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The potential payload gains due to airbreathing propulsion are evaluated for a one-and-one-half stage
reusable vertical-takeoff ballistic space transporter with a gross mass of 155 Mg. The system consists of a
returnable ring of turborocket/ramjet engines added as a half-stage to the structure of a 130 Mg, single-stage,
vertical-takeoff-vertical-landing, pure-rocket transporter considered in an earlier industry study. High-pressure
topping-cycle rockets are used part-time in parallel with the airbreathers, with hydrogen/oxygen propellants
used for both. With fixed takeoff mass and airbreathing engines, the main variables were the rocket thrusts and
burning times, cycle change and staging points, and the injection angle at 100-m altitude. State-of-the-art
technology was assumed. Trajectories free from constraints, except acceleration limits, allowed optimal
propulsion system use. Propulsion performance maps, ascent trajectories, and weight breakdowns are given.
Payload fractions up to 7.8% of gross mass were obtained for the airbreathing vehicle, which is very high for
this size class compared with expendable two-stage rocket transporters.

Nomenclature

F =thrust, force, N

g =gravitational constant, m/s?2
I, =mass-specific impulse = F/m,,, Ns/kg}
Ma = flight Mach number

m =mass flow rate, kg/s

n =rotation rate, s
D =pressure, N/m?2 or Pa
Dagn = dynamic pressure = pv2/2,Pa
T =temperature, K

| 4 =flight velocity, m/s or km/s
0% =trajectory injection angle

6 =temperature ratio for reduced rpm=T,/T,,
p =density of the air, kg/m3
Subscripts

oo =freestream condition

(o =combustor

F =fan

i _ =injection

P =propellant (fuel plus oxydizer)
S =skin, surface

t =total

0 =standard sea level conditions
1 =component entrance

2 =component exit

Acronyms

R =rocket

RJ =ramjet

TR =turbo-rocket

GLOW  =gross liftoff weight (or mass)
LEO =low Earth orbit (200 km)
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tFor the rocket, I, equals the effective exit velocity in m/s. To
obtain the we1ght-spec1f1c impulse in seconds, divide I; by 9.81 m/s?

SSTO =single-stage-to-orbit

2-STO =two-stage-to-orbit -

VTOVL =vertical-takeoff-vertical-landing
VTOHL =vertical-takeoff-horizontal-landing
HTOHL =horizontal-takeoff-horizontal-landing

Introduction

HE purpose of this paper is a first evaluation of the

possible improvements in payload of a certain class of
space launchers through the use of rocket/airbreathing
combination propulsion systems, specifically integrated
turbo-rocket/ramjet engines. This is one, central part of a
broader study reported earlier of the performance potential of
such combination (or hybrid) propulsion systems (turbo-
rocket, ramrocket) in comparison with pure “airbreathing
systems augmented (where necessary) with separate rockets. !
Clearly, such comparisons can only be made on the basis of a
definite mission and vehicle class. The reusable Earth-to-low-
orbit space launcher has been chosen as one important sample
mission for this comparison.

The possibility of utilizing airbreathing propulsion com-
ponents for the atmospheric ascent portion of a space
launcher has been considered since almost the inception of
spaceflight. This was and is motivated by the fact that air-
breathing engines offer about 8-20 times higher effective
specific impulse values than pure rockets. Present-day (two-
stage) rocket launch systems consume about 80% of their
total propellant mass in the initial lifting and acceleration
through the atmosphere to about 60 km and 2.3 km/s, which
corresponds to an equivalent velocity increment of about 4.6
km/s or half of that required for reaching the low Earth orbit
(LEO). A major portion of this large propellant mass could be
saved with a partial use of airbreathing propulsion for the
first stage. Though engine and structure weights would be
increased, very substantial increases in payload (and payload
fraction, the fraction of the gross mass that is payload) could
be achieved with proper use of airbreathing engines, par-
ticularly for one-and-one-half or two-stage vehicles (see, for
instance, Fig. 3-2. in Ref. 2).

