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‘Freeze-out” of amplitude growth, i.e. the amplitude growth stagnation of a shocked
helium-air interface, is realized through a reflected shock, which produces baroclinic
vorticity of the opposite sign to that deposited by the first shock. Theoretically, a model is
constructed to calculate the relations among the initial parameters for achieving freeze-out.
In particular, if the amplitude growth is within the linear regime at the arrival of the
reflected shock, the time interval between the impacts of two shock waves is linearly
related to the initial perturbation wavelength, and is independent of the initial perturbation
amplitude. Experimentally, an air—SF¢ (or air—argon) plane interface is adopted to produce
a weak reflected shock. Seven experimental runs with specific initial conditions are
examined. For all cases, freeze-out is achieved after the reflected shock impact under the
designed conditions.
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1. Introduction

When a shock wave passes through a perturbed interface separating two fluids with
different densities, the Richtmyer—Meshkov (RM) (Richtmyer 1960; Meshkov 1969)
instability occurs. The development of the RM instability is mainly driven by baroclinic
vorticity produced by misalignment of the pressure and density gradients. It is hoped to be
able to manipulate the RM instability, because it is a significant obstacle to the realization
of inertial confinement fusion (ICF) (Lindl ef al. 2014). For a single-shocked interface, the
perturbation amplitude will experience a linear growth, then continue to grow nonlinearly,
and finally may reach a turbulent mixing stage. If the single-shocked interface experiences
a second shock impact, additional vorticity will be produced. This provides a possibility
to manipulate the amplitude growth rate through multiple shock impacts.
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The idea that the RM instability can be manipulated through a second shock impact was
first theoretically proposed by Mikaelian (1985). If the amplitude growth rate induced by
the second shock exactly cancels the growth rate caused by the first shock, the amplitude
growth will stagnate, which is called ‘freeze-out’. To achieve freeze-out, the second shock
should produce baroclinic vorticity of the opposite sign to that deposited by the first shock.
For a heavy-light interface after the phase inversion, the second shock must propagate
in the same direction as the first shock; whereas for a light-heavy interface, the second
shock should propagate in the opposite direction to the first shock. By superimposing
the impulsive model (Richtmyer 1960), Mikaelian (1985) constructed a simple model to
predict the time interval between the impacts of two shock waves to achieve freeze-out.

In numerical simulations, freeze-out of a heavy-light interface perturbation was realized
through the impacts by two successive shock waves, i.e. two shock waves travelling in the
same direction (Charakhch’yan 2000, 2001). More recently, freeze-out of a light-heavy
interface perturbation was realized through a weaker reflected shock (Mikaelian 2010).

In experiments, two successive shock waves are difficult to generate in an ordinary
shock tube and, therefore, experimental studies on freeze-out of a heavy-light interface
perturbation are rare. A reflected shock has generally been produced through an incident
shock reflecting from a rigid wall (Weber et al. 2012; Jacobs et al. 2013; Mohaghar
et al. 2019; Guo et al. 2022). Such a reflected shock, however, is often too strong to
realize freeze-out of a light-heavy perturbation. To reduce the reflected shock intensity,
elastomeric foam was adopted as a ‘soft wall’ by Leinov et al. (2009) to study the
development of a light-heavy interface. Up to now, however, the experimental work on
freeze-out of a light—heavy perturbation is scarce, which motivates the current work.

In this work, freeze-out of a single-mode helium—air interface accelerated by an incident
shock and its reflected shock is investigated. We shall first construct a model to determine
the freeze-out condition when the perturbation growth of the first-shocked interface is
within the linear or weakly nonlinear stage at the arrival of the reflected shock. At the linear
stage, the perturbation amplitude grows linearly, and crests and troughs of the interface
develop symmetrically. At the weakly nonlinear stage, the amplitude begins to grow
nonlinearly and asymmetric structures (bubble and spike) appear. However, the interface
is still smooth and simply connected, and small vortices have not arisen on the spike’s
shoulder (Liu et al. 2018; Zhou et al. 2021). To produce a weak reflected shock, a planar
gas interface, instead of a rigid wall, is adopted. Then, the corresponding experiments are
designed and conducted by using the initial configurations obtained from the model. It will
be shown that, for both the linear and weakly nonlinear cases, freeze-out can be achieved
after the reflected shock impact under the designed conditions.

