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Air Turborocket/Vehicle Performance Comparison

Kirk Christensen®
KC Consulting Engineering, Rolla, Missouri 65401

The air turborocket (ATR) possesses design, performance, and operation characteristics of the turbojet, ramjet,
and rocket in a single air-breathing propulsion system. The basic design tradeoff of ATR design is specific thrust
and specific impulse. There are many possible variations to this basic cycle, but this research has concentrated on
the solid-fuel gas-generator-driven ATR. Because overall vehicle performance is more important than engine-only
operation, the evaluation of any propulsion system must be done at the vehicle level. The results of this study
show that an 807-Ibm solid-rocket-motor- (SRM-) powered vehicle achieves a range of 28.2 miles in 98.1 s. A
750-Ibm ATR-powered vehicle attains a range of 49.8 miles in 192 s. A 525-Ibm turbojet-powered vehicle will travel
49.6 miles in 290 s. This means that the ATR will provide nearly double the range of an SRM-powered vehicle
with roughly double the flight time. Compared with the equal volume turbojet-powered vehicle, the ATR-powered
vehicle achieves the same range in about two-thirds of the turbojet flight time with a 43% greater initial system

mass.

Nomenclature
Cp = specific heat at constant pressure, Btu/lbm-R
20 = gravity constant, 32.174 Ibm-ft/(Ibf-s?)
I, = specific impulse, Ibf-s/lbm
y = ratio of specific heats
Neomb = combustion efficiency
Necomp = compressor efficiency
Nearb = turbine efficiency
b4 = pressure ratio
Subscripts
air = airflow
amb = ambient conditions
comb = combustor gas
comp = compressor
exit = nozzle exit plane
t = total conditions
turb = turbine drive gas

Introduction

HE air turborocket (ATR) possesses design, performance, and

operation characteristics of the turbojet, ramjet, and rocket en-
gine in a single air-breathing propulsion system. It is illustrated
schematically in Fig. 1. As the figure shows, the turbine drive gas
is supplied from a gas generator that operates independently of the
airflow through the engine. Thus, ATR turbine inlet temperature,
unlike the turbojet, is not constrained by the vehicle flight condi-
tion. The ATR can generate net positive thrust from sea-level static
conditions to Mach 5-6 flight conditions without a booster propul-
sion system. The ATR has an inherently higher maximum operating
speed and altitude than a turbojet because 1) the compressor rather
than the turbine is the temperature-limitingcomponent of the ATR
and 2) the gas temperature at the turbine inlet of the turbojet is nor-
mally higher than the air temperature at the compressor exit. The
ATR compressor provides a higher combustor pressure than that
available from ram pressure alone at any given flight condition. Be-
cause the minimum combustor pressure is a major influence on the
maximum altitude at which stable combustion can be maintained,
the maximum operatingaltitude of the ATR is inherently higherthan
that of a ramjet.
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The solid-fuel gas-generator ATR is an ATR in which the propel-
lantis stored as a solid grain in the gas generator. The gas generator
providesthe turbinedrive gas for operationof the turbomachineryas
well as providing fuel for combustion in the main combustor. Like
a solid-rocket motor (SRM), a solid-fuel gas generator can be throt-
tled, but is not easily shut down completely. The issue of solid-fuel
gas-generator ATR throttling is addressed in more detail later.

Althoughthere are many possiblevariationsof the ATR cycle, this
paper concentrates on the basic cycle representedin Fig. 1. Most of
the test articles builtto date in the U.S. have demonstrated operation
and throttabilityof the ATR at static conditions.! ¢ However, vehicle
performanceparameterssuch as flight time and range are the criteria
againstwhich the ATR must be measured for comparison with other
propulsion systems. Determining the range and flight time of ATR-
powered vehicles is the major goal of this research.

