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Abstract: We present an implicit-explicit finite volume scheme for two-fluid single-temperature flow in all Mach
number regimes which is based on a symmetric hyperbolic thermodynamically compatible description of the
fluid flow. The scheme is stable for large time steps controlled by the interface transport and is computational
efficient due to a linear implicit character. The latter is achieved by linearizing along constant reference states
given by the asymptotic analysis of the single-temperature model. Thus, the use of a stiffly accurate IMEX Runge
Kutta time integration and the centered treatment of pressure based quantities provably guarantee the asymptotic
preserving property of the scheme for weakly compressible Euler equations with variable volume fraction. The
properties of the first and second order scheme are validated by several numerical test cases.

Keywords: All-speed scheme, IMEX method, reference state strategy, single temperature two-fluid flow, asymp-
totic preserving property, symmetric hyperbolic thermodynamically compatible model

1. Introduction

In continuum mixture theory, the constituents of a multiphase system, also called mixture, are present at every
material element even if an element represents a pure phase. This approach is applicable to model both situations
—the case of miscible [26] and immiscible [33, 5] multicomponent systems. The material interfaces, if present, are
zones of rapid but smooth changes of a parameter distinguishing the phases of the mixture, typically the volume
or mass fraction .

Despite the fact that almost any application in science and engineering deals with multiphase systems and there
is an obvious need for a consistent and reliable mathematical model to describe such multicomponent systems,
the continuum mixture theory is far from being complete and no widely accepted model exists. Perhaps, the
most widely used approach is based on equations for every individual constituent of the system, i.e. phase mass
balance, phase momentum balance, phase energy balance, etc. The key problem here is to find a closure for
this system of equations which is represented by the coupling terms describing the exchange of mass, energy,
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and momenta between the mixture constituents. Note that a first-principle theory to provide such a closure is
currently not available. Consequently, various heuristic and phenomenological approaches are used. The Baer-
Nunziato (BN) model [1] introduced in 1986 is a representative of this class of mathematical formulations and
since then an active line of research has been done to adapt it to various applications, [32, 10, 33] and recently to
low Mach number flows [27].

In this paper, we deal with another class of governing equations for mixtures, here in the single-temperature
simplification, which represents an attempt to build a mixture theory based on the first-principle reasoning. The
equations belong to the class of the so-called Symmetric Hyperbolic Thermodynamically Compatible (SHTC)
equations [11, 13, 12]. The key ingredients are the variational principle and the second law of thermodynamics.
The variational principle is used to deduce a reversible part of the evolution equations that is subject to entropy
conservation. The second law of thermodynamics yields an irreversible part of a model and controls entropy pro-
duction. In contrast, to the BN class of mixture models, the governing equations of the SHTC model are formulated
not directly in terms of the phase quantities but mainly in terms of mixture quantities such as mixture mass den-
sity, mixture momentum, mixture energy, etc. The SHTC equations can be rewritten in terms of the phase balance
equations, i.e. in a BN form, see [30, 28]. In this way, a new term appears in the phase balance equations, that is
usually missing in the BN-type models, see [28]. The latter can be identified as lift forces [9] acting on a rotating
fluid element of one phase immersed in another one.

In this work, we are interested in a single-temperature SHTC mixture model [20] which is a special case of the
two-velocity, two-pressure, two-entropy SHTC model of two-phase flows derived in [30, 29]. In [34] the full model
has been numerically solved based on an explicit time integration. The difficulty lies in handling the two entropy
balance laws of the full two-fluid SHTC model and only one energy conservation law. One the other hand, applica-
tions such as sediment transport, granular flows or aerosol transport can be modeled with the single temperature
approach resulting in one mixture entropy balance law associated to one energy conservation law. These appli-
cations lie within weakly compressible flow regimes, characterized by small Mach numbers. A severe difficulty in
the construction of a numerical scheme applied to weakly compressible flow regimes is posed by the scale differ-
ences between acoustic and material waves. The focus of the numerical simulation usually lies on the evolution
of the slower material waves following the two-fluid interface for which a time step controlled by the local flow
speed is sufficient. The time step of an explicit scheme, as proposed in [29, 31] for compressible two-phase flow
in the SHTC framework, is bounded by the smallest Mach number. This leads to very restrictive time steps in
the low Mach number regime and consequently to long computational times, especially when long time periods
are considered. This problem can be overcome by considering implicit-explicit (IMEX) time integrators, where
fast waves are treated implicitly leading to the Courant-Friedrichs-Lewy (CFL) condition that is restricted only by
the local flow velocity. It allows larger time steps while keeping the material waves well resolved. Additionally,
an implicit treatment of the associated stiff pressure terms, which trigger fast acoustic waves, has the advantage
that centered finite differences can be applied without loss of stability while guaranteeing a Mach number inde-
pendent numerical diffusion of the scheme, see e.g. [8, 14, 18] for a discussion on upwind schemes. Indeed, the
correct amount of numerical diffusion is crucial to obtain the so-called asymptotic preserving (AP) schemes [15].
Since the flow regime of the two-phase flow considered here is characterized by two potentially distinct phase
Mach numbers, different singular Mach number limits can be obtained depending on the constitution of the mix-
ture. For their formal derivation we apply asymptotic expansions, as done for the (isentropic) Euler equations,
see [6, 7, 8, 14, 17, 18, 25]and the references therein. We refer the reader to our recent work on the isentropic
SHTC two-fluid model [21]. To obtain physically admissible solutions, especially in the weakly compressible flow
regime, the numerical scheme has to yield correct asymptotic behavior. This means a uniformly stable and con-
sistent approximation of the limit equations as the Mach numbers tend to zero.

The profound knowledge of the structure of well-prepared initial data can be used to construct an AP scheme



by applying a reference solution (RS)-IMEX approach. This approach was successfully applied to construct AP
schemes for the (isentropic) Euler equations [3, 16, 19, 35] and isentropic two-fluid flow [21]. This leads to a
stiff linear part which is then treated implicitly whereas the nonlinear higher order terms are integrated explicitly
respecting the asymptotes in the low Mach number limit. By doing this, nonlinear implicit solvers can be avoided
which are computationally costly.

The paper is structured as follows. In Section 2, we briefly recall the model and give its non-dimensional formu-
lation. For well-prepared initial data, we analyze its singular Mach number limit towards the incompressible Euler
equations with variable density. Using the knowledge of the limit reference state, we construct first a semi discrete
scheme in Section 3.2 and derive a fully discrete scheme in Section 3.3. The construction of higher order schemes
within this framework is shortly discussed, too. Further, the AP property of the scheme is proven in Section 4.
Finally, in Section 5, a series of 1D and 2D test problems is presented to numerically verifying the convergence of
the proposed scheme and its behavior in compressible and weakly compressible flow regime.

2. Single temperature two-fluid flow

In this section we recall the SHTC two-fluid model derived in [30, 29]. We concentrate on the model in the thermal
equilibrium regime [20] which is a legitimate approximation for many applications mentioned in the Introduction.
Thus, we deal with the mixture of two fluids in which every material element (control volume) is characterized by
the temperature T with T = T} = T», where the lower indices denote the respective phase [ = 1,2. Moreover, we
assume that every material element of volume 7 and mass .# is occupied by both fluids, i.e. ¥ = v; + v, and
M = my + my, with v; and m; being the volume and mass of the /-th phase in the control volume V. However,
to characterize the fluid content in a control volume, it is convenient to use non-dimensional scalars: the volume
fractions a; and mass fractions c¢; defined as

v m a
4 Mop P
where
M
P=7=91+Qz=alpl+a2,02 (2)

is the mass density of the mixture, p; is the mass density of the /-th phase in the control volume V, and p; is the
mass density of the [-th phase. The volume and mass fractions obey the constraints

ar+ax=1, cp+c=1. 3)

Moreover, each phase is equipped with its own velocity field v; € R, where d denotes the space dimension,
and the mixture control volume is assume to have the velocity defined as the center of mass velocity, i.e. as the
weighted average given by

V=C1v1 + V). (4)

The mixture momentum pv = g;v; + 20> is equal to the sum of the phase momenta. Additionally, one needs to
characterize the relative motion of the phases which, in the SHTC theory, is done using the relative velocity field

w =v] —Va. (5)

For each phase, an entropy s; and internal energy e;(p;, s;) is prescribed yielding the phase pressures

e ) 6
plapl (6)

pi



We consider an ideal gas equation of state (EOS) given in terms of the respective density and single temperature
resulting in

T (1\"! 1
silpr, T)=cy,lo (—(—) ), Toy=——7—, elp,TN=cyiT, pilp, T)=1—Dcy10:T, (7
o v,1108 To: \ps 0 r1— 1D p v pilp Y v1P
where y; denotes the ratio of specific heats and c,,; the specific heat at constant volume for each phase [ = 1,2. To
conclude the definition of the mixture state variables, we have the specific mixture internal energy e = c;e; + c2 e,
the mixture pressure p = ng—; = a1 p1 + a2 p» and the total energy density of the mixture given by

v]|? lw]?
pE=pe+ ‘DT +pcic

8)
The total mixture entropy reads S = c; 51 + ¢252. All state variables are summarized in the vector

q=(a1,a101, @202, pv,w,pE)" . 9)

