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different physical properties such as densities, viscosities, and pairwise surface tensions.
The algorithm employs a physical formulation for the N-phase system that honors the
conservations of mass and momentum and the second law of thermodynamics. We present
a method for uniquely determining the mixing energy density coefficients involved in the

ﬁvﬁzﬁsﬁm N-phase model based on the pairwise surface tensions among the N fluids. Our numerical
Large density contrast algorithm has several attractive properties that make it computationally very efficient:
Large viscosity contrast (i) it has completely de-coupled the computations for different flow variables, and has
Phase field also completely de-coupled the computations for the (N — 1) phase field functions; (ii) the
Multiphase flow algorithm only requires the solution of linear algebraic systems after discretization, and

Pairwise surface tensions no nonlinear algebraic solve is needed; (iii) for each flow variable the linear algebraic

system involves only constant and time-independent coefficient matrices, which can be
pre-computed during pre-processing, despite the variable density and variable viscosity of
the N-phase mixture; (iv) within a time step the semi-discretized system involves only
individual de-coupled Helmholtz-type (including Poisson) equations, despite the strongly-
coupled phase-field system of fourth spatial order at the continuum level; (v) the
algorithm is suitable for large density contrasts and large viscosity contrasts among the
N fluids. Extensive numerical experiments have been presented for several problems
involving multiple fluid phases, large density contrasts and large viscosity contrasts. In
particular, we compare our simulations with the de Gennes theory, and demonstrate
that our method produces physically accurate results for multiple fluid phases. We also
demonstrate the significant and sometimes dramatic effects of the gravity, density ratios,
pairwise surface tensions, and drop sizes on the N-phase configurations and dynamics.
The numerical results show that the method developed herein is capable of dealing with
N-phase systems with large density ratios, large viscosity ratios, and pairwise surface
tensions, and that it can be a powerful tool for studying the interactions among multiple
types of fluid interfaces.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The current work concerns the simulation of a mixture of N (N > 2) immiscible incompressible fluids, with possibly
very different physical properties such as densities, viscosities and inter-fluid surface tensions. Such incompressible N-phase
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flows admit multiple types of fluid interfaces and three-phase lines or junctures, and they underline many phenomena and
processes of practical engineering significance and fundamental physical interest.

From the applications perspective, the N-phase problem has particular relevance and importance in light of the present
issues on the environment and energy. A dramatic example in this regard is the BP oil spill in the Gulf of Mexico in
2010 (involving at least three fluid phases: oil, water, gas/air), which released an estimated 4.9 million barrels of oil into
the ocean [1], causing enormous and extensive damage to the environment, marine and wild life habitats, fishing and
tourism industries. Another example is in the enhanced oil recovery and geological CO, storage in depleted oil/gas reservoirs.
Most enhanced oil-recovery techniques involve multiple fluid phases, where a gas, which could be air, natural gas or CO,,
is injected into a reservoir containing oil and water. The use of CO; injected into mature oil fields is likely to become
increasingly common and important not only to improve oil recovery but for carbon sequestration. Emulsions and foams are
other examples of applications, where one or more fluid phases are dispersed in another continuous phase [49,54]. These
problems are also encountered in our everyday environment such as showers, kitchens, pharmaceutical sprays, rain drops,
air bubbles and ocean waves. Oftentimes the bubble/droplet generation, coalescence, and breakup are involved.

From the fundamental physics perspective, the dynamics of N-phase flows probes a wide range of fundamental physical
properties such as multiple pairwise surface tensions, three-phase lines, viscosity contrasts, and density contrasts. It involves
the interactions among multiple types of fluid interfaces, and the formation of contact angles among multiple materials.
N-phase flows are associated with many important physical phenomena such as wetting, spreading, and contact lines [15].

While the method developed herein equally applies to two-phase systems, our main focus in the paper will be on
situations involving more than two fluid phases (N > 3). For two-phase flows, we will refer to e.g. [3,32,44,48,51,52,55] and
the references therein for related reviews and more detailed expositions.

While we concentrate on the hydrodynamic interactions of multiple fluid components or phases, some of the issues
encountered can be analogous to those facing the materials community for multi-component materials, whose history can
be traced to the early work in the 1960s; we refer to e.g. [4,6,12-14,21-23,28,29,47] and the references therein for the work
in multicomponent materials. For N-phase (N > 3) flows, while a significant portion of the existing work is based on the
phase field (or diffuse interface) approach [9-11,34-37,40], there also exist sizable efforts utilizing other techniques such as
level set or volume of fluids [8,30,46,50,53,56,58,59,61]. We focus on the phase field approach in the current paper.

With the phase field approach, the sharp interface between two immiscible incompressible fluids is replaced by a thin
smooth transition layer (diffuse interface). The state of the system is represented by one or more phase field variables (or
order parameters), which vary continuously over the thin transition layer and are mostly uniform in the bulk phases. The
system is characterized by, besides the kinetic energy, the free energy density function, which represents the effects due to
the interfacial tensions between the fluids. The free energy density function contains component terms whose effect tends
to mix the fluids, and other component terms whose effect tends to separate the fluids [43,44]. The interplay between these
two opposite tendencies determines the dynamic profiles of the interfaces. The chemical potentials characterize the change
in the system free energy as the phase field variables are varied, and play an important role in the evolution of the phase
field variables.

A foremost issue confronting N-phase simulations is how to formulate the system in a physically consistent manner.
Most existing efforts have largely avoided this question and just combined e.g. the Navier-Stokes equations with a system
of phase field equations. Thermodynamic consistency in the physical formulation has been taken to heart in only a handful
of studies, most notably [27,38] (for two-phase systems, see also e.g. [2,44]). In these works the governing equations for
the N-phase system have been derived based on the conservations of mass, momentum and energy, and the constitutive
relations involved therein are determined based on a thermodynamic framework such as the second law of thermodynamics
or the maximization of the rate of entropy production. We would also like to mention [45], in which a set of governing
equations for multiple phases, without the dissipation terms, have been obtained based on a variational principle.

Another crucial outstanding issue with regard to phase field formulations, for situations with more than three fluid
phases, concerns how to determine the mixing energy density coefficients (see Section 2 for definition) involved in the
model from the pairwise surface tensions. In the case of two-phase flows, the mixing energy density coefficient can be
determined by relating the surface tension to the integral of the free energy over the equilibrium interfacial profile; see
[57] for details. For three fluid phases, in existing studies the three pairwise surface tensions are usually decomposed
symmetrically into three phase-specific surface-tension coefficients (or equivalently the mixing energy density coefficients);
see e.g. [9,10,34-36,38]. However, this decomposition encounters difficulties in cases of four or more fluid phases, because
the number of pairwise surface tensions (W) would be greater than the number of mixing energy density coefficients
(N) to be determined [35,38]. To avoid this solvability problem, a phenomenological continuum surface tension force is
discussed in [35].

Apart from the above issues regarding the physical formulations, one also faces several significant algorithmic challenges
when numerically simulating the N-phase system. First, the density and the dynamic viscosity of the N-phase mixture are
both field variables and vary over time. With usual algorithmic formulations, these field variables go inside the coefficient
matrices for the linear algebraic systems for the pressure and the velocity after discretization (see e.g. [10,36,40]). Conse-
quently, these coefficient matrices will be time-dependent and need to be re-computed every time step. This creates a severe
performance bottleneck, because of the high cost associated with the coefficient matrix re-computation. This is perhaps in
part why matched density or matched viscosity among the multitude of fluids has been assumed in a number of exist-
ing simulations [34,36,38,40]. The computational challenges induced by the variable density and variable viscosity of the
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N-phase mixture are analogous to those encountered for two-phase flows [20]. Second, different flow variables (velocity,
pressure, and phase field functions) are coupled with one another, which poses solution difficulties. Third, the (N — 1) phase
field functions are strongly coupled with one another (see Section 2). Usual algorithmic formulations will result in a set
of 4th-order semi-discretized nonlinear equations, which may further be coupled with one another, and each 4th-order
equation would give rise to two coupled 2nd-order nonlinear equations. These will result in a set of coupled nonlinear
algebraic equations after discretization, and require expensive Newton-type nonlinear algebraic solvers; see e.g. [9-11,34,38,
40]. Fourth, large density ratios (e.g. air/water ~ 1000) and large viscosity ratios among the multitude of fluids will pose
significant stability difficulties.

In the current paper, we aim to overcome the above issues with several techniques. Specifically, we present the following
three aspects:

e A physical formulation for incompressible N-phase flows. The formulation (iso-thermal) honors the conservations of
mass and momentum, and the second law of thermodynamics. In such a sense, it is thermodynamically consistent. Our
physical formulation differs from those of [27,38] in an essential way: the velocity in our formulation is the volume-
averaged mixture velocity and therefore is divergence free, while those of [27,38] are the mass-averaged mixture velocity
and therefore are not divergence free. Our physical formulation is a generalization of the approach of [2] (for two-phase
flows) to N fluid phases.

e A method to uniquely determine the mixing energy density coefficients involved in the N-phase model based on the
w pairwise surface tensions. Our method consists of two key components: (i) a free-energy form for the N-phase

system that involves NN-T) mixing energy density coefficients, and (ii) the requirement on the N-phase formulation

that, if only a pair of two fluids (for any such pair) is present in the N-phase system, then the N-phase formulation shall
reduce to an equivalent two-phase formulation consisting of these two fluids. Our method leads to an explicit form of

a system of w linear algebraic equations, with the pairwise surface tensions on the right hand sides. This linear

algebraic system can be solved for the w mixing energy density coefficients.

e An efficient numerical algorithm for simulating incompressible N-phase flows that has overcome the several afore-
mentioned algorithmic issues. For example, with our algorithm the computations for different flow variables (velocity,
pressure, phase field functions) are completely de-coupled, and the computations for the (N — 1) phase field functions
have also been completely de-coupled. Only linear algebraic equations need to be solved after discretization, and no
nonlinear algebraic solver is needed. In addition, for each flow variable the linear algebraic system involves only con-
stant and time-independent coefficient matrices, which can be pre-computed during pre-processing, despite the variable
and time-dependent nature of the mixture physical properties such as density and dynamic viscosity. The algorithm
therefore effectively overcomes the performance bottleneck in N-phase flows caused by variable coefficient matrices
associated with variable mixture density and variable mixture viscosity. Moreover, our algorithm is suitable for large
density ratios and large viscosity ratios among the multitude of fluids, which will be demonstrated using numerical
simulations.

The novelties of this paper lie in the following aspects: the physical formulation for the incompressible N-phase flows,
the method for determining the mixing energy density coefficients based on the pairwise surface tensions, and the algorithm
for solving the (N — 1) strongly-coupled phase field equations. Our algorithm for dealing with the variable mixture density
and variable mixture viscosity is also new in the context of N-phase flows. But the essential strategies for achieving this are
developed previously in two-phase flows [20]. On the other hand, the rotational velocity-correction type strategy employed
here to de-couple the pressure and velocity computations for N-phase flows has been used previously in other contexts; see
e.g. [19,25].

For spatial discretizations we employ the spectral element technique [33,60] in the current paper. However, we would
like to point out that the numerical algorithm presented here is general, and can also be used with other spatial discretiza-
tion schemes such as finite difference, finite element, or finite volume.

The structure of the rest of this paper is as follows. Section 2.1 and Appendix A describe the physical formulations of N-
phase flows. In particular, Appendix A outlines the derivation of a general phase-field formulation for N fluid phases based
on the mass conservation, momentum conservation, the second law of thermodynamics, and Galilean invariance. Section 2.1,
on the other hand, presents a specific N-phase formulation obtained from the general formulation by choosing a specific
form for the free energy density function and by assuming constant model parameters. This specific N-phase formulation
serves as the starting point for the algorithmic development in later sections. Section 2.2 describes a method on how to
compute the mixing energy density coefficients from the pairwise surface tensions among the N fluids. Sections 2.3 to 2.5
describe our numerical algorithm for simulating the incompressible N-phase flows. In particular, Section 2.3 provides the
overall algorithmic formulation, while Sections 2.4 and 2.5 provide more details on the implementation and on how to
compute the phase field functions and the flow variables. In Section 3 we present numerical tests for several equilibrium
or dynamic problems involving three to five fluid phases, to demonstrate the capabilities and performance of the presented
physical model and numerical algorithm. In particular, we compare our simulation results with de Gennes’ theory to demon-
strate that our method produces physically accurate results for multiple fluid phases. Finally, in Section 4 we summarize
our discussions and provide some concluding remarks.
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2. Algorithm for incompressible N-phase flows
2.1. Physical formulation

Consider a mixture of N (N > 2) immiscible incompressible fluids. One can formulate the governing equations that
describe the motion of this mixture by considering the mass balance of the N individual fluid phases, the momentum
balance, Galilean invariance, and the second law of thermodynamics. In Appendix A of this paper, we present a detailed
discussion of this process, and derive a general formulation within the phase field framework for describing the motion of
the N-phase mixture. The general formulation involves (N — 1) order parameters (or interchangeably, phase field variables)
and the free energy density function of the system that are yet to be specified.

We employ a special set of order parameters in order to simplify the phase field equations in the general formulation.
Then, by choosing a specific form for the free energy density function and by assuming constant model parameters, we
arrive at a specific formulation for describing the N-phase system. Presented in the following is this specific N-phase formu-
lation. It is the basis for the algorithmic development in the subsequent sections. The development discussed in Appendix A
is an essential part of this paper, and we refer the reader to Appendix A for detailed derivations of the general N-phase
formulation, on which the following specific formulation is based.

