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Abstract

Computational simulations of the AIR-1 test condition ire th
University of lllinois’ Hypervelocity Expansion Tube wecen-
ducted to verify facility operation and to obtain free strea
properties that are otherwise difficult to measure. Two sype
of simulation were undertaken. The first was a one-dimemsion
simulation of the entire facility and the second was a hysbiria-
ulation, combining a one-dimensional simulation of theckho
tube section with a two-dimensional simulation of the aecel
ation tube. The one-dimensional simulation matched the ex-
perimental data well, however the two-dimensional siniotat
did not initially match the experimental measurements ot&h
speed and test gas pitot pressure. Further investigatmmezh

the shock speed discrepancy was consistent with air conéami
tion into the acceleration tube and subsequent two-dirnansi
simulations assuming 10% air contamination showed reason-
able agreement with experimental data.

Using data taken from the two-dimensional simulation of the
expansion tube as a transient inflow condition, modelling wa
undertaken of a free shear layer experiment being condurcted
the facility. Results from equilibrium, finite rate, and femt
gas models were compared. The finite rate simulation previde
the best agreement with experimental Schlieren image$, wit
the simulation capturing the major flow structures seen in ex
periments.

Introduction

Expansion tube facilities produce high enthalpy, high iséign
pressure flows appropriate for simulating hypervelocitghfli

As in most ground testing facilities, the free stream propsr
including the gas chemical composition in a high tempeeatur
flow, need to be accurately characterized. In an expansim tu
unsteady gas dynamic processes are used to acceleratesthe flo
and the transient behaviour may also be important. The high
stagnation pressures and short test times result in a oballe
ing environment in which only a few flow properties are able to
be measured. Simple perfect gas calculations [16] can geovi
rough estimates of flow properties. However nonideal preees
such as diaphragm rupture, viscous and high-temperatwe ga
effects can alter the flow significantly from these calcolasi
Therefore computational simulations are needed both te pro
vide verification of facility operation and to obtain a comtgl
description of the free stream properties. Computatiomalis
lations have been conducted of a 4 km/s (design Mach number
7.29) air test condition, labelled AIR-1, in use at the Hymer
locity Expansion Tube (HET) facility. A one dimensional sim
ulation of the entire facility and a two dimensional simidat

of the acceleration tube were combined.

Current experiments in the HET facility are examining the ef
fects of non-equilibrium chemistry on free shear layersyms
metric wedges are used to produce a Mach reflection from
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which free shear layers are generated at the two shock triple
points. To date, there is no analytical means of predictiag
stem height and growth rate for asymmetric wedges. Also this
shock reflection process upstream of the shear layers i$yhigh
dependent on the history of the flow. In the case of an expansio
tube, the test gas is both transient and preceded by thedrigh t
perature, low density acceleration gas. In addition, imog of
flight through the experiment and the high-enthalpy coodii
suggest finite rate chemical reactions will need to be censit
Therefore, computational simulations that incorporate ltioe
unsteady flow and finite rate chemistry effects are used when
calculating the flow field properties. Using the flow data at th
exit of the acceleration tube, a two-dimensional simutatias
been conducted of the hypersonic free shear layer experimen
the second half of this paper.

HET Facility and Measurement Capabilities

The HET facility is located at the University of lllinois at
Urbana-Champaign and was commissioned in 2005. Itis a cold
driven facility with a bore diameter of 152mm and length of
9.5m. The facility consists of three sections: the driveixah,

and accelerator sections, initially separated by two digins.

The driven section is often referred to as the shock tubéosect
The test gas, initially in the shock tube, is acceleratet iiysa
shock wave and subsequently by an unsteady expansion. A full
description of the facility, measurement capabilities tawility
operation can be found in Dufrene et al. [3].

