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Abstract

In this paper we develop a conservative interface-interaction method dedicated to sim-
ulating multiple compressible fluids with sharp interface. Numerical models for finite-
volume cells cut by more than two material-interface are proposed. First, we simplify
the interface interaction inside such a cell to avoid the need for explicit interface recon-
struction and very complex flux calculation. Second, conservation is strictly preserved
by an efficient conservation correction procedure for the cut cell. To improve robustness,
a multi-material scale separation model is developed to remove consistently non-resolved
interface scales. In addition, a multi-resolution method and a local time-stepping scheme
are incorporated into the proposed multi-material method to speed up high-resolution
simulations. Various numerical test cases, including the multi-material shock tube prob-
lem, inertial confinement fusion implosion, triple-point shock interaction and shock in-
teraction with multi-material bubbles, show that the method is suitable for a wide range
of complex compressible multi-material flows.

Keywords: compressible multi-material flows, sharp interface method, multi-resolution

simulations, level-set method, interface scale separation

1. Introduction

Compressible multi-material problems occur in a broad range of scientific and engi-

neering areas such as high energy physics and astrophysics. Typical examples include in-
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ertial confinement fusion (ICF) [I], core-collapse supernova [2] and hypervelocity impact
[3]. In these problems, different materials separated by the interface have significantly
different material properties and equation of states (EOS). Large density or pressure
jumps inside the material or across the interface may occur and may lead to complex
flow fields and interface evolution. For such compressible multi-material problems, nu-
merical modeling has received increasing attention in recent years due to its versatility as
complement to experimental investigations. Many well-established methods have been
proposed to simulate two-phase compressible flows, such as the front-tracking method
[4], the arbitrary-Lagrangian-Eulerian (ALE) method [5], the volume-of-fluid (VOF) [6]
and the level-set method [7]. Among these, sharp interface methods have the advantage
of introducing no numerical mixing artifacts due to the interface model for immiscible
materials or shock-driven miscible materials.

Unlike front-tracking and ALE methods, VOF and level-set methods can avoid the
problem of capturing complex geometries of interfaces as they implicitly define the in-
terface and solve its evolution. Although VOF inherently is conservative, it treats the
interface with a smeared interface representation which is disadvantageous for immisci-
ble materials problems or extremely fast high energy processes. When more than two
materials are involved, complex interface reconstruction algorithms, such as onion-skin
[8] and serial-dissection [J], are needed to generate interface locations from the volume-
faction data, usually relying on a material ordering strategy. The mixed treatment for
fluid states inside a cell occupied by more than two materials (hereafter referred to as
multi-material-cell) in the VOF method does not ensure a sharp-interface representation
[10]. In the level-set method, the interface reconstruction is straightforward via a signed
distance function as the interface implicitly is represented by the zero contour which can
be considered as a non-smeared interface representation. The sharp-interface property
can be imposed by interface-interaction treatment [I1] for two-phase flows. For multi-
material flows involving more than two fluids, problems arise when the interface-network
motion needs to be captured and interface interaction occurs inside a multi-material-cell.
The former issue can be addressed by a recently developed multi-region level-set method
[12] which offers higher computational efficiency than the multiple level-set method [I3]

and better accuracy than the regional level-set method [I4]. The latter issue can be
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handled by applying the ghost fluid method [I5] on the multiple level-set functions to
avoid complex interface interaction. This, however, leads to violation of conservation
[16, 13]. Conservative interface interaction models have been developed for two-phase
flows [I7, 18], but, to our knowledge, have not yet been proposed for more than two
fluids.

Numerical methods may suffer from a lack of robustness when complex interface topol-
ogy changes, such as sudden generation and destruction of thin filaments and isolated
droplets, are encountered. Interface scale separation models based on the refined level-set
method [19] 20] and identifying resolved /non-resolved interface segments [21] have been
proposed for two-phase flows to remove non-resolved structures. More recently a model
empolying the constrained stimulus-response procedure [22] 23] has been developed for
interface scale separation and increases the robustness for the simulations of compressible
interfacial flows. However, scale separation for more than two materials has not been
presented in the literature, and the extension of previous models [19] 20} 22] 23] is not
straightforward.

The objective of the present paper is to develop an efficient and robust numerical
method for compressible multi-material flows. In order to ensure conservation and the
sharp-interface property, several operations related to the interface network are proposed.
First, the interface-network evolution is captured accurately and efficiently by a multi-
region level-set method, which is a combination of the original level-set method and he
regional level-set method, to adopt the respective advantages of these two methods. In
order to maintain conservation and impose a sharp-interface treatment, we extend the
two-phase conservative sharp-interface method by introducing a conservation correction
and a reduced interface-interaction model in each multi-material-cell. A multi-material
interface scale separation model is proposed to remove non-resolved interface segments
and thus to increase the robustness of high-resolution low numerical dissipation simula-
tions. The paper is structured as follows. In Sec. the multi-material sharp-interface
method, including the multi-region level-set method, conservative finite volume method,
reduced interface-interface model and multi-material interface scale separation opera-
tion, is detailed. The proposed method gains computational efficiency by the employed

multi-resolution method and a local time-stepping scheme. The accuracy, capability and
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robustness of the method are demonstrated in Sec. [3] by a range of numerical examples,

followed by a concluding remark.

2. Numerical method

2.1. Governing equations
The governing equations of invisicid compressible flows are

au
S+ V-FU) =0, (1)

where U = (p, pu, pv, pw, pE)T, in which p, u, v, pw, and pE are the density, the three
velocity components and the total energy with relation £ = e + %(u2 + 0% +w?), with e

being the internal energy per unit mass. The inviscid flux tensor F is

[ pu pv pw ]
pu2 +p puUY puwU
F(U) = puv pv2 +p pWV . (2)
puw pow pw? +p
| u(pE+p) v(pE+p) w(pE+p) |

To close the governing equations EOS is required to describe the thermodynamic prop-

erties of the materials. The EOS for an idea gas is

p=(y—1p, (3)

where -y is the ratio of specific heats. For water-like fluids, the pressure can be determined
by Tait’s equation of state ,
pB<p) — B + po, (4)
Po
where pg and pg are the reference density and pressure, and B is a constant. Other EOS
may also be employed in compressible multi-material flows, such as the stiffened gas
EOS for water under very high pressure, the Jones-Wilkins-Lee (JWL) EOS for gaseous
detonation-products and the Mie-Griineisen (MG) EOS for solids [24].
Multi-material fluid dynamic problems contain multiple different fluids. We assume
that there are A/ materials (or fluids) in the problem and partition the entire domain,

Q = U, ex X, where QX is the material domain and X = {x € N|1 < x < N} is the index
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set for all materials. Given &,n € X and & # n, we define 90X as the material boundary,
Lep = 00¢ N 0N as the pairwise material interface that separates two material domains,
I' = [UTg, as the interface network, and J = ()T'¢,, as multiple junctions. Each material

has its individual material parameters (e.g. viscosity) and EOS.