Let 2 denote the flow domain in two or three dimensions, and 952 denote the domain boundary. Consider the mixture
of N immiscible incompressible fluids contained in £2. Let 0; (1 <i < N) denote the constant densities of the N pure fluids
(no mixing), and fi; (1 <i< N) denote the constant dynamic viscosities of these pure fluids. Then the motion of the mixture
can be described by the following system of equations (see Appendix A for details),

N—1
d -
:0<a_l: +u- Vu) +J-Vu=—-Vp+V. [MD(I.I)] — Z V- (%ijVeiVe;) +f(x, 1) (1a)
ij=1
V.-u=0 (1b)
T u Ve =mv? _NX_SX”VZ¢'+5—2h-(5) gD, 1<i<N-1 (10)
ot re = 1 J 7721 iX,0), SYES ,

where u(x, t) is the velocity, p(x,t) is pressure, D(u) = Vu + Vu’, f is an external body force, and x denotes the spatial
coordinate and t denotes time. ¢;(X,t) (1 <i < N — 1) denotes the (N — 1) independent phase field variables (or order
parameters) that characterize this N-phase system, and —1 < ¢; < 1. (;3: (41,02, ..., dn—1) denotes the vector of these
(N —1) phase field functions. The constants m; (m; > 0), 1 <i <N — 1, are the mobilities associated with ¢;. The constant
B2 denotes a characteristic energy scale, and 1 > 0 denotes a characteristic scale of the interfacial thickness. The parameters
Aij (1<1i, j <N —1) are the mixing energy density coefficients and are assumed to be constant in the current paper. These
parameters are such that the matrix

A = [XijI(N—1)x(N-1) (2)

is symmetric positive definite (SPD). A;; can be determined from the pairwise surface tensions among the N fluids, which
will be discussed subsequently in Section 2.2. g; (1 <i< N —1) in Eq. (1c) are prescribed source terms for the purpose of
numerical testing only, and they will be set to g; =0 in actual simulations.

The free energy density of this N-phase system is

R R N—-1 }\.1] ,32 R N-—1 )\.U ,32 N 5 "
W Vo)=Y 2 Vo1 Voj+ 5 5HE) = > 5 Vi Vet WZC"“ -’ (3)
i,j=1 i,j=1 k=1

where ck(J)) (1 <k < N) denotes the volume fraction of the k-th fluid, and is given by
(@) = Tpr(@). 1<k<N, (4)

and ,ok(q§) is the density of the k-th fluid in the mixture,

LS NVEIL(5 — ) + 25+ pn)dil, k=N,

pe(@)={ T ==t TRt P 2 ()
PN(@) + [5(Pk — PN) + 5 (Ok + PN)Pr]. 1<k<N-1
and
e = 1<k<N
yk_ﬁk’ ST
N (6)
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Note that the above volume fractions satisfy the relation

N
ZC/<=C1+C2+...+CN=1. (7)
k=1

hi($) in Eq. (1c) is given by

10H pi+pN (~
hi(¢p) = =— = E Ski
(¢) 2 9¢n ) 2 YikOki

"Fyi)ck<1—c,<)<1—2ck>, 1<i<N-1, (8)

where §;; is the Kronecker delta. In Eq. (1a), ] is given by

=y Pi + PN = B

- ; -

J=—§<1 - FV:) 5 iv[—;kijvz¢j+?hi(¢):|- 9)
The mixture density p(d?) in Eq. (1a) is given by

1 . . 1 . .

p() = ;mw X, Z( - —m) [5”’1‘ =)+ 5 +pN)¢i]. (10)

The dynamic viscosity of the mixture, M(zp), is given by
- N -
(@)=Y fkck($). (11)
k=1

In the above system, Eqs. (1a)-(1c) correspond to Eqgs. (157a)-(157c) in the general N-phase formulation in Appendix A.
Among them, Eq. (1a) reflects the momentum balance of the N-phase mixture. The phase field equations (1c) (with g; =0)
reflect the mass balance of the individual fluid phases. The velocity u denotes the volume-averaged mixture velocity, which
can be shown to be divergence free (see Appendix A). The term J - Vu results from the requirement for Galilean invariance
of the formulation.

The set of (N — 1) phase field variables ¢; in the above system are not arbitrary order parameters. They are particularly
chosen to simplify the form of the resulting phase field equations. Specifically, they are chosen such that

o - 1 . - 1 . . .
pi(¢)_pN(¢):E(Pi_PN)‘f‘i(Pi"‘PN)(Piv $ie[-1,1], 1<i<N-1, (12)

where p; (43) (1 <i< N)is the density of fluid i within the mixture. Other order parameters (e.g. volume fractions) can also
be used to formulate the system. But the resulting form of the phase field equations (reflecting mass balance relations) will
be considerably more complicated. -

A prominent feature of the phase field equations (1c) is in the terms Z?’:’f k,-jv%j, which, together with the h;(¢)
term, strongly couple together the (N — 1) phase field functions. Therefore, 1N(N — 1) independent mixing energy density
coefficients 1;; are involved in the N-phase system. This is a major difference of our formulation from those of the existing
studies of N-phase flows [9-11,34-38,40]. The coupling terms AijV2¢j result from the free energy form (3); see Appendix A
for details. We note that similar free-energy forms have previously been used in literature for multicomponent materials
(see e.g. [12-14,21,23,29]).

In the N-phase system represented by (1a)-(1c), the region of the fluid k (1 <k < N — 1) corresponds to the phase field
variable values

1, i=k (13)
¢i= PN—Pi . l<l<N—1 13
i LFk

The region of the fluid N corresponds to the phase field variable values
di=—1, 1<i<N-1. (14)
We will use the iso-surface
> 1
Ck(¢)=§, (15)

where ¢ is the volume fraction of fluid k given by (4), to mark the boundary of the region occupied by the fluid k
(1<k<N). . ~
It can be shown that p(¢) and ] satisfies the relation (see Appendix A), assuming g; =0 in (1c),
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a -
a—'(t)+u~Vp=—V-]. (16)
The above system admits the following energy relation, assuming that all surface flux terms vanish on the domain boundary

and that g; =0 in (1c),
5 1 o " 5 N-1 -
o [5p|u|2+ww>,w>>}=—/3HD<u>H —/meIWCf@)H +/f-“, (17)
2 Q o =1 2

where W(zﬁ, Vq;) is the free energy density function given by (3), and

c,'(éi)—g ZAUV%, h(¢> 1<i<N-1, (18)

is the chemical potential associated with ¢;.

The system of equations, (1a)-(1c), needs to be supplemented by appropriate boundary conditions for the velocity and
the phase field functions. For the simplicity of algorithm development, on the domain boundary 952 we will impose the
Dirichlet condition for the velocity,

u=w(x,t), onds, (19)
where w is the boundary velocity. For the phase field functions, we impose the conditions

n-Veg;=0, ond2, 1<i<N-1, (20)

n-V(V¥¢) =0, ond, 1<i<N-1, (21)

where n is the outward-pointing unit vector normal to 9£2. The boundary conditions (20) and (21) correspond to the
requirement that, if the interface between any two fluids i and j intersects the domain boundary 952, then the contact
angle between the fluid interface and the boundary shall be 90°.

In addition to the boundary conditions, appropriate initial conditions for the velocity and the phase field functions also
need to be specified to supplement the system of equations.

2.2. How to determine A;; based on pairwise surface tensions

We next present a method for computing the mixing energy density coefficients A;; (1 <1i,j < N —1) based on the
pairwise surface tensions among the N different fluids.

Let oy (1 <k <1< N) denote the surface tension associated with the interface formed between the fluid k and fluid I.
There is a total of %N(N — 1) such pairwise surface tensions in the N-phase system. Suppose that all the pairwise surface
tensions oy are known. Our task is to determine the mixing energy density coefficients A;;. Note that there are %N (N—-1)
independent 1;; values due to symmetry of the matrix A defined in (2). We assume that the constants B% and 7 are also
known in the free-energy density function W(J), V(Z) defined by (3).

Our overall strategy is as follows. Given the N-phase system, we consider the configuration in which only a pair of
fluids k and I is present (all other fluids are absent), assuming k < [ without loss of generality. Equivalently, this particular
N-phase system can be regarded as a two-phase system consisting of fluids k and I. We impose the following requirement
to the N-phase formulation: for such an N-phase system the N-phase formulation shall reduce to the equivalent two-phase
formulation. In particular, the free energy density function for the N-phase system shall reduce to that for the equivalent
two-phase system. We consider all such (k, ) fluid pairs in the N-phase system, and obtain a set of linear algebraic equations
about 1;;, which can be solved for the mixing energy density coefficients.

2.2.1. Two fluid phases
Let us first consider the two-phase system (N = 2). Then ¢, is the only phase field variable, which is chosen such that
(see Eq. (12))

1 . - 1 . ~
01(91) — p2(p1) = 5(,01 —p2) + 5(/01 + 02)é1. (22)
The densities and volume fractions of the two fluids are, according to Eqgs. (5) and (4),

.1 + ¢ - ¢>

Pr(@1) = pr—— 2<¢>1> iy
(23)

_l’_
e1(gn) = o agn="

Based on (3), the free energy density function of the two-phase system is
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A1 B>
W1 Vo) = 2=V - Vor + 7 5[0 — e’ + 50 -] (24)
In light of (23), the free energy density can be written as
A1 p? 22 M1 A1 212
W (1, V1) = “Vey - Vo + —— (1 —¢2)" = 2LV, - Vo + 22 (1 — ¢2)°, 25
(@1, V1) > o1 ¢1+16n2( #7) > o1 ¢1+462( #7) (25)
where
2
€= il A1- (26)
B

The free energy density in (25) has exactly the same form as those for two-phase flows well-developed in previous work;
see e.g. [32,43,57].

Following the idea of [57], in a one-dimensional (1D) setting, we can derive the relationship between 111 and the surface
tension 012 between the two fluids, by requiring that at equilibrium the integral of the free energy density function across
the interface should equal the surface tension. This relation is given by [57],

3
M1 = —=012€. (27)
2+/2
By combining Eqs. (26) and (27), we can determine A11,
9 n?
)\.]] = 5@0’]22 (28)

Therefore, for a two-phase system with the free energy density given by Eq. (24), the mixing energy density coefficient is
related to the surface tension between the two fluids by Eq. (28). This relation for two-phase systems will be used when
determining the relationship between the mixing energy density coefficients 1;; and the pairwise surface tensions oy, in the
N-phase system.

2.2.2. N fluid phases
Let us now consider N fluid phases. We consider the following configuration. In this N-phase system only two fluids,
fluid k and fluid I (assuming k < I), are present, that is,

{pi(?)zo’ ifi #kandi#I, for1<i<N. (29)
ci(¢) =0,
Therefore, the free energy density of this system becomes, based on (3),
N-1
W Vé)= Y ﬁv¢--v¢<+’3—2[c2(1—c ) +ct(1—ep?] (30)
s = 2 i j an k k 1 ) .
i,j=1

Because this configuration is equivalent to a two-phase system, there exists only one independent phase field variable.
In light of Eq. (22) and the discussions of Section 2.2.1, we choose this independent phase field variable (denoted by ¢g)
such that

- - 1 - 1 . o
Pk(P) — pi(p) = i(pk — o)+ 5(pk + OD¢a. (31)
Our goal is to re-formulate the free energy density function (30) in terms of ¢, into the following form

N N Akl ﬂZ
W(§,V$) =—-Vu Voo + W[ei(l — )’ + i1 —?], (32)

where AM is a function of the mixing energy density coefficients Aij (1 <1, j< N —1). Then by comparing the above form
with (24), one can use Eq. (28) to relate A¥ to the surface tension oy between fluid k and fluid I.

To find the relations between ¢; (1 <i< N —1) and ¢,, we differentiate two cases: (1) I=N, and (2) [ < N. In the first
case (I=N), we have ¢ = ¢y in light of (31) and (12). We have the following linear algebraic system about p;(¢),

YkPk +VNON =1 (33a)

1 . . 1 . -
Pk — PN = i(Pk - PON) + E(Pk + ON)Pa (33b)

1. 1 . .
_pN=E(pi_PN)+E(,0i+PN)¢i, 1<i<N-—-1,i#k. (330)
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In the above system, Eq. (33a) comes from the condition (7) that the sum of the N volume fractions must be unity, and has
taken into account the conditions (29). Eqs. (33b) and (33c) come from Eq. (12) by taking into account the conditions (29).
The combination of Eqs. (33a) and (33b) leads to

o [1( ~)+1(~+”)¢]
pk_);k'i');N Te+ 7N 2,0k PN 2,0k PN)Pa

- (34)
! i [103 P+ (5 +ﬁ)¢]
N==—"=~=—"=| 50k = PON) + 5Ok + ON)Pa |-
P Y+VN Vit ynL2 2 ‘
In light of (33c) and (34), we obtain the following relation
Ve =LNVge, 1<i<N-1, (35)
where
N {1, ifi =k, ] )
L = AN ok 1<k<I=N. (36
1 Pit+PN’ ifi#k,
In light of (34), the volume fractions are
- 1
Ck = ViPk = 5(1 + ¢a)
(37)

- 1
Cl=CN=YNPN = 5(1 — ¢a).

For the second case (i.e. [ < N), we have a linear algebraic system consisting of Eq. (31) and the following equations,

YePk + V101 =1 (38a)
1 . - 1 . -
Ok = E(Pk — PoN) + 5(/0k + ON) Pk (38b)
1 . - 1 . -
o= 5(,01 — PN) + 5(,014-/01\1)451 (38¢)
1 - 1 . - . . .
0=§(,5i—/0N)+§(pi+,0N)¢i, 1<i<N-1,i#kandi#l (38d)

In this system, Eq. (38a) comes from the condition (7) and has taken into account the conditions (29). Egs. (38b)-(38d) are
a reformulation of Eq. (12) by taking into account the conditions (29). A combination of (38a) and (31) leads to

Vi 1 . - 1 . -
Pk==—="+= " [—(Pl<—,01)+—(/0k+pl)¢a]
Yo+ Vi et wlL2 2 (39)
pr=—1 2 [1@ A+ 25 +ﬁ)¢>]
| = = —— ———= | =(ox — p1) + = (0Ok I .
etV Yetvil2 2" ¢
In light of (39) and Egs. (38b)-(38d), we have the following relation
Voi=L1{'Vgs, 1<i<N-—1, (40)
where
Pk P
Pk+PON’ 1= k’
L£<l: _~,5[~ l=l 1<k<l<N (41)
PI+ON’ ’
0, otherwise,
In light of Eq. (39), the volume fractions for this case are
. 1
Ck = VkPk = 5(1 + ¢a)
1 (42)
a=np= 5 (1= ¢a).
In light of Egs. (35) and (40), the free energy density function (30) can be transformed into the form of (32), where
N-1
A= LY, (43)

i, j=1
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and Lé" are given by (36) and (41). Comparing Eqs. (32) and (24), and in light of Eq. (28), we have the following relation

N-1 9 ’72
klykl Kkl 2
> Lty = M= 2 g2 % (44)
i,j=1
where oy is the surface tension between fluid k and fluid I. This is a linear algebraic equation about A;;.