2. Theoretical analysis

There are two assumptions for the theoretical analysis. First, the post-shock interface
satisfies the small-perturbation hypothesis, namely, a; /4 < 0.1, with A and a; being the
wavelength and amplitude of the perturbation, when the reflected shock arrives. Second,
the amplitude growth rates induced by the incident shock and the reflected shock follow the
linear superposition principle (Mikaelian 1985), i.e. v = v; + v,, where v is the amplitude
growth rate after the reflected shock impact, v; is the growth rate induced by the incident
shock just before the reflected shock impact and v, is the linear growth rate induced by the
reflected shock. Note that v; here is not limited to the linear growth rate induced by the
incident shock.
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For the development of a single-mode light-heavy interface perturbation induced by
a planar shock wave, the nonlinear model proposed by Zhang & Guo (2016) (the ZG
model) is adopted, since it has been widely verified to predict v; in linear and weakly
nonlinear regimes (Liu et al. 2018; Liang et al. 2019; Guo et al. 2022). The ZG model can
be expressed as

R

vi =070 = %[vfG(t) +v°01, v = (2.1a,b)
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where vy is the amplitude growth rate of the bubble or spike, vf is the linear growth rate
calculated by the impulsive model (Richtmyer 1960) and
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Here, A" is the post-shock Atwood number, defined as AT = (p2+ — p1+) / (,05r + ,01+) with

p1+ and ,0; being the densities of the light and heavy fluids on both sides of the perturbed

interface, after the incident shock impact. In the above, le can be described as

(2.2)

vR = CrkapA™ Au, (2.3)

where ag is the initial perturbation amplitude, C; is the incident shock compression factor
(Meshkov 1969) and Au is the interface velocity jump induced by the incident shock.

Through the ZG model, the perturbation amplitude just before the reflected shock
impact, a; = apC1 + fOAt vl.ZG(t) dz, can be provided, in which At is the time interval
between the impacts of two shock waves. Specifically, if the amplitude growth is within the
linear stage when the reflected shock arrives, v; can be directly predicted by the impulsive
model, i.e. v; = le . In this work, to ensure the validity of the ZG model, only the linear
and weakly nonlinear stages of the amplitude growth are involved.

When the reflected shock impacts the evolving heavy-light interface, rarefaction waves
are reflected. The irrotational model proposed by Wouchuk & Nishihara (1997) (the
WN model) has been verified to accurately predict the linear growth rate of a shocked
single-mode interface when a rarefaction wave is reflected (Wouchuk 2001). In the present
work, the linear growth rate induced by the reflected shock v, can be predicted by the WN
model as

vr = kal_f(MYlaMS27 p]a ,02, Vl» )/2) (24)

Here, p1 and p> (y1 and y») are the initial densities (specific heat ratios) of the light and
heavy fluids on both sides of the perturbed interface, while M) and My, are the Mach
numbers of the incident shock and reflected shock when they encounter the interface. The
function f can be expressed as

Vrt Vrf
orrlu [ 1 — V_ + p2r(Aupy — Auy) [ 1+ V_

rs rs

(2.5)

f=

P1r + pP2r
Here, p1, and po, are the densities of the light and heavy fluids on both sides of the
interface after the reflected shock impact; V,q, V,r and V), are the velocities of the reflected
shock, the rarefaction wave front and the re-transmitted shock, respectively; and Au, and
Auy, are the interface velocity jumps induced by the reflected shock and the heavy fluid
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Case Ly ag A ap/A ay/d Mg Mg @MHe) AT Ar A’ Au' Aut AU