The precise evaluation of potential gains in payload
fraction with airbreathing engines requires simultaneous
iterative variations of the propulsion system composition, the
use cycles of the propulsion components, and the ascent
trajectory, involving very extensive calculations to come near
the attainable optimum. This was done here for one
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promising propulsion system option and one size class and
type of vehicle. The evaluation of the possible cost savings per
kg of payload, while the ultimate goal, is far beyond the scope
of the present study. However, the weight breakdowns and
trajectories calculated here are necessary ingredients for
future life-cycle cost determinations.

System Definition and Assumptions

Three possible types of reusable booster vehicles may be
considered for airbreathing engines: VTOVL (ballistic),
VTOHL, and HTOHL (winged vehicles). The VTOVL type
and a relatively small ‘‘European size’’ vehicle (with a gross
mass of 155 Mg) was chosen. The BETA IA project data’
existed as a pure rocket comparison vehicle of this type and
size class, and the adaption of the structure for the added
integrated airbreathing engines appeared manageable. Also,
the conical shape of the VTOVL vehicle lends itself best to the .
large aircapture and inlet areas required (Fig. 1). Relatively
few published results exist on VTOVL boosters with air-
breathing propulsion.*® The majority of proposed air-
breathing boosters are winged vehicles. For the HTOHL types
(as, e.g., in the recent project studies of Refs. 7-10), the
airload and structure calculations become a major part of the
project, while the propulsion aspects were the primary interest
here.

The turbo-rocket was chosen very early in this study.
Through its high thrust density at low speeds,! this engine
type appeared as the best supplement to the ramjet for the
requirements of the ballistic ascent. The turbo-rocket consists
of a fanjet engine, the turbine of which is driven by a fuel-rich
high-pressure LH/LOX gas generator. The excess fuel is
burned in an afterburner which becomes the ramjet com-
bustor at higher Mach numbers. The engines and inlets are
integrated into the vehicle structure so that the cone becomes
part of the airinlet (Fig. 1).

A one-and-one-half stage vehicle was treated in detail in
which the airbreathing engine portion is to be dropped at the
end of its use, while the same rocket motors remain for the
rest of the ascent and the landing. Recovery schemes for the
dropped portion are believed possible but have not yet been
designed. The effect of the recovery system mass on the
payload can be estimated from Fig. 10, as discussed later.

ITUSTRA
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Fig. 1 (Left) BETA IA project: SSTO, YTOVL, baseline LH/LOX
rocket vehicle, GLOW =130 Mg,? length =20 m, max diam=9 m.
(Right) ITUSTRA project (Integrale Turbo-Staustrahl-Rakete): 12-
STO, VTOVL, LH/LOX hybrid rocket airbreathing vehicle,
GLOW =155 Mg, length = 23 m, max diam = 9.8 m.
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The single-stage-to-orbit version was too marginal for the
size class and other assumptions chosen here, though this
might be attractive for much larger sizes and more advanced
technology concepts. 4.6-8.10

All important technical limits and performance parameters
in this study, e.g., temperatures, pressure, heat loads,
structure weights, etc., were chosen at or near current state-
of-the-art values. This also pertains to the propulsion com-
ponents—compressor, turbine, combustion chamber, and
inlet—even though such turbo-rocket systems as a whole may
not exist as yet to our knowledge. While this preliminary
design basis appears as rather conservative for the time frame
in which such systems would be built, it should allow for
uncertainties inherent in a new system, and thus increase the
confidence level in the conclusions.

The approach chosen for this study was to start with a well
worked out pure rocket VTOVL space transport as the
baseline vehicle, and to calculate the necessary modifications
for the addition of airbreathing propulsion and the resulting
changes in the payload delivered to LEO.