The SHTC model with a single temperature can be written in the following way

oa; _ P1—p2
W'i"l]‘val—_ T(“)p ’ (10a)
0
NAPY | . (a1 p101) =0, (10b)
ot
0
(@202) 4 9. (@0002) =0, (100)
ot
0
(gtv) +V-(pvev+pl+pcicowew)=0, (10d)
ow lwl? c1cow
—+V||w-v+u —p2+1-2c) Il+(Vxw)xv=- , (10e)
d(pE) lwl?
5 +V-|v(pE+p)+p |w-v+pu — 2+ 1 -2cp) 5 cicow|=0. (10

Here pu; = e; + % —s;T, I = 1,2 denote the chemical potentials. In the above formulation, the volume fraction
is advected in a non-conservative way with the fluid flow v balanced by a pressure relaxation source term. The
mixture mass is conserved due to (10b), (10c), the momentum due to (10d) and the total energy due to (10f).
The relative velocity is not conserved and driven by the difference in the chemical potentials y = y; — y» and
a friction source term. The relaxation parameters 7* and 7 characterize the relaxation rates of the mixture
towards pressure (p; = p») and relative velocity (v; = v) equilibrium.

Moreover, the model is equipped with the entropy balance law

0(pS)
+V-(pSv)=11=0 (11)
ot
with the entropy production term
- 2 2.2 2
H—W(Pl—lﬂz) +TT(—w)pong||’w|| . (12)

For details on the derivation of the model and its thermodynamical properties we refer to [31, 30, 29, 28].



Since each phase is equipped with a respective pressure and density, a sound speed for each phase a;, as well as
a mixture sound speed a can be defined by

@? =2y P and @ =22 = oy (@ + o (@), (13)

0p; pi op
Accordingly, a Mach number can be assigned to each phase. As usual it is defined by the ratio between the flow
velocity v and the sound speed a;. In the case that the flow is characterized by (at least) one small Mach number,
different scales arise in the model that yield stiffness in the governing equations (10). To obtain a better under-

standing of the scales which are present in the model, we will rewrite system (10) in a non-dimensional form.

2.1. Non-dimensional formulation of the two-fluid model

Let us denote the non-dimensional quantities by ( ¢ ) and the corresponding reference value by (e) . We assume

that the convective scales are of the same order, i.e. V] ref = Urer = Xref/ fref- The ratio of the phase densities, how-

ever, can be large, especially when considering a mixture of a light gas and liquid. To take this potentially large

difference into account, we define two different reference densities p; . Note, that the volume fraction and mass

fractions are already non-dimensional quantities. Further, we define two reference pressures p; ;of from which we

can compute the reference sound speeds a..f and reference internal energies e;.f via the EOS (7). They are given
by

2 Plyef Pl ref 1 Pl ref

(al,ref) = y  €lref = ’ ref = )

POl ref O1ref Yilyr— 1)Cv,l Pl ref

The dimensional state variables g are then expressed as the product of non-dimensional quantities and reference

values as follows

=12 (14)

o s _ .~ Plref _ ~ Plref . s .
PI=PiPlrefs Pl1=PiPlLref, €1=€] y M1 =g V] =U[VUrefy, UV =7DVVUref, W = WUref. (15)
Pl ref Lref
Further, a respective reference Mach number M; is assigned to each phase [=1,2
v
My = <L (16)
aj ref

Inserting expressions (15) into the dimensional equations (10), dropping the tilde ( ¢ ) and using (16), we obtain
the following non-dimensional formulation

0ay 1 (Prref P1 P2ref P2

—+v-Va; =- ) (17a)
ot ' T @0 pret (MDZ T prep (Mp)2
0
WD | G (aypron) =0, (17b)
ot
0
0@202) | (@, 0502) =0, (170)
ot
0(pv) ( ( Prref PpP1 P2ref P2 )
+V-[pvov+|a;— +ap— I+pcicoweow|=0, (17d)
ot P Vot M2 prer Mp2 ) TP
a—w+V-(w-v+ LR TR L I)+(wa)xv=—clc—2w (17€)
ot (M1)? (Mp)? 2 Tw)
0(pE
(p )+V'(’l)(pE+(X1p1'mf p12+a292,ref Pzz) (170
ot Pref (Ml) Pref (MZ)
th 2 lw|? )
+V. U+ - +(1-2 =0 17
(p w-v YANIYAL ( c1) 5 | Giew (17g)




with the scaled total energy

e » T e ’ T v 2 w 2
o Clpl,ref 1(p1 k ) te P2,ret €2(02 k ) N vl feic lwl 18)
Pret  (M7) Pret  (M>) 2 2
and the mixture density p = ppref = @10101,ref + X20202,ref With p = alﬁl% + agﬁg%. In the next section we

introduce well-prepared initial data that will be used for the formal asymptotic analysis of (17) in the low Mach
number limits.

2.2. Well-prepared data and low Mach number limits

As we have seen from the Mach number definition (16), the difference in the flow regimes of the two phases
depends mainly on the material constants y; and c,;. In particular, from the single temperature EOS (7), we

obtain ) )
a a, 2= (yi—=Dcv1 5

Y1(y1—Dey - Yo(y2—1)cyz2 e Y2(y2—1)cy2 2

and consequently, with @ rer = \/ Yi(y1 = Dcy,; Trer, we find a direct relation between two Mach numbers

_1
Mi=eM, =, 202" (20)
Y1(y1—1Dey1

In the following, for simplicity, we consider the case M} = M, = M, where 0 < M « 1, i.e. € = 1. The cases € > 1
and € < 1 can be treated in a similar manner. For a full analysis of model (17) in the isentropic case we refer the
reader to [21], where the singular limit for two different Mach numbers 1 > M; > M, >0 and 1 = M; > M, >0 are
considered.

We proceed by expanding sufficiently smooth phase state variables with respect to M. Note that the volume and
mass fractions are non-dimensional quantities and are not expanded with respect to the Mach number.

(19)

p1=pLo+ Moy +OM?),  1=1,2,
T = Ty + MTqy + M* Ty + G (M), (21)
V=P t+ M'U(l) +@(M2).

Since the relative velocity is subject to a relaxation process, we set 1) = M leading to the desired zero background
relative velocity w(g) = 0 in the limit, thus
w = Mwq) + G (M?). (22)

To obtain Mach number expansions also for the remaining thermodynamical quantities, we apply EOS (7) which
yields

p1=(cui(yi=Dp1,0 Toy) + Mcy,i(y1=1) (p1,0 Ty + o1, To) +0(M?),
c -1 Ta + T
S, p10r1=1 (P10 Ty + 1,0y T0))
PLO
pier = (coip0 T0) + Mcvi (10 Ty + pr,o) Tioy) + O (M?)

— Twys1(o1,0), To) | + O (M?), (23)

wi = (T (corvi—si(pn0) To)

and imply the following expansions
pL =P + Mpia) + M?pp o)+ O(M),
11 = payo) + Mp,ay + M2 )+ 0(MP), (24)
pie;= (Plel)(o) + M(plel)m + M? (plel)(z) +O(M3).



We insert the Mach number expansions (21),(24) and p( = alp(lo) + a? p%o) in the non-dimensional formulation
(17) and sort by the equal order of the Mach number. Terms of the order 6 (M ~2)and @(M™!) arise in the relaxation
source term of equation (17b) yielding

P2,ref ef P2,ref P1,ref
——PpL0 = p2,0 and pLa) = P2, (25)
Pref ref ref Pre
as well as in the momentum equation (17d)
P1,ref P2, ref
V (041 ri P, + 2 —— Pz,(O)) =0 Vp10) =0, Vp2,0 =0 and (26)
re re
P1,ref P2, ref
V (061 ri 1) + a2 —— Pz,(l)) =0 Vp,a)=0, Vpo,0) =0. 27)
re re

This implies that p; and p;e; are constant in space up to the second order perturbation p; ) and (p lel)(z). Fur-
thermore, from the relative velocity equation (17e) we have the following conditions

V0 =Viz,0, and Vuya)=Vigq). (28)

In particular this means that the difference of the chemical potentials p () and p () are constant in space. Taking
these observations into account as well as wyg) = 0, @(M~2) order terms in the energy equation (17g) reduce to

0p )€
% +V-(pmewvw) + poV-ve =0. (29)

We further assume that the phase pressure relaxation towards a common pressure is faster than the characteristic
time of pressure wave propagation, and one obtains a uniform mixture pressure p() = a; p“*;f P12+ @t p“jf P22 =
re! rel

p2,2)- This motivates the following assumption on the dynamics of the volume fraction in the low Mach number

limit.
Assumption 2.1 (Transport of interfaces). In the low Mach number limit we assume

—+v" -Va; =0. 30
Y 1 (30)

With this assumption, we can rewrite the energy equation at the leading order (29) as follows

o0(p1e1) ) d(p2e2) (o)
N TR g

+pw0ewo Vo +pPoV-ve =0. €2))

