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Abstract

We propose an implicit Discontinuous Galerkin (DG) discretization for incompress-
ible two-phase flows using an artificial compressibility formulation. Conservative level
set (CLS) method is employed in combination with a reinitialization procedure to
capture the moving interface. A projection method based on the L-stable TR-BDF2
method is adopted for the time discretization of the Navier-Stokes equations and of
the level set method. Adaptive Mesh Refinement (AMR) is employed to enhance the
resolution in correspondence of the interface between the two fluids. The effectiveness
of the proposed approach is shown in a number of classical benchmarks, such as the
Rayleigh-Taylor instability and the rising bubble test case, for which a specific analysis
on the influence of different choices of the mixture viscosity is carried out.



1 Introduction

Two-phase flows are common in many engineering and industrial applications. An
evolving interface delimits the bulk regions of the single phases. Many techniques have
been developed over the years to capture the motion of the interface. Two classes of
methods are commonly used to locate the interface: interface-tracking and interface-
capturing. Interface-tracking schemes employ either Arbitrary Lagrangian—Eulerian
(ALE) methods on a mesh that deforms with the interface [15] 26] or marker and cell
methods [44]. Interface-capturing techniques are instead based on fixed spatial grids
with an interface function which captures the interface. A full survey on interface-
capturing methods goes beyond the scope of this work and we refer e.g. to [32] for
a review of these techniques. Interface capturing methods include the level set (LS)
method [38}39], which represents the interface as an iso-surface of the so-called level set
function. Classically, the level set function is defined as the signed distance function.
However, this choice leads to non conservative methods. A number of approaches have
been developed to overcome this issue; in this work, we employ the conservative level
set (CLS) method, originally proposed in [34], [33], and briefly summarized in Section
CLS includes a reinitialization equation to maintain the shape of the level set,
which will be also discussed in Section
Changing fluid properties, such as density and viscosity, and surface tension at the in-
terface lead to discontinuities that make the discretization of the Navier-Stokes equa-
tions particularly challenging. The Discontinuous Galerkin (DG) method has been
widely employed in the field of Computational Fluid Dynamics, see e.g. [8, 20} 28],
and is a natural candidate for the discretization of the governing equations of two-
phase flows. Several approaches have been proposed in the literature combining the
DG method and the level set method, see among many others [21} 22], 40}, 41]. In this
paper, we propose an extension of the solver for single-phase incompressible Navier-
Stokes equations with an artificial compressibility formulation presented in [35], B37],
so as to overcome well know issues of projection methods. The time discretization
is therefore based on the TR-BDF2 scheme [4, [0, 25, 37], which is a second order
two-stage method. A brief review of the TR-BDF2 method will be given in Section
whereas we refer to [9, 25] for a detailed analysis of the scheme. The solver is
implemented in the framework of the open source numerical library deal.II [2], which
supports native non-conforming h—adaptation. We will exploit these capabilities to
enhance the resolution in the regions close to the interface between the two fluids.
The paper is structured as follows: the model equations and their non-dimensional for-
mulation are reviewed in Section 2l The time discretization approach is outlined and
discussed in Section |3] The spatial discretization is presented in Section {4l The appli-
cation of the proposed method to a number of significant benchmarks is reported in
Section[p] Here, we also analyze the impact of different possible choices for the mixture
viscosity when the interface undergoes large deformations. Finally, some conclusions
and perspectives for future work are presented in Section [6]

2 The model equations

Let Q ¢ R4 2 < d < 3 be a connected open bounded set with a sufficiently
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smooth boundary 02 and denote by x the spatial coordinates and by ¢ the temporal
coordinate. The two fluids in 2 are considered immiscible and they are contained in
the subdomains 1 (¢) and Q(t), respectively, so that Q1 (t) U Qa(t) = Q. The moving
interface between the two fluids is denoted by I'(t), defined as I'(¢) = 9 (¢) N 0N ().
We consider the classical unsteady, isothermal, incompressible Navier-Stokes equations
with gravity, which read as follows [27]:

) |0+ (- V)u| = U+ D] + ol

ot
V-u = 0, (1)

for x € Q, t € (0,Ty], supplied with suitable initial and boundary conditions. Here
T} is the final time, u is the fluid velocity, p is the pressure, p is the fluid density and
w1 is the dynamic viscosity. We assume that both the density and the viscosity are
discontinuous functions

o P in Q;(t) n o) JH in Q(t)
o(20) {p2 o e {m o )

with p1, p2, 1, and pe constant values. Moreover, g is the gravitational acceleration
and D(u) denotes the symmetric part of the gradient of the velocity, defined as

D(u) = % Vut (Vu)']. 3)

In the following, for the sake of simplicity in the notation, we omit the explicit depen-
dence on space and time for the different quantities. Surface tension effects are taken
into accounts through the following balance of forces at the interface I':

[ulp=0 [—pI+ 2uD(u)| nr = oknr, (4)

where nr is the outward unit normal to I', [¥]. = V¥|rng, — ¥|rno, denotes the
jump of W across the interface I', o is the constant surface tension coefficient, and
k = — V-nr is the curvature. The first condition implies the continuity of the velocity
along I', whereas the second condition describes the balance of forces at the interface.
A common way to handle the term with surface tension is to introduce the following
volumetric force [27]:

f, = oknpd(T), (5)

where §(T") is the Dirac delta distribution supported on the interface. Hence, system
can be rewritten as follows:

p [88;1 +(u-V) u] = —Vp+V-2uD(u)] + pg + £,
V-u = 0. (6)

A level set approach [38, [49] is employed to capture the interface I'. The interface
between the two fluids is considered sharp and is described as the zero level set of a
smooth function. Hence, the following relation holds:

¢

at—ku-V@:O, (7)
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where ¢ is the level set function. A common choice [49] is to consider as level set the
signed distance function to I'. In order to fix the notation, we consider ¢ < 0 in 29
and ¢ > 0 in ;. Therefore, we define

—dist(x,I") if x € Qo
0=10 ifxel (8)
dist(x,I') ifx ey

The unit normal vector can be evaluated at each point as follows [16], 38]:

Vo
nr = —-, x el 9
Ve )
so that is equivalent to
0
87(5 + (u-nr)|Ve| =0. (10)

Relation shows that the deformation of the level set function is due only to the
normal component of the velocity. Moreover, we can express the density and the
dynamic viscosity through the Heaviside function H

p = p2+(p1—p2) H(p) (11)
o= p2+ (p1— p2) H(p) (12)

The whole system of equations reads therefore as follows:

0
p[altl—i-(u-V)u] = —Vp+V-2uD(u)] +pg +1£,
Vou = 0 (13)
dp B
E‘FU'VQD = 0.

