Journal of Computational Physics 380 (2019) 119-142

Contents lists available at ScienceDirect E‘&lﬁmmm
CS,

Journal of Computational Physics

www.elsevier.com/locate/jcp

A volume-conserving balanced-force level set method on n
unstructured meshes using a control volume finite element ity
formulation

Stephen Lin?, Jinhui YanP, Dmitriy Kats?, Gregory J. Wagner **

4 Department of Mechanical Engineering , Northwestern University, Evanston, IL, USA
b pepartment of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, Urbana, IL, USA

ARTICLE INFO ABSTRACT
ArtiC{e history: The level set method for modeling multi-fluid interfaces gives a simple approach for
Received 22 February 2018 the simulation of multiphase flow problems. However, many of the components of this

Received in revised form 15 November 2018
Accepted 23 November 2018
Available online 26 November 2018

method, such as the redistancing of the level set function and discretization of the singular
surface tension force, become more difficult on unstructured meshes in a control volume
framework; furthermore, these operations are shown to lead to errors in conservation
of mass of the individual phases, as well as unphysical currents near the interface. This

Ifggosrff .method paper presents a novel formulation for the level set method combined with a balanced-
Control volume finite element method force algorithm using a control volume finite element method (CVFEM) for unstructured
Unstructured grid grids. A diffuse interface description is used, allowing a straightforward inclusion of surface
Balanced force tension forces; we show that by consistently evaluating the pressure gradient and surface

tension, we are able to discretely balance these two forces and suppress any parasitic
currents given a prescribed curvature. By converting the redistancing equation to a form
that is suitable for CVFEM and enforcing a constraint directly linked with the phase fraction
in each cell, we are able conserve mass and preserve the shape of the interface to a high
degree of accuracy in multiphase flow problems with high density and viscosity ratios. The
accuracy of the of our proposed method is assessed by comparing with benchmark results
from the literature.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Multiphase flows are frequently observed in many engineering applications. These may include wave breaking, melting,
combustion and liquid jet atomization. Numerical modeling can play a crucial role in understanding the physical behavior
of these flows. However, the accurate simulation of a moving interface, along with the complex interface conditions and
discontinuous material properties that often characterize such problems, can be very challenging. As a result, a great deal
of research effort has been targeted at developing numerical methods for modeling multiphase flows.

Two classes of methods are used for resolving the motion of the interface within numerical modeling: interface tracking
or interface capturing methods. Interface tracking methods explicitly track the interface by using a deforming mesh to
conform to the interface. Examples include the front tracking method [1,2], arbitrary Lagrangian-Eulerian (ALE) methods [3]
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and boundary integral methods [4]. These types of methods provide high accuracy per degree of freedom at the interface,
but may require complex remeshing strategies, especially for problems with large topological changes such as coalescence
or breakup.

Conversely, interface capturing methods make use of an additional auxiliary function defined over the entire grid to
represent the geometry of the interface. Some examples include the volume of fluid (VOF) [5,6], level set (LS) [7-9] and
coupled level set volume of fluid (CLSVOF) methods [10-12]. These types of methods are very robust in their ability to
handle complex morphological changes in the interface, and are often easier to implement in practice compared with
interface tracking methods, though at the cost of the need for a higher mesh resolution to accurately resolve the interface.
As a result, these methods have been applied to a broad range of applications, including include jet atomization [13,14],
additive manufacturing [15-18] and wind turbine flow [19,20].

Level set methods are among the most popular interface capturing methods for resolving free surface flows due to the
fact that they provide an accurate and straightforward computation of the interface normal and curvature from a smooth
function. These quantities are harder to obtain in other interface capturing approaches such as VOF methods, which require
complex interface reconstruction techniques to calculate these values. Level set methods utilize a smooth signed distance
function to implicitly represent arbitrary interface geometries. The evolution of this function is governed by an advection
equation combined with a redistancing algorithm to maintain its signed distance property; this redistancing scheme can
either be done with a time-dependent evolution in pseudo time [21] or by solving the Eikonal equation using either a fast
marching [22-24] or fast sweeping [25-27] method to restore the signed distance property of the field. The fast marching
and fast sweeping methods redistance the level set field by solving |V¢| = 1 over the entire domain. This redistancing
operation may lead to a loss of volume conservation, and can be difficult to parallelize efficiently. Parallel implementations of
the fast marching [24] and fast sweeping [26,27] methods have been reported; however, challenges remain for unstructured
meshes. Alternatively, a pseudo time-dependent evolution equation can be solved that results in a redistanced level set field
at steady state [9]. These methods can be parallelized efficiently since they can be treated in like other transport equations;
however, these types of methods are still prone to mass conservation error. As a result, much research has been devoted to
developing new methods to conserve mass in a level set method framework.

There have been attempts to improve mass conservation during redistancing for the original LS scheme. Sussman et
al. [28] proposed a constraint that preserved the volume fraction within each cell during redistancing in pseudo time so
that the interface is preserved with a high degree of accuracy. This constraint has been implemented in a higher-order
finite difference scheme [28] as well as in a finite element framework [29]. Another method for conserving mass within the
original level set framework is the addition of a perturbation to the entire level set field after redistancing. This perturbation
can be taken as a global constant [30] or as a spatially varying function [31]. An alternative formulation to the LS method,
introduced by Olsson and Kreiss [32] and further developed by Olsson et al. [33], introduces a regularized hyperbolic tangent
level set that plays the role of a liquid volume fraction. This conservative level set (CLS) method also includes a conservative
resharpening procedure to maintain the correct form of the hyperbolic tangent, which is otherwise distorted by advection.
Accurate solution of the conservative forms of advection and resharpening preserves the integral of the CLS field, and thus
total volume of the liquid phase.

Incorporation of surface tension forces at the free surface also requires careful consideration. Common discretization
methods include the Continuum Surface Force (CSF) approach [34], which smears the surface force over a small number
of elements near the interface, or the ghost fluid method [35], which imposes sharper boundary conditions on embedded
boundaries. Both of these techniques, however, have the tendency to generate “parasitic currents” near the interface when
surface tension forces are dominant. These parasitic currents are best demonstrated for an equilibrium problem of an in-
viscid static drop without any gravitational forces. The cause for these currents results from a combination of a numerical
imbalance between the pressure gradient and the surface tension force and an inaccurate evaluation of the interface cur-
vature. Torres and Brackbill [36] have addressed both of these issues by combining a front-tracking method for accurate
computations of the interface curvature with a modified projection scheme to minimize these parasitic currents. Francois et
al. [37] have addressed the former by introducing a balanced-force algorithm coupled to a VOF method within a segregated
solver; their results show that for a prescribed curvature they are able to eliminate spurious currents up to machine pre-
cision zero. This method has been extended to unstructured meshes within a fully-coupled framework [38] using the VOF
method. These balanced-force formulations have also been implemented with level set methods [39,40] where the interface
is resolved on a Cartesian grid.

