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Hypersonic Shock-Tunnel Testing at an Equilibrium Interface
Condition of 4100 K
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An investigation has been conducted on the operation of the RPI 0.61-m-diam hypersonic shock tunnel at an
equilibrium interface condition of 5.8 MPa and 4100 K. The numerical analysis shows a strong dependence of
the equilibrium interface pressure and temperature on the initial driver temperature and incident interface
speed. A fairly good agreement was observed between the measured equilibrium pressure and the predicted
value for the shock-tunnel conditions. For the particular test conditions investigated, useful test times of up to
6 ms were detected by ionization and radiation intensity measurements.

Nomenclature
A — cross-sectional area
a = local speed of sound
h = enthalpy
M = Mach number
p = pressure
T = absolute temperature
U = velocity
y = ratio of specific heats

Subscripts
rt = transmitted conditions
s = incident shock conditions
t = shock-tube conditions
0 = reservoir conditions
1 = driven tube initial conditions
2 = conditions downstream of the incident shock wave
3 = conditions downstream of the interface
4 = driver tube initial conditions
5 = reflected conditions

Superscripts
= equilibrium interface conditions

n = conditions existing after nth interactions
* = nozzle throat conditions

Introduction

T HE development of hypersonic vehicles like the national
aerospace plane (NASP), NASP derived vehicles (NDVs),

and aeroassisted orbit transfer vehicles (AOTVs), will rely
heavily on the parallel progress of ground testing and com-
putational fluid dynamics (CFD). Undoubtedly, the former
will play an important role not only as a "CFD validator,"
but also in understanding the complex high temperature hy-
personic flow phenomena.
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Due to the extremely high reservoir conditions, pressure,
and temperature needed for an "on the ground" flight con-
dition duplication,1"3 only impulse facilities appear to be the
possible candidates.

Although impulse facilities may vary in shape and size, all
of them share the same characteristic of useful test times
limited to a few milliseconds. A good description of such
facilities can be found in Ref. 4. The investigation on a par-
ticular type of impulse facility, namely the hypersonic shock
tunnel,5 operating at an equilibrium interface condition of 5.8
MPa and 4100 K is the objective of this article.

The equilibrium interface technique was first suggested by
Hertzberg6 and later investigated by Copper,7 Lapworth,8'9
Dunn,10 and more recently by Neumann.3 By this technique,
high temperatures and pressures are obtained through the
successive shock wave reflections occurring between the mov-
ing interface and the end of the driven tube. These reflections
become successively weaker as the interface is continuously
decelerated and eventually brought to rest. When the re-
flected shocks become weak enough, so that no appreciable
changes in the temperature or pressure occur, the equilibrium
condition is reached.

Copper7 investigated the equilibrium interface technique
for incident shock wave Mach numbers ranging from 3.29 to
7.26 using ambient temperature helium as the driver gas and
air as the driven gas. He observed from pressure history mea-
surements conducted at the end of the driven tube that an
equilibrium condition was reached for the complete Mach
number range investigated. He also noticed some discrepancy
between the measured equilibrium pressures and those cal-
culated from the measured Ms using a perfect gas wave dia-
gram. Copper verified that the successive shock compressions
after the first shock wave-interface interaction could be ap-
proximated by an insentropic compression process. Using this
result he was able to calculate the equilibrium enthalpy and
temperature from the measured pressure value. The maxi-
mum equilibrium enthalpy and temperature from the mea-
sured pressure value. The maximum equilibrium enthalpy was
more than six times the reservoir produced using the tailored-
interface technique (one shock wave interface interaction)
and lasted for about 2.4 ms. This time was taken from the
moment the equilibrium was achieved (constant pressure) un-
til the arrival of the front of the expansion waves, which has
been reflected off the driver tube end wall. The driver and
driven tubes were both 3.66-m long and circular in cross sec-
tion. Their inside diameters were 7.62 and 5.40 cm, respec-
tively.
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Lapworth,8-9 using ambient temperature hydrogen as the
driver gas and ambient temperature nitrogen as the test gas,
conducted both pressure and temperature measurements near
the driven tube end wall for below tailoring conditions (Ms
= 4.3) and close to tailoring conditions (Ms = 5.8). Based
on these measurements, he observed that the duration of the
high temperature was always very much less than the duration
of the high pressure plateau. Furthermore, he verified that
the duration of the hot gas decreased as the incident shock
wave Mach number was increased. He experimentally deter-
mined that for an incident shock wave Mach number of 5.8,
the duration of the high temperature was little longer than
2 ms while the steady pressure lasted for about 10 ms. The
shock tube used by Lapworth had driver and driven tubes
measuring 8.53 and 5.49 m in length, respectively.

