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Abstract. Results of flow visualization experiments of an
impulsively accelerated plane interface between air and SFg
are reported. The shock tube used for the experiments has
a larger test section than in previous experiments. The
larger extent of uniform test flow relative to nonuniform
boundary-layer flow permits unambiguous interpretation of
flow-visualization photographs, and the influence of shock-
wave/boundary-layer interactions is no longer dominant. The
strong wall vortex observed in previous studies is not ob-
served in these experiments. It is found that the thin mem-
brane, which forms the initially plane interface, has a sig-
nificant influence on the initial growth rate of the interface
thickness. However, the measured growth rates after the first
reflected shock are independent of membrane configuration
and are in good agreement with analytical predictions.
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1 Introduction

The Richtmyer-Meshkov instability occurs when a shock
wave impinges upon an interface between two fluids of dif-
ferent densities (Richtmyer 1960; Meshkov 1969). The re-
fraction of the shock wave from spatial perturbations on the
interface causes distortion of both the interface and the shock
wave. Most of the experiments so far reported in this field
have concentrated on the instability of an initially sinusoidal
interface with perturbations of wavelength A and amplitude
no. Richtmyer (1960) showed, that in this case the perturba-
tion amplitude n grows linearly with time,
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where [u] is the change of interface velocity induced by the
shock wave, A’ is the post-shock Atwood ratio and 7)) is
the post-shock amplitude of the perturbation. The relation
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is only valid as long as n(t) << X or ¢t << /\2/(770[u]).
However, small-scale perturbations, which are the subject
of this paper, grow rapidly into the non-linear regime. Per-
turbations of, for example, 1,/A = 0.1 and A = 1 cm, on
an interface which is accelerated impulsively from rest to a
velocity of 150 m/s (all values typical for the experiments
described here), will grow out of the linear regime within
0.7 ms. This finally leads to a turbulent mixing zone (TMZ)
between the two fluids. Mikaelian (1989) adapted results of
constant-acceleration experiments of Read (1984) to impul-
sive acceleration and obtained an analytical expression for
the non-linearly saturated shock-induced thickening of an
initially flat interface,

6 =0.28[ulA’t, (2)

where ¢ is the interface thickness. It has recently been sug-
gested (Brouillette and Sturtevant 1989, 1993) that, due to
the modest-size shock tubes used for the relatively few ex-
periments on this problem to date (Andronov et al. 1976, An-
dronov et al. 1982, Brouillette and Sturtevant 1989, 1993),
shock-wave/boundary-layer effects have had a large influ-
ence on the measured growth rates and on the interpreta-
tion of flow visualization pictures. The goal of this work
is to reduce this influence by using a larger test section.
Table 1 shows a comparison between previously used fa-
cilities and the present one. Also listed are the fluids used
and incident shock Mach numbers M, in these facilities. In
the work reported here single high-resolution spark-schlieren
photographs of the flow were obtained to exhibit the turbu-
lent structure. High-speed schlieren motion pictures (35000~
40000 frames per second) with a lower resolution were also
used in order to measure the time evolution of the TMZ dur-
ing each experiment. A better understanding of the influence
and behavior of the membrane was obtained by using differ-
ent knife edge orientations for the schlieren system and by
fragmenting the membrane immediately after shock passage
with a wire mesh placed downstream of the membrane.

2 Experimental

The experiments were performed in the GALCIT 17-inch di-
ameter horizontal shock tube (Liepmann et al. 1962, Budzin-
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Table 1. Comparison of facilities used in the field of Richtmyer-Meshkov instabilities

Test section

Shock Mach numbers .