Specific Impulse vs Specific Thrust

The basic tradeoff of the ATR design procedure is between spe-
cific thrust and /. I,,, the ratio of net engine thrust to propellant
mass flow rate, is the mostimportant propulsionsystem performance
parameter. The essential goal of the ATR designprocedureis to max-
imize [, while meeting vehicle and/or engine size, weight, and cost
constraints. Specific thrust on the other hand is an important indi-
cator of air-breathing engine size. As specific thrust increases, the
airflow for a given thrustlevel decreases. As airflow rate decreases,
the required compressor and inlet size are also reduced. Combus-
tor size is also reduced by a reduced airflow rate. Combustor size
can also be reduced by increasing the compressor pressure ratio. A
higher combustor pressure will require a smaller combustor for a
given thrust. A higher compressor pressure ratio will also reduce
compressor and inlet size because, for a fixed thrust level, a higher
compressor pressure ratio generally requires a higher fuel/air ratio.
As will be seen, a higher fuel/air ratio tends to increase specific
thrust. Ultimately, engine size has a significant effect on vehicle
performance because it affects the aerodynamic characteristics of
the vehicle.

The relationshipbetween specific thrust and I, can be seen in the
following equations, which define the 1) fuel/air ratio of the ATR,
2) I, as a function of the fuel/air ratio, and 3) specific thrust as
a function of the fuel/air ratio at design and off-design operating
conditions.

Equation (1) is derived from a power balance between the com-
pressor and turbine. The equation assumes first-law characteriza-
tions of both the compressor and turbine modified by an efficiency
for each component. Note that the heating value of the fuel should
not appear in this expression because the efficiency of power ex-
traction from the turbine drive gas is not a function of the fuels’
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Fig. 1 ATR schematic.
heat-release potential when burned with air. The resulting expres-
sion is

(Vair = 1/ Vair
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This expressionis valid for the basic ATR cycle,evenif the turbine
drive gas and airflow do not mix.

Related expressions for both specific thrust and I, can also be
defined analytically in terms of the fuel/air ratio. In this way, tur-
bomachinery characteristics such as compressor pressure ratio 7.,
turbine pressure ratio, and 7, can be related to specific thrust and
I,.

Equation (2) defines I, in terms of the fuel/air ratio:
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The first term in this equation is the , that would result if the
combustor gas expanded isentropically to the nozzle exit pressure
without any pressure difference acting at the exit plane of the noz-
zle. The (fuel/air ratio + 1)/fuel/air ratio factor appearing in this
equation is very important. It is the ratio of total mass flow rate
through the engine to the fuel mass flow rate. Although not readily
apparent, analyses has shown that for almost all propellants, the in-
crease in this factor, as the fuel/air ratio drops, is greater than the
decrease in the main combustor gas temperature. Note that the equi-
librium combustor gas temperaturemain combustor gas temperature
is multiplied by 7¢omp to define the predicted actual combustor gas
temperature. The second term represents the increase (or decrease)
in thrust due to any pressure difference acting over the nozzle exit
area. The last term represents the thrust loss due to the momentum
of the entering airstream, usually referred to as ram drag. This I,
loss increases as the fuel/air ratio is reduced because this means a
larger airflow for a given thrustlevel.

If all parameters in this equation except the fuel/air ratio are held
constant, a plot of I, vs the fuel/air ratio shows that Iy, decreases,
and specific thrust increases as the fuel/air ratio increases. Analy-
ses performed by the author’ show that this trend generally holds
even for fuel-lean ATR combustors where a decreasing fuel/air ratio
means a decreasing main combustor gas temperature. Thus, unlike
rocketengines, ATR I, continuesto increase as the fuel/air ratio de-
creases, even when the combustor operates significantly fuel-lean.
In other words, the lower the ATR fuel/air ratio, the higher the theo-
retically possible /g,. Rocket-engine I, on the other hand, usually
maximizes close to the stoichiometric fuel/oxidizerratio.

Therefore,in general, any ATR componentdesignchangethatre-
duces the fuel/air ratio will enable a higher /;, and vice versa. This
trend is limited by the effect of combustor pressure. Equation (2)
shows that reduced combustor pressure will degrade I,. That is,
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Fig. 2 I, and specific thrust vs fuel/air mixture ratio.

when the compressor pressure ratio and resulting combustor pres-
sure are low enough, [, will be reduced regardless of the fuel/air
ratio.

Equation (3) for specific thrustas a function of the fuel/air ratio is
easily derived from the I, expression. As before, the first two terms
determine the specific thrust generated by isentropic expansion of
the combustorgas from the mainnozzleand the effectof the pressure
differenceacting at the nozzleexitplane. The lastterm is the specific
thrust loss due to ram drag. This resulting equation is
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As this equation shows, specific thrust increases with the fuel/air
ratio.