System ((13) can be rewritten in conservative form. First of all, thanks to the incom-
pressibility constraint V-u = 0, we can rewrite as

—Z 4+ V- (pu) = 0. (14)

Moreover, one can verify that , in combination with the incompressibility constraint,
implies mass conservation. Indeed, we get

dp

9p O o OH (p)
5 TV (u) =5 +u-Vo = (p Pz)(

ot

+u- VH(¢))

= (p1—p2)0() @;f +u- V@) =0, (15

where we exploited the relation d%g’) = 0(p) [46], with d(¢) denoting the Dirac

delta distribution with support equal to the function ¢ which implicitly describes the
surface. It is appropriate to stress the fact that the differential operators involving the
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Heaviside function H () have to be intended in a proper distributional sense. Finally,
as discussed in [30], we can rewrite

£, =V-[o(I—npr®np)sl)], (16)

where, once more, the divergence operator should be intended in a distributional sense.
Hence, the conservative form of (13)) is

0
g)tu) +V-(pu®u) = —Vp+V-2uD(u)] +pg+1;
Vou = 0 (17)
Oy B
e +V-(pu) = 0.

The Continuum Surface Force (CSF) approach, introduced in [10], is employed to
treat density, viscosity, and surface tension term. A regularized Heaviside H.(yp) is
introduced, so as to obtain

p = p2+ (p1— p2) He () (18)
= g + (1 — p2) He(p). (19)

It is important at this stage to point out the relation between 6(I') and 6(p). As
discussed in [I7], the following relation holds:

6(I') = 0() [Vl (20)
so that we can rewrite
fo = ornré(p) V| = V-[o (I—nr @np)d(p) [Vel]. (21)
Hence, the CSF approximation of the surface tension term reads as follows:

£ % V-[o (L= 0 @ nr) 8.(¢) [Vl = V- o (1 =m0 @ nr) T2 [Vl (22

Since the seminal proposals in [I3], 0] (see also the review in [23]), projection
methods have become very popular for the discretization of incompressible Navier-
Stokes equations. However, difficulties arise in choosing boundary conditions for the
Poisson equation which is to be solved at each time step to compute the pressure.
An alternative that allows to avoid or reduce some of these problems is the so-called
artificial compressibility formulation, originally introduced in [12] and employed in [7,
37) among many others. In this formulation, the incompressibility constraint is relaxed
and a time evolution equation for the pressure is introduced. This kind of approach has
been adopted for incompressible flows with variable density, see e.g. [6],31], and we aim
here to consider an artificial compressibility formulation for immiscible, isothermal two-
phase flows with gravity. The model equations can be therefore rewritten as follows:

9 (pu)

5 +V-(pu®u) = —-Vp+V-2uD(u)]+pg+f£,
1 Op _
ek (23)
I¢
a + V- (cpu) = 0,



where ¢ is the artificial speed of sound and pg is a reference density. Finally, since we
are relaxing the incompressibility constraint, we consider for the level set motion,
which is valid for the transport of ¢ independently of the constraints on the velocity u.
Moreover, this choice is justified by the results reported in [35] for a rising bubble test
case, for which a non-conservative formulation leads to less diffusion in the treatment
of the interface. Hence, the final form of the system under consideration reads as
follows:

0
(aptll) +V-(pu®u) = —Vp+V-[2uD(u)]+pg+1,
1 Op B
poCQE +V-u = 0 (24.)
92 +u-Vo = 0
at 90 - ’

Before proceeding to describe the time and space discretization schemes, we perform
a dimensional analysis to derive a non-dimensional version of system ([24)).

2.1 Dimensional analysis

In this Section, we derive a non-dimensional formulation for system . We denote
with the symbol % non-dimensional quantities. We introduce a reference length and
velocity, denoted by L.y and U,.y, respectively, so as to obtain
L
X = Lyesx” u = U, pu” t= relyx (25)
Uref
Moreover, we choose as reference density and viscosity those associated to the heavier
fluid, which is conventionally considered in €2;. For the sake of simplicity, we also
assume pg = p1. The reference pressure p,.; is taken equal to pr.y = plUfef. Hence,
we get

1
Lref

p=pip*  p=pmpt p=pULpt k= K @=Lpepp*. (26

Introducing the appropriate non-dimensional quantities, we obtain

plUrzef 0" (p*u*) plUrzef plUrzef p1Ures
+ V*(p'uf @ut) = — Vip* + v* . 20 D(u*
Lref o*t* Lref (p ) Lref P Lref [ a ( )]
— pipgk
1 * * * * *
+ 7=V oI =nr@nr) o (¢") [Vie™]
ref
plUEef 1 a*p* Uref
— Vi-ut = 0 27
p1Lyes ¢ O*t + Lycs v (27)
8*(p* * * *
UrefW‘i'Urefu -V '2 = 0,



where k is the upward pointing unit vector in the standard Cartesian reference frame.