Reference dimensions [cm x cm]  Fluids M,
Meshkov (1969) 12x4 air/CO;, ; air/R22 ; air/He 1.52
Brouillette & Sturtevant (1993) 114 x 114 air/He ; air/CO, ; air/R22 ; air/SFg 1.12-1.66
Andronov et al. (1976) 12x 4 air/He 1.30
Benjamin (1992) 75x75 air/SFg ; air/He 1.24
Landeg et al. (1993) 20x% 5 R12/air 1.26
Youngs (1989) 15x 15 pentane/SFg; alcohol/air® -b
present work 26.7 x 26.7 air/SFg 1.18-1.98
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Fig. 1. Geometry of the short test section with the mounted flat plate

sky 1992). A 27 cm square test section is flanged to the end
of this tube, and the transition from circular to square cross
section is made with a cookie-cutter extending 1.5 m up-
stream into the shock tube. Depending on the test conditions
either a long (1.22 m) or a short (0.61 m) test section is used
(Fig. 1). A thin (0.5 pm) nitro-cellulose membrane, which
forms the initial interface, is placed between the shock tube
and the test section. Since the test section and especially the
optical windows were not designed for large overpressures,
Mach numbers above 1.1 can only be achieved by reducing
the initial pressure p; below atmospheric. For M = 2 p,
must be as low as 8 kPa. For this reason both the tube and
the test section must first be evacuated before they can be
filled with the desired gases. This procedure turned out to
be the most difficult part of these experiments. In most of
the experiments a wire mesh was installed to support the
membrane on the upstream side during the filling proce-
dure. In one configuration the mesh had a spacing of 10 mm
both in the horizontal and vertical direction (wire diame-
ter 0.23 mm). Prior to each run, the membrane was usually
pushed slightly into the wire mesh, with an estimated ampli-
tude of about 1 mm. To examine the effect of the mesh and
the membrane, a few experiments were performed with the
wire mesh placed on the downstream side of the membrane
to fragment it. This made the pumping and filling process
much more difficult. In addition, two partial meshes were
constructed, one with vertical wires, and the other with hor-
izontal wires, spaced on 1 cm centers. In order fo complete
the study of membrane effects, some runs were made with
the membrane sandwiched between the two partial meshes.
The optical windows for the schlieren visualization system

are centered 42 cm downstream of the membrane and are
15 cm in diameter, so the shock tube wall is not directly
visible in the pictures. Therefore, some experiments were
performed with a sharp-edged flat plate mounted across the
window, extending from the endwall up to a distance of 10
mm downstream of the membrane (Fig. 1).

For high-resolution imaging, a single spark-schlieren
photograph was taken in each run. The spark source gen-
erates a flash of visible light of approximately 0.5 us dura-
tion. With this approach the measurement of the evolution
of the TMZ depends on the repeatability of flow conditions
from run to run (Liepmann et al. 1962), and many runs
are required. To overcome this shortcoming, lower resolu-
tion schlieren images were obtained with a Cordin Model
374A high-speed camera, permitting the observation of the
entire time evolution in one experiment. Since flow features
are not as clear in the high-speed motion pictures, it is im-
portant that the spark schlieren images were available to
facilitate the interpretation. The thickness & of the interface,
defined to be the mean horizontal overall extent of the inter-
face, was measured on both spark-schlieren and high-speed
movie photographs. No corrections were made for possible
wall effects. The rate of increase of the interface thickness
(‘growth rate’) is obtained by a straight-line least-squares fit
to the thickness data. For all experiments reported here the
standard deviation of the least squares fits are of the order of
1 m/s after the incident shock and 2.5 m/s after the reflected
shock.

Figure 2 shows the wave diagram, based on experimental
data, of an air/SFg interface (density ratic 0.2) accelerated
by a M, = 1.50 shock wave at an initial pressure p; = 23
kPa. A Mr = 1.78 shock is transmitted into SFg and the
interface is accelerated to about ug = 150 m/s. The circles
indicate the times when spark schlieren pictures were taken.
The relatively weak reflected expansion fan from the high
pressure section of the shock tube that follows 0.5 ms after
the incident shock, is not shown. The interaction of the shock
reflected from the endwall with the interface occurs a short
distance downstream of the optical window (represented by
the two vertical lines). The interface then reverses its motion
and is finally decelerated nearly to rest by the re-reflected
expansion wave.

