JOURNAL OF PROPULSION AND POWER
Vol. 17, No. 2, March-April 2001

Comparison of Methods for Calculating
Turbine Work in the Air Turborocket
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The air turborocket (ATR) is an airbreathing propulsion system that utilizes a turbine-drive gas source, which
also provides fuel for the main combustor. By making some simplifying assumptions, ATR specific impulse becomes
largely a function of turbine specific work and main-combustor gas total temperature. Turbine specific work is
the major driver of ATR specific impulse because it also determines the main-combustor fuel-to-air ratio. Turbine
specific work can be calculated assuming the turbine-drive gas is an equilibrium gas mixture, which expands without
reaction, a nonreacting gas mixture, or an equilibrium gas mixture, which expands with reaction. Turbine work,
main-combustor gas total temperature, and specific impulse based on these assumptions are compared. Significant
errors in specific impulse result if an equilibrium, nonreacting gas mixture is assumed. This assumption can also
lead to the mistaken conclusion that there are two maximum specific-impulse values at significantly different
gas-generator oxidizer-to-fuel ratios. By assuming a reacting gas mixture, it is shown that the maximum specific-
impulse of an O,/H; driven ATR occurs at a gas-generator oxidizer-to-fuel ratio of about 4. There are two possible
maximum specific-impulse values for the O,/propane-driven ATR at gas-generator oxidizer-to-fuel ratios of about

1 and 2.
Nomenclature exit = nozzle exit plane

Cp = specific heat at constant pressure, turb = turbine

kJ/(kg-K) 2 = compressorinlet
Cpcomb = Cp of combustor gas, kl/kg-K
CpTcomb = product of Cp and temperature of

combustor gas, kJ/kg Introduction
CpTturb = productof Cp and temperature of HE air turborocket (ATR) is an airbreathing propulsion system

turbine-drive gas, kl/kg that utilizes a turbocompressor similar to a turbojet but with a
Cpturb = Cp of turbine-drive gas, kl/kg-K turbine-drive gas source, which does not use the airflow through the
DELTA h = changein enthalpy, kl/kg compressor. As shown in Fig. 1, the turbine-drive gas is supplied
DELTA h turb = change of enthalpy of turbine-drive from a bipropellant gas generator, which operates independently of

gas, kl’kg the airflow through the engine. Therefore, the ATR gas generator
DELTA h = change of enthalpy of provides the turbine-drive gas for operation of the turbomachinery

turb-EQUILIBRIUM turbine-drive gas assuming equilibrium
composition, kJ/kg

change of enthalpy of turbine-drive
gas assuming frozen (fixed)

composition, kJ/kg

DELTA h =
turb-FROZEN

DELTA h = change of enthalpy of turbine-drive

turb-IDEAL gas assuming constant Cp during
expansion, kl/kg

f = main-combustor fuel/air ratio

h = static enthalpy, kJ/kg

Pcomb = total combustor gas pressure, kPa

PR = pressure ratio

T = static temperature, K

Tgg = total gas generator gas temperature, K

w = specific work, kl/kg

y = ratio of specific heats

Ax = changein parameterx

n = efficiency

Subscripts

air = air

amb = ambient

comb = combustor

comp = compressor

Received 4 June 1999; revision received 30 June 2000; accepted for pub-
lication 11 July 2000. Copyright © 2001 by the American Institute of Aero-
nautics and Astronautics, Inc. All rights reserved.

*President, 10954 Hanley Drive.

256

as well as providing fuel for combustion in the main combustor.
The ATR can generate net positive thrust from sea-level static con-
ditions to supersonic flight conditions without a booster propulsion
system (see Refs. 1-10). In the ATR the total turbine inlet temper-
ature is essentially unaffected by flight speed and can be kept at a
relatively low value regardless of the air temperature at the com-
pressor discharge because the air does not pass through the turbine.
The compressor total discharge temperature then, rather than the
total turbine inlet temperature, determines the maximum speed of
the ATR. In the turbojet the total turbine inlet gas temperature is
higher than the total compressor exit temperature because the air-
fuel combustionprocess occursupstreamof the turbine, and thus the
turbojet experiences a higher operating temperature (at the turbine
inlet) than the ATR (at the compressordischarge) for the same flight
condition. This higher operating total temperature enables the in-
herently higher maximum speed of the ATR. The ATR compressor
provides a higher combustor pressure than that available from ram
pressure alone at any given flight conditionbecause of the compres-
sor. Because the minimum combustor pressure is a major influence
on the maximum altitude at which stable combustion can be main-
tained, the maximum operatingaltitude of the ATR is also inherently
higher than that of the ramjet. The ATR main combustor pressure
is also higher than the combustor pressure in a turbojet having the
same compressor pressure ratio because the ATR compressor air-
flow goes directly to the combustor. Thus the ATR also has a higher
maximum operating altitude than the turbojet. Although Fig. 1
shows a liquid-bipropellant gas-generator driven ATR, both solid-
propellantand monopropellantgas generatorscan also be used. This
research considers ATR designs using O,/H, and O,/propane gas
generators.
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Fig. 1 Liquid bipropellant gas-generator ATR.

