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Phase field modeling and simulation of three-phase flows
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We derive a thermodynamically consistent phase-field model for flows containing three (or more)
liquid components. The model is based on a Navier—Stokes (NS) and Cahn—Hilliard system (CH)
which accounts for surface tension among the different components and three-phase contact lines. We
develop a stable conservative, second order accurate fully implicit discretization of the NS and three-
phase (ternary) CH system. We use a nonlinear multigrid method to efficiently solve the discrete
ternary CH system at the implicit time-level and then couple it to a multigrid/projection method
that is used to solve the NS equation. We demonstrate convergence of our scheme numerically and
perform numerical simulations to show the accuracy, flexibility, and robustness of this approach. In
particular, we simulate a three-interface contact angle resulting from a spreading liquid lens on an
interface, a buoyancy-driven compound drop, and the Rayleigh—Taylor instability of a flow with three
partially miscible components.

Keywords Ternary Cahn—Hilliard system; nonlinear multigrid; ternary fluid flow; interfacial tension;
arbitrary miscibility.

1. Introduction

Many biomedical, chemical, and industrial processes involve mixtures of three or more liquid
components. In spite of the importance of three-phase flows, most studies of three-phase systems
do not consider hydrodynamical interactions (e.g. se€el[437, 10, 15, 20, 22]). There have been few
theoretical and numerical studies of flows containing three or more liquid components compared
to the large body of research for two-phase fluid flows. This is partly due to the difficulties in
dealing with hydrodynamics associated with interfaces and triple junctions. In [40], a projection
method is used for the motion of a triple junction in level set framework. In this approach, a linear
projection of the level set functions onto a reduced set of variables is used to solve problems at triple
lines and other multiple junctions (i.e., quadruple points)[In [28], a compound drop consisting of
three immiscible fluids is simulated using the immersed boundary methbd [37]. The presence of the
interface and its effect on the flow is established via source terms in the governing equations.
There are a number of three-phase models that describe two immiscible fluids and surfactant.
In low Reynolds number flows, boundary integral methods have been used to study the effect
of surfactants on drop dynamics (e.n.l[83] B5l 41]) and tip-strearhing [19]._In [18, 24, 39], the
effect of insoluble surfactants on drop deformation is studied in two and three dimensions using
volume-of-fluid methods. In_[25] the effect of surfactants on the dynamics of rising bubbles is
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investigated using an immersed boundary/front-tracking algorithm. In [13], a hybrid level-set/front-
tracking algorithm was used to study the effect of surfactants on capillary waves. Further, in [27],
the effect of surfactants on the evolution of the shape of an initially nonspherical drop translating in
an otherwise quiescent fluid at low Reynolds number is examined. A combination of the boundary-
integral method and a finite-difference scheme is used to solve the coupled fluid dynamics and
surfactant transport problems.

In this paper, we build upon our results for two-phase hydrodynamic systeins [30] and three-
phase systems in the absence of hydrodynamic interactions [31] to model and simulate general three-
phase hydrodynamic systems. Advantages of this approach over level-set and immersed boundary
approaches described above, forimmiscible three-phase systems, are: (1) we do not need to perform
any correction steps to multiple junctions; (2) it is easy to incorporate other physical properties such
as miscible and immiscible fluid components.

We derive a thermodynamically consistent system of governing equations based on a phase-field
approach. The system of equations couples the Navier—Stokes equations for the fluid motion to a
system of Cahn—Hilliard type (fourth order nonlinear advection-diffusion equations) for the phase
variables. Here the phase fields have a definite physical meaning: they are the mass ratios of the
fluid components.

We develop a conservative, second order accurate fully implicit discretization of the NS and
three-phase (ternary) CH system. It can be shown that if the time step is small enough, the
discretization has a discrete energy functional that is the natural discretization of the free energy
on the continuous level. In practice, we find that the discrete energy is always nonincreasing. We
use a nonlinear multigrid method to efficiently solve the discrete ternary CH system at the implicit
time-level and then couple it to a multigrid/projection method that is used to solve the NS equation.

