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Abstract; Shock tube experiments of a periodic air-helium chevron interface impacted by a planar shock wave are

conducted. Effects of the compressibility and the initial amplitude on the perturbation growth are highlighted. For

small initial amplitudes, the shock Mach number has limited effects on the reliability of the linear model. For high

initial amplitudes, however, the linear model is generally invalid because the high amplitude effect will reduce the

linear growth rate. Under the high initial amplitude condition, the increase of the shock Mach number further

aggravates the discrepancy of the experimental result with the theoretical prediction. By considering the high

amplitude effect and the high Mach number effect, the linear growth rate of the interface with high initial amplitude

impacted by a strong shock wave can be well predicted. The compressibility effect induced by the incident shock

wave can be illustrated by the material compression and the geometric compression of the interface, and the latter is

found to be dominant. In the nonlinear regime, some nonlinear models proposed for single-mode interfaces are

verified to be valid only at very early stages.
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0 Introduction

The intersection of a shock wave with a misaligned
density gradient created by a fluid interface will result in
the creation of the Richtmyer-Meshkov instability
(RMD). This instability was examined by Richtmyer
in his theoretical work, and later by Meshkov'? in his
experiments, The RMI occurs in a variety of
applications. In astrophysics, it has been used to
explain the lack of stratification in supernova products

B4 In

and is required in stellar evolution models
combustion systems with shock-flame interactions, it
plays an important role in deflagration-to-detonation
transition”™ , and it can be used to promote mixing in

671 The application

supersonic air-breathing engines
that has motivated the majority of studies is inertial
confinement fusion (ICF), a technology with the
potential to demonstrate highly efficient carbon-free
energy production, In ICF, the RMI occurs at the
interfaces of the deuterium fuel target during its laser
driven compression causing mixing of the high density,
high temperature core with surrounding material and
Due to its

importance to a variety of applications, the RMI has

greatly reducing the fusion yield™®*,

Citation :

received much attention and a series of comprehensive
reviews™*'*] have been published in the past decades.

RMI under
conditions are usually carried out in shock tubes. The

Experiments on the laboratory
shock wave is created by the sudden release of a high
pressure volume into a low pressure volume initially
separated by a plastic or metal diaphragm. The density
gradient is created by the interface of two fluids of
different densities, and is usually perturbed to misalign
the pressure gradient induced by the shock wave. A
variety of methods for perturbing the fluid interface have
been developed, such as the membrane techniquet'®**!
or membraneless technique®?!, When the incident
shock wave refracts from the light (heavy) fluid to the
heavy (light) fluid, the interface between two fluids is
generally called the light-heavy (heavy-light) one.
Richtmyer*"! first theoretically studied the RMI in terms
of a light-heavy single-mode interface with a small initial
amplitude and proposed the impulsive model to describe
the linear growth behavior of the perturbation. Since
then, extensive studies on the perturbation growth of
the light-heavy single-mode
performed[z,zo,za—zﬂ ,

validated qualitatively and quantitatively. In practical

interface have been
and the impulsive model has been
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applications, actually, the random perturbations with
infinite many modes generally exist on the interface,
and the coupling between different modes complicates
the flow. Recently, a series of experiments on
developments of light-heavy chevron interfaces'®? and

[22:32351  accelerated by

light-heavy inclined interfaces
shock waves have been carried out. A chevron interface
was generated by the soap film technique and the early-
time evolution of the RMI has been highlighted™?2"%¢,
Specifically, the mode coupling™®! and the bubble

B¢] have been investigated. An inclined

competition
interface (half the chevron interface) was generated by
the gas diffusion technique, and the late-time evolution
of the RMI especially the turbulent flow characteristics
have been emphasized??:¥*3%,