Calculation of ATR Specific Impulse
The delivered specific impulse for the ATR can be predictedusing
Eq. (1) (see Ref. 11 for detailed derivation), which includes the
effects of ram drag and any pressure difference at the nozzle exit
plane. Any thrustor specific-impulsedegradationcaused by external
drag and inlet (additive) drag are not included.
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P exit
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Equation (1) is valid at both design and off-design conditionsand
shows how ATR specific impulse varies with f (combustor fuel/air
ratio) and other componentparameters (combustor gas total temper-
ature, nozzle exit pressure, etc.). It assumes that the main combustor
gas behaves as an ideal gas with a constantCp. This is a generally
valid assumption because, if the combustor operates very fuel lean,
the combustorgas will be largely air. At the anticipatedtemperatures
and pressuresin the main combustor, airbehavesas anideal gas. The
first termin Eq. (1) represents the specific impulse that would result
if the combustor gas is expanded isentropically and optimally from
the combustor plenum (at a total pressure of Pcomb) to the nozzle
static exit pressure ( Py ). The equilibrium (maximum) combustor
gas temperature (Tcomb) is multiplied by the combustor efficiency
(Neomp) to predict the actual combustor gas total temperature. The
[14 (1/f)] term is actually the ratio of total combustor flow rate to
fuel flow rate. It appears in the equation because the airflow rate is
not counted as part of the propellant flow rate in the determination
of an airbreathing engine specific impulse. This is fundamentally
different from rocket engines in which both the fuel and oxidizer
are part of the propellant flow rate that is used to calculate specific-
impulse. The [1 + (1/f)] term varies nonlinearly and inversely with
f.Thus as f decreases, the ratio of total combustor flow rate to fuel
flow rate increases, which increases specific impulse. Similarly, as
f increases, the ratio of total combustor flow rate to fuel flow rate
decreases, which reduces specific impulse. The second term repre-
sents the increase (or decrease) in specific impulse as a result of
the ambient-to-exit pressure difference, which acts over the nozzle
exit area (A ). This term will be nonzero for any nonoptimum gas
expansionin the nozzle. This second term usually contributesless to
the specific impulse than the first term. The last term represents the
loss in specific impulse as a result of ram drag. It increases as vehi-
cle velocity (or V,, inlet air velocity) increases but decreases as f
increases.

Before simplifying the preceding expression, it is assumed that
the inlet is sized so that additive drag at the engine design point is
zero. The pressure thrustacting over the nozzle exit area is assumed
to be significantly less than the thrust caused by the velocity of the
combustor gas expanded in the main nozzle. Finally, ram drag is
neglected mainly because gross thrust is of more concern for the
purposes of this research. At the same time it is recognized that
ram drag becomes significant as f is reduced and/or flight velocity

increases. With these simplifying assumptionsthe predicted specific
impulse for gross thrust becomes

Isp~(1+ l/f)\/anmbCpTcomb [1 — (Pexit/Pcomb) (veomb = 1)/Vwmb]
(2)

The main combustor gas properties (Cpcomb and Tcomb) are very
strong functions of f. Equation (2) indicates that specific impulse
will increase as f is reduced or CpTcomb is increased. However, f
and CpTcomb are related. Specifically, in the fuel-richregime CpT-
comb increases as f is reduced, thus increasing specific impulse.
The assumption is made here that CpTcomb varies closely with
Tcomb because Cpcomb does not vary significantly with f. In the
fuel-lean regime f and CpTcomb vary together. Thus reducing f
in this case should improve specific impulse, whereas the resulting
reduction in CpTcomb tends to reduce specific impulse. An earlier
study'! determined analytically that the net effect of reducing f in
the fuel-leanregime of ATR operationis improved specific impulse.