2.2. Interface capturing

To capture the evolution of complex interface networks, we have developed the multi-
region level-set method which is a combination of the original level-set method [7] and the
regional level-set method [14]. Globally we use a single regional level-set for representing
the multi-region (or multi-material) system to significantly reduce the memory cost.
Locally we construct multiple local level-set functions to capture directly the evolution
of the interface network in order to save computational effort and avoid inaccuracies in
reconstructing the interface network. Although the total number of materials may be
very large, locally the number is limited, such that solving multiple locally constructed
level-set advection equations is efficient. This method has demonstrated to achieve high-
order accuracy for typical test cases without generation of artifacts[I2].

The total system can be represented by the regional level-set function pX(x) =
(p(x), x(x)), where p(x) > 0 is the unsigned distance function and x(x) is an inte-
ger material indicator. The material domain Q¢ is identified by the indicator, Q¢ =
{x|x(x) = &}, and the interface network is defined as I' = {x|¢(x) = 0}. On a two-
dimensional uniform Cartesian grid, the regional level-set ¢} ; = (i j, xi;) is defined at

the center of the finite-volume cell C; ;. The N materials contained in a local set of cells

Ve={Crli—-1<k<i+1l,j-1<i<j+1} (5)

are identified by a local index set X; = {r € N|1 <r < N;}.

By using a construction operator for generating the local multiple level-set fields and
a reconstruction operator for reconstructing the global regional level-set field from the
local level-set fields, the evolution step contains three main operations for C; ;:

(1) Construct N local level-set fields ¢} for the current time-step n at the center of



each cell Cy; which belongs to the spatial discretization stencil of C; ;:

Crg if Xk = Xxr
#ii = Cr (o0) = L rex, (6)

—@p, otherwise
(2) Compute the updated ¢r 1 at the next time-step n+1 by solving N; local advection
equations. The formulation of the local advection equation depends on N,. If Ny < 2 it

recovers the original level-set advection equation while if Ny > 3 it can be rewritten as

B = B0 + (1= )[40 — Avgy (Ve ®] . 0<p<mreX,

i,J
7,(0 rn ,(m+1 r,n
(Zsm(‘ ) = Qsi,j ) d) ,]( ) = (bi,j +17 (7)

where m is the number of Runge-Kutta sub-steps, 3, is the parameter in the p-th sub-
step, v is the advection velocity, and (ngr)gf}) is the finite difference approximation of
the spatial derivative at the center of a finite-volume cell C; ;.

(3) Reconstruct the new regional level-set goif ; at the center of C; ; from the N new local

level-set fields qbr mtl by the reconstruction operator R as

vy =R (d):,’?ﬂﬂ re Xs) (‘max o " arg max (br nﬂ) . (8)

We consider a 1D two-region case in Fig. [[]to illustrate the interface capturing scheme
above. Suppose we have the regional level-set function ¢X" (solid line in Fig. [[fa)) at
time step n, and we want to obtain ©X"*1 (dashed line in Fig. a)) The velocity
field u is set as constant for simplicity. Following the algorithm above, first we use the
construction operator to construct the local level-set functions. For instance, as the local
index set of the cut-cell i = 6 is Xy = {1, 2}, the two local level-set functions defined on
the stencil of cell i = 6, ', ¢>™, are shown in Fig. [fb). We use Eq. (7) to advect

these local level-sets,

o =l + Atu (%’f) P = 2 4 Atu (%’f) , (9)
1=6 1=6

where for simplicity an explicit Euler time marching is used for illustration. The numer-
ical approximation of (%’l)n depends on the specific spatial discretization scheme. The
updated values for cell i = 6, ¢>1 L and ¢2 ot , are plotted in Fig. (b) Applying the
reconstruction operator gives

‘P§:6 -R <¢1:n+1, ¢2 n+1) _ (
6

1,n+1
¢i:6

1) (10)



which indicates that cell ¢ = 6 does not change its material indicator. For cell ¢ = 7 one

o= ([er] 1) (11)

which corresponds to an indicator change from x;, = 2 to x"“ = 1. For more complex

has

2D examples involving multiple junctions we refer to Ref. [12].

2.3. Conservative sharp-interface method

We extend the two-phase discretized governing equation of the conservative sharp-
interface method [I8] to multiple materials. On a two-dimensional uniform Cartesian
grid with grid spacings Az and Ay, the flow variable U is defined at the center of each
finite-volume cell. For each material x residing in cell C; ;, we can integrate Eq. [2[ over

the space-time volume C; ; N QX(t) and apply the Gauss theorem to obtain

/ dt/ dxdy / dt/ dzdy F-n =0, (12)
o (1) aC;,;NQX(t)

where ;' ;(t) is the time dependent volume fraction of material x in C; ;. dC; ; N QX(t)
contains two parts: one is the combination of the four segments of the cell faces after
being cut by the material interface, which can be written in the form of AX 12, ]( YAy,
AX j+1/2( JAz, AY 1/2]( )Ay, and Azcj 1/2

( ); the other one, denoted as AQ;, is the segment of material boundary 90X inside

(t)Az, where AX(t) is the aperture, see Fig.

cell C; ;. This integral equation can be discretized with an explicit Euler time marching

scheme as

At . .
X,n+1 +1 _ xon X X
Qg Un Q5 U?,j + Az {Aifl/Q,jFi—l/ij - Ai+1/2,jFi+1/2,j]

At 7 . . At
+E Af,j—l/QFi,jflﬂ - A§j+1/2FiJ+1/2} + AzAy

X(AQ}J), (13)

where At is the time step size determined by CFL condition. jUi,; is the conservative
quantity vector in Cj ;, with U; ; being the cell-averaged quantity vector of the material
y. F is the numerical flux at cell-face and X(AQ?‘J) is the momentum and energy
exchange flux determined by the interface interaction model discussed in Sec. For
Runge-Kutta time discretization, Eq. is synonymous for a substep.

To update of the volume fraction from the regional level-set function, we use the

algorithm in Ref. [25]. Suppose we want to compute the volume fraction . of a particular
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material 7 in a cut-cell with Ay materials. This algorithm, as in Ref. [26], recursively
subdivides a cut-cell into 4 (8 in 3D) sub-cells with equal size. The volume fraction of each
sub-cell a; is determined by the sign of its local level-set ¢” at vertices (obtained by the
bilinear /trilinear interpolation), i.e., as = 1 for full sub-cells (all vertex level-set values
are positive), a; = 0 for empty sub-cells (all vertex level-set values are negative), and
as = 0.5 for cut sub-cells. We set the maximal subdivision level to be 5 for 2D simulations
investigated here. For 3D simulations, this algorithm is computational costly. We prefer
to use the volume-estimation method of Ref. [23] (see Appendix A therein) or a recently

derived analytical formulation [27].