105 094 60 0.016 0.040 119 105 070 044 420 1233 1259 373 38.6
70 060 40 0.015 0.040 119 105 070 044 290 1252 1278 379 38.6
80 0.60 40 0015 0.037 120 105 0.65 040 340 1293 1273 382 375
60 044 30 0.015 0033 119 1.05 064 039 260 1207 119.6 38.6 371
110 026 20 0.013 0.064 120 1.02 068 044 440 129.8 1278 155 15.6
80 053 20 0.026 0110 119 1.02 071 045 350 1226 1234 145 15.7
60 080 20 0.040 0138 118 1.02 073 046 300 121.5 1225 191 214

~N N R WD =

Table 1. Parameters in all cases: Lo is the distance from the average position of the single-mode helium—air
interface to the planar air—SFg (air—argon) interface; ag is the initial amplitude and a; is the amplitude just
before the reflected shock arrival; A is the perturbation wavelength; My and My, are the Mach numbers of
the incident shock and reflected shock; ¢ (He) is the helium volume fraction in space A; AT is the post-shock
Atwood number; At is the time interval between the impacts of two shock waves; and Au and Au, are the
helium-—air interface velocity jumps induced by the incident shock and reflected shock. The superscripts ‘" and
‘¢’ denote theoretical and experimental results. The units for length, velocity and time are mm, m s~ ! and s,
respectively.

velocity after the reflected shock impact. These parameters in (2.5) can be solved using
one-dimensional (1-D) gas dynamics theory by providing shock Mach numbers and initial
parameters.

According to the analysis above, v can be theoretically predicted if the initial parameters
are provided. When v = 0, the interface amplitude remains constant after the reflected
shock impact, i.e. the amplitude growth is ‘frozen out’. The relationship among the initial
parameters can be determined to realize freeze-out by using (2.1a,b) to (2.5). In particular,
if v; belongs to the linear growth rate regime, the freeze-out condition is independent of ay.
When the shock intensities and the properties of the gases on both sides of the interface are
fixed, to realize freeze-out, the initial perturbation wavelength (1) and At satisfy a linear
relationship:

At/A = —(f + AT Au)/QnfAT Au). (2.6)

This relationship in the (4, Af) plane is called the freeze-out line. However, if the
amplitude grows nonlinearly at the arrival of the reflected shock, the freeze-out condition
is also dependent upon ag, and such a linear relationship between A and At does not exist.

3. Experimental method

Experiments are performed to achieve freeze-out under the proper conditions determined
by the model. To produce a weak reflected shock, a planar air—SF¢ (sulfur hexafluoride)
or air—argon interface, instead of a rigid wall, is adopted. Selection of either SF¢ or argon
is dependent on the reflected shock strength. If the amplitude growth is linear (weakly
nonlinear) when the reflected shock arrives, an air—SFg (air—argon) interface is adopted to
generate a relatively strong (weak) reflected shock. The intensities of the reflected shock
waves when using these different gas combinations are listed in table 1.

The soap film technique (Liu er al. 2018; Liang et al. 2019) is adopted to create the
interfaces. As shown in figures 1(a) and 1(b), there are three interfaces, including a
perturbed one and two undisturbed ones. The first interface Al; (undisturbed) is used
to separate helium (in space A) from air in the driven section; the second interface II
(perturbed) to separate air (in space B) from helium (in space A) to create a single-mode
helium-air interface; and the third interface Al, (undisturbed) to separate SF¢ or argon (in
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Figure 1. Schematics of the soap film interface generation (@) and the initial configuration studied (). Here,
Alj and Al are two undisturbed auxiliary interfaces; II is the initial helium—air interface; SW is the incident
shock; and L is the initial distance between II and Al,.

space C) from air (in space B) for reflecting a weak shock. To generate the interfaces
separating the different gases, after the soap film interfaces are formed at the preset
positions, light gas (helium) and heavy gas (SFg or argon) are pumped into spaces A and
C, respectively, through the inflow holes, and air is slowly discharged through the outflow
holes.

