
AIAA JOURNAL

Vol. 38, No. 12, December 2000
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An experimental study was conducted to develop a system for superorbital high-enthalpy � ow simulation with
gas injection. The expansion tube X-2 was used as the base facility. The synchronization of the gas injection to
the expansion tube operation and the effect of the gas injection on the high-enthalpy � ow generation performance
are carefully discussed. When hydrogen was injected, the performance of the acceleration tube operation was not
degraded, whereas with nitrogen injection the shock speed was signi� cantly decreased. Hypersonic shock layers
with gas injection were visualized by the schlieren method. This system is expected to be used as a tool to simulate
a hypersonic shock layer with ablation for a reentry capsule.

I. Introduction

W ITH growing space activities, there is an increasing require-
ment to extend aerothermodynamicground test facilities up

to the superorbital regime. Typical examples of such activities are
the STARDUST project run by NASA1 and the MUSES-C project2

run by the Institute of Space and AstronauticalScience, Japan. For
example, in the MUSES-C project, it is expected that the reentry
capsule will experience the highest heat transfer at an altitude of
60 km and a speed of 12.5 km/s, which correspond to a stagna-
tion enthalpy of about 70 MJ/kg. To optimize its heat shield design,
quantitative on-ground experimental simulation is necessary.

There are several candidates among ground test facility types for
such high-enthalpy � ow experiments. A ballistic range is an ideal
test facility because high-quality upstream conditions can be used
at a room temperature level. However, with the current state of the
art, with a reasonable model dimension it is extremely dif� cult to
increase the � ight speed up to this level. An arc jet is capable of
attaining such a high enthalpy. However, it necessitates an expen-
sive electrical power supply infrastructure.Moreover, it is dif� cult
to suppress the maximum gas temperature that the test gas experi-
encesbefore the processof steady-stateexpansionthrougha nozzle.
This drawback often causes nonequilibrium states in the test � ow.
Free-piston shock tunnels have been used to study high-enthalpy
� ows. However, the test gas experiences a stagnation state during
the process of enthalpy gain, leading to the problem of test � ow
contamination by melted nozzle material and by driver gas. Very
high enthalpies (above 50 MJ/kg) are dif� cult to obtain.

An expansiontube3,4 hasuniquecharacteristicsasa high-enthalpy
test device. In the process of generating high-enthalpy test � ow,
the test gas � rst experiences a shock compression, then unsteady
expansion, and gains a total enthalpy. During the process of the
unsteadyexpansion,the mechanicalforceoriginatingin thepressure
gradient results in an increase in the kinetic energy of the test gas
while the static temperature is decreased. Therefore, the test gas
does not experience such a high static temperature as is in re� ected
shock tunnels. The attainable stagnation enthalpy becomes higher
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than that with steady expansion.4,5 Also, the possibility of material
melting and resulting test-� ow contamination, as often appears in
re� ected shock tunnels and arcjets, is much reduced.

Pioneering investigationson expansion tube operation were con-
ducted at the NASA Langley Research Center.6,7 They are cur-
rently continued by General Applied Science Laboratories.8 Also,
at the University of Queensland,9 ¡ 12 intensive experimental in-
vestigations have been conducted, exploring the possibility of a
very-high-enthalpyregime.Morgan5 experimentallyproved that the
expansiontube was practicallycapableof the simulationof superor-
bital high-enthalpy� ows. Recently,Tohoku Universityhas initiated
an investigationon an expansion tube for the purpose of simulating
superorbital � ow over the MUSES-C reentry capsule.13

In a modest-size expansion tube, the test duration time is of
the order of several tens of microseconds. Under a typical test
condition of the present interest, p (pressure) =4.1 kPa, T (temp-
erature) =3800 K, u (mass-averaged particle velocity) = 10 km/s,
d / R (ratio of shock standoff distance to model radius) = 0.1,
and R =40 mm; the post-normal-shock conditions are calculated
to be a (speed of sound) =3.2 km/s and u =0.79 km/s. There-
fore, the characteristic time for a sound wave to propagate over
a distance of 2 d is 2 d / a = 2.5 l s; the characteristic time for
convection is d / u =5.1 l s. At least around the stagnation re-
gion, quantitative aerothermodynamicsimulation, including radia-
tive heat transfer measurement and optical � ow visualization, is
possible even during this period. However, to date the feasibility
of longer-term phenomena simulations like ablation from the heat
shield is quite limited.