2.3.1. Conservation correction for a multi-material-cell

For the material x summing Eq. over its material domain QX yields

At &

n+lymn n

E ‘ oy Uijl — E . Ul + E ‘ AIAyX(Aszj) + boundary terms (14)
7 2y 1,7

For two-phase flows, overall conservation can be achieved by summing Eq. for the
two fluids because interface-exchange terms in cut cell always have opposite sign for each
of the interacting materials, and the sum of volume fractions of the two fluids equals
1. For multi-material flows, although the volume fractions in a two-material-cell satisfy
aX! + X2 = 1, in a multi-material-cell where more than two materials meet the sum
of volume fractions may be ZTEXS aXr #£ 1.0 if we assume that the material boundary
segments are piecewise linear inside the cell. For example in Fig. a)7 the linear material
boundary segments of three materials never coincide, resulting in a void region, and thus
a®+ ab + a® < 1.0. To correct this total volume fraction deficiency, the piecewise linear
assumption no longer can be applied to this cell. A straightforward way is to explicitly
reconstruct the sub-cell topology inside this multi-material-cell as shown in Fig. b).
Note that all the three material boundary segments are not linear any longer. The new

volume fraction for each material is updated by

b

a® =a®+a®*, a® = o + a¥*, a = a + a®*. (15)

Although this procedure is considered to be accurate as long as the explicit reconstruc-
tion method is sufficiently accurate, it is computationally expensive, especially in three

dimensions. An alternative efficient way is shown in Fig. c). Instead of explicitly
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reconstructing the sub-cell structure, we only modify the volume fraction corresponding

to the smallest mass fraction inside this cell:
X =X faX 0, X =1 Zax, X" = argmin(aXp, ). (16)
X

Thus this method is efficient especially in 3D as no reconstruction is needed. Although
it does not resolve the sub-cell structure and is generally less accurate than the first
method, the error is limited as the material dominating the cell properties (labelled by
the primary indicator) has a volume fraction larger than 0.5 which is not affected by the

correction.

2.3.2. Material interface interaction model

The interface interaction for each connected material pair (9%,Q7) occurs at the
pairwise interface I'¢,, and can be described by a Riemann problem. The solution of
this Riemann problem produces the interface condition which is used to calculate the
exchange flux X in Eq. and the interface advection velocity v in Eq. 1) Hu et.
al [24] have shown that the HLLC Riemann solver [2§] is robust, accurate and efficient
in handling two-phase flow with very strong interactions and large jumps of material
properties. In this paper, we employ this approach to solve multi-material interface
interactions.

Consider that the finite-volume cell C; ; in Fig. a) is occupied by three materials
a, b and ¢, which are colored by blue, red and green, respectively. With our method, the
multi-material cell C; ; contains one regional level-set go;fj and multiple fluid states. For
the cell in Fig. (a), the flow states of material a are obtained by solving Eq. , and
the states of the other material are extended from the respective material domains by
using the extending algorithm [I5] [18]. According to Fig. b), the interface condition at
each pairwise interface segment I'¢,, is obtained by solving a corresponding 1D Riemann
problem R(Wp,Wg) along a local normal direction ng, of I'¢,. The constant left and
right states of the Riemann problem, (W, Wg), are defined as

(Wg,Wn) if afpe < a'p, . We if&=xa

(WLaWR) = . R 7W§ ) (17)
(W,, We)  otherwise W¢  otherwise



where the superscript “g” indicates the ghost state at the cell center and x; is the primary

material indicator with Xt > 0.5. We rewrite the EOS with a general form

p:p(pae)v (18)
and the speed of sound
dp p Op p
s = — == =04+ T, 19
“T 0pl, " pPoe p i (19)

where T is the Griineisen coefficient and ¥ determines the material properties [24]. After-
wards, the HLLC approximate Riemann solver is invoked to obtain the two intermediate

states, WgnL and Wg;R, see Fig. b), which have the relation

L %R _ % «L %R _ %
Uy =Ugy =S =Us P =Py =P (20)

where Sy is the speed of the contact wave or the material interface. Toro et al. [28] use
the jump conditions and the integral form of the conservation law to obtain the normal

contact wave velocity

(Sr —ur)prur + (ur — Sp)prur +pL — pr

ut =Sy = 21
M (Sr —ur)pr + (ur — St)pL @)

and the intermediate pressure
p" =pr +pr(Se —ur)(Sm —ur) = pr + pr(Sr — ur)(Sm — uR) (22)

which describe the interface condition. The minimum and maximum wave speed Sy and

SR are estimated by
Sp, =minfur — ¢s,1, U — G|, Sr = max[i+ &, ur + ¢s,g] (23)

For two adjacent states described by different EOS, the average speed of sound ¢ is

obtained by

=0+ Y(fp’), (24)

where the tilde on the right side indicates Roe-averaged values

o . _ /pLfL+\PRfR ,
p=/ppr. f=pf)= srrvir 0T (25)
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and o
(2)=n(2)+% <UR—HL>2 (26)
P p) 2 \\pPL+ PR
We can calculate the interface flux between materials £ and 1 according to the interface
condition (uzn, pzn) obtained above, where ug, = ug, ng,. For a two-material-cell, the
flux X in Eq. has the same form as that in Ref. [II]. The multi-material-cell, e.g.

the three-material-cell in Fig. [3] has the more complex interface flux

X(AQ¢)) = X(ATg) + X(Al) = X(Al'gy) + X(AT'gg)
X(AQY,) = —X(Alw) - X(ATy) = —X(Al'gz) — X(ATgg) .
X(AQS,) = X(A@y) — X(A@.) = X(Al'gg) — X(AT'ge) (27)

where the interface inside the cell, Al'55, are the line segments shown in Fig. b).

The interface condition is used to calculate these fluxes, e.g.
v * T * * x 11
X(Arﬁ) = [07 pabAFﬁnab’ pabAFﬁan’ pabAFﬁnab : uab] . (28)

This model represents the full set of interactions. However, it is computationally expen-
sive due to the fact that an explicit reconstruction of the interface-network is necessary
to calculate the length and normal direction of A'gy, A'gg and Al'gs. Moreover,
it is difficult to extend to 3D since the number of interface segments for each material
may become every large. As alternative, we propose a reduced interaction model for a
multi-material-cell. The basic idea is that one only considers the interaction between the
two materials with largest mass fraction inside a multi-material-cell. Assuming the mass
fraction of each material is ordered as a®p, > a’py, > ap,. in Fig. the reduced model

is

X(AQ¢)) X(ATw) ~ X(AQ%)

2 b
X(AQ7 )

~X(ATw) & —X(AQ%), (29)

where AQZ\T is the material boundary of material a represented by its local level set. The
normal direction ng, in the full interaction model can be approximated by the normal
of a particular material boundary. As shown in Fig. a), the three normal directions

of material a, b and c are defined at the cell center and can be calculated by their
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corresponding local level-set fields
V"
n, =——, Xr=2a,bc. 30
v = Vo] (30
Note that the normal direction points into the respective material. The direction of the
local Riemann problem R(Wp, Wg) is
ne if afpe > a'p,
Nen = . (31)
n, otherwise

Additionally, the interface flux is modified by

< a * a T * a * a « 1T
X(AQE) = [Oa pabAQﬁnaa pabAQﬁnza pabAQEna : uab] ) (32)

where n, replaces ng. as a®p, > ap.. The averaged flow variable of the two subvol-
umes separated by AQ“O—A are W, and W, respectively, indicating that the flow state
of material ¢ is approximated by the data of material b. by this procedure we reduce
the multiple interactions to a single interaction, irrespectively of the number of materials
inside a cell. Moreover an explicit interface reconstruction no longer is needed to calcu-
late the normal directions. Thus the reduced model significantly improves computational
efficiency, especially in 3D.

