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Combustion Shock Tunnel and Interface Compression to
Increase Reservoir Pressure and Enthalpy
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This article discusses the production of hypervelocity-hypersonic flows in a combustion shock tunnel operating
in the equilibrium interface mode. In this mode of operation, the additional compression provided by the
approaching interface is used to obtain higher pressures and temperatures, as opposed to the reflected method.
A computer code was developed to model the operation of a shock tunnel in the equilibrium interface condition.
In this article, all the calculations were made for the Rensselaer Polytechnic Institute (RPI) 1.22-m-diam
Combustion Driver Hypersonic Shock Tunnel. The major drawback of the interface compression technique,
which is the contamination of the driven gas by the driver gas, was overcome through the utilization of a small
volume region separating the two gases. Numerical results indicate that the RPI facility will be able to generate
reservoir temperatures of the order of 20,000 K and reservoir pressures of the order of 30,000 psi. These
reservoir conditions can be used to produce test section Mach numbers of 35.
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corrected for area change at diaphragm station
incident shock conditions

shock tube conditions

driven tube initial conditions

driver tube postcombustion conditions
reflected conditions

freestream conditions
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Superscripts
, = equilibrium interface conditions
* nozzle throat conditions

Introduction

HERE has been a growing interest in hypersonic ground

test facilities capable of duplicating actual flight condi-
tions for NASP- and AOTV-type vehicles. As an example of
such flight conditions, Fig. 1 shows the energy requirements’
for the flight duplication for a selected NASP trajectory. In
order to meet this challenge the present investigation exam-
ines the utilization of a 1.22-m-diam Combustion Driver Hy-
personic Shock Tunnel,? operating at an equilibrium interface

Presented as Paper 92-0569 at the AIAA 30th Aerospace Sciences
Meeting, Reno, NV, Jan. 6-9, 1992; received Sept. 3, 1992; revision
received June 22, 1993; accepted for publication July 9, 1993. Copy-
right © 1992 by the American Institute of Aeronautics and Astro-
nautics, Inc. All rights reserved.

*Research Engineer, Captain in the Brazilian Air Force. Member
ATAA.

tActive Professor Emeritus of Aeronautical Engineering. Fellow
ATAA.

fProfessor of Aeronautical Engineering. Member AIAA.

259

condition® to produce the necessary high-energy hypersonic
airflow in the test section.

The interface compression technique was first suggested by
Hertzberg,® and it is capable of considerably increasing both
the pressure and temperature produced by the reflected method.
This is accomplished through the additional compression pro-
vided by the approaching contact-surface which behaves as a
“leaky-piston.” Figure 2 shows a typical x-t diagram corre-
sponding to this mode of operation as well as pressure and
temperature history plots. These plots clearly show the ad-
vantage of the interface compression technique over the re-
flected technique on the basis of reservoir pressures and tem-
peratures. Such a technique has been successfully used by
several authors*-¢ to increase the shock tunnel test envelope.
References 4 and 5 present the utilization of the described
method for near ambient temperature helium drivers, while
Ref. 6 reports the application of the technique to combustion
heated helium drivers.

One of the major problems associated with the equilibrium
interface technique has been the contamination of the driven
gas, air, by the driver gas, helium. Such a contamination is
caused by two main mechanisms: 1) diffusion through the
interface and 2) the so called “jetting” phenomenon.® As will
be seen later, it was experimentally observed that this con-
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Fig. 2 Wave diagram and end-wall equilibrium interface pressure
and temperature histories (7, = 25°C).

tamination can be minimized by using a high molecular weight
gas separating the driver gas from the driven gas. The use of
this separating gas will also improve the final equilibrium
condition achieved by this technique.

All the reservoir and test condition calculations were car-
ried out for the Rensselaer Polytechnic Institute 1.22-m-diam
Combustion Driver Hypersonic Shock Tunnel. This facility
was designed and used by the senior author at the General
Electric Research Laboratory in the early 1960s for the de-
velopment of the ICBMs and Scramjet inlet studies.?

The above calculations were performed using the HSTR1
computer code®’” which will be discussed later. This code ac-
tually models the reflected shock wave-contact surface inter-
actions that take place during the approach to the equilibrium.
The capacity of the HSTR1 algorithm to predict reservoir
pressures and temperatures has been verified experimentally
as discussed in Ref. 5. This reference presents numerical and
experimental results for the RPI 0.61-m-diam Hypersonic Shock
Tunnel operating at an equilibrium interface condition of 4100
K. The shock tunnel conditions used to produce this equilib-
rium interface are indicated in Fig. 2. As can be observed
from this figure, the driver gas used was helium at near am-
bient temperature. This relatively low initial temperature,
T, = 300 K, in conjunction with a high Mach number shock
wave, M, = 5.8, were able to produce ‘“hard” contact sur-
faces. These contact surfaces, in turn, provided efficient
compression of the test gas slug, raising its temperature and
pressure to 4100 K and 850 psi, respectively, for 5-6 ms of
useful test time.