We present examples of flows with miscible and immiscible components. We demonstrate the
convergence of our algorithm through a resolution study. In addition, we find good agreement with
the theory for an equilibrium liquid lens (lying atop an interface). We provide demonstrations of
liquid/liquid remediation. In the first example, a compound drop is simulated, in which a light
fluid encapsulated a heavy contaminant drop. The light fluid causes the compound drop to rise
and deposit the contaminant at an interface where it may be removed. In the second example, we
investigate the diffusional transfer of a preferentially miscible contaminant from one immiscible
phase to another. In this example, the transfer is enhanced by the flow and in particular the Rayleigh—
Taylor instability.

The contents of this paper are as follows. In Sedtion 2, the governing equations are derived. In
Sectior] 8, we derive the discrete scheme and numerical solution. We also present the approximate
projection method used to solve the discrete generalized NS equations. Numerical experiments are
presented in Sectign 4. In Sect{gn 5, conclusions are drawn.

2. Derivation of the governing equations

We begin by deriving a thermodynamically consistent system of governing equations for a general
heterogeneous, isothermal mixturedf fluids following the strategy developed for binary (two-
component) fluids by Lowengrub and Truskinovksy|[34]. Let the mass concentratiof)s e
Mi/Mfork =1, ..., Ny, whereM; are the masses of the components in a representative material

volumeV, and M is the total mass of the mixture. Sindé = Y"1/, My, we havey"r', ¢; = 1.
Suppose that each component moves with a velagitgnd has density;, = M/ V; whereV; is
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the volume of fluidk. Introducing volume fractio, = Vi/V, we have the relatiopc, = prdr

wherep = Z,ivil orPx is the density of the mixture. Herein, we will assume that each component
is incompressible, i.eo; is constant. Note that this does not mean that the mixture depsgy
constant since depends oi; or, equivalently, orr,. The relation betweep andc; is given by

N,
1 f
TN % (2.1)
P =1 Pk

Such mixtures were termed quasi-incompressible by Lowengrub and Truskinbvsky [34].

2.1 Balance equations
The balance of mass for each component is
3 (prpr)
at
Define the mass-averaged (mixture) velocity field

+ V- (ki) = 0. (2.2)

1 Ny Ny
u=— Z¢kﬂkuk = chuk; (2.3)
Pi=1 k=1
then summing[(2]2) i% we obtain the balance of mass for the mixture
0
a—f £V (pu) =0, (2.4)

From [2.2) and[(Z]4), we obtain the mass concentration equation:
pcr =V - g, (2.5)
where’ = 9, + u - V is the advective derivative with respect to the mixture velocity, and
Ji = —pcWg,  where wg = (uy — u), (2.6)

is the diffusion flux.
For each component, we have the balance of linear momentum
D"uk

Dt

pCk =V Py + pcrg + mx, (2.7)

whereD* /Dt = 3, + uy - V is the advective derivative with respect to the component veldgity,
is the stress tensag,is the gravity force and; are the forces per unit volume due to interactions
with other phases. Note that as ygtandrn; are unspecified. Summing ovierand requiring that

Z,ivil . = 0, which is necessary for the conservation of linear momentum of the mixture, we get
the following linear momentum equation for the mixture:

pUu =V P+ pg, (2.8)

whereP = Z/Xl (Pr — pciwi ® Wy) is the stress tensor of the mixture.
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Following classical theory (e.g. see [17] and Lowengrub and Truskinovsky [34]), we focus on
the mixture equations and not on the detailed force interactions«g.d.herefore, we consider an
energy balance for the entire system and derive thermodynamically consistent constitutive relations
for P andJ; as follows. Lets2 be an arbitrary domain that moves with the mixture velogitfhen
the integral form of the energy balance for the mixture is

N
d/ ( 1 2) S )

— pe + =plu| d.Q:/ Pn~u+§ (ty - n) ¢ d852+/ (r+ pg-u) d2, (2.9
dr Jaq 2 8[2< = k k) o 9 (2.9)

wheree is the internal energyp|u|?/2 is the kinetic energy and is the outward normal vector
to 9£2. The first term on the right hand side is the rate of work done @nby the fluid stress
and the extra stresses due to concentration gradients; i®.a generalized force that is as yet
undetermined. This term is suggested by the variational analysis of Lowengrub and Truskinovsky
[34]. In the second term on the RHSjs the density of heat sources necessary to ensure that the
temperature is constant and the remaining term is the rate of work done due to gravity.