The interaction of super/hypersonic � ow with gas injection from
a blunt body has been attracting much interest among engineers, re-
lated not only to the ablating � ow from reentry capsule heat shields
but also to the improvement of aerodynamic characteristics.14 If
such simulation becomes feasible in expansion tubes under such
high-enthalpy conditions, the usefulness of the device would be-
come much improved. The purpose of this study is to develop an
experimental system for high-enthalpy � ow experiments with ac-
companying gas injection and to validate the effectiveness of the
system.

II. Apparatus
Figure 1 schematicallyillustrates the superorbitalexpansiontube

X-2 at the University of Queensland. The tube is composed of a
two-stage, free-piston driver; a shock tube; an acceleration tube;
and a test section. The total length of the facility is about 20 m.
The inner diameter of the shock/acceleration tubes is 85 mm. The
two-stage, free-piston driver is developed in order to achieve a
high-enthalpy � ow with reasonable facility dimensions.5,15 At the
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endof thecompressiontubeof the second-stagedriver,a 2-mm-thick
mild steel plate was inserted as the primary diaphragm. The � ll
pressures and species of the respective gases in the present study
are indicated in Fig. 1. The generated freestream � ow condition is
tabulated in Table 1.

Figure 2 shows the schematic of the gas injectionsystem.A reen-
try capsule model is set in the test section. A small amount of gas is
injected from the stagnationregion of the model. The injectedgas is
suppliedby openinga solenoid valve. Under the nominal condition,
the opening time of the valve is 20 ms, with a supplied step voltage
of 24 V. To shorten its effectiveopening time, the peak voltage is in-
creased to 100 V in absolutevalue. The solenoid valve is connected
behind with a 6.4-mm-diam annealedcopper tube, 6.8 m long in to-
tal. Hereafter, the � ll pressure in the copper tube will be designated
by p0. The synchronizationof the valve opening to the expansion
tube operation is a critical issue in this study. The duration from the
primary diaphragm rupture to the arrival of the test � ow is about
1.1 ms, whereas the necessaryduration for the solenoidvalve open-
ing is about 4 ms. Without proper synchronizationthe injected gas
may increase the pressure in the acceleration tube, leading to the
degradation of the test � ow, or the gas injection does not become

Table 1 Freestream � ow condition

Variable Value

Pressure, kPa 4.1
Temperature, K 3800
Density, kg/m3 3.1 £ 10 ¡ 3

Stagnation enthalpy, MJ/kg 57
Flow Mach number 7.4
Dissociation fraction, N2 0.013
Dissociation fraction, O2 0.97

Fig. 1 Schematic illustration of the superorbital expansion tube X-2.

Fig. 2 Gas injection system as synchronized with the expansion tube operation.

effectiveduring the test period. In this study, the trigger signal to the
solenoidvalve opening is suppliedon the basis of the static pressure
measured 20 mm upstream from the end of the second-stage com-
pression tube of the free-pistondriver (Fig. 2). Further detailson the
synchronization will be described later. It is noted here that, if the
gas is preinjectedbefore the arrival of the test � ow, the acceleration
gas may be contaminated,whereas in principle the test gas, which is
initially in the shock tube and is separated by a layer of diaphragm
from the acceleration gas, is not contaminated.

Figure 3a shows the design of the reentry capsule model with
a single-hole injection. The pressure transducer and the shielding
block to protect the solenoid valve against the high-enthalpystream
are also shown.The model is a 1

10 scaled MUSES-C reentrycapsule.
Its blunt head is composedof a spherical tip of 40 mm in radius and
a cone, the half-apex angle of which is 45 deg. The aft body is a
45-deg cone truncated at a 23.4-mm diam. The diameter of the gas
passage becomes smallest (1.0 mm) at the exit. Immediately up-
stream from this location, an ori� ce of a smaller diameter (0.5 mm)
can be inserted. In this paper, the smallest diameter of the passage is
referred to as an “ori� ce diameter,” whether or not the ori� ce piece
is inserted. The static pressure upstream of the ori� ce is measured
by a piezoresistive pressure transducer (Entran EPIS-080B-500).
The pressure measured by this transducer is denoted by p1. The
shielding block is made of steel and is in the shape of a truncated
wedge. The wedge angle (40 deg) is designed so that a shock wave
over it is not detachedunder the test freestreamcondition.Figure 3b
depicts another injector con� guration: the gas is injected from the
0.75-mm-wide annular slit. The injection angle is about 120 deg
from the mainstream direction.