Unfortunately, it is well known that in order to generate
reservoir pressures and temperatures representative of NASP
flight envelope, e.g., Fig. 1, it is necessary to use incident
shock wave Mach numbers much higher than 5.8. It is also
equally known that cold gas drivers can only produce incident
shock waves with limited intensities. Such a limitation can be
overcome by heating the driver gas. This procedure, however,
has the inconvenience of producing ‘‘soft” interfaces. This
characteristic will not permit the achievement of the interface
compression for low-speed incident shock waves. Therefore,
an optimum combination of shock wave strength and initial
driver gas temperature 7, must be found. As will be seen in
the following sections, such a combination corresponds to
overtailoring® the interface. The interest in combining the
advantages from the use of the available Combustion Driver
Hypersonic Shock Tunnel with those from the equilibrium
interface operation, as well as determining the theoretical
performance of this combination, motivated the present study.

RPI 1.22-m-Diam Combustion Driver
Hypersonic Shock Tunnel

Since the present investigation deals with the operation of
the RPI Combustion Driver Hypersonic Shock Tunnel in the
equilibrium interface mode, the authors felt that a brief de-

scription of this facility would be of interest. A much more
detailed description, however, can be found in either Ref. 2
or 8.

The Rensselaer Polytechnic Institute 1.22-m Combustion
Driver Hypersonic Shock Tunnel, presently in storage, is shown
schematically in Fig. 3. Figures 4 and 5 show actual photo-
graphs of the facility when in operation at the General Electric
Research Laboratory, Schenectady, NY. The driver section
is 15.24 cm in diameter and 6.10 m long, while the driven
tube is 30.48 m long with ani.d. of 10.16 cm. A thick scored
stainless steel diaphragm separates the driver gas from the
driven gas. The driver tube, designed for a maximum oper-
ating pressure of 690 MPa (100,000 psi), is fitted with 18
special heavy-duty spark plugs.® A 30-deg conical nozzle with
an exit diameter of 1.22 m is mounted at the end of the driven
tube. Separating the nozzle section from the driven section,
there is a thin scored aluminum diaphragm. This diaphragm
bursts with the arrival of the incident shock wave. The hy-
personic/hypervelocity airflow exiting the nozzle is exhausted
into a 5.66-m* (200-ft*) dump tank/test section. The dump
tank can be pumped down to pressures below 0.133 Pa (1 um
of Hg) to accelerate the flow establisment in the nozzle. An
electrically driven 15.24-cm-o.d. stainless steel sting supports
the test model inside the test section.

The desired final driver temperature 7,, and pressure p,,
can be obtained by adjusting the initial driver gas composition
and pressure.>® This gas mixture consists of stoichiometric
proportions of hydrogen and oxygen diluted by helium.

An area change at the diaphragm section, A,/4, = 2.25,
helps to decrease the required driver gas pressure ratio, p,/
P, necessary to produce the desired shock wave Mach number
at a given driver gas temperature (after combustion). A dou-
ble diaphragm section, to be installed immediately down-
stream of the area change, will contain a separating gas to
minimize the spreading of the interface region and enhance
the interface compression process. Preliminary experimental
results, discussed in Refs. 5 and 7 and to be addressed later
in the present work, do indicate that the proper choice of this
separating gas can indeed improve the final equilibrium con-
ditions. The double diaphragm section will also eliminate the
necessity of a single, extremely thick, diaphragm required to
withstand the driver gas elevated pressures.

Computer Program HSTRI1

The HSTR1%7 algorithm actually models the reflected shock
wave contact surface interactions, as seen in Fig. 2, that take
place during the approach to the equilibrium condition. The
airflow is assumed to be one-dimensional, inviscid, and in
thermodynamic equilibrium. In this code, helium at a speci-
fied (by the user) temperature is the driver gas and it is mod-
eled as a calorically perfect gas. The equilibrium air ther-
modynamic properties used were taken from Ref. 9 and are
valid for temperatures up to 25,000 K.

The incident shock wave Mach number M, the initial driven
temperature and pressure, 7, and p,, and both the driven and
nozzle throat cross-sectional areas, A, and A*, enables the
HSTR1 code to model the partial reflections of the shock
wave (incident or reflected off the interface) off the nozzle
entrance. These partial reflections are due to the presence of
the nozzle throat in the driven tube end wall.