In fact, (31) can be written as a convex combination with respect to the volume fraction

0(p1,0)€1,00)
ot

0(p2,0)€2,(0))

o1 + (2,0 €20 + p2,0) Vv | =0. (32)

a +(prLeLo + PLo) V'U(O)) + az(

Since the volume fraction can be arbitrary under the constraint 0 < a; < 1,1 =1, 2, (32) implies

0(p2,0€2,0)
ot

0(p1,0)€1,0))

Y +(p2,0€2,0) + P2,0) V-v@©) =0. (33)

+(p1L,0eLo + PrLo) V-ve =0 and

which is consistent with the limit of single phase flow of the Euler equations, see e.g. [8, 17, 18].
Then, analogously to [8] for the case of the Euler equations, we obtain from (33), that p; )e; ) are constant
in space and time and consequently we obtain from (24) that also the phase pressures at leading order p; ) and



P1,0) T(0) are constant in space and time. Furthermore, we obtain the divergence free mixture velocity constraint
V-v(g) = 0. Summarizing, we can formally write the following expansions for the pressure and internal energy

p=po+ @’(Mz), P() = constant, (34a)
pre; = prero +0(M?), 01,0 €1,(0) = constant. (34b)

To obtain the expansion for the temperature, we look at the constraint for the chemical potentials. First, (34b)
implies that p; () T(0) are constant. Therefore, we can define two constants &; > 0 such that

Typ1,0 =61, Tw)p2,0) = &2. (35)

Then it follows from V(u1,0) — ti2,(0)) = 0 that

1 772 -1 N
po2\"2 7! T (Pm)h 0)
0= 1 — — |- 1 — — || VT 36
(Cv,z og(( &, ) Ty cy1log &, T ) (36)

and consequently T|g) is constant unless both phases coincide. Since we consider a general case of different phase
densities, it follows from (35), that the phase densities p; () are constant as well. From relation (34a) follows
pay =0 thus p; ) Ta) + p1,0) Ti0) = 0 which implies

To). (37)

»

Relation (28) yields T(y) is constant and together with (37) implies
= 0 +OM?),  p1=pro+0M?), T=To+0M?), i), p10 T} = constant. (38)

Plugging these expansions in (17b) and (17c) and single out the first order perturbations for the phase densities,
it follows v(1) = 0 and w(;y = 0. Consequently, we have for the friction source term 7*) = @(M?). We proceed by
defining a set of well-prepared initial data.

Definition 2.2 (Well-prepared initial data for variable volume fraction). Let q € R**2? denote the state vector and
let both phases be in the same Mach number regime denoted by M. Let Assumption 2.1 hold. Then the set of well-
prepared initial data is given as

p1, P1,
Q= { geR*: ot r;fp(zk) = ot r;fpl,(k)r k=0,1,2; Vpi,0 =0, Vp2,0=0; Vpi,a)=0, Vp2,a)=0;
re re

Vi = Ve, VeLm = V2w Voe =0, vy=0 1™ =0M*} (39)
using the Mach number expansions (21),(24).

For well-prepared initial data, we obtain formally for M — 0 and 7™ = @(M?) the following incompressible
limit equations with variable volume fraction

6a1

27 TUO Va1 =0, p) =a1p1,0) +@202,0)> (40a)

ov \YJ

e L} +v() - VU(()) + Pe) =0, V"U(o) =0, (40b)
ot PO

where pyy) is the second order perturbation of the uniform pressure given by —V-(Vpe)/p()) = V2 : (v(0) ® v(0))
acting as the Lagrangian multiplier. Note that the limit velocity equation is derived applying 0,a = —v(g) - Va in the
momentum formulation (17d).



3. Numerical scheme

Let us write the two-fluid model (17) in the following compact form

0
a—‘j+V-f(q)+B(q)-Vq=r(q), 41)

were q denotes the vector of state variables defined in (9), f the flux function consisting of the conservative terms,
B(q) is the matrix that contains the non-conservative contributions and r the relaxation source terms acting on
the volume fraction and the relative velocity.

In the following, we construct a numerical scheme for the two fluid single-temperature model (41) which is sta-
ble independently of the Mach numbers M! and M?. This allows to follow the dynamics associated with the flow
velocity v, especially the transport of the volume fraction that represents the interface between the two phases. In
addition we require the new scheme to be asymptotically preserving (AP), meaning that the numerical scheme in
the singular limit as M — 0 has to be consistent with a discretization of the incompressible limit equations (40).

To achieve this goal, we use an operator splitting approach, dividing the flux f into terms f treated explicitly
and f™ integrated implicitly. The components of the non-conservative terms B only involve terms with respect
to the velocities v and w and are treated explicitly. The resulting implicit system is in general nonlinear due to the
nonlinearity of the flux function '™ and nonlinearity of EOS (7). This, however, implies a huge computational
overhead since nonlinear solvers would be required to solve large coupled implicit systems. To reduce compu-
tational costs, we construct a linear implicit numerical scheme whose implicit part can be solved by direct or
iterative linear solvers. To avoid that the AP property is lost during the linearization process, we use the so called
reference solution (RS) approach detailed in the subsequent section that has been successfully applied to construct
schemes for the Euler equations and isentropic two-phase flows [24, 3, 16, 21].

3.1. Reference solution approach

In the singular limit as M — 0, the stiffness in the system is mainly connected to the pressure and chemical poten-
tial terms in the momentum and relative velocity equation. Further, these terms are coupled with the evolution
equation for the total energy density pE. Therefore, to obtain a time step that is dominated by the mixture veloc-
ity v, these terms need to be treated implicitly. It follows from the EOS (7), that the mixture pressure p depends
linearly on pE and we can write

. Y1®101Cy1 +Y20202Cy2
= —1)(pE - pEypn), th 2,01, = 2 < 42
p=(pp—1)(pE-pEn), with ¢,(ai,az p1,p2) T1P1Con + 202002 (42)

where Ey, contains all kinetic energy contributions

lo)® lw|®
Eyin = C1e— (43)
For the chemical potentials we have a nonlinear dependence on pE via the phase entropies s;(q), ! = 1,2, given by
1 e Y1cu1 = 51(q) = € (y2cu2 = 52(q))
=— - "= =¢,(pE-pEy,), where () = : ' 44)
/J M% M§ (le p P kin (rbl.l Q) 0.’1[)16,/,1 +nga2p261},2 (

with € being the ratio of Mach numbers defined in (20).

Note that for single phase flow, ¢, = y—1is constant and ¢, = 0. Consequently, formulations (42), (44) reduce to
the Euler case, studied in [4], and is consistent with single phase flow. Therefore, we linearize only the difference
of the chemical potentials p with respect to pE around a reference state ggs as follows

_ ou _ _ 2
1= igs + ( 50D )RS (PE- (pE)s) + 0 ((0E - (0B)rs)?), (45)



where
ou _ calyi—D-s1(p1,T) —€?(cp2(y2—1) —$2(p2, T))

— =0(1) (46)
0(pE) A101Cp1 +C2 202002
for all € = % The reference state is set to
grs = (@1,a101,0), @202,0), 00V, W, (0E)rs) ., (0E)Rs = p(0)e) + P0) Exin» 47)

where py o), p1,0)€1,0) are constant leading order states from (38) and

1,(0)€1,(0 2,(0)€2,(0
01,0 ()+aP (0) ().

P = A101,0) + @202,0) P ©0)€©) = A1 > 2 >
Ml M2

We split ¢ into a part that is linear in pE given by

L ou R ou
K= frs + (W)RS pE, firs = pgrs) — (M)RS x (pE)rs (48)
and a nonlinear part
fi=p-i=0((pE-(pBrs)’). (49)
Note that if considering well-prepared initial data, j is of order M?,1 = 1,2. This can be seen by multiplying
u= ﬁllz - A’ﬁ[—%, without loss of generality, by Mf Then we obtain
2, _ 2 ou e = 2 2
M1 — €712 = 1, — € Ua,Rs + (ﬁ) x (0E— (pE)rs) + O ((pE - (pE)rs)?), (50)
PE)JRs
where
pE=a1p161+<€2a2p2eg+prEkin. (1)

For the difference between the total energy density and its reference value we obtain
pE - (pE)rs = M2 a; (1016’1)(2) +(Mx€)az (pzez)(z) + M7 p 2 Exin = M (cre1,) + c2e2,2) + P2 Exin) (52)

with p2) = M2a1p1,2) + M2 a202,2). Therefore, it follows

- . (0E — pEgs)?
u:%_ﬂ:@(% o) 53)
1 1

Consequently, the nonlinear term f vanishes as M; tends to 0 and can be treated explicitly without imposing
a sever time step restriction. Note that for compressible flow M; = 1, these terms are important to obtain the
correct wave speeds and cannot be neglected.

Taking these considerations into account, the following subsystem will be treated explicitly

%+v Va; =0 (54a)
at 1- y

K]

@P) | g (arpron) =0, (54b)
ot

0

(@2P2) | V. (@a0509) = 0, (54¢)
ot

M+v-(pv®v)=o, (54d)
ot

w lw?

