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A conceptual level analysns was performed on.a honzontal-takeoff two-stage-to-orblt system consnstmg of a
rocket and turboramjet powered hypersomc booster and a rocket-powered. orbiter. The analysis includes esti-
mates of vehicle aerodynamics, performance, and welghts Rocket and airbreathing systems on the booster are
operated in parallel and at full thrust for ascent to a Mach 6 staging point, whereas cruise back is accomplished
using airbreathing propulsnon alone. Rocket engines on the orbiter are lgmted at staging to propel the orbiter.
Booster weights were determined for various combinations of rocket and airbreathing propulsion. The combina-
tions that resulted in the Jowest vehicle gross and empty weights were determined. Results show that the lowest
gross’ welght occurs when only alrbreathmg engines are used, The empty weight of the all airbreathing booster,
however, is quite high. Significant reductions in booster empty weight is accomplished with the addition of rocket

- engines. Also, the use of rockets on the booster greatly decreases the time to staging and the cruise-back distance.

Nomenclature
g = grav1tatlonal acceleration, 32.2 ft/sec?
I =engine specific impulse (thrust/flow rate), s
M -~ =Mach number
OfF =oxidizer-to-fuel ratio

P, =chamber pressure, psia

T/W  =thrust-to-weight ratio

T/A, =thrust-to-exit-area ratio

Vp  =total propellant volume, ft*
Wp  =total propellant weight, Ib
P, =Propellant bulk density, 1b/ft’

Introductlon

ONCEPI“S currently bemg considered as candxdates for the
» nation’s next manned. space transportatlon system include
those powered by airbreathing propulsion for ascent. Airbreather
engmes have high specific impulse compared-with rocket enginés
since the oxidizer is obtained from the atmosphere and not carried
onboard the vehicle as propellant. As a result, operational capabili-
ties, such as cruise, self-ferry, and landing -go-around are en-
hanced. These capabilities are difficult, or impossible; to achieve
with all-rocket-powered vehicles. However, a1rbreath1ng engmes
of the size or quantity necessary to prov1de acceleration along sig-
nificant portions of an ascent flight path are difficult to integrate
into the vehicle. Airbreathing engmes typically have low thrust-to-
weight ratios, and much of the gain obtained by low propellant
consumpﬂon is lost dué. to high propulsion- system weights. Add-
ing rockets, which provide h1gh thrust for low weight, reduces the
number of airbreathing engines, therefore simplifying engine-air-
frame integration and reducing propulsion- system weight. Rockets
have low specific impulse values however, and their use increases
propellant consumption.
Numerous studies have been made of both two-stage and smgle-
stage Jaunch vehicle concepts that utilized a combination of rocket
and airbreathing propulsion in the same stage for ascent accelera-
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tion. The rocket and airbreathing elements were either contairied in
separate engines or combined into a single engine, generally
referred to as a rocket-based combined-cycle engine (RBCC). In
the mid-1960s, Marquardt studied many RBCC options for use in
the first-stage booster of a two-stage-to-orbit system.! The works
of Bendot et -al.,> Martin,>* Kramer and Biihler,® Schoettle,” and
Foster et al.® investigated the application of combined airbreath-
ing/rocket propulsion, both with separate and RBCC engines, to
single-stage-to-orbit vehicles. An example of a single-stage-to-
orbit vehicle concept utilizing separate rocket and airbreathing
engines is the Star-Raker, studied by Rockwell in the late 1970s.’
Recent examples of combined airbreathing/rocket propelled vehi-
cle concepts include the single-stage HOTOL!® of the U.K:; the
two-stage BETA,!! studied for the U.S. Air Force; and the X-30
NASP."> Féw of the concepts studied operate airbreathing and
rocket propulsion in a parallel or mixed mode, and if seo, only
briefly. The BETA wéhicle is umque in that the rocket systems on
the booster and orbiter operate ‘in parallel with the airbreathing
systems on the booster during the ascent to staging.

