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ABSTRACT

The effect of compressibility on the single-mode Raydighlor instability is examined using two (2D) and three-dimensional (3D) direct
numerical simulations. To isolate compressibility from background stratification effects, this work employs a constant density profile on eagh
side of the interface. The numerical simulations are performed at various Reynolds numbers using the gas kinetic method for static Ma§h
numbers up toM %:0.4. The most important finding is that compressibility acting in isolation enhances the instability and perturbations =

grows faster with increasing Mach number, unlike previous results with background isothermal state, which show suppression of the instab?-
ity at higher static Mach numbers. In addition, compressibility is also shown to increase the bubble-spike asymmetry. While the instability

grows faster for the 3D case, the findings are qualitatively similar in 2D and 3D. The dynamical reasons underlying the effect of compressibil-
ity are elucidated by examining the evolution of vorticity and turbulent kinetic energy transport equations.

Published under an exclusive license by AIP Publishing//doi.org/10.1063/5.0163886
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I. INTRODUCTION Multi-mode experimental studies’ have also been performed to

The Rayleigh Taylor instability (RTI) develops at the interfacelnderstand the mixing efficiency of RTI for linear density stratifica-

between a heavier fluid lying on top of a lighter fltiiThis phenome- ~ tions. Owing to their simplicity, we focus on single-mode RTl in this
non involves many complex flow features as the heavy fluid accelerafeiydy- Unlike the incompressible limit, there are significantly more
toward the lighter one. The light fluid ascends in the shape of roundegarameters influencing compressible RTI flow physitrsparticular,
structures called bubbles, and the heavy fluid descends through eldh® type and strength of background stratification can play significant
gated structures called spikes. These bubble and spikes interact néples and obscure the intrinsic compressibility effects associated with
linearly and eventually transition to turbulenicéSuch instabilities are ~ acoustic or entropic modes and their coupling back to vorticityn
of much interest in engineering applications (inertial and magneticddition, compressible RTI can occur for both two-fluid configura-
confinement fusion’) and natural phenomena (Type la supernovae tions, where the fluids have different molar masses (e.g., at early iner-
and x-ray burdt™ and convective flows in the atmosphere and tial confinement fusion (ICF) stages between the shell and the interior
oceans’™. gas), as well as single-fluid configurations, where density variations are
While most studies to date focus on the incompressible or nearlgonnected to temperature changes through the equation of state (e.g.,
incompressible limit,in many cases, RTI occurs in regimes where theat late ICF stages between the hot spot and colder surrounding hydro-
fluids exhibit compressibility effects. There are a growing number afen plasma). Two-fluid configurations allow for more complexity in
studies addressing the influence of compressibility on RTI. Thedhe RTI development, as material properties (e.g., ratio of specific
include single-modé"’ and mult-mode numerical simulatiofi.  heats" or viscosities) can be different. Most studies to date of the
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two-fluid case start from thermal equilibrium, which, coupled with the layer; however, under these conditions, a terminal velocity is not
hydrostatic equilibrium, leads to an initial exponential variation of themaintained at long times.
background density in each of the two fluid regions. Weilendl™* Extensions to the compressible case were investigated by
performed a comprehensive analysis of the background isothermBleckingeret al®® and Bianet al’® for the two-fluid and single-fluid
stratification strength effects on single mode RTI. The strBtificatiorcases, respectively. At high Atwood numbers, the faster growth of the
strength was characterized by a static Mach numbkb T?k, Isplke side tends to |r_1h|b|t the \_/ortlces from reachlng theT edge of the
i ) ) . ayer on the bubble side by pulling them to the opposite side and, thus,
defined as the ratio of_the free fa_ll v_elomty (over th_e o_hstkhtmzthe a constant velocity growth on the bubble side appears more likely.
speed of sound. Hergjs the gravitational acceleratidnis the wave-  This argument is consistent with the spike velocity reaching free fall
length of the initial perturbation, aney is the isothermal speed of yegcent as Atwood number tends to unity. The vortices have to travel
sound. For the isothermal C‘?‘M'def'n?f the exponent of the back- |onger distance before entering the bubble tip region. Hence, the
ground density variatioft. Weilandet al.* showed that increasirlg region of largest vorticity production occurs near the spike tip, away
can rgsult in full instability suppression. Using the _vort|C|ty trgnsport_from the bubble tig° However, aRe, approaches 20000, sustained
equation, they were able to correlate the suppression of the 'nStab'"B{Jadratic growth on the bubble side was achieved at moderate

to a decrease in incompressible baroclinic torque with increasing strakyvood numbers and significant re-acceleration effects were seen even
ification. Nevertheless, out-of-thermal-equilibrium initial background

varlatlo_ns, do not necessarily lead to |n_stab|||ty Suppression an_d M3 the viscous dissipation does not overcome vortex acceleration due
have different effects at early and late tifids. particular, isochoric to induced vortical velocity, at any given Atwood number. In addition,
initial stratification may also offer a better way of separating intrinsicg;z ot 212° also showed that 3D cases grow faster than 2D cases and
com;_)rreszlpltl!ty ef_fehctst;rom ]Erhoste dufe (tjc_)ﬁstratlftmat;or:_.f_ tion t likely reach quadratic growth on the bubble side at lower Reynolds
0 distinguis € etiects ot diterent stratiication pes, ,  mpers, which is consistent with the faster self-propagation of vortex

H 14 . creys .

l/k\l/ellgng;t al. fgcus_id on sgcondayg 'nztattr:”mf)s k? n .the sfldes 0 ings (for the 3D case) compared to vortex pairs (for the 2D case).

