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The effects of initial perturbations on the Rayleigh-Taylor instability (RTI), Kelvin-Helmholtz in-
stability (KHI), and the coupled Rayleigh—Taylor-Kelvin—Helmholtz instability (RTKHI) systems are
investigated using a multiple-relaxation-time discrete Boltzmann model. Six different perturbation
interfaces are designed to study the effects of the initial perturbations on the instability systems. It is
found that the initial perturbation has a significant influence on the evolution of RTI. The sharper the
interface, the faster the growth of bubble or spike. While the influence of initial interface shape on KHI
evolution can be ignored. Based on the mean heat flux strength D31, the effects of initial interfaces
on the coupled RTKHI are examined in detail. The research is focused on two aspects: (i) the main
mechanism in the early stage of the RTKHI, (ii) the transition point from KHI-like to RTI-like for the
case where the KHI dominates at earlier time and the RTI dominates at later time. It is found that
the early main mechanism is related to the shape of the initial interface, which is represented by both
the bilateral contact angle 0, and the middle contact angle 65. The increase of 6, and the decrease of
0 have opposite effects on the critical velocity. When 6, remains roughly unchanged at 90 degrees,
if 0, is greater than 90 degrees (such as the parabolic interface), the critical shear velocity increases
with the increase of 1, and the ellipse perturbation is its limiting case; If 61 is less than 90 degrees
(such as the inverted parabolic and the inverted ellipse disturbances), the critical shear velocities are
basically the same, which is less than that of the sinusoidal and sawtooth disturbances. The influence
of inverted parabolic and inverted ellipse perturbations on the transition point of the RTKHI system is
greater than that of other interfaces: (i) For the same amplitude, the smaller the contact angle 0y, the
later the transition point appears; (ii) For the same interface morphology, the disturbance amplitude
increases, resulting in a shorter duration of the linear growth stage, so the transition point is greatly
advanced.

Keywords discrete Boltzmann method, hydrodynamic instability, non-equilibrium characteristic,
initial perturbation

fundamental research and for engineering application in a

1 Introduction number of research fields, including Inertial Confinement

Fusion (ICF), astrophysical phenomena, and supersonic

Hydrodynamic instability-driven mixing processes are combustion. In the last several decades, much attention
ubiquitous in nature, and of great significance both for has been paid to the challenging problem [1-20].

In view of its direct consequence in various applications,
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the effects of initial perturbations are being explored ex-
tensively [21-38]. Miles et al. [21] investigated the effect
of initial conditions on two-dimensional (2D) Rayleigh—
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Taylor instability (RTI) and transition to turbulence in
planar blast-wave-driven systems, and found that the ini-
tial conditions have a strong effect on the time to transi-
tion to the quasi-self-similar regime. Dimonte [22] studied
the dependency of the self-similar Rayleigh—Taylor bub-
ble acceleration constant on the initial perturbation am-
plitude. Ramaprabhu et al. [23] investigated the depen-
dence of the RTT growth coeflicient and the self-similar pa-
rameter on the amplitude, the spectral shape, the longest
wavelength imposed, and mode-coupling effects. Goward-
han et al. [25] demonstrated that the initial material in-
terface morphology controls the evolution characteristics
of Richtmyer—Meshkov instability (RMI). Wei et al. [27]
investigated the role of the initial perturbation shape on
the RTT development. It is found that the time when the
instability reaches a mean quadratic growth depends on
the initial perturbation shape, and the subsequent vortical
interactions are also very sensitive to details of the initial
perturbation shape. Liu et al. [29] found that the tempo-
ral evolution of the bubble tip velocity is sensitively de-
pendent on the Atwood numbers, the initial perturbation
amplitude and the initial perturbation velocity in classi-
cal RTI. McFarland et al. [30] investigated the effects of
inclination angle and incident shock Mach number on the
inclined interface RMI. Zhai et al. studied the RMI prob-
lems of three light gas interfaces [31] and six heavy gas
interfaces [32], including the different shock wave refrac-
tion on the interface and the influence of initial interface
shape on the interface features. Dell et al. [33] systemati-
cally studied the effect of the initial perturbation on RMI,
and observed that the initial growth rate of RMI is a non-
monotone function of the initial perturbation amplitude.
Xiao et al. [34] studied the effects of an initial perturba-
tion on RMI, and found that the evolution of the interface
with large initial amplitude in a low-density nonuniform
area is fastest, while that with a small initial amplitude
in a high-density nonuniform area is slower. Xie et al. [35]
showed that the growth of the RTI mixing zone is sub-
stantially retarded by superimposing an optimized addi-
tional mode on its random initial perturbations. Liang
et al. [8] analyzed the effects of the initial conditions in
terms of the perturbation wavelength and amplitude. It
is found that the instability undergoes a faster growth at
the intermediate stage for a larger wavelength, while the
late-time bubble and spike growth rates are insensitive to
the changes of the initially perturbed wavelength and am-
plitude. Kord et al. [36] investigated the sensitivity of
objective functions to the initial perturbation amplitudes
at various stages of the RTI, such as the mole fraction,
kinetic energy norm. Ding et al. [37] demonstrated that
controlling the layer thickness is an effective way to modu-
late the late-stage instability growth, which may be useful
for the target design. Si et al. [38] investigated the mode-
composition effect on the three-dimensional (3D) interface
RMI development, and found that the mode-coupling has
an evident influence on the bubble evolution.