E+V- w-v+(1-2cp) Il+(Vxw)xv=0, (54e)

O(pE 2

%+V-(p w-v+(1—20) 12 clcszZO. (546)
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Written in compact notation, we have

P
0—3 +V-F(q) + B(q)Vq = 0. (55)

Subsystem (54) is weakly hyperbolic, since it lacks one linearly independent eigenvector for the characteristic
speed A7. The complete list of characteristic speeds is given by

=0, AV=v-n@Bx), AY=@+1-2c)w)-n. (56)
Applying, e.g. the Rusanov numerical fluxes, a numerical solution of the weakly hyperbolic system (54) can be

obtained. Further, rewriting pressures and chemical potentials in terms of p E and using the decomposition

ou
=f+fg and 0 :(—) ,
H=H+[ KRS 3B )xs

the implicitly treated subsystem is given by

0 1
ﬂ __ pl,refp_l2 B Pz,refp_22 , (57a)
ot T(“)P Pref Ml Pref M2
d(a1p1)
—F =0, 57b
Y (57b)
0
(@2p2) _ 0, 570)
ot
0(pv)
> +V-((¢p—1) (pE - pEkin) I + pcicow @ w) =0, (57d)
ow N _ c1cow
E"'V'([aHRS pE+frs+a]I) =~ T (57e)
O0(pE E
ot o
which yields the corresponding compact form
0q im
5, *V T @=r@. (58)

In the following, we construct an IMEX scheme for two subsystems (55) and (58). We start with the time semi-
discrete scheme.

3.2. Time semi-discrete scheme

Let the time interval (O, Ty) be discretized by ¢" = nAt, where At denotes the time step subject to a time step
restriction based on a CFL condition given by

Ax
max (IAY (, )], |1AY (, )])°
xeQ)

(59)

Therein, A7, A7 are the characteristic speeds of the explicit subsystem (56) evaluated at time level ¢". For a first
order scheme in time, we apply the forward Euler method for the explicit subsystem (55)

qV =q" - AtV-f¥(g") - AtB(q™)-Vq" ©0)
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and a backward Euler method for the implicit subsystem (57). We find that there are still some nonlinear terms
present yielding a nonlinear coupled system. Extending the approach from [4] for the Euler equations, we linearize
certain flux terms in time yielding the following time discretization

(@1pn)™" = (@1p)", (61a)
(@202)"*! = (062)02)(1), (61b)
(o) = puV —Arv(«pZ—l)pE”“+;a”)—Atv~((pc1c2)”“w"®w"), 61c)
At
w" ! = w® — A9 (s (0B + A2 + ") - o (e w0, (61d)
1 1 1 (PE+p)" 1, n+l
(eE)" = (pE)V — AtV | (pv)™* W+u"(pclcz)"+ w", (61e)
where p" = —(¢); - 1)pE]\, . Rewriting the relative velocity equations with p"*! = (a;01)"*! + (a2p2)"*" implies
(w) At W)

,wn+1:( T ) (1)_( )Va n En+1+An+—n. 62
T(W)+At(cl(;2)n+1 T(w)+At(Clcg)n+l ( 'uRS(p ) Hps tH ) (62)

Substituting the relative velocity and momentum in the total energy equation yields a linear implicit equation for
the total energy given by

)n+1

E+p)"

_ARY. (( 1" (pcrc
W L At (c) )L

)V (auﬁs(pE)”“))

E n
= (pE)V — AtV (M

pn+1

(pv(l) + AtV (((,bp - l)pEkin)n —AtV- ((pcl C2)n+l w'e w”))) (63)

(w) ,,n n+1 (w) ,,n n+1

T cic AtT cic

—Arv-(( el l)w“’—( 4pac )vmasw").
T L At (crc)™" TW + At (crc)"™"

Having obtained the total energy (0 E)"*! we can successively update the relative velocity

(w)
n+l _ T 1)) n+1
w _(T(W)+At(clcg)”+1)(w - AtV (64)

and the momentum
(p,U)n+1 - p,v(l) —Al‘Vpn+1 —AtV- ((Pclcz)"+1w” ®wn+1) (65)

Finally, the volume fraction at the next time level is obtained from the pressure relaxation

oy 1 (p1 p2
Lo [EL 2 66
ot r<a>p(M12 M; ©o

Rewriting the source term in terms of the state variables g, we find

(67)

Oy 1 ((ri—Degaer (ya— l)Cu,zcz) PE — pExin

ot 7@ aq 1-a; A101Cy1 + A202Cy2

which is a nonlinear ordinary differential equation in a; and can be solved implicitly applying the backward Euler
scheme and the Newton algorithm to solve the nonlinear implicit system which concludes the time semi-discrete
scheme. We proceed with the construction of the fully discrete scheme in the next section.

12



3.3. Fully discrete scheme

In time, we set as before t"*1 = " + At, where At obeys the CFL condition (59). In space, we consider a two-
dimensional computational domain Q divided into cells Cy = [x1,j-1/2, X1,i+1/2] X [X2,j—1/2, X2, j+1/2] With & = (X1, X2) T,
The common edge between two neighboring cells Q; and Q; is denoted by 6Q;; and the set of neighbors of Q;
associated with the unit normal vector pointing from the cell Q; to Q; given by n;; is denoted by .4;. We con-
sider a uniform mesh size Ax;, Ax, in each direction and the barycenter of C; is denoted by x; = (iAx;, jAx,) for
i,j=1,...,N. We use a finite volume framework, where the solution on the cell C; at time " is approximated by
the average given by

1
qi = — | qz,t") dz. (68)
1Q11 Ja,
A fully discrete finite volume (FV) method for (55) reads
1 _ . n 10Q k] ex,, n . n n o n
q; =q; -At Y, ——(F™(q},qp)-nix+D(q},q8) - nik), (69)
Keoy, 1€
using a Rusanov numerical flux
1
F™(q},qg) -nix = 2 (F&@hH + £@p) - nix —six I (g —ap), (70)

where s = maxg(|Ar(qr)l,|A(gr)]) denotes the maximum eigenvalue at the interface 0Q;x. The non-conservative
product is approximated in the following way

1 1
D(q},q) nx = >B (@")-ag-ap), 4= > (gx +a7). (71)

The implicit elliptic equation for the total energy (63) is based on centered finite difference approximation for the
space discretization and can be formulated on cell C; in the following way

[6Q2 |
(oE); ™~ (2] (0B)[ ™ + 2 (0E)] ™) = (0B)’ -t Y- “a, 7@’ ad) ni
Ke N I (72)

— A L] (pEg,) — AP AT ((pE)gs — Ougs) A7)

Here, the weighted Laplacians are discretized as follows

10Q k| 10Q k|
Z1(0E), = Y., —Gilgra) [Hi(0B)] (an.ax), #i(0E),= Y. ——2-Gaa1,qx) [H2(0E)] (g1,q8) (73)
Ke, 1€l Ke, 1€l
with ) 0|
Gian ax) = 5 (8k(@n +gr(ax)),  Hilgr,qx) = |Qﬁ< (helgn - hilg)), k=1,2 (74)
where w) .
_(pE+p)" 1" (peicy)” A
81= m=¢p-L &= T + AL (c10)" V12 = ks =
The divergence terms are approximated as
n @ .
Fq,qP) nx == (gl(qﬂpv "+ gigopvy” ) m, (76)

where pvV* contains the relative velocity flux component ((pc; c2)" 1 w™ ® w™) with centered differences analo-

gously to (76). The coefficient matrix resulting from the linear equation (73) is strictly diagonal dominant. There-
fore, the linear system of equations has a unique solution independent of the Mach number regime. Numerically
it is solved by a preconditioned linear iterative solver GMRES provided by PetSc [2].
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Once the energy pE is computed at t"*1 the relative velocity (64) and momentum (65) are updated consecu-
tively by the FV method

0Q i
wpt =w® —ar Y O gim gned gty At (), (772)
Kew, 11l
n+l _ (1) _ 10Q1k| im |, n+1 ne1
pvitt =poy’ —Ar Y Foo (@™ qg™) nixk. (77b)

S

The numerical flux F'™ is constructed by the finite difference approximation defined analogously as in (76) based
on the implicit flux ™. The update of the volume fraction is approximated by the backward Euler method

af'=al + Atre (@)™, (78)
where r(,) denotes the pressure relaxation source term. Update (78) approximates on each cell the correspond-
ing ordinary differential equation (ODE) independently. To solve the nonlinear implicit system arising from the
backward Euler discretization of the ODE, a Newton algorithm is applied.

The steps of the reference solution implicit-explicit finite volume (RS-IMEX FV) scheme can be summarized as
follows:

1. Compute the explicit update q}l) given by (69) based on the advective terms f** and B with the numerical
flux (70) and the approximation of the non-conservative terms (71) under the material CFL condition (59).