€ bubbles and spikes and considere € behavior ot a se hus, sustained quadratic growth was seen at Atwood number of 0.8
propagating vortex pair due to the induced vortical velocity in differ-

ent density fields. The motion of the vortex pair can bredict thefor Rg, %, 8000 in the 3D case. The single-fluid simulations of Bian
"ty ) . . lex pa p > considered an initial isochoric background state; however, the
suppression or acceleration of the instability whithfor different

et al.
types of density backgrounds. These simulations were performee(;fect of the Mach number on the results was not explored.
mainly at low Atwood number, wherd %2 &y, q,Pq,b gk

The focus of the present study is to understand the intrinsic com-
with g andgp, the densities of the light and heavy fluids, respectiVelypressmlllty effects on the single-fluid RTI development by considering
when the instability is mostly symmetrical between the bubble an

(t]he growth of single-mode RTI with an initial uniform density on each
spike sides. Nevertheless, the instability becomes more asymmetsrlge of the interface. We investigate the effect of Mach number on the
at higherM values for the isothermal background cas8everal

growth of RTI by performing direct numerical simulations (DNS)
questions are still left unanswered regarding the intrinsic compres§'§'ng gas kinetic method (GKM). Both two-dimensional and three-
ibility effects that can best be evaluated using isochoric initial stratifi-

dimensional simulations are performed to establish the fundamental
cation, e.g., with respect to the acceleration or suppression of t d 3D _effects. The simulat_ions_ are further analyzed usi_ng compress-
instability, asymmetry between the two sides, and difference'gle vorticity, and turbulent kinetic energy transport equations and the
between 'Eh e two- and three-dimensional (3D) casés effect of various flow processes pertaining to growth of vorticity and
Another line of research with respect to the single mode RTI cas%’rbmim klnetlc_ energy .ar%'de?tllfl'ed' iaiis h
has been the long time behavior and its dependence on Reynolds T € paper IS organized as Iollows. Sedt cusses t_ € govern-
and Atwood number§?“?” While the potential flow theory and N9 equations and the initial background state, investigated in this

buoyancy-drag models indicate that the instability may reach a corptudy- Sectiorill describes the kinetic (as opposed to continuum)
stant (terminal) velocity at late times, it is well known that the spikeP@S€d computational approach used to solve the governing equations
side does not follow this behavior at high enough Atwood number&nd the important flow processes describing the instability. Section

and even the bubble side can undergo a re-acceleration at high eno@qalscribes the results of the simulations and goes into details about the
Reynolds number&:2*Wei and Livesct! showed, as a counterexam- effects of compressibility on vortex dynamics and kinetic energy inter-

ple to the terminal velocity assumption, that two-dimensional (2D),changes during the evolution of the perturbation. Secti@oncludes
low Atwood number incompressible single-mode RTI reaches meafi'€ Paper with a summary of the results.

quadratic growth at late time, if the perturbation Reynolds number
Re is larger than about 10 000. In this case, the vortex pairs generatnjald FLUID GOVERNING EQUATIONS

on the sides of the bubbles and spikes self-propagate toward the edges We examine RTI that develops within the region separating high
of the layer and add bursts of acceleration leading to a fluctuatingnd low density zones in a single fluid. To isolate the intrinsic com-
growth behavior with a quadratic mean, similar to the multi-mode pressibility effects from those due to background stratification, the
case. Such growth mechanism is different than sitiipleble merg-  background density is uniform in each of the two zones, with the back-
ers or “competition” thought to describe RTI growthand relies on  ground conditions in hydrostatic equilibrium. In the continuum limit,
the induced vortical velocity pointing in the vertical direction. At low the equations governing the flow are the compressible N&takes
Reynolds numbers, the vortices dissipate before reaching the edgeagtiations, in an ideal compressible fluid,
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Here, the. superscrlp‘F is used to denote thg dllme.nsm.nall variables. % ‘/L'
The density of the fluid is denoted hy, velocity in directiori by u; x3

temperature byl , and pressure by .g % 8 g; 0; OPis the gravita- FIG. 1.Schematic of the initial RTI sgjigndq, are the densities on the to

: : : . : : o dbg | nit | Situes P
tional accelerat!on’ and l.s.the total (kineticp internal) ENETYY.  and bottom sides of the interface, respégtivigly.andL,, are the domain
FurthermoreR is the specific gas constant afyds the specific heat  gjzes in directionsx,, andk, respectively.

capacity at constant volume. The viscous stress tesgoarfd the

heat flux vectord;) are given by | T, ¥ap=q,R b Coordinates; are normalized with the wavelength

2, @, 1 @ @) of the initial perturbation of the interfack, The velocity; is normal-
si %2 § Sl —=Kdj; SW%s —bL-; (2 . p o . o 4
i i 3 @ i g7 @ @ ’ ized by Agk, and time is non-dimensionalized by Alg
q
a % | a . @ (6%t 79). This time normalization is consistent with the linear
J @ analysis" and has been shown to collapse the evolution of various

quantities in variable-density buoyancy driven turbuleticé. The

Here,l andj are the dynamic viscosity and the coefficient of ther‘non-dimensional form of the governing equatiij3) can then be