For all experimental runs, the inflation rate and duration are the same to ensure similar
volume fractions of light and heavy gases in the spaces as far as possible. Because helium
is easily polluted, the contamination of helium by air in space A is considered, whereas the
gases in the other spaces are considered as pure. The helium concentration is determined
by comparing the measured velocities of the incident shock, the transmitted shock and
the helium—air interface velocity jump in experiments with those predicted from 1-D gas
dynamics theory. The distance between II and Al; is 100 mm, which is large enough to
ensure that the interface-coupling effect and the disturbance waves will not affect the
development of the helium—air perturbation (Liang & Luo 2021). The distance between
IT and Al is defined as Lo, which is flexible to change the time interval At.

The experiments are conducted in a horizontal shock tube (Guo et al. 2022), and
the Mach number of the incident plane shock moving in helium is 1.19 £ 0.01. The
post-shock flow field is recorded by high-speed schlieren photography. The frame rate
of the camera (FASTCAM SAS, Photron Ltd) is 50000 frames per second and the
exposure time is 1 pus. Owing to the different sizes of the observation domains required,

the spatial resolution ranges from 0.38 to 0.45 mm pixel~'. The ambient pressure and
temperature are 101.3 4= 0.1 kPa and 295 & 1.5 K, respectively. We note that, due to the
limitation of the observation window, the developments of these three interfaces cannot
be captured simultaneously by the camera. Since the emphasis is on the development
of the single-mode interface, in the following experiments, both helium—air and air—SFg
(or air—argon) interfaces (Il and Al) are shown in the schlieren images, whereas the
air-helium interface (Al}) is absent.

4. Results and discussion
4.1. Unperturbed case

In experiments, we first verify that Al; will not affect the development of II. For this
purpose, the movements of Al; and the undisturbed II after shock impact are studied,
and the corresponding schlieren images are presented in figure 2(a). The initial time is
defined as the moment when the incident shock (SW1) meets the interface, and similarly
hereinafter. As SW1 impinges on I, a transmitted shock wave (SW’I) and a once-shocked
helium—air interface (OSI) are formed. During the time studied, the shocked Al (SAI) is
always far away from the OSI. Note that SAI is deformed slightly after it passes across the
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Figure 2. Evolution of a plane helium—air interface induced by a plane shock (a) and the trajectories of the
interface and the shock waves (b). Here, AL is the distance of the evolving interface from the initial position of
II; OSI is the once-shocked interface; SAI is the shocked auxiliary interface; and SW’l is the first transmitted
shock. Other symbols have the same meaning as those in figure 1.

holes (307 ps). Later, the small disturbances on SAI develop significantly (747 s), which
is primarily caused by the filaments used to restrict the soap film interface. However, the
disturbances on the OSI can still be ignored, which is consistent with the previous work in
helium layers (Liang & Luo 2021). Therefore, the interface-coupling effect is negligible.

The trajectories of the shock waves and OSI extracted from the schlieren images are
shown in figure 2(b). Both the shock waves and OSI move linearly, which means that
the OSI has not been affected significantly by additional waves except SWi. Through
measuring the velocities of the shock waves and OSI, and combining with 1-D gas
dynamics theory, the volume fraction of helium in space A is calculated to be 68 % + 5 %
from multiple experimental runs. Note that the helium concentration influences both
the shock intensity and the amplitude growth and, therefore, affects the prediction of
the freeze-out condition. In experiments, however, it is almost impossible to precisely
control the helium concentration because helium has a much smaller molecular weight
and diffuses much faster.