The effect of the fuel/air ratio on both [, and specific thrustis il-
lustratedin Fig. 2, which was generatedusing Egs. (2) and (3). These
results show the equilibrium main combustor gas temperature as a
function of the fuel/air ratio for two solid grain formulations: 1) a
higher heating value (~11,000 Btu/lbm) propellant and 2) a lower
heating value (6000 Btu/lbm) propellant. This figure clearly shows
the tradeoffbetween I, and specific thrust. For these results, turbine
pressure ratio was held constant and compressor pressure ratio was
varied. The higherheating value propellantprovides superior /;, and
specific thrustat lower fuel/air ratio values. However, as the fuel/air
ratio increases, the lower heating value propellant provides the su-
perior I, and specific thrust. Each propellanthas a feasible range of
operating fuel/air ratio that is established by the 1) turbomachinery
characteristics and 2) turbine drive gas properties associated with
each propellant. These fuel/air ratio limits can be calculated using
Eq. (1). A high turbine pressure ratio and low compressor pres-
sure ratio promote a low fuel/air ratio. Conversely, a low turbine
pressure ratio and high compressor pressure ratio promote a high
fuel/air ratio. As the compressor pressure ratio is reduced or the
turbine pressureratio is increased, the fuel/air ratio will be reduced.

In both equations, and as illustrated in Fig. 2, [, and specific
thrust are continuous functions of the fuel/air ratio, even though
there is an inflection point in the curve when the combustor begins
operating fuel-rich. As the fuel/air ratio increases beyond this point,
the combustor gas temperature is reduced. However, the reduction
in the main combustor gas temperature is generally less, on a per-
centage basis, than the increase in the (fuel/air ratio + 1)/fuel/air
ratio factor, which also drives I,. Thus, I, increases for a fuel-lean
ATR even when the main combustor gas temperature drops.
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ATR Turbomachinery Design Considerations
vs Cruise Mach

Preferred turbomachinery characteristics vary widely with the
design cruise Mach. For low-speed missions, specific thrust can be
lower because the inlet spillage drag is less at lower speeds for a
fixed airflow rate. Because specific thrust may be traded for I, a
higher I, is possible. The goal is to maximize mission-average I,
without violating the minimum allowable specific thrust anywhere
during the flight.

For fuel-lean operation, a lower compressor pressure ratio will
promote a higher /;, and a lower specific thrust. This increases the
size of the combustor and total combustor flow rate.

The lower limit on compressor pressureratio is established when
either 1) the combustor volume becomes excessive or 2) the com-
bustor pressureis so low thatit beginsto degrade /y,. A higherdesign
point compressor pressure ratio also increases the potential throttle
range. Vehicle envelope constraints may require an even smaller
combustor size that will further increase the minimum acceptable
specific thrust. In all cases, n.,m, should be as high as possible be-
cause reduced 7comp, reduces both specific thrust and /.

In the case of the turbine, turbine pressure ratio should be as
high as possible because this promotes high I, at the cost of re-
duced specific thrust. In general, the limiting factor on maximum
turbine pressure ratio is the required turbine inlet pressure that is
constrained by the maximum gas-generator pressure. Above this
maximum pressure, the gas generator may become heavy enough
to degrade vehicle performance. The effect of turbine pressure ratio
on combustor volume is not as great as that of compressor pressure
ratio. This conservative conclusion assumes there is no total pres-
sure gain from the gas-generator flow into the combustor. That is,
combustorpressureis assumed equal to the compressorexit pressure
less any pressurelosses between the compressordischargeand com-
bustor plenum. The turbine exhaust gas is then assumed to expand
as needed to match the static pressure in the combustor.

In the case of a high-speed mission, engine size becomes crucial
because of inlet spillage drag. Both the frontal area and combustor
volume should be reduced so as to produce the required thrust with
adequate /y,. Thus, increased compressor pressure ratio is nearly
always required for high-speed ATR designs. Reducing the turbine
pressure ratio will increase the fuel/air ratio, which will reduce the
required airflow for a given thrust and thus reduce frontal area.
However, this also degrades /;,. An approach not recommended is
to purposefully degrade 1w, because this increases specific thrust
but also reduces /, and increases the required turbine inlet pres-
sure. Reducing turbine pressure ratio on the other hand reduces the
required turbine inlet pressure.

