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1 Introduction

After more than 50 years, high-enthalpy facilities suitable for aerodynamic testing
in the hypersonic regime are still mostly based on the shock tunnel principle.
Recent use of these facilities involves the development of space planes, reentry
vehicles and scramjets for studying the complex aerothermochemistry associated
with these vehicles.

The effects of thermal and chemical relaxation in air become important for flight
velocities higher than approximately 3 km/s. In addition, high-enthalpy,
aerodynamic-impulse facilities are not only used to study high-temperature effects
but are also suitable for generating high Mach number flows at moderate Reynolds
numbers to investigate viscosity-dominated effects also at low-enthalpy conditions.

At present, three categories of shock tunnels are in use. The so-called conven-
tional shock tunnel is operated with a driver that is filled up to the desired driver
pressure by a preferably light driver gas like helium or hydrogen [1]. In detonation
driven shock tunnels [2] the driver section is filled with a detonable gas mixture
which is ignited either at the main diaphragm station (backward driver mode) or at
the end wall of the driver section (forward driver mode). A detonation wave run-
ning through the driver section leaves a highly compressed and heated driver gas
behind it. Piston driven shock tunnels employ a nearly adiabatic compression and
heating of the driver gas accelerating a heavy piston in the driver towards the main
diaphragm station. Especially the last two techniques enable achieving very high
shock Mach numbers at reasonably high filling pressures in the driven section,
which makes them suitable for aerodynamic high-enthalpy testing. The Aachen
shock tunnel TH2 is operated both as conventional and detonation driven shock
tunnel.
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2 Operation Principle of the Conventional Shock Tunnel

The elementary shock tube performance is well documented in a number of text
books [1, 3-5]. It will thus be sufficient to bring into attention the most important
relations and the usual notations of the different flow fields and kind of shock
reflections.

A shock tunnel consists of a driver and driven section, a nozzle and a dump tank
with a test section. Driver and driven section are separated by the main diaphragm.
The driver section is filled with the so-called driver gas, usually helium, at an initial
pressure p, and a temperature T,, while the driven section is at an initial pressure p;
and a temperature 7 (see Fig. 1). Typical driver pressures are between 10 and
150 MPa and driven gas pressures between 0.01 and 1 MPa. Before the test starts
the dump tank is evacuated. Driven section and dump tank are separated by a
second thin diaphragm to avoid the inflow of the test gas into the dump tank before
the test starts. A double diaphragm technique allows to precisely fill driven and
driver sections and to start the shock tunnel run in a controlled manner. Figure 1
shows schematically the setup of the tunnel and the pressure distribution within the
shock tube for various times during the run.
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Fig. 1 Schematic setup and operation principle of a conventional shock tunnel
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In Fig. 1 ideal diaphragm opening and ideal wave behaviour are assumed (no
damping, no boundary layer influence). After rupture of the main diaphragms a
primary shock wave propagates into the test gas (1) and compresses it to a pressure
P> at a temperature T, in the region (2). Behind this shock wave a contact surface
follows which separates the driver and driven gases. The driver gas acts like a
piston which compresses the test gas rapidly. Density and sound velocity on both
sides of the interface are different, but pressure and flow velocity are equal in
(2) and (3). This pressure balance is produced by an expansion wave the head of
which moves upstream into the driver section reducing the pressure continuously
from its initial value p4 to p,.

A few milliseconds after the bursting of the diaphragm the primary shock wave
arrives at the end wall of the driven section. The Aachen shock tunnel operates in
the reflected mode, i.e. the primary shock wave is reflected at the end wall due to its
relatively small central nozzle inlet and after that propagates upstream (see Fig. 2).
During this reflection process the second diaphragm between driven section and
nozzle bursts, and the nozzle flow starts. To a first approximation the flow velocity
behind the reflected shock is zero if the outflow from the nozzle is neglected. The
complete kinetic energy of the shock heated gas in region (2) is thus converted to
high values of temperature and pressure in region (5) behind the reflected shock.
The compressed test gas having a temperature of a few thousand degrees centigrade
subsequently expands through the nozzle. Thus gas of high stagnation enthalpy is
converted into a free stream of high velocity in the test section.

