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Numerical Analysis of Reducing Driver Gas
Contamination in Impulse Shock Tunnels

Y. Burtschell,* M. Cardoso,” and D. E. Zeitoun*
Universite de Provence-Technopole de Chateau Gombert, 13453 Marseille Cedex 13, France

A numerical analysis was carried out to study the interaction of the reflected shock with incident boundary
layer and contact surface in reflected shock tunnels and the driver gas contamination of the hot flow, in tailored
conditions. Navier-Stokes equations were solved with a multiblock finite volume method in a shock tube and a
nozzle. Different suction devices, such as a corner slit, a corner slit prolongated by a sleeve, and a conical ring, were
tested for their capability of delaying this contamination effect. The results show that the driver gas passes through
a bifurcated shock foot as a jet and causes premature contamination of the driven gas. They also show why the
suction induced by a corner slit is inefficient for delaying the contamination. Located just behind the bifurcated
shock foot after the shock/interface interaction, the sleeve device captures driver gas upstream and leads to an
improvementin the driver gasarrival time by a factor of 1.8. Finally, based on the present numerical investigation,a
new conical ring device is proposed, with a horizontal and vertical suction, which further increases this factor to 2.5.

I. Introduction

EFLECTED shock-tunnelfacilities are generally used for ob-

taining high-enthalpy stagnation flows. These facilities end
with super-orhypersonicnozzlesand a testchamber, which contains
the model to be studied. The flow test time, during which experi-
ments can be made, strongly dependson the time homogeneityof the
hot flow reservoir conditions.! These flow conditions are obtained
after shock wave reflection at the end of the tube and driver/driven
gas interface tailoring. The theoretical test time can be defined as
the necessary time for the hot gas mass to pass through the nozzle
until the arrival of cold driver gas.

Several effects contribute to reducing this test time, such as the
wall boundary layer increasing behind the moving incident shock
wave,”>* the transient flow in the nozzle, and the reflected shock
interactionwith the incidentboundarylayer? This interactionyields
abifurcationat the foot of this reflected shock. After shock/interface
meeting, the driver gas passes through this bifurcation region and
penetrates this interface as a jet along the tube wall to contaminate
the hot test gas. Mark,? Davies and Wilson,® and Stalker and Crane’
have successively studied this contamination effect. More recently,
the reflected shock/boundary-layerinteractionhas been numerically
described by several authors, such as Nishida and Lee,® Chue and
Itoh,” and Wilson et al.!?

From an experimental point of view and up to the past few years,
experimental devices did not exist to measure this contamination
in high-enthalpy reflected shock tunnels to validate these existing
theories or computational results. In 1993, Slade et al.!! studied
drivergas detectionby quadrupolemass spectrometry.In 1995, Paull
and King'? proposed a simple detector consisting of a square duct
and a wedge. The shock angle producedby the wedge is modified by
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the driver gas composition and allows a chocked flow and a pressure
increase to be obtained. Recently, Sudani and Hornung'? improved
thisdevice by adding a wedge in the duct, and a flat plate to the outer
wall of the square duct, and both are installed at a relatively high
angle of attack to the freestream. From their experimental results
in the TS Hypervelocity Shock Tunnel, they validate the Davies
and Wilson® theory for the available test time and show that it is
possible to increase it slightly by using undertailored conditions.
Nevertheless,the contamination problemis present,and Sudani and
Hornung'® claim that “increased test time is required, especially at
high enthalpy flows and methods for delaying contamination are
under development.”

A means of diminishingthe incidentboundary-layerdevelopment
is sucking the driver gas jet passing through the bifurcationregion at
the foot of the reflected shock. The most simple and well-knownidea
isto create a suction through the wall tube to delay the contamination
of the test gas. However, the main difficulty is to know how and
where to locate this suction to have a strong effect.