The flow condition of interest for this work is the AIR-1 condi

tion which has a design flow speed of 3980m/s at a Mach num-
ber of 7.29. The initial conditions for the AIR-1 conditioarc

be seenin Table 1, where it can be noted that the accelewsor g

is presumed to be pure helium. Shock tube static pressure and
shock speed measurements, test section pitot pressueysurv
and shock speed measurements, and schlieren measureifnents o
shock angles over wedge and cone geometries were made to
verify facility operation. The test gas Mach number was cal-
culated to be 7.1 from the experimentally measured pitat-pre
sure and shock angles [3], assuming theoretical staticpres

and a specific heat ratio of 1.4. The static pressure is ye¢to b
measured in the acceleration tube due to large vibratiotigsn
section and low pressures giving a poor signal to noise.ratio

Table 1: Fill parameters for AIR-1 condition

Tube Initial pressure  Gas composition

driver 4235.0 kPa 100% helium

shock 1.5 kPa 100% air
acceleration 26.6 Pa 100% helium




Computational Simulations 6000

A two-step approach is taken to modelling the expansion tube
to reduce complexity and computational time requiremesits [
First, a one dimensional simulation is conducted of therenti
tube using thd_1d [7] code, which includes frictional losses
over diaphragms and viscous effects. Then, to account for
boundary layer growth and radial variations, a two-dimemnai
simulation (using the Navier-Stokes solvabcns2[6]) is con-
ducted of the acceleration tube flow after the secondary di-
aphragm burst. This axisymmetric simulation uses data cal-
culated directly before the secondary diaphragm from thee on
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dimensional simulation as a transient inflow condition. sThi
hybrid approach has been shown to give good agreement with
experimentally measured conditions, especially at lova@&py
conditions where an equilibrium gas model can be used [8, 11]

One-Dimensional Flow Model

The one dimensional simulation of the facility used the La-
grangianL1d code with initial conditions given in Table 1 for

the AIR-1 condition. The geometric arrangement of the mod-
elled facility can be seen in Figure 1, where the upstream end
of the driver section was set to be a fixed wall and the down-
stream end of the acceleration tube was set to be free (open).
At the start of the simulation, the primary diaphragm was as-
sumed to have burst and the secondary diaphragm was assumed
intact. The secondary diaphragm was set to a burst pressure
of 25kPa with a zero hold time. A loss region withkéeac-

tor of 0.5 is applied over a distance of 0.25m both sides of the
primary and secondary diaphragms to model the effects of fi-
nite opening time and area changes. The viscous terms were
included, whereby the boundary-layer effects of wall fi@ct

and heat transfer were applied along the tube. Thecode
uses full developed pipe flow correlations to correct lgctdr

the momentum and energy loss from the Lagrangian cells. An
equilibrium gas model was used for the test gas and perfsct ga
for the helium accelerator gas. The simulation used 105@s0d

in total, with clustering of the gas cells within the accat@n

tube towards the secondary diaphragm.

Generally, the simulation was found to match the experimen-
tally obtained measurements quite well (shown in Table Bg T
numerically calculated primary shock speed matches therexp
imental shock speed measurement (Figure 2) of 243m/s.

The secondary shock speed in the accelerator section was com
puted to be 5609 m/s, which is well above the experimental
shock speed measurement of 4148 m/s. It can be noticed ¢hat th
effects of shock attenuation are quite minimal in the sirioite
Comparison of the experimentally measured shock tube pres-
sure with the simulation in Figure 3, shows a good agreemment i
pressure level. Although the simulation sees a disturbatite
same time the static pressure rises in the experimentaluresas
ment, the static pressure doesn't rise for another 0.4 msigUs
the perfect gas relationships of Trimpi [16], the staticssiee

in the acceleration tube is calculated to be 998 Pa, siniltre
simulation result.

