic diagram of the RWI cycle.

From the aftercooler outlet to the combustion chamber inlet, the
� ow can be considered as a mixture of two components: air and
steam producedby evaporationof the water injected.The total mass
� ow rate is given by

Çm = Çma + Çmw (1)

where Çma has the samecompositionandwater contentof theambient
air, and Çmw is the water injected mass � ow.

After being dischargedby the combustion chamber, the � ow can
be consideredas a mixture composedby stoichiometriccombustion
products, dilution air, and steam. The total mass � ow is given by

Çm = Çmg + Çmw (2)

where Çmg is the sum of the stoichiometriccombustion productsand
the dilution air and Çmw is the injected water that � ows through the
combustion chamber.

The thermodynamic properties are evaluated on the basis of the
chemicalcompositionof the mixtures.The speci� c heat coef� cients
and the enthalpy of the chemical species (except steam) are consid-
ered to vary only with temperature; the values of speci� c heat and
enthalpy are obtained using a polynomial � t to the thermodynamic
data against the temperature.14

The properties of superheated steam are considered to vary with
temperature and partial pressure.15 The partial pressures of air and
steam are considered for calculations in the mixer to evaluate the
thermodynamicpropertiesof the mixtureand to detect the saturation
conditions.

To allow a comparison with the performance of the base aero-
derivativegas turbine,the assumptionsfor the simulationof the RWI
cycle are the same as adopted for the design of the base engine and
listed in Table 1. The thermodynamic analysis has been carried out
under the hypothesis that the blade coolingparameters are constant.
The air cooling � ow rates are supposed to vary as much as needed
to keep constant the temperature of the blades.

For the evaluationof the heat recovered in the R and in the ECO,
a minimum temperature difference D Tmin is assumed between the
hot and the cold � uid. To avoid the vaporizationin the ECO, the feed
water is pumped to a pressure higher than the saturation pressure
corresponding to maximum temperature in the ECO. Parameters
regarding the AC and the heat exchangers are listed in Table 3.

To identify the amount of the water injected independently from
the amount of theair extractedfrom thecompressorfor turbineblade
cooling, the following parameter is introduced:

xw = Çmw / Çma ,1 (3)

where Çmw is the amount of the water injected in the AC and Çma ,1 is
the air mass � ow rate at the compressor inlet.
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B. Effects of the Amount of Water Injected

The cycle performance obtained increasing the amount of the
water injected is � rst evaluated assuming b =18.7 and turbine inlet
temperature (TIT) = 1523 K. The speci� c enthalpy (per mass unit)
for gas and superheatedvapor are indicatedby i and the speci� c wa-
ter (liquid) enthalpy by î . The number indicated as subscript refer
to the cycle points in Figs. 1 and 2. As b and TIT are assumed to be
constant, points 2 and 5 in the cycle of Fig. 1 are constant and in-
dependent xw . The increase of water injected results in the decrease
of the temperature T3 at the AC exit. The temperature T8 of the gas
exiting the power turbine can be assumed almost constant, although
water injection affects the speci� c heat ratio in the expansion and
the amount of the cooling air.

In the AC, the evaporation of the water injected is caused by
the combined effects of 1) water � ashing in the AC in which the
partial pressure of water vapor is much lower than the pressure of
the entering water and 2) heat extraction from the compressed air.

Referring to the cycle state pointsof Fig. 2, the steady� ow energy
equation for the AC

Çmw (iw ,3 ¡ îw , H2) = Çma, 3(ia,2 ¡ ia ,3) (4)

allows the evaluationof the temperature T3 of the air–vapor mixture
leaving the AC. Figure 3a shows the decrease of T3 caused by the
increase of the amount of water injected. In the evaluation of T3,
the reduction of Çma,3 due to the increase of the cooling air extracted
from the compressor is taken into account.

Table 3 Additional assumptions for the
aftercooler and the heat exchangers

Location Parameter

AC Pressure loss D p / p = 3%
R Pressure loss D p / p = 2%

(both air and gas side)
D Tmin (pinch point) = 30 K

ECO Pressure loss D p / p = 1% (gas side)
D Tmin (pinch point) = 20 K
Feedwater temperature 288 K
Feedwater pressure 5 MPa

a) b)

c)

Fig. 3 Effect of the amount of the water-to-air ratio xw on the thermodynamic state at the outlet of the AC.

The maximum amount of water that can be injected in the AC
is limited by the saturation of the water. Assuming the complete
evaporation of the water, the partial pressure of the vapor in the
mixture leaving the AC can be evaluated from the Dalton equation:

p 0
3,w = p3

Çmw /MWw

Çma, 3 / MWa + Çmw / MWw

(5)

where the difference between stagnation and static pressure is ne-
glected because the � ow velocity is low. From the partial pressure
p 0

3,w of the water it is possible to evaluate the correspondingsatura-
tion temperatureTsat as shown in Fig. 3a.From Eq. (5) it appears that
p 0

3,w and Tsat are dependent on xw . The maximum amount of water
that can be injected in the AC is given by the saturation condition:

T3 = Tsat (6)

This condition corresponds to the point in which the plot of T3

crosses the plot of Tsat. Figure 3a shows that the limit of saturation
with the ECO is reached for xw =0.135.

