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Introduction

ULLY reusable Earth-to-orbit vehicles will eventually

be needed to augment or replace existing vehicles such as
the Space Shuttle. Previous studies! have identified two
candidate vehicle systems. One is a single-stage vehicle, and
the other has two stages and uses parallel burn. Both systems
use hydrocarbon engines in paralle] with hydrogen engines at
liftoff. The hydrocarbon engines are shut off before reaching
orbit, and the hydrogen engines are used by themselves to
complete the ascent to orbit. In a previous study,! the hydro-
gen engine characteristics were based on the Space Shuttle
main engine (SSME) with a two-position nozzle. The expan-
sion ratios for the nozzle were 40 and 150.

The purpose of this Note is to report the results of a recent
study to analyze the effects of expansion ratios. Recent SSME
data and estimates of the characteristics of the SSME with
modified expansion ratios are used. Both single-stage and two-
stage systems are examined.

Engine Characteristics

The engine characteristics used in this study are based on the
SSME at full power level (109% of the normal power level),
which produces a vacuum thrust of 2.28 MN at a mixture ratio
of 6.0. Characteristics provided by the manufacturer are used
to derive the analytic equations presented in the Appendix.
These equations, rather than values from the curves provided
by the manufacturer, are used to ensure that the engine char-
acteristics are a smooth function of the expansion ratio. The
specific impulse and engine mass are shown as a function of
expansion ratio in Fig. 1. The data points shown indicate that
the specific impulse equation fits the provided data. The en-
gine mass data provided is linear, and the equation represents
the curve provided as accurately as the data could be read. The
mass data shown is for a fixed powerhead, with constant
chamber pressure, mixture ratio, throat area, and propellant
flow. Only the nozzle is changed.

The engine characteristics provided by the manufacturer are
based on regenerative cooling for the nozzle extension. This
approach is required because the heat transfer analysis per-
formed by the manufacturer indicates that a radiation-cooled
nozzle would reach temperatures greater than those acceptable
for current materials. If a radiation-cooled nozzle could be
used, the nozzle mass could be reduced significantly, and the
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results of this study would be changed in favor of higher ex-
pansion ratios.

Analyses and Vehicle Characteristics

The analyses and vehicle characteristics for this study are
the same as those for a previous study,! with one minor differ-
ence: the liftoff thrust-to-weight ratio for the two-stage system
was increased from 1.3 to 1.5. Continuing analyses? indicate
an advantage for the higher value. For the single-stage vehicle,
the hydrocarbon engine provides 0.8 of the total thrust, and
the hydrocarbon-engine propellant is about 0.66 of the total
propellant mass. For the orbiter of the two-stage vehicle, the
hydrocarbon engine provides 0.8 of the total thrust, and the
hydrocarbon-engine propellant is about 0.71 of the total pro-
pellant mass. These thrust and propellant fractions were
found to be optimum in Ref. 1 and are not varied in this study.
The analyses start with the calculation of a trajectory op-
timized to provide the maximum burnout mass for the given
gross mass for each expansion ratio considered. The specific
impulse and exit area of the hydrogen engines vary with ex-
pansion ratio and, therefore, affect the trajectory. This ap-
proach results in small changes in the time at which the hydro-
carbon engines are shut off. The results of the trajectory
calculation are then used to size the vehicles to the required
payload of 13.6 Mg. The trajectory analysis provides the cor-
rect propellant ratios regardless of the vehicle size and does
not need to be repeated after the sizing.

In all cases, the hydrogen engines used two-position nozzles.
In this study, the lower expansion ratio was varied, while the
higher expansion ratio was held constant at 120. Then, the
lower expansion ratio was held constant at 40 or 60 while the
higher expansion ratio was varied.

Results

The results are presented in the form of vehicle system dry
and gross mass required to place a 13.6 Mg payload in orbit as
a function of the rocket nozzle expansion ratio. Both the high
and low ends of the expansion ratio are varied. Previous stu-
dies® indicate that the life-cycle costs are minimized by mini-
mizing dry mass, and so the selections are made to minimize
dry mass. Minimizing the gross mass is not as important, but
the trends can help in understanding the effects of expansion
ratio.

CONSTANT PROPELLANT FLOW = 515 kg/sec
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Fig. 1 Effect of expansion ratio on engine mass and specific im-
pulse.
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Fig. 2 Effect of low expansion ratio on dry and gross mass for
single-stage vehicles.
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Fig. 3 Effect of high expansion ratio on dry and gross mass for
single-stage vehicles.