In the actual facility, the mass loss from the free streanhéo t
boundary layer causes the shock to attenuate and the caada
accelerate, creating a velocity gradient across the skoghs
slug. Mirels theory [12] can be used to estimate the time be-
tween the interface and the shock. Using the propertiesitake
from theL1d simulation of shock speed and post shock condi-
tions, the estimated time between shock and interface is com
pared with the ideal gas predictions (i.e. constant wavedpe
along the tube) in Figure 4 for both the shock and acceleratio
tubes. The experimentally observed increase in the pastksh
pressure (Figure 3a) coincides with the arrival of the drtest
gas interface as predicted by Mirels theory. The increase in
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Figure 2: Comparison dfld and experimental shock speeds
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(b) Acceleration tube - 6.0 m from primary diaphragm

Figure 3: Comparison of experimental measurements otstati
pressure in the shock tube

driver pressure may be caused by the area constriction at the
diaphragm cutter located at the primary diaphragm.

The test gas pitot pressure of 66.7 kPa estimated blyttsim-
ulation agrees quite well with the experimentally measwad
ues, Figure 5. The test time is also seen to match withus05
of test time before the trailing edge of the unsteady exjpensi
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Figure 1. Geometric arrangement fotd simulation

Due to the one dimensional nature of the simulation, the Islire
effect [12] of reduction in acceleration gas slug length tlue
boundary layer entrapment cannot be seen. The experiryental
observed time between the incident shock and the contact sur
face is seen to match the Mirels predictions shown in Figbre 4
quite well. However, at this point, it cannot be explainedywh
the experimentally measured acceleration gas has a pést pr
sure approximately twice the predicted value of the sinnitat
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Figure 4: Predictions of time between shock and interfagegus
free stream conditions froinld simulation

Two-Dimensional Flow Model

An axisymmetric simulation of just the acceleration tubeswa
conducted usingnbcns2 This calculation used as an inflow
condition, the transient flow data at the downstream-entief t
shock tube as estimated by the one-dimensional simuladion.
equilibrium gas model for the air test gas and a perfect gas
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Figure 5: Comparison df1d and experimental pitot pressure
in test section, located 54mm downstream of the tube exit. A
noise spike occurs due to the Schlieren system flashlamp.

model of the helium acceleration gas was used. Viscous ef-
fects were modeled using the Baldwin-Lomax turbulence and
transition model along the tube wall. The tube geometry can
be seen in Figure 6, with 40 blocks actually used in the simula
tion. Overall, the simulation had a grid resolution of 40@ls
axially (also another 15 cells for the shock tube) and 80scell
radially, which had been shown to produce reasonable sasult
another study [8].

The estimated flow properties from the axisymmetric simula-
tion differed significantly from th&.1d results, and from exper-
imentally measured values, as seen in Table 2. This is due to
a large shock attenuation shown in Figure 7 associated Mirel
effect, causing a drop in the post-shock static pressuréesmd
perature. The velocity of the flow, however, is quite high due
to the acceleration of the interface which can be prediated i
the two-dimensional simulation. Although the Mach number
during the test period is increased due to a lower temperatur
the Pitot pressure is lower than experimental measurerdests

to the low static pressure. As discussed above, although the
L1d Pitot pressure matches the experimental data well for the
test gas, the acceleration gas Pitot pressure is low. Sibeéla
haviour of low pitot pressure in the acceleration slug wham-c
pared with the experimental measurement was also notee in th
two-dimensional simulation even though the static presauas
reduced.

Air Contamination in the Acceleration Tube

The computational simulations were not able to match the mea
sured pitot pressure in the test section satisfactorilyoaigh

the shock tube conditions match quite well. A possible cafise
this discrepancy could be air contamination in the accgtera
tube due to residual air from the evacuation procedure and/o
air leakage during the experiment. Due to the low molecular
weight of helium, only a small amount of air contamination ca
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Table 2: Comparison of flow conditions from simulations and
experiments for Air-1 condition with pure helium acceléat
gas. State 7 is the test gas, state 2 is behind the incideck.sho
Us is the shock velocity. (Nomenclature as in [11].)