mal conductivity of the fluid, respectively, adglis the Kronecker

delta function. written as
@, ey
A. Background state @ b @ 740, (62)
RayleighTaylor instability (RTI) evolution is strongly influenced @ui . @uiy; 1 @, 1 1 @
by the background state of the thermodynamic variablés men- — =y, AMZ G b—aqab=—"; (6b)
X . X ) ' @ @ AM2 @ Fr Re@
tioned in Introduction, extensive studies have been conducted of RTI
with initial background state being in thermal equilibridn®**“in @e_ Qey y, & Qu 1 quig b = 1 Gyu
this work, to isolate compressibility effects, we consider single-fluid =~ @ @ AMZ @; "~ Fr2 Re @
RTI with an initial isochoric background state, similar to Bédral® c @ . @-
The two-fluid version of this flow, which combines compressibility % 1ARePM@ @ (6¢)
and variable density effects, has been considered ifiZR€he initial ! !
setup of the flow is shown iRig. 1 The background density() is pYaqT; (6d)
constant on either side of the interface and follows an error function 1 1 .
profile across the interface;” eV Uil p o s G T (6e)
" I #
The vi t t is defi
0y Y05 1p erf Y\,:—l & qPbq: @ e viscous stress tensor is defined by |
X1 .
2. @i 1 @ @J
i 420§ Sl —di; § Y% 7
whereg,, andq, are the dimensional densities on the top and bottom SAS 3 @ S5 @ @ @
sides of the interface, respectiv#lyis the parameter controlling the S _ o _
steepness of the error function profile and is set t6°3he back-  Here,j ¥aj 5 is the heat conduction coefficieht/sl =l is the
ground pressurg, can be obtained from the hydrostatic condition as dynamic viscosityg, ¥a¢,&c 1R is the specific heat at constant
follows: volume, anct is the ratio of specific heats. The Reynolds, Froude, and
Prandtl numbers are defined as
Po 4P 09Xy 5) LN A R
.Cl
wherep, is the pressure at the interface. Finally, the background tem- ~ ReY: q|l—g Fr* s ?( Ya A, Pr1/4k %= 1P (8)
perature T,) is computed from the ideal gas equation of state (1d). r 9
The dimensional variables ; p, and T are normalized by their The non-dimensional form of the background profiles is
respective interfacex,(%0) values:q, ¥4 &, p q,P=2, p, and  then given by
Phys. Fluidd5 094113 (2023); doi: 10.1063/5.0163886 35 094113-3
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Oo Y2 A% D erfdYyx;P pd AR (9a) 1.05
pYal M2qoxy: (9b) :m;ggss
Here,A is the Atwood number an is the interface Mach number =--M=0.3
based on the free fall velocity over the distanemd the isothermal
speed of sound. The non-dimensional parameteradM are defined g 1
as
S
Ay Gy, GOk (10)
an b q P 0.95
- . - -2 0 2 4
The definition of Mach number stems from the analysis of x / by
Livescu:* wherein the linearized NavieBtokes equations are exam-
ined for the case of compressible ideal fluid. The growth rate exponent (a) po
is found to depend on the Mach number as defined here. The corre-
sponding incompressible limit is achieved in the limit of speed of 1.6 - g g T
sound tending to infinity. For the RayleigFaylor instability, the lim- ral . —M=0.085
its of infinitesimalA andM are not equivalent. Instability still exists at L \\ - -M=0.2
M ¥%,0, but it does not aA %0. The static Mach number is different L2~ 0 ==i=02
from the acoustic Mach number (which is zero initially for RTI). The - 1 Lﬁaﬁ
isothermal sound speed is used in the definitioMoinstead of the <} o8 \\t -
isentropic sound speed (a factorcafifference), as the ratio of specific ’ Y =~ 4
heats has a different role in the evolution of the instability. Additional 0.6 \\
discussion on the role of different non-dimensional parameters for the 0.4 N
compressible RTI can be found in R&t. A perturbation Reynolds
number Rg) can be defined based on the potential terminal velocity i 2 ° 5 a
(Up)' T /A
r r
A Agk
ReY: 1o aRe Upt 1IOLA: (11) (b) po

. . . . FIG. 2.Background (a) density and (b) pressure préfife8.0ar at different
For an isochoric background state, the static Mach nuivbguanti- Mach numbers. ¢gand (b,

fies compressibility effects. This is in contrast to the thermal equilib-

rium case, wherei characterizes effects of both compressibility and

the background stratification level. For the thermal equilibrium caseThe GKM approach has a fundamental advantage over traditional NS
increasing Mach number results in increasing density stratificatiorhased methods, as the fluxes are calculated directly from the particle
sinceM also appears in the exponent of the background density variadistribution function allowing for description of certain features those
tion. Changing the Mach number results in a change in pressure at there not easily captured by traditional continuum approaches. In future
interface, which corresponds to pure compressibility effect, and also t@orks, we will employ the non-equilibrium version of GKM to exam-

a variation in stratification? The background density and pressure ine RTI under more complex kinetic effects.

profiles forA%20.04 at differend values are shown ifig. 2 Itis evi- The Boltzmann equation describes the transport of a single-
dent from the figure that the background density on either side of theparticle distribution functiorf &¢;€;th

interface is constant and independent of the Mach number. The back-

ground pressure profile is linear away from the interface, and the pres- @ berfpEr % @ . (12)

sure gradientdp,=dx;) increases quadratically witfd. It is worth @ - o e collisions

noting that, in contrast to the isochoric background state, both densit

and pressure exhibit exponential variation away from the interface i
the isothermal casé.Moreover, unlike the current case, the density
stratification level increases with increadih@pr the isothermal back-

ground case. modeled using the Bhatnag@rossKrook modef?®
11l. COMPUTATIONAL APPROACH @ g f

In ICF applications and astrophysical flows, RTI occurs over a — Ya ; (13)
wide range of Mach, Knudsen and Reynolds numbers. The long-term @ colisions S
objective of the present work is to examine kinetic effects on RTI thatheregis the Maxwellian distribution. The BoltzmarBGK model is
are beyond the scope of the Nawigtokes equations. Toward this solved in the current method to obtain the numerical fluxes. The
end, we perform direct numerical simulations (DNS) of single modaletails of GKM can be found in the following reference$.Here, we
RayleighTaylor instability using the gas kinetic method (GK¥):’ provide the main features.

Wherex is positiong is velocity, and is time. HereE is the particle
Ycceleration due to external forces. The functiofies in a six-
dimensional phase space consisting of the three spatial coordinates
and three velocity coordinates. The term on the RESRisiond 1S
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The governing equation in GKM can be cast as follows: TABLE |.List of simulations and parameters.
0 b ) )
g Udxp F:dA %0; (14) Cases Rg, M A Grid points Ly, L, Ly
?( A ) ) Two-dimensional simulation