The interactions of the reflected shocks with the helium
interface are numerically modeled by simultaneously solving
two sets of one-dimensional Euler equations. One for the
transmitted shock (in helium) and the second one for the re-
reflected shock (in equilibrium air). The computation is ter-
minated when a Mach wave is produced from either the shock
wave-nozzle reflection or from the shock wave-interface re-
flection.

The x-t diagram and the end-wall pressure and temperature
histories, presented in Fig. 2, were computed using HSTR1
for the conditions indicated in this figure. Figure 6 shows a
comparison between the end-wall pressure calculated using
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Fig. 3 RPI 1.22-m Combustion Hypersonic Shock Tunnel —overall schematic.

Fig. 4 RPI 1.22-m Combustion Hypersonic Shock Tunnel —driver end view.

the code HSTR1 and the experimentally measured for the Numerical Results

conditions indicated. The experiment was carried out in the

RPI 0.61-m Hypersonic Shock Tunnel and it is described in For the present numerical investigation, the driver gas pres-
Ref. 5. The agreement between theory and experiment is sure after combustion, p,, was kept constant at 207 MPa (30,000
quite encouraging. The underestimated theoretical pressure psi). This procedure was followed in order to make the cal-
level indicated in Fig. 6 is believed to be caused mainly by culations simpler and to ensure that the driver gas pressure
viscous and shock overtaking effects.!” These effects were not (after combustion) is within the structural limitations of the
taken into account by the relatively simple theoretical model® facility. Also, for the sake of simplicity, the presence of water
used in the analysis. For more information about the HSTR1 vapor (steam) in the driver gas composition after combustion

algorithm architecture, the reader is referred to Ref. 7. was neglected.



262 MINUCCI, NAGAMATSU, AND MYRABO: COMBUSTION SHOCK TUNNEL

Fig. 5 RPI 1.22-m Combustion Hypersonic Shock Tunnel—nozzles and test sections.
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Fig. 6 Comparison between the measured and the calculated equi-
librium interface pressures 20 cm upstream of the nozzle entrance.

The desired incident shock wave Mach number is obtained
by selecting p, and T, after combustion. This is shown in Fig.
7. It is of interest to point out that the described method of
increasing the incident shock strength can be applied. exper-
imentally and it is not just a numerical *“trick.”

Since there is an area change at the diaphragm section, the
initial (after combustion) driver gas pressure and temperature
must be corrected by using the equivalent straight shock tun-
nel theory.'! These corrections are

Pac = ps X 1.42

Ty, = T, x (1.42)0%
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Both the reflected and equilibrium pressures and temper-
atures for selected shock tunnel conditions are then calculated
using the HSTR1 computer code.

Figures 8—10 show the results of the numerical simulation.
In these figures, the maximum incident shock wave Mach
number is 22, at 7, = 3000 K. This Mach number value
corresponds to the theoretical maximum value that can be
achieved with an initial driver pressure of 207 MPa and tem-
perature of 3000 K for a minimum initial driven pressure of
847 Pa (0.25 in. of Hg). A doubt on whether or not such a
Mach number of 22 could be achieved, in practice, due to the
presence of water vapor in the driver gas is plausible. How-
ever, it is of interest to recall that Nagamatsu'*!*> was able to
generate shock Mach numbers as high as 30 with a combustion
heated driver. ;

The lower limit imposed on p, is tentative and minimizes
the viscous effects which tend to decelerate the shock wave
and increase the contamination of the test gas. The discussed
lower limit in p, also limits the maximum attainable shock
speed at lower postcombustion driver gas temperatures, namely
T, = 300, 1000, and 2000 K. Of course, T, = 300 K corre-
sponds to a no-combustion situation. On the other hand, the
upper temperature limit for 7,, namely 7, = 3000 K, cor-
responds to the maximum achievable combustion tempera-
ture. As could be expected, for a given driver gas temperature
T,, the interface compression becomes more efficient with the
increasing incident shock Mach number. This is due to the
fact that the interface becomes “‘harder.”?