Using the mixture mas$ (3.4) and momentum balance equafiorjs (2.8), the local form of the
energy balance equatidn (R.9) is

Ny
pé=P:VU+ Y V- (Lér) +r. (2.10)

k=1
2.2 Thermodynamics and constitutive relations

Because we are dealing with isothermal flow, it is useful to introduce the Helmholtz free efergy
rather than the internal energy. The relation between the two is

F=e—Ts, (2.11)
whereT is the temperature. Thu§, (2]10) becomes
Ny
pT§=—pF+P:Vu+ ) V.- (tié)+r. (2.12)

i=1
Next, we make the constitutive assumption that the free energy

F =Fl(c1,...,cng, Ve, ..., Ven,) (2.13)

is such that
Fe Z(— bt A (VCk)) (2.14)

Using the identityVcr) = Vér — (Vu)T - Ve (e.g. seel[34]) and pluggin14) 12) gives
Ny
aF
Ts =P \Y — |V
pTs ( +p; Ck®8Vck> u

oF oF 1
ty —p—— | - Vér — — — =Vt 2.15
+Z( k 'OBVck> Cx pkz<30k 5 k>6k+r (2.15)
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Next observe that because the fluid components are incompressible the velocity gvademd
¢ are not independent. They are related jia](2.1) (2.5). That is, there is a degengracy in (2.15)
since

Ny Ny
10 10
Vou=-Y 24 -SSPy . (2.16)
Pl R f= Pe0ck
Note that from[(Z.]l) we see that
19 1
—S L ==, fork=1...Ny, (2.17)
pe dck Ok

is a constant.
To exploit the degeneracy introduce a scalar Lagrange multipli€his is the mixture pressure.

Then
Ny

pl:Vu= Zakppc'k, (2.18)
k=1

wherel is the identity matrix. Usind (2.18) ifi (Z.]L5), we get

i oF
Ts =P | \Y% —— ) :Vu
pTs ( +p +pk; Ck®8Vck>

Ny Ny
oF oF 1
th—p——— ) - Vér — —_— — =V -t )¢ . 2.19
+ kE=1 ( k 'OBVck) ck—p kE:1 <Bck +akp p k> é+r. (2.19)

According to the second law of thermodynamics, in the form of the Clausius—Duhem inequality, we
have
px =0, where px=ps+V-TJ—r/T, (2.20)

where x is the internal dissipation and is the entropy flux (see Truesdell and Nl [45]). Now,
from (2.19) together witt] (2]5), we obtain

N N
1 s AF 1 AF
=—(P+pl E:V — ) :vu —E:t—— V(p~v.J
PX T( +p +pk=1 Ck®avck> +Tk=1<k paVCk> (p k)

1 Ny Ny iy
— Vg -Jd V. — — ], 2.21
+Tkz::1 k- I + (J kz:; T ) (2.21)

wherepuy is the generalized chemical potential given by

oF 1
Wk =—4+arp ——V 1. (2.22)
dck o
Next, becaus{:i’il Ji = 0 this leads to additional constraints on the constitutive relations for the

stress tensdP, the forced; and the fluxedy. SinceZ,ivi 1 ¢ = 1, the concentration fields are not
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independent. We may thus defing, =1 — Z,&Il cr. This leads to the equivalent entropy form

1 oF oF
P | \Y . Vu
A= < tp J”O; Ck@(awk BVcNf>>

1 0F  OF L
= t, — — -V(p~Vv.J
T kz—l< k p(awk aVe, >> (P 2

1Y v 34y M —MN,)Jk 223
+7k§ (e — ) - e+ V- Zj : (2.23)
Taking the diffusion flux7 = Z,]:Zl (x — puny) Je/T we are now in a position to pose

thermodynamically consistent constitutive relations Ryrt; and J;. Following Coleman and
Noll [14] where Vu is varied independently from the other quantities leads to the constitutive
assumptions

Ny

0F  OF 2
P=_pl— v - D-Sw.uwl), 2.24
p pl; Ck®<avck avCNf)+"< 3 (VoW > (2.24)
0F  oF
ty = p| —— - —— ), 2.25
k 'O(BVck 8V6‘Nf> ( )
Ji = vV — up), for k < Ny, and Iy, = — Y Ui, (2.26)

whereD = Vu + VuT is the rate of strain tensor amds the viscosity (note that the bulk viscosity
is assumed to be O for simplicity and thamay be a function of). We thus obtain

pX =—D D+ = kawwk—w,n (2.27)

and so the second law of thermodynamics is satisfied. Note that concentration gradients give rise
to extra fluid stresses. As will be discussed later, these mimic surface tension stresses. Finally,
although we have singled out one of the components, we demonstrate later that the evolution of
our system does not depend on the labeling of the components. We also note that other constitutive
relations may be taken (e.g. see Appendix A as well ds [21]). Our choice here is consistent with that

considered previously by Morral & Cahin [36] for linearized three-phase systems.

