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Parallel-Burn Options for Dual-Fuel
Single-Stage Orbital Transports

James A. Martin*
NASA Langley Research Center, Hampton, Va.

A parailel-burn version of a single-stage vehicle for transport from the Earth to low-Earth orbit using two
fuels and rocket propulsion is considered. New engine results were incorporated in vehicle performance and
design studies. The results indicate that a hydrogen-cooled gas generator cycle engine provides attractive vehicle
performance and that there is little incentive for increasing the chamber pressure beyond 27 MPa.

Nomenclature
f =hydrocarbon fuel fraction
HGG  =hydrogen-cooled gas generator engine
I, =vacuum specific impulse of the hydrocarbon
engine
mp =dry mass of the vehicle
My =mass of hydrogen fuel
m, - =massof propellants
my = gross vehicle mass
MSC =methane-cooled staged combustion engine
P, =chamber pressure
r =ratio of m, to (my—m,,)

RPGG =oxygen-cooled gas generator engine

RPSC =oxygen-cooled RP-1 staged combustion engine

t * =time at which the hydrocarbon engines were shut
down

€ =nozzle expansion ratio

Introduction

HE concept of a single-stage vehicle for transport from
the Earth to low-Earth orbit using two fuels and rocket
propulsion was first suggested by Salkeld.! Separate
hydrocarbon and hydrogen engines operated in series were
proposed. The dual-fuel engine concept was introduced
later >3 to reduce the mass of the hydrogen engines which
must be carried during the hydrocarbon burn. The parallel-
burn concept was proposed** as an alternative that does not
require a dual-fuel engine in order to achieve good per-
formance. In the parallel-burn concept, the hydrogen engines
are used with the hydrocarbon engines during the first phase
“of the flight. The hydrogen engines may be throttled partly or
- completely during the hydrocarbon burn, depending on the
acceleration history. - ‘
Because preliminary analysis® indicated that dual-fuel,
single-stage vehicles were attractive for transport from the
Earth to low-Earth orbit, a more.detailed engine study was
conducted.® The resulting engine data have been used in
several vehicle designs.” This paper describes some results of
parallel-burn vehicle designs using the resulting engine data.
Parameters varied were the engine cycle, the fuel, the
hydrocarbon fuel fraction, the chamber pressure, and the
nozzle expansion ratio. The initial thrust-to-weight ratio was

1.3, and half of the initial thrust was provided by the -

hydrocarbon engines.

Received April 18,1977; revision received Sept. 26, 1977.
Index categories: Launch Vehicle Systems; Liquid Rocket Engines
and Missile Systems.

*Aerospace Engineer, Space Systems Division. Associate Member
AIAA.

Engine Cycles, Fuels, and Hydrocarbon Fuel Fraction

Two engine cycles were considered in the engine study
which might be used for the hydrocarbon engines of a
parallel-burn vehicle. One of these was a staged combustion
cycle with either RP-1 fuel and oxygen cooling (RPSC) or
methane fuel and cooling (MSC). The other was a gas
generator cycle (HGG) in which a relatively small hydrogen
flow was used for cooling before entering a gas generator,
which provided the power for all turbopumps. Another gas
generator engine was suggested by Beichel® which would use
oxygen cooling and RP-1 fuel for both the main combustion
chamber and the gas generator (RPGG).

These four engine concepts were used in analyses of
parallel-burn dual-fuel vehicles which included trajectory
optimization using the Program to Optimize Simulated
Trajectories (POST).® The results of the trajectory analyses
then were used in a vehicle-sizing program. This program
iteratively varied the vehicle length while maintaining the
geometric shape until the following criteria were satisfied: the
fuel volume matched the requirement; the calculated mass of
the inert elements and the mass of the propellants added up to
the gross mass while meeting the mass ratio requirement from
the trajectory results; and the payload equaled 29.5 Mg.

Figures 1 and 2 show the trajectory mass ratio (r) results.
Figure 1 shows the results plotted against the vacuum specific
impulse of the hydrocarbon engine (/,,) for various values of
the time at which the hydrocarbon engines were shut down (¢).
Figure 2 shows the same data except that the ordinate is the
hydrocarbon fuel fraction (f), given by f=1-8(my/m,),
where my is the mass of hydrogen, m,, is the total propellant
mass, and 8 is the oxidizer-to-fuel ratio of the hydrogen
engines plus one. This definition of f puts the effect of the

" hydrogen flow in the HGG engine into the hydrogen fuel

fraction (1 —f) so that f reflects the fraction of high-density
propellants.
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Fig. 1 Effect of specific impulse of the hydrocarbon engine on mass
ratio.
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Fig. 2 Effect of engine type on mass ratio variation with hydro-
carbon fuel fraction. ‘
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Fig. 3 Effect of engine type on dry mass variation with hydrocarbon
fuel fraction.