The rationale of the reduced-model formulation is based on the assumption that
the material with largest mass fraction a,p, in a multi-material cell usually dominates
the inerial dynamics. Under this assumption it suffices to determine is the interaction
between this material a with the mixture of b and ¢, without resolving the subcell details
of the multi-material interactions. The flow state U, of the mixture (denoted by “m”)
can be determined following e.g. [29],

1

pm = Zb;carpm (pu)m, = 7§Cocrprum (PE)m = ; arpr(er + 5 lurf?),  (33)

where the volume fractions have been normalized by the total volume of the mixture

> r—pe Q. If the mass fraction of ¢ is sufficiently small,
Qepe K QpPp, (34)
and the density of the materials constituting the mixture satisfies

Pe = Ph, (35)
12



the state of the mixture can be approximated by

1
Pm = Pb, (pu)m =~ ppUyp, (f)E)m =~ Pb(ﬂ’b + §|ub‘2)- (36)

which essentially implies that the interaction between material ¢ and the mixture m
can be replaced by the interaction of the reduced model . Note that for highly
compressible flow, the assumptions and may be not valid. Nevertheless even
for complex test cases shown in Sec. Eq. produces good results with high
computational efficiency.

Global conservation is also achieved as can be seen from summing over all materials

Z Z ay "+1U"+1 Z Z o' UL; + boundary terms. (37)

XEX ,J X€X 4,5

The interface fluxes for the two interacting materials have opposite sign in all multi-
material-cells, i.e. X(AQE )+ X(AQ77 ) = 0. Although the reduced model simplifies the
interface interaction and produces good results for the test cases in Sec. numerical
artifact may be generated for more complex problems where different materials may not
be described by same type of governing equation, e.g. fluid-solid interaction problems
[30].

Note that the small volume fraction of a particular material may lead to numerical
instability if the time step of an explicit time integration scheme is calculated according
to the full cell CFL condition. In order to maintain numerical stability without reducing
the time step, we apply the mixing procedure [I8] after each Runge-Kutta sub-step.
For each material, the conservative quantities of a small volume fraction cell are mixed
with those of the larger neighboring cells in a conservative way. The exchanges of the
conservative quantities M are calculated according to the averaged values, see Ref. [18].

The conservative quantities for each material in the near interface cells are updated by

QU = (o TUR ) Y MY MY, (38)

) )

where the second and third terms on the right hand side represent the sum of all mixing
exchanges of cell C; ; in the x and y directions, respectively.
The coupling between the interface capturing method in Sec. and the fluid evo-

lution described by Eq. is as follows. Given conservative flow states U™ and the
13



regional level-set function X" at the time step n, the procedure to predict both the
interface X" *! and the conservative flow states a1 U"*! at the next time step n + 1

involves the following sequences:

e Update the volume fraction o, aperture A, and normal direction n using the

regional level-set function.
e Update the flow states U™ by U" = o"U" /™.

e For each material x, extend the fluid states defined on 2% to the ghost fluid domain
O\ Qx.

e Solve the material interaction to obtain the exchange flux X and the interface

velocity u* by the reduced model .
e Evolve the conservative flow states by Eq. to obtain o t1U" !,

e Solve the interface advection equation @) to obtain the new regional level-set func-

tion Xt

e Invoke the mixing procedure for small cut cells.

2.3.3. Interface scale separation model

In this section, we discuss a numerical procedure for consistent removal of non-resolved
interface segments during multi-material simulations. For a given spatial resolution non-
resolved interfacial scales, such as thin filaments and small droplets, need to be removed
in order to avoid proliferation of artifacts. For this purpose, the separation of resolv-
able and non-resolvable interface scales is necessary. The scale separation operation
for two-material-cells is performed with the model in Refs. [22] 23] without need for
modifications. In multi-material-cells non-resolved interface structures may occur across
different material domains, so that the scale separation model must be adaptated to
multi-material interfaces. After the removal of non-resolved structures the new inter-
face needs to be constructed between these materials in such a way that these different
materials stay separated, however with a different connection relation.

The basic idea of the multi-material-interface scale separation model resembles that of

the two-material model [22] 23]: each material domain is simply connected as long as the
14



interface is resolved; non-resolved interface segments, however, show up as not simply
connected sub-domains when the level-set field is slightly shifted. This observation is
used to find "oddball cells” where non-resolved interface segments exist. We define the

eF-material-interface as

LY = {x CQ¥|¢p¥(x) £ e=0,x € X} (39)

where € is a small positive parameter [22] and can be set to 0.75k for 2D and 0.9h for 3D
in order to remove interface segment whose scales are smaller than grid scale h [22]. The

set of cut cells Sy which contains the segments of the interface network is defined as
So ={C;;10C; ;NI # 0}. (40)

For each material x we define S% as the sets of cut cells containing the segments of 9QX,

SX ={C;,;|0C; ; N oY, # 0}. (41)

The scale separation operation consists of three main steps. First, we identify the oddball
cells where non-resolved interface segments reside. The selection criterion of oddball cells
is similar as that of Ref. [23], which requires that to each oddball no neighbour exists

that belongs to SX*
S« ={Ci;1(Cij € So) A (Vio, jo € {—1,0,1}, Citig jtjo & S}, (42)

where x1 = X;,; is the primary indicator of C; ;. Second, the local non-resolved topology
of the oddball cell in S, is altered to a new resolved topology by replacing its indicator
with the indicator corresponding to the second largest volume fraction

X1 = arg maxa,, (43)

Xr#X1

as changing from x; to xj requires the least stimulus of level-set values for this cell and
thus x7 has the largest possibility to occupy this cell after scale separation. Note that
this procedure automatically generates a new interface. Third, the unsigned distance
function of cell containing non-resolved interface segment is assigned with new data that

fit the interface network of the new resolved topology. This is accomplished by the same
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operation as in Ref. [23]. Because the considered cell C; ; in S, belongs to QX1 after

scale separation, we calculate the distance from its center to 8(22&1

d= \/[l —igAx + (‘Pimjo + e)n£]2 +[j — joAy + ((pioyjo + e)ny}Qv (44)

where (ig,jo) is the index pair of the cell in Sf{ within a search stencil ¢ — 3 < 45 <
143,57 -3 < jo <j+3. {ngny} is the unit normal vector at the center of C;

0.Jo"

Subsequently, we update the regional level-set with
$ij = (@ijX1)y  Pij = ldmin — €. (45)

Fig. [4] shows two illustrative test cases (a thin filament and a small droplet) where
non-resolved interface scales exist. The computational domain is a unit square with the
grid size Az = Ay = 0.1. The thickness of the thin filament is 1.2Az, and the radius
of the small droplet is 1.5Az. In Fig. a), two interfaces that separates three materials
merge to one after using the scale separation model, indicating that the material in the
filament is entirely removed. The small droplet in Fig. b) becomes an isolated bubble
and the filament connecting the droplet and the main body collapses to a single interface
while the other interface segments remain invariant. Two additional triple points are
generated as expected. The level-set contours remain regular after scale separation and

the contours inside the bubble do not change by the scale-separation operation, as shown

in Figs. [f{c) and [4(d).