Figure 8 shows the reflected, A5, and the equilibrium, A,
enthalpies at the end of the driven tube, nozzle entrance, as
a function of the shock strength having the postcombustion
driver gas temperature as a parameter. One can easily see
the considerable gain in the produced reservoir enthalpy that
can be made through the equilibrium interface mode of op-
eration. By recalling Fig. 1, it is possible to see that the re-
quired Mach 25 flight total enthalpy, 37 MJ/kg, can be ob-
tained by producing an incident shock wave of Mach 14.6 in
the described mode of operation. On the other hand, it would
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take a Mach 16.3 shock wave to produce the same enthalpy
if the reflected mode was to be used. Figure 8 also indicates
that enthalpies of the order of 88 MJ/kg, much higher than
that required for the NASP testing, can be achieved through
the equilibrium interface technique. In Fig. 8, as well as in
Figs. 9 and 10, the points where the dashed lines, equilibrium
interface conditions, cross the continuous lines, reflected con-
ditions, correspond to the so-called tailored conditions. These
conditions vary, of course, with driver initial, postcombustion,
temperature. The critical shock Mach numbers, beyond which
the interface compression process becomes efficient, can also
be found in these figures. They correspond to the “‘crossing
points” mentioned previously in this paragraph. The critical
Mach number value increases with the increasing driver gas
temperature. As an important conclusion, combustion heated
drivers can be used to produce the interface compression if
the generated incident shock wave Mach number is greater
than the critical Mach number.

The reflected p, and equilibrium interface p. pressures are
shown in Fig: 9. As one may realize from this figure, the final
equilibrium interface pressures are many times higher than
the original reflected pressures.

The features presented in Fig. 9 can be better appreciated
with the aid of Fig. 10. The latter shows the variations of the
reflected 75 and equilibrium 75 temperatures with respect to
the incident shock wave Mach number having the initial driver
gas temperature (after combustion) as a parameter. Again,
reasonable gain in the produced stagnation temperature can
be achieved by using the interface compression. Together,
Figs. 9 and 10 indicate that the common problem of producing
high reflected temperatures at the cost of producing lower
reflected pressures is alleviated by the equilibrium interface
technique. These figures show indeed that high temperatures
can be produced at much higher pressures than the reflected
ones through the discussed method. This is a very desirable
feature as it not only enables the full flight simulation at high
Mach numbers up to 15, but it also helps to minimize non-
equilibrium effects in the nozzle flow.

The produced reservoir conditions shown in Figs. 8—10 are
then used to generate a hypersonic/hypervelocity airflow in
the shock tunnel test section. Due to the fact that the nozzle
in the RPI facility is conical, the freestream Mach number
can be changed by simply changing the nozzle throat insert.
Therefore, provided the adequate reservoir conditions and
test section background pressures, freestream Mach numbers
ranging from 5 to 35, assuming an equilibrium expansion, can
be produced. ;

Figure 11 shows the variation of both the test section flow
Mach number and the corresponding flow velocity for a res-
ervoir pressure p of 20,000 psi, and a freestream temperature,
T.. of 240 K. For the same reservoir pressure and test section
air temperature, Fig. 12 shows the test section pressure and
density variation with the reservoir temperature. Both Figs.
11 and 12 assume that air is in equilibrium. These figures
indicate that extremely high airflow velocities and Mach num-
bers can be simulated with the RPI Combustion Driver Hy-
personic Shock Tunnel operating in the equilibrium interface
condition.

Figure 13 shows the test envelope that can be provided by
the RPI 1.22-m-diam nozzle exit Combustion Hypersonic Shock
Tunnel. For completeness, this figure also includes the testing
capability of the RPI 0.61-m Hypersonic Shock Tunnel. The
latter is already fully operational and, as indicated, is capable
of duplicating the NASP flight conditions up to Mach 10. This
facility has been used to experimentally investigate, among
others, the equilibrium interface technique and the use of
separating gases.>’

As indicated in Fig. 13, the RPI Combustion Shock Tunnel
can duplicate NASP flight conditions up to Mach 15. Beyond
this Mach number, the flight conditions can be only partially
duplicated. However, this facility does permit the combustion
section entrance conditions duplication up to Mach 25. This
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Fig. 11 Test section conditions—freestream velocity and Mach num-
ber. p. = 20,000 psi, T, = 240 K.
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is possible due to lower stagnation pressures required at that
section.

Experimental Results Obtained with a Shock Tunnel
Using a Separating Gas

As stated previously in this work, one of the major draw-
backs associated with the equilibrium interface technique is
the contamination of the test gas by the driver gas. Exper-
iments>” performed in the RPI 0.61-m Hypersonic Shock Tun-
nel revealed that such a contamination can be minimized
through the use of a interface region separating the driver gas
from the driven gas. More important yet, the length of this
separating region is quite small, 6.67 cm, with a corresponding
internal volume of 540.76 cm?. It has also been verified that
by filling this buffer region with a high molecular weight gas,
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Fig. 14 1Influence of the separating gas on the heat transfer rate to
the shock tunnel wall measured at 66 cin upstream of the nozzle en-
trance.

dramatic improvements can be achieved in minimizing mixing
between driver and driven gases.