Dumitrescu'* proposed locating this suction at the corner of the
end wall of the shock tube. He experimentally showed a decrease
in tangential velocity and an increase in pressure plateau at the end
wall of the tube. These experiments were made without the starting
process in the nozzle. Sudani et al.’® used the same experimental
device in their TS shock tunnel and concluded that this device is
inefficient to reduce the contamination of the test gas. The same
conclusion was obtained by Chue and Dumitrescu!® and Cardoso
et al.!” numerically. This conclusion results because the driver gas
passingthroughthe bifurcationregionis deflected toward the nozzle
entrance before it reaches the end of the tube.

The idea of creating this suction upstream, by using a sleeve
for capturing the driver gas before its propagation in the test gas,
has been proposed and numerically studied by Cardoso et al.!” and
experimentally by Sudani et al.'

The aim of the present paper is to study the complete description
of reflected flow at the end of tube numerically from the starting up
tosteady flow in the nozzle, as well as its contaminationby driver gas
with and without different devices for wall suction. The complete
unsteady two-dimensional axisymmetric Navier-Stokes equations
of an He/N, mixture flow are solved by the multiblock finite vol-
ume method. The inviscid fluxes on cell interfaces are computed by
an approximate Rieman solver based on a MUSCL approach with
second-ordertotal variationdiminishing (TVD) extension. (This nu-
merical code is called the CARBUR code.'®) The numerical results
obtained from anincidentMach number equal to 6 are comparedand
discussed. An efficient solution has been found to reduce the con-
tamination effect strongly, which leads to a dramatic improvement
in the useful test time.
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Table 1 Initial conditions in the reflected shock tunnel

Variable Driver gas, He Driven gas, Nj Nozzle
Pressure, MPa 17.2 0.0552 0.0001
Temperature, K 853 300 300
N2 N2
95 mm 25 mm
J 6 mm

Interface Shock : Ms=6  Diaphragm

Fig.1 Schematic of the reflected shock tunnel.

II. Position of the Problem

To describe the contamination processes of the hot test gas due
to the reflected shock and contact surface interaction numerically,
a shock tube reduced in its length (about a factor 10) with its exact
diameter has been chosen. The influence of this shortening effect
on the test time will be discussed in Sec. IV. These low-pressure
chamber dimensions are chosenequal to 0.6 min length and 0.07 m
in diameter. The nozzle length is 3.5 cm, and its throat diameter
is 1.2 cm. These diameters correspond to those of the Marseille
free piston shock tube facility (TCM2)."® These dimensions allow
a detailed description of the unsteady flowfield to be obtained with
a lower CPU time and a finer mesh in the computational domain.
Figure 1 shows a schematic view of the reflected shock tunnel. The
driver/driven gases are, respectively, He/N, with initial conditions
given in Table 1. In Table 1, the initial conditions in the nozzle are
also reported.

These conditions lead to an incident Mach number equal to 6.02
with an instantaneous opening of the diaphragm and N, frozen flow
assumptions. The reservoir conditions, after reflection of the shock
wave at the end of the tube and with tailored conditions, are equal
to 16.3 MPa for the pressure and to 5074 K for the temperature.
They correspondto a specific reservoir enthalpy of 5.2 MJ/kg. Now,
if sonic conditions are assumed at the nozzle throat, the computed
ideal mass flow rate is equal to 1.058 kg/s, which gives an ideal
drainage time of 1.39 ms through the nozzle.

III. Governing Equations and Numerical Method

The unsteady compressible laminar shock tube and nozzle flows
are governedby either Euler equationsforinviscid flow conditionsor
Navier-Stokes equations in the viscous flow case. These equations
can be written as follows:

U +V.-FU) =0
ot -

where U = (pYue, pYn,, pu, pv, pe)' is the conserved vector of
flow variables and F =F, + F, is the sum of convective F, and
viscous F, flux vectors. Assuming a perfectgas, the thermodynamic
variables are related by the state equation

P =(y —1pe

In the preceding equations, p is the density, Y is the species mass
fractions, u and v are the components of the velocity, and e and ¢
are the total and specific energy per unit mass.

A finite difference approximationof these conservationlaws, in a
two-dimensional axisymmetric system, is formulated as an explicit
multiblock finite volume method on a structured grid. This grid is
made of rectangular or quadrilateral cells. On each cell (i, j), the
finite difference approximation of these equations can be written as
follows:
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Fig.2 Multiblock computational domain.