Heating Value

As noted previously, a heating value does not appear in the ex-
pression that defines the fuel/air ratio at which the ATR operates.
However, a fuel heating value is useful for comparing turbojet fu-
els. In the case of the turbojet, combustion gas characteristics such
as molecular weight and y vary little because the combustor gas
is mostly air. The turbojet combustor is usually operated fuel lean
to limit the turbine inlet temperature. In this case, more thrust is
available by afterburning downstream of the turbine. Thus, a very
important turbojet propellant characteristicis a high heating value
that minimizes the amount of fuel required to raise the combustor
gas temperature to the maximum allowable value.

The heating value is a less important evaluation criteria for the
ATR propellants, compared with the turbojet, because the ATR
turbine-drive gas does not come from fuel/air combustion. Thus the
turbine-drive gas molecular weight and y cannot be taken as con-
stants for the purposes of comparing ATR propellants. An engine-
level comparison of ATR propellants must be made on the basis
of Iy, and specific thrust, not on whether the main combustor is
operating either fuel-rich or fuel-lean.

If a propellanthas a high heating value, it means that the stoichio-
metric fuel/air ratio will be low. In effect, for a fixed airflow rate,
less of the high heating value fuel is needed to achieve the same
combustion gas temperature compared with a low heating value

propellant. However, high heating value propellants often generate
a higher Cp gas. The higher the Cp, the lower the mass flow rate of
the gas requiredto drive the turbine. Thus, both the fuel/air ratio and
the stoichiometric fuel/air ratio will be relatively low. Conversely,
for a low heating value propellant, the stoichiometric fuel/air ratio
will generally be high. However, low heating value propellants of-
ten generate a relatively low Cp gas. The lower the Cp, the higher
the mass flow rate of the gas required to drive the turbine. Thus,
both fuel/air ratio and the stoichiometric fuel/air ratio will be rel-
atively high. Therefore, the determination of fuel-rich or fuel-lean
ATR operationis not possible from a considerationof heating value
alone.

Two other ATR propellant considerations are noted here. First,
the presence of hydrogen in the gas generator exhaust is often char-
acteristic of high heating value propellants. Gaseous hydrogen has
a very high Cp. In fact, the presence of hydrogen can be a major
reason why the fuel/air ratio and the stoichiometricfuel/air ratio are
both low when high heating value propellants are evaluated for use
in the ATR. Second, for some propellants, the gas generator efflu-
ent gas may contain solid carbon (soot). The carbon increases the
predicted heating value of the turbine drive gas when burned with
air, but it does not expand in the turbine and thus does not increase
the available turbine power. This increases the fuel flow required to
drive the turbine and thus increases the fuel/air ratio above the value
that would be obtained with complete extraction of work from the
turbine drive gas.

In summary, a fuel-rich ATR with a superior Iy, and specific
thrust is preferred over a stoichiometric or fuel-lean ATR design
with inferior [, and specific thrust. Thus, ATR propellants should
be compared on the basis of their Iy, and specific thrust potential
instead of their heating value.