It is clear that in the context of a level set framework, the redistancing/resharpening procedure is crucial to provid-
ing an accurate depiction of the evolution of the interface; these procedures should both conserve mass and be able to
reconstruct geometric quantities with a high degree of accuracy. Moreover, it is desirable to apply these methods on un-
structured meshes; this enables meshing of complex domains with a straightforward technique to refine the mesh near the
interface. In addition, use of a balanced-force technique improves the accuracy of surface force computations, important in
surface tension-dominated flows. Most improvements on mass conservation during redistancing for the original LS scheme
have been developed on structured Cartesian grids. Some research efforts have extended these improvements over redis-
tancing to unstructured meshes in the context of a finite element framework [29,31,20], however their implementation in
a volume-conservative formulation (such as finite volume methods) is not clear. On the other hand, the CLS method has
been implemented on unstructured meshes in a finite-volume formulation by Balcazar et al. [41,42], however the resharp-
ening procedure has its own disadvantages: Desjardins et al. [14] observed oscillatory normal vectors during resharpening,
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which ultimately affected the stability of the scheme itself. Owkes and Desjardins [43] addressed this by combining the
CLS with a redistancing algorithm that utilized a fast marching method; however, excessive use of this algorithm, especially
in areas where the CLS does not require resharpening or redistancing, may still deteriorate the hyperbolic tangent profile
[44]. Additionally, a balanced force technique combined with a level set method for purely unstructured meshes is still not
available.

There is still a need for a level set formulation for multiphase flows, including level set advection and redistancing,
that can be implemented easily on unstructured meshes, conserves mass of each phase, scales efficiently in parallel, and
is robust even for problems with large density and viscosity ratios. We aim to address this need in our present work by
developing a balanced-force, volume-conserving level set method using a control volume finite element (CVFEM) formu-
lation for unstructured meshes. CVFEM [45,46] combines the flexibility of a finite element interpolation scheme with the
robust conservation properties of traditional finite volume techniques. In this way, scalar quantities governed by a volume-
conservative form can be accurately transported over unstructured grids while maintaining conservation to a high degree
of accuracy. A diffuse interface level set approach is used here, allowing straightforward inclusions of surface tension forces
for two-fluid simulations using the continuum surface force model formulated by Brackbill et al. [34]. By converting the
pseudo-time dependent redistancing to a form that can be solved using CVFEM, we are able to use higher-order upwinding
techniques for unstructured meshes. Additionally, we formulate a new volume-conserving constraint over the redistancing
algorithm that is similar in spirit to the formulation developed by Sussman et al. [28] and combine this with the global
volume corrector developed by Smolianski [30] to show that we can conserve mass and interface shape to a high degree of
accuracy. Lastly, we extend the balanced-force algorithm originally proposed by Francois et al. [37] to purely unstructured
meshes in the context of a level set framework; we demonstrate that for the canonical inviscid static droplet problem, we
are able to achieve a discrete balance between the pressure gradient and surface tension force under a prescribed curvature.

This paper is organized as follows. The mathematical formulation is described in Section 2. A CVFEM discretization of the
method and description of the solution procedure is presented in Section 3. Numerical tests are then performed to assess
the robustness and accuracy of our method in Section 4. Conclusions are discussed in Section 5.

2. Mathematical formulation
2.1. The level set field

2.1.1. Level set definition and properties
In the level set method, the phase interface I" is implicitly represented by the zero level set of smooth function ¢ (x,t):

={x|¢(x,t)=0) (M

Away from the interface, ¢ (x,t) is taken to be a signed distance function to the interface I', and thus has the property that
[V¢| = 1. In our formulation, we consider the level set function to be positive and negative in the liquid and gas phase,
respectively:

>0 ifx € liquid phase
¢, t){=0 ifxel (2)
<0 ifxe gasphase

The level set ¢(x,t) is advected through the integration of an advection equation:

3¢ B
5 Tuve=o. 3)

The advective flow field u is obtained from the solution of the Navier-Stokes equations, which will be reviewed in Sec-
tion 2.2. Geometric parameters related to the interface I' are also calculated from the level set field ¢:

Vo Vol

where n and « are respectively the unit normal vector and curvature of the interface TI.

To evaluate material properties such as density and viscosity, we make use of a diffuse interface formulation; proper-
ties associated with each phase (such as density and viscosity) vary smoothly across the interface over a fixed distance.
A smoothed Heaviside function H¢ is used to assign physical properties to the liquid and gas phase:

P (@) = p1He(d) + p2(1 — He ()
(@) = p1He (@) + p2(1 — He(9))

where p; and p, denote the density of the liquid and gas phases, and w1 and w, denote the viscosity of the liquid and gas
phase, respectively. The function H¢(¢) is calculated as

(5)
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0 ifp <—¢
He@=15[1+2+Lsin(22)] iflgl<e (6)
1 ifp>¢

The interfacial thickness & represent an interfacial thickness over which the Heaviside function varies. Typically, the param-
eter ¢ is set to € = ah, where @ > 1 and h is a characteristic mesh size. This smoothed Heaviside function plays the role of
a volume fraction of the liquid phase, and can be used for volume conservation constraints as will be seen in Section 3.4.1.

2.1.2. Redistancing of the level set
The solution to Eq. (3) does not in general preserve the signed distance property of the level set function (|V¢|=1).
To re-establish this property, a redistancing operation must be performed that preserves the position of the zero level set
surface. A brief overview of this operation will be presented in this section, however unfamiliar readers should refer to the
work of Sussman et al. [9] for a detailed introduction into the mathematics and numerics of this operation.
Redistancing of the level set is accomplished by solving to steady state an equation in pseudo-time 7:
Gl -
§+50(¢o)(lv¢|—l)=0 (7)
where the initial condition for Eq. (7) is the level set field at some physical time t, i.e., ¢(x, T = 0) = ¢p(X) = p(x, ). It is
assumed that ¢o(x) does not satisfy the signed distance property.
The function Sg(¢p) is a smoothed sign function that goes to 0 at the ¢y = 0 interface:

So(¢o) =2He(do) — 1 (8)
Eq. (7) can be reformulated as an advection equation. Using |V¢|= V¢ - \V 45\ and rearranging results in
3¢
o+ WV =So(g0) ®
where the redistancing velocity w is defined as:
V¢
= So(¢o) —= (10)
Vol

It can be seen from the form of the redistancing equation in Eq. (9) that information is propagated away from the
stationary interface to recover the signed distance property of ¢. At steady state, the solution ¢ satisfies |V¢| =1, and is
used to replace the current level set field ¢ (x,t). A numerical discretization of Eq. (7) will introduce mass error in the
individual phases, because the zero level set contour does not remain stationary during redistancing. As a result, additional

constraints need to be embedded into Eq. (7), which will be discussed in Sections 3.4.1 and 3.4.2.
2.2. Incompressible two-phase flow

Incompressible two-phase flow is governed by the Navier-Stokes equation coupled with a mass conservation constraint:

a
KOO 1 (pgyu = ~Vp + 9 - (@) + Vu")) + p@)g + f.y (112)
a
P9 15 (o =0 (1)
Applying the product rule to the left hand side of Eq. (11a), the chain rule to Eq. (11b) and utilizing Eq. (3) results in:
(@) ( +V- (uu)) =—Vp+ V- (@) (Vu+Vu") + p@)g + fis (12a)
V-u=0 (12b)

where u is the flow velocity, p is the hydrostatic pressure and g is the gravitational acceleration. The material density p(¢)
and viscosity w(¢) are calculated as functions of the level set field, as described in Eq. (5). Additionally, the force term f
accounts for surface tension applied over the interface I'. We utilize the continuum surface force (CSF) method proposed by
Brackbill et al. [34] to implicitly apply surface tension effects over I'. A traditional level set framework utilizes the following
form for the surface tension forces:

fsp =0k @)nH'($) (13)
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Fig. 1. (a) Control volume centered about a finite element node connected to a patch of 2D quadrilateral elements; (b) mapping for SCS and SCV integration
points in the parent coordinate system for a bilinear quadrilateral element.

where o is the surface tension coefficient and H'(¢) = % However, for a proper balanced-force implementation we utilize

the gradient of the Heaviside or VH =nH’(¢). Thus, f takes the form:
fsf=0Kk(@)VH (14)
3. Numerical formulation

In this work, a control volume finite element method (CVFEM) formulation is used to spatially discretize the governing
equations reviewed in Section 2. This method combines the conservation properties associated with finite volumes with the
geometric flexibility of finite element interpolation functions. The governing equations are posed in a conservative integral
form and applied to discrete control volumes. Surface and volumetric integrations are then evaluated using finite element
interpolation techniques.