AU, ; 1 o
ot + A 1 ;Fka =t

where o = 1 for a two-dimensionalaxisymmetric coordinate system
(o =0 for planar two-dimensions), A; ; is the area of the cell (i, j),
Ny is the outward normal vector on each side of the cell, H; ; is the
axisymmetric source term, and r; ; is the radius of the cell-center
position.

The convective flux terms are discretized through a second-order
TVD extension based on a MUSCL approach and an approximate
Rieman solver HLLEMR proposed in Ref. 20. The viscous terms
are classically discretized by a second-order central difference ap-
proximation. A time predictor-corrector algorithmis used to obtain
second-order time accuracy. Concerning the boundary conditions,
on the shock tube and nozzle walls, no-slip conditions for the ve-
locity components and adiabatic wall conditions are imposed; on
the centerline, symmetry boundary conditions are implemented. A
detailed description of this numerical method (CARBUR) may be
foundin Refs. 18 and 20. The computational domain is divided into
6-10 blocks, as a function of the computational domain (shown in
Fig. 2) with a total of 10,000 mesh points. The y mesh distribu-
tion is stretched near the wall with a minimum mesh size equal to
2 x 107 m. This value leads to a first nondimensional cell center
of the wall y* = 5. Others values,suchas 4 x 10~ and 1 x 107> m,
will be tested to study the grid dependence. In the same way, the
x mesh distribution is also nonuniform with a minimum mesh size
of 1 x10™* m. The time step is classically determined by explicit
stability criteria and the Courant-Friedrichs-Lewy (CFL) number
used in all computations presented is equal to 0.5.

IV. Numerical Results and Discussion

All of the computations are run in the shock tube for 0.268 ms
starting from the He/N, diaphragm rupture. This is to locate the
shock wave at 2.5 cm before the end of the tube with a separation
distance between the shock and the contact surface equal to 9.5 cm
(Fig. 1). This computed plane is taken as the initial condition. The
shock wave arrives at the end of tube at time equal to 0.280 ms.

A. Euler Solutions

This computation is only made to test the capability of the nu-
merical code to reproduce the tailoring of the contact surface and
to compute the test time in the nozzle for an inviscid flow. The time
evolution of N, mass fractions is shown in Fig. 3. It can be seen
that the reflected shock interacts with the contact surface at a time
equal to 0.321 ms (Fig. 3a). From this time, the contact surface is
tailored. In addition, the unsteady flow starting in the nozzle leads
to a complex wave system in the nozzle entrance, which speeds up
the flow in the stagnation region near the end wall. This induces a
deformation of the contact surface (Figs. 3b-3d), and its upper part
moves with the flow (Figs. 3e and 3f). A rollup effect is established
in the hot flow reservoir. Thus, the contact surface enters the nozzle,
and a little part of the hot flow is trapped by this rollup effect. To
measure this contamination, 5% of the He level has been chosen
to characterize the upstream front of the contactsurface. This value
correspondsto the existing detector sensitivity.!* The arrival time of
this contactsurface in the nozzle, after the reflected shock wave, can
be considered as the inviscid test time, and it is equal to 0.87 ms.
This value is 63% of the ideal drainage time (1.39 ms). The dis-
crepancy is partially due to the unsteady flow effects and also to the
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Fig.3 N, mass fraction contours at different times in Euler computations.

diffusion effect of the numerical method for capturing the contact
surface between the N, and He gases.

