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Numerical Study of Transient Flow Phenomena in Shock Tunnels

Susan Tokarcik-Polsky* and Jean-Luc Cambiert
Eloret Institute, Palo Alto, California 94303

Computational fluid dynamics (CFD) was used to study some transient flow features that can occur during the
startup process of a shock tunnel. The investigation concentrated on two areas: 1) the flow near the endwall of the
driven tube during shock reflection and 2) the transient flow in the nozzle. The driven tube calculations were
inviscid and focused on the study of a vortex system that was seen to form at the driven tube’s axis of symmetry.
The nozzle flow calculations examined viscous and inviscid effects during nozzle startup. The CFD solutions of the
nozzle flows were compared with experimental data to demonstrate the effectiveness of the numerical analysis.
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Introduction

HIS work had two main objectives. The first and foremost was

to study some of the transient starting processes that occur in
shock tunnels. The initial, unsteady flow in a shock tunnel is im-
portant because it can affect the quality and duration of the result-
ing test flow. Because the starting flow is difficult to examine ex-
perimentally, computational fluid dynamics (CFD) was used to
simulate the startup process. This leads to the second objective of
this work, which was to evaluate the effectiveness of the time-ac-
curate CFD analysis. This was accomplished by comparing the
CFD results with experimental data, when they were available, for
the particular problem that was computed. When experimental
data particular to a specific problem were not available, a compari-
son was made with experimental data for a flowfield that had as
many similarities as possible to the problem being explored.

A basic schematic of a shock tunnel is shown in Fig. 1. The
shock tunnel consists of a driver tube filled with a light combusti-
ble mixture, a driven tube filled with the test gas at a low pressure,
a supersonic nozzle evacuated to low pressure, and finally a test
section. The gas in the driver tube is burned to produce a high-
pressure and high-temperature gas. When the pressure is high
enough, the primary diaphragm breaks and sends a planar shock
wave down the driven tube. This shock wave partially reflects off
the endwall of the driven tube and breaks the secondary dia-
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phragm, sending flow through the nozzle. The gas in the driven
tube behind the reflected shock wave forms the reservoir of high-
pressure, high-temperature gas for the nozzle flow. Once the flow
is steady at the nozzle exit, tests can be performed until the nozzle
flow becomes contaminated with the driver gas. For more informa-
tion on shock tunnel operations, see Ref. 1.

This work concentrated on only certain aspects of the entire
starting process. The first area dealt with the vortex system formed
during the shock reflection at the endwall of the driven tube. Sev-
eral aspects of this transient flow were examined: 1) the effects of
the numerical method, 2) the effects of geometric configuration, 3)
the effects of time (how the flowfield changed as the reflected
shock and vortex structure continued to propagate up the driven
tube), and 4) the effects of axisymmetric and two-dimensional for-
mulations. The vortex formation was essentially an inviscid phe-
nomenon; therefore, viscous effects were not considered in this
part of the study.

The second area dealt with the initial flow in the nozzle. The im-
portant features in this flowfield which were studied included 1)
viscous effects (shock-wave/boundary-layer interactions, 2) reso-
lution of contact discontinuities, and 3) accurate determination of
general flow features such as shock speeds.

Numerical Method

The computations presented in this paper were performed using
the code “MOZART” developed at NASA Ames Research Center
by J.-L. Cambier. The code uses a finite volume, second-order
total variation diminishing (TVD) scheme for the solution of the
Euler equations. The scheme is similar to the original one of
Harten,? extended to multiple species. Although the solver is capa-
ble of handling nonequilibrium chemical reactions, only nonreact-
ing cases were considered here. The algorithm is directionally
split. The viscous terms in the Navier-Stokes equations are solved
by a second-order, centered, implicit scheme, which is also direc-
tionally split. Unsteady viscous calculations can then be performed
efficiently without constraints on the time step imposed by viscous
fluxes in regions of high shear. The implicit scheme for the viscous
terms involves only the inversion of 3 X 3 matrices (in two dimen-
sions). The Euler equations are solved explicitly, thus avoiding the
need to invert large (N + 3)* matrices. When required, the chemis-
try is solved point implicitly.