For a fixed flight condition all of the combustor gas properties
(ratio of specific heats, temperature, and molecular weight) appear-
ing in Eq. (2) are weak functions of f. That is, if the combustor
operates relatively fuel lean, the combustor gas can be modeled
as hot air, which behaves ideally in the temperature and pressure
regime of the ATR combustor. Specifically, the enthalpy change of
the gas as it expands out of the nozzle can be equated to Cp of the
air in the combustor plenum multiplied by the isentropic temper-
ature decrease of the air corresponding to the expansion process
from combustor plenum pressure to nozzle exit pressure. For the
purposes of this research, the ratio of specific heats (ycomp) Of the
combustor gas is assumed constant. If a compressor pressure ratio
and compressor exit pressure (and hence Pcomb) are assumed, then
the specific impulse can be approximated as

Isp=0+1/f)C/CpTcomb 3)

where C is defined from

Cl = \/zncomb[l - (Pexil/PC()mb)(ywmb B 1)/chmb] (4)

This expressionshows that C; and specific impulse are reduced as
the ratio of total combustor to nozzle exit pressure (nozzle pressure
ratio) drops. The nozzle exit pressure will be substantially less than
the total pressure because of the high velocity at the nozzle exit.

The nozzle pressure ratio has a significant influence on specific
impulse especially as it approaches the critical value (about 1.9)
below which supersonic flow from the main combustor nozzle is
notpossible. The selectednozzle-arearatios provide underexpanded
flow in the nozzle. The corresponding nozzle-pressure ratios are
less than the combustor-to-ambient-pressure ratio. For the Mach
2.0, 6000-m-altitude design the nozzle-pressureratio is 9 to 1, and
the nozzle-arearatio is 2 to 1. For the Mach 3.0, 9000-m-altitude
design the nozzle-pressureratio is 32 to 1, and the nozzle-arearatio
is 3.9 to 1. The compressor ratios for the two designs are 3 and
2, respectively, and the resulting combustor pressures for the two
designs are 1020 and 1906 kPa, respectively.

The last parameter required to calculate ATR specific impulse is
f . This parameter is determined from a power balance between the
compressor and turbine. Required compressor specific work can be
developed by application of the first law of thermodynamics. By
assuming that air is calorically perfect, the enthalpy difference the
air experiences as it flows through the compressor is equal to Cp
multiplied by the temperature change. Because of irreversibilities
in the compression process, the actual specific work required to op-
erate the compressoris always more than the minimum (isentropic)
specific work. This additional work can be accounted for by the use
of a compressor efficiency. The resulting expressionis

wcomp = ncomp TZ Cpajr (PREQKI; D/viir 1) (5)
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Calculation of turbine specific work also comes from application
of the first law of thermodynamics. By making similar assumptions,
exceptfor that of an ideal gas, the maximum turbine specific work is

Wirb MAXIMUM = Ay (6)

where Ah is the change in enthalpy of the gas, or gas mixture,
as it flows through the turbine. The maximum enthalpy change is
only possible if the gas expands isentropically from the actual tur-
bine inlet pressure to the actual turbine exit static pressure. Turbine
efficiency (uwmine) 1S used to account for this less-than-maximum
turbine work:

Wb = nlurbAhlurb (7)

Ifthe turbine-drive gas velocity changeis significant through the tur-
bine, then the total enthalpy change must be used instead of the static
enthalpy change. By equating the turbine and compressor specific
work, the following expression for f results:

m url CpairT PREQ:;?I)/VH" -1
f=1ub (PR ) ®)

My Ncomp Mturb Ahlurb
P

The following sections discuss three ways of determining the
Ahlurb-

Turbine Specific Work Assuming an Equilibrium,
Nonreacting Drive Gas

For an ideal gas the relationship between temperature and pres-
sure for isentropic flow is

T/T, = (P,/P)r =Y C))

For application to turbines, the subscript 1 refers to the turbine inlet
condition and 2 refers to the turbine exit condition. Thus P,/ P; is
the actual turbine-pressureratio, whereas 7| /T is the (maximum)
total temperature ratio that would result if the expansion process in
the turbine was isentropic. The preceding expression can be used to
calculate this maximum total temperature drop from

AT =T, =T, =T(1 - T,/T)) = Ty[1 = (P,/P)*~""] (10)