2.4. Space-time adaptivity

To achieve high computational efficiency and low memory storage, the space-time
adaptivity strategy developed in Ref. [25] is incorporated into our compressible multi-
material method with minor changes. In detail, the multi-resolution method [31] is
used for mesh refinement due to its high rate of data compression. The projection
and prediction operators [32] are defined based on the cell-averaged multi-resolution

representation. For simplicity, the 1D operators with 5th-order interpolation are

_ 1 _
Poiie: gy = §(UZ+1,21' + Uot12i4+1)s (46)
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and

2
Pryepr: fiproi = Goit D Ym(Uipm + Ueiom), (47)
m=1
2
Ugy1,2i41 = Upy — Z Y (e itm + Teimm),
m=1

where ¢ is the index of levels, and +,, is the interpolation coefficient. Mesh refinement
and coarsening are accomplished by comparing the prediction error czm = Uyp,; — Uy, With
a level-dependent threshold [25]. A multi-step Runge-Kutta local time stepping scheme
[33] is employed to achieve time adaptivity and thus obtain additional speed-up. To
maintain strict conservation a conservative flux correction [33] is adopted between cells
with different levels.

The pyramid data structure and storage-and-operation-splitting approach proposed
in Ref. [25] are used here. The block containing cells which reside in the narrow band of
the interface network is refined to the finest level 4,,,. and denoted as “multi-material
block”, otherwise as “single-material block”. In such way operations related to the
interface, including interface interaction, mixing procedure, scale separation and level-
set advection, are only conducted at the finest level. The block position identifier [25]
is used to distinguish the block location. The identifier at the finest level is 1 whenever
the block has cells which occur in the narrow band of any cut cell, otherwise it is 0. A
cell C; ; contains the interface network if it is intersected by the zero contour of local
level-set field

Ir € X, Cy ; N {x|¢"(x) = 0} # 0, (48)

or the indicator field in V; differs from x; ;,
ACk,1 € Vi, Xkt # Xij- (49)

The position identifier of blocks at other levels are obtained according to Ref. [25]. The
final multi-resolution representation of a multi-material problem is generated by locations
of interface and shock waves, see e.g. Fig.

Note that a “single-material block” may also exist at the finest level if a shock wave
resides in this block. For a “multi-material block”, we allocate memory for one single

regional level-set field and N, flow state fields, where A, is determined by searching all
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unique indicator inside the inner and buffer zone of this block and satisfies the relation
Ny < N when N is large. For a “single-material block”, the volume fraction and
apertures become unity, and the interface exchange terms vanish. Thus the governing

equation Eq. degenerates to a standard finite volume scheme on a Cartesian grid.

3. Numerical validation

In this section, we assess the accuracy and robustness of the present method by a
number of test cases. The materials are assumed to invisicid compressible fluids whose
dynamics are governed by Eq. , with different EOSs for different materials. As the
interaction between each material pair can be cast as Eq. , our reduced model works
well for the test cases below. However, a model extension may be required for other types
materials. Although a recently developed interface extraction algorithm [34] efficiently
determines the sub-cell interface geometrical information (normal direction and volume
fraction), the development of an efficient full interaction model is not straightforward.
Applications of the present numerical model are limited to fluid-like materials.

First, the 1D multi-material shock tube and ICF implosion are considered. Then more
complex 2D cases, including 2D ICF implosion, compressible triple point and shock wave
interactions in multiple materials serve to demonstrate the robustness of interface inter-
action model and multi-material scale separation method in high-resolution simulations.
For all test cases, discretization of the flow and interface evolution equation is performed
by a 5th-order WENO [35] and a 2nd-order strongly stable Runge-Kutta scheme [36],
with a CFL number of 0.6.

3.1. Shock-tube problem (I)

The three-material shock-tube problem of two helium gases and one air gas modeled
by an ideal-gas EOS is an extension of the two-material shock-tube problem in Refs.
[18, [15]. Reflective boundary conditions are applied at « = 0 and = = 1. The initial
condition is listed in Table. The grid spacing is Az = 5.0 x 1072 which we compare
with a high-resolution result with Az = 2.5 x 104, At ¢t = 0, two Riemann problems
occur at * = 0.4 and z = 0.6 and generate symmetric wave types. Two shock waves
move towards the left and right boundaries while two rarefaction waves approach to
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Table 1: Initial conditions for 1D test cases I and III.

Case T° Case 111
Location | 0<z <04 04<z<06 06<2z<10]0<r<10 10<r<12 1.2<r<1.5
X 1 2 3 1 2 3
p 0.125 1.0 0.125 0.05 1.0 0.1
D 0.1 1.0 0.1 0.1 0.1 13.0
¥ 1.667 1.4 1.667 1.667 1.667 1.667

Note: the velocity u is zero everywhere.

" For the helium-air-R22 shock tube problem, just change v to 1.249 in 0.6 < & < 1.0.

each other. Finally, at ¢ = 0.1 these two rarefaction waves impact and interact with
each other, as shown in Fig. [f] Good agreement with the reference solution is observed
and the distributions of flow variables exhibits symmetric profiles. When we modify the
ratio of specific heats in 0.5 < z < 1.0 to R22, i.e. v = 1.249. The problem becomes
asymmetric, as can be seen in Fig. [ The results demonstrate the conservation of mass

for each individual material.

3.2. 1D Ezxplosive driving and high-speed impact problem (II)

Now we consider three-material explosive driving and high-speed impact problems
which contain more complex EOS. Following Refs. [37, 29, 24], we model the explosive
by the JWL EOS

—Ripo P —Rapo P
=A 1— B 1— r , (50
P ’ exp( P ) ( R1Po> M exp( P Rapo - 0p(e+60) ( )

and the impacting materials by the MG EOS,

L p—po
=p,+1T — —pp— 51
p=pr +T(p)ple = 5 s ); (51)
where
1—po/p Po
2

Dr = PoCj and T'(p) = —T,. (52)

(1=5(1—po/p))’ P

The constants in Egs. (50) and , Lo, po, Ao, Bo, R1, Ra, ey, co, S, are listed in
Table [2| for different materials. The mesh reolustion and boundary conditions are the

same with those of the above shock-tube case. First we test a symmetric configuration
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Table 2: Initial conditions and EOS parameters for 1D copper-TNT-copper and aluminum-TNT-copper impact problems.

Case 1T

Location | 0 <z < 0.3 (copper plate) 0.3 <z < 0.7 (detonation products) 0.7 <z < 1.0 (copper plate)
¥ 1 2 3

p 8.924 2.48537 8.924
D 0 37 0
Ty 1.96 0.25 1.96
00 8.924 1.84 8.924
Ao / 854.5 /
By / 20.5 /
Ry / 4.6 /
R / 1.35 /
eo / 8.15 /
co 3.1 / 3.91
S 151 / 151

Note: the velocity u is zero everywhere.

* For the aluminum-TNT-copper impact problem, just change p to 2.785 in 0 < z < 0.3. Its EOS parameters are
modified by I'g = 3, po = 2.785, ¢ = 5.238, and S = 1.338.

where the domain is decomposed into three parts: (i) a copper plate (0 < = < 0.3),
(ii) a product gas of the explosive TNT (0.3 < z < 0.7), and (iii) another copper plate
(0.7 < & < 1). The initial condition is shown in Table [2| and the final time is ¢ = 0.05.
Then we replace the material of the first part (0 < x < 0.3) by an aluminum plate. As
shown in Fig. Iﬂ our coarse-resolution (Az = 5.0 x 1073) numerical results agree well

with high-resolution results (Az = 2.5 x 107%).