Later, Dunn10 using heated hydrogen (680 K) as the driver
gas and air in the driven tube, conducted pressure and radia-
tion-intensity measurements near the end wall for an incident
shock wave Mach number of 12.2. As observed by Lap-
worth,8'9 Dunn also verified that the duration of the hot gas
was much less than that based on pressure measurements
alone. However, he detected the existence of an expansion
wave as a result of the first shock wave contact surface in-
teraction where a shock is theoretically predicted. This was
assumed by the author to be caused by a local heating of the
interface produced by hydrogen-oxygen combustion, which
altered the local speed of sound. As a pertinent conclusion
to the equilibrium interface technique, Dunn concludes that
although significant gains in enthalpy appear to have been
achieved on the basis of the pressure data alone, radiation-
intensity measurements show the test gas is quite cool. This
investigation was conducted in the Calspan 0.82-m-diam hy-
personic shock tunnel. This facility had a 2.74-m-long driver
section and a 29.6-m-long driven tube. The inside diameters
were 7.62 and 15.24 cm, respectively.

Although the results reported by Lapworth and Dunn seem
to negate the advantages of the equilibrium interface tech-
nique, some important aspects have to be pointed out. First
of all both investigators used hydrogen as the driver gas;
therefore, the dramatic drop in temperature observed by these
authors may have been caused by an excessive contamination
of the test gas by the driver gas. This would cause a premature
arrival of a cold gas mixture to the end of the driven tube
and a consequent rapid decrease of the temperature. In ad-
dition to that, Dunn used air as the test gas and as acknowl-
edged in his article, combustion may have taken place at the
interface region. Based on these facts, the writers believe that
the conclusion drawn by Dunn10 regarding that the test gas
produced by the equilibrium interface technique is quite cool—
although the pressure data shows otherwise—should not be
generalized.

More recently, as reported by Neumann,3 investigators at
Boeing have been quite successful in operating their 0.76-m-
diam combustion driver hypersonic shock tunnel in an equi-
librium interface condition of 39 MPa and 6657 K. In the
experiments, a mixture of H2-O2-He is ignited in the driver
section producing an incident shock wave Mach number of
8.2 in air. According to this author, useful test times of 300
JULS have been achieved by this technique. This shock tunnel
(as reported in Ref. 11) has a 4.06-m-long driver and a 7.62-
m-long driven tube. Both sections have inside diameters of
7.62 cm.

In the present study, the Rensselaer Polytechnic Institute
(RPI) 0.61-m-diam hypersonic shock tunnel was operated at
an equilibrium interface of 5.8 MPa and 4100 K. For this
purpose cold helium was used as the driver gas and air as the
test gas. Pressure measurements along with ionization and
radiation-intensity measurements indicate useful test times in
the 3-6-ms range depending on the nozzle throat used. The
achievement of the above-mentioned equilibrium reservoir
temperature and pressure permitted the successful tests of a
two-dimensional Scramjet inlet over the flow Mach number

range of 8-1812 with real gas effects (Tl} = 4100 K, p() = 5.8
MPa, h0 = 6.3 MJ/kg). More recently the equilibrium inter-
face technique was used to produce the above high enthalpy
reservoir conditions for the hypersonic high temperature tests
of a three-dimensional Scramjet inlet.13

In order to better understand the physics of the equilibrium
interface condition, a computer code for equilibrium air was
written to model the shock wave end wall reflections and the
shock wave interface intersections. Although the code as-
sumes an inviscid one-dimensional flow, a reasonably good
agreement was verified between the predicted pressure his-
tory and the experimental data.

Review of the Equilibrium Interface Condition

Shock-Wave Interface Interaction
Let us assume the initial condition given in Fig. 1 which

corresponds to a head-on collision between a normal shock
wave and an idealized sharp contact surface. When adequate
conditions14 are present the interface shock wave interaction
produces a transmitted shock into the driver gas and a re-
flected shock back to the nozzle entrance. This situation is
shown in Fig. la. The condition depicted in this figure is of
particular interest since the reflected shock wave will increase
both the pressure and the temperature of the test gas.

However, as pointed out by Glass and Hall,14 the one-
dimensional head-on collision between a shock wave and a
contact surface can produce two other possible final states.
Once the incident shock "crosses" the interface, either a Mach
wave or a rarefaction wave, in addition to the shock wave
case, can be generated. A simple way to understand this phe-
nomenon is, e.g., to imagine that the pressure behind the
interface, immediately downstream of the transmitted shock,
is lower than that existing upstream of the interface. This
situation will lead to an expansion wave propagating toward
the nozzle entrance (Fig. Ib) lowering both the pressure and
the temperature of the test gas slug. The interface is then said
to be "undertailored." This also corresponds to the particular
situations investigated by Lapworth89 and Dunn.10

The reflected Mach wave case will correspond to the sit-
uation where the pressure existing behind the interface is
identical to the one in front of it (Fig. Ic). As a consequence,
both the temperature and pressure of the test gas slug remain
unchanged. When this "equilibrium" is reached, the interface
is said to be "tailored." If such an equilibrium is reached after
the first shock wave interface interaction, the shock tunnel is
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Fig. 1 Possible conditions resulting from the head-on collision be-
tween the reflected shock wave and the contact surface.