System reduces to

o (p*U*) * E * _ * % 1 * * *
W+V(pu ®u) = —Vp +EV[2MD(U)]
1 *
- FefK
bV (- nn) 62(07) [V
a*p*
M2 Kok 2)
8*90*
* . * * — 0
o*t* ut Vi ’
where
Ure Lre Ure Ure LTG Ure
Re=P1Ureilrel g el e PITrerrel gy Dref o (g)

H1 V gLref o c

denote the Reynolds number, the Froude number, the Weber number, and the Mach
number, respectively. In the following, with a slight abuse of notation, we omit the
symbol * to mark non-dimensional quantities and we consider therefore the following
system of equations:

d (pu) _ 1
5 +V-(pu®u) = —Vp+ Rev [2pD(u)]
1 1
dp
M*= =
9 +V-u 0 (30)
Oyp _
gr Ve =0
where
P2 P2
2 (1-r\y 31
P P1 < Pl) ) oy
po= 224 (1 - “2) H(¢p) (32)
21 H1

2.2 The conservative level set method

The traditional level set method lacks of volume conservation properties [I8]. The
conservative level set (CLS) method [33, B4 53] is a popular alternative to add con-
servation properties to level set schemes. The idea is to replace the signed distance
function defined in with a regularized Heaviside function:

1

¢(X7 t) = 1 + e*AP(X,t)/e’

(33)



where € helps smoothing the transition of the discontinuous physical properties between
the two subdomains and it is also known as interface thickness. Since
]_ 6—80/5

Vo = - mvw (34)

we can compute the outward unit normal nr exactly as in (9). From definition (33)),
it follows that

I(t) = {x €0 p(x,t) = ;} | (35)

This new level set function needs to be reinitialized in order to keep the property
of being a regularized Heaviside function [34]. This goal is achieved by solving the
following PDE [33], [34]:

% + V- (ucp (1 —¢)np) = V- (Beue. (Ve -np)nr) , (36)
where 7 is an artificial pseudo-time variable, u. is an artificial compression velocity,
and S is a constant. It is important to notice that nr does not change during the
reinizialization procedure, but is computed using the initial value of the level set func-
tion. The relation has been originally introduced as an intermediate step between
the level set advection and the Navier-Stokes equations to keep the shape of the profile
[33] and to stabilize the advection [34]. Two fluxes are considered: a compression flux
which acts where 0 < ¢ < 1 and in normal direction to the interface, represented by
ucp (1 — @) nr, and a diffusion flux, represented by Seu. (V¢ - nr) np. The reinitializa-
tion is crucial for the overall stability of the algorithm, but it also introduces errors in
the solution [34] [40]. Hence, it is important to avoid unnecessary reinitialization. For
this purpose, unlike the formulation proposed e.g. in [34] and [40], we introduce the
coefficient § to tune the amount of diffusion so as to keep it as small as possible. The
choices for the different parameters will be specified in Section [5| Finally, we stress the
fact that, in this method, we are already using a smooth version of Heaviside function
so that

H. = ¢ (37)

aH.
Z!W\ = V4| (38)

(T ~ y

3 The time discretization

In this Section, we outline the time discretization strategy for system . Our goal
here is to extend the projection method based on the TR-BDF2 scheme developed in
[37]. We now briefly recall for the convenience of the reader the formulation of the
TR-BDF2. This second order implicit method has been originally introduced in [4] as a
combination of the Trapezoidal Rule (or Crank-Nicolson) method and of the Backward
Differentiation Formula method of order 2 (BDF2). Let At = T¢/N be a discrete time
step and t" = nAt,n =0,..., N, be discrete time levels for a generic time dependent
problem ' = N(u). Hence, the incremental form of the TR-BDF2 scheme can be
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described in terms of two stages, the first one from " to "7 = " + vAt, and the
second one from t"7 to "+, as follows:

u"t — 1 iy L "
- = - 39
AL 2/\/(u )+2N(u) (39)
untt — Y 1 1—7 1—7
= N (u") + —— N (") + ——— N (u"). (40
(1—7)At 2-1 (") 2(2-7) (") 2(2-7) (") (40)
Here, u™ denotes the approximation at time n = 0,...,N. Notice that, in order to

guarantee L-stability, one has to choose 7 = 2 — /2 [25]. We refer to [0}, 25] for a more
exhaustive discussion on the TR-BDF2 method.

We start by considering the equation in system associated to the level set. In
order to avoid a full coupling with the Navier-Stokes equations, we perform a lineariza-
tion in velocity, so that the first stage for the level set update reads as follows:

¢n+’Y _ (bn 1 2 - 1 5
— 2 . v v = —— n+2 . v n 41
v aaR TR RS (41)
where the approximation u""2 is defined by extrapolation as
u'ts = (1 + W) S S 42
209" 20 )

Following then the projection approach described in [14] 37] and applying , the
momentum predictor equation for the first stage reads as follows:

pn+'yun+'y,* _ pnun

YAt
- oo - L e ) -
2 2 Re
1 5 11
_ 7v<nn n+7> *7V2nD n _vn
5 Vo (Pt @uTE ) 4 oo V- 20D (u)] = Vp
11 + +
+ sV [(I — " @l 7) 5-(¢") \wnﬂu (43)
11
* S V- [(I—nf ®@np)d:(¢") [Ve"|]
11 ., 11
- —— k- -——=p"k.
2 Fr2? 2 Fr2?
Notice once more that, in order to avoid solving a non-linear system at each time step,
u"te s employed in the momentum advection terms. We set then p" 7 = p" ™7 — p»
and impose
N4y _ qqnty,*
e e = —_Vép" T
P ~AL D
5pn+’Y
M? V-u"t = 0. 44
A TV (44)
Substituting the first equation into the second in , one obtains the Helmholtz
equation
5 n—+y ) n—+y 1
wr_ v Vop = V.u", (45)
V2 At2 pnty ~At
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Once this equation is solved, the final velocity update for the first stage is given by

n—+-y
tV(Sp

n+y _ [ nty,x
u"m =u""rt —yA P

(46)

The second TR-BDF2 stage is performed in a similar manner applying . We first
focus on the level set update:

¢n+1 _ ¢n+'y

W 4 a33u"+%7 . v¢n+1 — _a32un+7 . V¢n+’y o aglun X V¢n7 (47)
where ) ) )
— —
asl = 75— az2 = 70— agz3 = ;——. 48
22— ) 22— ) P )