In the following studies, seven kinds of single-mode helium-—air interface with different
A and ag, as shown in table 1, are considered. For each case, according to the range of
helium concentration in the undisturbed case, the freeze-out conditions of the single-mode
helium—air interfaces with different initial conditions are predicted theoretically. Then
multiple experimental runs are conducted until the experimental parameters satisfy the
freeze-out condition. The parameters in each case in table 1 satisfy the small-perturbation
hypothesis and the freeze-out condition. Specifically, the initial parameters in the former
four cases (latter three cases) ensure the linear (weakly nonlinear) growth of the
perturbation at the arrival of the reflected shock. Note that different initial conditions
in weakly nonlinear cases from those in linear cases are selected, mainly because the
perturbation with a larger wavelength needs more time to achieve freeze-out in weakly
nonlinear cases. However, due to the limitation of the test section length, the time interval
At cannot be regulated over a wide range in this work.

4.2. The linear cases

In this subsection, we consider the linear case, i.e. the perturbation growth of the shocked
interface is in the linear stage at the arrival of the reflected shock. Specifically, four
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Figure 3. Typical schlieren images showing the interface evolution and wave patterns for cases 1-4. Here,
SW} is the shock of SW/ reflected from Aly; SW) is the shock of SW/ transmitted from Al; SAI is the
shocked Al,; and DSI is the double-shocked interface. The contrast was enhanced without loss of trust.

single-mode helium—air interfaces with almost the same ag/A but different A are studied
(cases 14 in table 1). An air—SFg plane interface is adopted here to produce the reflected
shock. The typical schlieren images of the helium—air interfaces accelerated by the incident
shock and the reflected shock are provided in figure 3. Note that the shocked Al; is not
shown in the images because it does not affect the perturbed interface evolution.

Taking case 1 as an example, when SW interacts with II, a transmitted shock (SW/)
and a reflected shock are generated (69 ps). This reflected shock moving in helium is
invisible due to its weak intensity. The shocked II (OSI) starts to move downstream with
its amplitude increasing. Because the amplitude of II is small, SW{ quickly recovers to a
planar shock. Subsequently, SW) impacts Al, generating a transmitted shock (SW5) and
a reflected weak shock (SW5) (389 ps). Before SW/, impact, the amplitude of the OSI
grows continuously. After SW/, collides with the OSI, the amplitude almost stops growing
(469—669 s). In other words, the growth rate induced by SW; is eliminated completely
by the reflected shock, and the amplitude growth is frozen out.

The variations of the dimensionless amplitudes in the different cases before and after the
reflected shock impact are shown in figure 4(a). The time is normalized as T = kv{ (t — ¥),
where v is the linear growth rate of the OSI in experiments and r* is the time when
the linear growth of the OSI amplitude starts (generally compression phase ends). The
amplitude is scaled as o = k(a — a*), where a* is the perturbation amplitude at r = ¢*,
which differs from the initial amplitude. From figure 4(a), the amplitudes of the OSI
grow linearly before SW/, arrives. The linear growth rates of the OSI measured from the
experiments and predicted from the impulsive model (Richtmyer 1960) are compared in
table 2, and a good agreement is reached. After SW, impacts the OSI, the amplitude rises
again before it settles in the steady-state value in cases 1-3. Such a phenomenon, however,
is absent in case 4. Note that the amplitude growth induced by the reflected shock needs a
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Figure 4. (a) Temporal variations of the dimensionless perturbation amplitude in cases 1-4. The solid line
stands for the prediction from the impulsive model. (b) Freeze-out lines and distribution of initial parameters
of different cases in the A-At plane. Here, freeze-out lines 1, 2 and 3 correspond to cases 1 and 2, cases 3 and
4, and cases 5 to 7, respectively.

Case 1 2 3 4 5 6 7
vf 421+£0.11 481+0.10 3.65+0.12 3.21£020 3.364+0.27 7.14£0.66 10.59+0.95
v! 4.36 4.77 3.87 3.41 3.62 7.38 11.06

Table 2. Comparison of the linear growth rates of the OSI between experiments and predictions from the
impulsive model.

start-up process (Lombardini & Pullin 2009). In cases 1-3, it is probable that the start-up
process has not ended when the compression process ends, and the start-up process results
in the rise of amplitude growth. In case 4, the wavelength is relatively smaller, and the
start-up process is relatively shorter (Lombardini & Pullin 2009). The absence of the
ascent process of amplitude growth is probably ascribed to the longer compression process
than the start-up process. Besides, the limited temporal resolution in experiments may
also cause this disparity. Although the amplitudes of these four cases are different, their
growths are almost stagnated. As a result, freeze-out of amplitude growth of a single-mode
helium-air interface is realized through a weak reflected shock in shock-tube experiments.

