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Abstract

The present article describes an experimental study that is a part of an integrated theg®i#adtiet al. 2003 and
experiential investigation of the Richtmyer—Meshkd¥M) hydrodynamic instability that develops on a perturbed
contact surface by a shock wave. The Mach number and the high initial-amplitude effects on the evolution of the
single-mode shock-wave-induced instability were studied. To distinguish between the above-mentioned effects, two sets
of shock-tube experiments were conducted: high initial amplitudes with a low-Mach incident shock and small amplitude
initial conditions with a moderate-Mach incident shock. In the high-amplitude experiments a reduction of the initial
velocity with respect to the linear prediction was measured. The results were compared to those predicted by a vorticity
deposition model and to previous experiments with moderate and high Mach numbers done by others and good
agreement was found. The result suggested that the high initial-amplitude effect is the dominant one rather than the high
Mach number effect as suggested by others. In the small amplitude—moderate Mach numbers experiments, a reduction
from the impulsive theory was noted at late stages. Itis concluded that while high Mach number effect can dramatically
change the behavior of the flow at all stages, the high initial-amplitude effect is of minor importance at the late stages.
That result is supported by a two-dimensional numerical simulation.
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1. INTRODUCTION stage model, in which a constant velocity characterizes the
growth:

The instability mechanism, which appears at an interface

between two fluids of different densities when it is acceler- Ury = A*ka*Ausp,

ated by a shock wave, that is, the Richtmyer—MesHhkiM)

instability, can give rise to turbulent mixing. Recent theo'wherek is the wave numbef27/A), A* and a* are the

retical work has predicted the evolution of a single-mode ; ;
. . . ostshock Atwood number and amplitude, respectively, and
perturbation through the lineésee Richtmyer, 1960; Mesh- P P P y

: Au;p is the one-dimensional postshock interface velocity.
kov, 1969, nonlinear(Zhang & Sohn, 1997; Sadet al., 0 P y

. a* is equal toad , the postshock amplitude for thight to
1998, and late nonlinear stagéblechtet al., 1994; Alon q 0 P P 9

) heavyconfiguration(see Richtmyer, 1960 and toa* =
et al., 1995; SadoEt.aI., 1998. In those mo.dels, after 'Fhe ag + ag )/2 for theheavy to lightonfigurationsee Meyer
shock passage the interface can be described by an inco

il luti t the flow field. F inal d “Blewett, 1972, whereay is the preshock amplitude. The
pressible evolution of the Tlow Tield. or a SINGIe-MOCE |05, stage is followed by a nonlinear stage during which
perturbation, the instability can be described by the Ilnealihe growth velocity reaches an asymptdieA) A/t behav-

ior whereC(A) is a constant that depends on the Atwood
, number and the dimensionalitfor more details, see Hecht
Address correspondence and reprint requests to: Oren Sadot, Depart- | “Rik ot al h del l
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Beer-Sheva, 84105 Israel. E-mail: sorens@bgumail.bgu.ac.il classical mode)sare applicable when the initial perturba-

341

https://doi.org/10.1017/50263034603213082 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034603213082