The code uses multiple grids to handle complex geometries and
to enhance resolution. The grids can be patched together at their
boundaries or superimposed on top of one another. One particular
feature that was used extensively in some of the calculations was

driver tube driven tube nozzle fest
section
primary secondary 1}
diaphragm diaphragm

Fig. 1 Schematic of a typical shock tunnel facility.
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Fig. 2 Grid subdivision technique used to obtain high resolution in
areas of interest. Grid 2 can move within grid 1 to track transient fea-
tures.
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Fig. 3 Schematic of the shock tube experiment conducted by Man-
della and Bershader.

the use of sliding grids. In this method, a coarse grid is established
as a “background” grid, which generally encompasses most of the
domain of study. Another grid of higher resolution is then estab-
lished as a subset of the background grid. This new grid is set up
such that the high-resolution cells form an exact subdivision of the
background cells; for example, each background cell may contain
three columns of high-resolution cells in one direction and two
rows of high-resolution cells in the other. Thus, the change in reso-
lution can be different for each direction. Since the scheme is finite
volume, the values inside the background cells can be easily ob-
tained as volume averages of the high-resolution cells.

The high-resolution grid is then allowed to move on top of the
background grid, by elementary steps, such that the background
cell is always subdivided into the same number of high-resolution
cells (there is no fractional subdivision allowed). In this way the
grid moves only occasionally, not necessarily at every time step.
The mapping between the low- and high-resolution grids is always
preserved. The motion of the grid results in a shift of indices in the
mapping procedure. The previous example assumed a 3 to 1 subdi-
vision scale in the i direction and a 2 to 1 subdivision in the j direc-
tion. Suppose that, initially, the cells (i0) to (i1) of the background
grid (grid 1) in the i direction were subdivided and mapped into the
cells (1) to (N2) of the higher resolution grid (grid 2). By defini-
tion, there are three times more cells in the i direction of grid 2
than in grid 1: N2 = 3« (i1—i0 + 1). The mapping is shown sche-
matically in Fig. 2.

If grid 2 moves in the positive direction, the new mapping will
be as follows: cells ({0 + 1) to (i1 + 1) will be subdivided into the
N2 high-resolution cells. As grid 2 moves, cell ({0) of grid 1 ceases
to be subdivided, and cell (i1 + 1) becomes subdivided. During this
step, the variables for the high-resolution cells inside (i1 + 1) take
the same values of the variables present in cell (i1 + 1).

The procedure can be repeated one step further by laying an-
other high-resolution grid on top of grid 2. This procedure is an at-
tempt to achieve high spatial resolution in regions of interest when
these regions are in motion. It has the advantage of being very fast.
Since the grid slides by steps of the background cell distance only,
the mapping between the background and high-resolution grid is
always the same, except for a shift of indices. The variable arrays
can then simply be copied over with the shift of indices, without

requiring interpolation or extrapolations. This technique was used
for some of the calculations presented here and has been employed
previously to calculate similar transient flows.

Reflected Shock Simulation

The first area that was examined was the flow dynamics occur-
ring during the shock reflection at the endwall of the driven tube.
Recent numerical studies®* predicted that the flow in this region
was quite complex. A particularly important feature that was ob-
served was a vortex system that formed at the axis of the driven
tube. The vortex system caused the reflected shock to bulge out at
the center. This bulging effect could potentially cause the reservoir
gas to become contaminated with driver gas sooner than would be
expected if the reflected shock was planar.

Vortical Flow Test Case

As mentioned earlier, the CFD results were compared with ex-
perimental data whenever they were available. However, for this
particular case, whereas two-dimensional data exist, no data for
this type of reflection in an axisymmetric situation exist. There-
fore, an experiment that incorporated the major flow features of in-
terest, in this case transient, vortical flow, was chosen to evaluate
the effectiveness of the CFD analysis.