3.3. 1D Cylindrical ICF implosion (III)

The setup of the ICF implosion simulations in a cylindrical geometry is taken from
Ref. [38]. The computational domain is [0, 1] and 1D axisymmetrical grids with different
resolutions are used. There are three materials in the domain. A light fluid is located
in the core region of the target and is surrounded by a shell of dense fluid. Outside the
shell is an ambient material which is not solved during the simulation. Thus we treat
the interface between the shell and the ambient material as a free surface boundary. To

drive the implosion the pressures p(t) imposed on that boundary are initially constant
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and then decrease linearly as

12.5(¢ — 0.04)

) =13 — =272
p(t) 0125 —0.04

(53)

according to Ref. [38].

The evolution of the locations of inner and outer interfaces of the shell are shown in
Fig. [8] Fig. [f(a) shows that our results converge to the Lagrangian result [38] with the
cell number increasing from 160 to 1280. At the initial stage the outer interface moves
inward under a constant pressure, leading to a shrinking of the shell until ¢ = 0.047. Both
the interfaces move towards the core. As the contraction speed of the inner interface is
larger than that of the outer one, the thickness of the shell increases. The deceleration
of the light fluid is observed from ¢t = 0.17 to ¢ = 0.24 when the radius of inner interface
reaches its minimum value (referred to as “stagnation time” [38]). Afterwards the light
fluid exhibits a expansion.

In order to demonstrate the versatility of the method, we conduct multiple simulations
with varying parameters ro and 3, which are the radius of the outer interface and the
ratio of specific heats of the heavy fluid, respectively. Such a parameter study represents
a typical design issue for an ICF capsule, as the thickness of the shell and the EOS used in
the previous simulations [38] are not realistic. As shown in Fig. @(a), the thickness of the
shell during the simulation, the stagnation time and the compression rate reduce with the
initial thickness Ar = ro — ry decreasing from 0.30 to 0.05. When the ratio v2/v; varies
from 1.0 to 10.0, the profiles for the inner and outer interfaces are shifted downwards
and upwards, respectively, as shown in Fig. @(b) Thus the achieved minimum radius of
inner interface decreases as o /71 increase, indicating that stiffer shell materials generate

higher compression rates.

3.4. Compressible triple point problem (IV)

In this section we consider a compressible triple point problem which contains three
perfect gases and is often used to validate the accuracy and robustness of Lagrangian or
ALE methods for multi-material compressible flow simulations [38] [39]. The computa-
tional domain is a rectangle [0,7] x [0,3] and is partitioned into three sub-domains: (i)
[0,1] %[0, 3] which is filled with a high pressure high density fluid (p, p, v, x) = (1,1,1.5,1),

(ii) [1,1] x [0,1.5] which is occupied by a low pressure high density fluid (p,p,v,x) =
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(1,0.1,1.4,2), and (iii) [1,7] x [1.5,3] which has a low pressure low density flow state
(p,p,7v,x) = (0.125,0.1,1.5,3). Accordingly, a triple point exists initially at (1,1.5).
Reflective boundary conditions are employed, and the final time of the simulation is
5.0. The coarsest level has 7 x 3 blocks and are refined to the finest level by the mesh
refinement criterion in Sec. 2.4l

First, we show numerical results of a high-resolution simulation conducted with
lmaz = D and an effective resolution of 3584 x 1536 at the finest level. Upon com-
paring Fig. with previous results in the literature [38, 40], it can be seen that the
internal energy contours at t = 0.2, 1.0, 3.0, 3.5, 4.0 and 5.0 are in good agreement. The
development of the shock system is illustrated in Fig. The initial Riemann problems
at the discontinuities I'13 and T'15 generate a contact discontinuity (C1 or C2), a leftward
rarefaction wave (R1 or R2) and a rightward shock wave (S1 or S2), see Fig. |[11fa). The
shock S1 moves faster than S2 as the acoustic impedance has a relation pacs 2 > pscs 3.
As a consequence, a distinct roll-up region appears around the triple point, as shown
in Fig. b). Near the triple point the shock reflection pattern is more complex as
different waves interact with each other. Meanwhile, the development of disturbance can
be observed in Fig. ¢) due to the strong shear along all contact discontinuities C1, C2
and C3, which is not observed in numerical results of previous papers [38, 40] and is in-
dicative of less numerical dissipation. Fig. d) shows the shock wave system just after
S1 impacts the right boundary and is reflected. At this time instant, the interface inside
the roll-up is strongly perturbed, leading to the shedding of small droplets. Afterwards,
S1 moves upstream and is partially refracted to generate a transmitted shock T'S1, as
shown in Fig. (e). After S1 has reached the contact discontinuity C1, it becomes a
transmitted shock 7'S2 inside the material 1 and a reflected shock RS1 is produced to
maintain the mechanical equilibrium at the interface I'y3, see Fig. f). Due to the
Kelvin-Helmholtz instabilities along the contact discontinuities, vortical structures are
produced, as shown in Fig. The volume fraction contours, computed by the recur-
sive subdivision algorithm [25], are consistent with the density gradient contours and
interface locations for all materials, as shown in Fig.

In Fig. we compare our numerical method with the ALE method [41] and curvi-

linear finite element method [42]. Generally all methods generate similar large roll-up
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structure and shock reflection patterns at ¢ = 0.5. For our method, the filament of the
roll-up breaks up into more droplets when the grid resolution is refined, as shown in Figs.
a) and (c). This is also observed with the ALE simulations of Ref. [4I], see Figs.
b) and (d). This phenomenon can be attributed to smaller numerical dissipations for
finer grid resolution, as explained by Ref. [AI]. Also in our simulations physical interface
instabilities are significantly enhanced with decreasing grid size. It is reasonable to expect
small-scale Kelvin-Helmholtz instabilities along the contact discontinuities (e.g. C3) for
the inviscid flow motion. For high resolution simulations, the roll-up structures and small
features inside the primary vortex core are consistent with the results of a curvilinear
finite-element method [42], see Figs. (e) and (f). Furthermore, a grid resolution study
in Fig. a) shows that high-resolutions allow finer resolved scales to develop, as can be
expected for a formally inviscid computation with low numerical dissipation. As shown
in Fig. b), the interface locations at the upper and lower boundaries also exhibit grid
convergence. At ¢t = 4.0, the shock waves and contact discontinuities corresponding to
Fig. e) are represented by the pressure and density profiles along the z direction at
y = 0.5 and y = 2.5, see Figs. c¢) and (d). The pressure and density jumps become
sharper with increasing resolution from ¢4, = 0 to ;4 = 5 and do not develop any

overshoots.