As indicated in § 2, if the perturbation growth is within the linear regime at the arrival
of the reflected shock, A and At satisfy a linear relationship. To verify this relation, the
‘freeze-out lines’ calculated by (2.6) are provided in figure 4(b). Note that the helium
concentrations in cases 1 and 2 are different from those in cases 3 and 4; thus the
freeze-out lines are therefore different, as indicated by freeze-out line 1 and freeze-out line
2, respectively. The experimental parameters are well located at the freeze-out lines, which
experimentally verifies the linear relationship between A and At. For each case, actually,
more than two experimental runs are performed. We find that when freeze-out is achieved,
the difference of Ar among cases is within 5 ps. According to this linear relationship, the
initial parameters can be easily controlled to realize freeze-out.
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(a) Case 5 (b) Case 6 (o) Case 7

Figure 5. Typical schlieren images showing the interface evolution and wave patterns for cases 5-7.

4.3. The weakly nonlinear cases

In this subsection, the weakly nonlinear growth of the perturbation at the arrival of the
reflected shock is considered. Three single-mode helium—air interfaces with the same
small A but different aq are tested (cases 5—7 in table 1). Because the growth rate in the
weakly nonlinear regime is smaller than that in the linear regime, to offset the smaller
growth rate, an even weaker reflected shock is needed. As a result, an air—argon interface,
instead of an air—SFg interface, is adopted here to produce a weaker reflected shock. The
weak reflected shock results in a longer At for the same L. A longer At and a smaller A
allow the amplitude to grow more quickly into the weakly nonlinear regime.

Figure 5 shows the evolutions of the single-mode helium—air interfaces accelerated by
the incident shock and the reflected shock in cases 5—7. The wave patterns are quite similar
to cases 1-4, and, therefore, the description is omitted. Taking case 7 as an example, before
SW/, arrives (253 jus), the slightly asymmetric developments of the crest and trough occur,
indicating the weakly nonlinear growth of the perturbation. After SW’ passes through the
OSI (333 ps), the amplitude of the DSI remains almost constant. However, the interface
profile changes with time, which is caused by the generation of the second-order harmonic
(Liu et al. 2018). This will be discussed in the following paragraph.

Temporal variations of the dimensionless amplitude for cases 5-7 before and after
SW/, impact are plotted in figure 6(a). Indeed, the perturbation growth enters the weakly
nonlinear regime at the arrival of SW7. The prediction from the ZG model is also included,
and agrees well with the experimental results. As a result, the amplitude and growth rate
of the OSI when the reflected shock arrives can be calculated by the ZG model (2.1a,b).
After SW) impinges upon the OSI, the ascent process of the amplitude growth is absent. In
weakly nonlinear cases, the reflected shock is weaker and the amplitude is larger when the
reflected shock arrives relative to linear cases. A relatively longer compression process
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Figure 6. Temporal variations of the dimensionless amplitude before and after the reflected shock impact for
the cases 5-7 (a) and amplitude developments for the first three harmonics (b).

may result in the absence of the ascent process, as explained in §4.2. For cases 5-7,
the amplitude growth almost stagnates, and freeze-out is realized. The At for achieving
freeze-out predicted from the model for cases 5-7 are 435, 357 and 305 s, respectively,
which are in good agreement with the experimental counterparts, as given in table 1. This
fact shows that, even if the perturbation growth is within the weakly nonlinear regime,
freeze-out can still be achieved and predicted.