MINUCCI AND NAGAMATSU: HYPERSONIC SHOCK-TUNNEL TESTING 253

said to be operating at a tailored interface condition. On the
other hand, if the equilibrium requires a multiple number of
interactions (>1) the shock tunnel is said to be operating at
an equilibrium interface condition.

By using the same reasoning adopted in the above para-
graphs it is quite straightforward to see that the case of the
reflected shock wave will occur when the pressure down-
stream of the interface becomes instantaneously higher than
the one upstream of it. This situation corresponds to an
"overtailored" interface.

When the reflected wave is an expansion or a Mach wave,
the contact surface is also said to be "soft." This usually
happens when the gas behind the interface has a high acoustic
speed which is the case of helium, hydrogen, hydrogen/oxygen
combustion products, or electrically heated drivers. On the
other hand, when the reflected wave is a shock wave, the
contact surface is called "hard," since it approaches the be-
havior of a "solid wall" moving downstream in the shock tube.

Although hydrogen, helium, and even heated drivers ex-
hibit very high accoustic speeds, the reader must be reminded
that the temperature behind the interface can be many times
lower than the initial driver temperature. This is because of
the insentropic expansion existing between the undisturbed
driver gas and the driver gas adjacent to the interface.

The relationship between temperatures T3 and T4, and U2
for a calorically perfect driver gas is given by

T3 = T4[l - 0.5(y4 - l)U2/a4f

Therefore, the right combination of initial driver temper-
ature and incident shock strength will make the use of hy-
drogen, helium, and even heated drivers suitable for the equi-
librium interface technique. In other words, the achievement
of an equilibrium interface condition for a specified state and
gas composition of the driver and the driven gases, is theo-
retically possible for incident shock wave Mach numbers greater
than that required for the corresponding tailored interface.

Calculation of the Equilibrium Interface Temperature
The actual measurement of the reservoir temperatures gen-

erated by shock tunnels or shock tubes is by no means an easy
task and can be subject to appreciable experimental error.8-9

A relatively recent work developed by Chang et al.15 using a
laser-based absorption technique for temperature measure-
ments in shock tubes seems promising. However, the com-
plexities associated with the laser absorption system and the
necessity of a seeding level of 100-500 ppm of OH do not
make this technique very suitable or affordable.

Another possibility is the calculation of the equilibrium
interface temperature based on the measured equilibrium in-
terface pressure. At this stage it is of interest to point out
that an agreement within 3% has been reported15 to exist
between the actual measured reflected temperature and that
calculated from the measured Ms. This result encourages the
computation of the equilibrium interface temperature from
other measured quantities such as pressure. One way is to
make the assumption that the compression existing between
the reflected pressure and the equilibrium is isentropic.7 This
assumption is based on the fact that the successive shock
waves involved in the compression process are rapidly de-
creasing in strength as the contact surface becomes "softer."

Copper7 noticed that the approach to equilibrium is not
done by a series of discrete shock waves decreasing in strength.
Instead, as will be seen later, the pressure increases in a rather
smooth fashion. Copper explained this observation on the
basis of the existence of a constant pressure mixing region of
finite width, instead of a sharp discontinuity, separating the
driver and driven gases. Therefore, the entering reflected
shock wave gradually increases in strength as it passes through
this region and the re-reflected disturbance consists of a family
of converging characteristics. The consequent absence of dis-
crete shock waves, and the result instead of a gradual

compression, provides additional support to the isentropic
compression hypothesis presented above. Another possible
way of calculating the final equilibrium interface temperature
is the one discussed in the numerical section of this article.
In this method, the end wall reflections and the reflected
shock interface interactions are actually modeled using the
one-dimensional Euler equations for equilibrium air.

Problems Associated with the Equilibrium Interface Technique
So far, with the exception of the negative aspects observed

in the experiments conducted by Lapworth8-9 and Dunn,10 the
equilibrium interface technique has only shown advantages.
These advantages are higher reservoir temperatures and pres-
sures than the tailored-interface technique while possibly re-
taining some of its test time attractive features. Unfortunately,
this is not completely true. As for both techniques, the "steady-
state" conditions will eventually end upon the arrival of either
the rarefaction waves from the driver or the contact surface.
The latter will physically happen due to the presence of the
nozzle throat at the end wall of the driven tube. However,
the arrival of the interface to the nozzle entrance will occur
sooner than ideally predicted due to 1) diffusion of the driver
gas into the driven one through the interface; and 2) the so-
called "jetting" phenomenon.