Relative to the light-heavy interface, the heavy-
light interface receives less attention. In ICF, note that
the central capsule is made of thin concentric spherical
shells, generally containing the outer shell of the
ablator, the middle shell of the solid DT fusion fuel and
the inner shell of the DT vapor™®. Due to the difference
in density, the outer and the middle shells constitute a
light-heavy interface, whereas the middle and the inner
shells constitute a heavy-light interface. As a result, the
heavy-light interface is closer to the center of the
capsule, and the induced hydrodynamic instability of the
heavy-light interface is crucial to the ignition. Meyer &
Blewett"*" investigated the development of a heavy-light
single-mode interface impacted by a planar shock wave
and found that the impulsive model was not applicable
to predicting the heavy-light interface evolution unless
the amplitude term of the impulsive model was
adjusted, and a linear model (the MB model) applicable
to the

experiments performed by Jourdan & Houas™®!, the

heavy-light case was proposed. In the
heavy-light interface only consists of bubbles, but the
spikes are replaced by flat parts. Their results indicated
that the linear growth rate of such a heavy-light
interface perturbation can be predicted by the impulsive
model™, which is inconsistent with the conclusion
reached by Meyer & Blewett"*"], Note that the interface
adopted in the experiments is not a pure single-mode
one, because the flat parts exist and could affect the

bubble evolutiont®,

Besides, the initial interface is
uncontrollable, and there are many short-wavelength
disturbances on the interface, which also affect the
B399 used the

stereolithography to design the membrane supports such

amplitude growth, Mariani et al

that the initial interface is more controllable than
previous work™®), The developments of the air-helium
interface were well predicted by the model. Recently,
Ma et al'®! experimentally and numerically investigated
the RMI of a heavy-light singlemode interface, and
found that the MB model gives a good prediction to the
linear growth rates.

The shock Mach shock-tube

experiments mentioned above is low, and thus the
[41]

number in

compressibility effect is insignificant. As Mikaelian
stated,
perturbation growth rate. For a light-heavy interface,
Aleshin et al“# studied the development of an Ar-Xe
interface accelerated by a planar shock wave with a
Mach number of 2. 5. The results showed that the

impulsive model can approximately predict the linear

the compressibility effect can inhibit the

growth rate if initial amplitudes are small, but
overestimate the linear growth rate if initial amplitudes
are high. For a heavy-light interface, the evolution of a
Be-foam interface impacted by a strong shock with a
Mach number of 15. 3 in laser driven experiments has
been investigated. Similarly, the MB model can predict
the growth rate of the perturbation when the initial
amplitude is small even though the shock Mach number
is extremely high. As a result, the high amplitude
effect rather than the high Mach number effect is the
dominant one, as proved by Rikanati et al**! and Sadot

1™ in their shock-tube experiments.

et a

To highlight the compressibility effect on the
perturbation growth, evolution of the air-SF; chevron
interface accelerated by a planar shock wave with
different Mach numbers has been investigated in our
previous work™™, The results indicated that except for

the transverse waves effect, the shock proximity

tH4346] \where the proximity of the transmitted shock

effec
wave to the interface also inhibits the perturbation
growth. However, Glendinning et al™® pointed out that
for a heavy-light configuration where the transmitted
shock waves move much faster than the shocked
interface, the shock proximity effect can be insignificant
even for very high Mach numbers, unless a high initial
amplitude is imposed on the interface. Therefore, for
two different interface configurations (light-heavy or
heavy-light) , the compressibility effect is different. To
figure out the difference of the compressibility effect
between them, evolution of the heavy-light chevron
interface accelerated by a planar shock wave with
different Mach numbers needs to be investigated, which
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motivates the current work.

In our previous work!*?, a chevron air-helium
interface was generated by the soap film technique, and
the effect of the initial amplitude on the amplitude
growth has been highlighted. The results verified the
reliability of the MB model for predicting the growth of
the interface with small initial amplitude after the phase
reversal. Note that in the previous work™™, only one
shock Mach number is involved and the experimental
duration was so short that the nonlinear behavior of the
amplitude growth was absent. Furthermore, the
chevron interface with flat portions at both sides is non-
periodic, and the flat portions have non-negligible
influences on the adjacent interface development™’, In
this work, a periodic chevron air-helium is generated by
the soap film technique, and different shock Mach
numbers are involved to highlight the compressibility
effect induced by

perturbation growth.,

1 Experimental methods

incident shock wave on the

The initial interface consists of three chevron
interfaces in the middle and two flat interfaces at both
sides, as shown in Fig. 1. The flat parts connecting the
wall have been verified to have limited effects on the
central interface development®®, and we measure the
central interface to calculate the perturbation growth
rate. Two initial vertex angles (8 = 160° and 120°,
corresponding to two amplitude-wavelength ratios (a,/
A=0. 044 and 0. 144 with a, and A being the initial
amplitude and wavelength, respectively), are involved.
The initial interface is generated by the soap film
technique which has already succeeded in creating
interface with different
Work[27,28,31 ,36] .