Fig. 4a Experimental interferogram of the flowfield at the exit of a
shock tube.

Fig. 4b Interferogram constructed from the computational flowfield
at the exit of a shock tube.
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The experiment was conducted by Mandella and Bershader™®
and consisted of a shock tube with a 5-cm x 5-cm cross section
that generated a planar shock with M, = 2 that expanded into a test
section. The end of the shock tube was open to ambient conditions.
Two parallel Plexiglas plates were attached to the end of the shock
tube to keep the shock wave and the rest of the flowfield planar. A
schematic of the experiment is shown in Fig. 3.

The planar shock wave started to diffract as soon as it left the
shock tube, forming a curved shock wave. The experimental inter-
ferogram (Fig. 4a) shows that, as the shock wave propagated into
the test section, vortices were formed in the vicinity of each of the
90-deg expansion corners. The contact surface, slipstream, and
Prandtl-Meyer fan (which interacts with the vortices) can also be
seen in the interferogram.

For the computational solutions, the flow was assumed to be in-
viscid with no chemical reactions. There were two grids patched
together: one for the shock tube (125 x 80) and one for the test
chamber (525 % 200). Grid tracking was not used for this case. A
computed interferogram at approximately the same time as the ex-
perimental interferogram is shown in Fig. 4b. A comparison of the
two figures demonstrates that the computations were able to pre-
dict all of the major flow features mentioned earlier, including the
two vortices, with good accuracy. The synthetic interferogram was
constructed with software developed at NASA Ames Research
Center.’

Setup for Reflected Shock Simulation

The geometry for this problem was essentially that for the
NASA Ames 16-in. shock tunnel. The driven tube radius was 6 in.,
the radius of the aperture at the end of the driven tube was 2.125
in., and the nominal radius of the throat was 1.625 in. The CFD

AX:AY=1:3

time=80 psec

Fig.5 Temperature contours show a jetting effect at the shock tunnel
centerline (top). The jetting is relieved by choosing the proper grid
aspect ratio near the axis (bottom).
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Fig. 6 A solution computed with first-order spatial accuracy (top) is
compared to a solution computed with second-order spatial accuracy
(bottom).
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A/A*=100
time=120 usec

Fig. 7a Transient flowfield for a large throat size (temperature con-
tours).

q A/A*=190
time=120 psec

Fig. 7b Transient flowfield for a medium throat size (temperature
contours).

)
M/Q A/A*=570

<\
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Fig. 7c¢ Transient flowfield for a small throat size (temperature con-
tours).

calculations were started from the moment the primary shock
reached the endwall of the driven tube and began to reflect. It was
assumed that the secondary diaphragm broke ideally at this mo-
ment. All times given in this paper were measured assuming =0
at this point. The initial conditions in the driven tube were as
follows: p = 50.76 atm, T = 3674 K, V = 2710 m/s, Xy = 0.6042 X
10, X = 0.04091, Xn, = 0.7341, Xo, = 0.1456, and Xno =
0.07934 (equilibrium composition). The initial conditions in the
nozzle were p = 1.3 x 10°* atm, T = 298 K, V = 0.0 m/s, Xn, =
0.79, and X0, = 0.21. For the numerical analysis, the flow was as-
sumed to be inviscid and chemically frozen.

Results of Reflected Shock Simulation

Numerical Effects

Two components of the numerical technique were examined: 1)
grid effects and 2) first-order vs second-order spatial accuracy.
The grids used for this part of the study consisted of two patches:
one for the driven tube (typically 231 x 91) and one for the nozzle
section (typically 251 x 31). Grid influences were most critical at
the axis of symmetry where the vortex system was formed. It was
found that a solution computed on a grid where the cells near the
axis had Ax:Ay > 1 (long and slender cells) showed a jetting phe-
nomenon at the axis of symmetry. The jet diminished with radial
distance away from the axis. The result of the jetting was that the
bulge in the reflected shock formed a conical shape (i.e., <) around
the axis of symmetry (top half of Fig. 5). Although shock interac-
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Fig.8 Geometric changes made at the driven tube/nozzle interface.