The diffusion through the interface causes the latter to spread
out due to the contamination of the driven gas with the driver
gas. This process is accelerated by the large temperature dif-
ference across the contact surface and, eventually, by the
driver gas low molecular weight.16

On the other hand the jetting phenomenon3 is caused by
viscous effects. Cold gas flow behind the contact surface moves
through this surface faster near the walls, inside the boundary
layer, than in the inviscid core creating a jetting effect.3 As
a consequence of this the driver gas penetrates the driven
gas—contaminating the latter and spreading the contact sur-
face even more.

As a result of these effects, although the boundary layer is
being physically decelerated by the successive reflected shocks,
the spreading causes the edge of the contaminated region to
reach the nozzle entrance. This causes the useful test time to
be terminated sooner than theoretically predicted. Since there
is no pressure difference across the interface, the detection
of the exact moment when the contaminated gas starts flowing
cannot be made through pressure measurements. Instead,
spectroscopic,3 temperature,8-9 radiation intensity,10 ioniza-
tion, or heat transfer measurements must be used.

Regarding the diffusion problem, it is known from the ki-
netic theory of gases16 that it can be considerably minimized
by operating the driven tube at higher pressures and by em-
ploying a heavier driver gas—helium instead of hydrogen.
The use of higher driven pressures will also attenuate the
jetting phenomenon by increasing the Reynolds number and,
therefore, thinning the boundary layer over the shock-tunnel
walls. In addition to that, the utilization of large diameter
driven tubes can also minimize viscous effects which enhance
the jetting.

Recent results17 indicate that the use of a thin layer of a
high molecular weight gas (i.e., argon) initially separating the
driver gas from the test gas, can indeed reduce the spreading
of the mixing layer.

Numerical Modeling of the Equilibrium
Interface Condition

Computer Programs EQUINT, HSTR, and HSTR1
In order to better understand the physics of the equilibrium

interface condition and to tentatively predict its performance
for different test conditions, two numerical approaches were
developed. The first one uses the simple but efficient isen-
tropic assumption discussed in the previous section. In this
first approach, the measured equilibrium interface pressure,
in conjunction with the measured p5 and Ms, are used to
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determine the equilibrium interface temperature. For this
purpose a computer routine, equilibrium interface (EQUINT),
was written18 having inputs T5, p5, and p's. By assuming an
isentropic process between the reflected and equilibrium states
and using the equilibrium thermodynamic properties for air
(curve-fitted by Tannehill and Mugge19), the program deter-
mines T'5 and other relevant air properties.

The reflected temperature and pressure used by EQUINT
are calculated by another computer program, hypersonic shock
tunnel with real gas effects (HSTR),18 developed previously.
This code requires the incident shock wave Mach number,
the initial driven temperature and pressure, and both the
driven and nozzle throat cross-sectional areas. The last two
inputs permit the modeling of the partial reflection of the
shock wave off the nozzle entrance. The airflow in the shock
tunnel is assumed to be inviscid, one-dimensional, and in
thermodynamic equilibrium. As for the EQUINT code, the
thermodynamic equilibrium properties for air were taken from
Ref. 18. Since p5 is experimentally measured, it can be com-
pared to the value predicted by HSTR. The agreement be-
tween the experimental and numerical value has been verified
to be within 4%.

As a result, the code EQUINT can calculate the air prop-
erties at the equilibrium interface condition and, therefore,
the reservoir conditions for the hypersonic airflow in the noz-
zle. Although this is a great feature for the data reduction for
actual shock tunnel testing, EQUINT does not give any in-
formation about the mechanism of the equilibrium interface
technique itself. In order to "fill this gap," a third computer
code, HSTR1, is being developed.18

The HSTR1 code actually models the reflected shock wave
contact surface interactions that take place during the ap-
proach to the equilibrium. As for the HSTR program, the
airflow is assumed to be one-dimensional, inviscid, and in
thermodynamic equilibrium. In this code, helium, at a spec-
ified (by the user) temperature, is the driver gas and it is
modeled as a calorically perfect gas. The reflections of the
shock wave off the nozzle entrance are modeled in the same
manner18 as done for HSTR.