process will be briefly described here. The interface

shapes in the previous

Therefore, the interface formation

framework is first manufactured by acrylic plates, and
then thin wires (0. 128 mm in diameter) are introduced
at the corner to avoid pressure singularity. In this
work, only one wire is needed at each corner because
=120°02848),

rectangular frame along the edges of the framework

The interface is generated by pulling a

with the solution prepared (made of 60% clean water,
20% concentrated soap liquid and 20% glycerin by
volume). The boundary layer effect and the three
dimensional effect on the interface evolution are verified
to be limited-®®1,

After the

framework is first inserted into the test section. Then

interface formation, the interface

Soap film
PO * interface

Fig. 1 The interface framework manufactured by acrylic plates.

0 represents the initial vertex angle. The unit of numbers is mm

helium is injected into the right side of the interface
through a hole at the end of the test section, and air is
discharged from the other hole. An
concentration detector is placed near the hole to ensure

oxygen

the helium purity in the test section. Before the shock
wave contacts the interface, the helium and air will
diffuse through the soap film, causing the mixing of the
gases. In this work, the gas concentrations at both sides
of the interface are determined by the velocities of the
incident and transmitted shock waves measured from the
(1D) gas
dynamics theory. The detailed experimental parameters
are listed in Tab. 1.

The experiments are carried out in the same shock
[28.47]

schlieren images and one-dimensional

tubes as that in the previous work Polyester
diaphragms of different thicknesses are placed between
the driver and driven sections to vary the incident shock
Mach number (Ma). The incident shock Mach number
in this work ranges from 1. 2 to 1. 9, as listed in Tab. 1.
The flow field is illuminated by a Xenon light source
(CEL-HXF300), and captured by a schlieren system
combined with a high-speed video camera (FASTCAM
SA5, Photron Limited). The frame rates of the camera
are 50000 f. p. s for #=120°, and 75000 {. p. s for =
160°.

2 Results and discussion

The interface morphology and the amplitude
growth in linear and nonlinear stages will be discussed
in this section. The effects of the initial amplitude and
the shock Mach number on the interface evolution will
be investigated. The compressibility effect induced by
the incident shock wave on the perturbation growth for
light-heavy and heavy-light interfaces will be
highlighted. Note that the initial time in this work is
defined as the moment when the phase reversal is
completed.
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Tab.1 Experimental parameters for eight cases. Ma, incident shock Mach number; V, (V,), volume fraction of helium at the left
(right) side of the interface; A and AT, pre- and post-shock Atwood number, respectively; U, , jump velocity for a flat interface
calculated by 1D gas dynamics theory; U; and U, , incident and transmitted shock wave velocities, respectively. The velocity unit is m/s.

6 Ma V./% V./% A A* U. U, U,
1.18 14. 4 95.0 —0. 657 —0. 663 138 437 968
1. 40 2.8 96.3 —0.703 —0.713 277 490 1107
100 1.73 3.0 98.0 —0.724 —0.736 468 606 1311
1. 84 2.0 98.0 —0.726 —0.737 526 642 1362
T 0.5  —0.613  —0.62 135 21 882
1.37 9.2 93.0 —0. 645 —0. 656 258 496 1022
10 1. 66 8.9 94. 2 —0. 661 —0.674 423 597 1182
1.78 10.8 92.3 —0. 631 —0. 645 487 649 1202

-0.31

Slip line

0.88

/7,1

4

Banblec

4.08
Fig. 2 Schlieren images of air-helium interfaces for #=120° impacted by a planar shock of Ma=1.19 (a) and 1. 78 (b), and for
0=160" impacted by a planar shock of Ma=1. 18 (¢) and 1. 84 (d). IS, incident shock; TS, transmitted shock; R1, transverse
shock waves generated by the interaction of TSs at the right vertex of the interface; TR1, transverse shock waves of R1 refracting
through the interface; RW, reflected waves; a,, initial interface amplitude; a, evolving interface amplitude; A, interface

wavelength; h, . spike stem width. The numbers denote the dimensionless time.