3.1. CVFEM discretization

CVFEM utilizes discrete control volumes constructed around each node within a finite element mesh. Volumes are formed
by connecting the centers of elements, edges, and (in 3D) faces of the original finite element mesh, forming a polygonal
or polyhedral control volume (CV). For example, Fig. 1a shows a patch of 4 2D elements, and the CV (denoted €2;) formed
around central node I. An individual element includes a sub-portion of the CVs associated with each of its connected nodes;
these sub-portions are referred to as sub-control volumes (SCV), and the faces bounding them as sub-control surfaces (SCS).
A canonical 4-node quadrilateral element in 2D includes 4 SCVs and 4 SCSs (Fig. 1b). Integrals over these volumes and
surfaces are typically approximated using a single integration point at the center of the surface or volume, as shown in
Fig. 1. A complete description of SCS and SCV for 3D hexahedral elements are given by Domino [47].

3.2. Incompressible two-phase flow
The two-phase Navier-Stokes equation posed in Eq. (12) is first posed in an integral form for each control volume

with a bounding surface I';. Invoking the divergence theorem and assuming density is constant over € results in:

ou
o1 /gdﬂﬂr/(uu)-ndl“z 2/(p1g+fsf)d91+/(M(Vu+VuT)—pI)-nsz (15)
Qr Iy Q Iy

Iy
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where n is the outward pointing normal from surface I'; and I is the identity tensor. A CVFEM discretization is then carried
out by approximating surface integrals at the SCS integration points and volumetric integrals at the SCV points (with the
exception of the time derivative term, which for convenience is evaluated at the node):

3111 Nscs . Ngcs
pr| ==AVI+ Y (Waav.ip)Vip | = 18AVI+ Fop jAVI+ Y (ip(Vitip + Vul) — pipD) - nip AAyp (17)

at k :
ip=1 ip=1

Nscs

> vp=0 (18)
ip

where ngs is the number of SCS integration points, ng, is the number of SCV integration points, AAj, is the surface area
at a SCS integration point, and AV is the volume of €. The volume flow rate v;, used in both (17) and (18) approximates
ujp - nAA;, over the SCS and is designed to satisfy (18) exactly; its form will be presented in section 3.2.1. The advected
velocity uggy jp in (17) is an upwinded value, the form of which will be discussed in section 3.2.2. Other integration points
values with subscript “ip” are evaluated using standard finite element shape functions:

duwp L ANY

ny
L ip o
uzp—IZ]:NI u, Vup= o%; _121: 0% u; (19)

where ny is the number of nodes within an element and N;p is the finite element shape function at a node I evaluated at
an SCS or SCV integration point.

3.2.1. A balanced-force collocated pressure projection scheme and the formulation of vy

Our proposed balanced-force formulation requires a pressure projection step in which the pressure gradient and surface
tension force fg; are evaluated consistently, allowing a discrete balance between the two for static cases with constant
curvature. A backward Euler time integration scheme is used together with a collocated pressure projection method [48,49]
to update the velocity and pressure variables. A variable density formulation similar to the one proposed by Almgren et al.
[50] is implemented in this work. This fractional step scheme first solves Eq. (17) for an intermediate velocity @ with an
initial pressure guess p*.

A Nscs
u —u’ ~ y
P =it AVI+ X faavip i, | = 01T 8AVI+ fip AV
ip=1 (20)

Ngcs
A AT
+ Z (wip(Vitip + Vi) + pi, ) - nip AAjp
ip=1
After solving for a new pressure field p™t! to enforce continuity (see below), the updated velocity at time t"*! can then be
computed:

At

n+1
1

In this expression, the pressure gradient at the nodes is evaluated according to a lumped L, projection based on the
divergence theorem:

u?“ =ﬁ1 —

(Vpitt —vph) (21)

1 Nscs
Vpr=—- Z pip"ipAAip (22)
AV
ip=1
Eq. (22) can be modified to evaluate nodal gradients for any scalar value. A proper balanced-force implementation requires
that the pressure gradients and surface tension forces be evaluated in the same manner; this allows an exact balance
between the two under a constant curvature «. Thus, for a constant surface tension this results in:

Ngcs
Z Hipnip, AAjp (23)
ip=1

OK]
fsf,l - AV[
Given o and a constant curvature x, and using Eq. (22) and (23) to consistently evaluate the pressure gradient and surface
tension force, the exact nodal pressure solution p; = ok Hj satisfies the discrete, steady state equation and gives the correct
analytical pressure jump across the interface. The curvature, which is a second derivative of the level set field Eq. (4), is also
calculated through a nodally lumped L, projection using the nodal gradient of the level set field:
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1 Nscs v ¢ip

K= Ay Vi
Iip:] | ¢1p|

-n,-pAA,-p (24)

The volume flow rate v;, at the integration point can be computed based on (21), but with pressure gradients evaluated at
the integration point to avoid a decoupling between the pressure and velocity fields on collocated meshes [51,52]. In order
to discretely balance the pressure gradient, the surface tension force must also be evaluated at the integration point:

Vp* f 1
1= (e[ (32), (), (), o] msne
1Y ip Y ip 1Y ip

For large density variations, the stability of the method can be sensitive to the form of interpolation of integration point
values in the above expression. In our work, the following forms are used:

p LN ap LNy
Vpp=—-=9 —Lp;, VHp=-—=Y —LH 26a
Dip ox; Z ox; D1 ip ox; £ ox; I (26a)

1 N1

—) =) 'NP (—) 26b
<p>ip ; ! P ( )
\Y WL vi ; fs
(3),=2ne 5 (7), = (25

=1 o

where Vp; and fg | are evaluated according to Eq. (22) and (23), respectively.
The pressure at the new time step is determined by enforcing that the volume flow rates satisfy the discrete continuity
equation (18), leading to a Poisson equation for p"*!:

Nscs

1
2 A (ﬁ) vy, mip Ay
P ip

ip=1

R Vp* fsr 1
= (i + At ( n+1>- _( ni—l) +< n+1). (okipVHip) | | - mipAAip (27)
10 ip p p o p

The above algorithm will later be compared to a non-balanced force method that does not include the surface tension
contribution in either the expression for volume flow rate or the resulting pressure Poisson equation. This results in the
following expressions for v;, and pt1:

Vp* 1
n+1 __ n+1 . .
v (ulp + At [(pnﬂ )ip - <—pn+1 )m ( Pip )D “nip AAjp (28a)

n
SCS Vp
Z At( n+1>, Vp;?p“ MipAAjp = (u,p + At (an) > Mip AAjp (28b)
p ip

ip=1

3.2.2. Advection stabilization and higher order upwinding

Advective transport requires additional stabilization. In our formulation, stabilization is implemented by including up-
winding to evaluate advected quantities at the integration points (e.g., Ugdyv,ijp in Eq. (17)). For some general transported
field 6, which may represent for example the velocity or level set field, the advected value 6,4, is decomposed into up-
winded (6ypw) and generalized central difference (6.4) contributions:

Oadv = NOupw + (1 — N)0cq (29)
where 7 is a local Peclet blending function defined as:
pe?
=— 30
1= 5 pe2 (30)

Pe is the local Peclet number at an SCS integration point, evaluated as:

pe— 0.5(ug +up) - (Xg —Xp) (31)
v
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where v is the dynamic viscosity. Each SCS integration point has a “left” and “right” node associated with it, subscripted
with L and R, respectively. For example, for Face 1 in Fig. 1b, the left and right node are nodes 1 and 2, respectively. The
evaluation of 6y, is determined by the sign of v;, at the SCS integration point:

0L +dp-Vor ifVip <0

o (32)
Or +dg-VOg ifvi, >0

Qupw,ip =

The normal vector pointing from L toward R is used to determine the sign of the volume flow rate. The vectors d; and dg
are distance vectors from the integration point to the left and right node, respectively.
A finite element interpolation is used to compute the central difference value in our formulation:

nn .
Ocd,ip = Z N;p91 (33)

Higher order spatial schemes can be achieved through the choice of 6.4, but are beyond the scope of this work. For more
information, interested readers are referred to the work of Domino [47].

3.3. Level set advection

Under a divergence free velocity, the advection of the level set presented in Eq. (3) can be reformulated into a conserva-
tive integral form

[%d91+[u-n¢dl"1:0 (34)

Q I

A CVFEM spatial and backward Euler time discretization of Eq. (34) results in

¢n+1 _ d’ Nscs )

I n+ -n _

( < >AV + ) i Vi =0 (35)
ip=1

where the volumetric flow rate v;, is defined in Eq. (25) and the upwinded value ¢ypw,ip is based on Eq. (32). It should be

noted here that we use full upwinding on the level set function since Pe — oo for the evolution of the level set field.

3.4. Level set redistancing

Analytically, Eq. (7) preserves the position of the zero level set of ¢(x,t) in pseudo-time. However, as mentioned in
Section 2.1.2, a numerical solution of this equation introduces discretization errors that will inevitably perturb the zero level
set surface. These errors are small at each pseudo-time step, but accumulation can cause a substantial change in mass over
time. As a result, we must enforce additional constraints during the redistancing of the level set.

3.4.1. Interface constraint on redistancing
Sussman et al. [28] introduced a constraint at the zero level set contour during the time integration of Eq. (7). The
change in integrated volume fraction over each control volume 2; is constrained to zero:

f(Hg () — He(¢0))d2y =0 (36)
Q
where ¢ is the redistanced level set field and ¢g is the level set field prior to redistancing. We follow a similar approach

and enforce Eq. (36) while integrating Eq. (9) in pseudo-time. First, we note that the CVFEM formulation can be thought of
as a special case of a weighted residual method. We take a weighted residual form of Eq. (9):

/545 (—¢ +w-Vep— So(¢o))dQ /5¢3R(q§)dsz =0 (37)
Q Q

where 8¢ is a weight function and R(¢) is the residual of Eq. (9), defined as:
R(¢) = —¢+W V¢ — So(¢o) (38)

If 8¢ is chosen to be a piece-wise constant equal to one on control volume §2; and zero elsewhere, we obtain the CVFEM
formulation.
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The following augmented Lagrangian term is added into Eq. (37) to enforce the constraint posed in Eq. (36)

> f (He (@) — He (0))dS (39)
Q

1

where A; is a Lagrange multiplier associated with each control volume I. Taking a variation of Eq. (39) and adding it to
Eq. (37) we obtain

/ SPR(@)AQ+ Y 81 / (He (@) — He($0))d + Y 2 / SGH ($)d (40)
Q I Q ! Q

where H], = BBHS. Gathering 8¢ and §X; terms into separate equations and assuming 8¢ to be piece-wise constant over a

volume 2; and 0 elsewhere yields

9b _ _
/ (a—‘f IR so<¢o>) 49y + 1y / H($)dS =0
Q Q (41)
Subject to: / (Hg(¢) — He(¢0))dS2 =0

Q)

We approximate the reinitialization velocity w as constant over the control volume, allowing us to formulate the advection
term as a surface integral using the divergence theorem so that our CVFEM upwinding scheme discussed in Section 3.2.2
may be used.

9 _ _
/£d91 =_WI'/(¢n)dFI+/SO(¢0)dQI —A,/H;(¢)d§21 (42)
Q Iy Q Q

In order to enforce the constraint given by Eq. (36), Eq. (42) is discretized into a predictor-corrector scheme using a back-
ward Euler scheme in time and a CVFEM spatial discretization. The unconstrained advection equation in Eq. (9) is used to
predict an intermediate field ¢*:

o - 3 e
( IA'[ I AVi=—-w;- Z nipfl);pw’,-pAAip + So(¢po) AV (43)
ip=1

where At is the pseudo time step and the superscript k represents a pseudo time level. The parameter A; is then calculated
for each control volume over a node I based on the intermediate field ¢*. Taking a linear expansion and making use of the
constraint posed in Eq. (36) results in a Lagrange multiplier of the form

_ He (¢ — He (doip) ) AV
o (M@ — HeGo))azy N_ip2=:1( ’ ) AV ”
T AT, Hugras =R
AT Y H(¢5)* AVip
ip=1

where ns, is the number of SCV integration points within an element. Finally, the intermediate field ¢* is corrected by A;
to minimize variations around the zero level set contour:

ATAp &, -,
AV, > HL(5) AV (45)

ip=1

¢ =af +

3.4.2. Volume correction for redistancing

The predictor-corrector scheme formulated in Section 3.4.1 is designed to minimize variations in the zero level set
contour during redistancing. However, this scheme does not address mass conservation errors incurred during numerical
solution of level set advection (Eq. (35)). As a result, an additional procedure proposed by Smolianski [30] is applied wherein
the re-distanced level set field ¢ is perturbed by a global correction factor ¢ to restore mass balance. The correction factor
¢ is obtained by solving

[H€(¢3+;)asz—ﬁ1=o (46)
Q
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where H, is given by Eq. (6), € is the computational domain and H is the initial volume fraction integrated over the
computational domain. It should be noted that Eq. (46) acts to restore the correct mass of each phase globally after each
level set advection time step, but does not necessarily conserve mass locally; the Lagrange multiplier constraint formulated
in Eq. (44) is used to conserve mass locally over each pseudo time step during redistancing.

