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ABSTRACT

The Richtmyer-Meshkov instability of a three-dimensional (3D) minimum-surface featured SFe/air interface subjected to a planar weak
incident shock is numerically studied. The focus is placed on presenting more intuitive details of the complex shock-interface interactions.
In the present work, 3D Euler equations are solved. The fifth-order weighted essentially non-oscillatory scheme and the level-set method
combined with the real ghost fluid method are adopted. The gas interface morphologies are precisely reproduced according to the previous
experimental images, the wave systems in 3D space are illustrated, and the velocity distribution in a characteristic plane is depicted. Based on
which, the unknown lagging structure in the previous experiment can be reasonably explained. It is actually the soap fog driven by the flow
field. The baroclinic vorticity generation and the perturbation amplitude growth histories are measured. The present numerical study well

confirms the 3D curvature effect and supports the extended 3D theoretical model for the heavy/light interface scenario.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5141783

. INTRODUCTION

When an interface between two different fluids is impulsively
accelerated, the perturbation of the interface will grow with time,
the interface loses its stability and evolves into a final turbulent flow.
This kind of interface instability is called Richtmyer-Meshkov insta-
bility (RMI), which was first introduced theoretically by Richtmyer'
and experimentally confirmed by Meshkov.” The RMI, as a fun-
damental physical mechanism, occurs widely in both artificial and
natural phenomena, such as supersonic combustion of scram]ets,
supernova explosion,’ and applications of inertial confined fusion.’
Besides, many research studies targeting on the RMI has promoted
the understanding of vortex dynamics, shock wave interactions, and
turbulent mixing, improved the experimental techniques, and so
on. As a result of all these backgrounds, the RMI has been exten-
sively studied in recent years using a variety of experimental, numer-
ical, and theoretical methods. Several comprehensive reviews on

RMI have been presented by Zabusky,(‘ Brouillette,” and Ranjan
etal’

Most of the early RMI studies concentrate on two-dimensional
(2D) configurations due to their easy implementation in experi-
mental operations and simple mathematical expressions. Typical
2D configurations cover the 2D single-mode interface’ "’ and gas
cylinders'* ' although in different scales. By applying the soap film
techniques, researchers performed many shock tube experiments on
the RMI of different types of polygonal gas cylinders,'" ' V-shaped
interfaces, > single- mode,”” and saw-tooth interfaces.” " Compar-
ing to the 2D configurations, the amount of three-dimensional (3D)
cases are apparently limited because the 3D interfaces are more
difficult to be well controlled and visualized in experiments and
because they consume huge memory resources in computations.
The most easily produced and well-controlled 3D interface is soap
bubbles;'**"** their interface morphologies were found to be an
extended analog to the 2D cylinders. 3D single-mode RMI, as a
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basic configuration, has been given in-depth investigation through
the years.”””' On a macroscopic level, quasi-randomly perturbed
multi-mode interfaces” ** are used to take the turbulent element
into account. The 3D effect of a vertical gas jet’® and gas cylinder’’
in experiments were discussed in detail using numerical simulations.

Inspired by Krechetnikov™® who emphasized the importance
of the interface curvature effect on RMI, Luo et al.’”*" recently
conducted a series of shock tube experiments concentrating on
the curvature effects of a 3D single-mode gas interfaces (GI). By
applying their advanced soap film techniques, they produced a well-
defined 3D single-mode soap film to initially separate different gases.
Due to the natural minimum-surface property of the soap film,
this single-mode soap film suffers from great 3D effect caused by
the two principal curvatures on every position of the film, which
have the same magnitude but opposite signs. When this minimum-
surface featured interface was used in RMI experiments, it was found
that the opposite curvature significantly mitigates the single-mode
amplitude growth rate comparing to the 2D impulsive model. An
extended 3D linear theoretical model was also proposed to well esti-
mate the interface amplitude growth in experiments. Based on these
early experimental works, Luo et al.""** also conducted numerical
studies to reveal more details in the complex shock-interface inter-
actions of this light/heavy scenarios. Their numerical studies further
proved the curvature effect on the RMI and presented the thought of
using curvature arrangement as a way to manipulate the instability
evolution.