The air–vapor mixture exiting the AC is heated in the R that is a
stationary countercurrent heat exchanger. Unlike Refs. 2 and 5, no
water is considered to be injected in the R.

In the ECO thewater is preheatedby theexhaustgas leavingtheR.
Before enteringthe ECO, water is pumped to a pressuresuf� cient to
avoidthevaporizationof thewater in theheatexchanger.With theas-
sumptionthat the feed-waterpressureis equal to 5 MPa (correspond-
ing to the vaporizationtemperatureof 537 K) and D Tmin =20 K, the
maximum water temperature at the ECO outlet is TH 2 =517 K. In
Fig. 3b the temperature TH2 is plotted as function of xw . It appears
that for xw higher than 0.13 the heat recovered from the exhaust gas
is not suf� cient to heat the water up to the temperature of 517 K
because the temperature T9 of the exhaust gas leaving the R is lower
than 537 K.

Note that, at the saturation limit, the temperature T10 (Fig. 3b) of
the exhaust gas convoyed to the stack is about 400 K. Taking into
account that the dew point of the exhaust gas is about at T =350 K,
it appears, for the nonintercooledRWI cycle and for a pressure ratio
of an aeroderivative gas turbine that there is only a little place to
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increase the exhaust heat recovery with further water injection in
the regenerator.

Figure 3c shows the increase of the lower heating value (LHV)
ef� ciency given by water injection in the RWI cycle. It appears that
the ef� ciency can be increased from the basic value of 0.375 of the
simple joule cycle aeroderivativegas turbine to the maximum value
of 0.45 obtained with the saturation at aftercooler outlet. Figure 3c
also shows the increase of the speci� c work per air mass unit at the
compressor inlet. The speci� c work can be increased from about
346 kJ/kg obtained in the base aeroderivative gas turbine to the
maximum value of 480 kJ/kg obtained in the RWI cycle.

C. Effects of the Pressure Ratio

A thermodynamic analysis of the RWI cycle is carried out to
outline the effects of the variation of the pressure ratio on LHV
ef� ciency and speci� c work. Because the ef� ciency increases with
the amount of water injected, for each value of the pressure ratio the
amount of water injectedneeded to reach the saturationis evaluated.
Ef� ciencyandspeci� c workare evaluatedforpressureratiosranging
from 16 to 22 and for xw ranging from 0.04 to 0.14. The results are
plotted in Fig. 4.

It appears that the maximum ef� ciency for the RWI cycle is ob-
tained at the saturation limit for any value of the pressure ratio.
The best ef� ciency point (g =0.455) is obtained for b = 16 and
xw = 0.125. By the increasing of the pressure ratio, the maximum
ef� ciency is lowered to 0.44 at b = 22. This result con� rms that the
RWI cyclemay be a usefulopportunityfor upgradingaeroderivative
gas turbines due to the increase of ef� ciency and power output per
mass unit of added water.

D. Effects of the Turbine Inlet Temperature

Figure 5 shows the effects of the TIT variationson ef� ciency and
speci� c work, consideringthe saturation limit. It appears that, at any

Fig. 4 Effects of the pressure ratio and of the amount of the water
injected on the cycle ef� ciency and the speci� c work.

Fig. 5 Effects of the turbine inlet temperature on the ef� ciency and
the speci� c work.

value of pressure ratio and turbine inlet temperature, the increase
of the water-to-air ratio provides to increase both the ef� ciency
and the speci� c work. Moreover, the temperature increase is more
effectivein raisingboth ef� ciencyand speci� c work for b = 20 than
for b =16: This is mainly due to the effect of the increase of the
amount of cooling air extracted for blade cooling.

IV. Performance of the Upgraded Gas Turbine
In the thermodynamicanalysis,thepressureratio, the turbineinlet

temperature, the amount of water injected, and other the parameters
affecting the air cooled expansion can be assigned by the designer.
For predicting the performance of a power plant obtained by up-
grading of an existing gas turbine, an off-design analysis of the gas
turbine in the upgraded plant con� guration is required.

The enhanced gas turbine is supposed to be obtained without
modi� cations of the compressor.For the General Electric Company
LM 2500, a ratherold characteristicmap is available.10 Because this
map shows the design point pressure ratio equal to 18, the map is
partially modi� ed to drive the design-point pressure ratio to 18.7.
The compressor map used for calculations is shown in Fig. 6.