W_here the vectad cor!talns the conservation va_rlablésq_u_i; ge and Re1M1 1000 0.0855 0.04 25072 4 & k 1
Fis the flux of the variabldd. These macroscopic quantities are storedR e1M2 1000 02 004 2563072 4 & k 1
at the cell center; however, for calculation of fluxes we need them 1M3 1000 03 004 2563072 4 & k 1

cell interface. Thus, a reconstruction step is required to interpolate ¢ ' '
center values at the cell interface. A fifth order WENO scheme is use e;m; 2888 0'88255 :8:’ 55112231882 j i E 1

for the purpose of this reconstructionThe fluxes at the cell interface e : :
are then evaluated from Re2M3 5000 0.3 0.04 5124096 4 & k 1
8, Re2M4 5000 0.4 0.04 5124096 4 & k 1
Fi Y Y Fou: Fe T 4 GWFES: t: nbdN: (15) Re3M1 8000 0.0855 0.04 512096 4 & k 1
“ 1 Re3M2 8000 0.2 0.04 5124096 4 & k 1
where the fluxes of the three conserved quantitieass, momentum, Re3M3 8000 0.3 0.04 5124096 4 i t 1
4 1

and energy-are given byF;; Fy, ; Fe, respectivelyr, % %;G,H are ~ Re3M4 8000 0.4 0.04 5124096
the fluxes in the three coordinated directions, respectively.an  Three-dimensional simulation

internal energy variable, anit ¥ dgdn is a volume element in phase RelM1-3D 1000 0.0855 0.04 12828 1024 &
space. These fluxes are calculated as moments of the particle distrilRe1M3-3D 1000 0.3 0.04 128128 1024 & k Kk
tion functionf. The integration here is done over velocity coordinates
in the phase space and over all other internal degrees of freedom,

being the vector of the moments corresponding to fluxes of each cotompared against the results of Biah al’®> The spike front

=~
=~

served quantity, (hs ¥ah,=k) is located at the position of maximum density gradient
1 along the linex; ¥4 Ly,=2 (note that for these simulations, ¥ k).
w¥s 1,65 dbgbdpn (16)  Similarly, the bubble front, % h,=k) is the corresponding location
alongx, ¥4 0. The bubble-spike speeds defined as in &ah;”
The B-BGK equation is solved using the method of characteris- p
tics to obtainf at the cell interface. After solving fhrwe update the Fro=s Y2 U= A=Glp ARK: (20)
macroscopic values at the cell center based on the fluxes as follows: . . .
5 'I_'hese \_/alues are obtained from t_he vertical velocity _of the front loca-
bl thr t tions. Figure 3shows the comparisons for the evolutions of bubble/
Um v Ul o Fip128P R 18Pt spike heights and speeds against those inlRé&r case Re1M1. The
1 Sepr tt results highlight convergence with increasing the mesh resolution and
il Gip123P G 1dPRIt are very close to those reported in Bnal: In addition, Fig. 4
Dy PN shows that the results are also mesh converged at the highest Reynolds
é :pr ta'hpl:zap H, bRt (17) and Mach numbers considered here (case Re3M4).

IV. RAYLEIGH-TAYLOR INSTABILITY-DRIVEN

Using the gas kinetic method, both two-dimensional and three COMPRESSIBLE MIXING

dimensional RTI cases are simulated. A density perturbation is super- |n order to address several open questions in the literature
posed on the background field. For the 2D case, this has the form,  regarding the compressible RTI, the effects of Reynolds and Mach
numbers on the evolution of the instability are considered. First, the

qol/4 Bcos @ : (18) variations of bubble-spike heights and velocities are shown with vary-
k ing Mach number for the two-dimensional case. Three-dimensional
while for the 3D case, itis effects are discussed next, followed by analyses of the vorticity and
kinetic energy transport equations in order to develop a physics-based
04 2pX2  2pXs | explanation of the findings. In particular, the vorticity transport equa-
q°%Bcos —p —— (29) ; . . 5 -
k k tion budget is examined both during early (linear) and later stages.

The perturbation amplitud® is assigned the value a8k, so that an
initial linear growth of the instability can be expectéBeriodic bound- A .
ary conditions are applied in the streamwise direction. The top and bot©" the two-dimensional case
tom walls are treated as isothermal no-slip boundaries. Sixth order Figures 5(aand 5(b) present the evolution of bubble and spike
compact filtering is used to perform the simulation$ The simulation  heights fi,= ¥4 h,_=k). Unlike the isothermal background case'it
parameters, domain sizes, and grid resolution are listedife | is seen that increasing Mach number results in faster instability
A rigorous comparison study is performed to ensure the accuracgrowth. This is evident in the evolution of both bubble and spike
of the GKM code for RTI investigation. The present simulations aréneights, where at a given time, both the bubble and spike fronts have

A. Effect of Mach number on the instability growth
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FIG. 3.Comparison of (a) bubble height, (b) spike height, (c) bubble spe¢FIG. 5.Effect of Mach number on evolution of (a) bubble height, (b) spike height,

(d) spike speed R, %1000 with Biaat al

displaced more from the initial interface with increasing Mach num-

15

(c) bubble velocity, and (d) spike veldéy8000, two-dimensional case.

Turning our attention to evolution of bubble and spike velocities

ber. The destabilization effect of compressibility for the uniform denshown inFigs. 5(cand5(d), we observe that at early times, in the lin-
sity background seen here is in direct contrast to the stabilizing actioear regime, the speeds are similar for all Mach numbers. Near the
witnessed for an initially isothermally stratified RTI. With an isother- incompressible limitN1 20.0855), the bubble speed then reaches val-
mal stratification, growth of RTI is inhibited as the magnitude of theues consistent with the potential flow theory, before a re-acceleration,
stratification parameter is increased, with complete growth suppress established by previous studie$However, as the Mach number

sion at strong enough stratification.
3.5
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increases, the bubble side grows faster, by-passing a quasi-constant
velocity stage around the potential flow result altogether and transi-
tions directly to the reacceleration stage. At high enough Reynolds
number and for low to moderate Atwood numbers, the bubble side
experiences late-time quadratic growth, contrary to the potential flow
theory’®“* The Reynolds number here is not large enough for the
effect to manifest near the incompressible limit. However, the results
suggest that quadratic growth might be achievable on the bubble side
at lower Reynolds numbers, at large enough Mach numbers. For
instance, aM ¥40.4, both bubble and spike sides exhibit quasi-linear
growth of the tip velocities, which indicate overall quadratic growth.
Interestingly, unlike the high Reynolds number incompressible’tase,
here, the quadratic growth is not accompanied by strong oscillations
in the bubble velocity, suggesting in the high Mach number case a
growth mechanism other than through discrete vortex pairs being
transported to the bubble tip and adding bursts of acceleration. At
larger Atwood numbers, for the incompressible case, there is an
increase in asymmetry between the bubble and spike sides. The spike
side does not reach a plateau around the potential flow theory result.
For the compressible case, the destabilization is seen on both the bub-
ble and spike sides.