After a short time the reflected shock interacts with the contact surface. During
this interaction new waves are usually generated which propagate again down-
stream towards the end wall while the reflected shock moves with changed velocity
further upstream (see Fig. 3). In the case of a special combination of the initial gas
variables the reflected shock penetrates the contact surface without generating
waves of finite amplitudes, the so-called tailored interface case (see Figs. 2 and 3).
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Fig. 3 Interaction of the reflected shock with the contact surface

In the tailored interface case the nozzle reservoir pressure and temperature produced
by the initial reflection of incident shock at the end wall persists for a relatively long
period.

Figure 3 shows the wave diagram for the tailored and both the under-tailored and
over-tailored cases; in the under-tailored case the incident shock wave Mach number
is lower than in the tailored case. In this case an expansion wave is generated when
the reflected shock and the contact surface interact. In the over-tailored case the
incident shock wave Mach number is higher than in the tailored case. This leads to a
secondary reflected shock wave and a transmitted shock wave which are generated
by the interaction of the initial reflected shock wave with the contact surface.

The secondary reflected shock again reflects at the end wall, and in this way a
region of multiple shock reflections develops which leads to an equilibrium nozzle
reservoir pressure [6]. The shock tunnel TH2 is generally operated in the tailored
and over-tailored interface mode but under-tailored operation is also possible.

The temperature of the test gas behind the reflected shock in the driven section of
the shock tube (corresponding to the nozzle “reservoir” or “supply” temperature) is a
function of the strength or velocity of the incident shock wave and the initial tem-
perature T of the test gas (air) which is usually equal to the ambient temperature. For
given gas combination and initial temperatures of driver and driven gas the shock
strength or shock Mach number is a function of the pressure ratio p4/p; = p4; across
the main diaphragm (see Fig. 4).

Figure 5 shows for various driver/driven gas combinations and for a fixed driver
pressure py, that for increasing the initial pressure p; up to a specific initial pressure
(decreasing the shock wave Mach number) the nozzle reservoir pressure ps behind
the reflected shock wave increases but the temperature 75 decreases. This generally
causes a problem for the binary scaling capabilities of shock tunnels. For simulating
the correct dissociation effects behind the bow shock of a re-entry vehicle this
scaling law requires for the shock tunnel flow high free stream densities and high
flow velocities, i.e. both high nozzle reservoir pressures and temperatures.
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Fig. 4 Shock Mach number M as function of pressure ratio p,,; for different gas combinations;
driver gases are assumed as ideal gases, driven gas air as 9 component equilibrium
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Fig. 5 Influence of the driven gas pressure p, on the pressure and temperature behind the reflected
shock (p4 = 1500 bar). Driver and driven gas combinations with their initial temperatures are
indicated

3 Setup of the Aachen Shock Tunnel TH2

The shock tube of the Aachen shock tunnel has an inner diameter of 140 mm and a
wall thickness of 80 mm. The building which houses the shock tunnel was built
especially for the use of such tunnels. A 800 mm steel-enforced concrete wall which
separates the driver room from the driven section serves as a protecting wall but is
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also used for supporting the recoil absorbing system of the tunnel. There is a sliding
joint between the driven section and the nozzle. The nozzle and dump tank com-
pose a single unit which is also connected to the foundation by a recoil damping
system. The model support has an independent foundation. Thus even if the
receiver or the dump tank may move, the model support is fixed to the laboratory
foundation.

3.1 Conventional Helium Driven Shock Tunnel

Driver (length 6 m) and driven section (length 15.4 m) are separated by a
double-diaphragm chamber which at maximum pressure utilizes two 10 mm thick
stainless steel plates as diaphragms scored in the form of a cross by a milling cutter.
Another diaphragm made of brass or copper sheet is located between the driven
section and the nozzle entrance. The maximum operating (steady) pressure of the
complete tube is 150 MPa. The driver can be electrically heated to a maximum 7},
of 600 K. The exit diameter of the conical nozzle with 5.8° semi-angle amounts to
586 mm. The nozzle throat diameter and therefore the test section flow Mach
number can also be changed by inserting different throat pieces. A contoured nozzle
with 586 mm exit diameter is available for a nominal exit flow Mach number of 7.

The performance of a shock tunnel expressed as nozzle reservoir pressure and
temperature is mainly determined by the Mach number of the incident shock wave
and the filling conditions of the driven section. An increase in performance, e.g. in
terms of higher stagnation enthalpies requires higher Mach numbers of the incident
shock wave. Therefore, a detonation driver has been developed which is in use for
more than 15 years.