2.3 Summary of general equations

Putting together the results from the previous section, the thermodynamically consistent system of
equations governing a mixture ofy fluids is

Ny

Vou=) (e —an)V e 0V (k= 1), (2.28)
k=1
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ievpov (pY ves (- OF
PR PP\ v ~ avey,

+V. <n(c)(D—§(V-u)l>>+pg, (2.29)
péx =V - (i V (ux — iny)) - (2.30)
and oF 1 oF daF 1
gt e ) w9
fork=1,...,Ny—1landcy, =1— Z,ivgl c. This system couples a generalized Navier—Stokes

equation with a nonlinear advection-diffusion equation for the concentration.

2.4 Special choice of free energy, the Navier—Stokes—Cahn—Hilliard system and
nondimensionalization

To make further progress, we need to choose the form of the Helmholtz free energy. Following Cahn
and Hilliard [12], we take

Ny 2
€k 2
F=F(e1.....cnp) +;Z|Wk| ) (2.32)
This gives
OF 1,
= —€;Vcyg. 2.33
aVcy Zek Ck ( )

Note that this makes the concentration equafion {2.30) a fourth order nonlinear advection-diffusion

equation and is a generalization of the classical Cahn—Hilliard equation used to describe phase
separation in binary mixture5 [12]. Further, the extra stress in the Navier—Stokes equatipn (2.29)

can be written as

f .2

Ny N
oF 9F 2
,0];:1 ke ® (3V0k 3chf) ,0; .2 cx ® Ve (2.34)

where we have used the fact tlﬁﬁ:’ ’ 1 ¢k = 1. Further, we have

3F  3F 1 5 )
where we have again us@,](vil ¢t = 1. We may therefore define, for=1,..., Ny — 1,
Ny=1
Fea, ..., enp-1) = F(cl, T T Z ck>, (2.36)
k=1

Ak = Ak — AN, (2.37)
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so that _

IF IF dIF

_— = ) (2.38)

ocCk aCk BcNf
Analogously, one may define

Pk = [k — [N,
~ Ne—
aF 1 ) ) 3
= E—i—akp—ZV» (pV(Gka—i-ENf Z:: Cj)) (2.39)

fork =1,..., Ny — 1. The resulting system is a coupled Navier—Stokes and Cahn—Hilliard system

(see alsd[34]). We note that by equipping this system with natural boundary conditionssi@—=
Ver - nandVig - n = 0, this system (with gravitg = 0) has a discrete (free) energy functional

Ny 2
~ €
E(1) = / (p(F(cl, enD)F Y —"|Vck|2) + £|u|2> de2, (2.40)
2 : = 4 2
wheres2 is the (fixed) physical domain. In the remainder of the paper, we drop the tilde notation for

simplicity.

We nondimensionalize the system as follows (e.g. see also [34]).Ll.eand V, denote
characteristic scales of length and velocity. Then introduce the dimensionless independent variables
X = x/L andt = V,t/L, and the natural scaling of the dependent variablesu/ Vy, 5 = p/px,
n=n/Np = p/(p« V*z), ik = i/, etc., where again the stars denote characteristic quantities.
We also assume that the Helmholtz free energy is given by the sum

Ny
F=3 uif. (2.41)
k=1

The flow is then governed by the following nondimensional parameters:

€ o VL
Cp = k _, M](:Lk//):’ p :P*****’
L/ 1k *Mg Vi Mg (2.42)
L.V? ViL V. '
Ak:p*ak, Wek:/)* * *’ Re— P Vi *’ Fr— * ’
Ok M A/ Lyld|

where the top row are the nonclassical additional parameters introduced in the model and the second
row are the classical fluid dynamics parameters. In the top row, the first parafpaesethe Cahn
number that is a nondimensional measure of the interface energy kthtikemponent, the second