Twenty-eight airbreathing engine modules  have been
grouped around the modified lower portion of the BETA IA
vehicle. The conical upper portion of the vehicle together with
ramps form the inlet. Each airbreathing engine module
consists of its inlet, a hydrogen/oxygen turbo-rocket with
afterburner, an adjustable nozzle, and a bypass duct with
flaps to close off the turbo-rocket and allow the engine to
operate as a pure ramjet. The adjustable primary nozzles lead
to a common plug-type secondary nozzle.

The rocket engines are high-pressure LH/LOX topping-
cycle engines, similar to those of the baseline vehicle or the
space shuttle main engine (SSME), with two-position nozzles
integrated into the base of the plug, which serves as a heat
shield for re-entry. The number of these rocket engines used
was varied during the study.

The following other basic assumptions and sources of data
were used:

The variable ramp (two-dimensional) inlets were calculated
as in Ref. 7, using the flow conditions behind the conical
shock as the inlet conditions. The maximum lip entrance area
is limited to the maximum cross section of the vehicle.

The variable thrust nozzles were assumed to expand to
ambient pressure where possible or to the vehicle’s maximum
cross section at higher Mach numbers.

For the three-stage transonic fan, the performance map of
an existing fan of 70-cm diameter was used.!! The fan exit
temperature was limited to 1000 K. When this was reached,
either the reduced rotational speed (n/V0) was decreased or
the cycle change to ramjet executed. In the cases presented
here, the best cycle change points (to ramjet) generally oc-
curred prior to reaching this limit.

The turbo-rocket gas generator was assumed to operate at
100 bar, fuel-rich to produce 1100 K and sufficient mass flow
as required by the fan power. The turbine is conventional with
the preceding inlet conditions.

The internal flow, combustion, and internal (‘‘gross’’)
thrust calculations were discussed in detail in Ref. 1. Very
briefly, real gas properties were used throughout with
dissociation included where applicable, combustion according
to Ref. 12, and partially frozen flow in the nozzle expansion
with defined freezing point cross checked with the Bray
criterion. 3

The aerodynamic drag for the cone-shaped vehicle has been
calculated from semiempirical functions based on data from
several sources.!* The base pressure on the vehicle was ac-
counted for in the thrust calculation.

Tangential thrust only and no aerodynamic lift or angle of
attack was used during the airbreathing part of the trajectory.
For the pure rocket upper trajectory thrust magnitudes and
angles, according to the simplified optimization method, the
so-called ‘“tangent beta law’’ !> was used. Lift forces and drag
variations due to angle of attack were neglected for these
upper trajectory integrations.



336

The masses of the airbreathing engine assemblies were
estimated from internal statistical data collections on similar
components, and the resulting mass-to-thrust ratios agree
with comparable turbo-rockets discussed in the literature. The
mass of the basic vehicle structure was taken from the BETA
IA study? with no deductions for deleted fuel tanks since the
unused fuel volume was considered necessary for the in-
creased payload. Mass variations due to the variable number
of rocket engines used were accounted for as a final correction
to the payload.

The approach used in this study is characterized by two
important premises:

First, the number and size of the airbreathing engines and
the takeoff gross mass of the vehicle (155 Mg) were held
constant, resulting in a fixed ratio of airbreathing takeoff
thrust to gross weight of 1.34, similar to that of the com-
parison (baseline) rocket vehicle. Varying numbers of ad-
ditional rockets were added to approach an optimum. Fuel
plus oxidizer masses required were then calculated for each
ascent (plus reserves for control and landing) and the
remaining mass to make up 155 Mg regarded as possible
payload.

