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where cis given by
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Since the use of Eq. (3) causes some errors in the analysis
involving specular reflections, the accuracy of Eq. (7) must be
evaluated for practical applications. Comparison between
results computed from Eq. (28) and those given in the
literature® provide numerical justification of Eq. (3). The
computation is performed for purely specular surfaces
specified as pp =0.0. Numerical results for a cylinder with
/=10.0 are shown in Fig. 1. This figure displays dimensionless
wall temperature distributions for various emittances. For
two curves specified by the same emittance value, the dif-
ference is fairly small. Furthermore, they are alike in tendency
although the curve based on Eq. (28) is slightly higher than the
reference curve’ drawn in dashes. From such good
agreement, it is concluded that Eq. (7) can be used as a basis
of thermal analyses relating to cylindrical configurations.
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Introduction

N the first two decades of space flight, the most important
goals of vehicle design were to establish the feasibility and
capability for flight beyond the atmosphere. Multiple ex-
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pendable stages were appropriate for these pioneering flights.
The Space Shuttle,! which will begin orbital flights soon, will
be the first step toward a more mature transportation system
with low operational cost and the capability to accomplish a
broad range of mission requirements.

When the Space Shuttle concept was selected, traffic
projections did not justify designs that were more desirable
operationally. The development cost would have been too
high with the available technology.? The situation will be
different, however, in the near future for follow-on trans-
portation systems. The improved transportation offered by
the Space Shuttle will spur traffic growth. In fact, user
demand through 1982 may already be more than the Space
Shuttle can accommodate.? Proposed space activities could
potentially increase traffic greatly.4 Improved technology
will also be available for new transportation systems. Many
technology improvements have already been developed by the
Space Shuttle program. Others are being developed by the air
transport industry, the military, and others. Still further
technology improvements are now foreseen but will require
development by an advanced vehicle program. 56

One of the promising technologies for advanced vehicles is
dual-fuel propulsion. Salkeld first showed the advantage that
can be achieved by using two fuels in a single-vehicle stage if a
high-density-impulse fuel is used first and a high-specific-
impulse fuel is used second.” Martin then showed that this
approach might not be attractive for Earth-to-orbit vehicles if
separate engines are used in series, but that it might be at-
tractive if a single engine could use both fuels in series.®
Martin also showed that separate engines could be attractive if
they operate in paraliel initially. Figure 1 is a schematic
diagram of these concepts. Beichel then proposed a dual-
expander engine which uses two fuels in parallel initially to
maximize benefits of dual-fuel propulsion for advanced
Earth-to-orbit transportation systems.

The purpose of this note is to provide an update of dual-
fuel propulsion efforts. Engine options are discussed and
some Earth-to-orbit vehicle results are updated.

Engine Options

Several engine options have been studied for dual-fuel
propulsion in Earth-to-orbit vehicles.'>16 The best per-
formance and cost results!®!! have been achieved with the
dual-expander engine® which utilizes a coannular nozzle. The
simplest engine combination for dual-fuel vehicles, from a
technology development point of view, uses the Space Shuttle
main engine (SSME) in parallel with a hydrocarbon engine
that has hydrogen cooling and a hydrogen-rich gas generator.
This engine has been called the hydrogen gas generator
(HGG) engine. The dual expander and HGG engines have in
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Fig.2 Ascent gross-to-burnout mass ratio for a dual-fuel series-burn
engine.
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Fig.3 Mass results for a series-burn vehicle—data points correspond
to Fig. 2. ‘
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Fig. 4 Recurring cost per flight for a series-burn vehicle—data points
correspond to Fig. 2.

common the use of hydrogen cooling and hydrogen/oxygen
pump power supplies.

Another possibility for dual-fuel propulsion is to combine
the advantages of these two engines. This recently proposed
engine, the dual bell, has not been analyzed yet. Its cycle is
essentially the same as the dual-expander, but it does not
incorporate the advanced coannular nozzle. The expansion
ratio benefit of the coannular nozzle would be lost, but its
development difficulties would also be eliminated. Compared
to the HGG engine, the dual-bell would be more complicated
in only one aspect—it would require an oxygen-rich
preburner. This should not be a difficult technology
development if the preburner temperature is kept low.

Earth-to-Orbit Vehicle Results

Earth-to-orbit vehicles have been analyzed with hydrogen
propulsion and with various engine concepts for dual-fuel
propulsion. 11! The results were presented for many com-
binations of hydrocarbon thrust fraction and hydrocarbon
propellant fraction in order to show the optimum com-
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bination for each concept. Hydrocarbon thrust fraction refers
to the fraction of the vehicle thrust generated by the
hydrocarbon engines; hydrocarbon propellant fraction refers
to the fraction of the propellant that is hydrocarbon or
oxygen burned with hydrocarbon. The results indicated that
the dual-fuel series-burn engine, which is oxygen-cooled, was

not attractive compared to hydrogen-cooled engines such as
the dual-expander or HGG engines.

The data in Refs. 10 and 11 did not clearly define the op-
timum combination of hydrocarbon-thrust and hydrocarbon-
propellant fractions for the dual-fuel series-burn engine.
Additional analyses have been completed and are shown in
Figs. 2-4, in which the additional data points have been
added. These additional points, at a hydrocarbon-thrust
fraction of 0.8, more adequately define the optimum com-
bination of hydrocarbon-thrust and hydrocarbon-propellant
fractions. Although these new data points show some
reduction in recurring cost, the change is not large, and the
conclusions of Refs. 10 and 11 are still valid. The dual-
expander, dual-bell, or HGG engines seem preferable on the
basis of performance and developmental difficulty.

Conclusion

The results presented in this note indicate that, even with
additional optimization, the dual-fuel series-burn engine is
not attractive for Earth-to-orbit vehicles. Hydrogen-cooled
engines seem preferable,
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