3 Flow visualization

Figure 3 shows some spark schlieren pictures of the inter-
face after both the incident and reflected shocks. The quoted
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Fig. 2. Wave diagram for the interaction of a M = 1.50 shock wave with
a plane discontinuous interface between air and SFg

times are measured as in Fig. 2. In Fig. 3a, at £ = 2.75
ms, the interface is travelling from left to right (the incident
shock has already passed the window) and the membrane
(thick black band) appears continuous, with some visible
smooth undulations of wavelength approximately equal to
that of the mesh. The mixing zone extends from a small
distance behind the membrane to a larger distance ahead,
suggesting that the membrane accelerated more slowly than
the interface, and that the membrane is at least partially rup-
tured. The streaky structure visible behind the interface is
caused by turbulent mixing of air and SFg in the bound-
ary layers on the viewing windows. In order to demonstrate
the difference between wall and core-flow features, Fig. 4a
shows the interface at nearly the same time, but with the
schlieren knife edge set vertical instead of horizontal, and
with the flat plate mounted in the test section. Comparison
of Figs 3a and 4a shows that the rear (left) dark band is
indeed the membrane, since its appearance is independent
of the knife edge orientation. However, now there is a for-
ward dark band which is clearly a schlieren effect caused by
large horizontal gradients at the front of the TMZ. What is
observed in Fig. 4a is simply that the TMZ and membrane
are bent forward near the plate, rather than being dragged
back by viscous deceleration as might have been expected.
This may be caused by a small misalignment of the flat
plate, and is therefore likely not representative of the situ-
ation at the other side walls. Behind the membrane on the
flat plate a boundary-layer with large density gradients can
be observed. As described below, the measured growth rate
after passage of the incident shock is much smaller than pre-
dicted by theory. To clarify the influence of the membrane,
the wire mesh was placed on the downstream side of the
membrane to fragment it and enhance mixing. The result is
shown in Fig. 4b, an image of an interface after interaction
with the incident shock at £ = 2.83 ms. The mixing region
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is now much wider (cf. Fig. 3a) and the flow structure is
not as uniform as before; the rear part is more curved than
the front. Behind the TMZ are visible residual wakes of SFg
from the wire mesh. The interface is five times thicker than
with the wire mesh on the upstream side. However, this still
represents a growth rate only about 2/3 of that predicted by
Eq- (2). Figures 3b and 3c show the interface after interaction
with the reflected shock. The interface thickness now grows
rapidly, and fragments of the membrane are distributed over
a much larger region. Again, it is clear that a vertical knife
edge, (Fig. 3b), gives a better contrast regarding the TMZ,
whereas a horizontal one, (Fig. 3c), provides a better view
of the membrane itself. The fragments of the membrane roll
up into thin strips, which are twisted around each other and
tend to have arcuate form. As shown by Fig. 4c, a ‘loop’ or
wall vortex, which was observed by other authors (Brouil-
lete and Sturtevant 1993; Andronov et al. 1976) is not seen
here. The membrane region very close to the plate seems to
have been disturbed by the reflected shock, perhaps because
of the forward bend seen in Fig. 4a, but the bulges at the
front and rear further away from the plate are typical of our
observations (cf. Fig. 3b and 3c) and in some cases are re-
peatable with or without the wall, do not extend to the wall
and obviously do not wrap all around the test section.

4 Growth rates

Figure 5 shows the time evolution of the average thickness
6 of the interface measured from single-spark photographs
for M, =1.50, 1.45 and 1.18 (growth rates were measured
mainly from pictures made with a horizontal knife edge ori-
entation). The experiments at the lowest shock Mach number
were performed with the long test section, so the reflected
interface was very thick when it came back into the field of
view. For this reason there is only one datum available for
its refiected shock thickness. The straight solid lines indicate
results of least squares fits through the data before and after
the arrival of the reflected shock (RS). The growth rates cal-
culated assuming that the initial thickness is zero are given
in Table 2. The index “0” corresponds to the conditions af-
ter the incident shock and the index “1” to those after the
reflected shock. The effective initial thickness, due to the
starting process, may in fact be finite. Thus the values given
for the growth rates after the initial shock are upper bounds.
They are approximately an order of magnitude smaller than
predicted by Eq. (2). The growth rates after the reflected
shock are in good agreement with Eq. (2) (indicated by the
dash-dotted lines, using the Atwood ratios after the reflected
shock), even for the low Mach number with only one datum
available.