The maximum enthalpy change corresponds to this maximum de-
crease in temperature because the enthalpy of an ideal gas is a func-
tion of temperature only. Again, this assumes a negligible change
in flow velocity through the turbine, which would require the use of
total temperature and pressure. The actual temperature decrease in
a turbine will be less than the predicted maximum because of irre-
versibilitiesunless there is significant heat gain from the surround-
ings. Therefore, the actual enthalpy decrease is always less than the
maximum enthalpy decrease. Consequently, the turbine never pro-
duces the maximum possible (isentropic) work. Equations (7) and
(10) can be combined to define Eq. (11), which predicts the maxi-
mum specific turbine work assuming an ideal (constant specific heat
ratio), nonreacting turbine-drive gas and a known turbine-pressure
ratio:

Wb = Nours CPIUTbA Tygaxium

= nlurbcpturb ng[l - (I/PRlurb)(ylurb - 1)/ylurbj| (1 1)

PRy, is the actual pressure ratio (total-to-static) of the gas as it
flows through the turbine, 7gg is the total turbine inlet temperature,
nominally equal to the gas-generatorexhaust gas total temperature,
Ywrb 18 the ratio of specific heats of the ideal turbine-drive gas, and
Cpturb is the specific heat of the equilibrium gas mixture in the
gas-generator plenum. The enthalpy decrease for the turbine-drive
gas can then be defined as

Ahlurb-IDEAL = nlurbcpturb ng[l - (I/PRlurb)(ylurb - 1)/ylurbj| (12)
The NASA John H. Glenn Research Center at Lewis Field equi-

libriumcode, called CEA for chemicalequilibriumand applications,
was used to generate the gas properties including temperature, ratio

of specific heat Cp, and enthalpy as function of expansion pressure
ratio. The CEA code uses the minimization-of-free-erergy method
to determine chemical equilibrium. This method is describedin de-
tail in Chapter 2 of Ref. 12.

If the designpointcompressorand turbine characteristics(PR comp,
PRuuso, Neomp» and 7ury) and design point flight condition are known,
then f can be defined from

f = Cs/Ahyw-pEAL (13)

where

Cpair TZ (PRE(};‘;KP7 D/ vair 1)
G = (14)

Ncomp

ATR specific impulseis then calculatedfrom Eq. (3), which becomes

Isp = C(1 + Ahyw-pear/C2)+/ CpTcomb (15)

This expression shows that ATR specific impulse will increase as
the enthalpy drop through the turbine increases, unless the combus-
tor gas total temperature drops significantly.

All of the foregoing calculations, using data generated by the
CEA code, were used to generate predicted ATR specific impulse
values as a function of gas-generatorO/F for O,/H, and O,/propane-
powered ATRs.

Figure 2 is a plot of Ahyw-pEaL (labeled DELTA & turb-IDEAL
in figure) and CpTcomb as a function of gas-generator oxidizer-
to-fuel ratio (O/F) for an O,/H,-powered ATR. Figure 2 shows that
Ahyb-ipEar, Maximizes at an O/F of about seven, whereas CpTcomb
maximizes at an O/F of 1 or 2 depending on the ATR design. Thus,
Ahyp-pEaL Maximizes at a slightly fuel-rich condition in the gas
generator. It is not apparent from these data alone which of the two
parameters has the greaterinfluence on ATR specific impulse; how-
ever, they do suggest the possibility of more than one relative max-
imum value of specific impulse as a function of gas-generator O/F.

A plotof the same data for an O,/propane-powered ATR is shown
in Fig. 3. In this case Al y,-1ppar. maximizes at O/F values of about
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0.5 and 3, whereas CpTcomb maximizes at O/F values of nearly 0
and 1. The maximum CpTcomb value atthe nearly zero gas generator
O/Fis notconsideredimportantin this study because an all-propane
gas generator would not be a viable turbine-drive gas source for the
ATR unless heated to a high temperature by an external source. The
stoichiometric O/F of an O,/propane gas generator is 3.64. Thus
Ahyp-pEaL Maximizes at a slightly fuel-rich condition in the gas
generator (O/F =3) in addition to a very fuel-rich gas-generator
condition (O/F =0.5). Again, it is not possible, using this graph
alone, to determine which parameter has the greatest effecton ATR
specific impulse, but the data again suggest the possibility of two
relative maximum ATR specific-impulse values.