It is worth noting that when the OSI growth is weakly nonlinear, in order to realize
freeze-out, At is related not only to A but also to ag. Therefore, a single freeze-out line does
not exist. In figure 4, the freeze-out line 3 is calculated based on the initial parameters of
¢o(He) =70%, My = 1.19 and My, = 1.02. Itis found that the At for cases 5—7 cannot be
predicted by the linear relation (2.6), and, as the initial amplitude increases, the measured
At deviates more from the freeze-out line. Figure 6(b) shows the amplitude growths of
the first three harmonics. The amplitude of the fundamental mode is almost equal to the
overall amplitude of the perturbation, and can be well predicted by the ZG model before
the reflected shock impact. After the reflected shock impact, the amplitude growth of
the fundamental mode nearly stagnates, but the amplitude of the second-order harmonic
continues to grow, changing the interface profile. However, the second-order harmonic
does not change the interface amplitude in the linear and weakly nonlinear stages (Guo
et al. 2022), and thus will not affect the realization of freeze-out.

5. Conclusions

Freeze-out of amplitude growth of a shocked single-mode helium—air perturbation
is realized through a weak reflected shock both theoretically and experimentally.
Theoretically, two cases are considered. First, if the perturbation growth is within the linear
regime when the reflected shock arrives (denoted as the linear cases), the impulsive model
(Richtmyer 1960) and the linear model (Wouchuk & Nishihara 1997) are combined to
calculate the relation among the initial parameters. It is found that the time interval At
between the impacts of two shock waves is linearly related to the perturbation wavelength
A for achieving freeze-out, and is independent of the initial amplitude ag. Second, if the
perturbation growth is within the weakly nonlinear regime at the arrival of the reflected
shock (denoted as the nonlinear cases), the nonlinear model (Zhang & Guo 2016) and the
linear model (Wouchuk & Nishihara 1997) are adopted. It is found that Af¢ is related to
both A and ag.
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Experimentally, a light-heavy plane interface, instead of a rigid wall, is adopted
to produce the weak reflected shock. The soap film technique is used to create the
initially perturbed and undisturbed interfaces, and high-speed schlieren photography is
used to capture the post-shock flow. Seven experimental runs, including four linear cases
and three nonlinear cases, are considered. For the linear cases, the amplitude stops
growing after the reflected shock impact, and the linear relationship between At and A
is verified experimentally. For the nonlinear cases, freeze-out can still be realized through
a weaker reflected shock, but the linear relationship between At and A does not exist.
As a whole, a single-mode light-heavy perturbation can achieve amplitude freeze-out
through a reflected shock. These findings may be helpful for better understanding how
to suppress hydrodynamics instabilities in ICF. Note that only limited observations of
this phenomenon are presented in the current work. More cases with a wider range of
conditions will be tested in following work. Besides, the amplitude manipulation of a
heavy-light interface subjected to a shock will also be investigated because in ICF the
initial shock propagates from a heavy fluid to a light one.

Funding. This work was supported by the National Natural Science Foundation of China (nos. 12022201,
91952205 and 12102425) and Youth Innovation Promotion Association CAS.

Declaration of interests. The authors report no conflict of interest.

Author ORCIDs.
Zhigang Zhai https://orcid.org/0000-0002-0094-5210;

Xisheng Luo https://orcid.org/0000-0002-4303-8290.

REFERENCES

CHARAKHCH YAN, A.A. 2000 Richtmyer—Meshkov instability of an interface between two media due to
passage of two successive shocks. J. Appl. Mech. Tech. Phys. 41, 23-31.

CHARAKHCH’YAN, A.A. 2001 Reshocking at the non-linear stage of Richtmyer—Meshkov instability. Plasma
Phys. Control. Fusion 43, 1169-1179.

Guo, X., CONG, Z., S1, T. & LU0, X. 2022 Shock-tube studies of single- and quasi-single-mode perturbation
growth in Richtmyer—Meshkov flows with reshock. J. Fluid Mech. 941, A65.