The characteristic curve of the HPT was not available from the
literature. Therefore, the characteristic curve is obtained using the
stage-by-stageoff-designmodel described in AppendixA. Figure 7
shows thecharacteristiccurveof theHPT obtainedfromcalculations
carried out at various rotational speeds assuming the turbine inlet
stagnation values of pressure and temperature to be constant. It
appears that at the design point the HPT can be considered choked.
The map shows that the mass � ow has a very low sensitivity to the
speed variation. Figure 7 also shows the cooled turbine ef� ciency,
which is evaluated as

g T = PT

j

Çm j cp j T
0
j, in 1 ¡

p0
out

p0
j, in

(k j ¡ 1)/ k j

(7)

where the sum is extended to the main� ow and the coolant streams
enteringin the turbine.The performanceof the upgradedgas turbine
are predicted considering the operating region of gas generator.6,8

The off-design analysis is made using the following hypotheses.
1) The characteristics of the HPT blades (diameter, height, heat

transferareaonboth the gas sideand thecoolantside) are assumedto
be unchangedwith respect to the base engine.To increase the throat
area in the stator rows where the � ow is close to the choking, the
modi� cation of the stator blade exit angle is considered.

2) The maximum coolant mass � ow is assumed to be limited
by the characteristics of the blade channels and obtained from the
Eq. (A20) (Appendix A) assuming the value of the characteristic K
unchanged.

3) The compressor map is unaffected by the modi� cations.
4) Heat recovery in the R and in the ECO is evaluated under the

same assumptions of the thermodynamic analysis.
The analysis of the performance of the upgraded gas turbine is

organized in the following subsections: evaluation of the gas gen-
erator operating point, effects of the reduction of the turbine inlet
temperature, effects of the variation of the rotational speed, and ef-
fects of the reduction of the coolant temperature to decrease the
blade temperature.

A. Operating Point of the Upgraded Gas Generator

The analysis of the performance of the gas generator is carried
out independentlyfrom the characteristicsof the power turbine.The
working points of the gas generatorare determinedby the following
conditions:1) mechanicalequilibriumof the gas generatorshaft (the
power produced by the HPT must be equal to the power absorbed
by the compressor) and 2) � ow compatibility(mass � ow, stagnation
pressure, and temperatureat the HPT inlet must be compatible with
the HPT characteristics).

The expected LHV ef� ciency and power output are evaluated as-
suming that the polytropic ef� ciency of the power turbine is equal
to 0.9. Three independent parameters have to be assigned to deter-
mine any working point of the gas generator in an RWI cycle. In the
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Fig. 6 Characteristic map used (data extracted from Ref. 9).

Fig. 7 Estimated characteristic map of the HPT.

following analysis they are the shaft rotational speed, the turbine
inlet temperature, and the water-to-air ratio xw .

First the analysisis carriedout at the rotationalspeedof 9655 rpm,
which is the nominal speed of the gas generator. The compressor
characteristic map (Fig. 6) shows that, at this speed, the air mass
� ow is almost constant and independent from the pressure ratio (at
least not close to the surge limit). The water mass � ow Çmw added to
the � ow modi� es the matching conditions of the compressor with
the HPT because of the increased mass � ow at the HPT inlet. In
fact, because Çma is about constant, neglecting the variations of the
cooling air and fuel mass � ow, Çmg can also be considered constant.
Therefore, referring to Eq. (2), the total mass � ow Çm at the HPT
inlet is increased the same quantity as the water injected.

Because the HPT at the design point is choked (Fig. 7), the mass
� ow parameter of the HPT

C = Çm T 0
in p0

in (8)

is equal to its maximum value. The increase of the mass � ow pro-
duced by water injection needs to be compensated by the increase
of the inlet pressure p0

in or by the decrease of the turbine inlet tem-
perature T 0

in . Analogously to the steam-injected gas turbines,16 it is
possibleto increasepressureratio reducingthe surgemarginwith re-
spect to the value adopted in the base aeroengine.The surge margin
can be assumed as

S = ( b S ¡ b ) / ( b ¡ 1) (9)

where b is the pressure ratio of the compressor working point and
b s is the pressureratio on the surge line at the same compressorrota-
tional speedof the consideredworking point. In the base aeroderiva-
tive gas turbine at the design point (n = 9655 rpm, n = 18.7) the
surge margin is about 20%. By consideration of a reduction of the
surge margin to 15%, the limiting value of the pressure ratio at
9655 rpm is then placed at 19.6.

Because of the pressure losses in the aftercooler (3%) and in the
regenerativeheat exchanger (2%), the increase of the pressure ratio
from 18.7 to 19.6 is suf� cient only to compensate for the pressure
loss in the additional devices, but no increment is produced for the
stagnation pressure at the HPT inlet.