Second, the ballistic ascent trajectories were a priori left
perfectly free to be derived from the chosen propulsion system
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combination and mode of use. In this point of approach, this
study differs from most others in which the ascent trajectory
is predetermined by flying, for example, along a line of
constant dynamic pressure or within a narrow corridor in the
altitude flight-speed plane. Only the largest allowable ac-
celeration (4.5 g) was prescribed, compared with 3.8 g for the
baseline vehicle. This approach which allows each system
variation to find its own ascent trajectory, while much more
demanding in computing time, appeared to be superior in
permitting the optimal use of the propulsion system within
assumed constraints. A predetermined (e.g., constant
dynamic pressure) trajectory implies in the authors’ opinion
unnecessary throttling, and thus nonoptimal utilization of the
heavy airbreathing engines even prior to reaching the ac-
celeration limit. The price for a free trajectory is that com-
plete performance maps of the airbreathing systems (with all
possible cycle variations) and of the rockets have to be
precalculated in sufficient detail (or point density) for the
whole velocity and altitude spectrum to allow any ascent
trajectory to be ““flown”’ through by integration.

The only predetermined trajectory component, typical for
rockets, was a 100-m vertical climb followed by a variable
injection angle maneuver. It is clear that the inclusion of
angles of attack and the resulting substantial lift forces will
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Fig.2 Integrated turbo-rocket/ramjet engine module configuration.
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Fig. 3 Typical turbo-rocket/ramjet engine performance map with a typical trajectory and limiting lines for the engine and the structure: 1, liftoff;
2, boosting rocket engines off; 3, end of turbo-rocket operation, cycle switching; 4, staging (airbreathing engine mass only).
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later permit a wider choice of trajectories than the purely
ballistic ones to limit structural heat loads. Here, this ad-
ditional variable would have  greatly complicated the
calculations and introduced additional uncertainties in drag
and engine performance, and did not appear essential for the
primary purpose of the study.

The original assumption of the fixed number, size, and
thrust of the airbreathing engines was based partly on
structural and capture area considerations and partly on the
initial attempt to fly with airbreathers alone if possible, While
this proved not feasible with the installed engines and gross
mass, the assumption still appears quite good now for two
reasons. First, the additional rockets required for optimal
payload turned out to be close to those required in any case
for the upper trajectory. Second, over portions of the upper
trajectory the thrust of the turbo-rockets and even that of the
pure ramjets becomes excessive for 4.5-g acceleration and
must be throttled (as shown later) so that additional air
breathers would very likely have represented wasted dead
weight. However, this airbreather fraction should later be
optimized.

The percentage of the total liftoff thrust provided by the
rockets and the injection angle (at 100 m) were taken as the
free variables. Other variables were the rocket thrust during
the airbreathing ascent, the switchover points from turbo-
rocket to pure ramjet operation, assumed here to take place
simultaneously for all engines, and the rotational speed
(n/V6) of the turbo-rocket engine. Throttling or cutting out
some portions of the airbreathing engines also had to be
introduced to avoid excess accelerations.

It is clear that with this large number of variables an almost
limitless number of possible trajectories could be calculated.
The following approach is an attempt to come, with an ac-
ceptable investment of computing time, sufficiently close to
the best performance to evaluate the potential merits of the
system.

Initial Results—Reference Point System

Integrated performance maps of the turbo-rocket and the
ramjet configurations of Fig. 2 are shown in Fig. 3, separated
for clarity here along the line of limiting fan outlet tem-
perature (1000 K). The limit lines for 30 x 10° Pa afterburner
pressure with and without fan as well as certain dynamic
pressure (1.0 and 2.5x10° Pa) and stagnation temperature
lines (indicating vehicle skin loading) are also shown, all using
the computer evaluation method of Ref. 16.