Despite the number of combined airbreathing/rocket veh1cle
concepts studied, little effort was expended on optimizing vehicle
performance and weights by separately varying both airbreathing-
and rocket-propulslon elements. Nor has there been a determina-
tion if extensive mixed-mode operations are. beneficial. Presented
in this paper are the results of a conceptual level analysis of 4 near-
term, horizontal-takeoff, two-stage-to-orbit system consisting ofa
combined a1rbreathmg/rocket-propelled booster and a rocket-pro-
pelled orbiter. To gain a basic understanding .of the effects of com-
bined airbreathing and rocket propulsion on véhicle characteris-
tics, the propulsion systems of the booster -were maintained
separate  and the amount of rocket and airbreathing propulsion
were. varied ‘over a wide range. Parallel operation of the booster-
propulsion systems was assumed from takeoff to a Mach 6 staging
point. Variations in the weights, propellant characteristics, time to
staging, and downrange distance of the booster as a function of
both airbreathing and rocket thrust are summarized.

Vehlcle Descrlptlon

The launch-vehicle configuration chosen for this study is shown
in Fig. 1. Tt is similar to the two-stage-to-orbit German Sénger con-
cept,'® which in turn is similar to several designs investigated in
the United States in the mid-1960s."* The system consists of a
large, airbreathing- hypersonic booster with a rocket-powered
orbiter partially recessed in the upper fuselagé. The design is
appropriate for staging velocities in the Mach 67 range. The main
difference’ between this design and similar designs previously
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studied is the incorporation of a rocket system on the booster in
addition to an airbreathing system. The technology level assumed
for the vehicle is near-term, with an initial operational capability
date of 2002, and is reflected in the propulsion performance, mate-
rial temperature limits, and weight estimates.

The airbreathing-propulsion system utilized for the booster is a
hydrogen-fueled turboramjet. A schematic of the engine installa-
tion is shown in Fig. 2. The turboramjet combines turbojet and
ramjet propulsion cycles in the same engine. The engine operates
as an afterburning turbojet from low speed up to Mach 3, then tran-
sitions to ramjet operation for higher speeds. The turbojet and ram-
jet sections of the engine are arranged in tandem, where airflow
bypasses the turbojet section during high-speed flight. Maximum
speed of operation in the ramjet mode is limited in this study to
Mach 6 due to engine temperature limitations. In general, the sub-
sonic combustion ramjet is capable of operation up to Mach 8, but
beyond Mach 6 performance degrades rapidly due to the dissocia-
tion .of combustion products. These engines are located in a side-
by-side arrangement on the bottom of the fuselage. Estimated per-
formance and weights for an installed engine (accounting for inlet
and nozzle) were based on data obtained from Ref. 15. Perfor-
mance specifications are listed in Table 1 for the size engine
assumed for this study.

The rocket-propulsion system utilized for the booster is the lin-
ear aerospike rocket engine fueled by liquid hydrogen (LH,) and
liquid oxygen (LOX).'® The rockets are installed in the aft body of
the vehicle in the area between the vertical tails (Fig. 3). The aft
body is.used as an isentropic expansion surface for the rockets.
The anticipated advantages of using the linear aerospike rocket
over those of a conventional bell-nozzle rocket are lower weight
and lower base drag resulting from fuselage/engine integration.
Table 2 lists engine specifications.

The rocket-propulsion system. assumed for the orblter consists
of conventional LOX-LH, bell-nozzle rockets. Performance, in
terms of specific impulse, is equivalent to a high expansion ratio
derivative of the Space Shuttle main engine. This engine has a vac-
uum I of 462.5 s with an expansion ratio of 150:1 and a LOX/LH,
mixture ratio of 6.

Mission Description and Trajectory

The mission for the vehicle is to service a manned-space station
located in a 220-n.mi. orbit with an inclination of 28.5 deg. The

Fig.1 Vehicle configuration.

required on-orbit stay time for the orbiter is'1 day with a crew of
five. The orbiter is required to deliver and return a nominal pay-
load of 7300 Ib. Launch and recovery is to be performed at the
Kennedy Space Center.

The typical flight profile is presented in Fig. 4 and consists of
the following. The vehicle performs a horizontal takeoff, climbs
and accelerates at constant dynamic pressure to hypersonic speed,
then performs a pull-up maneuver to reduce dynamic pressure and
increase flight-path angle for release of the orbiter. The orbiter
separates after engine ignition and continues on to orbit insertion
along a typical, high-flight-path-angle rocket trajectory. After
staging, the booster performs an unpowered decelerating turn
maneuver, then cruises back subsonically on airbreathing power to
the launch site. Upon completion of the mission, the orbiter re-
enters the atmosphere and returns for an unpowered landing.