Flow visualizationis conductedby the schlierenmethod.The out-
put of the Nd:YAG laser was frequency-doubledto provide a source
of light with a wavelength of 532 nm. The output light has a spa-
tial coherence and causes speckle on the schlieren image. To solve
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a) Model 1 (single-hole injection)

b) Model 2 (annular injection)

Fig. 3 Reentry capsule model, including a gas injector with a pressure transducer and shielding block.

this problem, the 532-nm light was introduced to a dye laser from
which the front partial mirror had been removed, generating am-
pli� ed spontaneous emission. The resulting beam of light had a
central wavelength of 560 nm, with a full width at half-maximum
of 20 nm. The exposure was synchronized to the expansion tube
operation througha pressure signal measured in the shock tube. For
the visualization, the laser was Q-switched, yielding an exposure
time of 10 ns. The emission from the expansion tube gas � ow was
eliminated by a narrow-band optical � lter and an aperture in front
of the schlieren generatingknife edge. This knife edge was set ver-
tical. The schlieren image was recordedby a charge-coupleddevice
camera (Kodak DCS410) that had 1524 £ 1012 pixels.

III. Gas Injection Characteristics
A. Estimation of Mass Flow Rate

Measured time variations of p1 with hydrogen injection through
the 0.5-mm-diam ori� ce are shown in Fig. 4. The pressure varies
almost as a pulse. Here a subscript 0 will denote an initial value in
the copper feed tube. If p0 is too high, the opening duration time
and the pressure rise rate are decreased. This tendency appears in
Fig. 4 for p0 =795 and 745 kPa. Except for these cases, both the
opening pulse width and the pressure rise rate are almost constant.
The pulse width is approximately 50 ms.

Fig. 4 Time variation of p1 with hydrogen injection: ori� ce diameter =
0.5 mm.
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Fig. 5 Value p1 vs p0: ² , measured value, and - - - -, Eq. (3).

The effective value of p1 is theoreticallyestimated in the follow-
ing way: the valve is assumed to open instantaneously.Immediately
after it opens, a quasi-steady-state� ow is assumed to be established
around the ori� ce. The � ow is choked at the ori� ce. The � ow Mach
number upstream of the ori� ce, M1 , is implicitly given by the fol-
lowing one-dimensional � ow relation for isentropic � ow:

( A1 / A ¤ )2 = 1 M2
1 2/ ( c + 1) 1 + [( c ¡ 1) /2]M2

1

( c + 1)/ ( c ¡ 1)

(1)

where A and c designate the cross-sectional area and the speci� c
heat ratio, respectively.The subscripts 1 and * correspond to values
at the location1, where the pressure transduceris mounted (Fig. 3a),
and at the ori� ce, respectively. From the valve, expansion waves
propagate upstream. Properties between 1 and 0 states are related
by theconservationof a correspondingRiemann invariant.The mass
� ow rate Çm is estimated, together with Eq. (1), by

Çm =
1 + [( c ¡ 1) / 2]M 2

1

[( c + 1) / 2]{1 + [( c ¡ 1) /2]M1}2

( c + 1) /2( c ¡ 1)

q 0a0 A ¤

(2)
where a and q designate the speed of sound and the density, respec-
tively; p1 is calculated by using the isentropic relation

p1 = p0{1 + [( c ¡ 1) /2]M1}¡ 2 c / ( c ¡ 1) (3)

Figure 5 shows by closed circles the measured relation between
p1 and p0 . With the ori� ce diameter of 0.5 mm, the deviation from
Eq. (3) is §2%. Therefore, the effective Çm can be reasonably esti-
mated by Eq. (2). With the 1.0-mm-diam ori� ce (the result is not
shown), however,thedeviationbecomeslarger:§9%at a maximum.

Figure 6 shows the time variations of p1 normalized by p0 mea-
sured with different ori� ce diameters and/or different gas species.
With hydrogen injection the pressure rise time is approximately
2.0 ms, irrespectiveof the ori� ce diameter. With nitrogen injection,
the pressure slowly rises over longer than 4.0 ms. This difference is
caused by the difference in the speed of sound of the species. With
hydrogen, the pressure waves propagate faster and the � ow comes
to a quasi-steady state more quickly.

B. Synchronization
As was brie� y described in the Introduction,the necessaryperiod

from the trigger signal to the solenoid valve to the establishmentof
a quasi-steady-stategas injection is at least four times as long as the
period during which an incident shock wave propagatesthrough the
shock tube and the acceleration tube. Therefore, the trigger signal
needs to be supplied several milliseconds before the primary di-
aphragm rupture. The important condition for the synchronization
of the gas injection to the test � ow is high repeatability in timing of

Fig. 6 Time variation of p1, with different ori� ce diameters d and
different species.