The major conclusions of these data are the following:
1) Ahyp-pEaL can be an important propellant-based parameter
for evaluating ATR propellants because it directly affects both f
and CpTcomb, both of which affect specific impulse, and 2) there
appears to be the potential for two relative maximum specific-
impulse values. In particular, the maximum A#-pgar OCCUIring
at a O,/propane gas-generator O/F of 0.5 is of considerableinterest
because it introduces the possibility of operating the turbine at rel-
atively cool (fuel-rich) conditions greatly extending the life of the
turbine without sacrificing specific impulse.

The variation of Ahym-pear With gas-generator O/F is deter-
mined largely by the variation of Cpturb and/or Tgg because the
other factors that determine A% -pEar, are constant (turbine effi-
ciency and pressureratio) or nearly constant (. ). Cpturb and Tgg
are plotted separately as functions of gas-generator O/F in Figs. 4
and 5. These plots show, in the case of the O,/propane gas gener-
ator, that the Ahyb-ipear in Figs. 2 and 3 is high at the fuel-rich
condition because of a high Cpturb and not because of Tgg. That
is, Tgg has a single maximum value at the stoichiometric condition
and decreases from this value when the gas generator s either fuel
rich or oxidizer rich. The Cpturb for the O,/propane gas generator,
on the other hand, has two distinct relative maximum values at O/F
values of 0.5 and 3. Cpturb is for equilibrium gas conditions in the
gas generator. Thus, the data in Figs. 2 and 3 indicating the possibil-
ity of a high specific impulse at fuel-rich gas-generator conditions
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are dependent on the value of Cpturb. Because of the potential im-
portance of this second maximum specific-impulse value, Cpturb
was examined more closely.

Turbine-Drive Gas Ratio of Specific Heat Ratio at
Constant Pressure (Cp)
Cp is defined for both ideal and real gases from

oh
Cp = (a_T>P (16)

where subscript P specifies that Cp is the variation of enthalpy with
respectto temperaturefor a constant pressure process. The enthalpy
of a mixture of gases is defined as

h= Zc,-h,- (17)

where i is the number of constituents in the gas mixture, ¢; is the
mass fraction of the ith constituent, and %; is the enthalpy of the
ith constituent. Note these results taking the partial derivative of
Eq. (16) using the expression from Eq. (17) as shown in Eq. (18):

dh d 9
Cp = (8_T>P = a—T<ZC,-h,'>P = Za_T(Cihi)P

oh; ac; ac;
= i— +h— | = 1Cp; hi— 18

This expression shows how the Cp of a gas mixture can change:
1) the Cp of one or more constituents can change as a result of
temperature variations (first term) and/or 2) the fraction of one or
more constituents can change as a result of temperature variations
(second term). If the gas mixture is not reacting then, by definition,
the constituentfractionsare constant,and the secondterm disappears
with the result that

Cp=) cCp, (19)

In this case calculating Cp of a gas mixture requires adding, on
a mole or mass fraction basis, the Cp of each constituent. The sec-
ond term only becomes significant if the constituent fractions are
sensitive to temperature variations. When the constituent mole or
mass fractions are varying, this, by definition, is a reacting flow. The
combustion products of O,/H, and O,/hydrocarbons, especially at
relatively fuel-rich conditions,are reacting flows. This explains why
the Cp of both the O,/H, and O,/propane combustion products ex-
perience a relative maximum value at very fuel-rich conditions. A
further discussion of these two terms in Eq. (18) is found in Ref. 13
(pp- 530-533). As noted in Eq. (7), the specific work of a turbine
is the decrease in enthalpy of the gas, ideal or otherwise, flowing
throughit. But Ahyb-pear is not an accurate predictor of the actual
enthalpy decrease of the turbine drive gas because Cp of a react-
ing gas varies significantly. Therefore, it cannot be used to predict
turbine work or ATR specific impulse.