Solving for the global volume corrector ¢ requires solving Eq. (46), which is a nonlinear equation that requires a lin-
earization. We implement an incremental formulation in ¢ such that ™1 =™+ A¢™, where the superscript m represents
an iterative increment. Taking a Newton-Raphson (N-R) formulation of Eq. (46) and linearly expanding around ¢ + ¢ results
in

i [ He@r + cmae
A" = —E (47)
[ i@+ cmas:

Q

The redistanced level set ¢ is updated after each N-R iteration (¢™+! = ¢™ + Az™). Taking a CVFEM discretization of
Eq. (47) and integrating over all of the control volumes results in

ncy
H=> He@['+¢MAV
A= — = (48)
S HL@P +MAY,

I1=1

where ncy is the number of control volumes within the computational domain.
3.5. Solution algorithm
The numerical scheme for our proposed methodology is summarized as follows:

1. Advect the level set function ¢ by solving Eq. (35)
2. Solve for the redistanced level set field ¢ using ¢"*! as an initial condition
(a) Solve for an intermediate field ¢* with Eq. (43)
(b) Calculate the Lagrange multiplier A; at each nodes with Eq. (44)
(c) Correct the intermediate field for ¢k*! using A; with Eq. (45)
(d) Repeat steps (a) to (c) until a desired pseudo-time state is reached
3. Correct the redistanced level set field ¢**1 through a N-R iteration of Eq. (48)
. Calculate viscosity and density fields from Eq. (5) and curvatures and normal from Eq. (4)
5. Solve for the velocity field using a fractional step method on the Navier-Stokes equation
(a) Solve for a provisional velocity field & through Eq. (17)
(b) Solve for the new pressure field p™*! through Eq. (27)
(c) Correct the velocity field through Eq. (21)
6. Store the conservative volume fluxes calculated from Eq. (25) at the SCS integration points
7. Repeat steps 1 to 6 until a desired time state is reached

N

In the following examples, the redistancing algorithm listed in step 2 is run until a pseudo-time level that is 5 times the
characteristic element length. The advection of the level set and the Navier-Stokes solution algorithm is carried out with
second-order upwinding with van Leer slope limiters enforced. This formulation has been implemented in Nalu, an open
source, massively parallel, generalized unstructured CVFEM code developed at Sandia National Laboratories for low Mach
number flows [47].

4. Numerical results
4.1. 3D sphere advection under uniform flow

We first demonstrate the proposed level set algorithm with a simple test problem of advecting a spherical interface
through a rectangular channel. A constant uniform velocity 1 in the x direction is imposed everywhere within the channel.
The configuration is shown in Fig. 2. The cross-section of the rectangular channel is a square with a width w =4 and the
length of the channel is L = 20. The dimensions of the domain are —2.0 <x <2.0, —2.0 <y < 2.0 and —10.0 <z < 10.0. The
diameter of the sphere is D = 3 with center initially at (0.0, 0.0, —7.0). The domain is discretized with a structured uniform
mesh with cubical elements of size h = 0.1, giving 30 elements across the sphere diameter. A time step of At =0.125 is
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Fig. 2. Setup for sphere advection test.
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Fig. 3. Final interface contours for the sphere advection test visualized by (a) overlapping 2D contours compared with the exact solution and (b) a 3D
surface contour for the case using first order upwinding.

used and the simulation is run until t = 10; thus in the exact solution the sphere be translated 10 length units in the x
direction.

The interface thickness spans approximately 2 elements (¢ = 2h = 0.2). To compare the effects of the upwinding scheme
on redistancing, we perform redistancing using both first and second order upwinding; second order upwinding is used on
the level set advection itself. The redistancing scheme is performed after every advection step to a final time of T =0.5.
For this test case, the Lagrange multiplier to enforce the constraint posed in 3.4.1 is not enforced; by doing this we see the
effects of upwinding on the level set redistancing formulation.

Fig. 3 shows the results for both cases using first and second order upwinding. As seen in Fig. 3b, using only first order
upwinding results in a distortion of the sphere in regions where the normal of the interface is oriented diagonally across
an element, whereas a second order scheme better preserves the shape. Fig. 3a displays the 2D contours of the interface for
the both cases along with the exact solution; the 2D contours are taken from a planar slice in the y-z plane at x =0.

4.2. Zalesak’s rotating disk

For geometries more complex than the sphere used in Section 4.1, additional constraints as presented in Sections 3.4.1
and 3.4.2 must be added to ensure that both the shape of the interface and the volume it encompasses are preserved, as
demonstrated using Zalesak’s rotating disk test [53]. A slotted disk is placed at the center of a unit square; the slot is 0.2
units wide and 0.65 units deep. Fig. 4a shows the initial position and Heaviside profile of the disk for a 100 x 100 quad
mesh. The slotted disk rotates under a prescribed divergence-free rotational velocity field given as:

ux(y) =2my

49
uy(x) =—2mx (49)

For this test case, the disk is rotated for 2 full revolutions to assess the accuracy of our proposed level set formulation.
Second order upwinding is used on both the level set advection and its subsequent redistancing. A physical time step of
At = 0.0025 is used along with a pseudo time step of At = 0.01. This test case is run with and without the interface
constraints and volume correction formulated in Sections 3.4.1 and 3.4.2, respectively.
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(a) Initial Disk Profile

(b) 1 revolution (without constraint) (c) 2 revolutions (without constraint)

(d) 1 revolution (with constraint) (e) 2 revolutions (with constraint)

Fig. 4. Time evolution for rotating disk. The Lagrange multiplier constraint is only enforced in (d) and (e).

Figs. 4b and 4c show the profile of the slotted disk without using the interface constraint and volume correction. As seen
in Fig. 4b, after 1 revolution the profile of the slotted disk rapidly deteriorates at the sharp corners of the slot. Fig. 4c shows
that as the disk continues to rotate, the profile is eventually destroyed and does not retain its original shape.

Figs. 4d and 4e show the slotted disk profile when using both the interface constraint and volume correction. Fig. 4d
shows that after 1 revolution, the profile of the slotted disk is maintained well, with the only significant distortion seen at
the sharp corners around the slot. Although the Lagrange multiplier constrains error during the redistancing step, the level
set advection process is still subject to artificial numerical diffusion, leading to smearing of the corners. The slotted disk
profile is still maintained even after a second revolution, as seen in Fig. 4e. In addition, the relative difference between the
initial area of the slotted disk profile and after 2 revolutions is summarized in Table 1. As seen in this table, with both the
Lagrange multiplier and global volume constraint enforced, area is preserved within an order of 1 x 10716 over time.

4.3. 3D interface deformation field

A 3D Enright deformation problem [54] is used to assess the performance of the level set and subsequent redistancing
algorithm in the presence of complex flows. This problem has been widely-used [54,12,55,56] to assess the accuracy and
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Table 1
Area conservation for Zalesak’s disk problem.

Relative difference in area

No Lagrange multiplier constraint 7.456 x 1073
Lagrange multiplier constraint enforced 4.409 x 10716

< N

(a) (b) (c)

Fig. 5. Enright deformation problem on a structured 150 x 150 x 150 hexahedral mesh with period T =3 using second order upwinding on redistancing
without any interface constraints. Isosurface of ¢ =0 at (a) t =0.0 (b) t =1.5 and (c) t =3.0.

robustness of interface-capturing solvers under complex flows that dramatically distort the interface over time. The com-
putational domain is a unit cube, with a sphere of radius 0.15 initially centered around (0.35, 0.35, 0.35). A spatially and
temporally varying velocity field is prescribed to convect the spherical profile:

Uy = 2 sin’ (7t x) sin (5T y) sin (27 z) cos <7th> (50a)
Uy = —sin (2wx) sin? (7t y) sin (2 z) cos (g) (50Db)
u, = —sin (277 x) sin (27 y) sin? (77 2) cos (?) (50c¢)

where T is a time period and t represents the current time of the simulation. This velocity profile is designed to severely
deform the sphere until t = g; after this the velocity profile is reversed and the sphere location and shape are analytically
recovered at t = T. For this particular problem, a mesh resolution of 150 x 150 x 150 and period of T = 3.0 are used. A total
of four test cases are performed: three use a structured hexahedral mesh with a resolution of 150 x 150 x 150 (shown in
Figs. 5-7), and the last uses an unstructured tetrahedral mesh with an element size equivalent to 1/150 (shown in Fig. 8),
with 27,867,795 elements and 5,053,846 nodes. In addition, Table 2 shows the relative difference in volume between the
beginning and end of the simulation for each test case.