Interestingly, in the experimental images of the SFe/air sce-
nario, there exists an abnormal structure lagging behind the gas
interface (labeled as S1 in Ref. 40). This S1 was described as a region
of density variation. However, a final conclusion on its formation
could not be given at that time and it was waiting for a numer-
ical interpretation. As a result of this, the purpose of the present
work is to provide the numerical results according to the previous
SFe/air experiment, to demonstrate more hidden details in the com-
plex 3D shock-interface interactions. A comprehensive and intuitive
landscape is to be completed by supplementing the present work
to the whole study series on the minimum-surface RMI of both
the light/heavy and heavy/light scenarios. Moreover, the interpre-
tation of the S1 formation could fill the gap between the experi-
mental and numerical results so that other researchers could have
more confidence in using our experimental results for their future
studies.

Il. NUMERICAL METHODS

As the present study focuses on the interaction between a weak
shock wave and a gas interface at its early stage, the viscosity plays
a minor role so that the viscous effect, the boundary layer effect,
and the turbulent mixing can all be reasonably neglected. We use
exactly the same numerical methods as those of Ref. 41 in which
3D Euler equations were solved to reproduce the air/SFg interface
evolution after it was impacted by a shock wave. The ideal gas law
as the equation of state is employed to complete the mathematical
description. Again, in a Cartesian coordinate system, the level set
method"’ and the real ghost fluid method* are used to represent the
interface, which separates the different gases. This treatment pro-
duces a sharp interface in the computation so that diffusion between
the gases is totally neglected. Both the governing equations and the
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FIG. 1. Initial settings of the shock-accelerated minimum-surface featured SFg/air
single-mode interface. IR’, IL, IR and OR’, OL, OR (I, inner; O, outer; L, left; R,
right) denote the characteristic positions of the troughs and crests of the initially
perturbed interface at y = 0 mm and 9 mm, respectively.

level set function are solved by fifth-order weighted essentially non-
oscillatory scheme™ in uniform cubic cells and advanced in time by
the third-order Runge-Kutta method.

To be consistent with our previous experimental settings and be
comparable with our early simulations on air/SFs cases, the present
numerical settings and nomenclatures of SFs/air simulation are held
identical as those in Ref. 41 (with a single wave length shown in
Fig. 1). The simulated initial gas interface (cyan colored) has an ini-
tial amplitude of aJ = 5 mm at the top and bottom boundaries (i.e.,
y = +9 mm, line OR’-OL-OR) and has an initial amplitude of al
=1.79 mm at the symmetry plane (y = 0 mm, line IR"-IL-IR). The
horizontal wavelength is A = 35 mm and wave number k = 277/\. This

interface configuration is defined by the minimum-surface prop-
46

erty. ' In each xz plane, the initial interface can be characterized
by

z = f(y) cos(kx),y € [-9,9]
and

) dx
pe [
a; ekz(xz—uf) -1

i

where the plus (minus) sign stands for y > 0 (y < 0).

The computation domain is confined in the upper left quarter
with a cuboid shape of 17.5 mm x 9 mm x 100 mm due to the sym-
metric property of the physical space under consideration. In order
to make sure the present study well reproduces the experimental
observations, three initial setting parameters, i.e., the incident shock
Mach number and SF¢ volume fractions on both sides of the initial
gas interface, are finely tuned within their respective error ranges.
The finally determined incident shock strength is Ms = 1.26, and
there is 88% of the SFs volume fraction on the upstream (left) side
of the initial interface, while 16% of SFs on the downstream (right)
side of the initial gas interface. It indicates that there were leakage
or residual SFs gas in the downstream part of the test section in the
experimental implementation. The pre-shock flow field is set to be
stationary and the post-shock flow variables are computed by the
Rankine-Hugoniot relations. The boundary conditions on the six
surfaces of the computation cuboid include four symmetric bound-
aries (x = 17.5 mm, y = 9 mm, x = 0 mm, and y = 0 mm) and two
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outflow boundaries (z = 0 mm and z = 100 mm). The outflow con-
ditions are enforced by applying zeroth-order extrapolation to the
boundaries. The effects of the mesh size on the numerical accuracy
are evaluated in advance and the number of grid cells is finally con-
sidered to be 175 x 90 x 1000, which corresponds to a uniform grid
size of Ax = Ay = Az = 0.1 mm. Further validations of the present
numerical methods can be found in Refs. 41 and 42.