B. Navier-Stokes Solutions

In the Navier-Stokes (NS) computations,the initial solution plane
is obtained after 0.272 ms from the diaphragm rupture. Figure 4
shows the evolution of the nondimensional density contours p/ps
(ps is the density behind the reflected shock) at eight differenttimes
in only a part of the computationaldomain. On this initial plane, the
density is almost constant behind the incident shock wave, except
in the wall boundary layer (Fig. 4a). The thickness of the boundary
layeris about 8 x 10~* m. The shock wave reflects to the end of the
tube, and its interaction with the boundary layer creates a bifurcated
foot shock whose height increases with time (Figs. 4b and 4c). The
etablishment of the nozzle flow after the shock reflection can be
also shown. From the numerical solution, before its interaction with
the contact, the angle of the bifurcated foot measured relative to the
tube wall is approximately equal to 37 deg (Figs. 4b and 4c). This
value compares well with the theoretical value of 37.5 deg given by
the Davies and Wilsonmodel.® The reflected shock interacts with the
contactsurface at time 0.327 ms (Fig. 4d), and after this interaction,
the He driver gas passes through the bifurcated foot and penetrates
the test gas N, as a tongue (Fig. 4e). The thickness of this tongue
increases (Figs. 4f and 4g). It beginsto curl and rolls up to a growing
vortex, due to the presence of the ended wall tube. Thus, the flow in
the nozzle is quickly contaminated (Fig. 4h). Moreover, this vortex
tends to move the contact surface back, and a large part of the hot
flow is trapped (Fig. 4h) and cannot be used in experiments due to
the earlier contamination by the cold gas of the nozzle flow.

To better understand this complex flow behavior, the velocity
vectors are superimposed on the temperature contours at the same
times in Figs. 5a-5h. The following effects, such as the bifurcated
foot of the reflected shock near the wall and the creation of a reverse
flow between the two oblique shocks and of a jet behind the second
oblique shock, can be underlined again. Also note that, when the
reflected shock interacts with the contact surface and moves back,
the tailored contactsurface near the wall is strongly deformed due to
the presence of the jet, wherein its height and its velocity increase.
This jet, having a tongue shape and composed of cold driver gas,
pushes back the contact surface, curls, and rolls up to a main vortex
beforeits entranceinto the nozzle. The formation of this main vortex

is accompanied by a small one at the corner of the tube with a
contrarotative velocity.

Figure 6 shows, for time r =0.500 ms after the diaphragm rup-
ture, a more precise description of the flow between the Euler and
Navier-Stokes computations, where the velocity vectors and the
nondimensional density contours are drawn. In the inviscid flow
(Fig. 6a), the velocity values are quasi null in most of the hot test
gas, except near the nozzle entrance. The contact surface is slightly
incurved near the wall due to the flow starting in the nozzle. Its po-
sition on the symmetry axis can be estimated between 3 and 3.5 cm
from the end of the tube. Note that the position, given by an ana-
lytical solution in tailored conditions, is located at 3.4 cm. In the
viscous flow (Fig. 6b), the structure of the flow is completely differ-
ent except in the convergent nozzle, where the velocity vectors are
similar to Euler case. The rollup effect, the two vortices, the moving
back of the contact surface, and the contamination of the nozzle
hot flow by the He cold driver gas are clearly visible. The arrival
time of the contact surface in the nozzle (5% of the He mass con-
centration) relative to the reflection of the incident shock wave is
equal to 0.215 ms, and corresponds approximately to 16% of the
ideal drainage time and to 25% of the inviscid test time. In the same
way, note that this arrival time from the diaphragm rupture located
between high/low pressure chamber is 0.495 ms, which is close to
0.450 ms, a value given by the analytical approximation of Davies
and Wilson.*

To deduce the useful test time that correspondsto the steady flow
in the nozzle, the evolution of the nondimensionnal static pressure
P/ Ps at the centerlinejust after the nozzle throatis plottedin Fig. 7.
The first pressure peaks are due to the establishment of the steady
nozzle flow. The last ones are producedby the He arrival’ Between
these peaks, the pressure is quasi constant, and the useful test time
can be evaluated at about 80 us. Note that for approximately the
same conditions, the measured useful test time by Chaix et al.2! in
the TCM2 facility is around 800 us. Thus the ratio of the experi-
mental/numerical useful test time is 10 and correspondsto the ratio
of the exact/numerical shock tube length.