Experimental L1d mbcns2

Ug1, M/s 2069 2100 -
P2 static: KPa 65 66 -
Ugp, M/s - 5609 4200
M7 7.11 7.29 8.02
T7, K - 779 680
p7 static: P& - 998 670
P7,pitot, KPa 64 66.7 56
Uz, m/s 4148 4037 4180
p7, g/n? - 43 354
test time s 100 105 100
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Figure 7: Comparison of shock speed frarhd and mbcns2
simulations

produce a significant change in properties. This can quiityea
occur (and is difficult to overcome) especially with the @as
ably low initial pressures of approximately 26 Pa (absglatel

low molecular weight gases (helium) used in an acceleration
tube which has numerous leak paths (sensor mountingsglidi
seals, diaphragm seals). The issue of residual air was jatiéeim

to be mitigated by a procedure whereby the acceleration tube
was evacuated to a low pressure of 40 Pa, flushed with helium
to a large pressure and again evacuated to the final pressure o
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26 Pa. Despite such a precaution, however, air contammatio
due to leakage into the tube still remains a possibility.

Simulations were undertaken using hypothetical contatioina
levels, in order to estimate the extent of air leakage by @imp
son to experimental results. As the contamination only xicu

the acceleration tube, the previously described one-diroeal
simulation results for the shock tube were again be used-as in
flow into the axisymmetric calculation. Air contaminatiaevt

els of 10% and 20% (by volume) were studied using a ideal
gas mixture in the acceleration tube and perfect gas proper-
ties for the helium component and equilibium propertiesiier

air component. Due to recent code changes in the turbulence
model, the simulation was laminar instead of the turbulemt s
ulation performed for the pure helium simulation.

Table 3 and Figure 8 show a comparison of the flow properties
in the test period with different levels of air contaminatioA
number of effects are seen for increasing contaminatiogidev
the shock speed more closely approximates the experimental
value and the level of shock attenuation decreases. Andeere

in the static pressure across the shock in the acceleraatios

is also seen due to the decrease in the unshocked acclegation
As Figure 8a and Table 3 illustrate, increasing the air coita
nation to 10% raises the pitot pressure towards experifhgnta
obtained value of 64 kPa. Assuming 20% contamination, the
computational result exceeds the experimentally measited
pressure.

Table 3: Comparison of flow conditions of varying levels of
air contamination in the accelerator gas from CFD simutegio
State 7 is the test gas, state 2 is behind the incident shadk. U
the shock velocity.

0% air 10% air 20% air
Ug, m/s 4200 4105 3925
M7 8.10 7.20 6.55
T7,K 680 875 870
Prstaic Pa 670 1040 1555
P7,pitot, KPa 56 69 86
Uz, m/s 4180 3998 3813
p7, g/n? - 4.70 6.32
testtimeus 100 100 100

A comparison between the 10% air contamination simulation
and experimentally measured Pitot pressure is seen ind-&yur
and shows reasonable agreement, although the experityental
measured Pitot pressure is a little low. This suggests tat t
likely contamination level is more likely to be approximigte
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Figure 8: Comparison of flow properties at tube exitdicns2
simulations for varying air contamination levels

transducers. This explanation is also consistent with tbader
accelerator-test gas interface seen in experiments, hethim-
ulation predicting 2Qus to reach the 64 kPa compared to &0

in the experiments.

120 T T
- - — mbcns2 - 10% air
experimental (het-00214)

801

pitot pressure [kPa]
(2]
o
T

401

201

[ o e 1
0.8 0.9 1 11 1.2 1.3
time [ms]

Figure 9: Comparison of Pitot pressure between experimeht a
CFD for 10% air contamination

Hypersonic Free Shear Layer Simulations

The impact of high temperature, real gas effects such aa-vibr
tional excitation and chemical dissociation/recombimatn a
canonical free shear layer flow is currently being inveséidan
the HET facility. Such molecular effects can significantieat
hydrodynamic stability and transition in aerodynamic &gl
tions. For example, thermochemical effects have been wbder
to alter both the mean flow profile and stability of boundary
layer flows [9, 15, 5].