tions can produce jets, a result such as this in a CFD solution, espe-
cially when it is near a singular axis, is cause to doubt whether a
cone-shaped reflected shock is a physically realistic result. The jet-
ting effect has been observed previously by Cambier et al.’ and
can also be seen in the results of Jacobs.* One explanation of this
phenomenon, which was described in Ref. 3, is that the jetting was
caused by the numerical representation of the singular axis in the
axisymmetric formulation. It was assumed in Ref. 3 that the prob-
lem arose from the axisymmetric pressure correction term, which
is not part of the monotonic (TVD) fluxes and acts as a nonconser-
vative momentum source that behaves as 1/(Ar) near the axis.
Therefore, clustering points near the axis [thus accentuating the 1/
(Ar) term] aggravated the jetting.

It was suggested in Ref. 3 that coarsening the grid in the radial
direction would alleviate the jetting problem. The bottom half of
Fig. 5 shows the same case as computed on the top half; however,
the grid aspect ratio was changed so that Ax:Ay = 1:3 (near the
axis). Comparing the two solutions indicated that the nonphysical
jetting effect was eliminated by the proper choice of grid aspect ra-
tio, and the bulge in the reflected shock formed a smooth arc in-
stead of a sharp cone. Changing the aspect ratio of the grid appears
to be an effective way of eliminating the jetting at the axis; how-
ever, this approach is unsatisfactory from the standpoint of at-
tempting to create numerical schemes that are grid independent.
Therefore, this solution to the axis problem should be considered
only as a temporary fix until a better method can be found. Ulti-
mately, experimental data may be required to resolve this issue.

Another way that was suggested in Ref. 3 to alleviate the jetting
problem was to compute the solution using only first-order spatial
accuracy. This approach essentially causes the numerical scheme
to become more dissipative, which in turn mitigates the jetting ef-
fect. Using a first-order formulation does have some serious conse-
quences, however. Two solutions are compared in Fig. 6 (top and
bottom), each on the same Ax:Ay = 1:3 grid. The first solution em-
ployed first-order spatial accuracy, whereas the second used sec-
ond-order accuracy. This comparison showed that as the reflected
shock continued to propagate up the driven tube, the dissipative,
first-order scheme lost any trace of the vortex structure, whereas
the second-order solution clearly showed that the vortex structure
remained. Therefore, it was clear that the study of this type of tran-
sient flow must be conducted using at least second-order spatial
accuracy.

Another possible source of error at the axis may be the axis
boundary conditions. To determine the effects of the symmetry
boundary conditions on the solutions, a comparison was made with
a solution where the entire plane was included in the computa-
tional domain (instead of just half of a plane). In this way the sym-
metry line was no longer on a boundary. This exercise was com-
pleted for both an axisymmetric and a two-dimensional
formulation. The resulting axisymmetric flowfield solutions
showed only very slight differences between the half-plane and
whole plane computations. The two-dimensional cases also
showed negligible differences. Whether the grid was clustered or
coarsened at the axis, eliminating the axis boundary conditions did
not change the result.

Geometric Effects

The effects of changing the geometry in the driven-tube/nozzle
interface region were examined, and several parameters were stud-
ied: 1) changing the throat size, 2) changing the shape of the junc-

ture between the two sections, and 3) changing the shape of the
endwall of the driven tube.

The area ratios of the nozzle throats examined were A/A* = 100,
190, and 570. Note that for these area ratios A is the exit area of the
Ames 16 in. shock tunnel nozzle; however, only a small portion of
the nozzle flow was computed. The A/A* = 190 throat was actually
used in the facility. The other two area ratios were chosen to
bracket the 190 throat size. For this portion of the study, all flows
were computed with an axisymmetric formulation. Temperature
contours for the three throat sizes at ¢ = 120 ps are shown in Figs.
7a—Tc. A comparison of the temperature contours indicates that,
although the flows within the nozzle sections were different for
each case (in particular, the shock interactions in the subsonic por-
tion of the nozzle were intensified by the smaller throats), the vor-
tex structures in the driven tube were nearly identical. This sug-
gests that the formation of the vortex system in the driven tube is
not strongly dependent on throat size.