It is generally believed that in the ICF, in the late stage
of RTI, the materials on both sides penetrate each other to
form shear flow, and Kelvin-Helmholtz instability (KHI)
occurs at the interface. However, in nature or practical
engineering applications, such as in the atmosphere and
oceans, air/fuel mixing in combustion chambers, the outer
region of supernovae, and the compression of the fuel cap-
sule in ICF, there is rarely a single instability. Due to
the complexity of the interface, KHI often occurs simul-
taneously when RTI develops. It would be interesting to
study the effect of the combined occurrence of two in-
stability mechanisms. A complete understanding of the
relation between the RTI and the KHI is important in
understanding the hydrodynamic instability-driven mix-
ing processes. In addition to the growth rate and final
state, some studies have been made on the early linear and
early nonlinear evolution of the coupled instability [39—
49]. Both the instability modes and devolution processes
that may be manifested when two such mechanisms occur
simultaneously are of current interest. Ye et al. [39, 40]
investigated the competitions between RTT and KHI in 2D
incompressible fluids within a linear growth regime. It is
found that the competition between the RTT and the KHI
is dependent on the Froude number, the density ratio of
the two fluids, and the thicknesses of the density transi-
tion layer and the velocity shear layer. Mandal et al. [41]
investigated the nonlinear evolution of bubble and spike
due to the combined action of RTI and KHI. Olson et
al. [42] studied the coupled RTKHI in the early nonlinear
regime, and indicated a complex and non-monotonic be-
havior where small amounts of shear in fact decrease the
growth rate. Akula et al. [43] showed that the superpo-
sition of shear on RTT at small Atwood number increases
the mixing width and growth rate at early times. Vadi-
vukkarasan et al. [44-46] described the 3D destabilization
characteristics of cylindrical and annular interfaces under
the combined RTKHI, and the effects of various param-
eters on the most unstable wavenumbers were studied.
Sarychev et al. [47] found that an undulating topogra-
phy on the interface coating/base material is resulted from
the coupled RTKHI. Brizzolara et al. [48] observed that
the cross-over time can correctly predict the transition
from shear- to buoyancy-driven turbulence, in terms of
turbulent kinetic energy production, energy spectra scal-
ing and mixing layer thickness. In 2020, we investigated
the coupled RTKHI system with a Multiple-Relaxation
Time (MRT) Discrete Boltzmann Model (DBM) [49]. To
quantitatively analyse the coupled RTKHI process, we re-
sort to morphological and non-equilibrium analysis tech-
niques. We found that both the total boundary length
L of the condensed temperature field and the mean heat
flux strength D3 ; can be used to quantitatively judge the
main mechanism in the early stage of the RTKHI system.
For the case where the KHI dominates at earlier time and
the RTI dominates at later time, the ending point of linear
increasing L or D3 can work as a geometric or physical
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criterion for discriminating the two stages.

In this paper, we investigate the effects of initial pertur-
bations on the RTI, KHI and the coupled RTKHI systems
with the MRT-DBM. The paper is organized as follows:
Section 2 briefly introduces the methodology of Discrete
Boltzmann Modeling (DBM) method [50]. Systematic nu-
merical simulations on the effects of initial perturbations
are shown and analyzed in Section 3. A brief conclusion
is given in Section 4.

2 Discrete Boltzmann modeling method

The DBM [51-57] is developed from a hybrid of Lattice
Boltzmann method (LBM) [58-76] and the phase space
description method of statistical physics. It is one of the
concrete applications of statistical physics coarse-grained
modeling method in the field of fluid mechanics, and is a
further development of the description method of statis-
tical physical phase space in the form of discrete Boltz-
mann equation. Its idea originated from a research review
published by Xu et al. in 2012 [51]. In the process of
development, it was inspired by the morphological phase
space description method [55, 57, 77-79]. The method-
ology of DBM is as follows: It selects a perspective to
study a set of kinetic properties of the system according
to research requirements. Therefore, the kinetic moments
describing this set of properties are required to maintain
their values in the model simplification. Based on the in-
dependent components of the non-conserved kinetic mo-
ments of (f — f?), construct the phase space, and the
phase space and its subspaces are used to describe the
non-equilibrium behaviors of the system. The research
perspective and modeling accuracy should be adjusted as
the research progresses, where f¢? is the corresponding
equilibrium distribution function of f.