M; is a measure of the relative strength of the surface tension and chemical energies and the third
Pe, is the diffusional Peclet number that measures the relative strengths of (chemical) diffusion
and advection. In the bottom row, the first parametgiis a nondimensional measure of the density
differences between components, the secondi$\the Weber number wheeg is the phase specific
surface tension (sek [40] and below), the third Re is the Reynolds number that measures the relative
strength of inertial and viscous forces, and finally the last Fr is the Froude number that measures the
relative strengths of the inertial and gravitational forces.
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Omitting the bar notation, the nondimensional Navier—Stokes—Cahn—Hilliard (NSCH) system

(2:28){2.31) is written as

Nf—l Ak
V-u= —V .- (nV , 2.43
];1 Pe. VeV ) (2.43)
Ny C
pu:—Vp—V-( ZMW Vck®Vck>
1 o—1
—V. D—=-(vV-ul 2.44
tay (o (o= S i)+ 2 e (2.4
. 1
PCr = ﬁv (e Vig) (2.45)

where we have subtracted a linear teppx - g from the pressure an@ = g/|g|. Further, the
chemical potential is

~ 2 CZ Nf—l

oF 1 C N
Mk=—+AkWekMkp——V p| =Vea+—E > Ve ), (2.46)
dck 2 2 =
fork=1,..., Ny — 1, where
IE _ Z 1 OF; (2.47)
dck = ka ack

Finally, the nondimensional total free energy is

3 2
P2 1 Y 2
E(t)=/ Ul d9+§ /,0 Fi + X |Ver|?) ds2. 2.48
22 Zemewe Jo "\ T AT (2.48)

Hereafter, we drop the bar and double tilde notation.

2.5 Asymptotics and the sharp interface regime

The miscibility properties of the flow components can be described through the free energy
F(c1, c2). For example, if all the components are miscible the free energy is a convex function
of its components (i.e. the Hessian matrix is positive definite). If the components are immiscible,
the free energy is a nonconvex function of its components to reflect the coexistence of multiple
phases. Various mixtures of miscible and immiscible components can analogously be described.
When the flow components are immiscible, the NSCH system should reduce to the classical Navier—
Stokes equations together with the Laplace—Young surface tension jump conditions across interfaces
and multi-junctions. This requires assumptions on the nonclassical pararfgtég and Pg.
Following the asymptotic analyses of Lowengrub and Truskinovisky [34] and others (e.g. see the
review [2]) leads to the scaling

Ci=€% My=¢/B and Pg= 0(1) or0(1/e), (2.49)
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where the parameteris a nondimensional measure of interface thickness. Then it can be shown
that in the sharp interface limié — 0, the classical Navier—Stokes system equations and jump
conditions are recovered. An interface separating two immiscible fluids has an equilibrium profile
c®9(z) wherez is the coordinate in the normal direction to the interface. The parangeethen

given by
+00 9ced\ 2 -1

For example, with a free energy(c) = %c%cg, where we assume thag = 0, we have

() = (1 — tanhz/2¢+/2)) /2 (2.51)

and, ifp(c) = 1, theng = 6/2.
For three-phase flows, followind [40], the surface tensign between immiscible flow
components andj is decomposed into the phase-specific surface tensjomsdo; by

oij = 0; +0j (2.52)

That is, givens;;, a linear system of equations is solved égrands;. The phase-specific surface
tensions are used in the definition of the Weber nuniber|(2.42). For flows containing four or more
immiscible fluids, the decomposition above is overdetermined and it is possible that no solution
exists. Nevertheless, the model system (2.43)—2.48) is still valid although an alternate means may
need to be used to determine the individual Weber numbegs THés is currently under study.

2.6 The Boussinesq approximation and the ternary system

We next consider the special case of a ternary system and use the Boussinesq approximation. In
the Boussinesq approximation, the densities of the flow components are nearly matched such that
p ~ 1 but the Froude number may be small enough such(that1) /Fr? is nonnegligible. Thus,

in (2.43){2.4p), we take = 1 except in the gravitational term and we take = 0. The resulting

system is the ternary version of model H in the nomenclature of Hohenberg and Hellpérin [23].

The composition of a ternary mixture (A, B, and C) can be mapped onto an equilateral triangle
the Gibbs triangle [38]) whose corners represent 100% concentration of A, B or C as shown in Fig.
(a). Mixtures with components lying on lines parallelR6 contain the same percentage of A,
those with lines parallel talC have the same percentage of B concentration, and analogously for
the C concentration. In Fif. 3.1(a), the mixture at the position markezbhtains 60% A, 10% B,
and 30% C (the total percentage must sum to 100%).