3.5. 2D cylindrical ICF implosion with perturbed interface (V)

Increasing the complexity of the configuration considered in Sec. [3-3] we investigate a
2D cylindrical ICF implosion with initial perturbations. This configuration demonstrates
that the method can handle interface and small-scale flow instabilities from linear to
highly nonlinear stages. The interface between light and heavy fluid has a single-mode
perturbation [38], [43] with

o = 1o[1 + A cos(mb)], (54)

where 7o and r{, are the initial unperturbed and perturbed radii of the light fluid, and 6
is the polar coordinate. The mode number m is 5 and 47 for low-mode and high-mode
perturbations, respectively. The amplitude A of the initial perturbation is 2% of the
wavelength of low-mode perturbation. A free surface boundary condition is prescribed at

the outer interface. There is one block at the coarsest level and the maximum refinement
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level is £, = 8. With each block containing 16 x 16 inner cells, the effective grid
resolution at the finest level is 40962. Other parameters follow from the 2D extension of
the 1D case in Section B.3l

Figs. [16] and [I7] show four snapshots of the density gradient before and after the
stagnation time, respectively. At the early stage, ¢ = 0.12 in Fig. the shock wave
passes the inner perturbed interface, and a slight distortion of the shell and light gas
bubble is observed due to Richtmyer-Meshkov instability. The length scale in Fig.
decreases slowly. After maximum compression, Rayleigh-Taylor instability develops as
the high pressure inside the light fluid bubble accelerates the heavy shell. The low-mode
instability has grown substantially from the stagnation time, which is confirmed by the
rapid increase of the length scale in Fig. Secondary instabilities near the inner
interface can be seen, as shown in the snapshot ¢ = 0.28. At time ¢t = 0.40, the length
scale shown in Fig. indicates that the entire structure has significantly expanded and
exhibits small-scale mixing [43]. For the high-mode case, the selected two snapshots in
Fig. [I8 ¢ = 0.22, t = 0.27, are just before and after the maximum compression time.
The outer boundary is composed of 47 fingers and show good symmetry preservation.
The mixing zone containing most small scales at ¢t = 0.28 is larger than that at ¢t = 0.27,
see the vorticity contours in Fig. A wide range of resolved small interface scales are
generated, indicating our method is very robust due to the multi-material scale separation

model.

3.6. Shock wave interaction with a multi-material bubble (VI)

This problem represents a complex shock-accelerated inhomogeneous flow [44], and is
a combination of a 2D air-helium [45], [18 46, 25] and an air-R22 [25] [47] 48] shock bubble
interaction. A Mach 6.0 shock wave in air interacts with a cylindrical helium bubble with
a R22 shell. The computational domain and intitial conditions are shown in Fig. a)
and Table. respectively. Symmetry boundary conditions are employed at the upper
and lower boundaries, while inflow and outflow conditions are prescribed at the left and
right boundaries. Simulations are performed with 4 x 1 blocks at the coarsest level and
lmaz = 7, leading to an effective resolution of 8192 x 2048 at the finest level.

In Fig. the density gradient fields and materials distributions at 6 time instants

illustrate the development of the shock system and the bubble deformation inside a
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medium with inhomogeneous flow states. At ¢t = 5.0 x 1073, the incident shock wave is
refracted after crossing the upstream front of the R22 shell. As a result of the acoustic
impedance mismatch pscs 3 > p1cs,1 at the air-helium interface, the transmitted shock
wave has a concave curvature while the shock in the ambient air keeps planar. This
convergent shock refraction pattern agrees with the numerical results in Refs. [25] [48].
A reflected shock is generated at the upstream front and then propagates upstream
inside the air [49] 44]. When the concave transmitted shock wave impacts on the R22-
helium interface, the reflected rarefaction occurs and moves upstream inside the R22
shell. The acoustic impedance mismatch pacso2 > pscs 3 at the air-helium interface
produces a convex transmitted shock inside the helium bubble. This shock propagates
downstream and subsequently impacts on the downstream surface of helium bubble. At
t = 1.0 x 1072, it moves across the interface entirely and becomes a re-transmitted shock
in the R22 material, as shown in Fig. b). Correspondingly, a Mach stem, triple point,
slip line and re-transmitted reflected shock (moves to the upstream of the helium bubble
in Fig. 20b)) are produced in R22 material during this process [49]. Along the vertical
direction one can observe a “fast-slow-fast-slow-fast” type of shock speed according to
definition of Zabusky and Zeng [50]. The deformed helium bubble has a similar shape
with previous numerical results [I8, [46] 25], although its incident shock is not planar.
The materials helium and R22 are accelerated with significantly different shock speed.
The global shape is extremely distorted, corresponding to “fast-slow-fast-slow-fast” shock
wave, see Figs. c) and (d) Several upstream-directed reflected shock waves with
different shock strength occur at different locations in either R22 shell or helium bubble.
These shocks interact with each other and finally with the reflected shock in Fig. (a),
see Figs. e) and f). From ¢t = 1.0 x 1072 to ¢t = 3.0 x 1072, R22 and helium are
mixed with the ambient air. The generation of many isolated R22 and helium droplets
are captured by our simulation, as shown in Figs. e) and 20[f) and in Fig. The
multi-resolution representation shown in Fig. b) demonstrates that all blocks near

the interfaces and the shock structures are refined to the finest level, £,,0. = 7.

3.7. Shock wave interaction with an Helium bubble and a water column (VII)

In this case, we consider a combination of shock-helium interaction [45] [18], [46] [25]

and shock-water interaction [25] 48] [51], where a helium bubble is initially accelerated
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Table 3: Initial conditions for 2D test cases.

Case VI Case VII
Location”| Post-shocked air ~ Pre-shocked air  Helium bubble R22 shell | Post-shocked air  Pre-shocked air ~ Helium bubble ~Water column
X 1 1 2 3 1 1 2 3
P 1.0 5.268 0.138 3.154 1.0 5.268 0.138 1000.0
P 1.0 41.83 1.0 1.0 1.0 41.83 1.0 1.0
U 5.752 0.0 0.0 0.0 5.752 0.0 0.0 0.0
2 14 14 1.667 1.249 14 14 1.667 7.15

* See Fig. [19]a) for details.

™ Tait’s EOS is used for water column and idea gas EOS is for other gaseous materials.

by a Mach 6.0 planar shock and then impacts on a water column. The computational
domain and initial conditions are detailed in Fig. b) and Table. [3|while the boundary
conditions are the same as in Sec. We refine 4 x 1 blocks at the coarsest level to
Lmaz = 6 to obtain an effective grid resolution of 4096 x 1024 at the finest level.