Figure 6shows density contours at three different times for dif-
ferent Mach numbers. A8%:2, we see that bubble and spike heights
are comparable, but with progression in time, the spike front is dis-

FIG. 4.Grid convergence of: (a) bubble height, (b) spike height, (c) bubbleRyp&gdl more with increasing Mach number. Increasing Mach number
and (d) spike speed, for casdrgjtti8000, M40.4.

also affects the shape of the mixing layer. It can be observed that the
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spike front is thinner at higher Mach numbers, with larger density gra-
dients developing at the spike tip. In addition, low density spots form
near the bubble front and high density spots form near the spike front.
Another feature that comes to light from the evolution plots in
Fig. 5is that at a given time, the spike height is larger than the bubble
height. This is what is referred to as bubble-spike asymmetry. The
asymmetry is exhibited ifig. 8(a)where the difference of bubble and
spike heights are plotted at different Mach numbers. The height differ-
ence remains around zero fex 3, with the asymmetry developing
at later times and becoming stronger at higher M values. For the low-
est Mach number oM ¥0.0855,h; hy remains near zero at all
times, consistent with the low Atwood incompressible limit.
We next look at evolution of vorticity fieldc(¥Yar  +) near
the bubble and spike sides, in the anticipation of the in-depth vorticity
analysis in Se¢v C. To quantify the vorticity accumulating near the
spike and bubble fronts, we define circulation in a region around the
fronts as

Lo Ok
CsVa X7 dxe dxq; (22)
Ly O
L2 0=
Cp Ya JXT dxo dxq. (22)
Ly k=4

The regions of integration around the bubble and spike fronts are
shown inFig. 7 The region from G x, < k=4 denotes the bubble
side and fromk=4 < x, < k=2 denotes the spike side of the insta-
bility. For the 2D case, only theg component is non-zero so that
j%jYajuiz  Uzij. Figure 8(b)shows the evolution of the ratio
Cs=C,. At low Mach number, this ratio remains close to unity, but

it increases with increasing Mach numbers. Evidently, more vor-
ticity is produced near the spike side than the bubble side, result-
ing in an increase the vortical asymmetry, similar to asymmetry
seenin~ig. 8(a)

[ | : Bubble region

[—1: spike region

0 A4 A2
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FIG. 7.Domain of integration for taking averages around bubble and spike fronts.
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FIG. 9.Effect of Mach number on the evolution of (a) bubble height, (b) spike
height, (c) bubble speed, and (d) spike speed for 3D RTI.

% 1 2 3 2 s P C. Vorticity evolution
T Vorticity has been a key parameter of study for RTI, as the mis-
alignment between pressure and density gradients is responsible for
(b) the main instability growth mechanism, via the baroclinic production

of vorticity* For the single mode case, the production of vorticity on
FIG. 8.Effect of Mach number on asymmetrical growth between bubble and spike
based on (a) spike bubble/height difference and (b) vortical content ratio. All cases
are two-dimensional, R¥28000.
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3.5 a
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. . 3 ’
B. Three-dimensional effects ——M=0.3, 2d , —~M=0.3, 2d
2.5}[-> M=0.0855,3d 4 3|-> M=0.0855,3d /

This section examines the three-dimensional effects on the flov [t~ M=0.3, 3d -~ M=0.3, 3d ‘
The three-dimensional simulations are performed at4A2600 for < 1s
two Mach numbers, M20.085 and M40.3.Figure 9shows the evo- 1
lution of bubble and spike characteristics at the two Mach numbers .5
The bubble-spike velocities reach the potential theory velocity for 3[ o
near the incompressible limit and exhibit a temporary plateau arounc r r
this velocity. The bubble-spike fronts re-accelerate from this velocit
owing to the vorticity propagation near the frontsHowever, at

higherM values, the destabilization effect of compressibility causestt > 2.5

bubble and spike velocities to quickly pass through the potential flov
theory value, without reaching a temporary plateau.

Figure 1(compares the bubble-spike heights and velocities evolu »
tion in two and three dimensions. It is seen that the destabilizatior™
effect with Mach number is more prominent in three dimensions.
Three-dimensional effects also result in earlier departure from th
potential flow velocity. The density iso-surface for the case witt
M v40.3 is shown ir-ig. 11ats¥%4, as the non-linear effects become
strong. Intricate structures in three-dimensional case can be seen col
pared to two-dimensional simulations, consistent with the results in

Ref.15 This finding supports the inference that the flow would transi- FIG. 10 Comparison of the evolution of (a) bubble height, (b) spike height, (c) bub-

1.5

0.5

——M=0.0855, 2d
——M=0.3, 2d
-o- M=0.0855,3d

-~ M=0.3, 3d

[}

(©)

——M=0.0855, 2d
——M=0.3, 2d
-o M=0.0855,3d
-~ M=0.3, 3d

tion to chaotic growth mean behavior at lower Reynolds numbers ir ple speed, and (d) spike speed between two- and three-dimensional cases. The

the three-dimensional case.

Reynolds number for both the cases is 1000.
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the sides of the RTI bubbles and spikes through the kéf\d@mbholtz ' C o 1'5:
instability and subsequent self-propagation of vortex pairs (2D) and
rings (3D) toward the layer edges are directly connected to the laye
growth re-acceleration**“%and transition to mean quadratic growth

at late times™?Baroclinic production of vorticity appears in many r
compressible flows and has been intensely studied, e.g., in shoc, [
turbulence interactiofi™** RichtmyerMeshkov instability,° and Ny 07\ ’
flows involving chemical reactidn:** These flows also highlight an i
additional mechanism of vorticity production in compressible flows, 03f
involving vorticity-dilatation interaction. The role of vorticity on com- a