We consider all such fluid pairs (k, 1), 1 <k <I< N, in the N-phase system, and therefore obtain the following system of
linear algebraic equations about A;j,

N-1 X N—1j-1 9 2
kI Kl kl 2
Do i+ Yo D2 Lj)‘ijziﬁakl’ I<k<I<N, (45)
i=1 j=1i=1
where we have taken into account the symmetry, A;; = Aj;. This system has W equations about W unknowns.

It can be solved for the mixing energy density coefficients A;;, given all the pairwise surface tensions oy in this N-phase
system.

Two questions call for attention at this point. The first question concerns whether the coefficient matrix for the linear
algebraic system (45) is non-singular. For a three-phase system (N = 3), one can show that the coefficient matrix for the
system (45) has a determinant given by

~ ~ 3

01+ 03 P2+ 03
and therefore the system is non-singular. For a general N-phase system, it is difficult to prove the non-singularity of the
coefficient matrix for this linear algebraic system. However, we have implemented the above method by solving the system
using LAPACK, and performed a large number of numerical experiments with different combinations of density ratios and
for various numbers of fluid phases. We observe that according to LAPACK this linear algebraic system has a unique solution
in every case. It therefore seems reasonable to assume that, powered by the numerical experiments, this is a well-posed
linear system. Very recently, an inquiry into a related but more general problem sheds light on the unique solvability of the
linear system (45) from an unexpected perspective. We will fully address the unique solvability of (45) for general N-phase
systems in a subsequent paper.

The other question concerns the positive-definiteness of the matrix A (see (2)) formed with the A;; values computed
from the linear algebraic system (45). Note that, by requirement, the matrix A obtained from (45) will automatically be
symmetric. Given an arbitrary set of positive values for the pairwise surface tensions oy > 0 (1 <k <[ < N), the matrix A
so obtained is not necessarily positive definite. An important question is the following. For an N-phase system, under what
conditions on the pairwise surface tensions oy, and also possibly on the density ratios 5_;: (1 <i< N-—1), will the matrix A
be positive definite? This is an open question at the moment, and much future research will be required for its resolution.
The following observations seem to be true based on our numerical experiments:

o In the N-phase system, if there exists any 3-tuple of fluids, (i, j, k) (1 <1i, j,k < N), whose pairwise surface tensions
(oij, oir and o) violate the triangle inequality,

loij — Ok < Ok < Oij + Tk, (46)

then the matrix A will contain a zero or negative eigenvalue and thus will not be positive definite. Physically, the
situation with oj, > 0jj+07j, corresponds to the total wetting [15], where the fluid j spreads completely on the interface
between fluids i and k and its thickness becomes infinitely thin in a large enough domain.

e Change in the density ratio values, /% (1 <i< N -—1), will modify the eigen-value magnitudes of the matrix A, but
does not seem to change its positive-definiteness. It is however also observed in practice that, when there exists a zero
eigen-value, its numerically computed values (while all below machine zero) may sometimes appear to change sign due
to roundoff errors as the density ratio is varied.

For all the test problems in Section 3, the A matrices formed by X;; computed from the linear system (45) are symmetric
positive definite.

2.3. Algorithm formulation

In this section we present an algorithm for simulating the N-phase system. The governing equations (1a)-(1c), the
boundary conditions (19)-(21), and the appropriate initial conditions for the velocity and the (N — 1) phase field functions,
together constitute the system that needs to be solved in numerical simulations.
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We re-write (1a) into an equivalent form,

N—-1

du 1 1
— +u. Vu—i——] O L —Vi-D(u) — — quv2¢]v¢,+ —f, (47)
ot P 1Y P =
where
N—-1
P=p+ Y. ”V¢>, Vo, (48)
i,j=1

is an auxiliary pressure and will also be loosely called pressure where no confusion arises.

A comparison between the N-phase governing equations, (47), (1b) and (1c), and those for two-phase systems [16,17,
20] indicates that the primary difference lies in the set of phase field equations. On the other hand, the variable-density
Navier-Stokes equation (1a) for N fluid phases is quite similar in form to that for two phases. This suggests that one might
be able to deal with the computational challenges posed by the variable density and variable viscosity of the N-phase
mixture in a similar fashion to the two-phase flows.

The following algorithm is for the N-phase system consisting of Eqgs. (47), (1b) and (1c), together with the boundary
conditions (19)-(21). Let (¢]', P",u") denote the (N — 1) phase field functions, pressure, and velocity at time step n, where
n denotes the time step index. We successively solve for the phase field functions, the pressure, and the velocity at time
step (n+ 1) in a de-coupled fashion as follows.

For phase field functions ¢!'*":
L.
)/O¢?+ — ¢ w41 *,n+1
LAAS BN TR
At + ¢
2 2 041 51] n+1 wntly | B2 zenti 41 .
=mV Z,\,]v +Z —¢7 )+Fh,-(¢’ )| +ertt, 1<i<N-1, (49a)
j=1
n-ve't' =0, onag,1<i<N—1, (49b)
n- V(v =0, onaR2, 1<i<N-1. (49¢)

In the above equations (and also the subsequent equations), if we use x to denote a generic variable, then x" denotes x
at time step n. x*"t1 represents a J-order explicit approximation, where J =1 or 2 is the temporal order of accuracy, of
x"*1 defined by

X*,n+1: Xn» J 1,
2" —x™, =2

(50)

1
The expression —(yo)(”“ -X) represents an approximation of “’X n+

where At is the time step size and X and y; are given by

by the J-th order backward differentiation formula,

. x" J=1 1, J=1,
X= {ZX Xn 1, J=2, Vo= %’ J=2. (51)
In Eq. (49a), ¢*"+1 = (o7 s+ o nHl L oN ”+1) and S;; (1 <i, j<N-—1)are a set of (N—1)2 constants to be determined

later in Section 2.4.

For pressure P"*1:

atl —a 1 1 1 n+1
w8 w v+ IJ”“ Vu“+—v1>”+1=(—— 1)VP"—“ TV XV xu'
At ot 00 oo ptt ot
1 N—-1 1
+1 2 ,n+1 +1 +1
+ e vuttp(t) - — >V PVt + Wf” (52a)
i, j=1
V.t =0 (52b)
n- @' =n.-wt!, onae. (52¢)

In these equations, @"*! is an auxiliary velocity and is an approximation of u™t!. J**1 is an approximation of J at time step
(n+ 1) given by
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N-1

j"'H __ Z(l _ FV1> ;01 + ,ON |: Z}‘UVZ n+1 :g hl($n+])i|’ (53)

i=1

where h,-(z}”“) is computed based on Eq. (8). The density p"*! and the dynamic viscosity x™*! are computed based on
Egs. (10) and (11) once the phase field functions d)?“ (1 <i< N-—1)are known. pg is a chosen positive constant that must
satisfy the condition

0 < po < min(p1, G2, - -, PN)- (54)
For velocity u™+1:

)/ol.l”'H _ yoﬁn-H

Y + u*,n+l . Vu*,nJrl + pn+]Jn+l Vu* ﬂ+1 Ovzul’l+1
1 - 1 1
:un . Vun + an+1 . Vun + (p— — W)V(Pn+1 — Pn) + UOV x V x u*’n+1
0
Mn+1 1
+ o VXV x (0" —u*"t) 4 WV,M”H -[D(u*"+1) — D(u")] (55a)
! =w"!, onae, (55b)

where Vg is a chosen positive constant that is sufficiently large, and a conservative condition for vy is

.y 1 max(fi1, fia, ..., fAN)
2 min(p1, f2, ..., PN)

We would like to make several comments on the formulations of the above algorithm, consisting of (49a)-(49c),
(52a)-(52c¢), and (55a)-(55b). One can first note that the computations for the phase field functions are de-coupled from
those for the pressure and the velocity, because of the explicit treatments of the convection terms in the discretized phase
field equations (49a).

A prominent feature in the treatment of the coupled system of phase field equations lies in the (N — 1) extra terms,

Z?’:T %(qﬁ'}‘” - ¢}""H) for 1<i <N —1, in the discrete form (49a). These extra terms are a crucial algorithmic con-
struction. They will enable us to reformulate the (N — 1) semi-discretized fourth-order phase-field equations, which are
strongly-coupled with one another, into (N — 1) individual fourth-order equations that are completely de-coupled from one
another; see Section 2.4 for details. Then they further allow us to reformulate each individual fourth-order equation into
two de-coupled Helmholtz-type equations using a technique developed previously for two-phase flows. Therefore, the dis-
crete formulation in (49a) ultimately allows one to reformulate the (N — 1) coupled 4th-order phase field equations into
2(N — 1) individual Helmholtz-type equations that are completely de-coupled from one another. This enables a successful
treatment of the original fourth-order coupled system using C%-continuous spectral elements (or finite elements); see Sec-
tion 2.4 below for detailed discussions.

The computations for the pressure and for the velocity are also de-coupled in the above algorithm. One can recognize
that the schemes in the discrete formulations of (52a) and (55a) for achieving this is a rotational velocity-correction type
strategy; see [18,19,25]. The treatment for the variable density p(¢) follows a strategy first developed in [20] for two-
phase flows, by introducing a constant pg in the discrete formulation. The condition on pg, (54), is critical to the stability
of the algorithm. This treatment of the variable density eventually gives rise to a pressure linear-algebraic system with a
constant and time-independent coefficient matrix after discretization. Consequently, the pressure coefficient matrix can be
pre-computed during pre-processing. This leads to an extremely efficient procedure for pressure computation, and effec-
tively overcomes the performance bottleneck in N-phase flows caused by the variable coefficient matrix associated with the
variable density.

The strategy for treating the variable dynamic viscosity ,u,(z}) in the discrete formulation (55a) can be traced to the early
ideas for variable diffusion coefficients in the 1970s (see e.g. [24]); see also the use of similar strategies in later studies
[5,20] for two-phase flows. This treatment of the variable viscosity eventually gives rise to a velocity linear-algebraic system
with a constant and time-independent coefficient matrix after discretization. This provides an efficient procedure for velocity
computation. The lower bound on vy in the condition (56) is a conservative estimation, and appears overly conservative
based on numerical experiments. This condition can be relaxed. In the numerical simulations in Section 3, we will employ
a value

vo:max<ﬂ & ﬂ) (57)
p P PN

Let us next briefly comment on the treatments of different terms in the discrete formulation (52a). In particular, while
the time derivative and the %VP term are approximated at time step (n + 1), the rest of terms are approximated at
time step n. These approximations will not compromise the temporal accuracy of the velocity, due to the correction terms

(56)
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in (55a), such as (u*"+!. vus"t1 —y". vu") and pnﬂ V1 [D@*™1) — D(u")]. On the other hand, according to the
analysis in [25], they may slightly reduce the temporal accuracy of the pressure for certain error norms. This effect is
however not quite obvious from our numerical experiments; see Section 3.2. Alternatively, one can also approximate all
terms at time step (n + 1), which will improve the temporal accuracy of the pressure. Such an alternative scheme has been
discussed in [20] for two-phase flows.

2.4. Solving coupled system of phase field equations

We employ high-order spectral elements [33,60] for spatial discretizations in the current paper. Let us now look into
how to implement the algorithm with C° spectral elements. The formulations discussed below without any change also
applies to low-order C finite elements.

We first consider how to solve for the phase field functions ¢?+1. Eq. (49a) represents a system of (N — 1) coupled
fourth-order equations about ¢?+]. We next present a method to reformulate this coupled system into (N — 1) individual
fourth-order equations that are completely de-coupled from one another. We further reformulate each individual fourth-
order equation into two de-coupled Helmholtz-type equations.

Re-write (49a) into

N-1

3 VE(V2emH) Z SVt + yAt¢“+1 =Qi=Q " +V?R;, 1<i<N-1, (58)
j=1

where

1 ¢
Qi(l) <gln+l athtl .v¢;k,n+l + _1)

At
52 1 N (59)
Ri= —2h1(¢*’n+1) -— Z Sij¢7,n+1.
n 4

Note that S;; are (N — 1)% chosen constants to be determined below.