2. Compute the implicit update q;’“ given by the following consecutive steps:

a) Solve the linear implicit equation (72) with centred elliptic operators (73) for the total energy (pE);“rl
based on a linearization using reference states qI’gs defined in (47).

b) Compute first the update of relative velocity w ;”1 given in (77a) and then the momentum pv }”1 given

in (77b) using the respective full nonlinear flux components given in f'™ discretized with centred nu-
merical fluxes. Due to the knowledge of (pE);“rl and the consecutive execution, both updates can be
done explicitly.

c) Solve on each cell the nonlinear implicit system (78) for the volume fraction a?“ arising from the

implicit treatment of the pressure relaxation process 7, using a Newton algorithm.

3.4. Higher order extension

The above procedure fits in the framework of IMEX Runge Kutta methods, using a forward Euler scheme for the
explicit and an backward Euler scheme for the implicit subsystems. The corresponding Butcher tableaux are given
in Table 1. For an s stage IMEX Runge Kutta method, the Butcher tableaux (A4, b, d) for the implicit and (A, b,d) for
the explicit parts are given by

an - 0 by dq an - 0 by dy
A=t ot b=l od=ff, A= o |, b=t d=]| . (79)

asy - Ass b ds dsy g by ds

Consequently, the IMEX method can be written as

S .
a;™' =qf -y b (V-£*@®) + B@®)-va®)+ by (V£ (q®) - riq®)), (80)
k=1
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INH
b
Q
b

IMEX-RK Scheme

111 010
Backward/Forward Euler +
1 1

ARS(2,2,2)

Sy
~

[sold
~

=
o | o o O
=<

0 0 0
0 0
Y y:l_L S5=1-L
1-y vy 116 1-6 0
Y 6 0

Table 1: Butcher tableaux of the first and second order scheme.

with the stages evaluated at time t*) = ¢ + d At
" k-1 . . B k . . .
a” =q! At Y i (V-£@”) + Bg™)-vq®)-ar Y agi (V- g™ -r(g™)). ®1)
i=1 i=1

To be consistent with the asymptotic limit, we apply globally stiffly accurate (GSA) IMEX-RK methods like for the
time discretization. For the first order method forward/backward Euler method is applied, for the second order
method ARS(2,2,2) is used, see Table 1. A second order method in space is achieved by a second order recon-
struction with a minmod limiter in the Rusanov numerical flux (70). In the implicit part, central finite differences
yield second order accuracy. Note that for GSA Runge Kutta methods, the final update (80) coincides with the last
computational stage (81) and thus does not need to be performed.

4. Asymptotic preserving property

Motivated by the analysis in Section 2.2, we consider the case M} = M, = M « 1. For the cases M; # M, and
M, = 1= M, > 0 we refer to the study of the isentropic case performed in [21]. The principle idea is the same and
the proof can be performed along the lines presented in [21] combined with the analysis for the case M; = M,
presented here.

Applying an analogous asymptotic analysis as in Section 2.2 on the semi-discrete scheme consisting of (60),
(63), (64), (65), (78) and using well-prepared initial data as defined in Definition 2.2, we can prove the asymptotic
preserving (AP) property for the semi-discrete scheme.

Theorem 4.1 (Asymptotic preserving property). The first order RS-IMEX FV scheme consisting of the explicit part
(60), the linear implicit elliptic system (63) and the implicit updates (64), (65) and (78) is asymptotic preserving
up to G(At). More precisely, for well-prepared initial data q° € Q%p the RS-IMEX FV scheme yields a consistent
approximation of limit equations (40) up to O(Af).

Proof. For the proof of the AP property we refer a reader to Appendix A. O

We want to point out, that the @ (Af) errors arising in the velocity equation and divergence free constraint at
leading order are due to the non-constant volume fraction in the low Mach number limit. For single phase flow,
i.e. the Euler equations, or homogeneous mixtures, i.e. constant a, we obtain a stronger result of V-v""! = ¢(M?).
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Corollary 4.2 (Asymptotic preserving property for constant volume fraction). For constant volume fraction or
single phase flows, we have

Yoy =P LOMMLO) pn 1
Moreover, the energy update
(po)py " = (pe)g —At((pe+p)ig v ) (83)

and T(’g))“ = Trs+0(M?) yield V-v(’gl =0(M?) since (pe+p) ?0) are constant. Consequently, for well-prepared initial
data, the RS-IMEX FV scheme gives a consistent approximation of the limit equations as the Mach number tends to
0 independently of At.

Proof. The proof can be done following the lines of the proof of Theorem 4.1. Due to p” and p"*! being a convex

combination of the states p; rs and p2 rs, they are constant. As a consequence, we obtain (82). Further, V-v(’(l)jl =

O (M?) since (pe + p) Z)) is constant. As the initial data are well-prepared, i.e. ¢° € Q],ﬁ,/[p, we also obtain recursively

q"¢€ Q%p for all successive time iterations n > 0. O

5. Numerical results

In this section, we illustrate by numerical experiments theoretical properties of the first and second order RS-IMEX
FV scheme, denoted respectively by RS-IMEX1 and RS-IMEX2, proposed in Section 3. All test cases are performed
under the material CFL condition (59) based on the eigenvalues of the explicit subsystem (55) which are of the
order of the advection scale. The initial conditions, if not mentioned otherwise, are given in dimensional form
using the transformations (15), (35) and the definition of the Mach numbers (16). Whenever possible, we compare
the numerical results obtained with our RS-IMEX FV schemes with an exact or explicit reference solution of the
two-fluid model with single temperature (10). Note that for a fully explicit scheme, the CFL condition depends di-
rectly on the Mach numbers M;, M, and on the relaxation parameters 7', 7). Therefore, a fully explicit scheme
which treats the relaxation source terms explicitly, is only comparable to the CFL condition (59) of the RS-IMEX FV
scheme for sonic and supersonic flows Mj, M, = 1 and slow relaxation processes 7'¥,7(®) > 1. Thus, for test cases
with well-prepared initial data, 7*) = @ (M?), the RS-IMEX FV scheme allows significantly larger time steps in low
Mach number regimes. Moreover, the case of pressure equilibrium which can be interpreted as “instantaneous”
relaxation, is impossible to resolve with a purely explicit scheme. Thus, also in the case of an explicit scheme a
nonlinear system has to be solved for a; to guarantee p; = p». This underlines the necessity of a semi-implicit AP
scheme in such situations.

5.1. Numerical convergence study

To verify the experimental order of convergence (EOC) we construct an exact solution of the homogeneous two-
fluid model single temperature system (10) given by a stationary vortex. It is obtained by considering zero radial
velocities and a constant solution to be in angular direction, i.e.
vr=0, w;,=0 2(-)—0 i(-)—O (84)
A .
In Appendix B, the two-phase model (10) without the relaxation source terms is written in polar coordinates (118).
Applying (84), it reduces to

op _@1p1 VQ% +az02 V@%

= s 85
or r (85a)
0 (ve? —vo} 10

- —vp|=— =0, 85b
ar( 5 + U1 -2 Ve(rar (rwa)) (85b)
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with p = a1 p1+azp2, Wy = vg; — gy, Vg = €1V +C2Vg,. We set the phase velocities and the profile for the volume
fraction to
Vg =10 18xXp (Vo (1—1%)) and aj=cy+acexp(ve(l-r?),

respectively. This yields two equations for three unknowns p;, p2 and T. To eliminate one unknown, we set
p2 = ¢pp1 With ¢, being constant. Then, the unknowns p; and T can be determined via the following system of
ordinary differential equations

P1 op2 op1 op2\ (0p1 0611011’9%+C¥2P2 Uag 0w, oa;
—+ — —+ar— || — -p1— +p2—

Mo, TP, “or Tor || o | r Prgy TPy, "
om _ ow o _om || 9T |T\ o (wi-wd) (10 W
6p1 p@pg oT oT or _E 2 + Vg (__r(rWG))

Applying the ideal gas law yields

6p1 apg

30, (y1—Deya 305 (Y2—Decye (87a)
op op2

(-1 . 2 =(y,—-1

AT (y1—Dey101 aT (y2—1cp2p2 (87b)

-1 T -1 T

O _ (nn—Dew , Ouz _ (y2—Dcwp 870)
0p1 P1 dp1 P2

0 0

ﬁ = (1= Deva =51, ﬁ =(2—1D.cp2—952 87d)

To obtain the initial condition on the computational domain [-1,1]?, we integrate (86) numerically with RK4,
starting with the initial data p; = 1,p2 = 1, T = 2. The parameters in order to obtain the velocities v; g and the
volume fraction «; are set as

ca=04, ac=10"% vg=10, v:1=2-107, 1,2=25-107, v, =15 v, =14 (88)

This setting yields two different phase velocities and consequently a non-zero relative velocity. To obtain a vortex
in the compressible flow regime, we assign the following material parameters
7

5
ni=g r2=3 1=l cp=L (89)

The maximal Mach number for phase 1 is 0.62, for phase 2 it is 0.21 and the maximal mixture Mach number is
0.54. Consequently, the flow is compressible.