The establishment of a DBM model needs to go through
three steps. The first step is the linearization of the colli-
sion term, and the second step is the discretization of the
particle velocity space. The principle for coarse-grained
modeling is that the physical quantities we choose to mea-
sure the system must keep the same values after simpli-
fication. The third step is the purpose and core of DBM
modeling, and the specific scheme of non-equilibrium state
and behavior description should be given. DBM is mainly
aimed at the “mesoscale” and “dilemma” situations where
continuum modeling fails or physical functions are insuffi-
cient and molecular dynamics method is unable to do due
to the limited applicable scale. The physical information
provided by DBM is between macroscopic continuous de-
scription and microscopic molecular dynamics. Compared
with macroscopic description, DBM observes the system
from a wider perspective. The necessity and benefit of
non-conserved moment description in DBM increase with
the increase of non-equilibrium degree.

Generally, different from the traditional LBM, whose
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main function is to recover macroscopic fluid equations,
the DBM does not aim to solve the macro fluid equa-
tions, but mainly to describe and measure both hydrody-
namic and thermodynamic nonequilibrium effects beyond
the macro fluid equations. DBM only puts forward a phys-
ical requirement for the used discrete velocities and does
not include specific discrete format. The physical require-
ment is that the kinetic moments concerned must keep
the value unchanged after being converted into sums for
calculation. DBM does not use the “lattice gas” image
of “virtual particle propagation + collision”. This is also
one reason why it should no longer be called the “lattice”
Boltzmann method. A more detailed introduction can be
seen in our recent review articles [55-57].

The DBM equation with external force term can be
written as

of; Of; (& (F _ fe A
E + Uia@ = - Mz‘l 1[Slk(fk - fkq) + Al]
. Wia —ta) req
Ja RT fl s (1)

where the variable t and x, are the time and spatial co-
ordinates, T is the temperature, g, and u, denote the
acceleration and velocity in the z, direction, v;, is the
discrete particle velocity, ¢ = 1, ..., N, and the subscript

o indicates the z, y, or z component. f; and f; (ff? and

f{?) are the particle (equilibrium) distribution functions
in velocity space and kinetic moment space, respectively;

the mapping between moment space and velocity space is
defined by the linear transformation M;;, i.e., fi = M;;f;
and f; = Miglfj. The matrix S = diag(s1, 82, ,sn) is
the diagonal relaxation matrix. A, is the correction term
used for recovering reasonable hydrodynamic behaviors.

In the paper, the following two-dimensional discrete ve-
locity model is used:

cyc: c(£1,0), for1<i<4,
c(£1,+£1), for 5 <4 <8,
(v3a,0) = § LD . @
cyc: 2¢(+1,0), for 9 <i<12,
2c (£1,+1), for 13 < < 16,
and g, =nofori=1,---, 4, and g, =0 for i =5, ---,

16, which is introduced to control the specific-heat-ratio
~v. “cyc” indicates the cyclic permutation, and ¢ and 7yg
are two free parameters, which are adjusted to optimize
the properties of the model. The specific forms of the cor-
rection term, transformation matrix and the correspond-
ing equilibrium distribution functions in kinetic moment
space can be seen in the appendix for details.

The kinetic moments of f;— f{ can be used to check and
measure the Thermodynamic Non-Equilibrium (TNE)
A7 = M5(f; — f;q), where M (fi)
represents kinetic central moments of f;, and its specific
expression can be obtained by replacing the variable v;,

state and effects.
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by via — uq in M;j;. At present, the commonly used non-

*

equilibrium characteristic quantities are A3 g, A(3 Da
A3, and AF

(4,2)aB"
tensor and A% indicates the heat flux. A;aM and

3,1
Aa 2)aB indicate the flux of viscous stress and of heat flux,

A;aﬁ indicates the viscous stress

respectively. Where, the subscripts “2” and “3” indicate
tensors of second order and third order, the subscript “3,1”
means a first-order tensor contracted from a third-order
tensor, and the subscript “4,2” means a second-order ten-
sor contracted from a fourth-order tensor.

In the phase space opened by the non-conserved ki-
netic moments and their subspaces, the origin of coordi-
nates corresponds to a thermodynamic equilibrium state,
and any other point corresponds to a specific thermo-
dynamic non-equilibrium state. The corresponding non-
equilibrium strength can be defined by means of the dis-
tance from the origin. For example, the mean heat flux

strength can be defined as D31y =,/a . These more

*2

3, Da
abundant but previously poorly understood characteris-
tics of non-equilibrium behavior contain a large number
of physical functions to be explored. At the same time, it
should be pointed out that in addition to the idea of DBM
modeling, a series of data processing techniques, charac-
teristic scale extraction technology and structure analysis
techniques developed in DBM application process can be
directly used for data processing and feature analysis of
various complex configuration and dynamic physical field.