Three changes were made to the geometry at the endwall of the
driven tube. These changes, shown in Figs. 8a—8c, increased the
diameter of the aperture in the endwall by 35% (Fig. 8a), rounded
the juncture between the nozzle and the endwall (Fig. 8b), and ta-
pered the endwall of the driven tube (Fig. 8c). The throat size was
held fixed to the A/A* = 190 size.

Increasing the diameter of the aperture initially caused a slight
increase in the deformation of the reflected shock. However, by
120 us after shock reflection, the solution looked very similar to
the original A/A* = 190 solution shown in Fig. 7b. Rounding the
juncture between the nozzle and the endwall again caused the re-
flected shock to be more distorted, especially near the axis where
the bulging effect was increased. Again, however, by 120 us the
solution looked very similar to the original solution.

The last geometric change that was examined was altering the
shape of the endwall of the driven tube. The endwall was tapered
from the juncture so that it was no longer vertical, and again the
juncture between the two sections was rounded. This flowfield
looked considerably different than those examined earlier. There
were strong, transient shocks in both the subsonic and supersonic
portions of the nozzle that were not seen in the other cases. The
central vortex was significantly larger than in the other cases, caus-
ing the reflected shock to bulge out more. However, once again, by

e A/A*=190

time=160 psec
two-dimensional

N,

Fig. 9 Transient shock reflection solution for a two-dimension flow-
field.

shocktube
end-wall
zone 1 sub-scale grids used to
track important flow
features within zones
r 15°
2
zone h| zone3 %

Fig. 10 Nozzle geometry and schematic of the zonal grids used for the
transient nozzle flow computations.
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120 ps the overall structure in the reflected shock region looked
like the case with the original geometry. The important exception
was that at r = 120 ys the reflected shock system (reflected shock
and vortices) had traveled farther up the driven tube than for the
other cases. The reason this occurred was because the endwall was
angled into the driven tube, causing the primary shock to reflect
sooner.

It is important to note that all of the previous calculations as-
sumed that the flow was inviscid. Therefore, the viscous effects
that may occur due to geometric changes were not examined. Vis-
cous effects may not be insignificant, and further study is required
to determine their importance to this problem.

For the bulging of the reflected shock to cause premature con-
tamination of the test gas, it would have to persist long enough to
interact with the contact discontinuity (CD). The original A/A* =
190 case was continued until ¢ = 400 ps, and it was found that the
bulge did diminish as the reflected shock continued to propagate
up the driven tube. Eventually, the reflected shock became almost
planar. Therefore, the likelihood of premature mixing will depend
on how much time elapses before the CD and the reflected shock
interact. Note that, for this study, the driven tube walls were as-
sumed to be inviscid; therefore, the effects of shock-wave/bound-
ary-layer interactions, which could also cause premature contami-
nation, were not examined.

The possibility that the bulge in the reflected shock was a purely
axisymmetric phenomenon was also examined. Temperature con-

Fig. 11 Schematic of the transient nozzle flow development: I—inter-
face, IS—incident shock, MS—Mach stem, PS—primary shock, RS—
reflected shock, and SS—secondary shock.
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A

Fig. 12 Temperature contours of the computational resuits corre-
sponding to the flow schematic presented in Fig. 11a~11h. The con-
tours are drawn at 20 deg (K) intervals. Note that only half planes are
shown.

tours for a two-dimensional calculation using the original A/A* =
190 geometry at ¢ = 160 ps are shown in Fig. 9. For the two-di-
mensional cases, the centerline vortex does not form; furthermore,
the portion of the reflected shock near the centerline actually lags
behind the rest of the shock. This type of two-dimensional flow
structure has also been observed experimentally.?