To remain within near-term turboramjet and airframe material
limitations, the dynamic pressure during the booster ascent is lim-
ited to 1000 1b/ft?> and the maximum velocity prior to staging is
limited to Mach 6. The dynamic pressure at staging is constrained
to 300 Ib/ft 2, to reduce aerodynamic loads during the separation
maneuver, Maximum axial acceleration during ascent is limited to
3 g for both the orbiter and the booster. The normal force limits on
the orbiter and booster are 2.5 g and 2 g, respectively..

For vehicle ascent to the staging point, two types of flight paths
were devised to accommodate the large thrust range possible when
using both rocket and airbreathing propulsion; a low T/W path, and
a high T/W path. The flight paths are illustrated in Fig. 5. The low
T/W path is tailored to contain a shallow dive in the transonic
region to help the vehicle overcome the higher drag encountered
there. A maximum velocity-of Mach 6 is reached along the con-
stant dynamic pressure path, but because of the low T/W, speed
decreases after pull-up, and staging occurs at a slightly lower
velocity. The high T/W path is followed when the vehicle has a
large amount of excess thrust. The dive at transonic speed is elimi-
nated, but an earlier pull-up is required to prevent acceleration
beyond the Mach 6 maximum velocity. The engines are not throt-
tled during ascent unless axial acceleration limit is reached. For

Table 1 ’Ihrboramjét engine specifications

Installed sea level thrust at M =0.454, Ib . . 78,600
Installed sea level I, at M =0.454, s ) 4,766
Compressed exit temperature limit, °F 1160
Stator outlet temperature, °F 2780
Overall pressure ratio ) B 12.0
Inlet capture area, ft? : 16.7
Engine diameter, ft ; 6.5
Turbojet/ramjet transition Mach 3.0
Weight (including inlet), 1b 24,100
Fuel LH,

Table 2 Linear aerospike rocket engine specifications

Propellants LOX-LH,
Cycle Staged combustion
Pc; psia 2500
Expansion ratio 80
OfF S 7
Sealevel I, s . 382
Vacuum I, s 453
Sea level T/W 67
Sea level T/W (w/o nozzle) 96.5
Sea level T/A,, Ib/ft? 11,390
Afterburner/ramjet —\

AAAAAA

w \\\/
. d Nozzle
Multiramp, variable / N

geometry inlet ——

Turbojet / \— Bypass flow

Fig. 2 'IhrboramJet engme
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Fig. 3 Linear aerospike rocket installation.
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Fig. 4 Typical vehicle flight profile.

this study, vehicle ascent and booster cruise-return trajectories
were simulated. Orbiter entry trajectory simulations were not per-
formed. ‘

Analysis
Method

The general procedure for determining the overall physical
characteristics of a two-stage series-burn vehicle is to size the
upper stage for a fixed payload and use this sized upper stage as
the required payload to size the lower stage. Therefore, the physi-
cal characteristics of the orbiter were determined first based on the
required orbital payload and the staging conditions. To simplify
the analysis, small differences in the staging condition due to
flight-path variations were neglected and a fixed staging condition
was assumed. This allowed the analysis of the orbiter to be per-
formed independent of the booster.

To determine the size and weight of the orbiter an analysis con-
sisting of aerodynamics, performance, and component weights
estimation was performed. The lift and drag coefficients of the
orbiter shape were determined for a range of flight conditions and
angle of attack. These coefficients were used as input to a trajec-
tory simulator. Variations in the aerodynamic coefficients with
vehicle scale were considered negligible, therefore the coefficients
were assumed constant. An optimized trajectory simulation from
the staging point to orbit insertion was performed in order to deter-
mine the required propellant fraction. For a constant initial /W,
this propellant fraction was assumed to be independent of the
weight and size of the orbiter. This propellant fraction was then
used with estimates of structure and subsystem weights to deter-
mine the size of the orbiter necessary to deliver the required pay-
load. Sizing was performed by scaling orbiter geometry equally in
all dimensions with the propellant-to-body-volume fraction
assumed constant. To be conservative, the staging condition of the

orbiter was selected to correspond to that of the low T/W type
booster trajectory, which has a lower staging velocity. This resuits
in the orbiter being slightly larger than necessary for the high 7/W
booster trajectories. The initial conditions for the orbiter were an
altitude of 111,000 ft, a velocity of Mach 5.5, and a flight-path
angle of 6 deg.