One typial integrated ascent trajectory is shown, based on a
60% rocket thrust at liftoff and an injection angle of 68 deg.
In this case, the cycle switching to ramjet (point 3) occurred at
the 30x105 Pa combustor limit line. Already at point 2
(Mach 2.2) the rockets were cut off. It is important to note
that at the higher speeds this typical trajectory rises quickly
above 10° Pa dynamic pressure line, so that the crossing of
the afterburner pressure limit in the ramjet regime
(Pc, =30%x10% Pa) is avoided. Thus, these trajectories
generally do not lead to the requirement for a scramjet
system. In the example shown, stage separation is optimal at
point 4, at Mach 6.3, and 43.5 km. Some lower (flatter)
trajectories did get into the scramjet regime, but yielded
smaller payloads to LEO (200 km) without scramjet engines.
These resuits hold only for ballistic vehicles, whereas for
winged vehicles using aerodynamic lift during ascent, the
opposite has been shown in various studies and the use of the
scramjet regime would become advantageous. 468

In Fig. 4, a few selected cases of the large number of
trajectories investigated are shown. Since no interesting
solutions with the turbo-rockets alone were found within the
assumptions, additional rocket thrust, here between 41 and
67 % of the total liftoff thrust, was applied for the start. High-
pressure topping-cycle rockets are preferred for this purpose
here, as in another recent paper,? instead of the ejector ramjet
or ducted rocket approaches tried earlier.%’ This is because
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the high-pressure simple rockets perform and fit much better
for the subsequent ascent outside of the atmosphere where
they have their main use.

Figure 4 shows that for each percentage of rocket thrust at
liftoff there is a limited range of possibie injection angles and
one (or sometimes two) optimum angle(s). These points of
highest payload form a rather flat envelope which peaks at
about a 68-deg injection angle and a 60% rocket thrust at
launch. This point has been chosen as an initial reference
point.

Figures 5 and 6 show details of the thrust, specific impulse,
and various cycle switching points. Figure 5 shows the rapid
increase of the turbo-rocket thrust with increasing flight
speed. At about Mach 2.0, where the turbo-rockets have
quadrupled their thrust, the rockets are turned off in steps.
Shortly thereafter the thrust of the turbo-rocket approaches
10x 106 N (or 5 times sea level static value) and the assumed
acceleration limit of 4.5 g is reached. The turbo-rockets are
then cut off in steps until the cycle switching point to the
ramjets at 10.4-km alt and Mach 3.4. Here, this cycle change
to ramjet is carried through for all engines simultaneously,
but in future runs this could be done in steps and started
earlier. The ramjet thrust is lower at first but rises again to the
acceleration limit, so that now part of the ramjets has to be
turned off (or throttled). Between 18- and 28-km alt, the
ramjets are gradually all turned back on (or turned up to
maximum thrust). From there on, the ramjet thrust drops to
nearly negligible value at 43 km where staging takes place

(i.e., the airbreathers are dropped) and the rockets (about

80% of those installed for liftoff) take over. A speed of only
2.044 km/s was reached with the airbreathing propulsion in
this case.

In Fig. 6, the same reference point ascent trajectory can be
followed in the specific impulse diagram. The combined
effective specific impulse rises from about 3/2 of the rockets’
value at liftoff to that of the turbo-rocket. It then drops rather
steeply to about 11,800 Ns/kg at the cycle switching point.
This was a bad operation mode and regime for the turbo-
rockets; they operated very fuel-rich in this regime and should
have been replaced by the ramjets much sooner. The ramjets
then bring good specific impulse until the staging point. These
diagrams indicate the further improvements which can be
made over the reference point run, as will be shown in the
following paragraph.

Payload Sensitivity to Various Influences
Optimum Staging and Cycle Switching

In Fig. 7, all local maxima of the curves of Fig. 4 (con-
nected with the envelope curve) have been optimized with
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respect to stage separation, as it had been done for the
reference point only in Fig. 4. The new envelope curve in Fig.
7 contains this reference point with its 8.25% payload
fraction. This revised envelope is still flatter than that of Fig.
4, so that a choice of the 50% rocket case, as will be discussed,
becomes even more attractive.

However, the reference point case has been chosen as a
basis of comparison for all the following variables because of
its absolutely best payload value up to that point.