Transient Nozzle Flow Simulation

Setup

The nozzle flow examined computationally in this study was
originally examined experimentally by Amann and Reichenbach®
and Amann.*!? The nozzle was two dimensional, and the experi-
mental arrangement used side plates in the supply tube to reduce
viscous effects upstream of the nozzle. The test was initiated with
a Mach 3.0 shock in air upstream of a nozzle with a 15-deg semidi-
vergence angle. The shock propagated into stagnant gas with T =
293 K and p = 6.3 kPa. The nozzle had a rounded inlet with a
radius of » = 10 mm and a throat half-height of # = 3 mm (see
Fig. 10).

The numerical study was initialized with a planar, M, = 3 shock
just upstream of the shock tube exit. The shock tube section was
calculated with slip wall boundary conditions. The walls of the
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11a—11h are shown by way of temperature contours in Figs. 12a—
12h. All features shown in Figs 1la—11h, which are described °
later, were observed in the computational results. Note that the
temperature contours were drawn at even 20 K intervals.

The nozzle flow develops as follows. Initially the incident shock
enters the nozzle, and a regular reflection occurs at the nozzle
walls (Fig. 11a). However, since the angle of incidence of the en-
tering shock wave changes constantly, the conditions necessary for
a regular reflection quickly break down and a Mach reflection de-
velops (Fig. 11b). A contact surface (or interface) is associated
with each Mach reflection. The Mach reflection consists of a Mach
stem, the reflected shock, and an incident shock. These three fea-
tures meet at the triple point. As the flow continues to develop, the
triple point approaches the symmetry plane (Fig. 11c). When the
triple point meets the symmetry plane, a regular reflection of the
Mach stem (which must now be considered to be another incident
shock) occurs (Fig. 11d). Again the conditions necessary for a reg-
ular reflection quickly break down, and another Mach reflection
(including the associated contact surface) develops on either side
of the symmetry plane (Fig. 11¢). The newly formed triple point
then travels toward the nozzle wall, setting the stage for the forma-

Fig. 13 Shadowgraphs of the starting process of a reflection nozzle
with a rounded inlet, My = 3. Time between pictures about 35 and
50 ps.

nozzle, however, were calculated with no-slip boundary conditions
since viscous interactions in the nozzle produced some of the dom-
inant features in the flowfield. This nozzle flow was also examined
computationally by Prodromou and Hillier!!; however, those cal-
culations were entirely inviscid.

The computational grid was constructed with three zones, as
shown in Fig. 10, and subscale, high-resolution grids were used to
track important flow features. This method was discussed in the
numerical methods section. In all, two subscale grids were used:
one to track the primary shock and contact surfaces and a second
to track the secondary shock. These flow features are discussed in
more detail later. The grid sizes were as follows: zone 1 = (250 x
140), zone 2 = (250 x 60), zone 3 = (840 x 60). The subscale
grids were each 280 x 120 and were seven times as fine as the
coarse grid in the axial direction and twice as fine in the radial di-
rection. The subscale grids were used only in zone 3.

Results

The general evolution of the wave system within the nozzle is Fig. 14 Shadowgraphs constructed from the computational flowfield.
shown in Figs. 11a—11h. The computational equivalents of Figs. ~  Time between pictures about 35 and 50 ys.
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Fig. 15a The density on the nozzle axis at six stages in the starting
process. Evaluated from interferograms.
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Fig. 15b The density on the nozzle axis at six stages in the starting
process. Computational results.

tion of yet another Mach reflection (Fig. 11f). As the flow contin-
ues to develop, a secondary shock wave is formed that is facing
upstream but being swept downstream (Fig. 11g). This secondary
shock causes the boundary layer along the nozzle walls to separate
(Fig. 11h).2 It is interesting to note that the interaction of the sec-
ondary shock and the nozzle wall boundary layer very closely re-
sembles the shock-wave/boundary-layer interaction problem asso-
ciated with the propagation of a reflected shock in the driven tube
of a shock tunnel as discussed in Ref. 12.