Let
¢n+1 Q1
¢"“ Q Yo %o Yo
D= , = . , S=[Sijlin— 1), E =dia . (60
Q : [SiiliN—1)x(N=1) g<m1At My AL mN_1At> (60)
¢n+l Qn-1
Then Eq. (58) can be written into a compact matrix form
1
AV?(V?®) — —SV?® +E® =Q=Q" + V’R (61)
n
where the symmetric positive definite (SPD) matrix A is defined in Eq. (2), and
1
A
Q R>
QV=| 7 |, RrR=| | (62)
o, Ryt
Multiplying both sides of Eq. (61) by the matrix
. my At mzAt my—1 At)
bl 9 )/0 b
we have
1
BV (VW) — FSBVZ'II—FW:E_%Q, (63)
where

W—E‘®, B=E IAE7, Sz;—E 2SE 2. (64)
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One can note that matrix B is also SPD. Consequently, it can be diagonalized as follows,
P 'BP =K =diag(1, A2, -+, An_1), B=PKP !, (65)

where K is the diagonal matrix of the eigenvalues, Ai (which are all positive), of the matrix B, and P is a non-singular
matrix consisting of the eigen-vectors of matrix B. We can then transform Eq. (63) into

KV2[V2(P~'w)] - %(P_]SBP)VZ (P'w) +P W =P 'EIQ (66)

where we have used Eq. (65).
We choose Sp such that
P‘1SBP:§:diag(§1,§2,-~-,§N_1), (67)
where §; (1 <i< N — 1) are constants to be determined below. Therefore, Eq. (66) is transformed into

1.
KV2(V2X) — Fsvzx +X=P'E2Q=P'E"2Q" + P"'E"2VZR, (68)

where X =P~ 1w,
Eq. (68) represents a system of (N — 1) fourth-order equations that are completely de-coupled from one another. Let

1
E{H] q1 qg : r
gt q2 5 2
x=|72 |, Pp'EiQq=| _ |, PlE2QqV= q? . P'ETR=| | |. (69)
N gN-1 q\, N—1
Then Eq. (68) is equivalent to,
Si 1 1
vz(vzsirH»l)_’\—lesiTH»l+A_§iﬂ+1=A_qi’ 1 <1<N—‘1, (70)
Aim? Ai Ai

where )A»,‘ (1 <i< N—1) are the eigenvalues of matrix B, §; (1 <i <N — 1) are chosen constants to be determined, and

qi=q" +V?r, 1<i<N-1. (71)

We have now transformed the (N — 1) coupled equations about qb?“, (58), into (N — 1) individual equations about E,."“
that are de-coupled from one another, (70).

Let us now consider the boundary conditions for the phase field functions. The conditions (49b) and (49c) can be written

as
n-Veé =0, onds, (72)
n-V(v:¢)=0, onds, (73)
where @ is defined in (60). These two conditions can be transformed into
n-VX=0, ondg, (74)
n-V(V3X)=0, onde, (75)
or equivalently
n- Vet =0, ond, 1<i<N-1, (76)
n- V(v =0, ondR, 1<i<N-1, (77)

due to the relations
X=P'E?®, &—E IPX, (78)

and the fact that E"2P is a constant non-singular matrix.

Now let us consider how to solve the (N — 1) individual fourth-order equation (70). Each equation in (70) is similar
in nature to the phase field equation encountered in two-phase flows [20]. Therefore we can reformulate this fourth-order
equation into two de-coupled Helmholtz type equations using the technique developed previously; see [20,57].

Re-write (70) as

o 1 §i 1 1
v2 (vzs,-"“ + %é,-"“) - = (Oli + —’2> (vzé,-”“ - —gis,-'“) = = ai. (79)
i 5 n i+ 3% i

i
72
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where «; is a constant to be determined. By requiring that

o 1
—=- : (80)
Aj o + ;'

we can determine the «; value

sl [, -nt $i ~nt
o = —1— [1—-4A;—= ), or aj=—(-1 1—-4\—= |, 81

and obtain the following condition about the chosen constant §;,

§i=2n%\/hi, 1<i<N-1. (82)
Consequently, Eq. (79) can be reformulated into
2. n+1 1 i n+1 1 <i<
Vi — i+ — ¥ =+qi, 1<i<N-—1 (83a)
Ai n Ai

o
v2Ert i_’gi"“ =y 1<i<N-1, (83b)

i
where w?“ (1 <i< N-—1) are auxiliary phase-field variables. Eqs. (83a) and (83b) can be solved successively in an

un-coupled fashion.
The boundary condition (77) can be transformed into, in light of (83b),

n-Vy =0, onde, 1<i<N-1, (84)

where we have used the condition (76).
In order to compute Ei"“ from (70), we can successively solve (83a) for wf“
(84), and then solve (83b) for éi"“, together with the boundary condition (76).
To facilitate the implementation with spectral elements, we next derive the weak forms for the phase field variables

"1 and ¥/t Let ¢ € H'(£2) denote the test function. By taking the L? inner product between ¢ and Eq. (83a), we obtain
n+1

, together with the boundary condition

the weak forms about ;
/Wf““ Vo + — ( )/w”“w———/ Do 4 /Vri~Vg0, Voe H'(2), 1<i<N-—1, (85)
i
2 2

where we have used integration by part, boundary condition (84), and the fact that

aR;
n-VR; = Za¢’ -V$;=0, ond2, 1<i<N-1, (86)
=17

because of1 the boundary condition (20). By taking the L? inner product between ¢ and Eq. (83b), we obtain the weak forms
about &',

‘/wﬁVV¢—%/¥“¢=j/W“@ Vo e H'(2), 1<i<N-1, (87)
2 i 2 2

where we have used integration by part and the boundary condition (76). Eqs. (85) and (87) can be discretized in space
using CO spectral elements (or finite elements) in a straightforward fashion.

To summarize, in the pre-processing stage we need to compute the matrices P and S and the eigenvalues %; through the
following procedure:

1. Compute matrix B in (64) based on the matrix A defined in (2) and the matrix E in (60).

2. Compute the eigenvalues i and the eigenvectors of matrix B; Form the matrix P in (65) using the eigenvectors.

3. Choose (N — 1) constants §; (1 <i < N — 1) that satisfy the conditions (82). Form the diagonal matrix S defined in (67).
4, Compute matrix S in (60) as follows

S =1[S;j]=E2PSP~'E. (88)

At each time step, given (¢",u"), we compute (¢*", V2¢!*!) using the following procedure. We will refer to this

procedure as Advance-Phase in subsequent sections. It consists of several steps.
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Advance-Phase procedure:

. Compute Ql.“) and R; (1<i< N —1) from Eq. (59); Form vectors Q') and R in (62).

. Compute vectors P'E-2Q™ and P~'E~ZR in (69). These will provide qlgl) andr; (1<i<N-1).
. Solve Eq. (85) for ¢! (1<i<N—1).

. Solve Eq. (87) for £ (1<i<N—1).

. Compute @ based on Eq. (78). This will provide ¢/*! (1 <i<N—1).

. Compute V2@ based on the following, in light of Eq. (83b),

AU A WN -

n+1 _ aq gn+1
V2¢T+1 1/’1 5»1 5‘1

V2¢3+1 5 } , ) wé‘l—}—] _ %S;H_]
_ =V?’® =E 7PV’X=E 2P : (89)
2 .n+1 o
VienTs VRS~ GG

This will provide the data for V2¢?+1 (1 <i<N—1), which will be needed for pressure and velocity computations.
2.5. Solving variable-density Navier-Stokes equations

Let us now assume that the phase field functions qb?“ (1 <i< N-—1) have been computed and consider how to compute
the pressure and velocity from the algorithm (52a)-(52c¢) and (55a)-(55b).

Apart from the term J - Vu and the surface tension terms ZINJ_:]] AijV2¢jV¢i, the issues encountered here for N-phase
flows are similar to those encountered in two-phase flows [20]. The main difficulty lies in how to treat the second-derivative
terms, such as V2¢N¢>j, V x V x u, which cannot be computed directly using C° spectral elements or finite elements. The
numerical treatment of the V2¢; terms has been provided in Eq. (89) in the previous section. The strategy for treating
the V x V x u term using spectral elements was originally developed in [19,20] for single-phase and two-phase flows. We
employ the same strategy here for N-phase implementations.

We will derive the weak forms for the pressure and the velocity in order to facilitate the implementation with C°
spectral elements. In the process, the second-derivative terms will be dealt with in a natural way.

We re-write (52a) as

_ 1 n+1
Wogrtty —vprtt ! - £ v v, (90)
At 0 Y
where
1 1 - u 1 1 1
n+1 __ +1 n n+1 n n n+1 n
N-1
1
- pntl Z )‘ifvz‘ﬁ?H V‘bz“]’ (91)
i, j=1

and J**! is given by (53). Note that in both (91) and (53) the terms V2¢’J7+1 (1< j<N—1) shall be computed using

Eq. (89). Therefore, G"*! and J*+! can be directly computed based on these expressions using C° elements.
Let ¢ € H1(£2) denote the test function. Taking the L? inner product between Eq. (90) and V¢, we obtain the weak form
about the pressure P"+1,

vVP" 1~V(p——p G" 1+V " x @" -Vo
0 on+1
2 2

n+1
—po/W“Xw"Vw—M n-wtly, vpeH! (), (92)

a2 a2

where n is the outward-pointing unit vector normal to 92, @ =V x u is the vorticity, and we have used the integration by
part, Egs. (52b) and (52c), and the identity

W M 1%
—Vxw- Vo=V |—wxVp|-V|— )| xw-Vo.
s7 o ve=3:[fux o] -v(2) co-vy
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Sum up Egs. (55a) and (52a), and we obtain the following equation about u™*1,

+1
ﬂunﬂ _ V2™ = lTn+1 1 " o |V x @t (93)
VoAt Vo Vo ,0”Jrl
where
1 1 - u 1
+1 _ +1 _ *,n+1 n+1 1) | *,n+1 - n+1
T = pn+1fn (u + pn+1J ) Vu + At pn+1 VP
1 1 Nl
+1 n+1 2t +1
* Pt v .D(u* " )_ Pt Z AV ¢7 v‘ﬁ? : (94)
i,j=1

Note again that the V%?“ involved in the above expression shall be computed based on Eq. (89). Therefore, T**! can be

directly computed using C° spectral elements (or finite elements).
Let HY(£2) ={x € H'(22) : xlseo =0}, and & € H}(£2) denote the test function. Taking the L? inner product between
Eq. (93) and ¢, we obtain the weak form about u™tl,

1
/Vﬁ.vun+l —i—A/l?u”‘H zl/ Tn+1 +V Mn+ Xw*,n-H 5
VoAt Vo pn-H
2 2

2

1 Mn+1
- (W - vo)w*’”“ x V9, Vo eHL(R), (95)
2

where we have used integration by part, and the identity (x denoting a scalar function)

/Xwaﬁ‘:/)(nxwﬁ‘—fVX><coz9+/xa)sz9. (96)
2 a0 o} Q2

The weak forms for the pressure and velocity, (92) and (95), involve no derivatives of order two or higher, noting that
the V2¢?+1 terms in (91) and (94) shall be computed based on Eq. (89). These weak forms can be directly discretized in
space using C? spectral elements (or finite elements). On can observe that both the pressure and velocity weak forms, after
spatial discretization, give rise to linear algebraic systems with constant and time-independent coefficient matrices, which
can be pre-computed during pre-processing. Note also that in Eq. (95) different velocity components are not coupled and
therefore can be computed individually. In addition, one can observe that the auxiliary velocity @™t! is absent from the
final weak-form formulations. Therefore, it is not necessary to compute @*! in the implementation.

We finally briefly comment on the computations of the mixture density o™t and the mixture dynamic viscosity pu"+1.
Once d),.”“ (1 <i<N-—1) are known, the density will be computed based on Eq. (10) and the dynamic viscosity will
be computed based on Eq. (11). In practice we observe that the numerical values for ¢; may slightly go out of range
(=1 < ¢i < 1) at certain spatial points. If the maximum density ratio among the N fluids is large, this may give rise to
unphysical (negative) density values at certain spatial points and thus cause numerical difficulties. Similar situation has
also been observed in two-phase flows; see the discussions in this regard in [20] for two-phase flows. Therefore, when the
maximum density ratio among the N fluids is large (typically beyond about 10%), we will further use the following equation
to clamp the values for the mixture density and mixture dynamic viscosity,

,O"H . if Pin < Pn+1 < Pmax lf«n-H’ if fimin < l‘Ln_H < [Amax
pn+1 = Pmax if,0"+1 > Pmax /‘Ln+1 =1 fmax ifﬂn+] > [Imax (97)
Pmin, if ;On+] < Pmin Amin, if Mn_H < Amin,

where Pmax = max(01, -+, ON), Pmin = MIN(P1, -+, ON), fAmax = Max(fL1, -+, AN), and fimin = min(fly, -, &An).

Overall Solution procedure:
By combining the discussions from this section and the previous section, we arrive at the overall solution procedure for
N-phase flow simulations. Given (¢}, P", u"), our final algorithm consists of the following steps:

1. Employ the Advance-Phase procedure from Section 2.4 to compute ¢;”’l and szp{'” for 1<i<N-1.

2. Compute p"*1 based on Eq. (10), u™*! based on (11), and J*+1 based on (53). If the maximum density ratio among the
N fluids is large, further apply Eq. (97) to p"*! and p"t1.

3. Solve Eq. (92) for P™+1,

4. Solve Eq. (95), together with the velocity Dirichlet condition (55b) on 352, for u™t?,

One can observe that the above algorithm for N-phase flows has several characteristics that make it computationally
very efficient:
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The computations for the (N — 1) phase field functions are completely de-coupled.

The computations for different flow variables - pressure, velocity, and phase field functions - are completely de-coupled.

The computations for different components of the velocity are completely de-coupled.

Only linear algebraic systems are involved after discretization. No nonlinear algebraic solver is needed.

The algorithm results in, after discretization, pressure and velocity linear algebraic systems with constant and time-

independent coefficient matrices, which can be pre-computed during pre-processing.

e The algorithm results in, after discretization, constant and time-independent coefficient matrices for all the phase field
functions q&?“ and auxiliary phase field functions w?“. These coefficient matrices can be pre-computed.

e The algorithm involves the solution of only Helmholtz type (including Poisson) equations within a time step.

In addition, the resultant weak-form formulations can be directly implemented using C%-continuous spectral elements or
finite elements.

3. Representative numerical examples

We employ several numerical examples in this section in two dimensions, involving three to five fluid phases, to demon-
strate the capabilities and performance of the N-phase algorithm we developed in the previous section. These test problems
involve air, water, oil, and oil-like fluids with large density contrasts and large viscosity contrasts. We first briefly discuss
the normalization of the flow variables, governing equations and boundary conditions. Then we demonstrate the spatial and
temporal convergence rates of our algorithm using an analytic solution to the N-phase system. After that we consider the
equilibrium configurations of oil drops or oil puddles floating on the air-water interface involving three or four fluid phases,
and in particular we compare simulations results with the de Gennes theory. Finally, we simulate the dynamics of fluid
drops and fluid interfaces with five fluid phases.