In the experimental setup, Figure 10, asymmetric opposing
wedges are used to produce a Mach reflection with two free
shear layers generated at the shock triple points. The &hear
ers separate two supersonic (relatively cold) gas streachsa
subsonic (relatively hot) gas stream, resulting in a higtveo-

8%. The test period between the interface and unsteady €xpan tive Mach number within each shear layer. The experimental

sion is also seen to be in agreement with a test time ofus00
The acceleration slug Pitot pressure level is now condistith
experimental measurement, however, the estimated aaeeler
tion slug duration is now longer then that measured experime
tally. A possible explanation of this behaviour could be tiie
the finite start up time associated with the Pitot pressura-me
surements using shrouded transducers, especially at lesy pr
sure conditions. This sensor behaviour could also explan t
broader accelerator-test gas interface seen experifentéh
the test gas taking approximately géto reach 64 kPa level of
the experimental measurement.

Based on these results, it appears that a value of 10% is an ac-

ceptable rough estimate of the acceleration section ataotn
nation level. A comparison between the 10% air contaminatio
simulation and experimentally measured Pitot pressureda s

in Figure 9 and shows reasonable agreement, although the ex-

perimentally measured Pitot pressure is a little low. Reegn
perimental measurements have shown this prediction ismeas

able, as the secondary shock speed was measured by stgggerin

Pitot probes in the test section and found to be 434/Bm/s.
For a 10% contamination level, the acceleration slug pitesp
sure level is now consistent with experimental measurement
however, the calculated acceleration slug duration is iomger
then that measured experimentally. A possible explandton
the discrepancy is the response time associated with sbdoud

configuration was chosen to provide well-characterizedshe
layer inflow conditions which can be calculated once the free
stream conditions and the shock angles are known, and td avoi
boundary layer complications associated with splittetgkex-
periments. In order to minimize three dimensional effeatshs

as wedge edge reflection [14], the wedges were designed with
inlet aspect ratios of 1.25 and wedge aspect ratios of 5.

INFLOW \\&'\\ 25 degrees
_—>
_—>
25.92 mm
_—>
— | — 35degrees

12.7 mm
Figure 10: Hypersonic free shear layer experiment schemati

Current experimental work is concentrating on highly resdl
Schlieren visualization of the shear layer structure. Tdrapu-
tational simulations can provide valuable information atttbe
free stream and shear layer inflow conditions for furthetyana
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sis with spatial linear stability theory. Another aspecirdér-

est is the shock reflection process between asymmetric wedge
where there are significant effects of nonequilibrium clstmi

[2]. The high energy and density flow conditions required to
create nonequilibrium chemistry effects can be producedrby
expansion tube. Also, other effects such as hysteresignstar
as a regular to Mach reflection may be able to be tested in an
expansion tube [1]. Computational modelling can also bé use
to examine differences in the flow properties and structdues

to the type of thermochemical modeéle{ perfect gas/s equi-
librium chemistryvsfinite rate chemistry).

Numerical simulations of the free shear layer experimerewe
conducted usingnbcns2 The simulation geometry is shown in
Figure 11, where the flow domain is broken into 16 blocks with
flow entering the simulation from the left and exiting froneth
right. Each of these blocks has a structured grid, with 108 ce
spanning each side of the block with 160000 cells in total. A
grid resolution study using both a coarser and finer grid€18% 5
had negligable effects on the flow. Although the simulations
were setup for the inclusion of viscous effects with fixed tem
perature walls, only inviscid results are presented witthis pa-
per. Calculations were run for three different gas modeigfe
test and accelerator section gases (air and helium regplg{ti

a perfect gas mixture, air with equilibrium chemistry usthg
NASA CEAcode [10], and finite rate chemistry with helium act-
ing as an inert molecule. The gas was assumed to not be ionised
and contained six speciesyNO», NO, N, O and He. The reac-
tion scheme for the finite rate simulation was a reduced fdrm o
that given by Gupta [4] as shown in Table 4 with the Arrhenius
rates of reaction constants given for the forward and revers
actions. All third-body efficiencies were 1.0 except forcpe