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 the equilibrium air) as shown in Figs, la
and Ic. The computation is terminated when a Mach wave is
produced from either the shock wave nozzle reflection or from
the shock wave interface interaction. As a result, HSTR1 does
not yet model the situation described in Fig. Ib where ex-
pansion waves are reflected back to the nozzle entrance. When
the computer program runs into this situation, the calculation
is aborted and an error message is issued. The criterion used
to predict whether reflected shock waves or rarefaction waves
will be generated is the one suggested by Glass and Hall.14

Numerical Results
As will be seen from the following numerical simulations,

several parameters affect the performance of the equilibrium
interface technique. Therefore, in order to obtain some fun-
damental information regarding the operation of the RPI shock
tunnel at this condition, the incident shock wave Mach num-
ber was kept 5.8, whereas, the initial driven temperature and
pressure were kept at 25°C and 3.4 KPa, respectively. These
values correspond to typical operational conditions of the RPI
facility. Additionally, a driven tube to nozzle throat area ratio
of 16 was also prescribed. In these experiments, only the initial
driver state was varied by increasing T4 from 0 to 500°C. Since
both Ms and Tl are to be kept constant, this corresponds to
physically adjusting the initial driver pressure in such a way
that the strength of the produced shock will not be altered.

Figures 2 and 3 show the variation of the equilibrium in-
terface pressure and temperature, respectively. As would be
expected, by increasing the initial driver gas temperature, the
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interface becomes softer and increasingly less overtailored.
As a result of that, both the equilibrium interface pressure
and temperature decrease with the increasing driver temper-
ature. At 500°C we practically achieve the tailored interface
condition for an incident shock wave Mach number of 5.8
and heated helium as the driver gas.

It is important to point out that the curves shown in Figs.
2 and 3 do not asymptotically approach the lines representing
the reflected pressure and temperature. They actually will
cross them at some temperature a little above 500°C. This is
due to the fact that beyond this point the interface will be
undertailored and rarefaction waves will result from the re-
flected shock wave interface interaction. These rarefaction
waves will bring both the final pressure and temperature to
values below the initial reflected ones.

Figure 3 also presents the equilibrium temperature calcu-
lated through the use of the EQUINT code. For this purpose
p5, T5, and p'5 (Fig. 2) were used as the input data. From this
figure it becomes evident that under the present conditions
the isentropic compression assumption is indeed valid.

Although the decrease of the equilibrium interface pressure
and temperature with the increasing initial driver temperature
was expected, the rate of this decrease was not. It is of par-
ticular interest to notice the slope of the curves in Figs. 2 and
3 near the driver gas temperature of 25°C (ambient). The very
steep slope of the curves in this region indicate that small
increments in T4 will cause considerably large losses inp'5 and



MINUCCI AND NAGAMATSU: HYPERSONIC SHOCK-TUNNEL TESTING 255

T'5. This observation seems to have been accidentally verified
in practice. Fluctuations in the initial driver gas temperature,
introduced by the high pressure helium compressor,18 caused
some scattering in the measured equilibrium interface pres-
sure. It is important to point out that no appreciable changes
were observed in the measured Ms.

Also of interest is how the transmitted shock wave velocity
after the first shock-interface interaction Uty behaves. The
variation of this velocity with T4 is presented in Fig. 4. The
observation of this figure leads to a startling fact. For low
values of T4 (lower than 67°C), the transmitted shock wave
velocity assumes a negative value. This means that the trans-
mitted wave moves toward the nozzle entrance—trailing the
refracted interface—instead of moving toward the driver end.
Since the ambient temperature, 25°C, is still lower than the
67°C, the operation of the driver gas (helium) at such tem-
perature will produce a transmitted shock with the above
characteristic. This particular situation is shown in the x-t
diagram of Fig. 5. As seen in Fig. 4 for an initial driver
temperature of about 67°C, the first transmitted shock will
be stationary and beyond that point the transmitted shock
will propagate toward the driver end.

The type of motion imparted to the transmitted shock wave
after the first reflected shock contact surface interaction is
more important than the reader may think. From Fig. 5 it
becomes clear that when Uty < 0, the first transmitted shock
will intersect the next transmitted ones much sooner than
when Uty > 0. This means that the shock overtaking processes
(as discussed by Glass and Hall14) may take place close enough
to the tunnel end wall (nozzle entrance) to influence the equi-
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librium interface condition during the useful test time. These
shock overtaking processes may increase the equilibrium in-
terface pressure even more and the temperatures predicted
by the present model. However, due to the relatively more
complex calculations involved, these processes have not been
introduced in the HSTR1 code yet.

An issue of paramount importance for the shock-tunnel
overall performance is the useful test time. As stated previ-
ously in this article, when operating at an equilibrium interface
condition, one of the parameters limiting the duration of the
useful test time is the arrival of the contact surface (mixing
layer) to the nozzle entrance. Therefore, the deceleration of
the interface resulting from the interactions with the reflected
shocks becomes important. Figure 6 shows the variation of
the interface initial speed to the interface final speed ratio
resulting from the first contact surface reflected shock inter-
action. The deceleration of the interface becomes more ef-
ficient as T4 is increased. This is due to the correspondingly
higher helium temperatures T3 existing downstream of the
contact surface causing the interface to become softer.