Solid-Fuel Gas-Generator Throttling

Solid-fuel gas-generatorthrottlingis accomplishedby means of a
gas-generator valve through which the exhaust gases flow from the
solid-fuel gas-generator chamber. This valve determines the mini-
mum area, or throat, through which the solid-fuel gas-generatorex-
haust gas flows before encounteringthe turbinenozzle throatarea(s).
Depending on the ratio of the chamber pressure and the pressure
downstream of the gas-generator valve, the flow velocity through
the valve throatwill be sonic or subsonic. Sonic velocity corresponds
to the maximum, or “choked,” mass flow rate for the given valve set-
ting. A subsonic flow velocity indicates a less-than-maximummass
flow rate for the given valve setting. The pressure ratio is generally
high enough to cause sonic velocity through the gas-generatorvalve
throat. Once this maximum flow rate is achieved, any reduction in
downstream pressure will not affect the mass flow rate through the
gas-generator valve. However, if the pressure downstream of the
gas-generator valve is increased enough, the valve will “unchoke”
and the flow through it will become subsonic. This flow rate can be
further reduced by variations in either the solid-fuel gas-generator
plenum pressureor pressuredownstreamof the gas-generatorvalve.
The variation of the solid-fuel gas-generatormass flow rate with the
gas-generator valve setting is enabled by the fact that the mass flow
rate of a solid-fuel gas generatoris physically generated by the burn-
ing of the solid grain propellantover a finite area inside the plenum,
usually referred to as the “burning area.” The rate at which the
solid grain burns is a strong function of the solid-fuel gas-generator
plenum pressure. For a fixed burning area, closing the gas-generator
valve causes the plenum pressure to increase, whereas opening the
gas-generator valve reduces the plenum pressure. The net effect
of these characteristics is that the gas-generator valve is closed to
increase the solid-fuel gas-generator mass flow rate and opened
to reduce the solid-fuel gas-generator mass flow rate. Because the
solid-fuel gas-generator exhaust gas drives the turbine, the thrust
level of the ATR is controlled by the setting of the gas-generator
valve. The mass flow rate through the turbine nozzle throats, which
is the same as the solid-fuel gas-generator mass flow rate, can also
be sonic or subsonic, again depending on the pressure ratio of the
upstream to downstream pressures. In fact, it is the presence of these
nozzle throat area(s) that establishes the lower limit for throttling
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of the solid-fuel gas-generator ATR. Effectively, throttling of the
solid-fuel gas-generator ATR is a two-throats-in-series problem in
which both throats operate in a choked condition, with the first
throat determining the mass flow rate. The lower throttling limit is
reached when the gas-generatorvalve opens sufficiently so that flow
throughit becomesunchokedbecause of the reducedratio of the up-
stream and downstream pressures. At this point, the turbine nozzle
throats (fixed), which are usually still choked, now determine the
gas-generator flow rate. Opening the gas-generator valve beyond
this point has little affect on gas-generator flow rate, and therefore,
on ATR operation. This lower throttling limit can be increased by
designing into the ATR a large total pressure loss between the gas-
generator valve and turbine nozzles. This is done by reducing the
size of the gas-generator valve throat area relative to the turbine
throat area. The greater the desired pressure drop, the greater this
relative size difference will be. This assumes that the major portion
of the total pressure drop is due to an equivalent normal shock be-
tween the gas-generator valve and turbine inlet. Depending on the
length/diameter of the duct, there will likely exist a shock train in-
stead of a single normal shock. This effective normal shock drops in
strength as the gas-generatorvalve opens because of the reduced ex-
pansion seen by the gas as it flows through the gas-generatorvalve.
Generally, total pressure losses are to be avoided. However, this
large total pressure drop must be available to enable gas-generator
valve control of the solid-fuel gas-generator flow rate that enables
ATR throttlability. With this large pressure drop, the gas-generator
valve can be opened significantly, i.e., throttled down, from the
design point before the lower throttle limit is reached. The maxi-
mum throttling limit is determined by either gas-generator plenum
pressure or the physical size of the minimum gas-generator valve
throat area. The minimum physical gas-generator valve throat area
is a limit because, as the gas-generator valve is closed down, gas-
generatorpressurerises. The maximum gas-generatorpressure must
not exceed the structural limit of the gas-generatorcase. The max-
imum potential gas-generator pressure rise will be higher for solid
propellants that have a higher burning-rate exponent. Therefore, if
significant throttling is required, a solid grain formulation with a
lower burning-rateexponentis preferred to minimize gas-generator
pressure variations.

Computer Codes

Several computer codes were required to conduct the research
described in this paper. These are described briefly as follows:

Historically,there have been at least two approachesimplemented
in ATR simulation codes. The first is to specify a fuel/air ratio as
well as a compressor operating point (flow rate, pressure ratio, and
efficiency). This requires the code to configure a turbine that will
drive the compressor, and because of the power balance require-
ment, provide the specified fuel/air ratio. The turbine configuration
includes the number of stages, the maximum tip diameter and throat
area, as well as the requiredinlet pressure. The weakness of this ap-
proach is that it can easily generate unfeasible turbine designs. The
algorithms used for defining the turbine configuration may be rea-
sonable, but engineering judgment is often required to determine
when the range of valid application of the algorithms has been ex-
ceeded. This approach requires a realistic and very robust turbine
design algorithm.