Again, in order to avoid a full coupling with the Navier—gStokes equations, an approxi-
mation is introduced in the advection term, so that u”*27 is defined by extrapolation

as
'ty = <1 + 1""7) IR ey (49)
'Y Y

Then, we define the second momentum predictor:

pn+1un+1,* _ pn+'yun+'y

(1—7)At
+ as3V- (p"+1u”+1’* ® un+%7) - aggé V- [QM"HD(u”H’*)] =
— an V- (e @ ut) + awé V- [24m D ()]
~ V(" @ u") + o, V- 20D (") -
+ aggﬁ V- [(T - 0 @ nft ) 6. () [t ] (50)
+ aggﬁ V- {(I ~—n77® n?w) Se(@™™) }Vd)"J”H
+ ago VoI - nf @ nf) 6.(6") [V4"
- CL:a:s%pnﬂk — a3 #Pnﬂk — a3 #Pnk-

Notice that u"37 is employed in the non-linear momentum advection term. We set
then §p"*t! = pn*t! — p»+7 and impose

n+1l un—l—l,*

n+1U = _V§ n+1
g (1 —7)At P
5pn+1
vV-u"tt = 0. 51
T—pat TV (51)
Substituting the first equation into the second in , one obtains the Helmholtz
equation
5pn+1 V5pn+1 1
M2 S VA G SRR . — v 52
a—pae ~ Vi) ST o
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The final velocity update then reads as follows:

\V4 5pn+1
pn+1

u" = u"th (1 — )AL (53)
Finally, we focus on the reinitialization procedure described in Equation which is
performed after each stage of the level set update and before computing the momentum
predictor. We consider an implicit treatment of the diffusion term V- (Seu. (V¢ - nr) nr)
and a semi-implicit treatment of the compression term u. V- (¢ (1 — ¢) nr). Hence, the
semi-discrete formulation reads as follows:

¢k+1,* o ¢k,*

Tt (1)) = (e (7))

where A7 is the pseudo time step. Moreover, ¢%* = ¢"17 after the first TR-BDF2
stage and ¢** = ¢"T! after the second TR-BDF2 stage. We recall once more that
nr = % and it does not change during the reinitialization. Following [40], we
define the total reinitialization time 7;, as a fraction of the time step A¢, namely

Tfin = nAt. (55)

1 = 0 corresponds to no reinitialization, whereas n = 1 yields an amount of reinitializa-
tion which can modify the values of level set function of the same order of magnitude
of which they have been modified during the previous advection step. For most ap-
plications,  ~ 0.5 seems to provide an appropriate amount of reinitialization [40]. A
pseudo time step such that two to five reinitialization steps are performed typically
ensures stable solutions and leads to the updated level set function [29].

4 The spatial discretization

For the spatial discretization, we consider discontinuous finite element approxima-
tions. We consider a decomposition of the domain €2 into a family of hexahedra Ty
(quadrilaterals in the two-dimensional case) and denote each element by K. The skele-
ton € denotes the set of all element faces and & = £ U EB, where £ is the subset
of interior faces and £F is the subset of boundary faces. Suitable jump and average
operators can then be defined as customary for finite element discretizations. A face
e € £T shares two elements that we denote by KT with outward unit normal n* and
K~ with outward unit normal n~, whereas for a face e € €8 we denote by n the
outward unit normal. For a scalar function ¥ the jump is defined as

[V]] =¥ nt + ¥ n ifecé! [[V]] = ¥n ifec&B. (56)
The average is defined as
(o)) = % (T4 07) ifecg  ({U}}=U ifeecél (57)
Similar definitions apply for a vector function W¥:
[®]] =¥ -nT 4+ ¥ .n" ifec&’ [[¥]=®.-n ifec&? (58)
(o)) = % (T +97) ifecsl  {{B)) = ifecel (59)
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For vector functions, it is also useful to define a tensor jump as:
() =¥T@n"+¥ @n~ iflecg! () =®on iflCec&B.  (60)
We now introduce the following finite element spaces:
Qr={veL*(Q) vk €Q VYK €T}

and
Qr = [Q4]?,

where Qy, is the space of polynomials of degree k in each coordinate direction. Consid-
ering the well-posedness analyses in [47, [51], the finite element spaces that will be used
for the discretization of velocity and pressure are Vi = Qi and Wj, = Qr_1 N L%(Q),
respectively, where k > 2. For what concerns the level set function, we consider instead
X5 = Q, with » > 2, so that its gradient is at least a piecewise linear polynomial. We
then denote by 1;(x) the basis functions for the finite element spaces associated to the
scalar variable, i.e. W}, and X}, and by 1;(x) the basis functions for the space V},, the
finite element space chosen for the discretization of the velocity. Hence, we get

dim(Vy,) dim(Wp,) dim(Xp,)
ux Y owYix)  pe Y piix) e Y ¢(t)(x)  (61)
j=1 j=1 J=1

The shape functions correspond to the products of Lagrange interpolation polynomials
for the support points of (k+1)-order Gauss-Lobatto quadrature rule in each coordinate
direction. Given these definitions, the weak formulation of the level set update for the
first stage is obtained multiplying equation by a test function w € Xp:

¢"

1 y
> wdQ+ Y / u"tz - Ve wd()
KeTy, K fyAt 2K€7’h K

+ ;eezg/e{{(bnﬂuwl}} Nw]] dT — ;;/@{{un%}} [[¢"w]] ds
- 32 5 T o

= > /ngt“’dﬁ—; > /K‘M V¢ wdQ (62)

KeTy KeTy

- 5 [{erwril) whas -5 X [ {{uE el as
ecE ec&

1 Atz
- 53X [l e

ecf

where

i

¥
A2 = max <

(u”+%>+ -n" <u”+%)_ ‘n- ) . (63)

Following [8], the numerical approximation of the non-conservative term is based on a
double integration by parts. The algebraic form can be obtained taking w = v;,1 =

13




1,...,dim(X}) and exploiting the representation in (61)), so as to obtain in compact

form ) )
n+y nty _ on

where ¢n+w denotes the vector of the degrees of freedom associated to the level set.
Moreover, we have set