A series of experimental shadowgraphs (Figs. 13a-13c) and
synthetic shadowgraphs’ generated from the computed solutions
(Figs. 14a-14c) demonstrate how the flow develops. The compari-
son shows that initially the shock systems and the contact surfaces
were captured very well by the computations. However, as the
flow progressed, the resolution of the contact surfaces began to de-
grade. Capturing contact surfaces using CFD can be difficult since
the numerical methods are tuned to capture discontinuities like
shock waves with converging characteristics on either side of the
discontinuity. Also, numerical and viscous dissipation tends to dis-
sipate the contact surfaces. Ways of improving the resolution of
the contact surfaces obviously require further study. It should be
noted, however, that the ability to discern the contact surfaces was
greatly improved by tracking them with a higher resolution grid.
Solutions computed using only the coarse grids showed that the
contact surfaces were all but nonexistent in the latter portion of the
nozzle.

The boundary-layer separation (Fig. 13b) was captured well by
the computations (Fig. 14b). However, as the secondary shock
moved downstream, the CFD solutions predicted that this shock
became curved (Fig. 14¢) instead of remaining mostly planar as
was shown in the experimental shadowgraph (Fig. 13c). The rea-
son for this is not fully understood; however, one possible cause
may be that the boundary layer upstream of the secondary shock
was not modeled precisely enough, causing the shock-wave/
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boundary-layer interaction to be different than in the experiment.
There is some indication in the experimental shadowgraphs that
the separated region may have been turbulent. The calculations as-
sumed that the entire flowfield was laminar; therefore, any turbu-
lent effects were not captured.

The density along the nozzle axis at six different times during
the starting process was discerned from interferograms by Amann
and Reichenbach (Fig. 152).% The density profiles from the CFD
solutions at the same times are shown in Fig. 15b. The computa-
tions agree very well with the experimental results. In particular
the locations of the primary and secondary shocks were captured
well throughout the simulation, indicating that the shock speeds
were predicted accurately. Also, the features within each profile
were captured well.

Conclusions

It was found that refining the grid in the radial direction such
that Ax:Ay>1 produced a nonphysical jetting behavior along the
axis. A partial explanation was given, and changing the grid aspect
ratio such that Ax:Ay 23 was presented as a temporary solution to
the jetting problem. Better ways to solve this problem are currently
being studied. Spatially first-order-accurate solutions were found
to be too dissipative to resolve the vortex structure in the driven
tube.

Several geometric changes were made to both the nozzle section
and the driven tube to determine their effects on the flowfield. It
was found that increasing the diameter of the aperture in the end-
wall of the driven tube and rounding the juncture between the noz-
zle and driven sections both initially caused changes in the re-
flected shock region; however, by 7 = 120 us after shock reflection,
the reflected shock region for both cases looked the same as a case
with a smaller aperture and a sharp interface between the sections.
It was found that tapering the endwall of the driven tube initially
caused the reflected shock to bulge more at the centerline; how-
ever, the increase in the bulge was not observed at later times (¢ =
120 us). In all cases the reflected shock becomes almost planar by
t = 400 ps after shock reflection. Overall, the geometric changes
did not have a significant effect on the bulge in the reflected shock.
The calculations assumed inviscid flow, and it was determined that
further study was required to examine viscous effects that may
occur due to geometric changes.

Two-dimensional flow solutions showed that no vortex existed
in the driven tube, and the reflected shock near the centerline
lagged behind the rest of the shock instead of protruding ahead of
it as was seen in the axisymmetric formulation. The two-dimen-
sional results agreed with experimental data.

The transient flow in a shock tube nozzle was calculated, and
the results, including shock speed and overall flow structure, com-
pared well with experimental results. The CFD solutions incorpo-
rated a grid-tracking technique where transient flow features of in-
terest were tracked by high-resolution grids. This technique greatly
improved the accuracy of the CFD solutions.
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