The amount of water that can be injectedwithout modi� cation of
the HPT is affectedby the compressormap. Therefore, the quantita-
tive results that will be provided in the following section have to be
considered in strict relationshipwith the assumed compressor map.
With the map of the GeneralElectricCompanyLM 2500 considered
here, the air mass � ow at the design rotational speed is about con-
stant. Therefore, to avoid an unacceptable reduction of the turbine
inlet temperature,it is necessaryto modify the HPT to accommodate
the larger mass � ow. Note that the operating points of the upgraded
gas turbine are affected by the compressor characteristic map. In
Ref. 8, for example, the authors, using a generalized map, found
that a limited amount of water was allowed to be injected.

The turbine � ow parameter can be increased by increasing the
effective throat area in the stator rows of one or both the stages
where the turbine is close to being choked.Variation of the area can
be accomplishedby modifying the stator exit blade angle. As a � rst
case, a limited amount of water injected (xw =0.05) is considered.
To evaluate the effect of opening the nozzle passage, the � rst-stage
stator blade exit angle a 2 is reduced. Figure 8 shows the effects
produced by such a variation of the � rst-stage nozzle passage, pro-
vided that the turbine inlet temperature is constant. It appears that
the decrease of a 2 leads to the reduction of the pressure ratio: the
pressure ratio corresponding to the surge margin (19.7) is obtained
with D a 2 = ¡ 2 deg.

A negativeincidenceangle on the � rst-stagerotor blade is caused
by the variationof a 2, while the incidenceon the blades of the other
rows is aboutzero.For D a 2 = ¡ 2 deg, the incidenceangleat the inlet
of the � rst-stage rotor is about D h = ¡ 10 deg, which is mainly due
to the decreaseof M2,st with respect to the valueobtained in the base
engine. In fact, lowering the compressorpressure ratio the work per
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Fig. 8 Effects of opening the � rst-stage nozzle vane passage.

mass unit producedby the HPT is decreased,as requiredby the me-
chanical equilibrium of the gas generator shaft. The row ef� ciency
is related to the incidence angle by Eq. (A17) (Appendix A). Two
values of the loss coef� cient f are considered: f =0.02 and 0.05.
It appears that, until j D h j is lower than 20 deg, the turbine ef� -
ciency decrease is lower than 1% and has a little effect on the plant
ef� ciency.

For xw = 0.1, the throatarea of both the stageshas to be increased.
After a trial and error procedure, a reduction of 4 deg of the stator
exit angle a 2 (for which the throat area is increased of about 20%)
has been found to be necessary to match the compressor and HPT
at the desired working point. In this case b resulted about 19. The
maximum incidence angle is 15 deg at the second-stage rotor inlet.

To increase xw to above 0.1, the rotor blades also need to be
modi� ed to avoid excessive incidence angles.

To analyze the effects of the increased mass � ow on the blade
temperature, the gas temperature and the blade temperature in the
modi� ed HPT are shown in Fig. 9. In the stator rows, the gas temper-
ature is equal to the absolute(stator relative) stagnationtemperature.
In the rotor rows, the rotor relative stagnationtemperature is consid-
ered (Appendix A). Figure 9 shows that the combined effect of the
lower gas temperature drop and of the increased mass � ow causes
the blade temperatureto increaseabove the blade temperatureof the
base engine. In the case of xw =0.05, the temperature increase is
about 30±C on all of the rows. In the case of xw = 0.1, the maximum
blade temperature increase is equal to 70±C and is obtained for the
last rotor row.

B. Effects of the TIT Reduction

To decrease the blade temperature, it is possible to decrease the
TIT. In Fig. 10 the effects of the TIT reduction are analyzed. It
appears that the reduction of the blade temperature obtained by
decreasing the turbine inlet temperature is very small. The decrease
of the blade temperature for the second stage (not shown) is a little
faster than for the � rst stage. The HPT ef� ciency is not affected by
the reduction of the TIT.

To match the blade temperature limits the turbine inlet temper-
ature needs to be lowered to 1460 K for xw = 0.05 and to 1420 K
for xw = 0.1. By the decreasing of the TIT, the plant ef� ciency and
power output are lowered, notwithstandingthe decreaseof the pres-
sure ratio.The bladelimits are shownin Fig. 10byhorizontallines. It
appears that for xw =0.1 the maximum ef� ciency 0.40 is obtained
with TIT = 1420 K. The plant ef� ciency is, therefore, 4% lower
than the value obtained in the thermodynamicanalysis for xw = 0.1,
b = 18.7, and TIT = 1523 K.

Fig. 9 Temperature and pressure distribution in the HPT. 1) Base en-
gine, 2) RWI cycle with xw = 0.05 after opening � rst-stage stator vane
passage, 3) RWI cycle with xw = 0.1 after opening � rst- and second-stage
stator vane passage.