Fig. 7 Time variations of measured driver gas pressure pCT , p1, and
the solenoid valve supply voltage; hydrogen injection, p0 = 660 kPa; ori-
� ce diameter = 1.0 mm.

the trigger source signal. To minimize the scatter in the delay time,
it is favorable that the trigger signal is originated by an event just
before the primary diaphragm rupture. In the environment of the
present study, the best solution for the trigger source was the pres-
sure signal measured 20 mm upstream from the primary diaphragm
in the second-stagecompression tube.

Figure 7 shows the time variations of pressures related to the
gas injection and of the valve supply voltage. Under the free-piston
driver operation condition of the present study, the time variation
of the pressure in the compression tube, pCT, was found to be quite
repeatable;the scatter in the peak pressurewas §3%, and that in the
full time width of the half-maximum was about §5%. The trigger
timing to the solenoid valve opening was controlled by a threshold
value of pCT. With reasonable repeatability, the delay time could be
varied by about10 ms. At valuesof pCT up to about 30 MPa, the rise
rate of pCT increases; hence, the uncertainty in the trigger timing
is decreased by increasing the threshold value. As will be shown
later, the injection of hydrogen had little effect on the shock wave
propagation behavior in the acceleration tube.
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As seen in Fig. 8, the pitot pressure under the present condition
was measured to be about 240 kPa. The effective p1 level is about
600 kPa, 2.5 times higher than the pitot pressure. Because of tran-
sient wave motions, as seen in Fig. 7, p1 still � uctuates after the
arrival of the incident shock wave at the test section. However, this
event took place well after the test duration. Therefore, it is reason-
ably concluded that the gas was injected at an almost constant mass
� ow rate during the test period.

C. Effect on Acceleration Tube Performance
In Fig. 9, the x– t diagram of the incident shock wave through

the shock tube and the acceleration tube with hydrogen injection at
p0 =600 kPa is plotted with closed circles. The shock wave speed
is calculated by taking the central derivative of the measured x– t
relationand is plotted with open circles.The shock speed was about
5.0 km/s in the shock tube and 9.9 km/s in the acceleration tube.
The shock speed variation without the gas injection is also plotted
with squares. As seen in Fig. 9, the shock speed near the exit of the
acceleration tube was not affected by the hydrogen injection. The
trigger signal to the solenoid valve was supplied 6.5 ms before the

Fig. 8 Time variation of pitot pressure measured on the centerline at
the test section.

Fig. 9 An x–t diagram of incident shock wave propagation and spatial
variations of the shock wave speed: , ² , with hydrogen injection; and
u , without injection. Trigger signal to the solenoid valve was supplied
at t = ¡ 6:5 ms. t = 0 corresponds to the arrival of the shock wave at the
exit of the acceleration tube. Ori� ce diameter = 1.0 mm.

Fig. 10 An x–t diagramof incident shock wave propagationand spatial
variationsof theshockwave speed with nitrogen injection.Triggersignal
to the solenoid valve was supplied at t = ¡ 6:4 ms. t = 0 corresponds to
the arrival of the shock wave at the exit of the acceleration tube. Ori� ce
diameter = 1.0 mm.

Fig. 11 Effect of fraction of injected gas on the shock wave speed in the
acceleration tube, calculated for calorically perfect gas: », mole ratio of
injected gas to ambient air; Us , shock speed; and Us0 , shock speed with
» = 0.

arrivalof the incidentshock wave at the exit of the accelerationtube.
In the case shown in Fig. 7, the trigger signal was supplied 4.8 ms
before the arrival. This implies that in the case shown in Fig. 9, even
1.7 ms after establishinga quasi-steady-stateinjectioncondition the
hydrogen injection did not affect the shock speed. However, when
nitrogen was injected under a similar condition, the shock wave
speed was decreased by 17% (Fig. 10).

This difference between the species is explained by consider-
ing the change in the properties of the acceleration gas. Figure 11
shows the calculated dependence of the shock wave speed in the
acceleration tube on the mole concentration ratio n of the injected
gas to the ambient air initially � lled in the acceleration tube. This
calculation is done under the same initial condition in the shock
tube and the acceleration tube as in the present experiment. The
gases are assumed to be calorically perfect. The shock speed in
the shock tube is assumed to be 5.0 km/s. The operation condition
is determined from pressure/particle velocity matching at the con-
tact surface. Under the injection condition shown in Fig. 9, if the
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a) b) c)