Let c = (c1, c2) be the phase variable (i.e. concentrations of component A and component B).
Sincec1 + ¢2 + ¢3 = 1 we only need to solve the equations withandc,. Here, for simplicity, we
consider a constant mobil[@)(uk = 1). F(c) is the Helmholtz free energy which is defined on the
Gibbs triangle. For three immiscible fluids, the free energy can be modeled by

3

FE© =) Fu. Fi=ci(chompzi1+ omis1zi)/8 (2.53)
k=1

1 The extension to more genenal = vy (c1, cp) is straightforward.
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C (0,0,1)

A B (1,0,0) (0,1,0)

@ (b)

FIG. 2.1. (a) Gibbs triangle. (b) Contour plot of the free enefgy)

where renx, y) is the remainder of the ratio/y andcs = 1 — ¢1 — ¢2. The contours of the free
energyF (c) projected onto the Gibbs triangle are shown in Fig} 2.1(b). Note the energy minima are
at the three vertices and the maximum is at the center.

The nondimensional Boussinesq ternary NSCH system is as follows:

V.u=0, (2.54)

- 1y, T
U=-Vp+ Rev (n(©)(Vu+ Vu’))

3
€B p—1
— —V . (Vcr ® Ver) + ——0, 2.55
];Wek (Ver ® Ver) £z 9 (2.55)
1
C=—A 2.56
€= et (2.56)
pn =f(c) — I Ac, (2.57)

wheref(c) = (f1(c), f2(C)) = (3., F(C), 3., F(c)) andI% is the matrix

€2 €2)2
Ie = (62/2 €2 )

The natural boundary and initial conditions for the ternary NSCH equation are

ac 9
B 0 and u=0 ondf2, cx,0 =coX), ux 0 =0, (2.58)
on on
wheren is the normal unit vector pointing out ¢2. Finally, the nondimensional total free energy
for the Boussinesq system is

1 3.1 C2
E(;):f “|ul?de2 + /p(Fk+—k|Vck|2)d.Q, 2.59
I?) 2 /{X=]:. MkWEk Q 4 ( )

whereF = Y°3_ F.
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3. Numerical solution

The numerical solution of the ternary NSCH system uses a second-order accurate spatial
discretization and a Crank—Nicholson type time stepping method. For simplicity and clarity of
exposition, we will present the numerical method in 2D, but the extension to 3D is straightforward.
The computational grid consists of square cells of a uniform kjzbese cells2;; are centered

at(x; = (i —0.5h, y; = (j —0.5)h), wherei = 1,...,Landj = 1,..., M. Givenu"~1, u",

c~1 ¢, defined at cell centers and —1/2 defined at cell corners, we want to fintt!, ¢**1, and

p" 12 The outline of the algorithm is as follows:

Step1 Initialize c® to be the locally equilibrated concentration profile ado be the divergence-
free velocity field.

Step 2 Solve the CH system and update the concentration @itk ¢’+1. We use a nonlinear

Full Approximation Storage (FAS) multigrid method to solve the nonlinear discrete syjstem (3.1)
and [3.2) given below at implicit time level. The nonlinearity is treated using a nonlinear Gauss—
Seidel relaxation. Details of this step are presented in our recent paper [31]. Here, however, we have
an additional source term due to advection. That is, we solve the following second order accurate
discrete system:

Git-¢y 1,

et = S A — Va2, 3.1)
n 1
2 = B ot = STeda(c + i, (3.2)

where A, is the standard five-point discretization of the Laplacian operator in 2D. The advection
term (u - V4¢)"™/2 is approximated by using a fifth order weighted essentially nonoscillatory
(WENO) scheme[[26] and is described in 3.1. We have (¢1, ¢o) wheregs(...) and
$2(...) denote Taylor series approximationsftoand f»> up to second order, respectively:

p1(c’, ") = fl(c"“) —~ —aqﬁ(c"“)(c"+l )

czf1<c"+1)(c"+1 c§>+§aflf1(c"+l)(cn+l )2

2
F 2 ey AT — g™ ) + 302 A - 2

and
$a(c", L) = fz(d’“) - —3c1f2(0”+1)(6"+1 )

S0 @ — )+ 28 L - )