Fig. 10 Variation of the gas generator working conditions with water
injection and modi� ed HPT stator vane passages at constant speed, n =
9655 rpm.

C. Gas Generator Operating Region

The most suitable working conditions, at various gas generator
speeds, can be found with the aid of the analysis of the whole gas
generator operating region. Figure 11 shows the limits of the gas
generator operating region and the contours of the expected plant
ef� ciency and power obtained for xw = 0.1. The boundaries of the
region are given by the compressor surge limit, by the compressor
choking limit, by the maximum rotational speed, and � nally by the
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Fig. 11 Contours of the expected ef� ciency and power output within
the gas generator domain of the RWI cycle gas turbine with xw = 0.1
after opening the vane passages.

limit given by the saturation at the aftercooleroutlet. Figure 11 also
shows the limits of the maximum allowable temperatures on the
� rst-stage nozzle as well as the curve of surge margin. For the sake
of clarity, the limit curves of the blade temperature concerning the
other rows are not reported inasmuch as they are close to the other
blade temperature limit.

Figure 11 shows that the maximum LHV ef� ciency within the
limits given by the blade temperature is obtained at rotational speed
lower than the nominal one. This is mainly due to the favorable
effects of the reduction of the pressure ratio and the increase of
the turbine inlet temperature. A little increase of the compressor
isentropic ef� ciency, shown in the compressor map, contributes the
improvement of the overall LHV ef� ciency. The drawback is that
the power output is lowered due to the decreaseof the air mass � ow.
At 9172 rpm, the maximum expected ef� ciency is 0.42, and the
correspondingpower output is 27 MW.

D. Performance of the Upgraded Gas Turbine
with Lower Coolant Temperature

To increase the cooling ef� ciency required to match the modi� ed
working conditions of the HPT, it is possible either to design a new
blade cooling system or to lower the coolant temperature, taking
advantage of the available cold water, without modifying the blade
characteristics.The latter choice is considered in this work. In any
case, the coolantcan no longerbe extracted from the plenumoutside

the combustion chamber because the temperature of the air leaving
the R is much higher than the temperature of the air leaving the
compressorin thebaseengine.The lowercoolanttemperatureallows
more heat per coolant mass unit to be removed from the blade.
Moreover, the coolant speci� c volume is lowered. This allows the
increase of the coolant mass � ow as predicted by Eq. (A20) in
Appendix A.

Two alternative solutions may be analyzed for lowering the tem-
perature of the coolant entering the blade channels. The � rst is ob-
tained by means of a water–air heat exchanger in which the coolant
temperature is reduced; the second is obtained by using a fraction
of the water–air mixture leaving the AC as cooling air. The former
solutionwill be analyzedhere.The secondsolutionis more effective
for a thermodynamic point of view because the air–water mixture
hasa largerspeci� c heatcoef� cient.8 However, this solutionrequires
the modi� cation of the compressor to vary the amount of cooling
air and the point of extraction.This may affect the compressor map
and is excludedfrom the hypothesesof the analysiscarried out here.

The heat exchanger is introduced in the coolant circuit from the
compressor to the blade row. The coolant temperature should be
decreased as much as required to keep the blade temperature at the
prescribed value. Excessive coolant temperature reduction should
be avoided because it causes a decrease of the overall ef� ciency.

The effects of the coolant temperature decrease on the blade heat
balance are examined in Fig. 12 for the stator rows of the � rst and
second HPT stages. The effects on the blade temperature, coolant
mass � ow, internal heat transfer ef� ciency e , and cooling system
effectiveness U are plotted as functions of the coolant temperature
decrease D Tcl. In Fig. 12 the blade temperature is nondimensional-
ized by the prescribed T ¤

b = 1100 K, and the coolant mass � ow is
nondimensionalizedby the value Çm ¤

cl at the design point.
It appears that the effects of the coolant temperature reductionon

the internalcoolingef� ciencyarenegligible.The increaseof theheat
� ux is, therefore, due to the lower coolant temperature at the blade
inlet and to the increased coolant mass � ow [see Eq. (A12), Ap-
pendix A]. For the � rst-stage row, the prescribed blade temperature
is obtainedwith about D Tcl =100 K. For the second stage, which is
characterized by a lower cooling system effectiveness (U =0.25),

Fig. 12 Variation of the main blade cooling parameters with the re-
duction of the coolant temperature; TIT = 1523 K, xw = 0.1.
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Fig. 13 Performance of the RWI cycle aeroderivativegas turbine with
the reduction of the coolant temperature; TIT = 1523 K. Tb is referred
to the � rst stator row.

the decrease of the coolant temperature required to match the pre-
scribed blade temperature is about equal to 200 K. In this case, the
possibility of improving the blade cooling effectiveness should be
considered to decrease the coolant mass � ow and to reduce D Tcl,
also providing a better overall ef� ciency.