To study the grid refinement on the numerical solutions and more
particularly on the reflected shock/boundary-layer interaction, the
minimum y step Aypin =2 X 107> m is multiplied and divided by a
factoroftwo, respectively.The nondimensionalstatic pressure P / P,
distributions (P, is the pressure behind the incident shock), along
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the shock tube wall and centerline,are plottedin Fig. 8. The pressure
distributionsobtained with Ay, =2 x 107> m (reference solution)
and Ay, = 1 X 107> m are quasiidentical except for the slight shift
of the shock position due to the influence of the spatial resolution
on the time step.2? These profiles contain the main features of the
bifurcated flow, namely, the rise of the pressure through the front
foot and at the rear of the interaction zone and the strong pressure
gradientsdueto the unstableshearlayer between them. The pressure
profiles along the centerline are quasi identical for the three chosen
steps. Note that the pressure values at the end wall of the shock tube
are close to the theoreticalone. It can be concludedthat the reference
solution contains all of the flowfield physics of the reflected shock
wave/boundary-layerinteractions.

C. Wall Suction Effect to Delay This Contamination Effect

As shown before, the premature driver gas contamination of the
nozzle flow is mainly due to the jet formation near the wall and its
growth behind the foot of the reflected shock. The tailored contact
surface is trapped by this jet and rolls up in the hot flow region.
When this effectis analyzed, it is obvious that a means of avoiding
this contamination effect is to absorb this cold gas jet near the tube
wall. However, the velocity of this jet may depend on the interface
velocity after shock interaction (under-, over-, or tailored interface).

1. Trapping by a Slit at the Corner
Dumitrescu'* proposed placing an absorbing slit at the corner
of the end wall of the tube. This method was implemented in the

multiblock code through a nozzle with a throat diameter of 1.8 mm.
The nozzle flow through the slit starts just after the reflected shock.

The evolution of the N, mass fraction contours and the distribu-
tion of the velocity vectors at differenttimes are shownin Fig. 9. The
structure of the flowfield is the same as before, and the suction of
the flow at the corner only avoids the formation of the small corner
vortex, but not the main vortex. This the reason why the driver gas is
not well captured and the contamination process is notdelayed. The
same resultis obtained when the suction slit at the corner is located
vertically.” This poor result was expected after analyzing the flow-
field obtained first by NS computations. Recently, this conclusion
was confirmed experimentally'> and numerically.'®!” Note also that
different heights of the slit openning were tested experimentally by
Chue and Dumitrescu,'® who claim that the proposed suction de-
vices do not produce a great effect on the flow of the driver gas.
Now, it is evident that, to obtain a better effect, it is necessary to
trap the jet as soon as it forms behind the reflected shock wave.!>!”

2. Trapping by a Slit Extended by a Sleeve

A sleeve is added to extend the slit hole to cause suction before
the end of the wall tube. The height of the gap between the sleeve
and the shock tube wall was fixed at 1.8 mm. After different tests,
which will not show here, the better suction effect is obtained with
a sleeve length of 1.5 cm. This value corresponds to the distance
between the end wall tube and the back of the recirculation zone
behind the bifurcated foot of the reflected shock (Fig. 4e), when this
shock interacts with the contact surface.

The evolution of the N, mass fraction contours and the distri-
bution of the velocity vectors, at different times, are plotted in
Figs. 10a-10f. Note the efficient early suction of the sidewall, which
delays the recoil of the contact surface foot (Fig. 10d). However, the
propagation of the He jetis not completely stopped, and the contact
surface can be seen to roll up again (Fig. 10e). The latter causes the
central part of this contactsurface to move back and trap a small part
of the hot test gas again (Fig. 10f). Nevertheless, the contamination
of the nozzle flow is produced later. The 5% He contamination at
the nozzle entrance can be observed at a time of 0.680 ms. If the
shock arrival time at the end tube wall is substracted, the hot flow
time is 0.400 ms. Thus, trapping by a sleeve delays the cold gas
contamination and increases the useful time by a factor of 1.8.