31
2
+ g eader f2(C DT — D (g = ch) + gafzfxc"“)(c"“ )2

As described in[[31], this discretization ensures that in the absence of flow, a discrete version
of equations[(2.56)F(2.57) is nonincreasing in time independent of the choide. dthis gives
enhanced stability.
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Step 3 Update the velocity” to u”*+1 and the pressurg”*+1/2. We use the following approximate
projection method adapted from [8]. We solve

u* —u" _ 1 p(c'tl/2y 1
Y ap NPT AL n(Cc"TH[Vau* + (Vau*)'] + =
1
5 eVd - MEVau" + (Vau) ']+ Fg Y2 (- veuyti2 3.3)

using a multigrid method for the intermediate velocity without strictly enforcing the
incompressibility constraint. We usg; = Zle va—g(v - (|Vex |21 = Ver ® Veg) and the pressure

field is replaced by + Zle Vf,—’Zk|Vck|2. This modification is performed for two reasons. First,
by taking into account analytic cancellation a simpler and more accurate discretization may be
obtained. Second, when the interface is flat, this term is equal to zero, which is consistent with the
fact that the interfacial force vanishes for flat interfaces.

The discretization of; is given in Se2. The term&; p andV, - n(c)[Vqu + V,4ul] are
defined as follows:

Di+1/2,j+1/2 + Pi+1/2,j—-1/2 — Pi—-1/2,j+1/2 — Pi—1/2,j—1/2

(Vap)ij = o ,
Pi+1/2,j+1/2 — Pi+1/2,j-1/2 + Pi-1/2,j+1/2 — Pi—l/2,j—1/2>

2h ’

The first component of the viscous teWy - n(c)[Vau + V,u®]is discretized as

1
(Va - n(©[Vau + VduT]);lj = ﬁ(ZU(CHl/Z,j)(ui—i-l,j —uij) — 2n(Ci—1/2, ;) (Uij — ui—1,;)
+0(Ci jr1/2) Wi j+1 — wij + 0.25(0; 41, j4+1 — Vi—1,j+1 + Vi+1,j — Vi-1,5))

= (G, j—1/2)(uij — uj j—1+0.25;41,j — vi—1,j + Vig1,j-1 — Vi—1,j-1)))-

The second component of the viscous term is discretized in a similar manner. The tegm)”+1/2
is computed using a fifth order WENO scheme described in[S€c. 3.1.

Then projectu* onto the space of approximately divergence-free vector fields and get the
velocity u"+2, i.e.,u* = u"* 4+ ArV,¢, wheres satisfiesa ¢ = V,; - Y52 with the Neumann
boundary conditiomd¢/an = 0 (seel[1] for more general boundary conditions). Ngjeu"+1 ~ 0

(seel[8]). Finally, update pressure p§yt1/2 = p"=1/2 1 ¢ This completes one time step.

3.1 Approximation of the advection terms

In this section, we describe the discretization of the advection terms. The uﬁﬁfé% alndc;’j“/2

are calculated using a second order accurate extrapolation from previous valueé’ﬁl.@.,:

Quf; — u?jfl)/Z andcfljrl/2 = (3¢, — c?jfl)/z. From these cell centered values we obtain cell

1/2 1/2 is2 1/2 1/2 1/2
edged values by?il//lj = (U?J'Jr e u:l:l/J )/2 a”duﬁl/l/z = (uzr'lj+ "+ u:lJJrJr/l )/2.
itind+1/2 n+1/2 .

In general, the normal veIomﬂeq”H/z’j and Vi j1/2 at the edges are not divergence-free. To

reduce the overall error, we apply the MAC projectibnl [43] before construction of the convective
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derivatives. The equation
Ay = Vmac - U2 (3.4)

is solved for a cell centerefl, where
n+1/2 n+1/2 n+1/2 n+1/2
12y Uiv1j2,j — Ui—1/2,j n Vi j+1/2 — Vi j-1/2
Y h h
with the Neumann boundary conditiofgy/an = 0. The resulting linear systerp (8.4) is solved
using a multigrid method with Gauss—Seidel relaxation. Then the discrete divergence-free cell-edge
velocitiesu andv are defined by

(Vmac - U

an+1/2 _ n+l)2 Giv1,j — bij nt+1/2 _ ont1/2 P+l — ij
Mivrj = Wivrj2; T T 0 Vg2 = Va2 T T