3 Numerical simulations

In recent decades, numerous investigations have shown
that the initial conditions have important effects on the
evolution of interface instability. In this section, we in-
vestigate the effects of initial perturbations on the RTI,
KHI and the coupled RTKHI systems with the multiple-
relaxation-time DBM model, which has been validated by
some well-known benchmark tests [49, 80, 81].

Six different initial conditions, shown in Fig. 1, are de-
signed to study the effects of the initial perturbation shape
on the instability system, including (a) sinusoidal pertur-

bation, (b) sawtooth perturbation, (c) parabolic y = 22,

(d) elliptic disturbance, (e) inverted parabolic y = —22,
and (f) inverted elliptic disturbance interface. The angle
between the tangent at the end of the disturbance inter-
face and the boundary is called the bilateral contact angle
01, and the angle between the centerline and the tangent
at the center point is called the middle contact angle 6,
shown in Fig. 2(a). The two contact angles together de-
scribe the basic morphology of the disturbance interface.
Except for the sawtooth perturbation, the middle contact
angle 05 of the other five interfaces is approximately equal
to 90°. These six interfaces basically include the contin-
uous curve shape from the boundary to the center line

(@)

W

(b)

(©)

Inverted parabolic y = —x2

®

/ Inverted elliptic \

Fig. 1 The schematic diagram of the initial disturbance in-
terface. (a) sinusoidal perturbation, (b) sawtooth perturba-
tion, (c) parabolic y = 22, (d) elliptic disturbance, (e) in-
verted parabolic y = —z?, and (f) inverted elliptic disturbance
interface.

Elliptic

determined by #; and 65. Their related understanding
and recognition can be helpful to analyze the multimode
disturbance in the future.

In the simulation, a two-dimensional computational do-
main with height H = 80 and width W = 20 is adopted,
and divided into NX x NY = 101 x 400 mesh-cells.
The computational domain can be divided into upper and
lower parts by the disturbed interface. In the two parts,
two different homogeneous temperatures are fixed, and the
corresponding hydrostatic density profiles p(y) follow the
regularity, dyp(y) = —gyp(y), and p(y) = Tp(y) in each
part. With fixed T, the solution has an exponentially
decaying behavior in the two half volumes. The initial
hydrostatic unstable configuration is therefore given by

T(y) = Tu, p(y) = puexp(—gy(y — ys)/Tu),

@}, (b)

Disturbance interface

Heavy medium
Light medium

Bubble\gmplitude

Spike fmplitude \

Undisturbed interface

Heavy medium

Light medium

Fig. 2 Schematic diagram. (a) Definition of the contact
angle, 6; is the bilateral contact angle, 8 is the middle contact
angle. (b) Definitions of the bubble amplitude and the spike
amplitude.
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ug(y) = uo, uy(y) =0, fory >ys,

T(y) =Ty, p(y) = poexp(—gy(y — vs)/Tv),
for y < ys,

3)
where p, and Ty (p,, and T,,) are the density and temper-
ature of the light (heavy) fluid, ug is the shear velocity,
gy is the gravitational acceleration, y, is the initial dis-
turbance interface. For these six interfaces, the specific
expressions of initial disturbances are as follows:

uw(y) = —Uo, uy(y) =0,

y® = H/2+ agcos(2mx/N), (4a)
yls’:H/2—a0+2a0%, (4b)
yg:H/Q—ao-l-an%, (4c)
o = 12+ a0 = 2a0(1 - o, (4a)
v — 2
Z/S:H/2+a0—2ao%, (4e)
vl = H/2— 0y + 2001 - LA s (n

(A/2)?

where A\ = W is the wavelength of the perturbation,
ag is the initial amplitude. To have a finite width of
the initial interface, a smooth interpolation between the
two half-volumes is plused on the initial configuration.
When the relative velocity ug is set to zero, this is a
pure RTI system; when the acceleration g, is set to
zero, it is a pure KHI; with various tangential velocities
and accelerations, the coupled RTKHI systems are got-
ten. The fifth-order weighted essentially non-oscillatory
(WENO) scheme is adopted for space discretization, and

(a) (b) (© (@) (e) ®
400

0 2040 0 2040 02040 02040 0 2040 0 20 40

Fig. 3 The influence of the initial interface shape on the
evolution of RTI. (a—f) are the temperature patterns of the six
systems with different initial disturbances described in Fig. 1
at time ¢ = 300. The horizontal and vertical coordinates are
the mesh numbers in the computing domain. For clarity, only
half of the computational domains are shown. From blue to
red corresponds to an increase of temperature. Each figure
follows the same legend.
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the third-order Runge-Kutta scheme is adopted for time
discretization. The left and right boundaries are peri-
odic boundary conditions. In the bottom and the top
boundaries, we apply the solid wall boundary conditions,
ie., (P, UxaT)|ix,—2 = (pa UwT)'iﬂc,—l = (pa UxaT)|iw,0 =
(P, Uw,T)|ix,1, Uy|ix,—2 = Uy|i:c,—l = Uy|iw,0 = Oa where
(iz,—2), (iz,—1), and (iz,0) are the indexes of ghost
nodes out of the bottom boundary (iz, 1) when the fifth-
order WENO scheme is used. The distribution functions
fi on the ghost nodes are approximated by theirs equilib-
rium distribution functions ff?. On the top side, we can
operate in a similar way.