To illustrate the importance of the interface constraint, we run this problem without the interface constraint and use
second order upwinding on the redistancing equation (Fig. 5). Additional test cases are run with the interface constraint
while using first (Fig. 6) and second (Fig. 7) order upwinding during redistancing. Lastly, a test case is run using second
order upwinding on an unstructured tetrahedral mesh (Fig. 8). The interface constraint plays a crucial role in preserving the
interface location during redistancing under highly complex flows; this can be seen at the halfway point t = 1.5 in Fig. 5b,
where a significant amount of volume has been lost and at the final recovered state t = 3.0 in Fig. 5¢ where the profile is
nowhere near spherical. Employing the interface constraint during redistancing yields a much better result; however it can
be seen by comparing Figs. 6b and 7b that at the halfway point, the second order upwinding case is able to better resolve
the thin membrane region at the center. Moreover, comparing the final shapes in Figs. 6¢ and 7c shows that the second
order upwinding case is able to provide a more accurate recovery.

The second order upwinding results are comparable to similar interface capturing approaches that use a volume of fluid
[55] or coupled volume of fluid-level set approach [12,56] on a similar grid resolution. However, these results are not as
accurate when compared to approaches such as the hybrid particle level set method [54]; that method is able to recover a
spherical profile, but at the cost of introducing additional complexities such as particle tracking which become more difficult
to implement in parallel.

The last test case demonstrate that we are able to solve this problem on an unstructured tetrahedral mesh; tetrahedral
elements are used to discretize the cubic domain with the same characteristic element length for the 150 x 150 x 150
hexahedral case. It can be seen from Fig. 8 that the method is able to approximately recover the hexahedral first order
upwinded case on an unstructured tetrahedral mesh with second order upwinding. For the hexahedral first and second
order upwinding case and the unstructured tetrahedral case, the relative difference between the volume of the sphere at
t=3.0 and t = 0.0 is on the order of 1016 or machine accuracy; this is a result of using the volume correction proposed
in Section 3.4.2.
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(a) (b) (©)

Fig. 6. Enright deformation problem on a structured 150 x 150 x 150 hexahedral mesh with period T =3 using the proposed interface constraint and first
order upwinding on redistancing. Isosurface of ¢ =0 at (a) t =0.0 (b) t =1.5 and (c) t = 3.0.

1)
32U
S ta

S

(a) (b) (c)

Fig. 7. Enright deformation problem on a structured 150 x 150 x 150 hexahedral mesh with period T =3 using the proposed interface constraint and
second order upwinding on redistancing. Isosurface of ¢ =0 at (a) t =0.0 (b) t =1.5 and (c) t =3.0.

(a) (b) ()

Fig. 8. Enright deformation problem on an unstructured tetrahedral mesh with period T = 3 using the proposed interface constraint and second order
upwinding on redistancing. Isosurface of ¢ =0 at (a) t =0.0 (b) t =1.5 and (c) t =3.0.

Table 2
Volume conservation for 3D Enright interface deformation test.

Relative difference in volume

Second order upwinding without Lagrange multiplier constraint (hexahedral mesh) 2.269 x 1073
First order upwinding with Lagrange multiplier constraint (hexahedral mesh) 2.204 x 10716
Second order upwinding with Lagrange multiplier constraint (hexahedral mesh) 1.351 x 10716
Second order upwinding with Lagrange multiplier constraint (tetrahedral mesh) 3.134 x 10716

4.4. Static pressure test

Section 4.2 and 4.3 show that imposing additional constraints and corrections as well as implementing a second order
upwinding method on redistancing can accurately preserve more complex geometries as well as the volume enclosed by
the interface. In this section, we analyze an equilibrium inviscid sphere within a cubical domain and demonstrate the effect
of the balanced-force algorithm in maintaining a stationary solution. Simulation and domain parameters are those used by
Williams et al. [57], Francois et al. [37] and Herrmann et al. [39]. A cubical domain with dimensions 8 x 8 x 8 contains
a spherical droplet of radius r = 2 located at its center. No-slip conditions are applied at the boundaries, and a surface
tension force given in Eq. (13) is applied at the interface. The density inside the sphere is set to p; =1 and the density
outside of the sphere, p,, is varied. In the absence of gravitational forces, the surface tension is balanced by a pressure
difference across the interface, resulting in a stationary bubble. The pressure difference can be calculated analytically with
the Young-Laplace equation:
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Pressure
E7.300e+01

0.000e+00

(a) (b)

Fig. 9. (a) Unstructured tetrahedral mesh used to solve the inviscid static droplet problem and (b) sample pressure contour on a planar cut through the
center of the cubic domain. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 3

Errors in velocity and pressure without the balanced force algorithm
after a single time step for varying density ratios in the inviscid, equi-
librium sphere test case using a prescribed curvature and tetrahedral

mesh.

P1/02 Loo(u) E(Apmax)

1 2.666 x 107> 0.3229

103 9.789 x 1077 8.335

10° 3.762 x 1077 8.6122

1010 4.196 x 1077 8.6122

20
Ap=0K=— (51)
r

Here, Ap is the pressure difference across the interface. The surface tension coefficient for this problem is set to o =73
so that the analytical pressure difference is Ap = 73. This problem is solved using an unstructured tetrahedral mesh with
a characteristic element length of h = 0.2 (Fig. 9a). A sample solution of the static pressure field is shown in Fig. 9b. This
problem has been extensively investigated [37,57,39] to assess the effects of parasitic currents for the case of a constant
o and a prescribed, constant curvature, it was found that balanced force algorithms were able to eliminate any parasitic
currents, whereas non-balanced force algorithms still contained these currents. Quantitative measurements for assessing
this problem include the maximum or L, norm of the velocity and the error in the pressure E(ApPmax):

E(Apmax) = Imax (p;) — min (py)| — Apexact (52)

where Apexact = 73 for this test case.

To demonstrate the advantages of the balanced force algorithm, we prescribe the curvature only for these simulations
with k¥ = 1.0. We prescribe the curvature so that we eliminate any errors from numerical computations of the curvature;
this means that any parasitic velocities generated in these simulations are from numerical imbalances between the pressure
gradient and surface tension force term. This approach to demonstrating force imbalance error by prescribing the exact
curvature follows that of Francois et al. [37]. We solve this problem using the proposed balanced force algorithm described
in Section 3.2.1; these results will be compared to a non-balanced force solution that only considers the surface tension
in the velocity predictor step with pressure and the volumetric flow rate being calculated through Egs. (28b) and (28a),
respectively. Table 3 shows the results when using the non-balanced force algorithm and Table 4 shows the results with
the proposed balanced force algorithm after a single time step size of At =107% for varying density ratios up to 10'0. As
seen from Table 4, errors are on the order of machine zero, even for extremely large density ratios. It should be noted that
values for Loo(#) and E(Apmax) lower than machine error 10-16 are truncated in the computation; therefore calculations
that result in lower values are only reported as < 10~'6. Comparison of Table 3 and (28a) shows that, without the balanced
force algorithm, L., (u) is nonzero and shows a dependence on the density ratio, while error in the pressure E(Apmax) iS
significant, especially at high density ratios; the balanced force algorithm virtually eliminates both parasitic currents and
pressure error for this prescribed curvature case.
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Table 4

Errors in velocity and pressure with the proposed balanced force algo-
rithm after a single time step for varying density ratios in the inviscid,
equilibrium sphere test case using a prescribed curvature and tetrahe-
dral mesh.

p1/P2 Loo(u) E(APmax)
1 4.496 x 10~ 1> <1076
103 <1076 <1076
10° <10-16 <1016
1010 510’16 S10—16
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Fig. 10. Plot of the total kinetic energy vs. time for the oscillating droplet case using both a balanced and non-balanced force algorithm.