lll. RESULTS AND DISCUSSION
A. Comparison with experiment

Figure 2 shows the comparison of the present numerical results
with our previous experimental images at different instants. The
numerical density values at each instant are integrated along the
y-direction and the first-order derivative of the integrated density
is calculated to resemble the knife-edge setup in the experimental
schlieren system. The characteristic positions of the gas interface in
Fig. 1 can be found here in the inset of time 0 ys. When part of the
incident shock goes through the gas interface (at 50 us), a fast mov-
ing and divergent transmitted shock (TS) to the downstream side as
well as a reflected rarefaction (RR) to the upstream side are clearly
seen. The 3D feature of the initial gas interface leads to distinct 3D TS

soap fog

4

: )pike TS B
-200\

-
-
-
-~
.

a

FIG. 2. The comparison between experimental and numerical schlieren images
during the evolution of a shock-accelerated minimum-surface featured SFg/air
interface. The top halves are experimental schlierens and the bottom halves are
numerical results. TS: transmitted shock, RR: reflected rarefaction, and PHI: phase
inversion.

scitation.org/journal/phf

and RR fronts. In the schlieren images, this 3D feature of the waves
appears as the thickened shock front and widened rarefaction wave.
At 100 ps, both the TS and RR are leaving the interface. The gas inter-
face, at this moment, is clearly seen to be contracted. Its unevenness
can only be detected from the phase inversion (PHI) part in the mid-
dle area. The TS gradually recovers its original planeness as it fur-
ther propagates downstream and the interface amplitude is growing
(175 ps).

From 200 us to 250 us, except the growing of the interface
amplitude, a salient feature of the experimental images is the detach-
ment of the gas interface and the soap film. As has been proved in
a series of previous studies,”*”** the soap film, once impacted by a
shock wave, ruptures and atomizes immediately. It exerts very lim-
ited influence on the later flow field. To be accurate, the liquid soap at
this moment appears as atomized soap fog (as depicted by the white
dashed curve). This kind of detachment can be observed frequently
in heavy/light gas interface scenarios.'**’

Interestingly, seen at 400 us, distinct lagging structures (S1, as
highlighted by white dashed squares) are formed. In our previous
study,”® we believed that S1 was caused by gas interface deforma-
tions, the present numerical results deny our previous judgment.
There is no density structures lagging behind the gas interface in the
numerical image. The present numerical results agree with our com-
mon sense toward a heavy/light gas interface scenario. The behavior
of the soap fog is apparently subjected to the 3D effect making it
move vertically (in y-direction). From the experimental images at
400 ps and 475 s, it can be reasonably speculated that the middle
part of the soap fog is spattered onto the visualizing window, while
the other parts are entrained by the gas flow and deform into the S1
structure. More details are discussed in Secs. I1I B-III F.

B. Three-dimensional interface morphology

Focusing on the interface morphology, 3D views of the inter-
face evolution at 0 us, 100 us, and 475 us are depicted in Fig. 3. After
the gas interface is shocked (see 100 us), the interface amplitude
experiences obvious contraction. Judging from the upper boundary
(plane y = 9 mm) and the lateral boundary (plane x = —17.5 mm), the
interface is also undergoing phase inversion. In the following stage,
the amplitude of the inversed interface grows as time elapses. The
original left-most point OL becomes the right-most protrusion (at
100 us) and then further develops into a downstream spike (at 475
us). In the meanwhile, the original right-most four corners become
the left-most bubbles. In a whole, the interface finally turns into an
inversed typical “bubble-spike” instability geometry.