M%—-E%A%wm (65)
AT = K;_h /K u"t 2 Vihsud€)
+ 3 [{{wriul) wnas - 3 [{{w3}) - (e
ecg V€ ecg V€
At
+ 3 [ Wl as (66)
ecE V€
and
no_ O d+ L LT,
F = %/}(wwzd9+2%/l<u+ VS (67)

_ ;; [ o)} e+ > J{{e+3}} e as

L AT
- 3 [A e e

eef

Consider now the variational formulation for equation (43). Take v € V} so as to

14



obtain after integration by parts

S [ a v g Y [ et o g
K K

KeT i,
v 32 [{{rrerewsil} e
P R
o X arma) v
B 2%@ % 2D () d
- e [ () {2 D as
) LRSI RN
X [{rwewih e3[4 L) s ()
_ ;]%K%/Kzu"mu”):vv+2;6;/e{{2m)(un)}}:<<v>>dz
£ X [ [ e
_ 2;T2 Kze;rh /K pnwk.de—Q;ﬂKzezn /K 2k - vdQ)
- e 2 () 0w
+ e > J{{=ni oni) s [ver - () a
~ e 3 [ o6 V6| Vvan

KeTh

1 n n n n .
" e J U= np o nf)a o) 96 - () d.

where
2

{{“nﬂ}}H =1 T (69)

#n+%+ + ‘LLnJr'y,f

Here, following e.g. [1], we employ the harmonic average of the viscosity coefficient for
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the penalization term. Notice that the approximation of the advection term employs
an upwind flux, whereas the approximation of the diffusion term is based on the
Symmetric Interior Penalty (SIP) [3]. Notice also that no penalization terms have
been introduced for the variables computed at previous time steps in the diffusion
terms. Following [19, [37], we set for each face e of a cell K

o diam(e)

u
= 1
O-e,K (k_'— ) dlam(K) (70)
and we define the penalization constant for the SIP method as
1 u u . I u : B
Cu:i(o-e,K“' +067K_> ifee&”, Cuo=o0lg ifeel”. (71)

Finally, we stress the fact that a centered flux has been employed for the surface
tension terms. The algebraic formulation is then computed considering v = 1p;,7 =
1,...,dim(V}) and the representation in for the velocity. Hence, we obtain

1 1 1 .
(wMMTﬁ+ﬂkATﬂ+2Q?OIWﬂ7:F$ 72)

where U™ ™* denotes the vector of degrees of freedom for the velocity. Moreover, we
have set

M = P i) (73)
Z S
Cﬁj]"Y - _ pn+%l,b'®un+% . Vap;dQ
Z S
+ 3 [{{orwewti}): (wyas (74)
€Ty, V¢
s
b 30 (R ) ()
€Ty, V¢
Aﬁjj'y = 20" YD (1) = Vap;dS
= > [ {2 D)} s ()
ecg V€

- / (W)} {20 D)} dx
ecE €
+ >0 Cu{{mm T () () S (75)

ecE V€
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and

n 1 n..n 1 n..n n+2 .
F' = Z/Kwpu 'd’idQ—i—zZ/Kpu ®u"T2 : Vhid()

KeTy, KeTy

I o)) o

n+%
- 5 X [ s s

ecT, €

i X [ 2D Vit g S [ n): () as

KeTy, ece Ve
= Y [ rvpaa- X [ 7o
KeT, " K ecg V€
— L n+ L aly. _ 1 Nl .y
2Fr? K;Th /Kp Tk Yud - o Kze;h /K Pk - hidQd
1 n n " il o
- e K;/K (1-nf*" @0t 6.(6"7) [V : Vapd2
1 . . i §
*awe /e{{(l—nr”@@nr”) 6-(6™ ) [Vor 1|} ]+ ((3h) a2
1 n n n n .
~ 2We K%A(I—nr®nr)5a(¢ ) [Ve"| s Vapid(
1 n n 7 7
* give 2 ), (- nf o nd) ue") 9471} ()=

For what concerns the projection step, we apply again the SIP method. We multiply
by a test function ¢ € @y, we apply Green’s theorem and we get

M2 " V(Sp”'w
Z /K,yQAtQ(Sp —quQ—i_ Z /K n+y 'quQ

KeTy, KeTh p
Vépnty n Vq
- 2 [T e - X (e {{ TS e
ecf ee€
5pn+7
+ Z/Cp Hnﬂ” - [lg]] d% (77)
ecE V€ P
1 1
= 3 [ gt vade = 3 [ o () ) s
KeTy, K VAt ect e VAt
where we set diam(c)
» .o diam(e
oK " diam(K)’ (78)
so that
1 P D . I P . B
Cr=g (et oty ) HecE,  Gy=oly iece’ (1)
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The algebraic formulation is once more obtained taking g = ;,7 = 1,...,dim(W)
and considering the expansion for p"*7 reported in . Hence, we get

M? + +
<2At2M '7+K>P T =F). (80)

Here, P™7 denotes the vector of the degrees of freedom for the pressure. Moreover,
we set

M — /%mm (81)
KeTy,
K = 3 IRCRLEE > [t e
- Z;/ 3] {{Zﬁ’;}}dm;/G IE R

and

= 2 /MA "t Vadd — Z / A7 {7 llalldz. (83)

KeTy

The second TR-BDF2 stage can be described in a similar manner according to the

formulations reported in , , and .