N in the second equation which was 0.0. Transient propeaties
the acceleration tube exit at 10 mm above the centrelinedn th
10% air contamination simulation were used across theeentir
inflow boundary for the inflow conditions. These properties a
shown in Figure 12 for the simulation time of 2§ where the
composition of the inflow gas for the finite rate simulation is
also given. The equilibrium simulation air mass fractioithis
summation of all the components excluding helium.

Fixed temperature wall

| — Slipwall

— Transient inflow / Supersonic outflow
— Block connections

Figure 11: Schematic of numerical simulation setup for free
shear layer experiment

Gas Model Comparison

In Figure 13, an experimental Schlieren image with the knife
edge orientated in the horizontal plane is compared to com-
putational Schlieren images for the three different gasetsod
described previously. As the wedges are not confined in the
viewing plane, flow spillage out the sides of the wedges tssul

in the density gradients picked up by the Schlieren image ap-
pearing smeared. The gas chemistry is found to have a strong
influence on the flow structure.

The perfect gas simulation does not produce a Mach reflection
or supersonic starting of the inlet. Due to the flow restoicti

in the two dimensional simulation not allowing side spitteas
would occur experimentally, the area change is too gredtan t
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Figure 12: Transient inflow conditions from axisymmetrimsi
ulation of expansion tube

perfect gas simulation and a normal shock is produced before
wedge compressions.

In contrast, the equilibrium simulation results in a Machnst

that is further downstream than observed in the experimdints

is suggested that the higher density in the converging sibso
stream behind the Mach stem predicted by the equilibruim cal
culation (due to the lower temperature) allows a smallegtinl
area through which to achieve the mass balance [13]. The phys
ical manifestation of such an argument is that the Mach stem
height reduces as it moves downstream. Separated regions of
flow in the enclosed area between the wedges are also seen in
both the equilibrium and finite rate simulations.

The finite rate chemistry simulation comes the closest tasim
lating the flow behaviour seen experimentally, with the aisim

lar Mach stem produced and similar shear layer interactods
downstream shock structure. The Mach stem appears somewhat
further downstream than in experiments. Slightly lowercain-
tamination levels or wedge mis-alignment issues could @aaico

for this difference, however, further work is required fanare
definitive answer.

To investigate the differences between the experiment amd ¢
putational simulations, an overlay of colour density coinso
from the transient finite-rate simulation is overlaid on tfp
the experimental Schlieren image in Figure 14. Note that the
two wedges in the experiment are slightly misaligned and the



Table 4: Reaction scheme and Arrhenius coefficients foefirgite simulation

reaction Kt Ky
A n Ea A n Ea

0, +M<«—=20+M 3.61el8 -1.0 5.94e4 3.0lel5 -05 0.0

No+M<«=2N+M 1.92el7 -0.5 1.131e5 1.09e16 -0.5 0.0

N2 +N<=2N+N 4.15e22 -15 1.131e5 2.32e21 -15 0.0
NO+M<N+O+M 3.97e20 -15 7.56e4 1.01e20 -1.5 0.0

NO+O«<= 0O, +N 3.18¢9 1.0 1.97e4 9.63ell 0.5 3.6e3

N, +O«<= NO+N 6.75e13 0.0 3.75e4 1.5el3 0.0 0.0

(a) Experiment - het-00214

(c) Equilibrium CFD

(b) Perfect gas CFD

(d) Finite rate CFD

Figure 13: Schlieren images of free shear layer experintetf@usafter the shock

wedge spacing is slightly smaller than in the simulatiorfsese
geometric changes may contribute to the difference in Mach
stem location discussed above. Despite these differegoes,
agreement is seen between simulation and experiments.