3.2 Detonation Driven Shock Tunnel

The higher the driver gas pressure and temperature and the lighter the driver gas, the
stronger is the incident shock wave for a given filling pressure p, in the driven
section. The conventional helium driver reaches its operational limits for a driver
pressure of about 150 MPa and tube temperatures of about 600 K. To further
increase the shock tunnel performance a detonation driver has been developed [7, 8]
which alternatively to the helium driver can easily be connected to the driven
section.

The detonation driver consists of a 9.4 m long detonation tube and a 6.4 m long
damping section which is placed upstream of the detonation section (see Fig. 6).
The whole tube has an inner diameter of 140 mm and its maximum working
pressure is fixed at 150 MPa. The detonable gas mixture in the detonation section is
ignited at the main diaphragm station by an exploding wire. Details about the
initiation system and more are given in [8]. After a fast deflagration detonation
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Fig. 6 Principle setup and wave diagram for detonation driven shock tunnel in the upstream mode

transition the detonation wave travels towards the driver section end wall. The
damping section is needed for extinguishing the detonation wave before it reflects at
the tube end wall. For this, it is filled with nitrogen at relative low pressures. The
detonation and damping section are separated by a stack of thin plastic diaphragms
which are totally burnt by the detonation wave. The damping section not only
reduces the mechanical loading of the tube during the reflection process, it also
leads to a longer period of constant driver conditions. In case of no damping
section, the detonation wave would reflect as shock wave which propagates towards
the main diaphragm station. In case of a damping section, at the location of the
diaphragm between detonation and damping section a rarefaction wave develops,
the tail of which also travels towards the main diaphragm section. Because the tail
of the rarefaction wave travels slower than a reflected shock, in case of a damping
section the time of constant flow conditions at the main diaphragm station is longer.

The detonation wave forms as so-called Chapman Jouguet (C-J) detonation
which is highly reproducible and stable. This detonation wave is characterized by a
high pressure increase across the leading shock front, followed by a Taylor
expansion which in case of a closed tube decelerates the flow again to zero velocity.
The strength of the detonation wave not only depends on the initial filling pressure
but also on the chemical composition of the detonable gas mixture. For the Aachen
shock tunnel stoichiometric oxyhydrogen is used with varying admixtures of
helium and argon to obtain a wide range of test conditions. Up to a certain limit
helium increases the speed of sound of the detonation gas products leading to
higher velocities of the detonation wave. Increasing the amount of argon signifi-
cantly reduces the speed of the detonation wave (see Fig. 7).



118

3900
3600 |
3300
3000 |
2700
2400
2100 [
1800

Velet

[mys]

o

o

e ]

oy !

___..5—"'@ helium 1

o i
pai = 4-7 MPa ]

Ha/02 = 2/1 ]

Cl-theory -

A @ exp. TH2-D |
- & argon & exp. THD 1
—0 1

8 o0g 1

..... 1

Yarhe [VOL.-%]

H. Olivier

Fig. 7 Influence of helium and argon dilution on the detonation wave velocity for stoichiometric

oxyhydrogen mixtures

After rupture of the main diaphragm the incident shock wave propagates along
the driven section followed by the driver gas which in case of a detonation driver
mainly consists of gaseous water. After the useful running time of the facility this
gaseous water would pass through the nozzle leading to strong erosion and water
condensation in the test section. To avoid associated problems caused by the
gaseous water flow and condensation in the test section, a fast acting valve is in use
which originally was developed at the Cornell Aeronautical Laboratory [9]. It
works without any external triggering signal or power supply. A sketch of this valve
is shown in Fig. 8. When the incident shock wave passes the conical forebody, its
overpressure accelerates a piston which via a spring is connected to a plug which
after an adjustable time delay closes the nozzle entrance. The central body of the
valve is fixed in the shock tube by four thin struts. The operation of this valve is
highly reliable and repeatable. The influence of the blockage effect associated with
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the nozzle valve has been tested by comparing the reservoir and Pitot pressure
histories in experiments conducted with and without a valve. It was found that there
is only a very weak influence at the beginning of the run which is not surprising
because of the very low flow velocities in front of the shock tunnel nozzle.

3.3 Shock Reflection and Driver Gas Contamination

For reflected shock tunnels a great concern exists concerning premature driver gas
contamination of the test gas. There are numerous papers in the literature about this
and how to measure or estimate the amount of the driver gas contaminating the test
gas.