The size of the orbiter was used to determine the size of the . -

booster based on the integrated shape of the configuration. This
was done to eliminate the complicated task of reintegrating the
orbiter and booster geometries as well as to maintain the same gen-
eral aerodynamic characteristics of the mated configuration. Since
the size of the orbiter was fixed as a result of fixed payload weight
and staging conditions, the size of the booster was also fixed.
However, propellant volume was allowed to vary within the fixed
fuselage of the booster up to a determined maximum allowable
value.

As with the orbiter, the weight of the booster was determined by
an analysis consisting of aerodynamics, performance, and compo-
nent weights estimation. The lift and drag characteristics of the
mated configuration were predicted for several different wing
sizes and tabulated as input for the trajectory simulations. This
allowed the wing size to be adjusted according to gross weight in
order to maintain a consistent takeoff speed. Based on the wing
size derived from a fixed 75 1b/ft? takeoff wing loading, the aero-
dynamic characteristics for a specific gross weight were deter-
mined by interpolation. A trim analysis of the vehicle was not per-
formed and the aerodynamic characteristics determined do not
account for changes in the number of airbreathing engines. How-
ever, the characteristics were considered suitable for the overall
level of analysis performed. To determine the weight of the
booster required to deliver the fully loaded orbiter to the staging
point for a specific rocket and airbreathing-propulsion system
combination, trajectory simulations were performed for a range of
vehicle gross weights. For each specific gross weight, the propel-
lant fractions obtained from the trajectory simulation were used
along with estimates of structure, subsystem, and cruise-back pro-
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pellant weights to calculate the lift capacity of the booster. From a
curve fit of this data, it was estimated at what gross weight, if any,
the lift capacity matched the orbiter gross weight. A trajectory sim-
ulation was then performed with the gross weight obtained to ver-
ify the result. '

Tools

Configuration aerodynamics were predicted using the aerody-
namic preliminary analysis system (APAS).1” The APAS is capa-
ble of analyzing three-dimensional configurations having multiple
surfaces of arbitrary planform and bodies of noncircular contour.
Analysis methods are based on potential theory at subsonic speeds
and impact-type finite element solutions at hypersonic speeds.

Trajectories were simulated using the program to optimize sim-
ulated trajectories (POST).!® The POST is a generalized, event-ori-
ented trajectory program that can be used to analyze ascent, on-
orbit, and entry trajectories. Any calculated variable in POST can
be optimized although subject to a combination of both equality
and inequality constraints. ‘

The weights analysis was performed using the configuration siz-
ing (CONSIZ) program. The CONSIZ program is capable of deter-
mining individual stage mass properties for a variety of launch-
vehicle types. Options are available to determine payload weight
capability given a fixed vehicle size or determine the size of the
vehicle given a fixed payload weight. Sizing is performed by scal-
ing the geometry of a point design vehicle equally in all dimen-

sions, assuming a constant propellant volume packaging effi--

ciency, until propellant fraction requirements obtained from a
trajectory simulation are satisfied. Weight estimating relationships
(WERs) corresponding to the vehicle components are input to the
program and can be easily modified to incorporate updates when
necessary. Statistically developed, historically based WERs were
used for this analysis and were either obtained from sources on
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Fig. 10 Vehicle weight composition for minimum gross weight.

weight estimation methods'®?! or were developed in-house using
available weights data on existing aircraft and spacecraft. Space
Shuttle weight reports?>?* were used as a primary source of infor-
mation for many vehicle systems. Appropriate adjustments to the
WERSs were made to update to a near-term technology level.

Vehicle geometry characteristics required by the CONSIZ pro-
gram were obtained using the solid modeling aerospace research
tool (SMART).?* The SMART is a menu-driven interactive com-
puter program for generating three-dimensional Bezier surface
representations of aerospace vehicles for use in configuration
design.