Results for varying the low expansion ratio of a single-stage
vehicle are shown in Fig. 2. These results indicate that both
gross mass and dry mass are minimized for an expansion ratio
of 60. The low expansion ratio does not change the engine
mass when the higher expansion ratio is not changed; there-
fore, the best low expansion ratio is the one that results in the
least propellant consumption. This provides the lowest dry
mass and the lowest gross mass. The results for the optimiza-
tion of the high expansion ratio, shown in Fig. 3, are quite dif-
ferent. Increasing the high expansion ratio increases the vehi-
cle dry mass directly, in addition to the indirect impact from
sizing the vehicle to the modified propellant consumption. The
dry mass reaches a minimum at an expansion ratio of 140,
where the effect of nozzle dry mass balances the effect of pro-
pellant consumption. The gross mass, on the other hand, con-
tinues to decrease with expansion ratio. The minimum gross
mass would be at an expansion ratio greater than 160. The
results for an engine with a fixed nozzle with an expansion
ratio of 77.5 like the SSME are also shown in Figs. 2 and 3.
The dry mass is about 0.3% higher than with the two-position
nozzle, and the gross mass is off the scale at 1273 Mg. The im-
pact of the high expansion ratio on the propellant consump-
tion considerably outweighs the impact of the mass of the
mechanism to extend the nozzle for the single-stage vehicle.

The corresponding results for two-stage vehicle systems are
shown in Figs. 4 and 5. The totals of the orbiter and booster
dry and gross masses are given. The results for the low expan-
sion ratio are qualitatively similar to those for the single-stage
vehicle, except that the minimum dry mass occurs at an expan-
sion ratio of 77.5. The curve is dashed for expansion ratios
greater than 77.5 because such nozzles may not be possible be-
cause of flow separation at sea level. The results for the high
expansion ratio indicate a minimum dry mass at an expansion
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Fig. 4 [Effect of low expansion ratio on dry and gross mass for two-
stage vehicle systems.
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Fig. 5 Effect of high expansion ratio on dry and gross mass for two-
stage vehicle systems.

ratio of 100. Results are also shown for a fixed nozzle. Sur-
prisingly, the dry mass with the fixed nozzle is considerably
lower than for the best combination of two expansion ratios,
and the gross mass is only slightly greater than with two ex-
pansion ratios. This result is quite different from the corre-
sponding result for the single-stage vehicle. Two factors seem
to lead to this different result. First, there is only a small dif-
ference between the low and high expansion ratios for mini-
mum dry mass. Second, the sensitivity of vehicle gross mass to
the high expansion ratio is less. This can be seen by comparing
the gross mass curves of Figs. 3 and 5. This reduced sensitivity
is an expected result of staging.

In order to understand the impact of the mass of the mecha-
nism that extends the nozzle, a calculation was made with the
mechanism mass included but with both expansion ratios at
77.5. The results, compared to the case with no mechanism
mass, show that the propulsion system mass of the orbiter in-
creases 151 kg, the orbiter dry mass increases 230 kg, and the
booster dry mass increases 59 kg. About half of the increase is
the mass of the mechanism itself, and the remainder is the
result of resizing. Reducing the mass estimated for the exten-
sion mechanism could lead to a two-position nozzle being op-
timum, but the reduction would have to be by a factor of two
or more. Actually, the finding that a fixed nozzle is better is a
pleasing result because the two-position nozzle would require
some development expense.

Conclusions
The results of this study indicate that for hydrogen engines
of dual-fuel vehicles, the expansion ratios for the minimum
vehicle system dry mass are different for single-stage and two-
stage systems. For single-stage systems, expansion ratios of 60
and 140 in a two-position nozzle provide a minimum dry mass.
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The minimum dry mass is about 0.3% less than with a single-
position nozzle. For two-stage systems, a single expansion
ratio of 77.5 provides a lower dry mass than any two-position
nozzle.

The nozzle characteristics are based on regenerative cooling
of the nozzle extension. If a radiation-cooled nozzle could be
used, the nozzle would have a lower mass, and higher expan-
sion ratios would provide minimum-' dry weight.