We first investigate the influence of the initial inter-
face shape on the evolution of RTI. Figure 3 shows the
temperature patterns of the above six different initial dis-
turbances evolving to t = 300 under the action of RTI.
Figure 4 shows the time evolutions of bubbles, spikes, dis-
turbance amplitudes and morphological boundary lengths
for different initial interface systems. The definitions of
bubble and spike amplitudes are shown in Fig. 2(b). The
disturbance amplitude of RTT is defined as half of the sum
of the bubble amplitude and the spike amplitude. The
morphological boundary length L is the total length of
the interface between high and low temperature (light and
heavy) fluids. The methodology of morphological anal-
ysis technique is as follows: By defining a temperature
threshold T}p, the value higher than the threshold is de-
fined as the high temperature area (white area), and the
value below the threshold is defined as the low temper-
ature area (black area). In this way, the original con-
tinuous temperature field is transformed into a tempera-
ture pattern of black and white pixels, the total length of
the dividing lines between white and black regions is de-
fined as the morphological boundary length L. The spe-

@ = (b)
—Saw 40
244 ——y=x2
——Ellipse 30
_'% 181 :I.t;v:c;t’z:dcllipsc -qx_) 20+
5 12 %
[aa] 6 10
0 T T 0 T T |
0 100 200 300 0 100 200 300
t t
(©) (d)IOOO’
2 800
g8 3 600
<12 400
200 |
T T T 0 T T T
0 100 200 300 0 100 200 300

t t

Fig. 4 Effects of initial interface shape on RTI evolution,
(a) bubble amplitude, (b) spike amplitude, (c) total distur-
bance amplitude (i.e., half of the sum of bubble amplitude and
spike amplitude), (d) morphological boundary length.
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() (b) ©
250

200

150
0 50 0 50 0 50

0.65 0.75 0.85 0.95 1.05 1.15 1.25 1.35
(d)

0 50 0 50 0 50 100

Fig. 5 The influence of the initial interface shape on the evolution of KHI. (a—f) are the temperature patterns of the six
systems with different initial disturbances described in Fig. 1 at time ¢ = 300. From blue to red corresponds to an increase of

temperature. Each figure follows the same legend.

cific calculation method of L can refer to our previous
work [49, 56, 77, 78]. Both disturbance amplitude and
morphological boundary length are important parameters
that describe the degree of instability development and
material mixing. They have different perspectives, but
they are related and cannot replace each other. In the
simulation, the dimensionless parameters are set as fol-
lows: pp, =1, Ty, = 1.4, p, = 2.33333, T, = 0.6, g, = 0,
gy = 0.005, up =0, ¢ =1, g = 3, temperature threshold
Tin, = 1.0, the specific-heat-ratio v = 1.4, the initial am-
plitude ag = 2, and spatial step dz = dy = 0.2, temporal
step dt = 1073.

It can be seen from Figs. 3 and 4 that the initial distur-
bance interface shape has a great influence on the evolu-
tion of RTI. In the evolution of RTI, the heavy and light
fluids gradually penetrate into each other as time pro-
gresses, with the light fluid rising to form a bubble and
the heavy fluid falling to generate a spike. The sharper
the interface (the interface has a higher curvature), the
faster the growth of bubble or spike. For example, in the
system with an inverted elliptic interface, the heavy fluid
falls along both sides of the computing domain to form
spikes. Compared with other interfaces where spikes are
formed, the interface in this place is the sharpest, and the
spike falls at the fastest rate; The light fluid rises in the
middle part of the interface to form bubbles, compared
with other interfaces to form bubbles, the interface here
is the bluntest and the bubble rises at the slowest speed.
The difference of amplitudes of RTI systems with differ-
ent initial interfaces is small [Fig. 4(c)], but the morpho-
logical boundary length differs greatly in the later stage
[Fig. 4(d)], indicating that the initial interface shape has
substantial influence on the mixing degree of different me-
dia in the RTT system.

Figure 5 shows the temperature patterns of the six dif-
ferent initial disturbances evolving to ¢ = 300 under the
action of KHI. Figure 6 shows the time evolutions of am-
plitudes and morphological boundary lengths for different
KHI systems. The amplitude of KHI systems is defined
as half of the mixing width. The initial parameters are
9z =0, gy =0, up = 0.1, and the other parameters are
the same as Fig. 3. It can be seen from Figs. 5 and 6 that
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the initial interface shape has little influence on the evolu-
tion of KHI. There is no significant difference in the final
degree of material mixing in KHI systems with different
initial interface shapes.