17.5

100 -17.5

FIG. 3. Numerical results of the 3D gas interface at different moments.
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C. Wave systems

42.7 ps

66.4 us

81.4 us 113.0 ps

Wave systems on four characteristic planes (slicel ~ slice4) are
depicted in order to uncover the detailed shock-interface interac-
tions, as shown in Fig. 4. Here, slicel is the plane y = 0 mm, slice2
is y = 9 mm, slice3 is x = 0 mm, and slice4 is x = —17.5 mm (first
column in Fig. 4). It is seen that the incident shock (IS) touches but
not completely over-sweeps the whole gas interface at 25.2 ys; only
the upper and lower boundary parts are shocked at this moment
(see slice2 and slice3). 3D divergent TS and RR are observed. At
42.7 us, the amplitude of the interface are experiencing strong com-
pression except slice4, which has not touched by the IS yet. Inter-
estingly, from slice2, irregular reflection (IR) is formed as the IS
incident angle increases. Other than a centered rarefaction wave, the
reflected waves are composed of a thin high-pressure layer followed
by a low-pressure rarefaction zone. At 66.4 ps, the IS processes the
whole gas interface (GI). The high-pressure layer formed by the IR
is focusing toward the computation domain corner (slice2) caus-
ing a high-pressure zone (HPZ). This HPZ expands at 81.4 us and
all the waves leave the GI at the following moments (113.0 us and
172.9 ps). The most pronounced phase inversion is demonstrated
in slice2 where the largest initial amplitude exists. The original
upstream-most characteristic point OL becomes the downstream
spike tips.

density
9.27 174818
8.82 170455
8.36 166091
s ) & L 161727
C o 655|| 148636
6.09 144273
: 5.64 139909
ik
A | s 5.18 135545
X/

H E 4.27 126818
=3 3.82 122455

4 N bubble 3.36 118091
J 2.91 113727
. 245 109364

V4 ‘.’ 2.00 105000

172.9 ps
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pressure

FIG. 4. Wave patterns in characteris-
tic slices. Positions of the characteristic
slices are shown in the first column as
slice1 ~ slice4. Wave pattern sequences
of each slice are listed in corresponding
rows with time labeled at bottom. In each
inset, the upper half depicts the density
contour, while the lower half depicts the
pressure contour. IS: incident shock, TS:
transmitted shock, RR: reflected rarefac-
tion, IR: irregular rarefaction, and HPZ:
high-pressure zone.

745 157364
7.00|( 153000

4.73 131182

To give an intuitive demonstration of the 3D wave structures,
especially the development of the high-pressure layers and zones
caused by the IR, the positions of key wave structures and the GI
(colored in cyan) are demonstrated in Fig. 5. The wave structures
are represented by pressure isosurfaces. Bright colors (e.g., yellow
and red) are assigned to the pressure isosurfaces so as to make them
distinguishable. As seen, the high-pressure layers appear as curved
bands connecting the GI and the upstream RR (42.7 ys). With the
TS and the RR leaving the GI, the two high-pressure layers get closer
(see 66.4 us). At this moment, the high-pressure layers focus at the
computation domain corners forming the HPZs. The 3D features
can also be detected from the expansion of HPZs (81.4 us) when the
expanding shock fronts move both vertically and horizontally. At
113.0 ps, the main waves are far from the GI and the HPZs do not
exert direct influence on the GI any more.

D. Interpretation of structure S1

The wave structure development apparently affects the velocity
field in the 3D space. The movement of the high-pressure layers and
zones of SF¢ induced by IR induce the vertical and lateral flow veloc-
ities on the upstream side of the GI (see Fig. 5). Consequently, the
soap fog that trails behind the GI can be severely influenced. Figure 6