Although soft interfaces can be easily decelerated, a quick
look at Figs. 2 and 3 reminds us that they are equally inefficient
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in producing high equilibrium interface pressures and tem-
peratures. Moreover, the jetting phenomenon discussed pre-
viously becomes more pronounced at low interface speeds,3
which is highly undesirable.

In order to investigate the contact surface deceleration de-
pendence on the nozzle throat area, Fig. 1 shows the variation
of U(2\ U(z\ and U^ with the mentioned parameter. As could
be expected, the deceleration suffered by the contact surface
increases as we decrease the nozzle throat area, other con-
ditions stayed the same. In other words, for a given initial
mass of air in the driven tube, the time required to flow this
mass through the nozzle throat decreases as we increase A*.

Another interesting result from Fig. 1 is that for a given
A* the minimum interface deceleration occurs after the first
reflected shock contact surface intersection. This is evident
since after each interaction the gas temperature behind the
interface increases causing it to become less overtailored.

Experimental Data Obtained at an Equilibrium
Interface of 4100 K

Experimental Apparatus
The shock-tunnel stainless steel driver tube is 4.6-m long

with an internal diameter of 10.2 cm. The maximum driver
tube operational pressure is 20.7 MPa with a safety factor of
2 and it is designed for operation with a near room temper-
ature driver gas. The driven tube is 16.8-m long with the same
internal diameter of the driver. The tube material is stainless
steel and it is separated from the driver tube by a double
diaphragm section. Separating the driven tube end from a 30
deg included angle conical nozzle, there is a clamping section
which houses a thin scored aluminum diaphragm. This dia-
phragm bursts upon the arrival of the incident shock wave
and the resulting flow in the nozzle is exhausted into a 5.7-
m3 dump tank. Test models can be installed at the exit of the ,
0.61-m exit diameter conical nozzle inside the dump tank.
Figure 8 shows an overview of the RPI hypersonic facility.

Three pressure transducers installed upstream of the nozzle
entrance in a reinforced section, are used to trigger the data
recording system, to pulse the schlieren light source, to mea-
sure the shock wave speed, and to determine the reservoir
pressure history. One ionization gauge5-18 and a RCA silicon
photodiode model C30807E are installed 20-cm upstream of
the nozzle entrance to indicate the duration of the high tem-
perature gas and the arrival of the contact surface. Further
upstream from the nozzle entrance, two thin film platinum
heat transfer gauges5-16 supplied additional information on the
incident and reflected shock wave velocities as well as deter-
mined the propagation and spreading of the contact surface.17

Fig. 8 a) RPI 0.61-m-diam hypersonic shock tunnel, and b) 10.2-cm-
diam low pressure shock tube.

A second photodiode, identical to the one described above,
was used at the test section so that information on the start,
duration, and end of the hot airflow in this section could be
obtained. Figure 9 shows a schematic view of the relative
location of the above-described instrumentation. In all tests,
the driven and driver initial pressures were 3.4 KPa (air) and
13.5 MPa (helium). Prior to each test, the driven section was
evacuated, flushed with dry high purity air, and then pumped
to the desired final pressure.

A 23-m long, 10.2-cm inside diameter low pressure shock
tube is used to calibrate the sensors installed in the hypersonic
shock tunnel. This facility is shown in the left corner of
Fig. 8. A more detailed description and the operation of the
RPI hypersonic shock tunnel and shock tube are discussed in
Ref. 18.

All pressure histories, both in the model in the test section
and in the shock tunnel, are measured by piezoelectric pres-
sure transducers. The outputs from these transducers and
from the other sensors are fed into a Tektronix test lab 2520
data acquisition system and a Nicolet model 4094C digital
oscilloscope.

Optical investigation of the flow over test models is made
possible through thick optically selected 20-cm-diam plate glass
windows. A single-pass schlieren arrangement can be used to
obtain the photographic records of shock waves and the
boundary layers. Due to the high enthalpy reservoir condi-
tions (h0 = 6.3 MJ/kg; T0 = 4100 K), air becomes luminous
over the model surfaces. Air-luminosity photographs were
taken simultaneously with the schlieren photographs through
the use of a Canon 35-mm still camera and a Sony 8-mm video
camera. A schematic view of the optical recording set up can
be seen in Fig. 9.