First, variations of the cycle switching point from turbo-
rocket to ramjet were investigated, still for all engines at once.
Up to this point, the cycle change was done automatically by
the computer when either the fan outlet temperature or the
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combustor pressure limit was reached, but it became clear
from Figs. 5 and 6 that earlier switching would improve the
overall specific impulse. The cycle switching was first located
according to the best combined specific impulse (rockets plus
airbreather) and then according to the best payload of the
integrated trajectory. Both approaches lead to a much earlier
changeover from turbo-rocket to ramjet, so that the drop in
specific impulse shown in Fig. 6 (due to fuel-rich operation of
the turbo-rocket) is avoided.

Figures 8 and 9 show the thrust and specific impulse
variations along the ascent trajectory with optimized cycle
switching point. So far in the program, the parallel booster
rockets were cut off in 25% steps when the acceleration limit
was reached. Retaining this procedure, the optimum cycle
change point lies just ahead of the rocket cutoff. The final
gain in payload for the trajectory based on the runs of Figs. 8
and 9 was 4.6%, that is, from 8.25-8.56% payload fraction.
This value shown as the highest point in Fig. 7, however, has
to be corrected for certain weight additions, as will be
discussed.

Some further possible improvements become evident from
Figs. 8 and 9. First, at one point, the same thrust at higher
specific impulse could have been obtained with the turbo-
rockets rather than with rockets and ramjets combined. Thus,
the rocket cutoff must be introduced as a variable rather than
being based on acceleration limit. Second, the last ramjet
cutback at about 13-km altitude could have been avoided
since the ramjets reached their peak thrust at about that point.
Third, throttling of the ramjets by reducing fuel/air ratio
rather than cutting off complete engines would improve the
overall specific impulse. Finally, the stage separation could be
delayed and the ramjets used to higher speeds and altitudes if
part of the rockets were operated in parallel again before stage
separation. These refinements could not be included in time
for this paper. i
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Some attempts to improve the specific impulse by reducing
the rotational speed of the turbo-rocket were not successful
presumably because these speed reductions were applied at
points too early along the trajectory where the rockets were
still in use. With the advanced cycle change to ramjet
operation, the turbo-rocket speed has lost some importance as
a variable for optimization.

Numerous other variations, including those just mentioned,
can of course be tried, and some of these calculations will be
carried out in the future after a thorough further analysis of
the results obtained to date. Since a general theory for op-
timizing a transport system of this type is far from a practical
reality, one must rely on a purely numerical (‘‘cut-and-try’’)
approach used here, which involves a rather large number of
complete integrations with each new variable introduced.

It should be mentioned here that the upper pure rocket
portions of the trajectories (after staging) were so far
calculated with an acceptable but relatively simple op-
timization procedure, as earlier pointed out. For the future,
the analysis model for the upper trajectory must be refined
simultaneously with finer optimization of the airbreathing
portion.

Sensitivity to Engine Mass Variation and Mass Correction

The results presented so far have to be corrected for the
varying rocket motor mass in those cases where more than
50% of the total liftoff thrust was assumed to come from the
parallel rockets. Rockets amounting to 50% of liftoff total
thrust are considered necessary for the upper trajectory, and
thus included as a constant even where not fully used at
launch. The mass of any additional rockets (e.g., 10% of
liftoff for the reference point case) has to be deducted from
the payload. The additional rockets are assumed to be staged-
off with the airbreathing engines, reducing the payload
fraction of the reference point from 8.25-7.87% of GLOW.

In order to investigate the payload sensitivity to the
statistically based mass of the airbreathers, this mass has been
varied also at the reference point case. The result is a linear
connection between payload and airbreather mass (Fig. 10). A
25% increase in propulsion system mass would result in a
payload loss of 12%, for example.

This discussion gives additional information on how the
payload might be reduced due to the masses of a recovery
system—parachute, fins, fuel, etc.—for the staged-off air-
breather engine cluster. This important problem has not yet
been investigated, as previously stated. The recovery of the
rest of the vehicle is included already in the structure analysis
of the baseline vehicle.?