Turbine Specific Work Assuming a Reacting
Equilibrium Gas

A second approach to predicting the turbine-drive gas enthalpy
decreaseis to assume that the gas mixture is at equilibrium through-
out the expansion process (equilibrium flow). In this approach the
enthalpy values generated by the CEA code are used directly to cal-
culate the enthalpy decrease, which is then multiplied by the turbine
efficiency. With this assumption the expression for ATR combustor
fuel-to-air ratio becomes

B Cp, T (PRégar:pfl)/yau — 1) B C,
nlurbAhlurb

(20)
n comp Nturb Ah turb

ATR specific impulse can now be calculated using Eq. (3), which
becomes

Isp = C(1+ Ahturb-EQUILIBRIUM/CZ)V CpTcomb 21
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The resulting Ahyw-pouisrium  (labeled DELTA h  turb-
EQUILIBRIUM in figure) and corresponding CpTcomb are plot-
ted as a function of gas-generator O/F in Fig. 6 for an O,/H, gas
generator. This figure shows that both parameters maximize at a
gas-generator O/F of about 3. On the basis of this result, it is ex-
pected that the specific impulse will maximize at an O/F of about
3. Comparing Ahyp-pquiLisrium t0 Alyp-pear plotted in Fig. 2
shows that at very low (less than about 1) and very high (above
40) O/F values, the two Ahy,, values are nearly equal. At either
the very fuel-rich or very oxidizer-rich condition the turbine-drive
gas is mostly hydrogen or oxygen and therefore behaves ideally.
As soon as significant chemical reaction occurs, this assumption is
no longer valid, and a significant difference between the two Ahy,
values results. Comparison of Figs. 2 and 6 indicates that the use
of the ideal gas assumption with O/F values between 1 and 40 for
0,/H, canlead to major errors in predicting the maximum available
turbine specific work.

A similarplotfor the O,/propane-powered ATR is shownin Fig. 7,
where Ahyp-pouiisrium (labeled DELTA h turb-EQUILIBRIUM
in figure) and CpTcomb are plotted as a function of gas-generator
O/F. Ahyb-pouiLisrium Maximizes at a single gas-generator O/F of
about 2.5. The maximum Ahyp-ippar, Values occur at O/F values
of 0.5 and 3 in Fig. 3. The maximum values of CpTcomb occur at
O/F values of nearly 0 and about 1. This difference in O/F values at
which Ahyw-gquiLisrium and CpTcomb maximize again indicates
the possibility of two relative maximum specific-impulse values de-
pending on the relative influence of these parameters on specific
impulse. Comparing Figs. 7 and 3 also shows that Al yp-ipear 1S
significantly greater than Ahym-gquiLisrium for nearly all O/F val-
ues. Only at an O/F of about 1 will both assumptions yield similar
values. This comparison indicates that there will be a significant
difference in the predicted specific-impulse values based on which
Ahy,, assumption is used.

Turbine Specific Work Assuming a Frozen
Turbine-Drive Gas

A third approach to predicting the enthalpy decrease of a chem-
ically reacting gas mixture is to assume a nonreacting gas mixture
(“frozen” flow) in the gas generator. With frozen flow Cp of the mix-
ture is the mass fraction-averaged Cp of the constituents. The value
of Cp for the mixture is multiplied by the maximum (isentropic)
temperature decrease to define the enthalpy decrease. In general,
applying this approach to nozzle exhaust velocity predicts exhaust
velocities that are 5 to 10% less than the exhaust velocities based
on the assumption of an equilibrium gas mixture. Measured exhaust
velocities are usually between those predicted using these two ap-
proaches (see Ref. 14). Similarly, the assumption of frozen flow
yields turbine specific work values that are less than those based on
an equilibriumgas mixture. Thus the actual enthalpy decrease of the
gas mixture as it expands in the turbine will generally be between
the enthalpy drop values assuming frozen flow and equilibriumflow.
This important difference between reacting and nonreacting flows
also applies to monopropellants,like the decomposition products of
hydrazine monopropellants because they are a chemically reactive
gas mixture.

Using this frozen turbine-drive gas assumption, Eq. (11) is mod-
ified to obtain Eq. (22) for Al yp-rrozen:

Ah turb-FROZEN = Nturb Cplurb-FROZEN ng [1 - ( 1 /PRlurb) (et =1 )/ymﬂ{l
(22)

The CEA code was used to generate the needed frozen Cp
values as well as Tgg values required in Eq. (22) to calculate
Ahlurb-FROZEN .

Figure 8 is a plot of Ahywp-rrozen (labeled DELTA h turb-
FROZEN in figure) as a function of gas-generatorO/F for an O,/H,-
powered ATR. Figure 8 shows that Ahy,-prozeny Maximizes at a
gas-generator O/F of about 3 and is nearly identical to the maxi-
mum Ayp,-pouiisrium in Fig. 6.