We plot 4 density gradient fields in Fig. R2at t = 1.0x1072, 1.2x 1072, 1.5x10~2 and
1.8 x 10~2, with helium colored by blue to track its evolution after impact on the water
column. Note that the bubble deformation, the transmitted and reflected shocks, and the
reflected rarefaction wave at t = 1.0 x 10~2 are in good agreement with those in Ref. [25],
see Fig. a). Triple point, Mach stem and slip line are observed at this time instant.
The deformed helium bubble moves downstream and impacts on the water column at
t = 1.2 x 1072, A transmitted shock and reflected shock are generated at the helium-
water interface. As the speed of sound in helium is comparable with that in water, the
transmitted shock in water and re-transmitted shock in the ambient air together form
a bow shock wave. Due to the high stiffness of the water column, the helium keeps
closely touched to the water column, as shown in Fig. (b) From ¢t = 1.5 x 1072 to
t = 1.8 x 1072, near two roll-up regions of helium propagate across the water column,
while little helium material resides along the upstream surface of water column. Small
droplets are generated due to the displacement effect of the water column. Complex
shock refraction pattern develop, indicating the increased complexity as compared to

configuration considered before [49] [44].
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4. Conclusion

The proposed conservative multi-material interface-interaction method comprises a
multi-region level-set method, a conservative finite volume method, an interface interac-
tion model and an interface scale separation model to overcome typical problems in the
numerical simulations of compressible multi-material flows. The advection of interface
networks is handled by the multi-region level-set method. Conservation is strictly sat-
isfied by solving the discretized governing equation with multi-material-cell treatments
and by using a conservation correction in each multi-material-cell. The sharp interface
property is maintained by an efficient reduced interface interaction model to obtain the
interface condition which serves to calculate the velocity of the interface network and
the exchange flux across different materials, instead of solving the full Riemann problem
inside a multi-material-cell. In addition, computational robustness is enhanced by remov-
ing non-resolved interface scales with a multi-material interface scale separation model.
A range of test cases validates that the proposed method has the intended properties
and demonstrates that the method is highly robust, flexible and efficient for simulations
of compressible multi-material flows. Although we only consider 1D and 2D test cases in
this paper and the flows are restricted to be invisicd, we emphasize that this method is
straightforward to implement in 3D and with no difficulties can be extended to viscous
compressible flows with source terms such as surface tension and gravity, by modifying

the exchange fluxes in the multi-material-cells.
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Figure 1: Schematic of the interface capturing method in Sec. for a 1D two-region system. (a) The
regional level-set function X>™ at t"™ is illustrated by the solid line. The dashed line indicates the exact
X+l profile at ™! driven by a constant velocity u. (b) The local level-set functions ¢1" and ¢2™
on the stencil (the gray box) of cell i = 6 are plotted by the blue solid line and the red solid line for the
regions x = 1 and x = 2, respectively. The corresponding evolved local level-set functions, ¢'"*1 and

¢>7+1 are shown by the dashed lines.
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Figure 2: A schematic representation of volume fraction correction for a multi-material finite-volume

cell to maintain conservation: (a) without modification, (b) sub-cell reconstruction and (c) conservation

modification.
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Figure 3: Schematic of conservative discretization for a 3-material cell.
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Figure 4: Simple test cases for multi-material interface scale separation model: (a) A thin filament and
(b) a small droplet. The solid blue line and dashed red line indicate the interfaces before and after
applying the scale separation model. (c¢) and (d) show the level-set contours before and after applying

the scale separation model.
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Figure 5: The multi-resolution representation of 3-material compressible flows in 1D. (a) The compu-
tational domain is partitioned by 3 materials (a, b, ¢). Two interfaces Iy, and I'ec separate these
materials, and a shock wave occurs inside material a. (b) The circles indicate the non-existing blocks.
The black dots are the non-leaf blocks which have child blocks. The leaf blocks, colored by blue, red
and yellow are blocks containing single material a, b and ¢, respectively. (c) The final multi-resolution
representation shows the single-material block of material b is located at the coarsest level as no shock
wave or interface occur near it. The single-material block of material c is refined to £ = 2 because it
is close to the interface I'q.. The single-material blocks of material a are either refined by interface or

shock wave. All multi-material blocks are refined to the finest level.
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Figure 6: Three-material shock tube problem.
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Figure 7: Three-material explosive driving and high-speed impact problems: (a) the copper-TNT-copper

configuration and (b) the aluminum-TNT-copper configuration.
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Figure 8: Trajectories of the inner (blue lines) and outer (red lines) interfaces of the shell in 1D ICF

implosion problems.
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Figure 9: Parameter study of the ICF implosion problem: (a) different shell thickness and (b) different
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Figure 10: Internal energy distributions at ¢ = 0.2, 1.0, 2.0, 3.0, 4.0 and 5.0 for 2D compressible triple
point problem with £ = 5.
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Figure 11: Snapshots of density gradient at ¢ = 0.2, 1.0, 3.0, 3.5, 4.0 and 5.0 for 2D compressible triple
point problem with ¢ = 5.
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Figure 12: Vorticity contours at 5.0 for 2D compressible triple point problem with £ = 5.
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Figure 13: Volume fraction contours of x = 1 (a), x = 2 (b), and x = 3 (c) at time ¢t = 3.0 for 2D
compressible triple point problem with £ = 5. The extracted interfaces (red lines) are shown in the

insets.

41



25 15 05 05 15

Figure 14: Comparison between the present numerical method (left column) and other existing methods
[42 [41] (right column) for the 2D compressible triple point problem. The internal energy contours
obtained by our numerical method with £ = 2 (an effective resolution of 448 x 192) and ¢ = 5 (an
effective resolution of 3584 x 1536) are plotted in (a) and (c), respectively. The internal energy contours
of the ALE method (reproduced from [41] with permission of Elsevier BV 2017) with resolution 140 x 60
and 560 x 240 are shown in (b) and (d), respectively. The density contours (logarithm scale) of our
numerical method with £ = 5 and the curvilinear finite element method [42] (high-resolution results are
available at https://computation.llnl.gov/projects/blast/triple-point-shock-interaction) are shown in (e)

and (f), respectively.
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Figure 15: Grid convergence tests for 2D compressible triple point problem. (a) The interface networks
at t = 5.0 with different finest levels, £ = 0, £ = 2 and ¢ = 4. (b) Convergence study of the interface
location at the lower (red lines) and upper (blue lines) boundaries with increasing ¢ from 0 (the second
resolution with £ = 0 is half of the first one) to 5. The coarsest resolution is obtained with £ = 0 and
the number of inner cells is 8 while in other simulations the number of inner cells is 16. (c¢) The pressure

profiles along x direction at y = 0.5 (red lines) and y = 2.5 (blue lines) with ¢ being 4.0.
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Figure 16: Snapshots of density gradient before the stagnation time for 2D cylindrical ICF implosion

with a 5-mode perturbation.
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Figure 17: Snapshots of density gradient after the stagnation time for 2D cylindrical ICF implosion with

a high-mode perturbation.
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Figure 18: Snapshots of density gradient and vorticity at ¢ = 0.22 and 0.27 for 2D cylindrical ICF

implosion with a high-mode perturbation.
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Figure 19: Computational domains for 2D compressible 3-material flows: (a) case V and (b) case VI.
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Figure 20: Density gradient fields and materials distribution of case V at (a) t = 5.0 x 1073, (b)
t=10x10"2,(c)t =1.5x 1072, (d) t =2.0x 1072, (e) t = 2.5 x 1072 and (f) t = 3.0 x 1072, A

multi-resolution representation is outlined at t = 1.0 x 10~2.
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Figure 21: Vorticity contours of case V at (a) t = 2.0 x 1072 and (b) t = 3.0 x 10~2.
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Figure 22: Density gradient fields of case VI at (a) t = 1.0 x 1072, (b) t = 1.2 x 1072, (¢) t = 1.5 x 102
na (d) t = 1.8 x 10~2. The distribution of helium is colored by blue to capture its interaction with water

column (light gray).
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