The test flow produced by the expansion tube although ihitial
experiences non-equilibrium chemistry effects when sadck
and rapidly expanded, the long duration period of travgllin
down the acceleration tube allows the gas to reach chemical
equilibrium. However due to the small length scales of the
experiment, the gas may not be capable of reaching chemical
equilibrium. To investigate whether the flow in the finiteera
chemistry simulation reaches equilibrium, static tempeeais
extracted from streamlines passing through the high temper
ture subsonic region and the low temperature supersori@reg
behind the incident and reflected shock for the top wedge (Fig
ure 15). It should be noted that, due to the Mach stem being fur
ther downstream in the equilibrium calculation, the initiae

in temperature occurs at a location further downstream fitvan
the finite-rate chemistry case. Because the flow is being ac-
celerated through the converging slip stream, the temyrerat
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does not relax to a particular equilibrium level. Howevesing

the NASA CEA code, the predicted levels of equilibrium gas
composition can be calculated for the given static tempegat
and pressure along a streamline. This has been undertaken fo
three locations along a subsonic streamline for the firdte-r
simulation as shown in Figure 15. Comparison of the equilib-
rium and the simulated gas compositions (Table 5) reveals th
the gas composition is not close to reaching equilibriume Th
finite-rate simulation also shows the estimated levels ofdx®
reasonably high, while the production of N is minimal.

Flow establishment

To examine the overall effect of the time-dependant flow
through the experiment, Figure 16 shows temperature cohtou
from the finite rate simulation for various times during tkett
time. A Mach stem is produced in the middle of the flow, with
subsonic flow behind it. The flow that has passed through the
oblique shocks remains supersonic and passes through an ex-
pansion fan generated at the wedge corner. The supersahic an
subsonic flows interact in a shear layer region. As the flow



Table 5: Gas composition behind Mach stem from simulatiar) @nd usingCEAto calculate equilibrium values (eq.)

X p T ms o, ms N, m¢ NO ms o ms N

[mm  [kPd  [K] fr. eq. fur. eq. fr. eq. fr. eq. fr. eq.
15 62.933 6196 0.1827 0.0002 0.7498 0.5802 0.0316 0.007354.00.2309 0.0006 0.1816
20 38.304 5196 0.1308 0.0007 0.7225 0.7205 0.0898 0.01246®.00.2275 0.0007 0.0388
25 16.356 4280 0.1277 0.0039 0.7212 0.7501 0.0934 0.018%74.00.2209 0.0003 0.0053

rho: 5.00E-03 2.33E-02 4.17E-02 6.00E-02

Figure 14: Experimental Schlieren image (het-00214) of fre
shear layer experiment at 1a8after the passage of the shock.
This image is overlaid with density contours from transiént
nite rate simulation at 150s (Density in kg/n3.)
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Figure 15: Temperature along streamlines in both the subson
and supersonic regions of the flow

structure establishes after the passing of the accelergts,

the Mach stem is seen to move slightly downstream. The flow is
fully established about 146 after initial shock passage, about
70ps into the test time.

Conclusions

A combined one-dimensional and two-dimensional numerical
simulation procedure has been used to model the newly com-
missioned Hypervelocity Expansion Tube. Anomalies in the
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data provided by the two-dimensional simulation, pointte t
possibility of air contamination in the acceleration tutaich

can significantly alter flow conditions. These simulatiotsa
provide estimates for the transient free stream conditfons
flow over experimental models. The simulation of a free shear
layer experiment currently being conducted in the expansio
tube was carried out. Here, high temperature effects onrshea
layers stability and structure was explored and good ageaem
was seen between computational and experimental Schlieren
images. Perfect gas, equilibrium, finite-rate thermocleami
models were examined, with finite-rate simulations prowdi
the best match to the experimentally observed Mach reflectio
structure. The simulations have provided useful inforomati
about test gas inflow conditions and shear layer properties t
be used in further modelling efforts.
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