Figure 7 shows the evolutions of the coupled RTKHI
systems with different initial disturbances at times t = 0,
50, 100, 150, and 200. The initial conditions are g, = 0,
gy = 0.005, ug = 0.15, and the other parameters remain
the same. As shown in the figure, under the action of
initial perturbation and tangential velocity, the perturba-
tions gradually grow to rolled-up vortexes, which are the
main characteristic of free shear flows, so KHI plays a ma-
jor role at the initial stage. For the inverted parabolic and
elliptic interfaces, the vortexes are rolled up on the right
side of the computational domain, which is different from
the other four interfaces. As time progresses, more fluid
is entrained in the vortical structure, the secondary RTI
develops along the vortex arms, and plays a major role.
It should be pointed out that in the systems with differ-
ent disturbance interfaces, the secondary RTI develops at
different times and with different speeds. Among them,
the first three systems develop relatively fast, while the
last three develop relatively slowly. In other words, the
shape of the perturbed interface has a certain degree of
influence on the evolution of the coupled RTKHI system.
The focal points of the following research are: (i) the influ-
ence of perturbed interface on the transition point of the
coupled system; (ii) the influence of perturbed interface
on the main mechanism in the early stage of the RTKHI

@ ®) 500
5
400
g4 <
2, 300
e 200
2 — Inverted ellipse
0 100 200 300 T 200 300

100
t t

Fig. 6 Effects of initial interface shape on KHI evolution,

(a) amplitude (1/2 width of the mixing layer), (b) morpho-
logical boundary length L of the temperature field.

Feng Chen, et al., Front. Phys. 17(8), 33505 (2022)
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(b) 3009

(c) 300

(© 3000 50 0 50 0 50 0 50 0 50 100
250 p
200 JEm— =

- .l
150

50

0
250
200N

Fig. 7 Temperature patterns of the RTKHI. From (a—f),
the initial perturbations are sinusoidal, sawtooth, parabolic,
ellipse, inverted parabolic and inverted elliptic perturbation in-
terfaces, respectively. The images from left to right correspond
to t = 0,50, 100, 150, 200, respectively. Each figure follows the
same legend.

system.

In the previous work, we have shown that the main
mechanism of the coupled RTKHI system in the early
stage depends on the comparison of buoyancy and shear
strength, i.e., gravity acceleration g and shear velocity ug,
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and both the morphological boundary length L and the
mean heat flux strength D3 ; can be used to quantitatively
judge the main mechanism in the early stage. The judg-
ment method is as follows: Comparing the morphological
boundary length L or the non-equilibrium strength D3 ; of
pure RTT with acceleration g and KHI systems with shear
velocity ug, if LXHT = LATT (DEHT = DETT)| the buoy-

ancy and shear effects are balanced in the early stages of
the corresponding coupled system; The shear velocity ug
is defined as the critical velocity uc of the coupled sys-
tem. It stands to reason that, keeping g constant, if the
shear velocity increases, the shear effect is stronger than
the buoyancy effect; when the shear velocity decreases,
the buoyancy effect is stronger than the shear effect.

Figure 8 shows the influence of different initial distur-
bance interface shapes on the early mechanism judgment
of the coupled system. In the previous work, we have
proved that, the two quantities, L and Ds ;, always show
a high correlation, especially in the early stage. Therefore,
the simulation results of D3 ; are only shown. In Figs. 8(a)
and (b), the black curve of the pure RTI system (g =
0.005) and the green curve of the pure KHI system with
shear velocity ug = 0.1 intersect at a point, and remain
approximately coincidence until this point, i.e., these two
systems have the highest similar degree of medium mixing
in the early stages. The critical shear velocity is uc = 0.1.
In figures 8(c) and (d), as the interface shape changes, the
bilateral contact angle #; increases, the black curve of the
pure RTT system deviates from the green curve, which in-
dicates that the critical shear velocity u¢ increases. For
the elliptic structure [Fig. 8(d)], the critical shear velocity
increases to uc = 0.12. Figures 8(e) and (f) show simi-
lar trends. The black curve of the pure RTI system with
g = 0.005 is approximately coincident with the red curve
of the pure KHI system with shear velocity uy = 0.08 in
the early stage, and then gradually deviates from it, and
intersects with the green and blue lines (shear velocity
ug = 0.1,0.12). In general, for a given gravitational accel-
eration g, the critical shear velocity uc is related to the
shape of the initial interface.

For the case where the KHI dominates at earlier time
and the RTT dominates at later time, the evolution process
can be roughly divided into two stages. In the previous
work, we have pointed out that, before the transition point
of the two stages, both L and Ds ; initially increase expo-
nentially, and then increase linearly. Hence, the ending
point of linear increasing L or D3 ; can work as a geomet-
ric or physical criterion for discriminating the two stages.