Note that this device was very recently implemented in the T5
facility by Sudani et al.'® and these authors claimed that “this de-
vice for capturing driver gas upstream yields a remarkable increase
of the test time only for overtailored conditions. Nevertheless, the
improved times are still shorter that the test time without device at
slightly undertailored conditions. But the reservoir pressure con-
stancy deteriorates markedly.” Note also that the exact tailoring
conditions in these experiments are not easy to know. Moreover,
in high-enthalpy flows, this device may have some problems that
need to be solved for practical use because of the strength of the
sleeve for a high temperature and high pressure.!’

3. Trapping by a Conical Ring

To improve this device, a new shape, presented in Fig. 11 and
called a conical ring, is studied. In this device, the lower lip is
slightly shifted downstream to have a diagonal opening section to
improve the suction, which can be caused in horizontal and vertical
directions. This conical ring is located in the same position as the
sleeve. As before, several locations were tested. They lead to less
efficiency of the contamination delay, and these results will not be
presented in this paper.

The numerical results of this case are presented through the N,
mass fraction contours and velocity vectors, for different times, in
Figs.12a-12f. In comparison with Fig. 10, the suction, along the
wall and verticalto the main flow, reduces the main vortex formation
and the moving back of the contact surface. This contact surface is
first stopped and then moves upstreamdue to the suction and the hot
nozzleflow. The globalbehaviorof the reservoirhot flow seems to be
closertothe Eulerone. The 5% of the He mass concentrationreaches
the nozzle entrance at a time of 0.820 ms without trapping hot gas
in the shock tube. The contamination effect is greatly delayed.
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To compare the driver gas contamination time in all presented
cases, He mass fractions against time at the nozzle entrance is plot-
ted in Fig. 13. The time origin is taken equal to 0.280 ms and cor-
responds to the shock arrival at the end wall of the tube. In Fig. 13,
the horizontal line denotes 5% of the He mass concentration, and
the arrival time of this He mass fractionis 0.215 ms in computations
without a device, 0.400 ms with the sleeve, and 0.540 ms with the
conical ring device. In this last case, the contamination is signifi-
cantly delayed by a factor of 2.5 in comparison to the one without
a device. At a distance of 2.3 mm after the nozzle throat and for
each studied case, the nondimensional pressure evolutions P /Ps,
where Ps is the reservoir pressure, are plotted in Fig. 14 to evaluate
the influence of the flow mass loss due to the suction effect. First
without suction and in Euler computations, the pressure tends to a
plateau with a value of 0.42, after some oscillations due to the un-
steady nozzle starting flow. In NS computations, this average value
is sigthly higher, due to the viscouseffects. A more disturbed behav-
ior and large peaks after 0.220 ms can be observed. With the suction
devices, the average pressure is again around the Euler value, with
less amplitude for the disturbancesthan without the device. It can be
considered that an acceptable mass loss is due to the suction device.
Finally, it can also be noted that trapping by a conical ring leads
to less noisy pressure behavior and does not significantly affect the
pressure level in the nozzle.
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V. Conclusions

The unsteady viscous laminar flow in an impulse shock tunnel
was described by solving the NS equations with the CARBUR
code. These numerical simulations included the couple He/N, as
driver/driven gases, the propagationof the incident shock wave and
interface, the interaction of the reflected shock with the wall bound-
ary layer, and the interface and the starting process in the hot nozzle
flow. Under tailored conditions, the computations were conducted
until the contamination of the nozzle flow by the cold driver gas, to
describe it with accuracy and to better understand this phenomenon
and to deduce the He arrival time. Different devices, based on the
flow suction, have been studied to delay this contamination.

From the analysis of these numerical flowfields, a new device, a
conicalring, is proposed, including a horizontal and vertical suction
at the wall, to capture the driver gas jet upstream. In our case, this
device is located at 1.5 cm before the end wall of the tube, but this
location depends on the initial conditions (shock/interface interac-
tion location) and geometrical dimensions of the tube and can be
found numerically. In comparison to the computations for no de-
vice, the He arrival time in the nozzle is increased by a factor of 2.5.
However, further numerical and experimental studies are needed to
improve this device and to avoid the premature contamination in
these hypervelocity shock tunnel facilities completely.
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