Results

To perform the required mission, the propellant fraction
required by the orbiter was determined by the previously described
process to be 0.755 for an assumed initial 7/W of 1.2. Based on
this, the orbiter was determined to be 103 ft long with a wing span
of 47 ft. The empty weight was estimated to be 56,300 Ib and the
gross weight was estimated to be 317,400 1b. To integrate this size
orbiter, the booster is required to be 302 ft in length.

To investigate the effects of different combinations of airbreath-
ing and rocket propulsion on vehicle performance and weights,
rocket sea level thrust capability on the booster was varied from
zero to 1,500,000 b in increments of 250,000 1b. At each rocket
thrust level, the thrust level of the airbreathing-propulsion system
was varied by varying the number of engines. Rocket- and air-
breathing-propulsion systems on the booster were operated in par-
allel for the ascent, whereas only the airbreathing system was used
for cruise back. Cases where the booster was propelled by rockets
alone did not include a cruise-back propellant penalty. Cruise back
for an all-rocket Mach-6-staging vehicle would be impractical due
to high propellant consumption. Although these cases do not have
a cruise-return capability, they are included in the analysis for
comparison purposes.
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Fig.12 Propellant characteristics for minimum gross weight.

Figure 6 shows the effect of airbreather- and rocket-thrust varia-
tions on total vehicle gross weight. Each of the constant rocket size
curves has characteristics based mainly on the trade of propellant
weight for propulsion system weight. As airbreather-thrust capa-
bility is increased, acceleration performance improves and propel-
lant weight decreases. However, propulsion-system weight
increases. When the weight addition due to greater numbers of air-
breathing engines exceeds the reduction in propellant weight due
to higher performance, the gross weight increases. A minimum
weight therefore exists for each of the.constant rocket-thrust
curves depending on the thrust size of the airbreathing-propulsion
system. Note that for the higher rocket-thrust cases, the gross
weight is minimum when airbreathing engines are eliminated.

Figure 7 shows the effect of airbreather- and rocket-thrust varia-
tions on booster empty weight. The booster empty weight is
greatly influenced by the size of the airbreathing system, with
increasing weight for increasing airbreather thrust. This is due to
the low thrust-to-weight ratio of the turboramjet propulsion sys-
tem. Also shown on this figure is the minimum level of airbreath-
ing propulsion to allow cruise back. Compared with the all-rocket-
powered cases, empty weight is not significantly greater.

The minimum gross weight of each rocket-thrust curve in Fig. 6
is plotted vs rocket thrust in Fig. 8. The lowest gross weight was
obtained for the all-airbreathing case. No combination of rocket
and airbreathing propulsion resulted in lower gross weight. How-
ever, gross weights for the all-rocket cases begin to approach that
of the all-airbreathing case with the difference being approxi-
mately 15%. It must be noted that throttling of the booster-propul-
sion systems was not performed in this study, but that throttling
may result in lower gross weights than those obtained for the com-
bined rocket/airbreather cases.

The minimum empty weights from the curves of Fig. 7 are plot-
ted vs rocket thrust in Fig. 9. This figure shows that as rockets are
added, airbreathing propulsion can be reduced and lower booster
empty weight results. It appears from this analysis that to obtain the
lowest empty weight, airbreathing propulsion should be minimized.
This is true even when the booster is constrained to fly an air-

breathing type constant-dynamic-pressure-path trajectory, which is
not the optimum flight path for rocket-propelled vehicles.

Figures 10 and 11 show the weight composition of the vehicle
for the minimum gross weight and minimum empty weight cases,
respectively. These figures illustrate that variations in vehicle
weight with rocket thrust are mainly due to the propellant and pro-
pulsion-system weights. Both landing gear and wing weights are a
function of gross weight and both increase as gross weight
increases. However, they do not impact overall weight substan-
tially because of their low relative magnitudes. Propellant tank
weight is also shown to have a small effect on vehicle weight and
is relatively unchanged with changing rocket thrust.