Finally, we consider the weak formulation for the reinitialization equation for the level

set function :
¢k+1 i k+1,% k%
wd§) — Ue) — ¢ ) nr - Vwd(}
a2 )
- Z/ {{o 1 (1= 6" ) nr}} - [fw dZ+Z/ [[6]] - (@ a=
k+1,% .
+ ; /K uefz (Vo np) np - Vad® (84)

- Z/ucﬁs{{(w’fﬂ»*-m) np}} [[w]] d
- Z/eucﬁs{{ (vo-nrynrd) - [[o0 )] az+ 30 [, [[0]] - lwl) ax

eck ecg V€

_ Z / ¢k*WdQ

KeTy,

where

N = max (‘ <1 — (¢k’*)+> n -nt
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Moreover, we set

diam(e)
b 2
— 12— L
Oex = (r+1) diam(K)’ (86)
so that
1
Cs = 2 (UZIH + 021{*) if e € &, Co = UzK ifeee?. (87)

One can notice that, following [40], an upwind flux has been employed for the compres-
sion term and the SIP has been adopted for the diffusive term. Finally, the algebraic
form is obtained considering w = ¥;,7 = 1,...,dim(X},) and the representation in
so as to obtain

<A1TM¢ +u.Cy +A¢> =Fy. (88)
Here
_ k*
Coy, = = D, / — 6" gy - Vi
KeTy
k
= 3 {0 )men} e e Y [ < vl s
e€Th

Ay = > / ueBe (Vip; - np) nr - Vey;dQ

KeTy

— Z/ucﬁe{{ Vi -ap)nrt} - [[¢]] dE

ect

= 3 [uebell) ({7 me) ey
ecE V€

T Z C¢> ¢] [[h:] d¥ (90)
ecE Ve

5 Numerical experiments

The numerical method outlined in the previous Sections has been validated in a
number of classical test cases for incompressible two-phase flows using the numerical
library deal.II 2], whose adaptive mesh refinement capabilities will be employed to
enhance resolution close to the interface. We set h = min {diam(K)|K € T} and we
define two Courant numbers, one based on the flow velocity, denoted by C,, and one
based on the Mach number, denoted by C"

AtU 1 At
Cy=k . C= k U (91)
where U is the magnitude of the flow velocity. For the sake of convenience of the
reader, we recall here that k and k£ — 1 are the polynomial degrees of the finite element
spaces chosen for the discretization of velocity and pressure, respectively, whereas r is
the polynomial degree of the finite element space chosen for the discretization of the
level set function. We consider £ = r = 2 in all the numerical experiments.
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5.1 Rayleigh-Taylor instability

The Rayleigh-Taylor instability is a well known test case in which an heavier fluid
penetrates a lighter fluid under the action of gravity. We consider the configuration
presented e.g. in [5, 24] 42], for which p; = 1.225kgm™3 and ps = 0.1694kgm ™3,
corresponding to the density of air and helium, respectively, whereas p; = pus =
0.00313kgm~'s~!. The effect of surface tension is neglected. Moreover, following [52],

we consider as reference length the computational width of the box W and as reference

2

time the time scale of wave growth, equal to t,.y = Amg, where ¢ = 9.81ms™“ and

A= % is the Atwood number. Hence, we obtain the following relations:

JAGWW
Ures = /AgW  Re = % Fr=VA. (92)
1

We consider W = 1m so as to obtain a computational domain Q = (0,1) x (0,4).
Hence, we get A =~ 0.757,t,¢ =~ 0.3678,Urey =~ 2.725ms~ !, Re ~ 1066.55, and Fr ~
0.87. We take M = 0.008, corresponding to ¢ ~ 343 ms~!, namely the speed of sound
in air. The final time is Ty = 2.45. No-slip boundary conditions are prescribed on
top and bottom walls, whereas periodic boundary conditions are imposed along the
horizontal direction. The pressure is prescribed to be zero on the upper wall. The
initial velocity field is zero, whereas the initial level set function is

1
240.05 cos(2mx)—y ) ’

¢(0) (93)

£

1+exp(

The computational grid is composed by 160 x 640 elements, whereas the time step is
At ~ 1.63 x 1073, yielding a maximum advective Courant number C' ~ 1.36 and an
acoustic Courant number C ~ 32.7. Finally, we set ¢ = h = ﬁ,AT = 0.05h, u. =
0.0125U42, and 8 = 1, where U4z is the maximum fluid velocity. The choice to relate
Ue With U, is rather common in the literature, see e.g. [11], 45]. Figure [1| shows the
development of the interface at ¢ = T}, where one can easily notice the expected
main behaviour of the Rayleigh-Taylor instability: as the heavier fluid penetrates the
lighter one, the interface begins to roll up along the sides of the spike giving the
typical “mushroom” shape. Obtained results are similar to those in literature, see e.g.
[24] 42, 48]. Moreover, for the sake of completeness, we report in Figure the evolution
of the relative variation of the area for the lighter fluid, defined as

[Q2(t) — 22(0)]

Q5(0) (54)

The maximum relative variation is 0.034 %, showing that CLS method preserves the
area quite well.
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Figure 1: Rayleigh-Taylor instability, contour plot of the level set function at ¢ = 7.
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Figure 2: Rayleigh-Taylor instability, evolution of the relative variation of the area for the
lighter fluid.

An interesting analysis regards the influence of the Atwood number. We fix py =
0.408kgm™3, so as to obtain A ~ 0.5. As a consequence, we obtain lref = 0.4518, Uy =
2.215ms™!, Re ~ 867.05, Fr ~ 0.71, and M = 0.006. We set the final time Ty = 2,
so that the same final dimensional time of the previous configuration is achieved. The
chosen time step is At = 2.5-1073. One can easily notice from Figure |3| that, with
higher Atwood number, the roll up effect is enhanced. This points out the earlier
appearance of the Kelvin-Helmholtz instability, due to the development of short wave-
length perturbations along the fluid interface.
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Figure 3: Rayleigh-Taylor instability, comparison between A ~ 0.757 and A =~ 0.5. The

black line shows the interface for A ~ 0.757, whereas the red line refers to the interface for
A~ 0.5.