Figure 9 shows the effects of initial disturbance shapes
on the transition points of the coupled system. The green
box denotes the mean heat flux strength Ds;, the red
circle represents the dDs 1 /d¢, and the blue vertical line
marks the position of the transition point. As can be seen
from the figure, for the initial disturbance interface whose
bilateral contact angle 6, is greater than 90° [Figs. 9(b),
(c), and (d)], the delay of transition point is relatively
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Fig. 8 Influence of the initial interface shapes on the early
mechanism judgment of the coupled system.

slow and the magnitude is almost negligible, as the bi-
lateral contact angle increases; For the inverted parabolic
and elliptic interfaces [Figs. 9(e) and (f)], the transition
point has a relatively rapid and substantial delay, as the
bilateral contact angle decreases; The inverted parabolic
and elliptic interfaces [Figs. 9(e) and (f)] have a longer
linear growth stage, and the transition point is later than
that of the parabolic and elliptic interfaces [Figs. 9(c) and
(@)

Figure 10 shows the effect of disturbance amplitude on
the early main mechanism of the coupled system. From
top to bottom, the corresponding initial disturbance am-
plitudes are ag = 2, 2.8, and 3.6, respectively. Fig-
ures 10(a)—(d) correspond to sinusoidal, parabolic, in-
verted parabolic and sawtooth disturbances, respectively.
From the curves we can see that:

(i) For the sinusoidal disturbance, the contact angles
(1 and 6,) of the interface are basically unchanged with
the increase of amplitude, so the change of amplitude has
no significant impact on the judgment of the early mecha-
nism of the RTKHI system [Figs. 10(al)—(a3)]; For ellipse
and inverted ellipse perturbation interfaces, there are con-
sistent conclusions.

(ii) For the parabolic disturbance, with the increase of
the disturbance amplitude, the middle contact angle 65 al-
most remains unchanged, but the bilateral contact angle
0, further increases, the black curve of pure RTI system
with ¢ = 0.005 gradually approaches the blue curve of
pure KHI system with ug = 0.12, that is, the critical ve-
locity tends to increase with the increase of bilateral con-
tact angle 67 [Figs. 10(b1)—(b3)]. This is consistent with
the conclusion of Figs. 8(c) and (d).

(iii) For the inverted parabolic disturbance (62 = 90°
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Fig. 9 Influence of the initial interface shapes on the tran-
sition points of the coupled system. From (a—f), the initial
perturbations are sinusoidal, sawtooth, parabolic, ellipse, in-
verted parabolic, and inverted elliptic perturbation interfaces,
respectively.

and 6; < 90°), the amplitude increases and the bilat-
eral contact angle 6, decreases, but it does not affect the
judgment of the early mechanism of the RTKHI system
[Figs. 10(c1)—(c3)], and the images are similar to the sys-
tem with inverted ellipse interface. This is also consistent
with the conclusion of Figs. 8(e) and (f).

(iv) For the sawtooth disturbance, the amplitude in-
creases, the bilateral contact angle 6, increases, but the
middle contact angle 85 decreases, and the critical velocity
is basically unchanged due to the combined action of the
two factors [Figs. 10 (d1)—(d3)].

Figure 11 shows the effect of the initial disturbance am-
plitude on the transition point of the coupled system. The
green and red curves correspond to the cases with ag = 2
and ag = 3.6, respectively. The virtual vertical lines indi-
cate the positions of transition points. It can be seen from
Fig. 11 that, (i) For the RTKHI systems with different ini-
tial interfaces, the effects of amplitude on the transition
point are not the same; (i) For the sinusoidal and saw-
tooth [Figs. 11(a) and (b)], the increase of amplitude has
no significant effect on the transition point (marked by
blue vertical lines). (iii) For the parabolic and ellipse in-
terfaces [Figs. 11(c) and (d)], as the amplitude increases,
the transition points will be brought forward by a smaller
amplitude. The results of ag = 2 and ag = 3.6 are marked
with green and red vertical lines, respectively. (iv) For
the inverted parabolic and inverted ellipse perturbation
interfaces [Figs. 11(e) and (f)], the increase of amplitude
has a significant effect on the evolution process of the sys-
tem and makes the transition point of the coupled system
advance significantly. The effect of amplitude on the in-
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Fig. 10 Effects of disturbance amplitude on the early main mechanism of the coupled system. (a—d) correspond to sinusoidal,
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verted ellipse interface is the

@) p, D, /dt

0.00020] [0.000002
0.000001

>
] ol

0.00015 -0.000000

0.00010-] --0.000001

0.00005-1 --0.000002

0 50 1(‘30 150 200
() D,

0.00020+

db, /dr
& 0.000002

©-£0.000001
000015 :
0.000000
0.00010 ]

-0.000001
0.00005-1

0 50 100 150 200
t

(e) D, dD, /dt
0.00020 i Q 1-0.000001
0.00015 - o %3 0000000
0.00010-] 4{ 1--0.000001

nverted p‘arz‘iboliC\
0.00005 - ~0.000002

0 50 100 150 200
t

greatest.