The reason for the behavior of the propeliant tank weight can be
seen in Figs. 12 and 13 which show the variation in the weight,
bulk density, and volume of the booster propellant as a function of
rocket thrust for the minimum gross and minimum empty weight
cases, respectively. Propellant tank weight is primarily a function
of propellant volume. Even though the weight of the propellant
increases greatly with the addition of rocket propulsion, due to the
requirement for liquid oxygen, this is offset by the increase in the
overall bulk density of the LH?-LOX propellant combination. The
propellant volume required remains well below that of the maxi-
mum available tank volume and even decreases for the high
rocket-thrust cases.

Another effect of adding rocket propulsion is the reduction in
flight times, as shown in Fig. 14. Depending on the rocket thrust,
ascent times to the staging point can be reduced by 15 min or
more. This may be advantageous should time to orbit become a
consideration. Shorter ascent times may extend vehicle service life
and may also reduce the risk of mission abort due to system fail-
ures.

Along with the decreased time to staging with rocket addition,
the downrange distance to the staging point is also decreased, as
shown in Fig. 15. This results in lower cruise-return propellant
requirements. At high rocket-thrust levels, the downrange distance
of the booster is low enough that only a minimal airbreathing capa-
bility would be required for return to the launch site.
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Fig. 13 Propellant characteristics for minimum gross weight.

25

20§~ —— Minimum empty cases

—-—— Minimum gross cases

15
Time to
staging,
minutes

10

L L 1 L
0 200 400 600 800 1000 1200 1400 1600x103
Rocket thrust at sea level, Ib

Fig. 14 Time to staging for minimum weight cases.



646 LEPSCH AND NAFTEL: ROCKET AND AIRBREATHING PROPULSION

1000 -
800
Minimum empty cases
——~— Minimum gross cases
600
Staging
distance,
nmi
400
200

1 1 1 1 I i ] d
0 200 400 600 800 1000 1200 1400 1600x1 03
Rocket thrust at sea level, Ib

Fig. 15 Vehicle staging distance for minimum weight cases.

The airbreathing and rocket systems of the booster were not
throttled during ascent to optimize performance in this study. Both
rocket and airbreather engines were maintained at the highest pos-
sible thrust levels. This was done to understand the application of
combined rocket and airbreathing propulsion at the most basic
level. However, improvements in performance of the combined
propulsion cases is likely with intermittent or throttled operation of
the rocket engines as a complement to the airbreathing propulsion
system. The analysis performed here should be considered as an
attempt to establish a foundation upon which more detailed studies
can be based.

Conclusions

A conceptual level analysis of a horizontal-takeoff two-stage-to-
orbit launch vehicle consisting of an airbreathing/rocket-propelled
booster and a rocket-propelled orbiter has been performed. The
booster utilized turboramjet engines and linear aerospike rocket
engines operating in parallel and at full thrust. The amounts of
rocket and airbreathing propulsion on the booster were varied and
the effects on vehicle weights and performance determined for a
fixed staging velocity of Mach 6.

The lowest vehicle gross weight was obtained when the booster
was propelled by all airbreathers, but this was only 15% lighter
than when the booster was propelled by all rockets. None of the
combined airbreathing/rocket cases resulted in lower gross
weights, although only parallel operation at full thrust was investi-
gated.

Variations in vehicle gross weight for different levels of air-
breathing and rocket system thrust are mainly due to the propellant
and propulsion-system weights. Landing gear, wing, and tank-
weight variations have a small effect on overall weight. Propellant
weight increases greatly with the addition of rocket propulsion, but
the effect on propellant volume is offset by the increase in the
overall bulk density of the LH,-LOX propellant combination.

Booster empty weight is greatly influenced by the thrust size of
the airbreathing system. This is due to the low thrust-to-weight
ratio of the turboramjet propulsion system. As rockets are added,
airbreathing propulsion can be reduced and lower booster empty
weight results. The analysis indicates that to obtain the lowest
empty weight, airbreathing propulsion should be minimized.

Flight time can be greatly reduced by adding rocket propulsion.
Depending on the rocket thrust, ascent times can be reduced by 15
min or more in comparison with all-turboramjet-powered cases.
This is a result of greater vehicle acceleration due to higher thrust-
to-drag margins.

Along with the decreased time to staging with rocket addition,
the downrange distance to the staging point is also decreased. This
results in lower cruise-return propellant requirements. At high
rocket-thrust levels, the downrange distance of the booster is small
enough that only a minimal airbreathing capability would be
required for return to the launch site.
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