2.1 Interface morphology and features sequences (§=120° with Ma=1.19 and 1. 78, and 0=
The evolution of the shocked interface with time is 160° with Ma = 1. 18 and 1. 84) are shown here,
displayed in Fig. 2. Note that only four schlieren because for the same initial amplitude, the qualitative
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Fig.3 Time variation of the spike stem width &, at different Mach numbers for the small

(a) and large (b) amplitude in dimensionless form

developments of the interface for cases of Ma ~ 1. 4 and
1. 7 are similar to those for cases of Ma ~ 1.2 and 1. 8,
respectively, and are omitted here. Taking the case of
#=120° and Ma=
evolution process, when the incident shock wave (IS)

the the

transmitted shock wave (TS) moving downstream and

1. 78 as an example to discuss the

propagates along air-helium interface,
the reflected waves (RW ) moving upstream are
generated, The TSs interact with each other at the right
vertex of the interface, resulting in the formation of two
new shocks (RI1
connected by a Mach stem and two triple points (TP)
(Fig. 2(b) at t=0, t=kVE(—t") with & (= 2x/1)

the wavenumber,

is the transverse shock wave)

t” the time when the phase reversal is
just completed, and V§ the experimental linear growth
rate which will be discussed later). The slip line
connecting the triple point is observed, which is the
specific feature under the conditions of the high
amplitude and moderate Mach numbers (§ =120 ° and
Ma=1. 66, 1. 78). The slip line is not observed for
other cases, even for the small amplitude at Ma =
1. 84. The shock R1 passes through the interface and
generates another transverse shock wave (TR1). When
the IS passes across the interface, phase reversal a
specific phenomenon in the heavy-light configuration
starts, The spike (a heavy fluid penetrating a light one)
occurs in the middle and grows quickly in the direction
of the post-shock flow, whereas the bubble (a light
fluid penetrating a heavy one) develops in the opposite
direction to the spike. As time proceeds, lots of small
vortices appear on the inclined interface. Because more
baroclinic vorticity is deposited on the interface with
high initial amplitude, the vortex pair at the spike tip is

more obvious.

From the comparison of the schlieren sequences
shown in Fig. 2(¢) and (d), the shock Mach number
has a limited effect on the interface morphology for the
small initial amplitude. However, for the high initial
amplitude, as the shock Mach number increases, the
vortex pair at the spike tip is more obvious, and the
spike stem width (A, , as defined as the distance of the
spike stem, as shown in Fig, 2(b) at ¢ =2, 82) is
wider, The spike stem width can reflect the size of the
vortex to some extent. The time variation of the A; in
dimensionless form for cases of small and high initial
amplitudes is shown in Fig. 3, in which the A, is scaled
as kh,. For the small amplitude, the A, first increases
and then seems to be saturated within the time studied,
and the shock Mach number has limited effect on the
growth of the &,. For the high initial amplitude, the A,
first experiences two stages similar to the case of the
small amplitude, but it then decreases and finally is
saturated. The rapid increase of the h, at early times is
due to the formation of the spike from the sharp corner
on the left side of the interface. In this process, the
spike stem grows from scratch and experiences rapid
growth until it is saturated. Then, the spike continues
to develop, and the stem is elongated in the streamwise
direction with the reduction of the stem width due to the
mass conservation, Finally the stem width enters an
approximate saturation stage. Note that the &, increases
as the shock Mach number increases, because more
vorticity is generated, and more fluids at the spike stem
are entrained into the vortex pair.

So far, we have not found a connection between
the spike stem width growth and amplitude growth.
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Tab.2 Linear growth rates obtained from experiments and theories for eight cases. V&, V3™, V&, V& and VI*¥ are growth rates

obtained from the experiments, the MB model, the Rikanati model, the Holmes model and the new model, respectively. F¥, FH and FV

are the reduction factors of the Rikanati model, the Holmes model and the new model, respectively. The unit of the velocity is m/s.