Since the sound speeds depend on the magnitude of the pressures which itself depend on c,,;, we scale c,,; with
one over the Mach number M to achieve flows in a desired Mach number regime. In the next test case, we set
cy,1/ M? which yields a maximum Mach number of 0.018 for the phase 1 and 0.014 for the phase 2 and the mixture
Mach number of 0.016. Setting

Y1= 2, Y2 = 2.8, Cy1 = 20, Cy2 = 20, (90)

the vortex flow is now weakly compressible. Note that, according to Definition 2.2, the initial data are ill-prepared
since the phase densities are not constant. However, we see from Tables 2 and 3 that the numerical scheme RS-
IMEX2 FV converges with the expected EOC of two for both Mach number regimes. The results are obtained with
a material CFL condition (59) with v = 0.25.
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16 32 64 128

a; 6.31E-03 — 1.15E-03 245 2.20E-04 2.38 4.69E-05 2.23
p1 2.98E-02 — 9.44E-03 1.65 2.24E-03 2.07 3.94E-04 2.50
p2 2.78E-02 — 8.21E-03 175 1.60E-03 235 2.56E-04 2.64
vy,1 S5.51E-02 — 1.40E-02 198 2.44E-03 251 3.33E-04 2.87
vp1 5.51E-02 — 1.40E-02 197 2.45E-03 2.51 3.41E-04 2.84
v12 6.85E-02 — 1.58E-02 2.11 2.50E-03 2.65 3.41E-04 2.87
v22 6.85E-02 — 1.58E-02 2.11 2.49E-03 2.66 3.51E-04 2.82

T 445E-02 — 1.84E-02 1.27 3.92E-03 2.23 6.54E-04 2.58

Table 2: Two-fluid stationary vortex: L' error and EOC for the second order RS-IMEX FV scheme in the compressible regime
with parameters given in (89).

16 32 64 128

a; 6.53E-03 — 1.29E-03 234 257E-04 232 542E-05 2.24
p1  6.95E-03 — 1.70E-03 2.02 4.68E-04 1.86 1.19E-04 1.97
p2 2.73E-02 — 1.20E-03 4.50 3.23E-04 1.89 8.17E-05 1.98
vy,;1 4.11E-01 — 1.32E-02 4.95 2.09E-03 2.66 3.08E-04 2.76
vy 4.11E-01 — 1.33E-02 4.95 2.09E-03 2.66 3.08E-04 2.76
v12 4.17E-01 — 2.64E-02 3.98 6.14E-03 2.10 1.41E-03 2.12
v 4.17E-01 — 2.64E-02 3.98 6.14E-03 2.10 1.41E-03 2.12

T 250E-02 — 3.20E-03 296 8.24E-04 1.95 2.01E-04 2.03

Table 3: Two-fluid stationary vortex: L' error and EOC for the second order RS-IMEX FV scheme in the weakly-compressible
regime with parameters given in (90).
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Test Ty state a p1 p2 vig v21 T

left 03 2 12 O 0 1.2
RP1 0.2

right 0.3 2 2 0 0 1

left 07 1 2 -1 -1 1
RP2 0.2

right 0.3 1 2 1 1 1

Table 4: Initial condition for the 1D Riemann problems presented in Section 5.2 withy; =1.4and y, =2and ¢, = c,2 =1 0on
the domain [0, 1] with initial jump at x = 0.5.

5.2. 1D Riemann Problems

To test the first and second order versions of the RS-IMEX FV scheme in a high Mach number regime, we consider
two Riemann Problems (RPs) for the homogeneous system (10) omitting the pressure relaxation source term act-
ing on the volume fraction (10a) and the friction source term in the relative velocity equation (10e). The initial
configuration on the domain [0, 1] is given in Table 4 and the initial jump position is located at x = 0.5. The first
RP (RP1) consists of an initial jump in density of phase two and the temperature where the volume fraction is kept
constant. The second RP (RP2) is a double rarefaction test with an initial jump in the volume fraction resulting in
a discontinuous mixture density and internal energy. In Figure 1, we compare the results for the first and second
order RS-IMEX FV schemes using 2000 cells and the material CFL condition (59). For the RS-IMEX1 FV scheme
we set v = 0.8 and for the RS-IMEX2 FV scheme v = 0.4. This results in At = 4-10"% and 2-107%, respectively.
The reference solution was computed by a second order explicit SSP-RK2 FV scheme using 10000 cells resulting in
At =7.65-105. Note that the CFL condition for the explicit scheme is dictated by the fastest wave speed arising in
the model which depends on the sound speeds of the respective phases, [31]. Moreover a comparable time step
of the explicit scheme for 2000 cells is 3.3-10~° which is 10 times smaller than the one used for the IMEX schemes.
Since there are no shear processes present, RP1 consists of 5 waves. The wave speeds and positions produced
by both RS-IMEX FV schemes are in good agreement with the reference solution, where the first order scheme is
more diffusive on the fast waves than the second order scheme, for which we can observe small oscillations on
the outermost fast travelling waves, see right panel of Figure 1. Their appearance is local and does not impair the
results on the material wave which is the focus of the simulation and is captured accurately by both RS-IMEX FV
schemes since the chosen time step is oriented towards its accurate capturing only. Moreover, the phenomenon
of spurious oscillations around discontinuities is a known problem for higher order numerical schemes. To fully
resolve all waves, an acoustic time step can be chosen or additional artificial viscosity can be added in the explicit
upwind part at the cost of more diffusive material waves.

The wave structure of RP2 is more intricate, as can be seen in Figure 2. This is due to the initial jump in the
volume fraction. It consists of the contact wave associated with a; and three waves traveling to the left of the
boundaries of the domain and two waves to the right. Note that due to the single temperature assumption, the
wave propagation is not symmetric. We can observe, that the first order RS-IMEX1 FV scheme is too diffusive in
order to capture the complicated sequence of slower waves. On the other hand, the second order RS-IMEX2 FV
scheme shows a great improvement in the capturing of the slower waves near the initial jump position.

5.3. Advection of a Bubble

We consider a diagonally advected bubble initially centered at (xo, yo) = (0.5,0.5) with the radius ro = 0.2. The
computational domain is set to [0,1] x [0,1] and is discretized by 256 x 256 rectangular mesh cells. Further we
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Figure 1: Numerical solutions of the homogeneous Riemann problem RP1 obtained at time Ty = 0.2 with constant volume
fraction without relaxation source terms using the new first and second order RS-IMEX FV schemes. The reference
solution is computed by the explicit second order SSP-RK2 FV scheme. From top left to bottom right: Phase den-
sities p1, p2, phase velocities v;,1, v2,1 and temperature T. Left: Computational domain x € [0,1]. Right: Zoom on

x €[0.21,0.245].
20



0.45
—— SSP-RK2 ref
—— RS-IMEX1
—— SSP-RK2 ref
—— RS-IMEX1
————— RS-IMEX2
0.0
T T T T 0.00 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60
X X
2.0 —— SSP-RK2 ref —— SSP-RK2 ref
—— RS-IMEX1 16 —— RS-IMEX1
w8 N\ RS-IMEX2 /| e RS-IMEX2
1.6
1.4
~
QU
1.2
1.0
0.8
0.0 0.2 0.4 0.6 0.8 1.0
X X
101 — SSP-RK2 ref -
—— RS-IMEX1 \
0.21 ‘
————— RS-IMEX2 - ‘
—0.44
x
= 064
35 0.6
—084
—— SSP-RK2 ref
107 —— RS-IMEX1
————— RS-IMEX2
0.0 0.2 0.4 0.6 0.8 1.0 0.46 0.48 0.50 0.52 0.54
X X
-0.08
1.00] —— SSP-RK2 ref —— SSP-RK2 ref
—— RS-IMEX1 —— RS-IMEX1
0.751 H
————— RS-IMEX2 H e RS-
o10d :i RS-IMEX2
0.50 1 F
0.251 —0.124
x x
~ 0.004 J
S S
-0.259 —0.144
-0.50 1
—0.16 1
-0.75 4
—1.00 +
T T T T -0.18 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60
X X
0.60
1o —— SSP-RK2 ref
—— RS-IMEX1
0.9
0.8
0.7
~
0.6
0.5
—— SSP-RK2 ref
041 —— RS-IMEX1
————— RS-IMEX2
0.3
0.0 0.2 0.4 0.6 0.8 1.0 0.46 0.47 0.48 0.49 0.50 0.51 0.52
X X

Figure 2: Numerical solutions of the homogeneous Riemann problem RP2 obtained at time Ty = 0.2 with an initial jump in
the volume fraction without relaxation source terms using the new first and second order RS-IMEX FV schemes.
The reference solution is computed by the explicit second order SSP-RK2 FV scheme. From top to bottom: Phase
densities p1, p2, phase velocities v1,1, v2,1 and temperature T. Left: Computational domain [0, 1]. Right: Zoom on

material waves.
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apply periodic boundary conditions. The velocity fields are given by
v1=1,D" v =1,1" oD

The bubble of phase 1 is moved through a second phase 2 which is modeled by a change in the volume fraction
given in dependence of the radius r = v/(x — x9)? + (¥ — ¥o)2. The initial volume fraction is given by

arctan (=0 (r — rg)) N (ar+ag)

a1(r,0)=(ar—apg)
T 2

) (92)
where @y = 0.9, ar = 0.1 and 8 = 2000. The parameter 0 indicates the diffusivity of the interface in the initial data.
To have a bubble, that is initially in pressure equilibrium, we set p, such that p; = p», i.e.