=3

05F 15

X, /A
o
&
—
S _
Lo
X, /A

05F 15

Lo ADorn s o o=

>

pressible RTI growth has been studied by Gautfieho highlighted 1F 1F 32 Al
the importance of baroclinic production and the interaction with hel- ; i 40 i
icity. The effect of isothermal background stratification on the growth -15r 15F A5k

of vorticity is explained in Ref4, focusing on the baroclinic produc-
tion due to the initial background stratification. Wielaatlal?* were

the first to discuss the role of different types of background stratifica-
tion for the two-fluid case. Biaet al'® addressed the single-fluid case i I b
and focused on the transport of vorticity toward the bubble tip, as the 5| 15F 15k
growth mechanism related to re-acceleration and late time quadratic | i r
growth for the single-mode case. Here, we extend these studies | L 1k 1;{\ /]
explaining the increased instability growth and asymmetry with Mach | i 50 i
number for the single-fluid case with constant initial background den- | B .

sity. As explained above, this setup also isolates the intrinsic compres [
ibility effects from those due to stratification. Q _\ ’

(d)r=2 _(e)7’=3 _(f)T:

=3

05F

=

In Fig. 12 we compare vorticity contours at different Mach num-  x
bers. The contours look similar at22, when the evolution is still
close to the linear regime, for the three different Mach numbers con- 055
sidered here. There is not much difference in vortical content at this [ i
time. Ats¥43, the secondary vortices begin to develop, indicating the . — i a -
onset of KelvirHelmholtz instability at the deforming interface.

=
X, /A

Lbodhbonsoom
X, /A

=3
b=

L

The effect of Mach number manifests at this time. The vortex cores “5F 15F
have descended more for higher Mach numbers, stretching the | :
deforming interface. The pair of vortices generated near the centerlin (g) 7 =2 (h)r=3 ()r=4

split into two pairs those are quickly transported toward the spike and

bubble tips. These individual pairs can be seen close to the two fror 5 12Vorticity contours are shown for cas&iB000 ant40.0855
ats¥4. The evqthion plot inig. 13shows the overall increase in  in (ay(c),M¥40.2 in (dXf), andViv20.3 in (gXi). (@5 %42, (b)s¥43, (C)sYa4,
vorticity (¢ ¥ax =~ Ag=k) as the instability grows, with additional (d)s¥%2, (e)s%3, (fls¥%4, (gs¥42, (hs%3, and (3%s4.
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spike side, resulting in more vorticity production on this side. Dilatation
effects are negligible at earlier times. As the instability evolves, sharper
gradients develop, resulting in prominent dilatational effects near the
spike and bubble front. The contribution from viscous dissipation also
grows with time. Since baroclinic torque is the primary contributor to
vortex growth, we will examine this term in greater detail.

To explore the effect of baroclinic torque on vorticity dynamics,
we decompose the total pressure and density fields into mean and fluc-
tuation contributions

pYatpip P q¥Hip q° (25)

T Note that the spatial derivatives of the mean quantities in these

directions vanish. Then the baroclinic torque can be decomposed as
FIG. 13Effect of Mach number on growth of total vorticity content,

Yok o et 1 @P@O av @, @i
X Ya . L Ixjdx dx. AR .
e To Ty quz%@{@# {z@T @{z@“}g

(26)

vorticity being generated as secondary Kehigimholtz instability
develops at the deforming interface. With increasing Mach numbe
there is an increase in total vortical content consistent with more rapid
destabilization of the flow.

Here,b, represents the baroclinic torque generated due to non-linear
interactions between the fluctuating density and pressure grabljent.

. L . n re th ntribution roclinic tor resulting from th
The vorticity & Yar  d) transport equation in a compressible and bs are the contributions to baroclinic torque resulting from the

flow can be derived by taking the curl of the momentum e at.Onmean field interacting with the fluctuating field. During the initial
1t\)N Th rr:Yn Y i In% ; rtl.J ity maanitudé um qlﬁ} : stages of RTI evolution, when non-linear effects are not important, the
(1b). The governing equation 1o \_'0 icity magnitude ¥z jx J) ca contribution of b, toward the baroclinic torque is negligible. For an
be expressed in the following for'fh:

isochoric background state, thgcomponent is also negligible during

X 1 @@ this stage away from the interface. Consequently, the initial vorticity
Dt Ya iﬁ{zﬁ |>iZS<}< b X ik WZ&Z@J@ dynamics near the s_pike and bubble tips is primarily affected by the
T T, | } mean pressure gradient term.
Ts
p Xi=R E—@X' 2 ik = @ g 2N @ndl=gb : @3 L Linear analysis for the early time behavior
Re
| { @'} | @ {z @& } For a two dimensional flow, the three contributions arising from
Ts the baroclinic torque are
Here, X ¥ax =X is the vorticity unit vector. Vortex stretching () is X @° @° @0 @o
the primary vorticity production mechanism in constant density incom- by Ya AMZE @@ Gu G
pressible flows. The vortex stretching term vanishes in two-dimensional q i
flows. Vorticity-dilatation T 2) quantifies the dilatational effect on vor- by Va—s X'3 @| @p' . (27)
ticity growth and is absent in constant density incompressible flows. AM2Q2 @, @
The baroclinic torqueT 3) generated due to misaligned pressure and X3 @°@ni

1
density gradients is the dominant mechanism of vorticity production in bs

AM2g2 @, @
incompressible RTI flows. Terris, and T 5 represent the viscous dif- . o )
fusion and variable density effects on vorticity transport. Here,b; is quadratic in perturbatiory, depends on the mean pres-
Profiles of the individual budget terms are considered and com$SUre gradient; ands depends on the background density gradient.
parisons are made for different Mach numbers, at different times, ' the linear limit, the mean pressure and density can be taken at
Figure 14presents the relative magnitude of the different terms in the the initial background state, which away from the interface is given by

vorticity transport equatlon budget for the 2D cases. The no_tda_tuon hpi Ya podaP Yl M2qoxe;  hgi ¥4 qo: (28)
denotes the averaging operator in the homogeneous direckipims (
2D andx, andxzin 3D), shown below for an arbitrary quantity, Under the linear approximation, the baroclinic term contributions can
3 8 be simplified away from the interface as
1 X3=2 Xp=2
hT iq;th 1/4T ’ ’ T &q; X2, X3 thdxo dxg: (24) X5 @ @°
e e : graa.a:
Baroclinic torque is seen to be the major source of vorticity pro- 0 _
duction. We see different trends of the torque profiles for different % qu o8 MPgb—- @ bubble side
Mach numbers. FoM ¥20.0855, we see that the peak values occur 0 g (29)
near the interface, slightly tilting toward the spike side. However, for § S & @ spike side
. - © AMZ2g2 q' p
the higher Mach number cases, the peak starts shifting more toward the o
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FIG. 14 Vorticity budget contributions for caseg,Wi8000 an1%40.0855 in (&(c),M¥40.2 in (dXf), and%40.3 in (gi).