3.1. Normalization of flow variables and governing equations

To facilitate discussions in subsequent sections, we first briefly discuss the normalization of the flow variables, physical
and numerical parameters, governing equations, and the boundary conditions.

Let L denote a characteristic length scale, and Uy denote a characteristic velocity scale. We use the superscript in (-)* to
denote the non-dimensionalization of the variable (-). We normalize the flow variables and physical parameters as follows:

X t p u n B g
==, t'=—+, pf=—3, u'=— ==, pfl=— g=

L L/Uo U2 Uo T VA1UoL TUd/L
 Pi - i . mip1Ug v x m ,01(¢) .
F= s = * =1, = 1<i<N
Pi ,51 i P UoL m; L Vi P1Yi (4’) ,01 l
o= iy 1<i<j<N (98)
ij ﬁ]U(Z)L’ X X

)\‘u

Ai=—2  1<i,j<N-1
u ,O]U%L2

- p(@) - 1@ @)
=20 gy =2

o1 Re (i1 p1UoL [

where g, is the gravitational acceleration, and Re = is the Reynolds number based on the properties of the first fluid.
Consequently, the governing equations (1a)-(1c) are transformed into the following non-dimensional form:

ou* -

P1Uol
1

at*
=—V*p*+V*. [ D*(u*) Z MV (Vi Vie)) + (X", 1) (99a)
i,j=1
V*.ut =0 (99b)
a‘f; +u* V*¢i=m;‘V*2[ ZA*V*Z +—h*<¢)}+g;‘(x*,t*), 1<i<N-1, (99¢)
where V* = -4 D*(u*) = V*u* + (V*u*)T, a
L g?‘=igf, 1<i<N-1. (100)

pUg’
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h;"(d?) is given by

~ ~x N ~ sk ok
= P+ Dy . Ve Vi .
hy () = %Z(y,ﬁski - )cka —a)(1-20), 1<i<N-1,
k=1

where r*=Y"N, 7. J* is given by

N-1
Tk ~ % p1+'0 * 7k
J =—Z<1 F*%) m [ Zx V2, *2 1(¢)}

i=1

The boundary conditions for the velocity and phase field functions, (19)-(21), are transformed into

u* = w* (x*, t%), onas2,
n-V*¢; =0, ondf2, 1<i<N-1, (101)
n-V*(V*2¢;) =0, ondR, 1<i<N-1,

where w* = Uﬂo is the normalized boundary velocity.

It is evident that, when the flow variables and parameters are normalized as given in (98) and (100), the forms for the
non-dimensionalized governing equations and boundary conditions will remain the same. Therefore, hereafter we will drop
the superscript (-)* in the non-dimensionalized forms, with the understanding that all the flow variables and parameters
have been appropriately normalized.

3.2. Convergence rates

The goal of this section is to demonstrate the spatial and temporal convergence rates of the N-phase algorithm from
Section 2 using a contrived analytic solution to the system of N-phase governing equations.

Consider the flow domain, 0 < x <2 and —1 < y <1, and the following analytic solutions to the governing equations,
(47) and (1b)-(1c), with four fluid phases (N =4):

u = Acosmysinaxsinwt
Aa . .
v = ——sinmycosaxsinwt
T
P = Asin y sinax cos wt (102)
¢1 = Aqcosajxcosbiysinwit
¢2 = Ap cosazxcosbyy sinwyt
¢3 = A3 cosasx cosbsy sinwst

where (u,v) are the two components of velocity u, and A, Ay, Ay, As, a, a1, az, as, by, by, b3, w, w1, wy, and w3 are
prescribed constants. In the governing equations we choose the body force f and the source terms g; (1 <i < 3) in such a
way that the analytic expressions of (102) satisfy the system of governing equations of (47), (1b) and (1c). On the domain
boundaries we impose the Dirichlet condition (19) for the velocity, and the boundary velocity w is chosen according to the
analytic expressions from (102). For the phase field functions ¢; (1 <i < 3), we choose the constants ay, az, as, by, by and
b3 such that the boundary conditions (20) and (21) are satisfied. The initial conditions for the velocity u and the phase field
functions ¢; (1 <i < 3) are chosen by setting t =0 to the analytic expressions in (102).

We discretize the domain using two equal-sized quadrilateral spectral elements (partitioned along the x direction), while
the element order is varied in the tests. The algorithm from Section 2 is employed to integrate the governing equations
in time from t =0 to a final time t =ty, and then the error of the numerical solution is computed at t =ty against the
analytic expression given in (102).

We have employed the following parameter values for this problem:

A=2.0, A1=A=A3=1.0, a=ay=0ay=0a3=71T, bi=by=bs=m
w=w;=1.0, wy=1.2, w3 =0.8,
p1=1.0, 02 =3.0, 03 =2.0, P4 =4.0,
11 =0.01, iy =0.02, 13 =0.03, fig =0.04,
m=10"3, my=2x10"3, m3=3x10">, 95=01, B=0.05,
012 =4.656 x1073,  013=4.472x1073,  014=1.356 x 1072,
03=6.110x1073,  024=1.559x 1072, 033 =1.609 x 1072,
(integration order) | =2,

i e o )
P’ P2 p3 pa)’

(103)

Vo = max( o =min(p1, P2, P3, P4).
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Fig. 1. Convergence rates (4 fluid phases): (a) Numerical errors as a function of element order (fixed At) showing spatial exponential convergence rate and
error saturation at large element orders due to temporal truncation error. (b) Numerical errors as a function of At (fixed element order) showing temporal
2nd-order convergence rate.

In the first set of tests, we fix the time step size at At =0.001 and the final integration time at t; = 0.1 (i.e. 100 time
steps), and vary the element order systematically between 2 and 20. Fig. 1(a) shows the numerical errors in L% and L?
norms at t =ty for the velocity, pressure, and the three phase field functions, as a function of the element order. It can be
observed that, as the element order increases (when below order 10 or 12), the numerical errors decrease exponentially,
indicative of a spatial exponential convergence rate. As the element order increases beyond 12, the error curves level off
with increasing element order, due to the saturation by the temporal truncation error.

In the second set of tests, we fix the final integration time at ty = 0.5 and the element order at a high value 18, and
then vary the time step size systematically between At = 0.003125 and At = 0.1. Fig. 1(b) shows the numerical errors
of different flow variables at t =t as a function of the time step size in logarithmic scales. The results clearly exhibit a
second-order convergence rate in time.

The above results indicate that our algorithm presented in Section 2 has a spatial exponential convergence rate and a
temporal second-order accuracy for different flow variables.

3.3. Floating liquid lens for three fluid phases and comparison with de Gennes theory

The goal of this section is to demonstrate the capability and accuracy of our method with the “floating liquid lens”
problem involving three fluid phases by comparing with the theory of de Gennes [15].

We consider a drop of oil floating on the surface of water in ambient air. Depending on the relative importance of the
gravity and the surface tensions, the oil may form a lens or a puddle on the water surface. The competition between the
gravity and the surface tensions involves three characteristic length scales [15],

Ko = ,:ago (capillary length associated with air/oil interface)
(=18

Kyw=_/ ,:ag (capillary length associated with air/water interface) (104)
wér

Kow = _ Oow (capillary length associated with oil/water interface)
(ow — Po) &r

where g, is the gravitational acceleration, pq, pw and p, are respectively the densities of air, water and oil. 0y, 04w and
oow are respectively the surface tensions associated with the air/oil, air/water, and oil/water interfaces. Let R denote the
characteristic size of the oil drop. If R <« x, and R < kow, then the surface tension effect is dominant, and the oil-drop
shape is made of two spherical caps (or in 2-D circular caps). If R > k, and R > ko, then the gravity effect is dominant,
and the oil forms a puddle [15]. In this problem we simulate the equilibrium configurations of the oil drop floating on the
air-water interface, and compare with the de Gennes theory.

The problem setup is as follows (Fig. 2). We consider a rectangular domain, —L <x<Land 0<y < %L, where L is the
characteristic length to be specified later. The gravity is assumed to be along the vertical (—y) direction. The bottom and top
sides of the domain (y =0 and %L) are two solid walls. In the horizontal direction (x = +L) we assume that the problem is
periodic. Initially, the bottom half the domain is filled with water and the top half is filled with air. In addition, a circular oil
drop with radius Ry = é is placed on the air-water interface, with its center located at x. = (xc, y¢) = (0, %L). We assume
that there is no initial flow. This three-phase system is then released, and it eventually evolves to an equilibrium state.
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Fig. 2. Initial configuration of 3-phase air/water/oil problem.

We employ the following values for the physical parameters involved in this problem:

density [kg/m3]: air - 1.2041, water - 998.207, oil -577 (or varied)

dynamic viscosity [kg/(m - s)]: air-1.78 x 107>, water - 1.002 x 10~3, oil - 9.15 x 102
surface tensions [kg/s?]: air/water - 0.0728, air/oil - 0.055, oil/water - 0.04 (or varied),
gravity [m/s%]: 9.8 (or varied).

(105)

The problem is non-dimensionalized with the characteristic length L and a characteristic velocity Ug = +/groL, where gyg =
1 m/s2, using the procedure outlined in Section 3.1.

In the simulations we treat air, water and oil respectively as the first, second, and third fluid. We discretize the domain
with 160 quadrilateral spectral elements, with 20 elements in the x direction and 8 elements in the y direction. We use
an element order 14 within each element. On the top and bottom walls, we impose the Dirichlet boundary condition (19)
with w =0 for the velocity, and the boundary conditions (20) and (21) for the phase field functions. In the horizontal
direction we impose the periodic boundary conditions. The initial velocity is set zero. The initial conditions for the phase
field functions are set as follows,
~'O'~ (261‘—1)—~'0N~ 2ey—1), 1<i<N-1, (106)
Pi + PN Pi + PN
where N = 3 and the initial volume fractions c; are

dix,t=0)=

1 _
= [l —0(x,Xc — Ro) +0(x, xc + Ro)]§<1 + tanh Y yc)

V2n
+ [6(x. xc — Ro) — O/(x, x +Ro)]1<l + tanh M)W Vo)
s NC s NC 2 \/5’7 , o),
1 _
c2=[1—-0(x,x — Ro) +0(x, xc + Ro)]i <1 — tanh J;/j;&)

+ [6(x, Xc — Ro) — 6(x, xc + Ro)]% (1 + tanh w) [1-6(y,y0),

V27
X — Xc| — RO)
V21 '

and 0(x, a) is the Heaviside step function, taking unit value if x > a and vanishing otherwise.

In the simulations we choose B in the free energy density expression (3) in a way such that n will correspond to
the characteristic interfacial thickness of the interface between the pair of fluids with the smallest surface tension. Let
Omin = Min{ojj}1<i<jgn denote the smallest value among the %N(N — 1) surface tensions. Then this condition gives rise to

B =1/3v20minn. (107)

Therefore, once 7 is chosen, § can be determined from Eq. (107). The mixing energy density coefficients 1;; (1 <1, j <2)
are computed from the pair-wise surface tensions oj; (1 <i < j < 3) using the method presented in Section 2.2.
We have employed the following numerical parameter values in the simulations:

1 _ 0.0075,
L

1
3= —(1 — tanh
2

mip1Uo _ myp1Uo 1077
L L A
Uozmax<&, &7 &)7
P1 P2 P3
Po =min(p1, f2, P3).

*
= ——5— max{Aj}i j=1,2,
max p1U2L2 IR

,  where A
(108)
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Fig. 3. Effect of gravity on the equilibrium configuration of an oil drop on air-water interface (3 fluid phases): (a) no gravity, (b) g =2 m/s?, (c) g =
9.8 m/s?. In (a), dashed and dashed-dot curves are circular, showing that the oil drop consists of two circular caps in this case.

The time step size is At =107 in non-dimensional unit.

We now look into the case with a characteristic length L =4 cm. This corresponds to an 8 cm x 3.2 cm domain, with an
initial diameter 1.6 cm for the oil drop.

Let us first consider the effects of the gravity on the equilibrium oil-drop configurations. We systematically vary the value
of the gravitational acceleration while fixing all the other physical parameters. In particular, the oil density is 577 kg/m>
(air-oil density ratio ~ 479), the oil-water surface tension is 0.04 kg/s?, and the other parameters are provided in (105).
Due to the competition between the gravity and surface tension effects, the oil drop configuration changes dramatically
as the gravity changes. Fig. 3 shows the equilibrium configurations of the oil drop corresponding to three gravitational
acceleration values, g, =0, 2.0 m/s®> and 9.8 m/s?, from our simulations. Plotted are the contour levels ¢; = % 1<i<3)
for the three fluids, where c; is the volume fraction of fluid i. At the three-phase contact lines in these plots, a “star-shaped”
region can be observed. The presence of these regions is due to the fact that within them none of the three fluids has a
volume fraction larger than % Fig. 3(a) shows the oil drop configuration in the absence of gravity, where the surface tensions
dominate. The dashed curve and the dashed-dot curve are two circles that respectively coincide with the upper and lower
pieces that form the oil drop profile. They clearly show that the drop shape consists of two circular caps in this case. As the
gravity magnitude increases, the oil drop becomes flatter (Fig. 3(b)). When the gravity is sufficiently large, the oil forms a
puddle on the water surface (Fig. 3(c)). These simulation results are qualitatively consistent the de Gennes theory [15].