Experimental Results
Figure 10 shows typical pressure histories recorded during

the Scramjet inlet tests.18 The top trace corresponds to the
reservoir (equilibrium interface) pressure history as seen by
a pressure transducer located at the nozzle entrance. The
subsequent pressure traces correspond to pitot-pressure his-
tories obtained for the different flow Mach numbers tested.
Each one of these traces belongs to a different shock-tunnel
run and they were obtained by a reference pitot-pressure
probe located at the nozzle exit plane.12'18 The pitot-pressure
histories are aligned in time with respect to the reservoir
pressure trace. In this way, the time delay existing between
the former traces and the latter is representative of the nozzle
flow starting time, which is of the order of 350 ms. It is of
interest to notice the excellent pressure constancy reached at
the equilibrium interface condition.

The traces shown in Fig. 10 do not completely characterize
the useful test time available. Important information con-
cerning the duration of the hot gas flow is presented in Fig.
11. This figure shows again the reservoir and pitot-pressure
histories for reference. In addition to these, the output of the
photodetector installed at the test section observation window
was also included. This trace clearly indicates a constant ra-
diation emission for roughly 6 ms which is indicative of the
test time. This emission corresponds to the self-luminescence
produced by hypervelocity hypersonic airflow coming to a
dead stop at the test section end wall. Photographic records,18

as the one shown in Fig. 12, do indicate that the intensity of
the light emission is strong enough to light up the whole
interior of the dump tank.

Figure 11 provides relevant information concerning the net
effect of the produced equilibrium interface conditions on the
hot gas flow in the test section. On the other hand, Fig. 13
gives some idea of how the reservoir conditions were attained.
This figure shows the outputs from a pressure transducer, an
ionization gauge, and a photodiode located 20-cm upstream
of the nozzle entrance. The ionization gauge starts to react
when the incident shock wave arrives at that location. The
subsequent rather strong fluctuations in the output voltage
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Fig. 9 Schematic view of the hypersonic shock tunnel instrumented section and test chamber.
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Fig. 10 Typical reservoir pressure (top) and test section pitot-pres-
sure traces obtained for the operation of the shock tunnel in the equi-
librium interface condition.

i = 300 K

A t /A = 64
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Fig. 11 Pressure and radiation—intensity traces obtained for the
operation of the shock tunnel in the equilibrium interface condition.

Fig. 12 Air-luminosity photograph of a Mach 12 airflow over a two-
dimensional scramjet inlet, p{} = 5.9 MPa and T0 = 4200 K.

are caused by the boundary-layer effects over the shock-tunnel
wall where the gauge is mounted. The drop to zero voltage
observed in this trace at about 1.3 ms from the initial jump
seems to indicate the arrival of the cold gas (helium) behind
the interface.

A similar trend is indicated by the photodetector trace shown
in Fig. 13. Since the optical detector is not as influenced by
the shock-tunnel wall boundary layer as much as the ionization
gauge, the output of the former is much "cleaner" than the
latter. Due to the fact the photodetector response time is only
3 ns, the slopes exhibited by the output trace are represen-
tative of the changes in the gas temperature at that location.
Consequently, the rather gradual rise in the radiation intensity
corresponds to the smooth rise in the gas temperature (and
pressure) resulting from the weak re-reflected shock waves.

Conversely, the gradual decrease in the photodiode output
seems to be representative of a corresponding gradual de-
crease in the gas temperature. Such a smooth decrease in
temperature may possibly indicate a temperature gradient
within the mixing layer. However, this observation has to be
further investigated.
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Fig. 13 Pressure, ionization, and radiation intensity histories mea-
sured at 20 cm from the nozzle entrance.
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Fig. 14 Comparison between the measured and the calculated end-
wall equilibrium interface pressures.

The duration of the hot gas, at 20-cm upstream of the nozzle
entrance, indicated by the photodetector is in agreement with
that indicated by the ionization gauge. However, the partic-
ular traces shown were obtained with a nozzle throat area of
1.27 cm2. For this value, code HSTR1 predicts the arrival of
the contact surface at the station investigated at about 1.9 ms
after the passage of the incident shock wave. This shows that
the interface has been accelerated and/or spread out due to
viscous and diffusion effects4-14 as discussed previously.

Comparison Between the Experimental
and Numerical Results

In this section the numerical prediction for the equilibrium
interface pressure at the nozzle entrance and 20-cm upstream
from that location will be compared with the experimentally
measured values. These comparisons can be seen in Figs. 14
and 15, respectively. As observed in these graphs, the nu-
merical model underpredicts the final equilibrium pressures
at both locations investigated and does not reproduce the
smooth approach to the final equilibrium state. This very same
problem was also noticed by Copper7 and it is shown in Fig.
16. This figure shows both the theoretical and the experi-
mental values for the equilibrium interface pressure as de-
termined by Copper and the results obtained from the HSTR1
code. The minor discrepancies observed between the two pre-
dictions can be attributed to 1) imprecisions related to the