Fig. 12 Schlieren images of the hypersonic bow shock wave with hydrogen injection: a) p0 = 600 kPa, ori� ce diameter = 1.0 mm; solenoid valve
trigger: t = ¡ 6:5 ms (model 1); b) p0 = 630 kPa, ori� ce diameter = 0.5 mm; solenoid valve trigger: t = ¡ 7:1 ms (model 1); and c) p0 = 650 kPa, ori� ce
diameter = 1.0 mm; solenoid valve trigger: t = ¡ 3:4 ms (model 2).

injectedgas is uniformlydistributed in the accelerationtube and the
test section, n is estimated to be 0.67. As seen in Fig. 11, the shock
speed is decreasedonly by 0.3%. It is expected that, because the gas
was injected directly toward the acceleration tube, the real hydro-
gen fraction was higher in the acceleration tube. By increasing the
amount of hydrogen injection, the molecular mass of the mixture
is decreased, compensating for the increase in the static pressure.
As a result, Us is insensitive to n with the hydrogen injection in a
wide n range. As seen in Fig. 11, Us is decreasedonly 3%, even for
n =10.

If nitrogenis injected,however, thepressureof the mixture almost
linearly increases with n , not being accompanied by a signi� cant
decrease in molecular mass. The performance of the acceleration
tube operation is much degraded. In Fig. 11, with nitrogen injec-
tion of n =10, Us is decreased by 17%. This simple analysis well
explains the measured shock speed dependency on the gas species
injected. It follows from these results that only with the hydrogen
injection is the high-enthalpygenerationperformancenot degraded
in the present experiment.

IV. Flow Visualization
Figure 8 shows the time variation of the pitot pressure measured

without gas injection to the test section. The pitot pressure grad-
ually rises for about 27 l s. This duration roughly corresponds to
the passage of the acceleration gas. After this transient period, the
test � ow arrives and the pitot pressure becomes almost constant
at about 240 kPa. This test duration lasts for about 25 l s. The ex-
posure of the laser light for the � ow visualizationneeds to be done
during this period.

Figure 12 is composed of three schlieren images of the test � ow
with hydrogen injection. Although the quality of the images could
be improved, it is suf� cient for demonstrating the effectiveness of
thisgas injectionsystem.As shownby Fig. 12a,hydrogenis injected
through the 1-mm-diam ori� ce with p0 =600 kPa. In this case, the
dynamic pressure of the injected hydrogen is so high that the bow
shock wave is pushed forward by the injected gas. A ring vortex is
observed around the tip of the penetrating jet.

In thecaseofFig. 12b, theori� ce diameteris decreasedto 0.5mm.
Downstream of the ori� ce in the injection passage, the hydrogen
� ows through the 1.0-mm-diam passage. It was expected that in
this passage a normal shock wave is generated and the dynamic
pressure of the hydrogen jet is decreased to better match to the
postshock pressure. As seen in Fig. 12b, the bow shock was not so
much disturbed as in the previous example. However, there still is
observed a thin hydrogen jet along the stagnation line.

In these two cases, the injector con� guration of model 1 is used.
When p0 was much decreased, the injected gas was not observed
due to the lower supply pressure. To get better matching between
the postshock pressure and the gas injection, the annular injector
con� guration of model 2 (Fig. 3b) was tested. The intention of this
injector shape was to suppress the dynamic pressure of the jet by
increasingthecross-sectionalareaof the � ow passageandby putting
an obstacle against direct injection toward the upstream direction.
Figure 12c is a schlieren image taken with this annular injector.The
shapeof thebow shockwave in this case is notdisturbed.Around the
stagnationpoint in the shock layer, a distinct bright region appears.
This is believed to be a stagnatinghydrogen bubble. Under an equal
pressure, the refraction sensitivityof hydrogen is about half as large
as that of air. Therefore, a high hydrogen concentration under a
uniformpressuretakes the same roleas a densitydecrease.However,
from this image alone it is dif� cult to see detailed � ow pattern
of the injected hydrogen. Depending on a speci� c application of
the system, the modi� cation of the injector design warrants further
investigation.

V. Conclusions
In the present study, it is experimentally shown that hypersonic

� ow with gas injection is possible by using the superorbitalexpan-
sion tube. In particular, if hydrogen is injected, the performance
of the acceleration tube is not degraded, even with a large amount
of injection. It is expected that by using this system, superorbital
� ow with ablation can be simulated by injecting hydrogen from
the surface of a model. For conducting more practical simulations,
a modi� cation of the injector design, including the employment
of porous material to the wall surface, warrants further investiga-
tion. An independentwork on radiativeand convectiveheat transfer
measurement will be combined with the present work to produce
quantitativesimulation of superorbital � ows.
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