We next show quantitative comparisons with the de Gennes theory. Let us define the thickness of the oil drop/puddle
as the largest distance between the upper and lower boundaries of the drop/puddle profile in the vertical direction. When
the gravity effect dominates, the asymptotic thickness of the oil puddle can be obtained analytically by minimizing the total
energy due to the surface tensions and the gravity [15]. Let e, denote the asymptotic thickness of the oil puddle. Then it is
given by [15,39],

e — 2(0q0 + Oow — Oaw)
c= .
g—i(pw — Po)8&r

(109)

Fig. 4 shows the oil drop/puddle thickness as a function of the gravitational acceleration obtained from our simulations
(symbols). For comparison, the dashed curve in the plot shows the asymptotic puddle thickness (e.) versus gravity (gr)
from the theory, see Eq. (109), where the gravity has been normalized by g;o =1 m/s%. It can be observed that at large
gravity values (beyond about 5 m/s? for this case), when the oil forms a puddle, the simulated puddle thickness agrees
very well with that from the theory. At small gravity values, the drop shape markedly deviates from that of a puddle, and
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Fig. 4. Comparison of oil-drop/oil-puddle thickness (air-water-oil 3 phases) as a function of normalized gravity between current simulation and the de
Gennes theory [15]. Gravity is varied while all other physical parameters are fixed.
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Fig. 5. Effect of oil-water surface tension on the equilibrium configuration of an oil drop floating on the air-water interface (3 fluid phases): (a) oow =
0.035 kg/s?, (b) oow = 0.055 kg/s%. Gravity is 9.8 m/s2.

the theoretical asymptotic puddle thickness expression (109) is no longer valid. Therefore we observe a large discrepancy
between the simulated drop thickness and the asymptotic theoretical thickness.

We next look into the effect of surface tensions on the equilibrium oil drop configurations. In this set of tests, we vary the
surface tension of the oil-water interface (o) systematically, while fixing the gravitational acceleration at g, = 9.8 m/s2,
the oil density at 577 kg/m?, and the other physical parameters at those values given in (105). Fig. 5 shows the oil drop
configurations corresponding to o4, = 0.035 kg/s?> and o, = 0.055 kg/s2. One can observe that the oil forms a puddle in
these cases, but the puddle size (diameter) and the puddle thickness strongly depend on the surface tension value. The
puddle shrinks as the oil/water surface tension increases. These plots can be compared with Fig. 3(c), which corresponds to
an oil/water surface tension o,y = 0.04 kg/s*> while the other physical parameters are the same.

In Fig. 6 we show the puddle-thickness squared as a function of the oil/water surface tension obtained from our simula-
tions (symbols). The asymptotic relation, eg ~ Oow, from the de Gennes theory (see Eq. (109)) is also shown in the plot as
the dashed line for comparison. The simulation results are in good agreement quantitatively with the de Gennes theory.

Let us next consider the effect of the oil-drop size on the equilibrium configurations. We consider three characteristic
length values: L =2 cm, 4 cm and 5 cm. Respectively, they correspond to the domains 4 cm x 1.6 cm, 8 cm x 3.2 cm and
10 cm x 4 cm, with initial oil drop diameters 8 mm, 1.6 cm and 2 cm. In this set of tests, the oil density is 870 kg/m>
(air-oil density ratio ~ 723), the oil/water surface tension and the gravity are respectively 0.04 kg/s*> and 9.8 m/s2, and
the other physical parameter values are given in (105). Fig. 7 shows the equilibrium configurations of the oil for these three
cases. Note that the length has been normalized in these plots. For a small drop size, the oil forms a bi-convex lens floating
on the water surface (Fig. 7(a)). As the drop size increases, the oil may form a plano-convex lens, see Fig. 7(b), in which
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Fig. 6. Comparison of oil-puddle thickness squared (air-water-oil 3 phases) as a function of normalized oil-water surface tension between current simula-
tions and the de Gennes theory [15]. The oil-water surface tension is varied while all other physical parameters are fixed.
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Fig. 7. Effect of oil drop size on equilibrium configurations (3 fluid phases): initial oil drop diameter: (a) 8 mm, (b) 1.6 cm, (c) 2 cm. Other parameters are

fixed.

the air-oil interface is essentially flat while the oil-water interface is convex. For a sufficiently large drop size, the oil forms
a puddle (Fig. 7(c)). Which type of floating lens the oil forms depends on the drop size relative to the capillary lengths
Ko and ko, defined in (104). For these three cases, we have k, = 2.54 mm and ko, = 5.64 mm. In the case of Fig. 7(a),
the drop radius (4 mm) is larger, but not that significantly, than the air/oil capillary length (k,), and it is smaller than the
oil/water capillary length (ko). Consequently, both the air-oil interface and the oil-water interface are convex, and the
air-oil interface is relatively flat. For Fig. 7(b), the drop radius (8 mm) is much larger than «,, but not that much larger than
Kow- Consequently, the air-oil interface becomes essentially flat, while the oil-water interface is convex. For a sufficiently
large oil drop, when the drop radius is much larger than both k, and ko, both the air-oil interface and the oil-water
interface will become flat and the oil will form a puddle.
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Fig. 8. Effect of density ratios (3 fluid phases): Equilibrium oil drop on air-water interface, with the air-oil density ratio (a) 166, (b) 332, (c) 498, and
(d) 723. Gravity is 9.8 m/s2.
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Fig. 9. Initial configuration of 4-phase air/water/oil-A/oil-B problem.

We next consider the effect of the oil density on the equilibrium configuration. In this set of tests, the characteristic
length is L =2 c¢cm (domain: 4 cm x 1.6 cm; initial oil-drop diameter: 8 mm), and we vary the oil density systematically.
We use a fixed gravitational acceleration g, = 9.8 m/s? and oil-water surface tension o,y = 0.04 kg/s?, and the other
physical parameters are given in (105). We have simulated four oil density values, 200 kg/m?, 400 kg/m3, 600 kg/m> and
870 kg/m>, which respectively correspond to the air—oil density ratios 166, 332, 498 and 723. Fig. 8 shows the equilibrium
configurations of the oil drop for these cases. Both the drop shape and the depth of oil immersed under water have been
affected by the density change. The oil-density change affects the drop shape because it modifies the capillary lengths «,
and koy. As a result, at a small oil density the oil-water interface becomes flatter (Fig. 8(a)), while at a large oil density the
air-oil interface is flatter (Fig. 8(d)). The immersed depth of the oil is affected by the oil density due to the change in the
density contrast between the oil and water.

The results of this section for three fluid phases, in particular the qualitative and quantitative comparisons with the de
Gennes theory, show that the physical formulation and the numerical algorithm we presented in Section 2 have accurately
captured the flow physics of the multiphase system. They also demonstrate that our method is suitable for large density
contrasts and large viscosity contrasts among the multitude of fluids.

3.4. Equilibrium oil drops on air-water interface with four fluid phases

The goal of this section is to demonstrate the capability of our method with a flow problem involving four fluid phases.
In particular, we will demonstrate the effects of the pair-wise surface tensions and the density contrasts on the four-phase
system.

The problem setup has some similarity to the three-phase problem in the previous section. We consider the equilibrium
drops of two types of immiscible oils floating on the water surface in ambient air. The initial configuration of this system
is shown in Fig. 9. We consider the flow domain, —L < x <L and 0 < y < %L, where L =2 cm. The domain has two
solid walls on its bottom and top sides (y =0 and gL). In the horizontal direction, we assume that all flow variables are
periodic at x = £L. The domain is initially filled with water at the bottom half and air at the top half, and two circular
drops of two different oils, referred to respectively as “oil-A” and “0il-B”, reside on the air-water interface. The two oil
drops initially both have a radius Ry = é and their centers are located respectively at x4 = (x4, ya) = (—0.21L, 0.4L) and
Xg = (xp, yp) = (0.21L, 0.4L). The gravity is assumed to be in the vertical direction, pointing downward. Upon release, the
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two oil drops, air and water interact with one another, and evolve under the influence of the gravity and surface tensions.

The objective of this problem is to study the equilibrium configurations of this four-phase system.
The physical parameters involved in this problem take the following values:

density [kg/m3]: air - 1.2041, water - 998.207, o0il-A-870, 0il-B - 400 (or varied)

dynamic viscosity [kg/(m-s)]: air-1.78 x 107>, water - 1.002 x 1073,
0il-A-9.15x 1072, 0il-B-5.0 x 1072

surface tensions [l<g/52]: air/water - 0.0728, air/oil-A - 0.055, water/oil-A - 0.04,
air/oil-B - 0.06 (or varied), water/oil-B - 0.045, o0il-A/oil-B - 0.032

gravity [m/s®]: 9.8.

(110)

We choose a characteristic velocity Uy = +/gr0L, where g0 =1 m/s?, and use L and Uy to non-dimensionalize the flow
variables and the governing equations with the procedure discussed in Section 3.1.

To simulate this four-phase problem, we assign air, water, oil-A and oil-B respectively as the first, second, third and
fourth fluids. We partition the domain using 160 quadrilateral spectral elements, with 20 elements in the x direction and 8
elements in the y direction. The element order is 14 for all elements in the simulations. We impose the velocity Dirichlet
condition (19) with w =0, and the boundary conditions (20) and (21) for the phase field functions ¢; (1 <i < 3), on the
upper and lower walls. At x = +L we impose periodic conditions for all flow variables. We set the initial velocity to zero,
and the initial phase field functions according to Eq. (106) with N =4 and the following initial volume fractions c;,

1 - 1 —Xal—Ro\ 1 — x| — R
1 7(1+tanhy “)[1—7<1—tanhw>_7<1_tanhW)}
: V21 2 van 2 V2n
1 1 —xal —R 1 —xz|—R
—(1—ta hy yA>[1 (1_t hw>_<l_mhlx Xg| o)}
? V21 2 van 2 V2
1 X —Xa| — )
—(1—-tanh——),
2( "
1
_ (] _tapnh 2B 70 |X xB| )
2 277
The numerical parameter values are as follows in the simulations:
1 _o.01,
L

B computed based on Eq. (107),

Aij, 1<, j<3, computed based on linear system (45),

mip1Uo  mpp1Uo  m3prUp 1077 (111)
L L L A

vo chosen based on Eq. (57),

0o =min(p1, P2, O3, Pa)-

1
. where A}, = 7,51U2 2max{)\,]}1<w<3,

The non-dimensional time step size is At = 10> in the simulations.

Let us first look into the effects of the surface tensions on the equilibrium configuration of this four-phase system. In
this set of tests, we vary the surface tension associated with the air/oil-B interface systematically, while the density of oil-B
is fixed at 400 kg/m> and all the other physical parameters are given in (110). Fig. 10 shows the equilibrium configurations
of the oil drops floating on the air/water interface, corresponding to five air/oil-B surface tensions: 0.04 kg/s2, 0.05 kg/s2,
0.06 kg/s?, 0.07 kg/s*> and 0.08 kg/s2. Plotted are the contour levels of the volume fractions, ¢; = % (1 <i<4), for the four
fluids. We can make several observations. First, the two oil drops touch each other, and a common interface between oil-A
and oil-B is formed. Second, while much of oil-A is immersed under the water surface, the sinking depth of o0il-B is notably
smaller. This is because the density contrast between oil-B and water is much more significant than that between oil-A
and water. Third, the surface tensions significantly influence the four-phase configurations. As the air/oil-B surface tension
decreases, the drop of oil-B tends to spread out on the water surface (Figs. 10(a)-(b)), and the air/oil-B interface and the
water/oil-B interface become quite flat (Fig. 10(a)). On the other hand, as the air/oil-B surface tension increases, the drop
of oil-B becomes “fatter” (Figs. 10(d)-(e)), and the drop shape of oil-A is also notably affected at a large air/oil-B surface
tension (Fig. 10(e)).

In the next set of tests we investigate the effect of density ratios on the four-phase equilibrium configurations. We vary
the density of oil-B systematically, while the air/oil-B surface tension is fixed at 0.06 kg/s®> and the other physical param-
eter values are given in (110). We have considered four oil-B density values, 240.82 kg/m?3, 400 kg/m>, 602.05 kg/m> and
722.46 kg/m>. They respectively lead to air/oil-B density ratios 200, 332.2, 500 and 600. Fig. 11 shows the configurations of



716 S. Dong / Journal of Computational Physics 276 (2014) 691-728
0.8 0.8
0.6 0.6
air air
0.4 Oil-A 0.4 <( \
water water
0.2 0.2
0-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 ( 1) 0 1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 (b)
X X
08 0.8

water

Fig. 10. Effect of air/oil-B surface tension on the equilibrium configuration of two types of oil drops at the air-water interface (4 fluid phases). Air/oil-B
surface tensions (kg/s2): (a) 0.04, (b) 0.05, (c) 0.06, (d) 0.07, (e) 0.08.

this four-phase system corresponding to these density ratios excluding 332.2, and Fig. 10(c) is the configuration correspond-
ing to air/oil-B density ratio 332.2. The results show that the change in the o0il-B density has several effects. First, the drop
shape of oil-B changes notably. At a small o0il-B density the air/oil-B interface tends to be more convex and the water/oil-B
interface tends to be relatively flat (Fig. 11(a)), while at a large oil-B density the opposite tends to be the case (Fig. 11(c)).
Second, the sinking depth of oil-B increases as the oil-B density increases, while that of oil-A appears little affected. Third,
the orientation of oil-A/oil-B interface changes noticeably.

3.5. Dynamics of drops, bubbles and interfaces with five fluid phases

The goal of this section is to demonstrate the capabilities of our method with a dynamic problem involving five fluid
phases.