FIG. 5. 3D wave structures at (a) 42.7 yss,
(b) 66.4 ps, (c) 81.4 us, and, (d) 113.0
ps. IS: incident shock, GI: gas inter-
face, TS: transmitted shock, IR: irregular
reflection, RR: reflected rarefaction, and
HPZ: high-pressure zone.
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FIG. 6. Vertical velocity distribution of
plane y = 4.5 mm at (a) 66.4 us, (b)
81.4 us, (c) 113.0 ps and, (d) 172.9 ps.
Region U stands for the region with posi-
tive velocity in y-direction, while region D
stands for the region with negative veloc-
ity in y-direction. TS: transmitted shock,
RR: reflected rarefaction, IR: irregular
reflection, Gl: gas interface, Gly: initial
gas interface.

e

velocity: 5042 -35-27-2.0-12-05 03 1.1 1.8 2.6 33 4.1 48 56 64 7.1 7.9 8.6 94

extracts the vertical velocity (v) distribution in y = 4.5 mm plane
at four moments. Together with the velocity distribution slice, the
instant interface position (GI) and the initial intact interface posi-
tion (GIp) are also depicted in order for the reader to anchor the
detached soap fog between them.

Clearly, seen at 66.4 us, there are various flow directions for
SFs at the upstream side of the GI. The middle part (labeled as
region U) moves upward following the left-going RR, while the two
lateral parts (region D) move downward following the IR induced
high-pressure layers and zones. Going through the four moments,
the GI leaves its original position Gly, the downstream wave TS
and upstream RR separate further apart, and the high-pressure
zones eventually disappear (see 172.9 us), while the velocity pattern
upstream of the GI does not change.

Combining this velocity distributions and the above wave pat-
tern demonstrations, it is quite clear that during this early stage,
the SF¢ gas in the middle region U is driven upwards, while the
lateral region D is driven downwards to the lateral middle part

(x = £17.5 mm, y = 0 mm). Consequently, the middle part of the
soap fog (in region U) is driven to the upper boundary and the lat-
eral parts of the soap fog (in region D) are driven to the lateral middle
region. This explains the motion of the soap fog in the experimen-
tal images in Fig. 2; in other words, the middle part of the soap fog
was spattered onto the visualizing window (soap spatter), while the
lateral two parts were evolved into the image structures in the S1
regions.

E. Vorticity distribution

The distributions of the normal component of the vorticity in
four characteristic planes at time 66.4 ps and 113.0 ys are shown in
Fig. 7. At 66.4 us, the TS just over-sweeps the whole GI and the vor-
ticity is deposited initially. On the two horizontal slices (slicel and
slice2), the vorticity promotes the interface phase inversion. Appar-
ently in slice2, the large amplitude of the interface deposits large
vorticity. However, the vorticity deposition in the two vertical slices

[®)
TS 336

/ 321
293
264
236
207
179
150
121
93 FIG. 7. Vorticity distributions on four
5‘6‘ characteristic slices at (a) 66.4 ys and (b)
7 113.0 us. GI: gas interface, TS: transmit-
:(1) ted shock, PHI: phase inversion.
-79
-107
-136
-164
-193
=221
250
279
-307
336
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play opposite roles in affecting the interface phase inversion of slicel.
In other words, slice3 depresses and slice4 promotes the interface
phase inversion. Due to this complex vorticity influence, the inter-
face amplitude in slicel has a very slow changing rate. At 113.0 us,
the phase inversion in slicel has not completed yet. On the contrary,
the formation of spikes in slice2 and slice3 are nearly done. Worth
noting is that, in the following stage, the vorticity holds this distribu-
tion pattern. On the interface amplitude growth of slicel, the vortic-
ity in slicel and slice3 always play opposite roles; one promotes and
the other depresses. Eventually, the non-consistent vorticity effect
will express itself in the amplitude histories.