_ (Yl - 1)011,1

_ , (93)
(r2—Deya!

P2
where p; = 2. To ensure that the phase-pressure equilibrium holds during the simulation, we set the relaxation
parameter 7% = 10716, i.e. “instantaneous” pressure relaxation. Further, we set the initial temperature to T = 2.
Finally, we sety; = 1.4, y2 =2, ¢;,; =1 and ¢, in accordance with (20) by

N (y1—Decya ng.

o= 94
v Ya(y2—1) S

As before, ¢ denotes the ratio between the Mach numbers and will be used to adjust the flow regimes. Note,
that the relative velocity equation for initially constant chemical potentials does not reduce to pure advection, but
creates perturbations in w. Therefore, to decrease these perturbations which can interfere with the advection of
the bubble, we assume a high friction by setting 7 = 1078 and 7*) = 107!? depending on the Mach number
regimes associated with €6 = 10 and ¥ = 50, respectively. This leads to the Mach numbers M; max = 1.336 and
M5 max =1.336- 107! for the first case and M max = 1.336 and M2 max = 2.67 - 1072 for the second case. The bubble
is evolved up to the final time T = 1 when the bubble is back in its initial position. In Figure 3 the volume fraction
a together with the mixture Mach number (16) is plotted along the diagonal for the first and second order schemes.
Both schemes use a material CFL condition (59) with v = 0.5 for the first order scheme and v = 0.25 for the second
order scheme. The numerical solutions are in good agreement with the initial data. The RS-IMEX1 FV scheme
is quite diffusive whereas the RS-IMEX2 FV scheme captures well the initial configuration. Note further, that the
mixture Mach number changes rapidly from = 1.23 inside the bubble to = 0.38 outside of the bubble and from
= 1.24 to = 0.36 for € = 10 and ¥ = 50, respectively. Even though the phase Mach number M, is significantly
smaller in the second case, the mixture Mach number does not change due to the averaging with respect to the
mass fraction. It is therefore not a good indicator to the individual Mach number regimes that determine the
scales in the model.

5.4. Kelvin Helmholtz instability

We modify a set-up from [23, 22] for the single phase Euler equations to the single temperature two-phase model
(10). It describes two phases flowing in opposite directions which creates the Kelvin Helmholtz instability. We
apply periodic boundary conditions and set the computational domain to [0, 1] x [0, 1]. The two fluids are charac-
terized by y; = 2 and y, = 1.4, respectively. Further p; =1 and p» is set according to (93) in such a way that the
initial condition is in pressure equilibrium. Furthermore, we require both fluids to have the same Mach number.
Wesetc,; =1/ €% and Ccy,2 with € =1 according to (94). Setting T = 12.5 with € = 1 yields the maximal initial Mach
number M = 107!, and choosing ¢ = 0.1 yields the maximal initial Mach number M = 3-1072. To ensure that the
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Figure 3: Numerical solutions of the diagonally advected bubble obtained at time T = 1 by the first and second order RS-
IMEX FV schemes displayed along the diagonal from [0,0] to [1,1]. Top: Case € = 10. Bottom: Case ¥ = 50. Left:
Volume fraction a;. Right: Mixture Mach number M.

flow stays in pressure equilibrium, we set 7¥ = 107!6 and in accordance with the well-prepared initial data, we
set 7 = M2, Initially, we choose the same phase velocities, defined as

v —vmexp((y—0.25)/1L), if 0=sy<0.25
VR + vmexp(—(y—0.25)/1L), if 025=<y<0.5

V1,1 = V21 = . ) (95)
VRp+ vmexp((y—0.75)/1), if 0.5=y<0.75

vp—vpmexp(—(y—0.75)/L), if 0.75=sy=<1

where v; = 0.5, vg = -0.5, v, = (v — vg)/2 and L = 0.025. In y-direction we apply an initial perturbation v, =
v2,2 = 1072 sin(47x) which yields an initial relative velocity w = 0 and divergence free velocity field V-v = 0.
The volume fraction is set as

ar—amexp((y—0.25)/L), if 0=sy<0.25
agp+a,exp(—(y—0.25)/L), if 0.25=y<0.5

ay = (96)
ap+apexp((y—0.75)/L1), if 0.5=y<0.75

arp—amexp(—(y—0.75)/L), if 0.75=sy=<1

where a; = 0.9, ag = 0.2 and a;, = (agr — a@1)/8. In Figure 4 numerical solutions computed by the second order
RS-IMEX FV scheme for the passively transported volume fraction for the Mach numbers 10~! and 3-1072 are
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Figure 4: Kelvin-Helmholtz instability: numerical solutions for the passively transported volume fraction a; obtained at time
Ty = 3 for the two-fluid single temperature model. The numerical solution is obtained by the new second order RS-
IMEX FV scheme. Top panel: Mpa = 1071, Bottom panel: M.y = 3 - 1072, Left column: 256 x 256 grid. Right
column: 512 x 512 grid.

depicted. Two different grids consisting of 256 x 256 and 512 x 512 mesh cells and the material CFL condition
(59) v = 0.25 were used. The final time is T = 3. One can observe that despite we deal with a mixture of inviscid
fluids, the mesh refinement does not yield new small scale vortices. The latter is typical for the Kelvin-Helmholtz
instabilities in an ideal fluid. This is due to the fact that we solve numerically the non-homogeneous system (17),
i.e. physical dissipation is included due to the relative velocity equation. Therefore, only large vortices are present
which corresponds to the frequency modes of the initial data. Moreover, since the initial data are well-prepared
in the sense of (2.2), the L! errors in the phase densities decreases with the Mach number. We refer to Table 5 that
validates the AP property of the RS-IMEX FV scheme.

M o1 P2
107! 1.896-107% 1.327-1073
3-1072 5.037-107%* 3.525-107*4

Table 5: Kelvin-Helmholtz instability: L! error of the phase densities for different Mach numbers computed on a mesh with
512 x 512 grid cells at final time Tf = 3.
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6. Conclusions

We have derived an analyzed a new implicit-explicit finite volume (RS-IMEX FV) scheme for single-temperature
SHTC model. We note that the two-fluid model allows two velocities and pressures. Further, it includes two dissi-
pative mechanisms: phase pressure and velocity relaxations. In the proposed scheme these are treated differently.
The relative velocity relaxation term is linear and is resolved as a part of the implicit sub-system, whereas the
pressure relaxation is strongly nonlinear and therefore is treated separately by the Newton method.

Our RS-IMEX FV method is constructed in such a way that acoustic-type waves are linearized around a suitably
chosen reference state (RS) and approximated implicitly in time and by means of central finite differences in space.
The remaining advective-type waves are approximated explicitly in time and by means of the Rusanov FV method.
The RS-IMEX FV scheme is suitable for all Mach number flows, but in particular it is asymptotic preserving in the
low Mach number flow regimes.

Many multi-phase flows, such as granular or sediment transport flows, can be modeled within the single-
temperature approximation. In turn, many of these flows are weakly compressible and therefore impose se-
vere time step restrictions if solved with a time-explicit numerical scheme. Therefore, the proposed RS-IMEX
FV scheme is suitable to model various environmental flows.

The proposed method was tested on a number of test cases for low and moderately high Mach number flows
demonstrating the capability of the scheme to properly capture both regimes. The theoretical second order accu-
racy of the scheme was confirmed on a stationary vortex test case. We compared the second order scheme against
its first order variant and shown that the second order scheme has remarkably more accurate approximation of
discontinuities. Finally, the asymptotic preserving property was verified by approximating the Kelvin-Helmholtz
instability with well-prepared initial data.
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A. Proof of Theorem 4.1

We will show the AP property for the first order time semi-discrete scheme (60) - (61). Indeed, to obtain a con-
sistent approximation of the limit equations, an appropriate time discretization is essential. Thereby we will use
techniques that were developed in the context of the AP proof for the Euler equations, see for instance [3], and for
the isentropic two-phase subsystem, see [21]. For simplicity we consider without loss of generality % =1and

Parel _
Oref
Let the initial data be well-prepared, i.e. ¢° € Q) as given in Definition 2.2. We assume that at time level ¢ we
have the Mach number expansion for each phase [ =1,2
Pl =pirs +O(M?), T"=Trs+0(M?) pygs, Trs= const, (97)

in pressure equilibrium up to order G (M3), see Assumption 2.1,

Pl =Pray k=02, plo =pi(e1Rs, Trs), P3 (o) = P2(P2ks, Trs) = const. (98)
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Further, for the velocities we assume in concordance with Definition 2.2 that
v =v +OM?), Vuly =0, w'=6M%), 1™ =M (99)

Moreover, we assume that the data at the next time level has the Mach number expansion (21) for the phase
densities, temperature and mixture velocity leading to the Mach number expansions (24) for pressures, chemical
potentials and internal phase energies. Our aim is to show that the first order IMEX FV method yields a consistent
approximation of the incompressible Euler system with variable volume fraction (40). To obtain this goal, we show
that g"*l e Q]u‘fp, where the divergence free property of the velocity field is fulfilled up to a G (At) term.