Figure 9 shows Ahyw-rrozen (labeled DELTA & turb-
FROZEN in figure) as a function of gas-generator O/F for an
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O,/propane-powered ATR. In this figure Ahp-prozen Maximizes
at a gas-generator O/F of about 2.5 for both ATR designs and is
nearly identical to the maximum A%, -gquiLisrium Valuesin Fig. 7.

Comparison of Ideal and Equilibrium Turbine-Drive
Gas Assumptions on Specific-Impulse Predictions

With the main combustor fuel-to-air ratio and CpTcomb deter-
mined for all three turbine-drive gas assumptions, the specific im-
pulse corresponding to each assumption can now be calculated.
Because the frozen and equilibrium assumptions yield very sim-
ilar Ahy,, values, only the equilibrium and ideal gas expansion
assumptions results are compared.

Figure 10 shows ATR specific impulse as a function of O,/H,
gas-generator O/F for both ATR designs for both the ideal and equi-
librium turbine-drive assumptions. This figure shows two relative
maximum specific-impulse values, at gas-generator O/F values of
approximately 1 (dependingon ATR design) and 6 for the ideal gas
assumption. The first maximum at an O/F of about 1 correspondsto
the maximum A/ yp-ipear. The second maximum at an O/F of about
6 correspondsto the maximum CpTcomb. In contrast, this same fig-
ure shows that the specific impulse of both ATR designs maximize at
a gas-generator O/F of about 3 for the equilibrium gas assumption.
Mostimportantly,Fig. 10 shows that predicted specific-impulse val-
ues can be unrealisticallyhigh for gas-generator O/F values above 5
if an ideal gas is assumed. On the other hand, for O/F values below
5 the predicted specific impulse can be significantly low if an ideal
turbine drive gas is assumed.

Figure 11 shows the specific impulse for the O,/propane-powered
ATR assuming ideal and equilibrium turbine-drive gas. As antici-
pated, there are two relative maximum specific-impulse values for
ideal gas expansion. The first peak corresponds to the maximum
Ahyw-pear at an O/F of about 0.5 for both ATR designs. The
second specific-impulse peak occurs at an O/F of about 3, which

~ 5000
2 4000 R IDEAL|GAS
w2 E: 4
- K
53] :‘\E

3000 s

2000

1000 &

EQUILIBRIUM GAS
0 !
0 2 4 6 8 10 12
02/H2 GAS GENERATOR O/F
= LOW SPEED ATR -e- HIGH SPEED ATR
=-LOW SPEED ATR - HIGH SPEED ATR

Fig. 10 Specific impulse vs O,/H, gas-generator O/F.

SPECIFIC IMP

%o | ARSI
1500 qu\& Z/Z/H\&E\

1/

E QUILIE?RIUM GAS

SPECIFIC IMPULSE

0 1 2 3 4 5 6
O2/PROPANE GAS GENERATOR O/F

- LOW SPEED ATR -e- HIGH SPEED ATR
=-LOW SPEED ATR -<- HIGH SPEED ATR
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corresponds to the maximum CpTcomb. Figure 11 also shows that
the ideal gas assumptionresultsin predicted specific-impulse values
considerablyhigherthanthose using the equilibriumgas assumption
for almost all O/F values. Only at an O/F of about 1 do both assump-
tions yield similar specific-impulse values. Finally, Fig. 11 shows
that, using equilibrium gas expansion in the turbine, there are two
relative specific-impulse maximum values. These occur at an O/F
of about 1 and 2, which correspond respectively to the maximum
Ahyp-gquiLisrium and CpTcomb.

Conclusions

The variation and magnitudes of predicted ATR specific impulse
as a function of gas-generator O/F vary considerably depending
on whether an ideal or equilibrium turbine gas is assumed. The
major reason for this difference is that the turbine-drive gas can
be a reacting gas mixture, which does not behave as an ideal gas.
In particular, when using either O,/H, or O,/propane propellants
in an ATR the turbine-drive gas should not be assumed to be-
have ideally. In fact, use of the ideal turbine-drive gas assump-
tion can lead to a mistaken idea that there are two relative maxi-
mum specific-impulse values when using either of these propellant
combinations. In the case of the O,/H,-driven ATR, there is only
one design point maximum specific-impulse value, which occurs
at a gas-generator O/F of about 3 for both low- and high-speed
ATR designs. For the O,/propane-driven ATR there are two relative
maximum specific-impulse values possible. These maxima occur at
gas-generator O/F values of about 1 and 2 and are nearly equal in
magnitude.
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