6 Ma vE Ve vE G I FH BN
1.18 22.6+1.8 21.3 - - — — — —
1.40 39.441.5 39.3 - — — — — —
160
1.73 57.71+2.6 58.5 - — — — — —
1. 84 59.9%1.5 63.4 - — — — — —
O 52.041.8 6.8 5.3 588 4.3 0.8 092 074
1.37 85.9+£2.6 113.6 94.7 98.9 82.5 0.83 0. 87 0.73
10 1. 66 119.0+2.1 166.9 142.5 136.8 116. 8 0. 85 0. 82 0.70
1.78 124.8+2.8 178.1 152.6 142.6 122.2 0. 86 0. 80 0. 69

2.2 Linear growth of the amplitude

After the phase reversal, the amplitude grows with
time and a linear growth is usually observed. For the
light-heavy configuration in which the phase reversal is
absent, Richtmyer™ proposed the impulsive model to
predict the linear growth rate, which can be expressed
as

Vi= kAT U,a? @)

where the post-shock amplitude af =a, (1 —U.,/U;)
with U, and U, being the jump velocity of the interface
and the incident shock velocity, respectively, and A% is
the post-shock Atwood number. Meyer & Blewett™”
found that the impulsive model is not applicable to the
heavy-light case, unless ag is replaced by (ao+ad )/2,
and they proposed the MB model, which is described as
ao +at
2
The linear growth rates obtained from the linear

=Pk |AY|U. (2

fitting of the experimental data and from the MB model
are listed in Tab. 2. For the small initial amplitude,
because a chevron interface has a dominant mode?*,
the MB model gives good predictions for all Mach
numbers, that is, the Mach number has very limited
effects on the linear growth rate. However, for the high
initial amplitude, the MB model overestimates the linear
growth for all cases even for the Mach number of 1. 19.

The high amplitude effectt

[43,49]

and the secondary
compressibility effect are believed to have caused
the discrepancy.

To evaluate the high amplitude effect, based on a
vorticity deposition model, Rikanati et al"**? proposed a
model (the Rikanati model ) applicable for both
sawtooth with  various

sinusoidal and interfaces

amplitudes, which can be described as
V§ = Vi® X F¥ 3

where F¥ is a reduction factor, defined as the ratio of
the initial tip velocity to the tip velocity obtained by the
incompressible linear model"*®*1, The predictions from
the Rikanati model for the high initial amplitude are
listed in tab. , from which one can observe that the
Rikanati model can only predict the linear growth of the
high initial amplitude when the shock Mach number is
low. As the shock Mach number increases, the Rikanati
model overestimates the linear growth rate, which
means the secondary compressibility effect also reduces
the growth rate and cannot be neglected at moderate
Mach numbers. By considering the relationship between
velocities of shocks and interfaces, Holmes et al**"
constructed an empirical model (the Holmes model) for
heavy-light cases, which can be expressed as

¢ = V" X FH @

where FE=1/[1+V¥®/(U, —U.,)] with U, being the
transmitted shock velocity. From values in table 2, it is
found that the Holmes model always overestimates
experimental values, especially for stronger shock
waves. As a result, for the high initial amplitude at
both the high

amplitude effect and the secondary compressibility effect

moderate or high Mach numbers,

must be considered. We combine two reduction factors
(F® and F™) together, and propose a new model,

VI = VIB X FR X F = VB X FY  (5)

As shown in Tab. 2, the new model gives a good
prediction to the linear growth rate when Ma=>1. 37,
but it slightly underestimates the linear growth rate for
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1.0 T bubbles (light-heavy case). Rikanati et al™! and
0.9 _ ™ Heivyigggt (I;gllgg)}:eavy _ Glendinning et al™* proposed a parameter ¢=V3®/(U, —
ot m 120° O 120° U.,) to estimate the shock proximity effect. When ¢
Tk 3 is close to zero, the shock proximity effect is
E 0.7F negligible, but when ¢ is close to or exceeds unity,
E‘ 0.6E the shock proximity effect needs to be considered.
o L ® In our present work, the largest ¢ occurs in the case
E 03 £ : . ] of §=120° and Ma=1.78, and ¢ is 0. 25, which is
e 0.4F a3 much less than unity. Thus, the shock proximity
03 L] effect is insignificant for heavy-light interfaces,

1.0 1.2 1.4 1.6 1.8 2.0 which is different from light-heavy cases.