JACOBS, J.W., KRIVETS, V.V., TSIKLASHVILI, V. & LIKHACHEV, O.A. 2013 Experiments on the
Richtmyer—Meshkov instability with an imposed, random initial perturbation. Shock Waves 23, 407-413.

LEINOV, E., MALAMUD, G., ELBAZ, Y., LEVIN, L.A., BEN-DOR, G., SHVARTS, D. & SADOT, O. 2009
Experimental and numerical investigation of the Richtmyer—Meshkov instability under re-shock conditions.
J. Fluid Mech. 626, 449-475.

LIANG, Y. & Luo, X. 2021 On shock-induced light-fluid-layer evolution. J. Fluid Mech. 933, A10.

LIANG, Y., ZHAI, Z., DING, J. & Luo, X. 2019 Richtmyer—Meshkov instability on a quasi-single-mode
interface. J. Fluid Mech. 872, 729-751.

LINDL, J., LANDEN, O., EDWARDS, J., MOSES, E. & NIC TEAM 2014 Review of the national ignition
campaign 2009-2012. Phys. Plasmas 21, 020501.

Liu, L., LIANG, Y., DING, J., L1u, N. & Luo, X. 2018 An elaborate experiment on the single-mode
Richtmyer—Meshkov instability. J. Fluid Mech. 853, R2.

LOMBARDINI, M. & PULLIN, D.I. 2009 Startup process in the Richtmyer—Meshkov instability. Phys. Fluids
21, 044104.

MESHKOV, E.E. 1969 Instability of the interface of two gases accelerated by a shock wave. Fluid Dyn. 4,
101-104.

MIKAELIAN, K.O. 1985 Richtmyer—Meshkov instabilities in stratified fluids. Phys. Rev. A 31, 410-419.

MIKAELIAN, K.O. 2010 Analytic approach to nonlinear hydrodynamic instabilities driven by time-dependent
accelerations. Phys. Rev. E 81, 016325.

MOHAGHAR, M., CARTER, J., PATHIKONDA, G. & RANJAN, D. 2019 The transition to turbulence in
shock-driven mixing: effects of Mach number and initial conditions. J. Fluid Mech. 871, 595-635.

RICHTMYER, R.D. 1960 Taylor instability in shock acceleration of compressible fluids. Commun. Pure Appl.
Maths 13, 297-319.

956 R2-11


https://orcid.org/0000-0002-0094-5210
https://orcid.org/0000-0002-0094-5210
https://orcid.org/0000-0002-4303-8290
https://orcid.org/0000-0002-4303-8290
https://doi.org/10.1017/jfm.2023.9

https://doi.org/10.1017/jfm.2023.9 Published online by Cambridge University Press

C. Chen, Y. Xing, H. Wang, Z. Zhai and X. Luo

WEBER, C., HAEHN, N., OAKLEY, J., ANDERSON, M. & BoONAzzA, R. 2012 Richtmyer—Meshkov
instability on a low Atwood number interface after reshock. Shock Waves 22, 317-325.

WOUCHUK, J. & NISHIHARA, K. 1997 Asymptotic growth in the linear Richtmyer—Meshkov instability. Phys.
Plasmas 4, 1028—-1038.

WOUCHUK, J.G. 2001 Growth rate of the Richtmyer—Meshkov instability when a rarefaction is reflected. Phys.
Plasmas 8, 2890-2907.

ZHANG, Q. & Guo, W. 2016 Universality of finger growth in two-dimensional Rayleigh—Taylor and
Richtmyer—Meshkov instabilities with all density ratios. J. Fluid Mech. 786, 47-61.

ZHOU, Y., et al. 2021 Rayleigh-Taylor and Richtmyer—Meshkov instabilities: a journey through scales. Physica
D 423, 132838.

956 R2-12


https://doi.org/10.1017/jfm.2023.9

	1 Introduction
	2 Theoretical analysis
	3 Experimental method
	4 Results and discussion
	4.1 Unperturbed case
	4.2 The linear cases
	4.3 The weakly nonlinear cases

	5 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