Figures 14 and 15 show the influence of three different
separating gases on the performance of the RPI 0.61-m Hy-
personic Shock Tunnel operating in the equilibrium interface
condition. Figure 14 demonstrates the influence of the sep-
arating gas on the spreading of the contact surface. This figure
shows three different heat transfer traces, each one for a
different separating gas. The heat transfer gauge was mounted
in the shock tunnel wall 66 cm upstream of nozzle entrance.
The lower trace in Fig. 14 corresponds to that obtained when
helium is used as a separating gas. The heat transfer drop,
located between the first and second jumps, indicates the
arrival of the leading edge of the constant pressure mixing
region (contact surface). The middle trace was obtained when
air was used as a separating gas. In this particular case, the
heat transfer drop cannot be observed. Instead, only a change
in slope can be detected. Finally, when argon was used (upper

1 Vertical

Division = 1.6 MPa
1 Horizonta! Division = 5.0 millisecond

A ’ ——

Fig. 15 Influence of the separating gas on the equilibrium interface
pressure measured at 20 cm upstream of the nozzle entrance.

trace) the heat transfer rate between the first and second jump
(trace) stays practically unchanged. This is a good indication
that the interface spreading and, therefore, the test gas con-
tamination have been minimized.

Figure 15 shows the effect of the same separating gases
discussed in the previous paragraph on the equilibrium in-
terface pressure. The piezoelectric pressure transducer was
mounted in the driven tube wall and is located 20 cm upstream
of the nozzle entrance. Here again, the best performance is
obtained when argon is used in the separating region. It pro-
duces a higher and more uniform reservoir pressure level
when compared to those produced by either helium or air.

The trend indicated by both the heat transfer and pressure
traces leads to the use of high molecular weight gases in the
separating region. Heavier gases seem to act as a barrier
separating the driver gas from the driven gas. Furthermore,
they act as a sort of a “gaseous piston” making the interface
compression more efficient. Actually, under the microscopic
point of view, such a behavior was to be expected. Heavy
molecules have low mean thermal velocities and, therefore,
tend to diffuse less.!* This characteristic inhibits the diffusion
that would take place through the helium/air interface in a
conventional shock tunnel. The results reported in this session
are indeed very promising for the equilibrium interface tech-
nique. The experimental work in this area continues'® so that
an analytical modeling of the phenomenon will be made pos-
sible in the near future.

Conclusions and Future Research

A numerical investigation has been conducted on the op-
eration of the RPI 1.22-m Combustion Driver Hypersonic
Shock Tunnel in the equilibrium interface mode. For this
purpose, a computer code, HSTR1, was developed to model
the shock wave-shock wave interactions, as well as the shock
wave-contact surface interactions. The results indicate that
extremely high reservoir enthalpies, 88 MJ/kg, and pressures,
up to 30,000 psi, can be produced through this mode of op-
eration if the generated incident shock wave Mach number is
higher than a critical value. This critical value is the tailoring
value, and for heated helium drivers, it varies only with the
driver gas initial temperature. The numerical results also in-
dicate that the Combustion Driver Shock Tunnel can fully
duplicate NASP flight conditions up to Mach 15 and partially
duplicate these conditions beyond this Mach number.

Experimental results obtained with a shock tunnel using a
separating gas indicate that a small volume region, separating
the driver gas from the driven gas, dramatically affects the
spreading of the contact surface. It has been verified that such
a spreading can be minimized by filling the separating region
with a high molecular weight gas, e.g., argon.

Future directions of the present study include the upgrade
of the computer code HSTR1 as well as the analytical mod-
eling of the buffered shock tunnel. The HSTR1 code will be
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modified so that viscous effects will be taken into account and
an estimate of the useful test time will be calculated.

In addition to the above directions, more tests are being
performed in the RPI 0.61-m Hypersonic Shock Tunnel op-
erating at an equilibrium interface condition of 5.8 MPa pres-
sure, and 4100 K temperature. The goal is to provide exper-
imental data to further validate the developed computer code
HSTRI1 and increase the understanding of the physics of the
interface compression mechanism. '

Also, the possibility of developing a magnetohydrodynamic
accelerator-assisted wind tunnel'¢ based on the RPI 1.22-m
Combustion Driver Hypersonic Shock Tunnel is being inves-
tigated. Such a combination, MHD accelerator and shock
tunnel, would further increase the testing capability of the
RPI facility.
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