Aerodynamic Drag

The payload sensitivity to the aerodynamic drag assump-
tion has been investigated over a wide range. The results,
referred to the reference point case, are shown in Fig. 11. The
payload gain in the case of the reduced drag is relatively
small, for example, 7% more payload with 50% drag

20 :
x10° (261
lkgl
g15 420
T I - 0
810 Ref. 20
3
¢ 5
0
-50 -25 £0 +25 +50

Air Br. Engine Mass Variation [%]

Fig. 10 Payload sensitivity to airbreathing engine mass variation.
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Table1 Mass breakdown of final system in kg

Dry mass of the baseline vehicle?
(structure, re-entry heat shield,
electronics, secondary
propulsion, etc.)

Net mass of the baseline vehicle3
(dry mass plus propellant
reserves and recovery propellant
for the core vehicle) 12,400

Additional rocket mass for
atmospheric ascent - (1402)

Airbreather engine mass (24,851)

Stage separation mass (/2-stage) 26,253

Propeliant mass for atmospheric
ascent (31,601)

Propellant mass for
ascent in space

Total propellant mass for
ascent into LEO (nominal mass)

Payload in orbit (LEO) (only core
vehicle recovery, no payload) 12,128

(10,000)

(72,569)

104,170

Gross liftoff weight (GLOW) 154,951
Payload fraction (payload to
GLOW) ITUSTRA (12-STO) 7.83%

reduction. On the other hand, the payload would decrease
rapidly in the case of the drag increasing by more than 50%.
Drag increase could be offset partly by increasing thrust.

Finally Selected System and Comparison
with Pure Rocket Transporters

The maximum point of Fig. 7 has been corrected for the
added rocket masses, as discussed for the reference point.
This correction has involved a number of trajectory
iterations. Table 1 gives a mass breakdown of the finally
selected vehicle and trajectory.

For comparison, the pure-rocket SSTO VTOVL baseline
vehicle BETA IA3 has the characteristic values shown in
Table 2 with about 2.1% payload.

The predecessor project of BETA IA with an even smaller
size was the SSTO VTOVL project SASSTO.!” With a more
advanced lightweight structure and again LH/LOX as
propellants, this project predicted a much higher payload
fraction of 3.6%.

Another project study vehicle of comparable size was the
expendable, two-stage Europa III-D!® with high-pressure
topping-cycle rocket and LH/LOX in both stages, with 5.75%
payload. The Europa III-E2 was a competitive project study
with similar technology but parallel staging, allowing a kit-
type construction philosophy. !°

Compared to the SSTO BETA IA baseline vehicle, the 1Y2-
STO ITUSTRA-vehicle has a 3.76 times higher payload
fraction; compared to the payload fraction of the expendable
2-STO vehicle project Europa III-D, the factor is 1.41. The
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Fig. 11 Payload sensitivity to overall aerodynamic drag variation.
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Table2 Project ITUSTRA compared with other systems or projects

Launch/ GLOW, Payload Payload
Project, company Stages recovery kg in LEO, kg % of GLOW
ITUSTRA 1% VTO/VL 154,951 12,128 7.83
parachute
Pure rocket project vehicles of comparable size with LH/LOX as propellants
BETA Ia, MBB3 SSTO VTO/VL 130,100 2700 2.08
SASSTO, Douglas!? SSTO VTO/VL 98,000 3500 3.57
Europa III-D, 2 VTO/ 87,000 5000 5.75
ASAT (MBB/ERNO) 8 (tandem) expendable
Europa I1I-E2 (ELGO 1V), 3 VTO/ 84,000 5000 5.95
Dornier System ' (parallel) expendable
Sample present-day space transporters of different size and technology
Space Shuttle? 2V VTO/HL 1,992,500 29,500 1.482
parachute
Titan I1IC 4 VTO/ 640,000 11,400 1.78
expendable
Ariane 3 VTO/ 200,933 4500 2.24
expendable

#Man-rated, payload recovery, high reusability, therefore nor directly comparable.

additional mass for a recovery system for the airbreathing
engine cluster is not expected to change this picture too much.