The deal.Il library supports non-conforming mesh adaptation. We employ the h-
adaptive version of the scheme for the latter configuration. More specifically, we define
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for each element K the quantity
= max |Vl 95
k=1 /f\ié IVol; (95)

which acts as local refinement indicator. Here N denotes the set of nodes over the
element K. We allow to refine when 7 exceeds 10 and to coarsen below 5. The initial
grid is composed by 80 x 320 elements and we allow up to two local refinements, so as
to obtain h = 3—%0 and a maximum resolution which would correspond to a 320 x 1280
uniform grid. As one can notice from Figure [ the refinement criterion is able to
increase the resolution only in correspondence of the interface between the two fluids.
The final grid consists of 43147 elements, corresponding to around 40 % of elements
of the fixed uniform grid. Figure [5| shows a comparison of the interface between the
simulations with uniform and adaptive grid both at ¢t = 7f and t = Ty. One can easily

notice that at ¢t = % the two interfaces are indistinguishable, whereas at t = Ty a
slightly different development of the instability appears. Since we are analyzing a fluid
mechanic instability, every small variation in the flow corresponds to large variations,
and, therefore, it is difficult to say which solution is the more reliable. Similar results
and considerations have been reported for a Kelvin-Helmholtz instability in [36].

0 0.2 0.4 0.6 0.8 1

[ 1.0e+00
- 08

—06 1.9

_o4 1.

[ 0.2
0.0e+00 1

02 0.4 0.6 08 ‘ a) 0.2 0.4 06 08 b)

Figure 4: Rayleigh-Taylor instability at A ~ 0.5, a) contour plot of the level set function at
t =Ty, b) computational grid at ¢t = T7.

24



2 % + + % 25 257
244 {24 "
234 123 2.3
224+ 2.2 2.2
21+ 12! 2.1
24 42 N
1.9+ -1.9 1.9
1.8+ - +1.8 1.84
174 +17 1.74
164 1.6 1.6
1,54 -+1.5 154
144 +1.4 1.4
1.3+ +13 1.34
, , , 1
12 02 04 06 0' ' a) 12 02 o' o's o's 12 b)

Figure 5: Rayleigh-Taylor instability, comparison at A = 0.5 between the fixed grid sim-
ulation and the adaptive grid one: a) results at ¢ = T?, b) results at t = Ty. The black
lines show the interface obtained with the adaptive grid, whereas the red lines refer to the

interface obtained with the fixed grid.

5.2 Rising bubble benchmark

The rising bubble benchmark is a well-established test case for the validation of numer-
ical methods for incompressible two-phase flows [27]. More specifically, the evolution
of the shape, position and velocity of the center of mass of a rising bubble is com-
pared against the reference solution in [27]. Two configurations are considered with
the corresponding physical parameters and non-dimensional numbers listed in Table
and [2, respectively. The bubble occupies the subdomain Qy. Following [27], we
set Lyer = 2rg = 0.5m and Upep = \/gLyper = 0.7ms~'. We consider as domain
Q= (0,L;) x (0,Ly), with L, = 2 and L, = 4, whereas the final time is Ty = 4.2.
No-slip boundary conditions are imposed on the top and bottom boundaries, whereas
periodic conditions are prescribed in the horizontal direction. The initial velocity field
is zero. Finally, the initial level set function is described by the following relation:

1

1+ exp <R— (x—aci_)%(y—yof)’

¢(0) = (96)

with R = 1,290 = yo = 1. We compute as reference quantities the position x., the
velocity u. of the center of mass, and the so-called degree of circularity y, defined
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respectively as

fQ2 xdf) fQQ xd)

. = = 97
x T a0 N (97)
dQ dQ
uC fﬂgu — fQQu (98)
Jo, A9 ||
2y/m|Q
X = Pb‘ ! (99)

where Q9 is the subdomain occupied by the bubble, |Q2] is the area of the bubble,
and P, is its perimeter. The degree of circularity is the ratio between the perimeter
of a circle with the same area of the bubble and the current perimeter of the bubble
itself. For a perfectly circular bubble, the degree of circularity is equal to one and then
decreases as the bubble deforms itself. Since ¢ is a regularized Heaviside function, we
can compute the reference quantities as follows:

Jox(1—¢)dQ
fQ(l—(Z))dQ
fﬂu(l—qb)dQ
Jo (1 —¢)dQ

24/7 [o (1 — ) dQ

Jo Vo] dQ

Xec

(100)

Uc

(101)

(102)

Test case  pi[kgm™] polkgm™] pifkgm's™'] pplkgm™"s'] g[ms™*] olkgs™]

Config. 1 1000 100 10 1 0.98 24.5

Config. 2 1000 1 10 0.1 0.98 1.96

Table 1: Physical parameters defining the configurations from rising bubble test case (data
from [27].

Test case Re Fr We ps/p1 o/
Config. 1 35 1 10 10 10!
Config. 2 35 1 125 1072 1072

Table 2: Non-dimensional numbers defining the configurations from rising bubble test case
(data from [27]).

We start with the first configuration and we set M = 0.0005, corresponding to
¢ = 1400ms~!, which is of the order of magnitude of the speed of sound in water. The
computational grid is composed by 320 x 640 elements, leading to h = ﬁ, whereas the
time step is At = 6 - 1073, yielding a maximum advective Courant number C, ~ 1.4
and an acoustic Courant number C' = 1920. Finally, we set € = h, AT = 0.05h, u. =

0.05Upqr and B8 = 0.5. We point out here the fact that results in the Figures have
26



been compared with the results of Group 2 in [27]. Figure |§| shows the shape of the
bubble at ¢ = Ty and one can easily notice that we are able to recover the reference
shape of the bubble. Figure [7]reports the evolution of the degree of circularity. A good
qualitative agreement is established, with only slightly lower values for our numerical
results. Figure [§| reports the evolution of the vertical coordinate of the position of the
center of mass. For a quantitative point of view, the center of mass reaches y. = 2.156,
which is in good agreement with the value y. = 2.162 4+ 0.002 reported in [27]. Finally,
Figure [0] shows the evolution of the vertical coordinate of the velocity of the center of
mass. The maximum rise velocity of the center of mass is v. = 0.3461, which is again

in good agreement with the value v, = 0.3456 £ 0.0003 present in [27].
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Figure 6: Rising bubble benchmark, configuration 1, shape of bubble at ¢t = T:
simulation, b) results from [27]. Bounds have been rescaled by L. s for the sake of comparison
with reference results.
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Figure 7: Rising bubble benchmark, configuration 1, degree of circularity. Reference results
are from [27].
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Figure 8: Rising bubble benchmark, configuration 1, vertical coordinate of the position of
the center of mass. Reference results are from [27] and reference data have been multiplied
by L,.; for the sake of comparison.
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Figure 9: Rising bubble benchmark, configuration 1, vertical coordinate of the velocity of
the center of mass. Reference results are from [27] and reference data have been multiplied
by U, for the sake of comparison.

