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Fig. 3 Stability margin: effect of tank flexibility.

Young’s modulus elasticity of the tank wall material of the outer
tank, respectively.

Figure 3 presents the propulsion system stability curves for mem-
brane and aluminum alloy materials for inner tank wall. In these
computations, the feedline length was 2.2 m, and the feedline pres-
sure drop A p was 0.04 MPa. For the propulsion system with the wall
thickness of the membrane tank of 0.0015 m, taking into account the
effective bulk modulus E, led to a decrease in the effective acoustic
speed C.q, for the oxidizer tank up to 50 m/s and made the propulsion
system unstable at cavitation number K = 0.03 (Fig. 3). A decrease
in the wall thickness of the inner membrane tank and in E, lowers
the effective acoustic speed and reduces the stability margin of the
system. In this numerical example, Young’s modulus of the mem-
brane is assumed to be one-seventh of that of aluminum alloy and the
thickness one-fourth. In general, the thickness of a metal inner tank
is determined not only by the differential pressure but also by the
buckling load and/or sloshing load. On the other hand, the thickness
of the membrane tank can be thinner because a membrane material
is tolerant to small wrinkling and bending deformation. Therefore,
the difference of the stability region in Fig. 3 for membrane and
metal can be larger for the actual case.

Conclusions

Rocket propulsion systems with a concentric tank structure are
potentially unstable with respect to self-excited fluid oscillations
caused by the pump cavitation phenomenon when short feedlines
are used, as shown for a launch vehicle with a membrane-type tank
and the studied rocket engine. Increasing compliance of the walls
of the inner membrane tank reduces the system stability margins. A
developed approach allows for a consistent and accurate prediction
of the propulsion system stability without a preliminary experimen-
tal study of system elements, and the approach points to ways to
eliminate the propulsion system instability. Methods for stabiliza-
tion of such systems should be based on a correction of the dynamic
properties of the feedlines and engine pumps.
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Capture Ratio of Scramjet Inlets
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Introduction

CRAMIET engine models 2 m in length have been tested at the

Ramjet Engine Test Facility (RJTF) of the National Aerospace
Laboratory of Japan.! The captured-air-mass flow rates of the mod-
els are necessary for estimating the equivalence ratios and combus-
tion efficiencies. However, the high cost associated with operating
the RJTF limits the number of mass flow measurement tests con-
ducted. Thus, the authors measured mass-capture ratios in a pilot
wind tunnel (PWT), which is smaller than the RJTF, and then esti-
mated the ratios of the RITF engine models. An empirical equation
for the ratio of sidewall-compression-type inlet models was con-
structed, which clarified effects of the inflow conditions and the
inlet configurations on the ratio empirically.

Experimental Apparatus

Figure 1 shows a schematic diagram of the PWT and the equip-
ment used to measure the mass capture of an inlet model. This
equipment was similar to the previous ones used to measure the
mass-capture ratio.> This tunnel can supply airflow at Mach 3.4,
5.3, and 6.7. The nozzles of the PWT were 1/5 as large of those of
the RJTF and each had an exit area of 100 x 100 mm. There was
a choked valve far downstream of the inlet diffuser. The air was
heated to 700 K in Mach 5.3 and 6.7 tests but was not heated in
Mach 3.4 tests. The total pressure of the airflow was 6 MPa.

In most of the tests, the level of the inner surface of the nozzle was
the same as that of the top wall surface of the inlets. In some tests,
however, the inlets were set in the freestream and the inviscid part of
the air flowed into the inlet models, whereas the boundary layer from
the PWT flowed out of the models. Table 1 lists the test conditions.
‘When the gap between the top wall of the model and the wind-tunnel
nozzle wall was 30 mm, the model was in the freestream. When the
gap was 8 mm, part of the boundary layer flowed into the inlet. A 1/7
power-law profile of the velocity and a Crocco-Busemann relation
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Table 1 Mass-capture ratio of the inlet models measured
in the pilot wind tunnel and the corresponding mass-capture
ratio in the RJTF tests

Inlet configuration

No No Strut No  Strut Strut Strut A

Variable strut  strut A strut A B +ramp
M3.4* M53 M53 M6.7 M6.7 M6.7 M6.7
Gap between 0 0 0 0 8mm 8&mm 30mm
model top
wall and
wind-tunnel
wall
Contraction 29 29 50 29 50 8.3 9.3
ratio

Pilot wind-tunnel 0.72 0.87 0.83 091 0.87 076 0.84
capture ratio
M4 M6 M6 M8 M8 M8 M8
RIJTF capture 072 0.87 0.83 091 0.86 074 0.81
ratio
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Fig. 1 Pilot wind tunnel and equipment for mass-capture measure-
ment.

for the temperature profile in the boundary layer were adopted to
estimate the displacement thickness.

First, the choked valve was open and the airflow was supersonic
throughout the inlet and the diffuser. As the valve was moved down,
the airflow in the inlet diffuser finally became subsonic and choked
at the valve. The discharge coefficient was calibrated with a choked
venturi nozzle with a diameter of 40 mm. The geometry of the nozzle
was according to ISO specifications.?

Figure 2 shows three inlet models and Table 1 lists the configura-
tions of these models. The size of these was 1/5 that of the scramjet
models tested in the RJTF, except for the standard mass-capture
model.