The mechanism which leads to driver gas contamination is due to bifurcation of
the reflected shock at the shock tube wall. Because of the interaction of the reflected
shock with the shock tube boundary layer close to the wall, the reflected shock
bifurcates into two oblique shocks (see Fig. 9). Using oblique shock wave theory it
is straightforward to show that these two shocks do not decelerate the gas to
velocity zero as does the straight part of the reflected shock. Therefore, especially
after the reflected shock wave has passed the contact surface, a wall jet of cold
driver gas forms which penetrates into the region of the shock heated test gas close
to the shock tube end wall. This finally leads to a change of the chemical com-
position of the test gas, but more important to a reduction of the total enthalpy
because of the mixing with the cold driver gas. This phenomenon of bifurcation of
the reflected shock wave in a shock tube was thoroughly studied by Mark [10]
already in the late fifties.

It is obvious that an important criterion determining the total amount of the
driver gas penetrating into the test gas is given by the height of the bifurcated shock,
i.e. of the triple point. Therefore, the height of the triple point has been determined
by flow visualization in a rectangular shock tube which allows the visualization of
its entire cross section. In the context of detonation drivers it was of special interest
to study this phenomenon for the interaction of the reflected shock with driver gas
consisting of gaseous water. As an example, Fig. 10 shows some schlieren pictures
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Fig. 9 Sketch of bifurcation of reflected shock
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Fig. 10 Interaction of a reflected shock with a contact surface, Ms = 7.6, At = 12 ps; a helium
driver, b detonation driver

of the interaction of the reflected shock with a contact surface for the case of a
conventional helium driver and a detonation driver. The shock tube end wall is at
the right side of the picture and the contact surface becomes visible, especially in
the first picture in case of the helium driver. As expected, it is not a planar surface
but wrinkled and showing a strong shock tube boundary layer influence. In the case
of the detonation driver no contact surface could be visualized, the reason for which
is the small density difference between the shock heated test gas and the still
relatively hot driver gas.

Nevertheless, calculations of the shock tube flow prove that for the visualized
region in front of the shock tube end wall as in the case of the helium driver the
interaction with the contact surface takes place. Due to strength limitations of the
windows and the shock tube, the initial pressure p; for these experiments was
limited to 0.4 kPa which resulted in a thick shock tube boundary layer and there-
with in a large shock bifurcation. However, the comparison between the results for
the helium and detonation driver allows a first statement whether the detonation
driver leads to a stronger shock bifurcation or not. From these figures the height of
the bifurcated shock has been measured and plotted versus the distance from the
end wall (see Fig. 11). For the detonation driver two results are given, one for a
stoichiometric hydrogen/oxygen mixture diluted with helium and one for argon as
additive. Close to the end wall and for distances more than 120 mm from the end
wall the heights of the triple points are identical for the conventional helium driver
and the detonation driver. Only in the region at about x = 120 mm does the height
decrease for the helium driver, but further away from the end wall it approaches the
value for the detonation driver.

From these experiments it can be expected that there is no significantly different
behaviour in shock bifurcation for the two types of drivers. Therefore it might be
expected that also the magnitude of driver gas contamination is similar for both
cases which is confirmed by free stream measurements.
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The developing shock tube boundary layer behind the incident shock leads to a
continuous reduction of its speed and therewith of its strength. This shock atten-
uation should be proportional to the boundary layer thickness and the flow Mach
number behind the incident shock. Of course, the tube diameter has an inverse
influence. The attenuation of the shock speed has been measured for a variety of test
conditions close to the end wall of the shock tube. It turns out that for the shock
tunnel TH2 with 140 mm inner diameter the shock attenuation is nearly constant
and in the average amounts to 1.2 % per meter [8]. This shock attenuation as well as
losses caused by the diaphragm opening and other dissipative mechanisms lead to a
loss of performance of the shock tube compared to an ideal shock tube process. The
losses can easily be determined by comparing the computed pressure and enthalpy
behind the reflected shock based on the measured shock speed with the values for
an ideal inviscid, adiabatic shock tube process. As for the shock attenuation, the
total pressure and enthalpy losses are almost independent of the considered shock
tube conditions with respect to the ideal values. For both, the helium and detonation
driven mode the relative losses of the nozzle reservoir pressure and total enthalpy
amount to 30 %. This is a quite realistic value for shock tunnels of this size and has
to be taken into account when choosing driver gas conditions.