Plugging the expansion (97) at level ¢” into the explicit update (60) we directly have for the volume fraction

a\V =al' - At -Vai. (100)
Rewriting equations for (a101)!", (a2p2)" in terms of pv and w and using (100), V-vfj, = 0 and w) = 0, we have
at leading order

D@

_ 1.2 Y
Pl = ay p1,Rs — AtP1 RSV - Vay —AtV-(p ¢ c“wy) = @y’ p1Rs, (101)

(
a;

n+1
1L,@

Summarizing, the phase densities satisfy the expansion (97) at the intermediate time level . Using w(’})) =0and
the evolution of the volume fraction (100), we obtain for the momentum and relative velocity equations

thus pgl,zo) = p1,rs- With the same strategy we obtain p”7\ = 0. Analogously, we obtain pggm = pors and pggl) =0.

1
(pv){y) = (pV)fh) — Atvfh - V(pv) (), (102a)
M _ o _
W = 0, w) = 0. (102b)

Multiplying the energy equation in the explicit update (60) by M? and using the notation (51), yields
(@1p1en)W + (@zp2e2)™ + M* (pEiin) ™ = (@1p101)" + (@2p2€2)" + M (pEyin)" + 6 (M?). (103)
For the leading order terms of the internal energy, we obtain directly

(ar1(pren) ) + 062(/0282)(0))(1) = (a1(p1e1) o) + (@2(p2€2) ()"

which completes the analysis of the explicit part (60).

For the implicit part, we will follow the reasoning of [3], where the AP property is shown for the Euler equations
analyzing the structure of the implicit elliptic operator. Since @ p; does not change during the implicit part, the
expansion of the phase densities at ¢"*! fulfills (97). Therefore, we obtain pi’jol) = p1rs and analogously pZJ(rOl) =
p2,rs for the second phase density.

Next, we analyze the elliptic update of the total energy (63). Analogously to the fully discrete operators £; and
A7 in (73), we define semi-discrete operators

aipire])” + (a20260)"™ + M2(0Ein)" + a p"* + a p
LhZV-((( pren) * (dzpace) pn+1(p k) + &Py ZPZ)V@Z—U), (104)

(w) W = 15 (percp)™!
T + At(c )1

Ky =V- (r \% (apgs)) . (105)
Note that with (42) we have Lj, = @(1). From (46) and 7™ = @(M?) it follows K}, = @ (M?). Using the notation as in
(51), we define

v

pE=(a1p1e1+ azpres+ M pEyn), P =(aip1+azps) [L=p1—po. (106)
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Now taking into account the scaling of w” given in (99), we write the implicit update for the total energy (73) as

2 2 2

At At A
I- 5 L+ Kp) (B! = (0B)" = A1V}, - ((0E + p)"v (”)—WLh(szEgn)—

Y Kn(pB)is+0(M?). (107)

The operators Ly, and K} are symmetric, positive definite and the inverse of A =1 — %(Lh + K},) exists. Conse-
quently, system (107) has a unique solution for any M > 0. Similar as in [3], we obtain that the eigenvalues of A~
are 1 and @(M?). Applying analogous arguments as in [3, Lem. 4.6], we derive

()™ = (pe)" = ALV, - ((pe+ a1 pr + azp2)" ") + O (MP). (108)

Focusing on the leading order terms and using the evolution of the volume fraction (100), V- 'v(o) =0, see (99),
py 0= =py (o) see (98), and EOS (7), yields for the temperature the following expansion

1 1 1 2
(06(1 )PI,RSCU,I + a; )pZ,RSCy,Z) T(g’f =(alp1rsCo1 + @b p2rsCy2) Trs — A“J(r(l)) (p1,RsCu,1 — P2,RSC2) TRV + O (M?)

1 1 2
= (a§ )PI,RSCU,I + 06; )PZ,RSCU,Z) Trs + O (M"7).

Since the factor a(ll) P1RSCy1 + aél) P2,rsCy,2 is positive and independent of M, we derive T(’g)* 1 = Trs + G(M?), thus
the temperature has a correct asymptotic expansion. Moreover, in the limit as M — 0, we obtain T = Tgs. Further,

the update of the relative velocity (64) and momentum (65) yield
1 1_ 1
wipy =0 Vhg =0, Vugy =0, (109)
(V)" = (pv)g) —AtVpls, Vpit=0, Vplit=o. (110)

Since the mass densities of the phases are not evolved at the implicit step, it holds p"!' = (a;p1)™ + (a2p2) V.
Using the volume fraction, we can rewrite the momentum equation as

n+1
ol = A P pn ol Vol - A— 2 P (111)
o - (0) 0) (0) o n+1

which is consistent with the low Mach number limit (40) up to a G (At) term. From the energy equation (61e) we
obtain
(pe)y ' = (pe)fy, — AtV-(((af (pe)rs + af (pe)ars) + pih)) v(g ') + O (M), (112)

Using the definition of the internal mixture energy, we obtain

aV(pe)1rs + @y’ (pe)ors = af(pe)irs + af (P2 ks
— AtV-(((af (pe)1 ks + @b (pe)ags) + Pip)) V(o)) + O (MP).
Applying the evolution of the volume fraction (100) and V p(’f)) =0, we obtain
(ay = Atvg - Vay)(pe)rs + (ay + Atvg - Vay)(pe)ars = aj (pe)1,rs + @ (02 rs

- Atv(m 1.y ((a](pe)rs + ab (pe)ars))
— At((@] (pe)1rs + b (pe)ars) + plo)) Vvl ' + O (M),

which reduces to

Wiy —vier -V (af (pe)rs + @b (pe)ags) = (@] (pe)1,rs + @b (pe)ags) + plo)) V-vig) ' +O (M)
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The left hand side is of order & (A¢) and the factor (a?(p e)1,rs + ag (pe)a,rs) + p(’f» is positive. Consequently, we
obtain the result V~v(’6)+1 =0 (A + O (M?).
Finally, we apply the pressure relaxation on the volume fraction, and we obtain

n+1 —a”
—) (113)

+1 +1 +1a2| &
prit=pitt - p" M( -

Thus pf?ol) = pg?ol) and pf’(*zl) = pg(*zl) since pff{ll) = pgal) = 0. Note that this is due to phase densities and the tem-
perature fulfill expansion (97) at the new time level t"*!. Moreover, p"*! (W) =0 (1) with respect to the Mach
number, since the time step is independent of the Mach number as well.

This concludes the proof.

B. Polar coordinates

We consider a continuous solution of the homogeneous part of system (10) without relaxation source terms. Let
the Cartesian coordinates in 2D be denoted by x = (x;, x2). We define the polar coordinates in terms of radius r
and angle 0 as

x1 =rcos@), xp=rsin(8). (114)

The velocity based quantities are defined by

v1 = vrcos(0) — vgsin(@), w; = wycos(@)— wgsin(0), (115a)
vy = vrcos(0) + vgsin(@), w- = wycos(0) + wgsin(O). (115b)
Using
0x; 0x; sin(@) 0xy . 0x; cos(0)
I cos@), Lo _ . 2 _sin@), —= , 116
or 0O 5 F oy om0 Sy = (116)
we obtain for
q=(a',a'p',a®p? v, vp, wr, wp, pE)" (117)
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the following system in polar coordinates

g@ w9 202 ql=o, 118
ot ar M)t 5 (1182)
da'ph) 10 11,1y, 10 1,1
i - =0, 118b
ar Trarlrae e )+ ogglari) (118b)
da*p? 10 10
5 7 )+ S @) <o (180)
o(pv,;) 10
PUr +——(r(pl/r2+,00(1_c)wrwr+p))
ot ror (118d)
10 9 pve?+pc(l—cwe?+p
—— (pvrvg+pec”wrwy) = ,
r 00 r
O(prg) 10
P ——(r(pvrve+pcl - c)wyrwyp))
ot ror (118e)
10 2 o PUrUg+pectw,wy
-3 (pve™+p+pcl —wyp”) = p )
owy +3(Urwr+V0w6+(1_20)w.|_u1_u2)
0t Or (118f)
N 10 10 ( )) 0
vo|—-—=wr——— (rwg)| =0,
9\re0 " ror 0
0 10
ot rao (118g)
o (10 ) 10 ) . &
Vr|—-— (rwg) ———w; | =0,
"\ror YT
d(pE) 10 ® + wp®
(5t)+—6—(r(vr(pE+p)+p vrwy + vgwg + (1 - 2¢H) T — 22 clczwr))
ror (118h)

VrWr+vgwg+(1—-2c¢7)
r 00

+——|(vg(pE+p)+p ccwy|=0.
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