The coolant temperature reduction suggests the possibilityof in-
creasing the turbine inlet temperature to increase the ef� ciency. A
more detailed model of the blade cooling system may be useful in
this case to investigate blade temperature that may be locally ex-
cessively high. The effects of the coolant temperature reduction on
the plant performance are analyzed in Fig. 13 for three values of the
water-to-air ratio. The increase of D Tcl causes a little decrease of
LHV ef� ciency and power output. The maximum ef� ciency point,
obtained for Xw =0.14 and D Tcl = 120 K, is close to 44%.

V. Conclusions
A methodology to analyze the performance of an evaporative

cycle power plant obtained upgradingan aeroderivativegas turbine
has been presented.The methodology is based on a modular model
able to analyze the off-design behavior of a generic con� guration
of gas-turbine power plant.

The main features of the proposed method are as follows.
1) The capabilityto take into account the variationsthe thermody-

namic properties of the working � uids produced by water injection
is introduced.

2) The off design turbine blade cooling system effectiveness and
blade temperatures, as result from variation of the cooling air � ow
rate and thermodynamic conditions, are estimated.

3) Mass � ow rate variations in the secondary air cooling system
are considered.The methodology has been applied to the design of
a power plant based on the RWI cycle. The thermodynamicanalysis
has shown that the a RWI cycle gas turbine obtained from a typical
aeroenginemay offer plant ef� ciencyup to 44%and expectedpower
output is 30% larger than the poweroutput that canbeobtainedin the
simple Joule cycle gas turbine obtained from the same aeroengine.

The modi� cationsof thegas generatorrequiredto realizethe RWI
cyclegas turbineare then analyzed.Modi� cationsof thecore engine
considered do not affect the multistage compressor. It is shown that
the modi� cation of the HPT vanes is needed to accommodate the
larger mass � ow rate produced by water injection. Up to xw = 0.1,
the modi� cations may be limited to the stator blades; in this case a
low reduction of the ef� ciency caused by the off-design � ow inci-
dence is observed. For further increase of the water mass � ow, the
rotor inlet and exit blade angles also should be modi� ed.

The performanceof the cooling system is analyzed.The increase
of the mass � ow drives the blade temperature to levels that may
be not compatible with the material. To meet the blade temperature

limit, the turbine inlet temperature should be reduced. The best
ef� ciency point in this plant con� guration has been analyzed.

Moreover the reduction of the coolant temperature has been ex-
amined as alternativesolution.This solutionallows the reductionof
the blade temperaturewithin the prescribedlimitwithout a complete
new design of the blade cooling system.

The procedure proposed for the analysis of the aeroengine to
realize the RWI cyclegas turbinemay be also applied to othermixed
gas–steam cycles.

Appendix A: Mathematical Model
of the Air-Cooled Turbine

A. Numerical Solution Method

Off-design performances are predicted by means of a model en-
tirely of the authors’ creation able to handle a power plant at on-
design and off-design conditions. The gas turbine is described by a
set of nonlinearalgebraicequations that is solved througha method-
ology based on the Newton–Raphson method, with the evaluation
of the Jacobian matrix by � nite differences. To avoid the tendency
of the Newton–Raphson method to wander off if the initial guess
is not close to the root, a lower and an upper bound are assigned
to each variable: If the solution for one variable is addressed out-
side the limits, the guess is forced to be placed on the bound closer
to the value obtained from calculation. In a few cases, a globally
convergent method based on a line search strategy is found to be
necessary.

B. On-Design Turbine Stage Model

The turbine on-design performance is evaluated by means of a
stage-by-stage analysis of the expansion. The same procedure has
been used for the thermodynamic analysis of the RWI cycle.

The model of the expansion in a cooled turbine stage is similar
to the model proposed by El-Masri13 and shown in Fig. A1. The
enthalpic drop in the stage is divided in the following steps: (A–C)
mixingof thehotgas with the stator row coolingair, (C–D) adiabatic
expansion with work production, and (D–F) mixing of the hot gas
with the rotor row cooling air.

The mixing process A–C is schematicallydivided into two steps:
a mixing process (A–B) without loss of stagnation pressure, where
the mainstream speci� c enthalpy is reduced by the mixing with the
stator cooling � ow, and a pressure loss (B–C) due to the momentum
loss of the mainstream� ow. The same scheme is used for the mixing
process with the rotor cooling � ow (D–F).

To evaluate the adiabatic expansion C–D, a one-dimensional
model is assumed for the velocity diagram, referred to the mid-
dle chord of the blade (Fig. A2). For simplicity, the axial velocity
and the mean diameter are assumed to be constant in the stage and

Fig. A1 Thermodynamic states of the expansion model in an air-
cooled turbine stage.
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Fig. A2 Velocity triangles in the axial � ow turbine stage.

the rotor-exitswirl angle ( a 3) is zero.The velocity trianglesare eval-
uated from the assigned values of the dimensionless coef� cients,

u = Ca2 / U, W = w t / U 2 (A1)

where w t is the work per mass unit produced in the stage. The � ow
is assumed to be subsonic.