3.4 Nozzle Reservoir and Free Stream Flow Conditions

A conical nozzle with 5.8° half opening angle and 586 mm nozzle exit diameter
accelerates the shock-compressed, heated gas to hypersonic velocities in the test
section. Behind the nozzle exit a permanent Pitot and static pressure probe, as well
as a small sphere for measuring the stagnation point heat flux are installed. From
these signals the time-resolved free stream conditions, especially u#c and peo are
resolved employing a suitable data reduction technique which is based on appli-
cable gas dynamic relations [11].

As examples, Figs. 12 and 13 show the time histories of the nozzle reservoir
pressure pg, the Pitot pressure py,, the free stream static pressure po and of the
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Fig. 12 Reservoir (po) and test section conditions (py, ¢, peo) for hg = 2.4 MJ/kg total enthalpy
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Fig. 13 Reservoir (pg) and test section conditions (py, q, peo) for hy = 14.4 MJ/kg total enthalpy

stagnation point heat flux q measured at a small sphere of 20 mm diameter in the
test section. These measurements have been performed in the detonation driven
mode for a relatively low enthalpy and for the maximum one of 14.4 MJ/kg at
which the detonation driver is used so far.

For the low enthalpy case a useful testing time of about 8—10 ms can be iden-
tified, whereas for the high-enthalpy case it reduces to 2 ms. After 14 and 6 ms,
respectively, the fast acting valve closes the nozzle entrance which causes the rapid
drop of the flow parameter in the test section. The high-enthalpy condition is
slightly over-tailored which causes the weak pressure rise in the nozzle reservoir.

The free stream has been calibrated by Pitot rake measurements at various
positions downstream of the nozzle exit. The Pitot rake was equipped with a total of
38 small spheres, each instrumented with a combined coaxial thermocouple allowing
a heat flux and Pitot pressure measurement at the stagnation point of the sphere.
Additionally, a free stream static pressure probe was installed on the rake. From this
data, the Pitot pressures as well as the total temperature profiles have been deduced,
employing for the latter one the formula of Fay and Riddell (Figs. 14 and 15). The
Pitot pressure profiles show a typical core flow region of constant pressure and a
drop across the nozzle boundary layer, i.e. in the free shear layer downstream of the
nozzle exit. For the most upstream position, i.e. 20 mm downstream of the nozzle
exit, the dashed line in the Pitot pressure profile indicates the boundary layer
thickness according to the Edenfield correlation [12] for nozzle flows. The agree-
ment with the measured thickness is very good which holds for both the low- and
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Fig. 15 Pitot pressure and total temperature profiles for three axial positions downstream of the
nozzle exit, hy = 14.4 MJ/kg

high-enthalpy flow. Within the free shear layer the deduced total temperatures are
questionable because the Mach number drops significantly and the validity of Fay
and Riddell’s formula is violated.

As known, the conical nozzle leads to axial flow gradients which become
apparent by a decrease of the Pitot and free stream static pressure in downstream
direction. For the considered nozzle this results in a Mach number increase of 4.2 %
along a distance of 300 mm. This is of some disadvantage compared to contoured
nozzles and has to be taken into account for long model geometries or the inves-
tigation of Mach number sensitive phenomena. However, a conical nozzle easily
allows varying the free stream Mach number and thereby other flow parameters by
changing the throat diameter. Furthermore, the shape of conical nozzles does not
lead to a focusing of pressure disturbances towards the nozzle axis, as it happens for
contoured nozzles.
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Table 1 Typical flow conditions of the shock tunnel TH2

Reservoir conditions Nozzle exit values

po (MPa) Ty (K) ho MI/kg) Uoo (M/S) Poo (kg/m?) Mo Reoo (10%m)
7.0 1520 1.7 1745 2.1 x 1072 7.7 4.1

17.5 2500 3.0 2350 27 %1072 7.4 4.0

32.5 3640 4.1 2910 32 %1072 6.8 3.7

56.0 4600 6.5 3400 3.6 x 1072 6.5 37

26.5 5520 9.0 3950 1.3 x 1072 5.8 1.3

22.0 7400 144 4850 0.76 53 0.8

The shock tunnel TH2 is operated for low as well as medium to high total
enthalpies ranging from 1.7 to 14.4 MJ/kg. Up to 6.5 MJ/kg the conventional
helium driver is used which in this case is filled with helium at 120 MPa and the
whole driver is electrically heated to 570 K. The detonation driver is capable of
generating low as well as high total enthalpies, but which is usually operated only
for high-enthalpy conditions. Some typical test conditions covering the whole
simulation range are listed in Table 1. The free stream conditions are given at the
nozzle exit for the conical nozzle with 5.8° half opening angle.