P4= 13.5 MPa (He)
T4=300 K
Pl = 3.4 KPa (air)
T-i = 300 K
Ms= 5.8
A+/A*= 16

Measured

1 Vertical Division = 2.0 MPa
1 Horizontal Division = 1.0 millisecond

1. 1!32 mS_________3.136 mS

Fig. 15 Comparison between the measured and the calculated equi-
librium interface pressures 20-cm upstream of the nozzle entrance.
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- APPROXIMATE SOLUTIONS
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Fig. 16 Comparison between the HSTR1 predictions and the results
reported by Copper.7

construction of the wave diagram; and 2) the real gas effects
not considered by Copper.7 Interestingly enough, the higher
equilibrium pressures predicted by HSTR1 at the higher Mach
numbers seem to agree better with the measured data.

In the present investigation, the underestimated pressure
levels are believed to be caused mainly by the absence of
viscous and shock overtaking effects in the relatively simple
model used in the analysis. As is well known,4'14 the viscous
effects accelerate the interface while decelerating the incident
shock wave by removing air from the inviscid core of the
shock-tunnel flow. Although the deceleration of the shock
wave is automatically taken into account in the model by
actually using the measured value, the contact surface speed
is calculated using that value and a one-dimensional inviscid
approximation. As a consequence, U2 may be less than the
actual interface velocity. This observation seems to be cor-
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Fig. 17 Effect of the interface velocity on the equilibrium interface
pressure and temperature.

roborated by the observed premature arrival of the interface
as discussed in the previous section.

In order to obtain a feeling for the effect of the contact
surface acceleration on the final equilibrium interface pres-
sure and temperature, the interface speed was artificially in-
creased. This numerical exercise is shown in Fig. 17. In this
figure, p's/pi, T'5/T5, andp5/pl are plotted against U2/US. The
minimum value for U2 used corresponds to the theoretical
value predicted based on the measured Us. On the other hand,
the maximum value of U2 investigated corresponds to a value
10% higher than the one theoretically predicted. The influ-
ence of this rather small variation in U2 did not considerably
affect the reflected pressure. However, the same is not true
for the equilibrium condition. This shows the large influence
of a possible acceleration of the interface on the conditions
achieved by the technique investigated. The difference be-
tween the predicted pressure value and the actual measured
one (as shown in Figs. 14 and 15) can be reduced to zero by
just increasing the theoretical interface speed by less than
5%. This level of acceleration could be easily attained in the
RPI hypersonic shock tunnel on the basis of its driven length,
16.8 m, and internal diameter, 10.2 cm. The trend indicated
in Fig. 17 becomes of particular importance at high incident
shock Mach numbers and low driven initial pressures in long
driven tubes.4'14 This is due to the pronounced boundary-layer
growth along the shock-tunnel walls.

Conclusions and Future Research
Numerical and experimental investigations have been con-

ducted in the RPI 0.61-m nozzle exit diameter hypersonic
shock tunnel operating at an equilibrium interface condition
of 5.8 MPa pressure, and 4100 K temperature. These partic-
ular conditions correspond to the reservoir pressure and tem-
perature used to drive a high enthalpy, 6.3 MJ/kg, hypersonic
equilibrium airflow over a two-dimensional Scramjet inlet in
the flow Mach number range of 8-18.

The numerical study was made possible by development of
a computer code. This code assumes the shock-tunnel airflow

to be one-dimensional, inviscid, and in equilibrium. From the
initial shock-tunnel conditions and the measured incident shock
wave velocity, the code computes the final equilibrium inter-
face state. This is done by modeling the several partial shock
wave reflections off the nozzle entrance and the subsequent
reflected shock contact surface intersections.

The study revealed that the equilibrium interface pressure
and temperature strongly depend on the driver gas (helium)
initial temperature. The equilibrium pressure and tempera-
ture were also shown to be dependent on the interface ter-
minal speed. Although not very pronounced, the nozzle throat
area does have some influence on the deceleration of the
interface close to the entrance to the nozzle.

The experimental tests conducted in the RPI hypersonic
facility produced higher equilibrium interface pressure values
than those predicted by the numerical study. This is believed
to be due to the theoretical model, it does not include either
viscous effects or shock wave overtaking processes, and as-
sumes that the approach to equilibrium is done exclusively
by discrete compressions.

The output traces from an ionization gauge and photo-
diodes indicated useful test times ranging from 3 to 6 ms.
These relatively long test times associated with high reservoir
pressures (5.8 MPa) and temperatures (4100 K) make the
equilibrium interface technique quite attractive.

Further investigation is required in order to actually de-
termine the contact surface terminal speed. This will permit
a more accurate modeling of the reflected shock wave inter-
face interaction and, as a consequence, a better understanding
of the physics of the equilibrium interface condition.
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