342 O. Sadot et al.

tion wavelength is much smaller than the initial amplitudeinstability growth velocity as compared to the nonlinear
(apk < 1) and incompressible flow. classical model, and gives us to study the late stage evolu-
In recent years, efforts have been made to study the evdion with nonlinear initial conditions. The other set has a
lution of the Richtmyer—Meshkov instability in the case of moderate Mach number & = 2 and a linear initial ampli-
high Mach numbers. Shock-tube experiments where contude(agk < 1) demonstrating the high Mach number effect
ducted by Aleshin’s research gro@fleshinet al., 1990, on the instability at the late nonlinear stages of the flow.
1997) using moderate Mach numbdg&5-3.5, various ini-
tial conditions., and different test gas combinati¢He-Xe, 2. EXPERIMENTAL APPARATUS
Ar-Kr, He-Xe in heavy to light and light to heavy arrange-
ments. In their work, an effort was made to map the behav-The experiments were performed in a 5.5-m-long horizontal
ior for the instability and to quantify the differences betweendouble-diaphragm shock tube with an 8 em8 cm cross
the various regimes. Three regimes were defined as “soft3ection. A thin membrane separated the two gasethis
where the nonlinear theory is applicable, “hard,” and “irreg-kind of experiments, the effect of the membrane is negligi-
ular,” where the nonlinear behavior was observed immedible; see Eregt al,, 2000. The evolution of the shock-wave-
ately at the initial stageshear instabilities and asymmetry induced mixing zone was measured by recording a series of
between the bubbles and spike$he hard and irregular Schlieren photographs using a Nd:YAG frequency-doubled
regions were distinguished from the soft one by the highaser pulsed at intervals of about 20 to 209and a shutter-
Atwood number, high initial-amplitude and high-Mach num- less rotating-prism camera. The photographs were analyzed
ber (for more details, see Aleshit al,, 1997). Areduction  using a computerized image analysis. Figure 1 is a sche-
in the initial velocity of the perturbation from the linear matic diagram of the experimental apparatus. To generate a
velocity predicted by the Richtmyer and Meyer-Blewett mod-shock wave having a Mach number in the range 1.2-2.0, the
els in the light to heavy and heavy to light configurationsdriver section was first filled with air or He until it reached
was observed in the hard and irregular regions. the pressure that was required to rupture a 0.14-mm-thick
Dimonteet al. (1996 conducted experiments with higher diaphragm consisting of one or two layers of mylar sheet.
Mach numbers. The experiments were conducted on the The strength and velocity of the shock wave were mea-
NOVA laser at Lawrence Livermore National Laboratory sured with piezoelectric pressure transducers that were flush
(LLNL). The focusing of the laser beams into a radiationmounted on the shock-tube walls. The arrival of the shock
enclosure(indirect drive configuration generated shock Wwave at the first pressure transducer was used to trigger the
waves with Mach numbers &1 ~15in Be(p =1.7 g/cc)  diagnostic timing sequence.
to foam (p = 0.12 g/co) configurations. In these experi- A thin membrane was placed between the two investi-
ments, the initial amplitudes ranged fromk ~ 0.2 to  gated gases in the test section. Upon the rupture of this
agk ~ 4, which is well above the applicability limit of the membrane by the shock wave, the mixing process began.
linear models. In some of these experiments wigk > 4,  Windows were built into the side walls of the test section.
large reductions of the initial instability growth velocities Their height spanned the entire 8-cm height of the test sec-
from those predicted by the linear classical model werdion. Theirlength was 20 cm, beginning at the frame holding
observed, whereas in others withgk = 1, the agreement the membrane. The gases on both sides of the membrane, in
was good. It is commonly assumed that the reduction wa#he test section, were at an ambient pressure. The apparatus

due to high Mach number effectsee, e.g., Aleshiet al, ~ was controlled by a PC computer system that operated the
1997; Holmes=et al., 1999. pneumatic valves and slow rate sensors. The system was
In our theoretical complementary stu@ge Rikanagtal,  equipped with timing and DAQ cards and operated using

2003 the reduction of the initial instability growth velocity LabVIEW software.
as compared to the predictions of a new nonlinear classical To investigate the high-initial amplitude effect, a set of
model is presented and two models were introduced anéxperiments with varied, k was performed. All the exper-
supported by two-dimensioné2D) simulations. The mod- iments were done with an &i&F; gas combinatioflight to
els, which described correctly the reduction, took into ac-heavy combination, Atwood numbgr= 0.67) and a Mach
count the effect of the high initial amplitudgeometrical number ofM = 1.2. Table 1 summarizes the initial condi-
effech—the “vorticity deposition” model—and the shock- tions. The high Mach number study was done usingSitg
interface proximity effecthigh Mach number effegt—the  gas combination witi = 2.
“wall” model. It was found that the geometric effect was
dominant only at the initial stage. At the late stage, the effec, EXPERIMENT RESULTS AND DISCUSSION
was diminished and the bubble front floated in its asymp-
totic velocity. The Mach number effect reduced the initial
velocity.

In the present study, two sets of shock-tube experiments
are reported. One set has large initial amplitudes and lowAn experimental verification of the high initial-amplitude
Mach numbers demonstrating the reduction in the initialdominance in the above experiments was obtained using

3.1. High initial amplitude with small
Mach numbers
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Fig. 1. The experimental apparatus. APC controls the diagnostic system. The light source to the Schlieren optical system is a Nd:YAG

doubled frequency laser.

shock-tube experiments at low Mach numbéw = 1.2)
with saw-tooth initial perturbations of low and high initial the experimental results that can be seen in Figure 2b, the
amplitudes(agk = 0.5—-3. A set of Schlieren photographs initial bubble velocity for the experimental resulishich
taken from the shock-tube experimentis shown in Figure 2awas not measured due to technical limitatiowas assumed
The comparison between the experimental results and oudo be equal to that predicted by the simulation. It is also

2D simulation is presented in Figure 2b.

Due to the good agreement between the simulation and

evident from Figure 2b that the velocity growth as predicted

LEEOR2D, which is a homemade two-dimensional Arbi- by the linear classical modé€Richtmyer, 1960 does not
trary Lagrangian Euleria(ALE) code, was used. More de- predict the initial velocity. Note that there is a very good

tails about the code can be found in O&tral. (1996.