The Mach numbers given in Table 1 have been determined under the assumption
of an equilibrium nozzle flow which is not totally correct, especially for the flow
conditions at the two highest total enthalpies. The free stream conditions have been
derived from the measured Pitot pressure and stagnation point heat flux employing
the method described in [11]. Therefore deviations may occur from those values
based on a nozzle flow calculation.

3.5 Driver Gas Detection by the Free Stream Static Pressure

Reliable measurements in reflected shock tunnels require a detailed knowledge of
the amount of driver gas contamination of the test gas. The mechanism leading to
driver gas contamination is due to bifurcation of the reflected shock as described
above. The useful testing time of shock tunnels should not be defined by the time
period of constant reservoir or Pitot pressure. Even the measured time history, for
example, of the stagnation point heat flux in the free stream might not be adequate
to determine a useful testing time window because parameters like the heat flux,
Pitot pressure etc. mainly depend on the free stream density and velocity.
A contamination of the test gas by cold driver gas leads to a decrease of the free
stream velocity caused by a reduced total temperature. On the other hand the
reduced temperature leads to higher densities so that flow parameters like Pitot
pressure, stagnation point and heat flux might not be strongly influenced by driver
gas contamination. This effect is visible in the experimental data of reflected shock
tunnels. The mixing of the hot test gas with the cold driver gas leads not only to
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lower total temperatures but also to a change of the isentropic exponent. For
example, in case of helium as driver gas the isentropic exponent increases. This
partially offsets the effect of the reduced total temperature on the free stream density
and velocity.

However, the equations of quasi-onedimensional, isentropic flow show that for a
fixed nozzle area ratio and nozzle reservoir pressure an increase of the isentropic
exponent leads to higher flow Mach numbers and therewith to lower free stream
static pressures. The proposed method of driver gas detection by the free stream
static pressure measurement is based on this effect. In literature other methods are
described as well. Paull developed a sensor for driver gas detection in which with
increasing driver gas amount an oblique shock steepens up and finally blocks a
channel flow [13]. The time of the blockage indicates a certain level of driver gas
contamination. This sensor has been modified and used in the T5 shock tunnel by
Sudani and Hornung [14]. Mass spectrometry to determine the arrival time of
helium in the test gas has also been used [15] but this is much more complicated
compared to sensor based methods.

Experiments have been performed with the conventional helium driver mea-
suring the free stream static pressure with a small static pressure probe [16].
Figure 16 shows the histories of the nozzle reservoir pressure p,, of the Pitot
pressure p, and of the free stream static pressure po for an over-tailored test
condition. Whereas the Pitot pressure nicely follows the temporal behaviour of the
reservoir pressure, the free stream static pressure shows a substantial decrease after
its initial rise. For tailored-interface conditions the free stream static pressure signal
follows the Pitot pressure as expected. This static pressure drop is caused by driver
gas contamination leading to a temporal rise of the isentropic exponent. The
mixture of air (y = 1.4) and helium (y = 1.66) results in an increase in y of the test
gas. For a nozzle with constant area ratio A/A* (A* is the throat area), an increase of

- 0.03
1F A 2T 5
P R 3
3 |
E 0.02F
- g | —_—
3 4
o o A
& 0.01 -
P i
______ Pe
PR IECTRSNT NN SRTURSNTR S R . . | 0.lg/jlll|IlJ!|'||'l||'|||lr|
4 6 8 10 0 2 4 6 8 10
t [ms] time] t [ms]

Fig. 16 Nozzle reservoir (py), Pitot (p,x) and free stream static pressure (poo) histories for strongly
over-tailored test conditions
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the isentropic exponent leads to a higher Mach number and therewith to a lower free
stream static pressure for a given reservoir pressure.