Appendix
The equation for vacuum specific impluse, I, is

I, =a(e/60)"

where e is the expansion ratio, a is 450.5 s, and b is 0.004375
for expansion ratios less than 60 and 0.02945 for expansion
ratios greater than 60. This equation represents the data as ac-
curately as could be read from the provided curves. It applies
only to the case considered in which the engine powerhead is
held constant and only the nozzle expansion ratio is varied.

The engine mass m is first calculated in English units be-
cause the information supplied by the manufacturer was pro-
vided in English units. The first step is to calculate the mass
from

m=ce+d

where ¢ is 17.76 Ib and d is 6768 lb. This equation fits the
linear curve provided by the manufacturer. It gives the mass
for an engine with a single expansion ratio and a vacuum
thrust of 600,000 Ib. This mass is then scaled to match the
SSME mass of 3123 kg by multiplying by 3123 kg and dividing
by m for e=77.5. The mass at the thrust level required for the
sized vehicle is found by multiplying by the required vacuum
thrust and dividing by the SSME thrust of 2293.1 kN. The
mass calculated in this manner is correct for a single-position
nozzle. For a two-position nozzle, the same mass is correct if
the higher expansion ratio is used and a mechanism mass is ad-
ded.

For a two-position nozzle, the mechanism mass 7 is calcu-
lated from

r=f(e"—~1)p

where fis 0.0455 s and p is the propellant flow rate, which can
be calculated by the thrust divided by the specific impulse and,
for r in mass units, by the acceleration of gravity. This equa-
tion was not derived from the recent data provided for this
study. For the SSME at full power level and for an expansion
ratio of 150, the mechanism mass is given by this equation to
be 264 kg.
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Introduction

S was pointed out several years ago by Greenberg and

Traugott,! in the case of flow over a blunted cone at an
angle of attack, conditions exist where, depending on the
Mach number and the cone angle, the shock layer (the region
of flow confined between the shock wave and the body) on the
windward side will be thicker than that on the leeward side.
They further point out that it was Gonor? who postulated the
existence of two types of flow for a circular cone at angle of
attack in supersonic/hypersonic flow: a ‘‘normal’’ or
“‘regular’’ regime in which the leeward shock layer is thicker
than the windward shock layer and a “‘reversed’’ flow regime
in which the opposite is true. The existence of these types of
flow regimes was stated to be dependent on the Mach number
of the flow and the effective semicone angle (see Fig. 1).
Figure 1 is reproduced from Ref. 1. It must be pointed out in
this context, however, that Gonor’s? paper seems to contain
some errors, viz. that the theoretical expression for the effec-
tive semicone angle 6* does not reproduce the theoretical
curves for the larger semicone angles 8, as shown in his Fig. 1
at M =4, This fact has also been alluded to by the ‘‘Reviewer’s
Comment’” at the end of that paper. Be that as it may, exist-
ence of ‘‘regular’ and ‘‘reversed”’ regimes seem to be con-
firmed by Greenberg and Traugott.! In the experimental situa-
tion, 8* may be defined as 8, + « where « is the angle of attack
of the cone.

Greenberg and Traugott further point out that this phenom-
enon is also true for spherically blunted cones, and they pre-
sent a photograph in support of this conclusion. This short
Note shows further evidence in support of their conclusion
and adds the observation that this flow feature becomes quite
prominent in hypersonic, high enthalpy streams.

Experiments and Discussion of Results

Tests on a spherically biunted cone of semiangle 13 deg (6,)
at various angles of attack « were conducted in the Australian
National University free-piston driven shock tunnel T3? with
nitrogen as the test gas. The flow was generated by a conical
nozzle with exit and throat diameters of 203 and 12.7 mm, re-
spectively. The freestream was dissociated nitrogen with
speeds (U,) varying between 6 and 8 km/s and a Mach
number M, of approximately 6. The corresponding reservior
enthalpies ~; ranged from 30-52 MJ/kg, respectively. Since
the freestream was dissociated nitrogen, freestream flow con-
ditions at the exit plane of the nozzle were calculated using a
computer program based on the method of Lordi et al.* for
nonequilibrium gas expansions.

Self-luminosity photographs, taken with a fast electro-
mechanical shutter (speed = 800 cm/s) especially developed for
these experiments,® were used to study shock waves around
the body. Some of these photographs are shown in Fig. 2. A
considerable effort was spent to ensure that the observed
shock shapes are caused by test gas only and not by helium
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