The evolution of the average thickness measured from
the high-speed motion pictures for four different incident
shock Mach numbers between 1.24 and 1.98 is shown in
Fig. 6. The length L of the test section was adjusted in some
experiments to insure that the interaction of the reflected
shock wave with the interface would be in the field of view.
The high-speed motion picture data agree with and extend
the spark schlieren results. Very small and sometimes no
growth is observed before the reflected shock interacts with
the interface. Assuming that the growth is linear in time and
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Table 2. Test conditions and comparison between measured and predicted growth rates of the interface

thickness
e i e ve ya A\ vII®

M, 1.18 1.24 1.43 1.45 1.50 1.50 1.98 -
P1 55 40 31 29 23 23 8 kPa
L 123 110 62 62 62 62 49 cm
My 1.27 1.37 167 1.70 1.78 1.78 2.56 -
U 56 72 126 126 150 150 287 m's
(d6/dt)o,ep. 0.94 2.1 3.0 3.1 4.0 42 75 m's
(d8/dt. £q. @) 10.7 14.2 255 25.6 30.7 30.7 613 ms
(d6/dt)1, exp. 192 17.0 315 355 32.6 372 744 m/s
(d/dt),mq. 20.1 222 359 373 39.8 39.8 755 m/s

@ results from single spark-schlieren photographs b results from high-speed motion pictures

Fig. 3. Spark schlieren photographs of the Richtmyer-Meshkov instability
of a plane discontinuous interface between air and SF¢. M, = 1.50, short
test section, window size 15 cm, mesh spacing 1 cm. (a) ¢ = 2.75 ms, (b)
t=5.11 ms, () £t =5.55 ms

Fig. 4. Spark schlieren photographs of the Richtmyer-Meshkov instability
of a plane discontinuous interface between air and SFs. M; = 1.50, short
test section, window size 15 cm, mesh spacing 1 cm. (a) ¢ = 2.71 ms, flat
plate, (b) ¢t = 2.83 ms, wire mesh on downstream side of membrane, (c)
t = 5.02 ms, flat plate
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Fig. 5. Time evolution of the thickness of the TMZ for the plane discontin-
uous interface between air and SFg. Results from spark schlieren pictures
(RS: reflected shock; E: expansion)

251

0.3 T T ¥ L
Ms
¢ 118
° | 124
= ozh - 4 1 143) |
R u & | 145
< ae 8 | 150
= © 8 150
3 . v 168
g o1if 7
~— *
*
00 . . . .
~10 -08 -0.6 -0.4 ~02 00
Al

Fig. 7. Correlation of reflected shock growth rates for a discontinuous inter-
face between air and SFg; filled symbols: results from single schlieren pic-
tures; open symbols: results from high speed motion pictures; —: Mikaelian
formula (Eq. (2)); *: exp. results from Brouillette and Sturtevant

160 T T T T T T T -
——+Ms = 198 (Run 87)
140L|=="Ms = 150 (Run 85) y, i
—8—éa~ Mg = 143 (Run B86) :
120 F -©~€-Mg = 124 (Run 88/89) ]
—_ — — Eq{) y
E 100 E o / 1
- *
s E A 7
80 ! Y/ 3
y Y,
40 1 RS / ]
RS# RS :
1
20F | : 3
0 i ; : . , X .
0 2 4 5] 8 10 12 14 186 18
t [ms]

Fig, 6. Time evolution of the thickness of the TMZ for the plane discontinu-
ous interface between air and SFg. Results from high-speed motion pictures
(RS: reflected shock; E: expansion)

performing a least squares fit again yields growth rates an
order of magnitude smaller than Eq. (2). The growth of the
interface between reflected shock and the arrival of the re-
reflected expansion wave appears to be linear, and straight-
line least squares fits yield growth rates in good agreement
with Eq. (2). The initial thickness for the post-reflected shock
fit is taken from the incident shock fitted result, but nearly
the same rate would be obtained if the actual measured pre-
reflected shock thickness were used.