The amount of the helium contamination can be derived from the measured
static and total pressure. Based on ideal gas relations, this pressure ratio poo/po can
be expressed as a function of the nozzle area ratio and of the isentropic exponent y
which allows determining the actual isentropic exponent as a function of time. The
appropriate y is given by the mixing rule for air and helium:

_ fair : cp,air + (EH(» " cp,He (1)
éair * Cyair + éHe * Cy,He

which allows to find the helium mass fraction. This procedure has been applied for
the broken curve in Fig. 17 which gives the deduced helium mass fraction for the
pressure traces shown in Fig. 16. For high-enthalpy conditions this method would
be cumbersome, because in this case no simple relation is available between the
pressure ratio poo/po and the isentropic exponent.

Numerical simulations of the nonequilibrium nozzle flow or other methods
would be necessary to determine this relation. However, this extensive method and
its uncertainties due to the numerical simulation can be avoided by a calibration
procedure. In this case, the relation between the free stream static pressure and the
driver gas contamination is experimentally determined.

The low pressure section of the shock tube is filled with a known mixture of
helium and air. Then, for the considered reservoir conditions and preferably for
tailored interface operation the free stream static pressure is measured in the test
section. Figure 18 shows typical time histories of the static pressure for various
helium concentrations, normalized with the Pitot pressure.

From Fig. 18 it is obvious that with increasing helium mass fraction the ratio
Poo/P> decreases. This data can be used as calibration data to obtain the level of
helium concentration from the measured static and Pitot pressure. This procedure
has been applied for the dashed line in Fig. 17. The agreement between the two
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Fig. 18 Time histories of the 0.012
pressure ratio peo/ps, for I
various helium concentrations
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methods is reasonably good and the accuracy achieved is comparable to that of
other methods. After the useful testing time of about 4 ms the helium concentration
amounts to about 20 % which is also comparable to values given in the literature
(see e.g. [14]).

For pure air as the test gas or for a very low helium concentration the pressure
ratio history in Fig. 18 should show a more or less flat or constant behaviour as for
the higher helium concentrations. But after 4 ms for the very low helium concen-
trations a decrease of the pressure ratio occurs which indicates that even for this
nominal tailored-interface condition the interaction of the reflected shock with the
contact surface causes an additional driver gas contamination. This results in a
higher helium concentration than the chosen nominal premixed one. Therefore in
this case the pressure ratio has been determined from the measured signals just after
flow establishment where the additional driver gas contamination due to the
reflected shock is still negligible.

The advantage of the described method of driver gas detection based on free
stream static pressure measurements is that it does not need any additional mea-
suring device except a permanently installed free stream static pressure probe in the
test section. Therefore it can be run in parallel to any other measurements or wind
tunnel model testing.

4 Summary

Shock tunnels working in the reflected mode are in worldwide use for studying
hypersonic flows from the low- to the high-enthalpy regime. They mainly differ in
their driver principle which comprises the classical driver utilizing pre-compressed
gas, combustion and detonation driver and the free piston driver. With the largest
existing shock tunnels, the detonation driven facility JF12 in China and the free piston
driven shock tunnel HIEST in Japan, today’s available technology seems to be at an
upper limit because of material problems and substantial operational requirements.
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The working principle of shock tunnels leads to the reality that the higher the
total enthalpy the shorter the measuring time. Other side effects have to be con-
sidered for data assessment.

Overall, nonequilibrium nozzle flow at high-enthalpy conditions, driver gas
contamination, time varying flow conditions and short running times have different
influences on the quality of the results. Some aspects of shock tunnel operation are
reasonably well understood, others like specific shock tunnel effects on boundary
layer transition for example are far from being understood.

Nevertheless, at present only shock tunnels offer the possibility of performing
aerodynamic tests of sufficient quality at high-enthalpy conditions with wind tunnel
models large enough to house an extensive instrumentation. In recent years not only
the external flow around vehicles has been considered, but even the internal flow in
large scramjet models including injection and combustion of different types of fuel
has been successfully examined. For studying wall temperature sensitive flow
phenomena the drawback of shock tunnels of low model wall temperatures can be
avoided, or at least reduced, by heating the model wall up to the desired temperature
prior to the experiment.

In summary, shock tunnels are a powerful tool for studying high-enthalpy,
hypersonic flows in ground based facilities. As has been proven, careful operation
and data reduction methods result in reliable data with acceptable uncertainty
margins.
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