A second approach, and the one used in the codes developed for
this research, assumes that both the turbine and compressor are fully
characterized, either on the basis of analysis or test data. This ap-
proach does not allow the designer to select the fuel/air ratio, but it
does prevent the generation of unfeasible turbine designs. It is most
appropriate when a selection of compressors and turbines has al-
ready been identified and a comparison of resulting /, and specific
thrust corresponding to each of the different compressor/turbine
combinations is to be accomplished. This approach has been im-
plemented in the development of the most recent ATR codes. The
ATR design code creates a data file that characterizes the ATR de-
sign (gas-generator throat area, compressor and turbine mass flow
rates, speeds, efficiencies and pressureratios, main combustorthroat
area, etc.). The ATR off-designcode uses this data file to predict off-

design operation and performance of the ATR. Off-designoperation
is engine operation at other than design conditions. Thus, off-design
data include definitions of the flight condition; all engine operating
parameters such as temperatures, pressures and mass flow rates;
and all performance parameters such as thrust and specific impulse.
These off-design data are also stored in a file compatible with the
trajectory code used to simulate operation of the ATR in a vehicle.

The DATCOM code is used to predict lift and drag coefficients
as a function of Mach and angle of attack for aerodynamic bodies.
DATCOM has been used frequently to predict these coefficients for
a wide variety of aerospace vehicles. In this research, DATCOM
was used to generate a set of aerodynamic coefficients for a generic
vehicle. The major emphasis was to consistently use this data set for
the vehicle flight simulations, regardless of the propulsion system
being used. This approach promotes an unbiased comparison of
propulsion systems on the basis of range and flight time, which is
the goal of the research.

ZTRA]J is the trajectory analyses code. ZTRAJ is a Fortran code
originally developed under the auspices of the Wright-Patterson
Laboratory for use on mainframe computers, and was later modified
for use on a personal computer. The code is basically batch run and
producesoutputfiles that can be used to plotboth vehicleand engine
parameters as they vary during the trajectory.

Procedure

The general procedure implemented in this research for compar-
ing propulsion systems is outlined here.

The first step was to determine vehicle aerodynamics using
DATCOM. The resulting lift and drag coefficients were then put
into a data file usable by ZTRAIJ. This step may be skipped if the
needed aerodynamic coefficients are already available. These coef-
ficients have a tremendous impact on predicted vehicle range and
flight time. However, the goal of the research was to generate a valid
comparison of propulsion system options. Thus, the consistent use
of reasonable aerodynamic data was more important than the actual
values of the aerodynamic coefficients used. These same lift and
drag coefficients, as a function of angle of attack, were used for all
three propulsion systems considered. This is equivalentto using the
same vehicle volume and shape for all three propulsion systems.
There is an additional drag resulting from the use of inlets for the
ATR and turbojet not present with the SRM. However, this addi-
tional drag was included in the determination of net thrust for the
ATR and turbojet.

The second step was to duplicate the flight performance of a
known vehicle/mission. The performance of this vehicle becomes
the benchmark against which other propulsion systems are to be
compared. Successful completion of this step also provides confi-
dence in subsequent trajectory analyses that use other propulsion
systems.

The third step was to define ATR and turbojet designs and ana-
Iytically fly them in the baseline vehicle.

The last step was to compare the relative performance of the three
propulsion systems on the basis of range and time of flight.

Analysis

The vehicle selected is currently powered by a two-pulse SRM. It
has an o.d. of 10 in. with a mass of 800-1bm at launch. Approximate
measurements of the fins were done to provide the needed inputdata
for the DATCOM code. The resulting lift and drag coefficients as a
function of Mach and angle of attack are shown in Figs. 3 and 4.

The baseline vehicle was flown using a two-pulse SRM. The gross
lift off weight (GLOW ) for this vehicle was 807 1bm with a usable
propellantmass of 340 Ibm. The total propulsionsystem mass (solid
motor and propellant) was 400 1bm. This resulted in a burnout mass
of 467 Ibm. The total inert mass was 407 Ibm, which was the same
for all three propulsion system options.