4.5. Oscillating droplet with surface tension

We perform an oscillating droplet test to assess our proposed balanced force algorithm, using the test case described
by Torres et al. [36]. A drop with an initially elliptical interface, given by the equation x2/9 + y2/4 =1, is placed in the
center of a 20 x 20 square domain. As in Torres et al. [36] and Francois et al. [37], the domain is partitioned with a 64 x 64
mesh. There are no gravitational forces, and fluid properties are assigned as p; =1, 0 = 0.01, ;4 = 0.01, 3 =5 x 107,
and o = 1. The subscript 1 and 2 refer to properties inside and outside of the droplet, respectively. For this problem, surface
tension forces act on the droplet to minimize the free-surface energy, and cause it to oscillate around an equilibrium profile.

Fig. 10 shows the evolution of the total kinetic energy with and without the balanced force algorithm. The total kinetic
energy is computed as %fQ pu - ud2. When using the balanced-force algorithm, the oscillation frequency and initial peak
in kinetic energy are similar to those observed by Torres et al. [36] and Francois et al. [37]. In addition, the amplitude decay
when using the balanced force algorithm is similar to that presented by Francois et al. [37], who also used a balanced force
algorithm. Without the balanced force algorithm, it can be seen in Fig. 10 that the decay rate is smaller than the results
when using the balanced force algorithm; moreover, the decay profile is less uniform, and energy minima do not reach as
close to zero as for the balanced force case. These observations are attributed to small near-surface flow structures driven
by the force imbalance.

4.6. 2D rising bubble simulation and convergence rate

Section 4.4 demonstrates that our proposed coupled level set and momentum solver is able to obtain the correct solution
for simple static problems. For this test we run a 2D rising bubble problem and run a subsequent convergence study for
the rise velocity. The material parameters for this simulation are listed in Table 5 under Case 1. Properties and values with
subscripts 1 and 2 belong to the surrounding fluid and bubble phase, respectively.

This class of problems has been subject to many numerical and physical experiments to characterize the shape and rise
velocities of the bubble. The hydrodynamics of this problem is governed by the non-dimensional Reynolds (Re) and Bond
(Bo) number:
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Table 5
Material properties listed for both rising bubble test cases.
Case P1 02 1 W2 o Re Bo
1 1000 1 10 0.1 1.96 35 125
2 1000 100 10 1 245 35 10
3/2
P1/8(2r0)/
Re=—"—"7"—
23 , (53)
4p18(ro)
Bo = pi
o

The Bo number measures the ratio of gravitational forces to surface tension forces; as this number increases, gravitational
forces become increasingly dominant and will tend to deform the bubble interface. Conversely, for lower Bo numbers surface
tension will play a larger role and act to minimize the surface energy and maintain the curvature of the bubble.

A uniform quad mesh is used to discretize the computational domain. This test case is run with 5 separate element
sizes; Ax =0.001, Ax =0.005, Ax=0.01, Ax=0.0125 and Ax = 0.02. For all element sizes, a time step of At =0.002 is
used. The rise velocity evolution predicted from using Ax = 0.001 is used as the reference solution to measure convergence.
The rise velocity U for each simulation is calculated as a integral-weighted average:

u sz
U= —f @ (54)
fnz i[9))
The error in the rise velocity U at a specific time point is then calculated as
[Un — Uo.001l
Erise = Ui (55)
0.001

Here, the subscript indicates the element size for each grid. This particular rising bubble case has been previously simulated
by Hysing et al. [58]. In their tests those authors compared this case among simulations codes, and each demonstrates a
filament-like breakup at the edges of the bubble. However, in this regime they observed each code had a different prediction
of the terminal bubble shape and the breakup behavior at the edges, rendering the results inconclusive. Thus, we choose to
run this simulation to a time where there is still a moderate amount of deformation to the bubble but still within a regime
where there is no extreme filament-like breakup within the bubble.

We run this simulation to a time t = 1.4 with a fixed time step of At =0.002 for all mesh sizes. A fixed time step
across all meshes is used to demonstrate the spatial convergence of our proposed formulation; in this way we isolate
the dependence of error on the mesh size. The time step for this case is chosen such that the Courant number for the
highest resolution case (Ax = 0.001) is below 1.0, and thus well within the stable regime for our implicitly integrated
method (which is stable even for Courant numbers above unity). We measure the error in the predicted rises velocities
for Ax =0.005, Ax=0.01, Ax=0.0125 and Ax = 0.02 against the reference rise velocity for Ax =0.001 using Eq. (55).
Fig. 11a shows the rise velocity evolution for all mesh sizes, and Fig. 11 shows a log-log plot of the errors against the
element sizes at time t = 1.4. As seen from Fig. 11, we see that the rise velocity of the bubble converges to a solution with
a second-order behavior in space.

4.7. 3D rising bubble simulation

We extend the example of the previous section to 3D; an initially stationary spherical bubble of radius 0.25 is initially
located in a column of liquid and begins to rise due to buoyancy forces exerted in the negative z-direction. The dimensions
of the problem are —0.5 <x<0.5, —0.5<y <0.5 and —1.0 <z < 1.0 and the bubble is placed initially at (0.0, 0.0, —0.5).
Fig. 12a shows the setup for this problem and Fig. 12b shows the unstructured mesh used to solve this problem. No-slip
boundary conditions are applied at all of the walls and the gravity vector g is defined as (0, 0, —0.98).

Two test cases are run here, one in a high Bo regime to allow large deformations to the rising bubble and one in a
low regime so that surface tension plays a greater role to maintain a spherical bubble shape. The parameters are chosen
to match those given by Safi et al. [59], which offers a detailed benchmark comparison for terminal rising velocities U and
bubble shape for this problem that is consistent across 3 separate numerical codes. Material properties used for both test
cases are given in Table 5. Both cases are run until a final time of t = 3.0. In our simulations, 3 separate mesh sizes are
used and each case uses a fixed time step of At =0.01 to assess the convergence of our proposed method. Second-order
upwinding is used on the level set advection, redistancing and momentum solve for both cases.