Ma 2.3 Compressibility effect on the amplitude growth
Fig. 4 Comparison of the experimental linear growth rates It is known that the compressibility effect

scaled by the value predicted from the uncompressed impulsive
model between the heavy-light case and the light-heavy
case™®, The theoretical curves for the small amplitude are
obtained based on the typical experimental condition for the
heavy-light (light-heavy) case at the pre-shock Atwood number
of —0.70 (0.54).

1'0 L L x T ® L. i 1 4 i ¥ 1 ¥ ¥ LS 1
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—_
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Fig. 5
predicted by the impulsive model for the air-SFs interface and

Comparison of the theoretical linear growth rates

the MB model for the air-helium interface scaled by the values
predicted from the uncompressed impulsive model at different

Atwood numbers and Mach numbers.

Ma=1. 19 with a relative error of 9.1%.
From the discussion above, when the high initial
the high

amplitude effect will cause the deviation of the

amplitude is imposed on the interface,

experimental value from the prediction by the MB
model. Moreover, under the conditions of high initial
shock Mach numbers, the
and they

amplitudes and high
transverse shock waves are prominent,
propagate along the interface, bringing about the
secondary compressibility effect which also inhibits the
growth ratel?® 4451 With the increase of the Mach
number, the shock proximity effect“***) may occur and

inhibit the growth of spikes (heavy-light case) or

caused by the incident shock wave will reduce the
linear growth rate compared with the uncompressed
case. The compressibility effect induced by the
incident shock on the reduction of the linear growth
rate of air-helium interfaces can be highlighted in
Fig. 4, in which the growth rate is scaled by the
result predicted from the uncompressed impulsive
model (ka,AU.). As the Mach number increases,
the experimental linear growth rates deviate more
from the uncompressed impulsive model, because
the increase of the Mach number will result in
small initial
effect on the

stronger compressibility. For

amplitudes, the compressibility
reduction of the linear growth rates can be reflected
by the ratio of the value predicted by the MB model
and the value predicted by the uncompressed

impulsive model, and this ratio (&) is (A1t /A)[1—
1
E(Uc/Ui)][“]. There are two sources about the

compressibility. The first factor A1 /A is due to the
material compression, and the second factor is due
to the geometric compression of the perturbations at
the interface by the shock and is represented by the
average of the pre- and post-shock amplitudes*.
Furthermore, the corresponding results of the light-
heavy case (air-SF; interface experi-ments)t, The
discrepancy between the experimental value and the
prediction from the uncompressed impulsive model
is magnified as the shock Mach number increases.
For the light-heavy interface with small initial
effect on the
reduction of the linear growth rates can be reflected

amplitudes, the compressibility
by the ratio of the value predicted by the impulsive
model to the value predicted by the uncompressed
impulsive model, and this ratio (&) is (At /A)(1—
U./U;). Different from the heavy-light case, the
geometric compression of the perturbations in the
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Fig. 6
geometric compression of the interface (b) with the Atwood

The variation of the material compression (a) and

number for both the heavy-light and light-heavy cases

light-heavy case is presented only by the post-shock
high

experimental linear growth rates deviate more

amplitude. For initial amplitudes, the
heavily from the predictions by the uncompressed
model, because except for the compressibility effect
induced by the incident shock, the high amplitude
effect and the secondary compressibility effect
caused by transverse waves also reduce the linear
growth rate.