Mass flow rate, m, is expressed as follows under conditions of

choking:
1= APy |- ! 1
" R, T+ /200D M

A, is the cross section of the choked valve. P,, and T,, are total
pressure and total temperature, respectively, measured ahead of the
valve; T;, was measured with a single thermocouple; y is the ratio of
the specific heats; and R is the gas constant of air. In Mach 6.7 tests,
the standard mass-capture model was used (Fig. 2). This model had
no spillage. At the same valve opening, the mass-capture ratio 1,
was determined by comparing the total pressure of the inlet models
with that of the standard capture model:

n — (PIU/PT) / (T;‘v/Tt)ref (2)
0 (Ptv/Pt)ref (T,U/T,)

Here, ref represents the reference condition of the standard mass-
capture model. P, and 7, are total pressure and total temperature in
the reservoir, respectively.
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Fig. 2 Inlet models.

Results and Discussion

Mass-Capture Ratio

The measured mass-capture ratios are listed in Table 1. The error
was £0.02. The ratios of the RITF models were estimated based on
these results from the PWT tests. The test conditions with entrance
Mach numbers of 3.4, 5.3, and 6.7 correspond to flight conditions of
Mach 4, 6, and 8, respectively, at the RITF. These flight conditions
are also listed in Table 1.

Empirical Equation for Mass Capture Ratio
Masuya and Wakamatsu correlated the experimental results of
the capture ratio 7c,, with an inflow Mach number, M (Ref. 4):

Neap = 0.96[1 — 3.5 x exp(—0.75M)] 3)

This equation predicts the effect of the Mach number with reason-
able accuracy. However, there were no factors for the model geo-
metrical features and the incoming boundary-layer condition. The
authors modified the equation to include such parameters, using
the results in the PWT and data in the literature.>~ The following
parameters were selected:

1) Effective inlet height k., as found by subtracting the dis-
placement thickness from the geometrical height 4 is formatted to
(he/h)". As the inflow boundary layer becomes thick, the sec-
ondary flow area increases.

2) Length from the inlet entrance to the cowl leading edge L is
formatted to (%,/L)"*. The mass-capture ratio increases as the cowl
covers the bottom area ahead of it.

3) Length of a strut [ is formatted to {(L—[)/L}"3. The strut
induces the boundary layer, and the ridgeline at the bottom plane
increases with attachment of the strut.

4) Swept angle of the sidewall SW in degrees, is formatted to
{(90-SW)/SW}"*. As the swept angle increases, the velocity com-
ponent parallel to the leading edge increases.

5) The contraction ratio CR is formatted to (1/C R)™. The mass-
capture ratio decreases as the number of reflections of the shock
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Fig. 3 Mass-capture ratio predicted by modified Masuya equation.

waves increases. The number increases with increasing contraction
ratio.

In the data, 4, was from 80 to 100% of h; L was from 0%
to 50% of the length from the inlet entrance to the throat; /
was from 9% to 27% of the inlet length; SW was from 30 to
60 deg; and CR was from 2.9 to 9.3. Width at the entrance
was not selected as a parameter because the widths of the inlets
adopted here were in a narrow range, from 0.8 to 1 of the inlet
height.

The modified mass-capture ratio 7, ,» Was expressed using the
modification factor f and the parametersnl =10,n2=0.4,n3 =1,
n4=0.1, and n5=0.5:

Neap,m = (ncap [by Masuya’s equation]) X f(-x) (4)

(h, 10 h N 90— sw\" /1 \* (5)
=\ ) \T L 90 CR

The modification factor was attained empirically from the data of

the mass-capture ratios:

f =-0.0092/x +1.05 (6)

Figure 3 shows the correlation between the test data and the cal-
culated capture ratio by Masuya’s equation. Correlation between the
experimental values and the calculated values was 0.94.

Equation (5) shows that the effect of the boundary layer on the
capture ratio was large. The inflow boundary layer should be thin.
The effect of the strut was also large. Neither the effect of the swept
angle nor the length of the inlet affected the mass-capture ratio
greatly.

Conclusions

Air-mass capture ratios of the scramjet inlet models were mea-
sured in the PWT at Mach 3.4, 5.3, and 6.7 conditions. The ratios
of the RJTF test models were estimated with the test data from the
PWT. An empirical equation was constructed for the mass-capture
ratio of the sidewall-compression-type inlets. The equation showed
that the effect of the boundary layer and the effect of the strut were
large.
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Nucleation Mechanism for Freezing
of Alumina in Solid Propellant
Rocket Motor Nozzles
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Yale University, New Haven, Connecticut 06520-8286

I. Introduction, Background, Objectives

T is well known that the addition of appreciable amounts of alu-

minum powder (e.g., ca. 15-20 wt.%) to conventional double-
base solid propellants can improve their performance (e.g., spe-
cific impulse, etc.).! However, the achievable performance gain will
certainly depend upon the location of the release of the heat of
molten alumina crystallization during the droplet-laden gas expan-
sion process.? Moreover, the location of alumina freezing will also
dramatically influence the optical properties of such plumes.>* Until
now, there has evidently been no simple method to estimate the spa-
tial location and distribution of the volumetric rate of release of this
appreciable latent heat. While undercoolings of as much as around
20% of the equilibrium freezing point™° are known to be possible
in principle, actual performance experience indicates that such ex-
treme delayed freezing probably does not occur, at least for the bulk
of the alumina present. In this Note we propose a plausible expla-
nation for this, and one which, with further development, promises
to enable rational predictions of crystallization rates in metallized
solid-(propellant)-rocket-motor (SRM) combustion products.

II. Theory of Alumina Nanodroplet Freezing

Using typical numbers for aluminized SRM situations [e.g., the
space shuttle solid rocket boosters (SRBs); compare Table 1], we
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