Figure 1 shows that r decreases with increased I, and with
decreased ¢, which is expected from ideal velocity con-
siderations, since decreasing ¢ decreases the fraction of the
total impulse provided by the hydrocarbon engines. The trend
does not continue for further decreases in f, however, as
shown in Fig. 2. Decreases in f correspond to decreases in f,

and Fig. 2 shows that there is a minimum r for each engine.: -

The reversal of the ideal velocity trend at low values of fis due
to the low acceleration after shutdown of the hydrocarbon
engines, which increases the trajectory velocity losses.

The reason for plotting  vs fin Fig. 2 instead of vs ¢ is to
show the shift of the HGG curve due to the use of hydrogen
for cooling. The small specific impulse decrease of the HGG
engine relative to the RPSC engine would shift the curve
upward and to the right, such that it would be between and
parallel to the RPSC and RPGG curves. The hydrogen flow
shifts the curve to the left considerably, which is undesirable
because decreasing f increases the tankage volume require-
ment.

From a propellant mass and volume standpoint, points
lower and further to the right are more desirable. In this
sense, the methane engine appears attractive, but, because of
the lower hydrocarbon fuel density, the methane cannot be
compared directly with the other engines, which use RP-1.

Figures 3 and 4 show the results of the vehicle-sizing

analysis for each of the trajectory points shown on Fig. 2. -

Since methane had the lowest fuel density and the MSC engine
had the greatest mass, the dry mass and gross mass results
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Fig. 4 Effect of engine type on gross mass variation with
hydrocarbon fuel fraction.
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Fig.5 Effect of chamber pressure and expansion ratio on dry mass.

were relatively high despite the low mass ratio. Comparing the
RPSC and HGG data shows that the minimum mass ratio and
gross mass are comparable, but the HGG engine results in a
lower dry mass. The RPGG dry mass and gross mass are
higher than those of the HGG.

One conclusion that can be drawn from these results is that
the HGG- engine has attractive performance despite the
required hydrogen flow. When the reduced technology
requirements for this engine are considered, the HGG appears
to be a good engine to include in further work. A problem
with the HGG engine is that three propellants are required,
which may reduce the applicability of the engine to vehicles
that otherwise might need only two propellants. _

The RPGG engine avoids the requirement for three
propellants, but the RPGG and the RPSC engines both
require oxygen cooling, which is not a fully developed
technology. The MSC engine requires neither three
propellants nor oxygen cooling. A gas generator cycle with
methane fuel and cooling would require neither three
propellants nor oxygen cooling and would have the reduced
development difficulty of the gas generator cycle. The vehicle

" results with such an engine probably would be within the

ranges shown in Fig. 3 and 4.

Chamber Presssure and Nozzle Extension Ratio
The chamber pressure P, was varied for the HGG and
RPSC engines from the maximum allowable P, determined in
the engine study downward until a minimum dry mass was
determined. For the RPSC engine, minimum dry and gross
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Fig. 6 Effect of chamber pressure and expansion ratio on gross
mass.

mass occurred at the maximum chamber pressure as shown in
Fig. 5. and 6. For the HGG engine, minimum dry mass oc-
curred at about 30 MPa, but the change from 27 to 34 MPa
was insignificant. The expansion ratio was increased to 50 at
the maximum chamber pressure for the HGG engine, but the
effect on dry mass was insignificant. The gross mass
decreased slightly with increased chamber pressure, par-
ticularly with increased expansion ratio. There appears to be
little incentive to increasing chamber pressure beyond 27 MPa
for the staged combustion and gas generator cycles.

Conclusions
The results of this investigation indicate that hydrogen-
cooled gas generator cycle engine provides attractive vehicle
performance for single-stage, parallel-burn, dual-fuel vehicles
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for transportation from the Earth to low-Earth orbit. The
results also show that there is little incentive for i 1ncreasmg the
chamber pressure beyond 27 MPa.
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Ever since the birth of the space age a short two decades ago, one bold concept after another has emerged, reached full
development, and gone into practical application—earth satellites for communications, manned rocket voyages to the
moon, exploration rockets launched to the far reaches of the solar system, and soon, the Space Shuttle, the key element of a
routine space transportation system that will make near-earth space a familiar domain for man’s many projects. It seems
now that mankind may be ready for another bold concept, the establishment of permanent inhabited space colonies held in
position by the forces of the earth, moon, and sun. Some of the most important engineering problems are dealt with in this
book in a series of papers derived from a NASA-sponsored study organized by Prof. Gerard K. O’Neill: how to gather
material resources from the nearby mooen or even from nearby asteroids, how to convert the materials chemically and
physically to useful forms, how to construct such gigantic space structures, and necessarily, how to plan and finance so vast
a program. It will surely require much more study and much more detailed engineering analysis before the full potential of
the idea of permanent space colonies, including space-based manufacturing facilities, can be assesseéd. This book constitutes
a pioneer foray into the subject and should be valuable to those who wish to participate in the serious examination of the
proposal.
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