The notation: is used for averaging in the three spatial directions

(X1; X2; X3), shown below for an arbitrary quantity,

6|-><1:2 6Lx2:2 6L><3:2
Tdp Yo——

Ly, Ly L

L><1=2 sz =2 I-xg =2

We first compare the evolution &, with that of T 3. Figure 15(a)
shows that non-linear effects start to affect the evolutiomTaf at
arounds ¥4 1:4. Thus, at early stages, the linear approximatisr)

T &q; X2; X3; tbdxz dxo dxq:

(30)

bZSpikel/4

kLXl k=4

0201, =

b, dx; dxp;

Lq =2

6k=4 6L><1 =2
b YVa——
2bubble kal o

b2 Xm dXz:

Ly =2

(C1Y)

(32

Figure 15(bshows the evolutions @by and b e It is seen
that fors < 0:8, the results are very close for the bubble and spike sides.
At slightly later times, differences start to appear, corresponding to the
asymmetric vortical growth for the bubble and spike sides. The onset of

holds, which shows that the baroclinic term is likely larger on theasymmetry occurs earlier with increasing Mach number, which is consis-

spike side, due to the difference betweggrand q;. To verify this

tent with theM? weighing of the density in formul@9). Hence, at early

using the numerical data, we focus lox) which gives the non-zero times, the baroclinic torque due to the background pressure gradient gen-
contribution toT 3 during the early times evolution. We define aver- erates vorticity in an asymmetrical manner between the bubble and spike
ages around the bubble and spike tip regions as follows (as depictsides, which is associated with the inherent background pressure varia-
tion on the heavy and light fluid sides of the interface.

in Fig. ):
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D. Kinetic energy evolution

The instability dynamics is considered in greater detail by exam-
ining the mean and turbulent kinetic energies. The velocity field is
decomposed into a Favre average and fluctuation:

u Yatg p u® (33)

The total kinetic energiK %%uiui can then be patrtitioned into the
mean K, and turbulent kinetick, energies,

1 1
K Va5 qener; k 1/4§P'qui°i’1??: (34)
T Figure 18(aghows the evolution of turbulent kinetic energyat dif-
(a) ferent Mach numbers,
0.2 0.2 1 6Lx1:2
—_—M = 0.1: ﬁz’bubble k ]/47 kXm (35)
-=-M=0.1: ﬁZspike z X1 I‘xl:2
0.15f— M = 0.2 : wbble ,2-0.15 . . . .
o e M—o02. g;’; s . The kinetic energy level clearly increases with Mach number, as the
2 —M =0.3: ga:bble % E instability grows faster. For the lowest Mach numkesymptotes to a
§ 011 _M=03: Baspike 01 3 limiting value, at late times. This is consistent with the results for the
Q Q

growth of the layer width for the relatively Id®evalues considered here
0.05 0.05 and has been discussed in $&¢.. Increasing Mach number results in
increased growth rate in the linear regime and kinetic energy growth at
later times, indicative of a faster than linear growth of the layer width.
0 0.5 1 1.5 Figure 18(bshows the profiles of kinetic energy. There is a stark differ-
T ence in the profiles with increasing Mach number. The increase in global
(b) kinetic energy can be seen in the profiles as well. However, the increase

in kinetic energy is more prominent near the spike front than the bubble
FIG. 15Contrast between the evolutiondibfi(anpdnTsi and (bp,gike and

front, once again highlighting the bubble-spike asymmetry.
The normalized evolution equation for the mean kinetic energy

bZIJ_lbee
is given as follows: "
CIC o 1

2. Non-linear analysis @ b @(J. b h]u ?J %Hp zpl* _mii”*'

We next investigate late time behavior using the non-linear R S b @'k hs. @f a . 1 @
decomposition presented in S8¢C. Figure 16shows the profiles ! @ AM2 @ ! @(J AMZ @;
of the individual portions of the baroclinic torquie; is found to 1 @Bkj
be the dominant term of the three contributiors. has a bubble- p R b rqufgdlu
spike asymmetry that is also indicative of the differential growth at
early times. The non-linear terr,, shows a bubble-spike asym- In RTI, the kinetic energy in the mean flow is generated due to

metry but has an overall positive effect on the growth of vorticity the gravity work termiguigdui ).>* The normalized governing equa-
b3 also shows a bubble-spike asymmetry and aids in vorticity protion for fluctuating kinetic energy can be expressed in the following
duction near the spike side but destroys vorticity near the bubblérm:**

side. Hence, it contributes to the overall enhancement of the " #
asymmetry. @p @‘U' pp @ 1 O?JOQJO?D W° i - 1 0
Figure 17shows the growth of the three terms with time. At @ @ i AMZp ' Re i
early timesp, is the dominant production mechanism for vortic- @ @
ity, with the other two contributions becoming relevant at later 1/4 R,, i p —
times. Upon increasing Mach number, the enhancement in total f‘Mi f‘M @'}
baroclinic torque is seen in all three terms. This is different than Kl
the isothermal stratification case, where the baroclinic torque due 1 ,@f 1 @sk,
to perturbation gradients was found to be the dominant contribu- Re Sik@k _e @ . (36)
tor'* at weak background stratifications. On the other hand, terms F {z } F {Z }

based on background pressure gradient are found to become Ka

prominent at higher values of stratification and to inhibit the Here, a % hu®% hgui=hgi is the normalized mass-fltix,
growth of vorticity. R; 2 lquPl? is the Favre averaged Reynolds stresses! am% is
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FIG. 16 Spatial variatiortbfi in (a}{(c),hb,i in (dHf) andbsi in (gX(i) at different times.