F. Amplitude growth

To quantitatively reveal the 3D curvature effect and to numer-
ically testify the reliability of the extended 3D theoretical model
for the heavy/light scenario proposed by Luo et al,” three typi-
cal interface geometries are examined. The three interface geome-
tries are the 3D single-mode interface (3D+), 2D single-mode inter-
face (2D), and the present minimum-surface featured single-mode
interface (3D—for short), as shown in Fig. 8. The 3D+ have two
identical principal curvatures, the 2D have one zero-valued prin-
cipal curvature, and the 3D—-have two opposite signed principal
curvatures. All of these three geometries have identical initial ampli-
tude a? = 1.79 mm and wave number k in their horizontal middle
plane (the red lines), while in the vertical middle plane, the dif-
ferent principal curvature comes into play (the blue lines). Math-
ematically, the 3D+ and 2D interfaces can also be described by z
= f(y)cos(kx). The only difference is that the initial amplitude func-
tion is f(y) = acos(ky) for the 3D+ case and f(y) = a} for the
2D scenario.

In Fig. 9, the amplitude growth histories of the middle horizon-
tal plane in all geometries (red lines in Fig. 8) are extracted to make
a comparison. The quantities are normalized as & = ka} and 7 = kv;(t
— to), where the af- is the evolving interface amplitude at time ¢, to
is the time when the amplitude reaches the minimum value, and v;
represents the initial perturbation growth rate in the linear phase for
the present 3D—interface. According to the analysis of Meyer and
Blewett’ for a heavy/light interface, the extended 3D linear growth
rate v; can be formulated as v; = %(2 - \/5)(1 + Zc)kaiAT Av, in
which Z. =1 — Av/W; is the compression factor, Av is the interface
velocity jump after shock, Wy is the incident shock velocity, and A"
is the post-shock Atwood number. Deriving from the above treat-

@vi for the 3D+ and ﬁvi for the 2D

<1
zZ

ment, the growth rate is

2—

(@) (b) (c)

FIG. 8. Initial interface geometries of (a) 3D+, (b) 2D, and, (c) 3D—.
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FIG. 9. Amplitude growth histories of 3D single-mode interface (3D+, squares),
2D single-mode interface (2D, triangles) and, the present minimum surface (3D—,
circles). The black solid lines denote the theoretical impulsive growth predictions
of the three cases.

interface. Figure 9 apparently shows that, the amplitude of the 3D+
interface grows the fastest among the three, the 2D one is in the sec-
ond place, and the present 3D—interface grows the slowest. The the-
oretical impulsive growth predictions (shown as the three solid black
lines) reliably agree with the present numerical results in the early
linear range. The opposite curvatures not only lower down growth
rate but also extend the linear stage of the 3D—interface evolution. In
this case, the valid prediction time of the theoretical impulsive model
is seen much longer for the 3D—case than the other two.

IV. CONCLUSION

The RMI of a shock-accelerated 3D minimum-surface fea-
tured single-mode interface (3D-) is numerically studied in the
present work. The precise adjustment of the initial parameter set-
tings ensures the excellent agreement between the present numerical
results and the previous experimental images. Based on this, the
complex shock-interface interaction is demonstrated in-depth. Not
only the density and pressure distributions in the characteristic slices
but also the wave structures in 3D views are illustrated. It is found
that the irregular reflection of the incident shock plays a key role in
affecting the interface morphology as well as the detached soap fog
trailing behind the real gas interface. The induced velocity field by
the shock reflection on the upstream side of the gas interface spatters
part of the soap fog onto the visualizing window, while it drives the
rest of the atomized soap mists into the middle area of the 3D space
causing the soap fog to flow with the SF¢ gas for a long distance.
It reasonably explains the formation of the unknown structure S1
appeared in the previous experiments, so that the gap between the
experimental images and the numerical results is filled. The vorticity
is mainly deposited on the gas interface and dominates the follow-
ing morphology after the shock leaves the interface. The amplitude
growth histories of three typical interfaces in their characteristic
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planes, namely, the 3D+, 2D, and the present 3D—interfaces, are
extracted and compared. The growth histories numerically prove the
curvature effect. That is, same-signed principal curvatures promote
the interface amplitude growth, while opposite-signed principal cur-
vatures depress it. The amplitude growth histories also numerically
support the reliability of the extended 3D theoretical model for the
heavy/light scenarios. This research clearly elucidates that the 3D
effect of the interface, and the role of the induced soap fog move-
ment played in the experiments should be closely examined when
interpreting the data.
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