The configuration of this test problem is as follows; see Fig. 12(a). We consider the flow domain, —% <x< % and
0<y< %L, where L =2 cm. The bottom and the top of the domain (y =0 and %L) are two solid walls, and the domain
is periodic in the horizontal direction (x = j:%). The gravity is along the vertical direction, pointing downward. At ¢t =0, the
domain is filled with water at the bottom half and air at the top half. Two liquid drops (initially circular, both with radius
Ro = 0.15L), of two different fluids referred to as “F1” and “F3”, are suspended in the air at a certain distance above the
water surface. An air bubble, and a liquid drop of another fluid referred to as “F2”, both circular initially and also with radius
Ro =0.15L, are trapped in the water. The three fluids F1, F2 and F3 are assumed to be all immiscible with one another and
with air and water. The centers of the four drops/bubble are initially located respectively at:

Xr1 = (XF1, ¥F1) = (=0.3L,1.4L) (drop F1),
Xp2 = (XF2, ¥F2) = (0.3L,0.2L) (drop F2),
Xr3 = (X3, yr3) = (0.15L, 1.4L) (drop F3),
Xq = (Xg, Ya) = (—0.2L,0.2L) (air bubble).
The liquid drops/bubble are then released. They fall through the air or rise through the water, and impact the air-water

interface. The objective of this problem is to simulate the dynamics of this five-phase system.
The physical parameters involved in this five-phase problem assume the following values:

(112)
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Fig. 11. Equilibrium configurations of two types of oil drops on air-water interface (4 fluid phases), with different air/oil-B density ratios (a) 200, (b) 500

and (c) 600. Other physical parameters are fixed. See Fig. 10(c) for the 4-phase configuration with air/oil-B density ratio 332.2.

density [kg/m3]: air - 1.2041, water -998.207, F1-870, F2-400, F3-600

dynamic viscosity [kg/(m-s)]: air-1.78 x 107>, water - 1.002 x 1073,
F1-9.15x 1072, F2-2.0x1072, F3-1.0x 1072

surface tensions [l<g/s2]: air/water - 0.0728, air/F1 - 0.055, water/F1 - 0.04,
air/F2 - 0.06, water/F2 - 0.045, F1/F2-0.032,
air/F3 - 0.05, water/F3 -0.041, F1/F3-0.038, F2/F3-0.058

gravity [m/sz]: 9.8.

(113)

We choose a characteristic velocity Ug = +/gr0L, where g;0 =1 m/s?, and use L and Ug to non-dimensionalize the problem.

In the simulations we assign air, water, F1, F2 and F3 respectively as fluids one to five. The flow domain is partitioned
using 640 quadrilateral spectral elements, with 20 elements in the x direction and 32 elements in the y direction. The
element order is 18 for all elements in the simulations. On the top and the bottom walls, the velocity Dirichlet condition
(19) with w =0 is imposed, and the boundary conditions (20) and (21) are imposed for the phase field functions ¢;
(1 <i<4). At the horizontal boundaries x = j:%. periodic boundary condition is imposed for all flow variables. The initial
velocity field is set to zero. The initial phase field functions are set according to Eq. (106) with N =5 and the following

initial volume fractions c;,

1 Y—}’IF)[ 1( |X—XF1|—R0) 1( |X—XF3|—R0)i|
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Fig. 12. Temporal sequence of snapshots of 5-phase fluid interfaces: (a) t = 0.07, (b) t =0.215, (c) t =0.301, (d) t =0.367, (e) t = 0.401, (f) t = 0.451,
(g) t=0.513, (h) t =0.583, (i) t =0.798, (j) t =1.008, (k) t =1.201, (1) t =1.421, (m) t =1.673, (n) t = 1.906, (0) t =2.361, (p) t =2.758.
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where yr = %L is the initial position of the water surface.
The numerical parameters are set as follows in the simulations:

T _ 0.005,
L

B computed based on Eq. (107),

Aij, 1<, j <4, computed based on linear system (45),

mipUg 2 x 1078
L

vo chosen based on Eq. (57),

Po =min(p1, P2, -+, P5).

We employ a non-dimensional time step size At =2.5 x 107 in the simulations.

Let us next look into the dynamics of this five-phase system. Fig. 12 shows a temporal sequence of snapshots of the fluid
interfaces. Plotted are the contour levels of the volume fraction ¢; = % (1 <i<5) for the five fluids. Upon release at t =0,
the fluid drops of F1 and F3 fall freely through the air, while the air bubble and the F2 drop rise through the water. The
deformations of the air bubble and the F2 drop are evident (Figs. 12(b) and (c)). Around t = 0.3, the F1 and F3 drops are
about to impact the water surface (Figs. 12(c)). Figs. 12(d)-(h) show the impact of the F1 and F3 fluids and the formation
of floating drops on the water surface. The impact onto the water surface causes dramatic distortions in the F1 and F3
drops (Figs. 12(d)-(e)). Both F1 and F3 have trapped a small amount of air between these fluids and the water (Fig. 12(d)),
which subsequently becomes two small air bubbles trapped between F1 and water and between F3 and water. One can
observe the oscillation in the shape of the F1 and F3 drops and the undulation of the water surface (Figs. 12(e)-(h)). The
floating F1 and F3 drops have covered the most part of the water surface. Simultaneously, the air bubble continues its rise
through the water, and the F2 drop appears to be still during this time while exhibiting marked distortions in its shape
(Figs. 12(d)-(h)). Fig. 12(i) shows that the rising air bubble approaches the water surface, which is now almost completely
covered by fluids F1 and F3. Subsequently, the air bubble merges into the bulk of air above the water, leaving a section of
open water surface free of F1 and F3 fluids (Figs. 12(j)-(k)). Meanwhile, the F2 drop rises through the water (Figs. 12(i)-(k)),
and approaches the water surface which is covered by the F1 and F3 fluids (Figs. 12(1)-(m)). As the F2 drop rises further, a
pocket of water is trapped in the cavity bounded by the air and the F2, F3, and F1 drops (Figs. 12(n)-(0)). The water surface
is eventually completely covered by the F1, F3 and F2 fluids, which form a layer insulating the bulk of water from the bulk
of air (Fig. 12(p)). Two small air bubbles are trapped at the underside of this layer, and a water drop is trapped by the bulk
of air, one of the small air bubbles, the F2 and F3 fluids.

Fig. 13 shows a temporal sequence of snapshots of the velocity field of this problem, at identical time instants as the
interface plots of Fig. 12. Figs. 13(a)-(c) indicate that the falling F1 and F3 drops have induced a velocity field in the air.
In particular, a strong jet of air is produced between the two falling drops. The air jet moves upward, generating pairs of
vortices in the wake of the falling drops (Fig. 13(c)). The two vortex pairs in the air appear to further intensify after the
F1 and F3 drops impact the water surface (Figs. 13(d)-(e)). But over time, the velocity field of the air gradually dies down
(Figs. 13(f)-(p)). On the other hand, in the water the rising air bubble induces a pair of vortices in its wake (Figs. 13(c)-(i)).
So does the F2 drop as it rises through water (Figs. 13(g)-(k)). After the F2 drop contacts the F3 and F1 fluids on the water
surface and they together form an insulating layer between the bulk of air and the bulk of water, the velocity field in the
entire domain gradually dies down (Figs. 13(m)-(p)).

We can estimate a characteristic Reynolds number for this flow problem. The vertical velocity at the center of the F3
drop is V.~ 2.75U at t =0.301 ULO (corresponding to Fig. 13(c)) when the drop is about to impact the water surface. Let
Do = 0.3L denote the initial diameter of the F3 drop, and p, and u, denote the density and dynamic viscosity of the air
respectively. Then the Reynolds number based on the above quantities is Re = % ~ 158.

(114)

1
< i * = i1 M
. 1<i<4, where Ay, 5 U(Z)Lz max{Ajjh<i, j<4s

4. Concluding remarks

In this paper we have presented a physical formulation, and an efficient numerical algorithm, within the phase field
framework for simulating the mixture consisting of N (N > 2) immiscible incompressible fluids. The physical formulation is
developed by recourse to the conservations of mass and momentum, the second law of thermodynamics, and the Galilean
invariance. In such a sense, this formulation is thermodynamically consistent.

We have also developed a method for computing the mixing energy density coefficients A;; (1< i, j <N — 1) based
on the %N(N — 1) pairwise surface tensions oj; (1 <i < j < N) among the N fluids. The basic idea lies in the following
requirement for the N-phase formulation: if only two fluids i and j are present in the N-phase system, then the N-phase
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formulation should reduce to an equivalent two-phase formulation consisting of fluids i and j. Our method leads to a linear
algebraic system about A;j, with the coefficient matrix depending only on the (N — 1) density ratios, /% (1<K<ig<N-1)
This system can be solved for A;;.

Our numerical algorithm for solving the N-phase system has several attractive properties that make it computationally
very efficient. First, the computations for different flow variables (pressure, velocity, and phase field functions) are com-
pletely de-coupled. Second, the computations for the (N — 1) strongly-coupled phase field functions are also completely
de-coupled. This is achieved by a combination of three ideas: (i) we introduce (N — 1)2 extra terms in the semi-discretized
form of the coupled system of 4th-order phase field equations; (ii) we transform the coupled system, thanks to the extra
terms, into (N — 1) 4th-order equations that are de-coupled from one another; (iii) we further re-formulate each individual
4th-order equation into two de-coupled Helmholtz-type equations, using a technique developed previously for two-phase
flows. Third, the algorithm only involves the solution of linear algebraic systems after discretization, and no nonlinear alge-
braic solver is needed. Fourth, the linear algebraic system for each flow variable involves only constant and time-independent
coefficient matrices, which can be pre-computed during pre-processing. The algorithm has therefore effectively overcome
the performance bottleneck caused by the variable coefficient matrices associated with variable mixture density and variable
mixture viscosity.

A comparison would be instructive between the current and several related works. In the literature there exist several
studies involving three or more fluid components by other researchers; see e.g. [8-10,34,38,41], among others. For three
fluid components, these simulations usually employ a decomposition of the three pairwise surface tensions in order to
account for their effects on the flow [9,10,34]. See also [8] for an alternative form of the surface-tension force with three
fluid phases for the volume of fluids approach. For more than three fluid components, a predominant issue lies in how
to treat the multiple pairwise surface tensions, as mentioned in earlier sections. A phenomenological surface tension force
is suggested in [35] for multiple fluid components; see its applications in e.g. [36,41]. The work of [50] assumes identical
pairwise surface tensions for different fluid interfaces, and employs a surface-tension force in the level-set context that
results in identical angles between fluid interfaces at triple junctions.

In contrast to the above works, the current formulation has implicitly incorporated the surface-tension effects through
the free energy of the system. This naturally gives rise to the surface-tension terms in the momentum equation, thanks
to the second law of thermodynamics. In addition, the mixing energy density coefficients are determined based on the
pairwise surface tensions by solving a linear algebraic system. This linear system results from a consistency requirement
on the N-phase formulation, namely, the N-phase formulation must reduce to the equivalent two-phase formulation if
only a pair of fluids is present in the N-phase system. Thermodynamic consistency in the physical formulation is another
distinguishing character of the current method, compared to the previous studies.

We have conducted extensive numerical experiments with problems involving multiple fluid phases to demonstrate the
capabilities of the current method. In particular, for the three-phase floating liquid lens problem, we have performed qual-
itative and quantitative comparisons between our simulations and the de Gennes theory [15]. The results show that our
N-phase formulation and algorithm have produced physically accurate results. We have also demonstrated the significant
and sometimes dramatic effects of the gravity, pairwise surface tensions, fluid drop size, and fluid densities on the config-
urations of multi-phase systems. The numerical results have also shown the N-phase complex dynamics and the complex
interactions among multiple fluid phases. They also show that our method is effective in dealing with large density ratios
and large viscosity ratios among the multitude of fluid phases.

These results lend the confidence that our physical model and numerical algorithm can reasonably capture the physics
of N-phase flows. The presented method can be a powerful tool for studying the interactions among multiple types of fluid
interfaces, N-phase contact lines, and flows involving multiple immiscible incompressible components. On the other hand,
we would also like to caution that, the usefulness of the model and the algorithm will ultimately be determined by the
physical results and comparisons with experimental measurements. These all require much future research.
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Appendix A. Development of N-phase formulation

In this appendix we briefly discuss how the physical formulation presented in Section 2.1 for the N-phase flows is
developed based on the mass and momentum conservations and the second law of thermodynamics. This development has
much been inspired by the work of [2] for two-phase flows.

Mass Balance In order to facilitate subsequent developments it is necessary in the following to introduce several forms
about certain physical quantities, e.g. the density and the mass flux. It is crucial to distinguish the different forms, which
have different physical meanings.
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We take the same problem setting as outlined in Section 2.1. Consider the mixture of N (N > 2) immiscible incom-
pressible fluids. Let p; (1 <i < N) denote the constant density of pure fluid i without mixing. Consider an arbitrary control
volume V of the mixture, with a mass M. Let M; (1 <i < N) denote the mass of fluid i contained in this volume. Let p;
denote the average density of the i-th fluid within the mixture, and p denote the average density of the mixture. Then,
pi = % and

_M_ My + Mz +---+ My
v v

We assume that, the volume occupied by a given amount of mass of any single fluid i (1 <i < N) does not change after
mixing, in other words, there is no volume loss or volume addition after mixing of any of these N fluids. Let V; denote the
volume of pure fluid i before mixing. This assumption leads to

V=Vi+Vy+---+Vpy. (116)
Let c; denote the volume fraction of fluid i in the mixture,
Vi Mi/bi _ pi
Vo Mi/pi pi
Eq. (116) is equivalent to the condition (7) on the volume fractions.
Since the volume V is arbitrary, p(x,t), pi(X,t), ci(X,t) defined above are field variables, while p; are constants.

Egs. (115), (117) and (7) will be extensively used in subsequent discussions.
Let J; (1 <i< N) denote the mass flux of fluid i in the mixture. Then the mass balance for fluid i is given by

api

=p1+ 2+ +pN. (115)

1<i<N. (117)

Ci=

¥+V J,_O 1<i<N. (118)
One can define the velocity of the individual fluids, u; (1 <i < N), based on the mass flux,
Ji=pwi, 1<i<N. (119)

Note that if fluid i does not exist at a point in space (i.e. p; =0 at that point), then ji =0 at that point, and we assume that
u; = 0 at that point.
Following [2], we define the mixture velocity u as the volume-averaged velocities of the individual fluids,

u= Zc,u,_zp' uj= p—’. (120)

i=1
Note that this mixture velocity is dlvergence free,

a9
v-us= E: V=g j=——«n+q+ ) =—2:1=0, (121)
1

where we have used Egs. (118), (1 17) and (7). We would like to mention that the velocity in the formulations of [27,38] is
the mass-averaged mixture velocity and is not divergence free. This is a key difference between our formulation and those of
[27,38]. One notes that the mixture models of two-phase flows historically used density or mass-averaged equations, which
led to non-zero velocity divergence; see e.g. [7,31]. We note that in the model of [42] the velocity also has a non-zero
divergence.