For additional comparisons, a few present-day space
transporters of completely different size and technology are
also listed in Table 2. To this it should be remarked that for
the Space Shuttle with its man-rated cabin, payload recovery
capability, and high reusability, the term payload has a
different meaning and the number is not directly comparable.

To evaluate the results presented here, it should be em-
phasized again that the rather high-payload fraction of the
turbo-rocket/ramjet vehicle was obtained in spite of the small
size and the assumption of the state-of-the-art technology for
the propulsion components and the structure. Larger vehicles
are known from past experience (e.g., the Saturn class) and
from recent design projects to yield higher payload fractions
due to higher structural efficiency.

Advanced technology, such as control configured ultralight
structures, would substantially improve both pure rockets and
airbreathers alike. However, advanced technology propulsion
components, such as scramjet engines for the upper portion
and lightweight turbo-rocket engines using single-stage
supersonic compressor-diffusers for the lower trajectory,
should give an added advantage to the airbreathing systems;
engine weight and technology generally play a more dominant
part here, and higher velocity gain in the atmosphere, (with
scramjets) if without undue weight penalty, is clearly
desirable. The range of payloads given in the literature for
both airbreathing and pure rocket heavy-lift vehicles (for
example, Refs. 2, 4, 7-10, 20, 21) substantiate these
statements. ‘

Conclusions

Airbreathing propulsion was found to be feasible for
VTOVL space transporters.

A one-and-one-half or two-stage vehicle allows the real
potential of airbreathing propulsion for the VTOVL trans-
porter to be realized, whereas with SSTO systems much of the
gain of the airbreathing propulsion phase is lost again due to
excessive dead weight in the upper trajectory.

The turbo-rocket with its known high thrust density! and
high thrust-to-weight ratio at low flight speeds, combined
with good specific impulse, ap,Pears‘as a promising com-
plementary engine to the ramjet for the ballistic ascent
mission.

Parallel burning rockets during the launch phase have so
far been found necessary or at least advantageous for this
transporter concept.

Hydrogen fuel is favored for its high specific energy and its
lean burning capability for throttled ramjet operation. The

low-density penalty is insignificant here due to the small
amount of propellant (about 20% of GLOW) used during
atmospheric ascent.

The free ascent trajectory used here, in contrast to many
other studies, appears to offer considerable advantage
through more optimal use of the airbreathing propulsion
system, thereby justifying the higher computing time in-
vestment.

The injection angle used was found to be rather critical for
the ballistic ascent trajectory and depends on the amount of
rocket thrust used during launch.

Scramjet propulsion did not appear necessary for the
trajectories investigated.

The proposed modular airbreathing system would allow the
use of existing-size engine components, and thus immediate
full-scale engine development and testing with existing
facilities. The two-dimensional inlets and nozzle portions may
simplify achieving the needed cross-sectional control.

Very attractive payload capabilities even for small vehicle
sizes and state-of-the-art technology levels were found to be
possible with turbo-rocket/ramjet propulsion systems. A fully
reusable shuttle transporter of modest (‘‘European’’) size thus
becomes an interesting possibility.

Definite further improvements appear possible within the
present assumptions of size and technology level through
further propulsion cycle and trajectory optimization, as
pointed out in the text. The inclusion of angle of attack and
lift forces, while complicating the optimization, may bring
payload gains and will also permit structural load con-
siderations to be better accommodated.

Availability of advanced technology, such as scramjet
engines and a single-stage supersonic compressor-diffuser
with high-speed turbine in addition to lighter heat-resistant
structures, may in the future further increase the payload
margin of the airbreathing systems relative to pure rockets
through higher energy gain in the atmosphere and reduction
of empty weights.
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