The basic mission/flight profile was to first simulate a 3-s ballistic
phase. This correspondsto a 3-s drop of the vehicle from the initial
flight conditionat Mach 0.9 and 10,000 ft altitude. The boost thrust
was assumed to be about 2500 Ibf, with a sea-level equivalent I, of
250 s. The sustained thrust level was assumed to be 1000 1bf, with
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a sea-level equivalent [, of 235 s. For the given propellant mass,
the total burning time of the SRM was 49 s. At SRM burnout, the
vehicle had reached the cruise altitude of about 12,000 ft at a Mach
number of 1.82 at a range of about 20 miles. The balance of the
flight is basically a dive maneuver. The final range was 28.2 miles
with a total flight time of 98.1 s. Figures 5 and 6 show Mach and
range, respectively, as a function of time during the flight of the
SRM-powered vehicle.

Before discussing the results of the ATR-powered vehicle trajec-
tory analyses, some of the more important considerations affecting
design of the ATR are noted here.

First, the total volume available for the combination of ATR and
propellant is known from the baseline vehicle. This must be allo-
cated between the ATR itself and the solid-fuel gas generator. The
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Fig. 6 Range vs time (SRM-powered vehicle).

ATR propulsion-system mass and propellant mass will be differ-
ent from that of the SRM for at least three reasons: 1) engine mass
differences,2) engine and propellantvolume differences,and 3) pro-
pellant density differences. Generally, the combined weight of the
ATR plus propellantis less than the SRM because the ATR propul-
sion system does not have as high a propellant volume fraction as
thatofthe SRM. Also, the vehiclenormally has a diameterconstraint
that will limit the burning surface area in an end-burning solid-fuel
gas generator. This effectively defines the maximum turbine-drive
gas flow rate possible with a reasonable gas-generator pressure.

Some ATR designs may be eliminated because they will not op-
erate over the entire anticipated trajectory. These operational limits
include the lower throttling limit described earlier. The compres-
sor also has operation limits that include minimum and maximum
speeds as well as the stall limit.

Fuel selectionis another consideration. Some fuels can be elimi-
nated for various reasons, including 1) analytically feasible but not
adequately developed;2) excessive soot contentin exhaust;3) metal
content in exhaust that can severely degrade turbine performance;
4) burns too hot for use with a turbine; or 5) the molecular weight
of the exhaust gas is too high (regardless of how high the heating
value may be, the fuel/air ratio will also be high and I, will be low).

For the purposes of this study, a relatively high heating value
(11,000 Btu/lbm), clean-burningpropellantwas selected as the ATR
fuel.

The turbomachinery performance maps assumed for the ATR
were specifically developed for the ATR. The actual design is a
monorotor configuration in which the compressor and turbine are
mounted back-to-back on the shaft. The wheel diameter (the same
for both the compressor and the turbine) is 7.5 in.

The GLOW for the ATR-powered vehicle was 750 1bm, including
93 lbm for the propulsion system. This propulsion system mass
included 43 Ibm for the ATR and 50 lbm for the gas generator. The
usable propellant mass was 250 Ibm which resulted in a vehicle
burnout mass of 500 Ibm. The total inert mass was 407 Ibm.

Several ATR engine parameters are important during operation.
Theseinclude Mach, I, and thrust. These parameters, as they varied
during the trajectory, are illustrated, respectively, in Figs. 7 and
8. Figure 9 shows range vs time for the ATR-powered vehicle. It
indicates that the ATR-powered vehicle requires a time of flight of
192 s to achieve a range of nearly 50 miles.