The stagnation temperature drop from state A to state B is given
by the steady � ow energy equation,

T 0
B = (1/ Çm B ¢ cp,cl) Çm A ¢ cp,g ¢ T 0

A + Çmcl,st ¢ cp ,cl ¢ T 0
cl,st (A2)

The stagnation pressure loss due to the mixing of the mainstream
with the coolant is evaluated from

p0
C = p0

B ¢ 1 ¡ ( Çmcl, st / Çm B )(1 ¡ Yst) ¢ k ¢ M2
2,st (A3)

where Yst is a momentum-loss parameter7,13 and M2,st is the abso-
lute Mach number at the stator exit. The value of M2, st is obtained
from the absolutevelocity c2 and the energy equation applied to the
stator row. The stagnation temperature and pressure at the end of
the adiabatic expansion C–D are given by

T 0
D = T 0

C ¡ w t cp,g (A4)

p0
D = p0

C ¢ 1 ¡ (1/ g t ) 1 ¡ T 0
D T 0

C

k / (k ¡ 1)
(A5)

where g t is the total-to-total stage adiabatic ef� ciency. The ther-
modynamic conditions in points E and F are evaluated similarly to
points B and C, considering the rotor relative Mach number M3,rot

for the evaluation of the momentum losses in the rotor row.
The estimationof thebladetemperatureis made underthe hypoth-

esis that the blade is at uniform temperature Tb .7,13 As it is common
in aeroderivative gas turbines, the blade is considered cooled by
internal cooling and � lm cooling. With reference to the adiabatic
wall temperature17,18 Tad, the heat � ux balance across the blade wall
gives

he Ae(Tad ¡ Tb) = Çmclcp,cl D Tcl (A6)

where he is the heat transfer coef� cient on the gas side of the blade,
Ae is the external wall area of the blade, and D Tcl = (Tcl,2 ¡ Tcl, 1)
is the coolant temperature rise through the internal cooling circuits.
The coolant temperature rise depends on the internal heat trans-
fer ef� ciency e and from temperature Tcl,1 at which the coolant is
supplied,

e = D Tcl / (Tb ¡ Tcl, 1) (A7)

Under the hypothesis that the blade temperature is uniform, the
internal heat transfer ef� ciency is given by

e = 1 ¡ exp[( ¡ hi Ai ) / ( Çmclcp ,cl)] (A8)

where h i is the internalheat transfercoef� cientand Ai is the internal
wall area of the blade. The product he Ae is evaluated from the
Stanton number Ste of the hot stream and from the ratio of the

wall area Ae to the gas � ow path cross-sectionalarea Ag at the row
inlet,7,17

Ste =
he

( Çmg / Ag ) ¢ cp,g
=

he Ae

Çmg ¢ cp,g
¢

Ag

Ae

(A9)

The adiabatic wall temperature is estimated from the adiabatic � lm
cooling effectiveness

g f ad =
Tad ¡ T

Tcl, 2 ¡ Tg

(A10)

and the dimensionless parameter

H =
Tcl,2 ¡ Tg

Tb ¡ Tg

(A11)

The gas temperature Tg is assumed equal to the absolute stagna-
tion temperature for the stator rows and equal to the rotor relative
stagnation temperature for the rotor rows.

The heat � ux across the blade can then be written, considering
Eqs. (A7), (A10), and (A11),

he Ae(Tg ¡ Tb)(1 ¡ H g ad) = Çm clcp, cl e (Tb ¡ Tcl,1) (A12)

For a considered maximum allowable blade temperature Tb ,
Eq. (A11) allows evaluationof the coolant mass � ow per each row,
assuming the values of Ste, e , and g ad .

C. Off-Design Stage Performance

The off-designexpansion is modeled, as for the on-design analy-
sis, by means of the scheme shown in Fig. A1. The adiabaticexpan-
sion C–D is determinedby the off-designstagevelocitydiagramand
the ef� ciency of the stator and the rotor rows. The stage velocity tri-
angle is evaluatedat the pitch line fromconstructivedata aboutblade
angles and cross-sectional area of the stage. By the assuming that
the � ow is subsonicand that the axial � ow velocity is constant in the
stage, the stage aerodynamicload is related to the � ow coef� cient by

W = u (tan a 2 ¡ tan b 3) ¡ 1 (A13)

assuming the � ow angles are equal to the blade angles.
The � ow coef� cient u is related to the gas mass � ow by the

compatibility equation evaluated at the stator exit:

Çmg = Ag q g u U (A14)

The thermodynamic state at the stator row (rotor) exit is obtained
from the row ef� ciency,

g row =
V 2

out 2

V 2
out,is 2

(A15)

where Vout is the actual absolute (relative) velocityc2(w3) and Vout,is

is the velocity for the isentropic expansion. The row ef� ciency is
estimatedfrom the � ow incidenceangle D h at the row inlet, givenby

D h = h i ¡ h ¤
i (A16)

where h i and h ¤
i are the stator (rotor) inlet � ow angle a 1( b 2) at the

off-design point in the HPT and the blade geometric angle a ¤
1 ( b ¤

2 ),
respectively.