Define the differential flux, J;, of fluid i relative to the bulk mixture motion,

Ji=Ji—pu, 1<i<N. (122)
Then the mass balance equation (118) can be transformed into

ap; .

Sp tuVei==V.Ji 1<i<N, (123)

where we have used (121). Note that J; (1 <i < N) satisfies the relation

i N
ZJ’ Zp Z% —(Zc,-)u:u—u:O, (124)
! o=t i=1

where we have used (122), (120) and (7). This relation between J; will be extensively used in subsequent discussions.
We now reformulate the set of N mass balance equations (123) into an equivalent set, in order to facilitate the subse-
quent discussions. In (123), subtract the N-th equation from the i-th one (1 <i < N — 1), and we can get

P .
E(Pt‘_,ON)+U'V(,0i_pN)=—V'Jai» 1<i<N-1, (125)
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where
Jai =Ji =N (126)

is the relative differential flux between fluids i and N. Summing up the N equations in (123), we get the mass balance
about the mixture

ad -

a_f+u.vp:_v.J, (127)

where
J=hi+h+ - +In. (128)

The set of mass balance equations consisting of (125) and (127) are equivalent to the N mass balance equations of (123).
We next show that the mixture mass-balance equation (127) is redundant from the (N — 1) equations of (125), because
of the relations (7) and (124). Define

Yi=pi—pN, 1<ISKN-1. (129)

We will find the relation between p and ¢; (1 <i< N — 1), and also the relation between J and Jq; (1 <i<N—1).
Consider the following linear algebraic system about J; (1 <i < N):

yh+ v+ +nn=0 (130a)
Ji=IN=Ju, 1<i<N-1, (130b)

where y; is defined in (6), Eq. (130a) is a restatement of (124), and Eq. (130b) is restatement of the definition for J,; in
(126). One can obtain from this system

N—-1
1 - .
In= T E Viloi, and Ji=JN+Ju, 1<i<N-1, (131)
i=1

where I' is defined in (6). Therefore, one can expressj in (127) in terms of Jg; as follows,

N N-1
1= 1= Z(l — %ﬂ)Jai. (132)
i=1

i=1
Next we consider the following linear algebraic system about p; (1 <i < N):
V1p1+ 202+ +PYnon =1 (133a)
Pi—pPN=¢i, 1<i<N-1, (133b)

where Eq. (133a) is a restatement of (7) by using the definition (117), and Eq. (133b) is a restatement of (129). One can
obtain from this system

N-1
1 - .
pN=F<]—E yigo,->, and pi=pn+@i, 1<Ii<KN-1 (134)
i=1

Therefore, one can express the mixture density p in terms of ¢; as follows

N N N-1 N _
p=) pi=p+) (1-F7)e (135)
i=1 i=1

It is straightforward to verify, with the relations (132) and (135), that the (N — 1) equations of (125) imply the mixture
mass-balance equation (127). Therefore, the mass balance of this N-phase system can be represented by the (N — 1) equa-
tions of (125). We will determine the forms for the relative differential flux J;; (1 <i < N — 1) by invoking the second law
of thermodynamics in subsequent discussions.

Momentum Balance Following [2], we assume that the inertia and kinetic energy due to the motion of the fluids relative
to the bulk motion is negligible. So the mixture can be considered as a single fluid with velocity u, which satisfies the
linear-momentum conservation with respect to the volume-averaged velocity. For simplicity we assume that there is no
external body force.

The development for the momentum equation below closely follows [2] for two-phase flows. The momentum conserva-
tion leads to

%(pu)—l—V~(puu)=V-T, (136)
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where p is the mixture density, u is the volume-averaged mixture velocity, and T is a stress tensor whose form has to be
specified based on constitutive assumptions.
Eq. (136) is equivalent to

Jau d -
ol —+u-Vu )+ —'0+u-V,0 u=V.T. (137)
ot ot
In the above equation, the stress tensor T cannot be an objective stress tensor (i.e. invariant under Galilean transform),
because otherwise the above equation will not be Galilean invariant due to the (‘;—f +u-Vp)u term.
In light of Eq. (127), we can transform (137) into

p(%?+u.Vu>+j-Vu:v-dqjuy=v-1 (138)

where we have used the relation (V-J)u=V - (Ju) —]- Vu. Now the momentum equation admits an objective stress tensor
T=T+]u )

While the term J- Vu in (138) mathematically results from the Galilean invariance requirement and the mixture mass
balance equation (127), its physical meaning can be understood as follows. The mass flux of a phase consists of two contri-
butions: a transport due to the mixture bulk velocity u, and a transport at the scale of the diffuse interfacial layer driven by
the effective chemical potentials between the phases (see subsequent discussions, and Eqgs. (156), (157c) and (132)). There
is a momentum flux associated with the latter mass transport, and the term ] - Vu represents the effect of this momentum
flux.

Thanks to the fact that u is divergence-free, see (121), we can introduce a pressure p,

T=—-pl+S, (139)
where I is the identity tensor, and S is a trace-free stress tensor. The momentum equation then becomes
Jau ~
P E—l—qu +J-Vu=-Vp+V.S. (140)

The constitutive form for the stress tensor S will be determined subsequently by invoking the second law of thermodynam-
ics.

Specifying Constitutive Relations Let us now consider how to specify the forms for the flux vectors J;; (1<i< N —1)in
(125) and the stress tensor S in (140) based on the second law of thermodynamics.

Suppose that we have chosen a set of (N — 1) order parameters <$= (41,02, -+, dn—1) to characterize this N-phase
system, and then the relation
pi — PN = @i = @i(P) (141)

will be known. As a result, the relations p = p(qg) and p; = p; (<75) can be determined thanks to Egs. (135) and (134).

We assume that the relative motion of any two fluids is diffusive. In the spirit of the phase field approach, we introduce
a free energy density function W (¢, V¢), which plays the role of the interfacial energy for the diffuse interfaces. The total
energy density function is then

R .
e(u,¢, Vo) = 5/0(¢)|l1|2 +Wi(p, Ve), (142)

where the first term on the right hand side denotes the kinetic energy.
We invoke the following form of the second law of thermodynamics for isothermal systems [26],

& [ ewdvi <. (143)
(@)

where £2(t) is an arbitrary volume that is transported with the mixture velocity u, and P. is the conventional power
expended on £2(t). Intuitively, this means that not all conventional power expended on a system can be converted into
changes in the net free- and kinetic-energy of the system, because a portion of that power must go into dissipation.

The power expended on £2(t) consists of several components (see also [2]):

e Work done to the system due to the objective stress tensor T= —pl + S,

n-T-udA
32(t)

where n is the outward-pointing unit vector normal to d2(t), and dA denotes integration with respect to the surface.
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e Kinetic energy transport into §2(t) due to the relative motion with respect to the mixture velocity,

N1 1 l 1

2 2 201

— —|ul*n-J;dA = — —|uln- i |dA = — —|ul*n-JdA,

/ZZII J /2|| (ZJ) /2|| J

3 =1 32(t) i=1 3Rt
where n - J;dA represents the mass transport of fluid i in unit time due to relative motion with respect to the mixture
velocity, and we have used Eq. (128).

e Free energy transport into £2(t) due to diffusion. Note our assumption about the diffusiveness of the relative motion
between any two fluids. The term n - (J; — J;)dA represents the mass change due to diffusion between fluids i and j,
assuming 1 <i < j < N. Let f,-j denote the chemical potential associated with this diffusive flux. Then the total free
energy transport due to diffusion is

N
—f > n-(i—JjCida
AR "~,.J'<=jl

In light of Eq. (126), we have

N N-1 N-1 N-1
don-Gi—JpGi= Y n-Qa—JopCij+ Y_n-JauCiv =) _n-JuCi,
ij=1 ij=1 i=1 i=1

i<j i<j

where we have used J; —J;j =Jai — Jqj, and C; denotes an effective chemical potential associated with J;; and is a linear
combination of 6ij. Therefore, the total free energy transport into £2(t) due to diffusion can be represented by

N-1
- f > n-JuCidA. (144)
a2 =1
e Similar to [2], we assume the existence a generalized surface force '; (1 <i < N — 1) associated with ¢; such that
N-1
Z / l‘l-Yi<% +U~V¢),‘)d/'\
=150

represents the associated work done on the system.

Therefore, the inequality (143) becomes

%/e(u,q}v&)g f n-T-udA— / %|u|2n-jdA

20 382(t) (1)

N-1 N-1 96
- / > o0 JuCidA+ ) / n.r,-(a—t' -|—u-V¢,-)dA (145)
e =1 =500

Noting the Leibnitz theorem and the arbitrariness of §2(t), one can obtain

B Je N-—1 1 . N-—1 )
—D=§+V'(€u)+§V~(CiJai)+V' <§|U| J)- §V~(¢i7‘i)—v-(T-u)<0, (146)

where D denotes a non-negative quantity, and ¢; represents the material derivative (% +u- V).
We transform (146) into
N-1

ow .
—D=— U VW43 V- (Cla) = D V- (T~ T :Vu<0 (147)

i=1 i=1

by noting (125), (138), and the relation
(2pu) +u-v(2pmP) =—(V-PipuP+ (VD u- G- V) -u
at\ 27 2P )= 2” '

Then by noting the relations
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3%

V Clal —vcl ai — Cl
(Cidai) J Z 75,

j=1

W aw , = aw
Rl VWZET@@—F;(V@) S

Yi-Voi=Ti (V¢i)*+ (Vi ® i) : Vu

where (V¢;)® = %(V(j)i) +u-V(V¢;) and ® denotes the tensor product, we can transform (147) into

0] W AW e
~D= Z(M jZM,CJ VT)¢’+Z<a(v¢i)‘T') (V1)

N-1 N-1
- (ST+ZV¢1'®T1> Vu+ ) VCi-Jui <0 (148)

i=1 i=1

where we have used (125), (121), and (139).

Let us next consider specifying constitutive relations for J,;, S, Y';, and C; such that the inequality (148) will always be
satisfied. We assume that Jg;, S, ¥ (1 <i< N —1) are functions of ¢_§ V(Z;. Vu, Cy, and VC, (1 <k < N —1) only, and that
C; do not depend on ¢ (1 <k <N — 1). Furthermore, we assume that S is a symmetric tensor. Since ¢; and (V¢;)® can
attain arbitrary values, and that the expressions in the first and second parentheses behind the equality sign in (148) do
not depend on ¢; and (V¢;)® respectively, we conclude that

ow
—Y;=0, 1<i<N-1, (149)
(Vi)
N—-1
ow 0p;j .
Ci—V-7i=0, 1<i<N-1. (150)
Bpi Za«bﬂ

j=1
Therefore, one obtains a linear algebraic system about the chemical potentials Cj,

N-1 80; W '
Z—] ~V.—, 1<i<N-1, (151)
= 09 a¢1 (V)

which can be solved for C; (1 <i <N — 1) once the free energy W((E, Vzi;) is chosen.
The inequality (148) is reduced to

1
(s+2v¢l av¢,>:§D(u)
1
__<Z V¢ ® av¢1 Zaw ®V¢’) 5 (Vu—vu')

+ Z VCi-Jai <0, (152)

where D(u) = Vu + Vu’. Since %(Vu — vu") is independent of D(u) and can attain arbitrary values, we conclude that

N-1 N-1

ow ow
;qui@av—@:Zm@ Vi, (153)

which is a condition that the free energy density function W(<;7>, V:ﬁ) must satisfy.
The inequality (152) is then reduced to

N-1

(S+ZV¢1 aw) —D<u>+2vcl Jai < (154)

i=1

Motivated by the constitutive relation for Newtonian fluids, we assume that
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S+ Z Vi ® W = u($)D(u) (155)

where pL(q?) > 0 plays the role of viscosity. We further assume that
Jai=-mi(@)VC;, 1<i<N-1 (156)

for some function m,~(q§) >0

Therefore, the constitutive relations given by (155) and (156), where the chemical potentials C; are given by the linear
algebraic system (151), satisfy the second law of thermodynamics. The free energy density function W(d) V¢>) for the
N-phase system must be chosen in a form such that the condition (153) is satisfied.

Physical Formulation Substituting the constitutive relations (155) and (156) for S and J,; into Egs. (140) and (125), we
obtain the following phase field formulation for the N-phase system:

LI Vu)+~ Vu=-Vp+V $)D(u)] — 3 Y (V ; aw) (157a)
oG+ vu) 3 vu= VoV fudpw] - v (Ve o)

V.u=0, (157b)
N-1 9

Z%( e v¢j>=v.[m,-(q§)vc,-], 1<i<N-1, (157¢)

where @; (5) is defined in (141), C; ((13) is given by the linear algebraic system (151), and W((Z;, ng) is the free energy density
function that satisfies the condition (153). This is the general form, in which the order parameters ¢ and the free energy
density function W(¢75, V(Z) still need to be specified.

In order to simplify the form of the phase field equations (157c), we choose the set of order parameters ¢; such that

1 . . 1 . . .
$i=pi—pn=5i=pN)+ 5P+ o diel=1.1L T<SISN-T. (158)
This choice greatly simplifies the phase field equations because 67‘/]” = %(ﬁi + 0On)3jj. Note that other quantities (e.g. volume
fraction, mass fraction, density) can also be used as order parameters, but the resulting phase field equations will be
considerably more complicated because of the matrix [%](N—Ux(N—U- With the above set of order parameters, the chemical

potential is given by, according to (151),
2 %% %%
B+ [aTsi S aVe)
The mixture density p((ﬁ) is given by (10). We assume that the dynamic viscosity u($) has a form given by (11).
We further choose the free energy density function W (¢, V¢) in a form given by (3). One can verify that it satisfies

the condition (153) if the matrix A defined in (2) is symmetric. By assuming that all model parameters involved herein are
constants and by re-scaling the parameters m;, one can arrive at the formulation given by Eqgs. (1a)-(1c) in Section 2.1.

], 1<i<N-1. (159)
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