The variation of the ratio & for the light-heavy
and the heavy-light cases with the shock Mach
number can be theoretically obtained for any given
pre-shock Atwood number A. For air-helium
interfaces in this work and air-SF; interfaces in the
previous work!*!, the pre-shock Atwood numbers
are about — 0. 7 and 0. 54, respectively, and the
variations of the ratio & with the shock Mach
number are plotted in Fig. 4. The theoretical curves
coincide well with the experimental results. To
better compare the compressibility effect caused by
the incident shock wave under the light-heavy and
heavy-light cases, for small initial amplitudes, the
variation of the ratio £ at different Atwood numbers

2.0 T T T T P T -
(a) 160°
s} % f
7 ;_rl@
//, A_,ri
~ .
U 10F v .
3 p
2 AL
= 7 Ma Model
05k o 118 --- SEA ]
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T
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T

Fig.7 Comparison of the experimental amplitude growths and
theoretical predictions in the linear and nonlinear stage

for the small (a) and large (b) amplitude

as a function of the Mach number is plotted in Fig.
5. It is found that the reduction of the growth rate
caused by the compressibility effect for the light-
As | A

increases, the ratio & increases for the light-heavy

heavy and heavy-light cases is different.

case, whereas it reduces for the heavy-light case.
Specifically, when the | A | is 0. 538, the growth
rate reductions for these two cases are nearly the
same.

Besides, the
compression factor (AT/A) and the geometric

variation of the material

1
compression factor [1—U./U; or 1 — - (U./U)H]

with the Atwood number is presented in Fig. 6 (a)
and (b), respectively. For both light-heavy and
heavy-light cases, the A*/A is larger than unity,
that is,
growth rate. However, the geometric compression

the material compression increases the

factor is smaller than unity, and the contribution of
the geometric compression to the reduction of the
growth rate exceeds the contribution of the material
compression to the increase of the growth rate. As a
result, the compressibility effect always reduces the
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Note that the material
compression factor decrease with the increase of the
| A | for both light-heavy and heavy-light cases.

However, as the | A | increases, the geometric

linear growth rate.

compression factor decrease for the heavy-light
case, whereas it increases for the light-heavy case.
Because the geometric compression dominates the
compressibility effect on the linear growth rate, the
ratio & decrease in the light-heavy case as the
Atwood number increases, whereas it increases in
the heavy-light case, as shown in Fig. 5.
2.4 Nonlinear growth of the amplitude

After the linear growth stage, the interface
amplitude enters a nonlinear regime. To predict the
amplitude behavior, Sadot et alf®!
proposed a nonlinear model (the SEA model) based

[23,51]
’

nonlinear

on experiments and potential theories

1+t
14+ Q4| AT D + Fire?

VA =V, 6)

where

1+ A7
@CrCYQA+]| AT

with C=1/(3%) for AT=0.5, 1/(2x) for AT—0,
The subscript ‘6’ and ‘s’ are for bubbles and
spikes, respectively.

Dimonte &  Ramaprabhu®®® proposed a
nonlinear model (the DR model) according to

F$r(e) =

numerical simulations. The model is expected to be
applicable to cases of various ka; and A1, and can
be expressed as

1+AF A" Dr

DR =
PR() =V, 1+ Cypr + (ALF| ATDF, .2

D)

where
4.5+ AT |+ Q@F|AY]D | kag |
b/s — ’
4
Fb/s :1_—|_| A+|°
By considering the governing equations for

incompressible, inviscid and irrotational fluids with
arbitrary density ratio in two dimensions®*, Zhang
& GuoP* studied the asymptotic large-time
behavior of the shocked interface, and described the
growth rates of spikes and bubbles by a universal
model (the ZG model),

1
26 —
Ve (£) =V, 1+ar ®

where

_[3 A+ A"DG+IA'D }
T B AT 2] AT D]

[AB+HATD+HV2O+HATDA+H| ATDY]

B+ATD?+2/26—]ATDA+| ATDHY]
(9

Fig. 7 shows the time variation of the amplitude

growth at early and late times in dimensionless
form. The amplitude is scaled as 2 (a —a* ) with
Note that the
amplitude growth in Fig. 7 starts when the phase

a” being the amplitude at ¢".

reversal ends. The experimental data for both small
and large amplitudes collapse well, showing that the
Mach number has little effect on the amplitude
nonlinear growths, because the transmitted and
reflected waves have moved far away from the
interface in the nonlinear phase, Note that the SEA
model and the ZG model are only related to A™,
and A7 for different cases are similar in this work
Therefore, only one theoretical curve is shown to
avoid confusion. However, the DR model relates
not only to A", but also to kay , and thus, it will
In this
work, the predictions obtained from the DR model

give different predictions for different kag .

for cases of Ma ~ 1.2 and ~ 1. 8 are given, while
the theoretical curves from the DR model for other
shock Mach numbers are located between the cases
of Ma ~ 1.2 and ~ 1. 8, and are omitted. It can be
found that for both two initial amplitudes, the SEA
model gives good predictions to the early growth
behavior until z=1. 5, but then overestimates the
nonlinear growth. The ZG model underestimates
the growth nearly from the start.