Table 1. The initial amplitude and wavelength of the high

initial-amplitude experiments

A aop

[mm] [mm] aok
Exp. 1 80 40 3.14
Exp. 2 26 10 2.45
Exp. 3 40 12 1.9
Exp. 4 80 20 1.57
Exp. 5 40 7 1.1
Exp. 6 40 3 0.5
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agreement between the experimental results and the predic-
tions of the classical nonlinear mod@lon et al., 1995;
Sadotet al., 1998 of the asymptotic evolutiofthe theoret-

ical predictions were shifted vertically to fit the experimen-
tal results.

A comparison of the reduction factor of the initial veloc-
ity with predictions of the vorticity deposition model is
shown in Figure 3a. As can be seen, very good agreement
was achieved, similar to that derived for the moderate and
high Mach number experiments. Our results, together with
those of Aleshinet al. (1990, 1998 and Dimonteet al.
(1996 for moderate and high Mach number experiments,
are presented in Figure 3b. As can be seen, the reduction in
all of the experiments fit a single curvi@t should be noted
that a calculation using the vorticity deposition model pro-
duced a similar curve; see Rikanatial., 2003. The result
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reverberation, the shocks collide and create regions of high
and low pressure in front of the bubbles and the spikes
alternately. While the high pressure in front of the spike
increases the spike growth, the high pressure in front of the
bubble reduces the bubble growth and can even cause the
bubble tip to drift downstream as is evident in Figure 4b.
The results were compared to a full 2D numerical simula-
tion and the same pressure pattern and bubble behavior were
observed. This effect does not occur in the low Mach num-
ber case. When the shock is weak, the interface travels much
slower than the shock, and small pressure fluctuation dis-
solve quickly. In this case, the evolution of the perturbation
is dominated by the inertia and drag. In Figure 4b, initially
the bubble rises as predicted by the nonlinear classical theory

a;=20 mm a;=12 mm a;=10 mm (Hechtet al,, 1994; Sadott al., 1998 but later on, the
(a) bubble is decelerated and is washed downstream due to the
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Fig. 2. a: Three sets of Schlieren photographs with different initial condi- 1.4 AI ) I t I K
tions. The shock travels from right to left. All experiment are done with air I ° resent wor |
to SK; gases. b: Bubble height in the high initial-amplitude shock-tube 1.2 o Dimonte 1996
experiments. ) + Aleshin 1990
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suggests that the main reduction in those experiments is duez \
to the highay to A ratio and not the shock wave Mach - I A \
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3.2. Small initial amplitude with moderate i “ \\:\\\\L
Mach number 0.2
Experiments with an air to Sfgas combination and shock 0 0 0 5 1 1' 5 2 2'5 3 3 5 4
wave Mach numbavl = 2 were conducted to investigate the ) : ack ) '

Mach number effect. Schlieren photographs from one of

those experiments are presented in Figure 4a. It is seen
clearly that the shock wave is in the vicinity of the perturbed
interface during a longer time and that the shock reverber:

(b)

Fig. 3. a: Comparison of the reduction factor between the vorticity depo-

sition model and the shock-tube experimenitlat 1.2. b: Comparison of

ation is traveling in a direction tqngentiallto the interfacene results from the present work at low Mach number and Dimené.
propagation. Due to the tangential traveling of the shock1996 and Aleshiret al. (1990 at moderate and high Mach number.
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Fig. 4. a: Schlieren photographs from the shock-tube experiment with
M = 2 air to S A = 26 mm,ap = 3 mm. b: Comparison between the
nonlinear model—dashed linGadotet al, 1998—and the high Mach
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classical model In the present work, combined experimen-
tal and theoretical studies reveal two different effects that
dominate the instability evolution, the geometric effect and
the high Mach number effect. Two sets of shock-tube exper-
iments were conducted to validate these effects by using low
Mach number and high initial-amplitude and moderate Mach
number and linear initial conditions. The reduction factors
that were obtained in the high initial-amplitude experiments
were compared to the model predictions and to experimen-
tal results of others and good agreement was found. The
results suggested that even at high Mach numbers, the geo-
metric effectis the dominant one. Itis also shown that at late
stages, the asymptotic velocity in the high initial-amplitude
experiments is the same as that predicted by the nonlinear
classical models. For the case of moderate Mach number
experiments with linear initial conditions, no significant
reduction was observed because the Mach number was not
high enough. However, an irregular asymptotic behavior,
namely a negative growth rate, was observed experimen-
tally and numerically. Pressure fluctuations in front of the
bubble due to shock reverberation suppress the bubble growth
and can even cause a negative growth velocity.
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