The present results for the growth rate after the re-
flected shock are summarized in Fig. 7, a plot of growth
rate (d6/dt); normalized by the velocity jump [u]; induced
by the reflected shock vs. the Atwood ratio A} after the re-
flected shock. The measured growth rates fall in a band 1.5
to 23% below the analytical formula of Mikaelian (1989),
Eq. (2), substantially better agreement than in previous in-
vestigations. The agreement improves as M, increases. Also
plotted in the figure are results of Brouillette and Sturte-
vant (1993); only their low Mach number case (M, = 1.12),
for which boundary-layer effects were relatively small, is in
reasonable agreement with the Mikaelian formula. An am-
biguity in their data reduction may have led to the choice of
much lower growth rates for the higher Mach numbers.
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Fig. 8. Time evolution of the thickness of the TMZ for the plane dis-
continuous interface between air and SFg; results from high-speed motion
pictures; M = 1.50; the legend shows the wire mesh-membrane arrange-

ment between air and SFq: v-vertical wire mesh, h-horizontal wire mesh,
m-membrane (RS: reflected shock; E: expansion)

The results of the study of the influence on mixing of
membrane placement relative to the mesh is presented in
Fig. 8. The curves show a dramatic increase of the growth
rate after the incident shock up to a factor of six, depending
of whether the membrane was placed on the downstream
side ((v-h)-m), between the vertical and horizontal partial
meshes (v-m-h) or on the upstream side (m-(v-h)) of the
mesh. But the growth rates after the reflected shock were
almost the same in all three cases, although, for the last case,
the interface was already very thick before the interaction
with the reflected shock. It cannot be excluded that for the
experiments with the membrane on the upstream side of the
wire mesh (m-(v-h)) the membrane was bulged somewhat to
the upstream side prior to the arrival of the incident shock
(cf. Fig. 4b).

5 Discussion and conclusions

Results of growth rate measurements of impulsively accel-
erated plane interfaces between air and SF¢ have been pre-
sented. Due to the much larger test section than in previous
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studies, the effects of shock-wave/boundary-layer interac-
tion have been reduced significantly. The resulting increased
resolution of schlieren pictures and comparison of pictures
taken at the same instant both with horizontal and vertical
knife edges permit a better interpretation of the visible flow
features. Contrary to previous investigations in smaller facil-
ities, no strong wall vortex was found in these experiments,
which is also an indication for the reduced influence of the
boundary-layer.

Strong damping of mixing after the incident shock by
the nitrocellulose membrane has been demonstrated by ex-
periments in which the membrane was fragmented immedi-
ately after the shock passage by pushing it through a wire
mesh. The measured growth rates were found to be six times
greater in this case than when the mesh was upstream of the
membrane. In both cases, the measured growth rate after the
incident shock is less than predicted by Mikaelian (1989),
Eq. (2).

On the other hand, the growth rate after the reflected
shock agrees to within 1.5-23%, depending on the shock
strength, with Eq. (2). The fact that the normalization sug-
gested by Eq. (2) does not remove all of the shock-strength
dependence is taken to mean that the growth rate constant
K = 0.28 in Eq. (2) depends weakly on initial condi-
tions. Pre-reflected shock conditions are not only shock-
strength dependent but also apparatus (mesh and mem-
brane) and facility dependent. Dependence on mesh and
membrane configuration will be investigated further in the
present facility. Since Eq. (2) was derived by extrapo-
lating constant-acceleration Rayleigh-Taylor rocket experi-
ments (Read 1984) and is here applied to shock tube exper-
iments, it is clear that K is very robust to facility change.
Whether it is similarly robust for different shock tubes or
methods of generating shock waves can only be tested in
other large-scale facilities.
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