The prediction by the DR model increases as
the shock Mach number increases. For small initial
amplitudes, the DR model can give a better
prediction only for low Mach number conditions,
whereas for high initial amplitudes, it predicts the
growth of the perturbation better for high Mach
number conditions. As a result, these nonlinear
models mentioned above are not available to predict
the perturbation growth for the current chevron
interface, especially at late stages, because the
chevron interface has infinite many modes initially.
At early stages, since the chevron interface has a
dominant mode and each mode develops
independently, the nonlinear model can give a good
When the

perturbation growth enters the nonlinear regime,

prediction to the linear growth rate.

the high-order modes will interact with each other,
and the mode coupling and competition greatly
complicate the flow, resulting in the failure of
nonlinear models. Therefore, it is quite necessary



1288 FEAFHARAKFEFR % 50 %

to develop nonlinear models by considering the
mode coupling and competition for a multi-mode

interface.

3 Conclusion

Shock tube experiments of a periodic air/
helium chevron interface impacted by a planar shock
wave are conducted to highlight effects of the initial
amplitude and the compressibility on the
perturbation growth. Two initial amplitudes and
four different incident shock Mach numbers ranging
from 1.2 to 1. 9 are involved. The periodic chevron
interface is created using the soap film technique,
and the post-shock flows are captured by a high-
speed schlieren system.

After the incident shock wave passes across the
air-helium interface, the phase reversal which is the
specific feature in the heavy-light interface is
observed. The shock Mach number has limited
effect on the interface morphology and feature when
initial amplitudes are small. For high initial
amplitudes, the transverse waves are prominent,
which will introduce secondary compressibility
effect. Under the high initial amplitude and strong
shock wave conditions, the slip lines connecting the
triple points are observed, and the vortex pair at the
spike tip are more obvious because more baroclinic
vorticity is deposited on the interface. The variation
of the spike stem width for different cases is
compared. The results show that the spike stem
width is almost not affected by the Mach number in
the small amplitude cases. For high initial
amplitudes, the increase of the shock Mach number
causes a larger spike stem width, because a strong
shock wave will induce more vorticity at the spike
tip and more fluids at the spike stem are entrained
into the vortex pair.

The linear growth rate of the perturbation is
measured and compared with the prediction from
the linear model. For small initial amplitudes, the
Mach number has limited effect on the reliability of
the linear model. For high initial amplitudes,
however, the linear model is generally invalid
because the high amplitude effect and the secondary
compressibility effect induced by transverse waves
will additionally reduce the linear growth rate. By
considering the high amplitude effect and the high
Mach number effect, the linear growth rate of the
interface with high initial amplitude impacted by a
strong shock wave can be well predicted. The

compressibility effect induced by the incident shock
wave can be illustrated by the material compression
and the geometric compression of the interface. For
both light-heavy or heavy-light interfaces, the
material compression increases the linear growth
rate, and as the absolute value of the Atwood
increases, the effect of
weakened. The

compression of the interface reduces the linear

number material

compression  is geometric
growth rate. For light-heavy interfaces, the effect
of geometric compression on growth reduction is
weakened as the Atwood number increases.
However, for heavy-light interfaces, the effect of
geometric compression on the growth reduction is
strengthened as the absolute value of the Atwood
number increases. Since geometric compression

plays a more significant role than material
compression in changing the linear growth rate, the
compressibility effect induced by incident shock
wave always reduces the linear growth rate. In the
nonlinear regime, some nonlinear models originally
proposed for predicting the growth of the single-
mode interface are tested, and the validity of the
models are verified to be valid only at very early
stages, because the initial interface in this work is
multi-mode and the developments of high-order

modes cannot be ignored at late stages.
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