We analyze now the second configuration. The time step is At = 51073, yielding
a maximum advective Courant number ), ~ 1.4 and an acoustic Courant number
C = 1600. We also set ¢ = h = %O,AT = 0.05h = 3.125 x 1074, u, = 0.0125Upmaz
and g = 2. Figure @ shows the shape of the bubble at ¢t = T. The bubble develops
a non-convex shape with thin filaments. The solutions given in [27] are different and,
in some cases, the thin filaments tend to break off, although it is unclear if such a
phenomenon should be observed in the current two-dimensional setting. The obtained
profile is however in good agreement with that of Group 2 in [27]. Figure
show the evolution of the degree of circularity, the vertical coordinate of the position
of the center of mass, and the vertical coordinate of the velocity of the center of mass,
respectively. A good qualitative agreement is established for the quantities of interest,
even though deviations from the chosen reference solution are visible. In particular,
differences appear for the degree of circularity starting from ¢ a~ 2.5, when the thin
filaments start developing. Moreover, the second peak for the rising velocity reaches
a lower value. As mentioned above, there is no clear agreement concerning the thin
filamentary regions, and, therefore, their development can strongly affect computations
of the reference quantities and can lead to different numerical results.
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Figure 10: Rising bubble benchmark, configuration 2, shape of bubble at ¢ = T}: a) nu-
merical simulation, b) results from [27]. Bounds have been rescaled by L,.s for the sake of
comparison with the reference results.
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Figure 11: Rising bubble benchmark, configuration 2, degree of circularity. Reference results
are from [27].
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Figure 12: Rising bubble benchmark, configuration 2, vertical coordinate of the position of
the center of mass. Reference results are from [27] and reference data have been multiplied
by L,.; for the sake of comparison.
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Figure 13: Rising bubble benchmark, configuration 2, vertical coordinate of the velocity of
the center of mass. Reference results are from [27] and reference data have been multiplied
by U, for the sake of comparison.

We employ now Adaptive Mesh Refinement (AMR) to increase the resolution in
correspondence of the interface. We consider the same refinement criterion and the
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same thresholds for nx adopted in Section and we allow up two local refinements,
so as to obtain h = % and a maximum resolution which would correspond to a
1280 x 2560 uniform grid. Figure shows both the shape of the bubble and the
computational grid at ¢ = T. One can notice that the resolution is enhanced close to
the interface between the two fluids. The final grid consists of 283094 elements. Figure
reports a comparison for the quantities of interest between the fixed grid simulation
and the adaptive one. The results show that we have reached grid independence, since
only the degree of circularity slightly differs between the two simulations, whereas the
profiles of the vertical coordinates of both velocity and position of the center of mass
are visually indistinguishable.
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Figure 14: Rising bubble benchmark, configuration 2 with adaptive mesh refinement, a)
shape of bubble at ¢ = T, b) computational grid at ¢ = T (close-up to thin filamentary
regions).
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Figure 15: Rising bubble benchmark, configuration 2 with adaptive mesh refinement, a)
vertical coordinate position of the center of mass, b) vertical coordinate velocity of the
center of mass, ¢) degree of circularity. The blue lines denote the results obtained with the
uniform grid, whereas the black lines report the results obtained with the adaptive grid.

A significant difference in the development of the thin filamentary regions depends
on the modelling of the viscosity coefficient y, as pointed out in [43] for diffuse interface
models. A popular alternative to the linear interpolation model defined in (32)) is the
so-called harmonic interpolation, defined as

= Halp) + (1 - HL(p)). (103)
K 2

This choice yields results which are more similar to Group 1 in [27], where a break-
up occurs (see Figure . For what concerns the quantities of interest, we notice
from Figure [17] that, since the thin elongated filaments break themselves, the degree
of circularity is higher. Moreover, both the second peak of the rising velocity and the
final position of the center of mass are significantly higher. The following analysis
further confirms how challenging is defining a reference benchmark solution when the
bubble undergoes large deformations.
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Figure 16: Rising bubble benchmark, configuration 2, shape of bubble at t = T using the
harmonic interpolation for the viscosity.
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Figure 17: Rising bubble benchmark, configuration 2, comparison between linear interpola-
tion and harmonic interpolation for the viscosity: a) vertical coordinate of the position of
the center of mass, b) vertical coordinate of the velocity of the center of mass, ¢) degree of
circularity. The blue lines denote the results with the linear interpolation, whereas the black
lines report the results with the harmonic interpolation.

6 Conclusions

Building on the experience of [35] 37], we have proposed an implicit Discontinuous
Galerkin discretization for incompressible two-phase flows. While discretizations of in-
compressible two-phase flows equations have been proposed in many other papers, we
have presented here an approach based on an artificial compressibility formulation in
order to avoid some well known issues of projection methods. The time discretization
is obtained by a projection method based on the L-stable TR-BDF2 method. The
implementation has been carried out in the framework of the numerical library deal. I,
whose mesh adaptation capabilities have been exploited to increase the resolution in
correspondence of the interface between the two fluids. The effectiveness of the pro-
posed approach has been shown in a number of classical benchmarks. In particular,
for the rising bubble test case, the influence of some possible choices for the mixture
viscosity when the interface undergoes large deformations has been established, follow-
ing an analysis previously carried out for diffuse interface models. In future work, we
alm to exploit the possibility of considering well resolved interfaces for an analysis on
the evolution equations of interfacial quantities, as well as an extension of analogous
approaches to fully compressible flows.
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