The relation proposed by Kroon and Tobiasz19 is used:

g row = g 0,row ¡ f tan2 D h (A17)

where g 0,row is the value of g row for zero incidence and f is a coef� -
cient indicating the sensitivityof the blading to the variations in the
angle of incidence.

The estimation of the blade temperature is made from Eq. (A12)
taking into account the variation of all of the parameters that appear
therein. At off-designconditions the internal cooling ef� ciency e is
evaluatedfrom thevariationsof the ratioh i / ( Çmcl¢ cp,cl) that is propor-
tional to the internal Stanton number. By assuming that the internal
convection cooling follows the Colburns formula (see Ref. 17)

Sti / Re ¡ 0.2 ¢ Pr ¡ 2
3 (A18)

it is possible to obtain the corresponding values at off-design con-
ditions:

Sti / ( Çmcl / l cl)
¡ 0.2 ¢ ( l cl ¢ cp,cl)

¡ 2
3 (A19)
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The gas side Stanton number and the adiabatic � lm cooling coef� -
cient are assumed to be constant.

For the evaluation of the coolant mass � ow, it should be consid-
ered that the cooling air � ow path in a compressor– turbineassembly
is rather complicatedbecause it is composedof a network of restric-
tions, cavities, and blade holes for � lm cooling. Lacking detailed
information about these elements, the coolant � ow rate can be pre-
dicted, in accordance with experimental results of McGreehan and
Schotsch,20 through the ori� ce equation

Çmcl Tin pin = K ¢ 1 ¡ p 0
out / pin (A20)

where K accounts for the discharge coef� cient and the area of the
ori� ce; pin and Tin are, the stagnation pressure and temperature at
the ori� ce inlet, respectively; and p 0

out is the outlet static pressure.
The coef� cient K is evaluated from value of the cooling air � ow
rate at the gas-turbine design point.

Appendix B: Results of the Design Process for the Base
Aeroderivative Gas Turbine

For the compressor, the pressure ratio b =18.7. The power ab-
sorbed by the compressorwas 29.1 MW. The compressor isentropic
ef� ciency was 0.870. The shaft power was equal to 23.25 MW and
speci� c work was 346.0 kJ/kg. The LHV ef� ciency was 37.6%. The
electric power at the generator terminals was 22.79 MW. The spe-
ci� c fuel consumption was 9771 kJ/kWh. The results of the design
process are summarized in Table B1.

For the HPT performance, the cooled turbine ef� ciency was
0.867. The � rst-stage cooled ef� ciency was 0.844, and the second-
stage cooledef� ciency was 0.880.The HPT characteristicsare sum-
marized in Tables B2 and B3.

Table B1 Design process results

Stagnation
temperature, K

Stagnation
pressure, Mass

Cycle state points kPa Absolute Rotor relative � ow, %

Compressor inlet 100.0 288.0 —— 100.0
Compressor discharge 1870.0 703.0 —— 87.0
Comb. discharge 1795.2 1523.0 —— 88.8
HPT inlet rotor 1 1159.4 1492.0 1375.8 92.3
HPT outlet rotor 1 918.4 1290.0 —— 96.6
HPT inlet rotor 2 546.2 1267.0 1147.1 100.0
HPT outlet rotor 2 415.4 1078.8 —— 101.8
Power turbine outlet 105.5 795.1 —— 101.8

Table B2 HPT characteristics at the mean diameter

Absolute Rotor relative

Angle, Mach Angle, Mach Mean Hub-to-
Location deg number deg number diam, m tip ratio

Stage 1
Rotor inlet 71.6 0.85 45.0 0.38 0.765 0.88
Rotor exit 0 0.27 63.4 0.61 0.765 1.13

Stage 2
Rotor inlet 71.6 0.93 45.0 0.42 0.765 1.26
Rotor exit 0 0.30 63.4 0.67 0.765 1.31

Table B3 HPT cooling system characteristics

Blade Cooling Extraction Extraction Mass
Location temp., K effectiveness pressure, kPa temp., K � ow, %

Stator 1 1100 0.52 1870.0 703.0 3.4
Rotor 1 1000 0.57 1870.0 703.0 4.3
Stator 2 1000 0.43 1193.8 616.0 3.4
Rotor 2 1000 0.28 1193.8 616.0 1.8
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