®) p, db, /dr
0.000002
0000207& -0.000001
0.00015  -0.000000
0.00010 3--0.000001
0.00005- 1 _F-0.000002

0 50 1(;)0 150 200

() o, db, /di
0.00020 [0-000015
10.000010
0000157 » 1,27210.000005
0.00010-" 84 [0.000000
0.00005 Ellipse!: " *[-0.000005

0 50 100 150 200
t

® b, dD, /dt
0.00020 525 0.000001
AMA IA
0.00015- {, [70.000000
I i
0.00010- L8 F-0.000001
0.00005 Invertedellipse -0.000002

0 50 100 150 200
t

Fig. 11 Effects of the initial disturbance amplitude on the
transition point of the coupled system.
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4 Conclusions

In this paper, we design six typical initial disturbance in-
terfaces, and compare their effects on the RTI, KHI, and
the coupled RTKHI systems. It is found that the initial
perturbation has a great influence on the evolution of RTT.
The sharper the interface, the faster the growth of bubbles
or spikes. The influence of initial interface shape on KHI
evolution can be ignored. Based on the mean heat flux
strength Ds 1, the effects of initial interfaces on the cou-
pled RTKHI system are investigated, and the researches
focus on two aspects: (i) how the perturbed interface af-
fects the transition point of the coupled system; (ii) how
the perturbed interface affects the main mechanism in the
early stage of the RTKHI system.

It is found that, in the coupled RTKHI system, for a
given gravitational acceleration g, the magnitude of the
critical shear velocity uc is closely related to the shape of
the initial disturbance interface. The interface shape can
be described by two contact angles, the bilateral contact
angle #; and the middle contact angle 6. For the interface
that 6; and 0, are basically constant, the critical velocity
is basically constant. The increase of ; and the decrease
of 6> have opposite effects on the critical velocity. For the
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parabolic perturbation interface (62 = 90°, 6; > 90°), the
critical shear velocity increases as the increase of bilateral
contact angle #;. The ellipse perturbation interface is its
limiting case. For the inverted parabolic and the inverted
ellipse disturbance (2 = 90°, 6; < 90°), the critical shear
velocity is basically the same, which is less than that of the
sinusoidal and sawtooth disturbances. The influence of in-
verted parabolic and inverted ellipse perturbations on the
transition point of the RTKHI system is greater than that
of other interfaces. When the amplitude is constant, the
bilateral contact angle 6; of the interface decreases, the
transition point will be greatly delayed, and the transi-
tion point of the inverted ellipse structure system appears
at the latest. For the same interface morphology, the dis-
turbance amplitude increases, resulting in a shorter dura-
tion of the linear growth stage, and the transition point is
greatly advanced.
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Appendix

A, is the Ith element of A = 0,--- ,0, Ag, Ag, 0, - ,0)
and is a modification to the collision operator Slk( fk —

+ 1), where

As = (s7/50 — 1)pTug (28% 20us _ 28%)

dr bdx b oy

Ouy

Oy
e

Ouy

" Ouy
Ag = (s7/8y — 1)pTuy ((‘330 + 3y >

ou 20u, 20u
# (orfon VT (250 35 =S5 ).

Sy = S5 = Sg = S7, and s = Sg = Sg. This is to maintain
the isotropy constraint of viscous stress tensor and heat
conductivity.

The transformation matrix and the corresponding equi-
librium distribution functions in kinetic moment space are
constructed according to the moment relations. Specifi-
cally, the transformation matrix is

M = (m17m27"' amlﬁ)Ta

2 2
m1 =1, Mg = Vig, M3 = Uy, Mma = (V, +15)/2,
_ 9 I _ 2
= Vjyy M = VigViy, M7 = V),

mg = (g + 17 )viz /2, Mo = (V5 + 1} )viy /2,

— 3 .2 _ 2 _ .3
M10 = Vig, M11 = VigViy, M12 = VigUjy, 13 = Ujy,
— (2 2y,,2 — (2 2V, o
miqa = (vix +n; )in/27 mis = (UiX +n; )vmvzy/Qv
— (2 2y,2
mig = (viy, +1; ) V5, /2-

The corresponding equilibrium distribution functions in
KMS are

1= p, [51 = pua, f51 = puy, i1 =e,
qu =P+ pui, fgq = PUg Uy, f’?eq =P+ pufp
e = (e + Plug, f3* = (e + P)uy, fi§ = pus (3T +u3),
it = puy(T+u3), fi3 = puo(T+uy), [15 = puy (3T +uy),
Afjf = (e+ P)T + (e + 2P)u?, Afg = (e + 2P)uguy,
fid = (e + P)T + (e + 2P)u2,

where pressure P = pRT and energy e = bpRT /2+ pu? /2.

R is the specific gas constant and b is a constant related
to the specific-heat-ratio v by v = (b + 2)/b.
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