the fluctuating dilatation. The mass flgpressure gradient terniK@) transfer of energy at the spike froftigure 20shows the turbulent
is the primary source of kinetic energy production for RTI flo8.  kinetic energy budget for the three-dimensional cases. Again, it can be
represents the indirect effect of the gravitational potential and transferseen that the mass flagressure gradienk(3) term acts as the major
energy from the mean velocity field to the fluctuating field. In contrastcontributor for evolution of kinetic energy. The profilesko8 also
to shear flows, the production due to mean velocity gradi€d) (s exhibit bubble-spike asymmetry.
negligible for RTI. The pressure-dilatation tertd2) facilitates a Figures 2land 22 show the profiles of mass flux in vertical
reversible exchange between the fluctuating kinetic and internal fielddirection @;) and those of the mean pressure gradient. Both mass
The energy transfer from the kinetic to the internal field via dissipatiorflux and pressure gradient are negative at all points, hence implying
(K4) is irreversible. Finally, the viscous actibb) can also lead to a a transfer of energy from mean flow to the fluctuations. With an
two-way exchange between the mean and fluctuating field. increase in Mach number, stronger negative pressure gradient devel-
Next we examine the various terms in the budget of turbulentops near the spike front, indicating stronger extraction of kinetic
kinetic energy transport equati@gfic) in Fig. 19 Individual terms in  energy from the mean flow, resulting in asymmetrical growth of tur-
the budget are plotted for three different Mach numberstag. It is bulent kinetic energyi-igures 23and 24 show the correspondent
seen that mass flupressure gradient acts as the dominant source irprofiles for the three-dimensional case. Similar to the 2D case, the
transferring energy from the mean flow. For higher Mach numbersasymmetry inK3 term arises primarily from the asymmetry in
this term develops a bubble-spike asymmetry; hence, there is monmgean pressure gradient.
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FIG. 17 Evolution of (&), (b)b,, and (ch; (the three contributions of the baro-
clinic torque) for three different Mach numbers for theREYGEEER). FIG. 19.Turbulent kinetic energy budget across the layer for 2D cases, with Mach
numbers: (a)%40.0855, (b) 0.2, and (c) ¥0.3, aniRg, 28000 as ¥44.

V. CONCLUSIONS compressibility effects on RTI employ isothermal base profiles, and &
The effect of compressibility on the Rayleigh Taylor Instabilitythe resulting flow combines the effects of compressibility and stratifi- )
i 214,30 ; [P f =3
(RTI) is examined using direct numerical simulations (DNS) per-Cat'on' Subject to these joint effects, it was found that the RTI was 2
formed with the gas-kinetic method (GKM). Previous studies 01’.stabilized at higher static Mach numbers. These studies do not clearly 8
establish the individual actions of compressibility and stratification on §
the suppression of the instability. Toward that end, this work isolates g
. the effect of compressibility by employing an initial isochoric (as &
10 0.14 . .
—~—M=0.085 o1zl [ M=0.085 opposed to isothermal) background profile. Two- and three-
::",,:8:2 % o1 :ﬂ;gjg dimensional simulations are performed over a range of Reynolds
0.08 numbers (1000, 8000) at several static Mach numbers (0.085, 0.3, 0.4).
10 = os Contrary to the conclusions of the previous isothermal background
0.04 studies, it is found that compressibility, in isolation, has a destabilizing
0.02 m effect. Furthermore, compressibility enhances the asymmetry between
1010 o bubble and spike growths. The destabilization and asymmetry effects
0 " © 2o z1°/ s are more pronounced in three-dimensional simulations. Thus, faster
(a) k evolution
10° 12 2107
— K1
10 — K2
— K3
8 — K4
<2 10° 6 —Ks
4
2
10 0 U o\
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FIG. 18Behavior of turbulent kinetic energy at different Mach numbers: (a) and
(c) time evolutiorko{b) and () variation across the laysi#a#, for 2D and FIG. 20.Turbulent kinetic energy budget across the layer for 3D cases, with Mach
3D, respectively. Ka@volution, (B)profile, (& evolution, and (d)rofile. numbers: (a)%0.0855 and (byD.3, andRg, 21000 as¥44.
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FIG. 23Vertical mass flug)(profiles for 3D cases, with Mach numbers: (a)
M%40.0855 and (b)4¥D.3, andRg, 21000 as¥44.

FIG. 21Vertical mass flug)( profiles for 2D, with Mach numbers: (a)
M%40.0855, (b) ¥0.2, and (c) ¥0.3, anRg, %8000 as¥44.

destabilization is seen for the three-dimensional cases. Turbulent

kinetic energy is also seen to grow faster, consistent with the deStab"',":lG_ SANSARIpreaslire gradi%{) rofiles for 3D cases, with Mach numbers:

ing nature of compressi_bili_ty. _ (a) M/20.0855 and (b)D.3, anézq,l/alooo asva4.
To develop further insight into the two-pronged effect of compress-

ibility, the vorticity dynamics is examined using DNS data at various n . .
ty ty dy 9 Mach and Reynolds numbers. Baroclinic torque is found to be the pri-

mary source of vorticity production, with dilatational effect becoming
important at later times. Three distinct contributions of baroclinic torque
are identified-non-linear effects;), mean pressure-gradient effdi)(

and mean density-gradient effelag) It is found that the contribution of

b, component is most significant toward vorticity growth, especially at
early times. At early times, thie contribution can be directly expressed
using the background pressure variation and exhibits different magni-
tudes on the spike and bubble sides, proportionaj,tand q;, respec-
tively. This difference inherently initiates the bubble-spike asymmetry
seen at later stages. Furthermore, di@Epends on the Mach number,
the asymmetry tendency is stronger at higher compressibility levels. Once
the bubble-spike asymmetry is initiated, the rest of the vorticity budget
terms responds and further amplifies this asymmetry.

The turbulent kinetic energy budget is also examined. The mass
flux—pressure gradient termKg) is the primary process through
which energy is transferred from the mean flow to the fluctuating field.
Both b, and K3 depend on the mean pressure gradient, which
becomes more negative near the spike and more positive near the bub-
ble side with increasing Mach number. Thus, the effects of compress-
ibility observed in this study can be attributed to the characteristics of
the evolution of the mean pressure gradient.
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