The turbojetselected is actually a scaled-up version of a nominal
50-Ibf thrust, expendable configuration. It was scaled by a factor
of about 12.5 such that the inlet area would match that of the ATR
inlet (20 in.2). The resulting airflow rates and pressure recoveries,
for the same flight conditions experiencedin the simulations, were
very close to those of the ATR inlet, even though the two codes were
developed independently. The GLOW of the turbojet-powered ve-
hicle was 525 lbm, including 54 Ibm for the turbojet and 64 1bm for
propellant. This resulted in a vehicle burnout mass of 461 lbm. The
total inert mass was 407 Ibm. Note that the turbojet-poweredvehicle
GLOW is much less than either the SRM or ATR-powered vehi-
cles. This mass breakdown was determined after initially flying the
turbojet-poweredvehicle with the available propellant volume com-
pletely loaded with JP-10 fuel. The results of this simulation showed
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Fig. 7 Mach vs time (ATR-powered vehicle).
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Fig. 9 Range vs time (ATR-powered vehicle).

that 1) the vehicle was unableto achieve supersonicflight; and 2) op-
erating subsonically, the turbojet has a range of over 100 miles with
a flight time of nearly 10 min. However, the most important consid-
eration for a vehicle with both range and time-of-flight constraintsis
the time of flight required to achieve a minimally acceptablerange.
For comparison with the ATR-powered vehicle in this study, this
minimum range is 50 miles. The SRM is unable to make this min-
imum range because of its low /y,. The turbojet-powered vehicle
achieveda range of 50 miles in ~5 minutes. However, this result for
the turbojetis conservative because the vehicle carried a propellant
load adequate for a range of 100 miles. For the minimum range of
50 miles, the turbojet-poweredvehicle could be significantly shorter
and lighter if it were modified to carry only enough propellant to
achieve this range. In the analysis, some of the turbojet propellant
was off-loaded, as well as some of the inert weight for tankage. The
vehicle aerodynamics were unchanged. The off-loading of propel-
lant and the reduction of tankage weight were adjusted until the
turbojet-powered vehicle achieved a range of about 50 miles. The
result is the much-reduced GLOW used for the turbojet-powered
vehicle.

The Mach, I, and thrust for the turbojet-powered vehicle are
summarizedin Figs. 10 and 11. These figures show that the turbojet-
powered vehicle required about 100 s to reach its maximum Mach
of 0.9 at the cruise altitude of 12,000 ft.

Althoughthe model simulates supersonicflightoperationof a tur-
bojet engine, it does not simulate operation of the latest expendable
supersonic turbojet designs. Of particular interest is the specific
thrust capability of advanced supersonic turbojet designs. A high
specific thrust will be required for missions requiring a short time
of flight. However, as with the ATR, if this higher specific thrust
comes at the cost of an inadequate mission-average I, a reduced
time of flight and/or increased range may not result.

Figure 12 shows range of the turbojet-powered vehicle as a func-
tionof time. Flying at amaximum Mach of 0.9, the turbojet-powered
vehicle achieved a range of almost 50 miles with a flight time of
290ss.
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Fig. 10 Mach vs time (turbojet-powered vehicle).
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Table 1 Propulsion system comparison summary

Range, Time of Maximum GLOW,
System miles flight, s Mach Ibm
SRM 28.2 98.1 1.82 807
ATR 49.8 191.5 160 750
Turbojet 49.6 290.0 0.90 525
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Fig. 13 Range vs time (all propulsion systems).

Results

Figure 13 shows the range and flight time for all three propulsion
systems. These same results are also summarized in Table 1. As
Table 1 shows, for the same size and shape vehicle, the ATR will
provide nearly double the range of an SRM-powered vehicle. The
flight time is also roughly double that of the SRM-powered vehicle.
This means that the mission average velocity of the ATR is only
slightly less than that of the SRM-powered vehicle. Compared with
the turbojet-powered vehicle, the ATR achieves the same range in
about two-thirds of the time compared to the turbojet. The vehicle
mass difference is the penalty paid for the ATR’s shorter time of
flight.

Further evaluation of the ATR will require consideration of the
I, and specific thrust capability of the latest expendable super-

sonic turbojet engine designs. In particular, the dependency of I,
on Mach, which is very pronounced as Mach increases, will have
a major effect on both the range and flight time of the supersonic
turbojet-powered vehicle.

Conclusions

The use of a solid-fuel gas-generator ATR can reduce the flight
time of a turbojet-powered vehicle by about one-third for the same
total range. This reduced time of flight is at the expense of a 43%
increase in vehicle weight, at least for the vehicle evaluated in this
research. A solid-fuel gas-generator ATR-powered vehicle doubles
the range and flight time compared with an equal-volume SRM-
powered vehicle.
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