4.7.1. Case 1: low surface tension coefficient
The parameters used for the first test case are listed in Table 5. As seen from this table, the density and viscosity ratio
are 1000 and 100, respectively. Here we have Bo = 125, thus we expect to see large deformations on the bubble interface
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Fig. 11. (a) Time evolution for rise velocity for 3 different element sizes and (b) close up view of rise velocities.
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Fig. 12. (a) Schematic for 3D Rising Bubble Problem and (b) sample unstructured tetrahedral mesh which the problem is solved on.

as it rises through the liquid. Fig. 13 shows the 3D contours of the ¢ = 0 level set at different times. As seen in Fig. 133,
after t = 1.0 we see that a dimple forms at the bottom of the bubble due to flow-induced deformation. As the bubble rises
even further, the bubble begins to form a spherical cap in Fig. 13b and maintains this shape, as seen in Fig. 13c, until the
end of the simulation at t = 3.0.

Fig. 14 shows the rise velocity of the bubble vs. time for various grids; Fig. 14b shows a zoomed-in profile of the
terminal rise velocities. As seen from this figure, as we refine the mesh size the predicted terminal rise velocity converges
to approximately U = 0.31.

In addition, Fig. 15 compares the predicted evolution of the rise velocity for our finest mesh with the reference rise
velocity evolution from the work of Safi et al. [59]. As seen in this figure, our predicted results are in good agreement
with their reference rise velocity evolution. Finally, we look at the terminal shape of the bubble as well as the difference in
volume over time. Fig. 16a shows the terminal bubble shape for various element sizes. The terminal bubble shape converges
to a profile as the mesh size decreases. The relative difference in the volume of the bubble over time is plotted in Fig. 16b,
and it can be seen that the volume enclosed by the interface is preserved up to 1 x 1076 or on the order of machine
accuracy.
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Fig. 13. Time evolution of the bubble for case 1 at time (a) t =1.0 (b) t =2.0 and (c) t =3.0.
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4.7.2. Case 2: high surface tension coefficient

The parameters used for the second test case are listed in Table 5. For this case, the density and viscosity ratio are both
10 and Bo = 10, thus surface tension plays a larger role in preserving the curvature of the interface. Fig. 17 shows the 3D
contours of the ¢ = 0 level set at different times. In contrast to the first case, we see in Fig. 17a that there is no serious
deformation to the bottom of the bubble after t = 1.0. This is due to the fact that the surface tension forces are much
stronger in this case, and counteract the flow-induced deformation. As the bubble rises even further, it takes the shape seen
in Fig. 17b and maintains this shape (as seen in Fig. 17c) until the end of the simulation at t = 3.0.

Fig. 18 shows the rise velocity of the bubble vs. time for various grids; Fig. 18b shows a zoomed-in profile of the terminal
rise velocities. As the mesh is refined the predicted terminal rise velocity converges to approximately U = 0.35.

In addition, Fig. 19 compares the predicted evolution of the rise velocity for the finest mesh with the reference rise
velocity evolution from the work of Safi et al. [59] for case 2. Again, our predicted results are in good agreement with their
reference rise velocity evolution. The terminal shape of the bubble as well as the difference in volume over time is shown
in Fig. 20. Fig. 16a shows that terminal bubble shape converges as the mesh is refined. The relative difference in the volume
of the bubble over time is plotted in Fig. 20b, and it can be seen that the volume enclosed by the interface is preserved up
to 1 x 10716 or on the order of machine accuracy.

4.8. Parallel scaling
We demonstrate the parallel scaling of our proposed formulation using Nalu by performing a strong parallel study. The

test case used is the low surface tension rising bubble problem presented in Section 4.7.1. This test case uses up to 128
processors, with a total of 3.2 million cubic hexahedral elements. For this particular problem, Nalu solves a total of 6
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equations: level set advection, level set redistancing, the pressure Poisson equation, and coupled momentum system for
three component directions. GMRES is used to solve each individual equation; the level set redistancing, advection and
momentum equations use a symmetric Gauss-Seidel preconditioner whereas the pressure Poisson equation uses a multigrid
preconditioner. The Trilinos linear solver package [60] is used for matrix preconditioning and solve operations. Fig. 21 shows
a strong scaling study for assembly and solve times for the coupled system of equations, plotting the parallel speedup
against MPI processor count. In all cases, speedup is computed as the factor by which computational time is reduced
compared with the single-processor simulation. For each nonlinear step, “Assemble” measures the local matrix assembly
time and “Solve” measures the linearized matrix solve time. Fig. 21a shows the total matrix assembly and solve times per
nonlinear step, including the solve time for each individual equation system. Fig. 21b plots the solve time per linear iteration
during the matrix solve.

As seen in Fig. 21a, the “Assemble” operations scale very well in parallel. Comparison for Figs. 21a and 21b reveals
that some of the inefficiencies in the matrix solve parallelization are caused by an increase in the number of linear solver
iterations needed on larger numbers of processors; this is due to sensitivity of convergence to the parallelization of the
preconditioner. It has been shown by Lin et al. [61] that the base Nalu flow solver scales very well for large-scale problems,
showing good weak and strong scaling properties for matrix solve and assembly times using up to 131,072 processors
and 9 billion fluid elements. Our current study demonstrates that the additional solution steps (level set advection and
redistancing) retain the scaling properties of the base code, and thus are expected to also scale well to massively parallel
systems.
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5. Conclusion

We have presented a novel balanced-force control volume finite element formulation for multiphase flows using a diffuse
interface description of the level set method. This formulation is applicable to arbitrary collocated unstructured meshes and
is suitable for large-scale parallel simulations for problems involving complex geometries. Moreover, our proposed method
is able to handle multi-phase problems with high density and viscosity ratios.

By reformulating the pseudo-time dependent redistancing equation to a form suitable for CVFEM, we are able to take
advantage of higher order upwinding schemes on the advection term; examples show that using higher order upwinding
has a large effect on the quality of the redistanced level set field. This is demonstrated in Sections 4.1 and 4.3, as we
see that second order upwinding techniques are necessary to provide an accurate solution. We have also developed a new
formulation to constrain the volume fraction within each cell during redistancing, and enforced this through a Lagrange
multiplier approach; Section 4.2 shows that this constraint combined with a global volume corrector is crucial to preserving
the shape and volume of the level set profile during redistancing. An Enright deformation problem is solved in Section 4.3;
again we see from these results that the second order upwinding scheme is crucial during the redistancing of the level set.
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We test our proposed balanced force algorithm on an inviscid static drop using an unstructured mesh with density
ratios as high as 10'0 in Section 4.4, and demonstrate that, for a prescribed constant curvature, the method is able to
exactly balance the pressure gradient and surface tension force and eliminate any parasitic velocities; this is not true when
a non-balanced force algorithm is used. The coupled level set and momentum solver is shown to handle problems with
high density and viscosity ratios in Section 4.7 and shows good agreement with predicted benchmark solutions from the
literature. Finally, Section 4.6 illustrates that the predicted rise velocity from 2D rising bubble simulations converge at
second order in the spatial grid size, while Section 4.8 demonstrates the parallel scalability of the level set advection solve
and redistancing operations.

These presented numerical results demonstrate that our proposed algorithm is able to accurately solve complex prob-
lems on unstructured meshes within a control volume framework. In addition to discretely conserving volume, the method
enables arbitrary refinements around regions exhibiting highly localized phenomena to achieve a more accurate representa-
tion of the underlying physics without sacrificing accuracy. Moreover, our proposed formulation is well-suited for problems
that incorporate complex geometries where unstructured meshes are needed. Such a tool is important in engineering appli-
cations that involve a high resolution of the free-surface morphology and singular forces, such as surface tension, to drive
complex flows. Such applications include but are not limited to metallic additive manufacturing and fuel atomization.
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