The convective terms are discretized as

(u-v u)n+1/2
~n+1/2 ~n+1/2 ~n+l/2 ~n+1/2
Uiy T Ui 12 nt1/2 2 Vi j41/2 T Vi j—1/2 ,_nt1/2 g2
- 2h (ul+l/2/ u;i_ 1/2, J) + 2h (ul 12 l Jj— 1/2)
1/2
u-v, c)”Jr
_n+1/2 | ~n+1/2 n+1/2 | ~n+1/2
C Uigayp T UG 1/2]( Stl2 ot/ )+ Vi j+1/2 T Vi j—1/2 (Cn+l/2 gitl/2 ).
- 2h l+l/2j l 1/2,j 2h i, j+1/2 11 1/2/>

where the edge vaIuezé“Lll//z2 LU T, andd) 2, are computed using projected

velocity fields,iz, 0, and a fifth order WENO algorithnm [26].

3.2 Discretization of surface tension terms
In this section we describe the finite difference approximation to the surface tensioifrteret

3

Fst = —Z%(fk g = Z—V (VeI = Ver ® Vey)

= —Z (8 CkOyyCk — OyCrOxyCh, OyCrOxxChk — OxCkOxyCk).
Then the surface tension force compondifts g1) are discretized as
(f)ij = %(Cl,ﬂrl,j —c1i-1,j)(c1i j+1 — 2c1;j + cLi,j-1)
—@(Cl,i,jﬂ —c1i j—D(CLit1, j+1 + C1i—1,j—1 — CLit+1,j—1 — CLi-1,j+1), (3.5)
(g1)ij = ﬁ(cl,i,j-s—l —c1ij-1(c1i+1,j — 2c1;j +C1i-1,j)

8h3(611+1j—61z 1j)(crit1,jr1+cLi-1,j-1 —CLivlj-1—c1i-1,j+1) (3.6)
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and the other componentsf,, g2) and( f3, g3), are similarly defined by replacing in (3.5) and

] _ _ . n+1/2 . N . l+1/2 _
(3.6) by co and 1— c¢1 — c2, respectively. Furtherg; in (3.3) is evaluated using =
(¢ +crthy 2.

3.3 The discrete energy functional
The discrete energy functional for the Boussinesq approximation is

1 3 2
En(t) = 5 (U, wy + > (Fx, Dp + 6fl%l%) 3.7
k=1

M, Wek<

where(f. gy = h% X1 S fijgij andigl? = S0 Y00 (iva — )% + (8141 — £i)2)

taking into account the Neumann boundary conditions to handle the boundary terms. Following the
analysis in[[29], it can be shown that if the time stépis small enough, the discrete enerfy is
nonincreasing. In practice, we find th&j is nonincreasing for\r such that our multigrid methods
converge.

We note that an alternate discretization may be developed following our work on phase-field
models of two-phase flows [30]. In that work, we formulated a version of the projection method
using a special discretization of the Navier—Stokes equations such that the coupled discrete Navier—
Stokes—Cahn—Hilliard system had a nonincreasing discrete energy functional for any value of
We find that the scheme presented here results in slightly better accuracy than thatlused in [30].

4. Numerical experiments

In this section, we demonstrate convergence of our scheme numerically and simulate a three-
phase contact angle, a buoyancy-driven compound drop, and liquid/liquid remediation enhanced by
the Rayleigh—Taylor instability. Unless otherwise specified, we use the free energy fuR¢tipn
defined by [(2.53). From our choice of the homogeneous free energy density (2.53) and an
equilibrium profile [2.5]L), the concentration field varies fror@®to Q95 over a distance of about

4./2¢ tanh1(0.9). We have 4-8 grid points across interface in most of our simulations. Note that
since we are taking a polynomial form of the free enefggg), we may have nonphysical value of
concentration (i.e. less than zero and greater than one), but its deviations from the physical values
are negligible (in most of the cases, the deviations are of ordet)1The time step is determined

by restrictions due to the CFL condition, gravity, viscosity, and surface terision [42]:

We, W 3Rep"h? h 2h
At < min( min (p1 + p2 + p3) Wex erem(k,3)+1h3/2’ 0 i >’
2 \k=123 81 (Wey + Weremk,3)+1) 49 " qur| | | F7

whereF" is the right hand side of (2.55) at time= nAr.

4.1 Convergence test

To obtain an estimate of the rate of convergence, we perform a number of simulations for a sample
initial problem on a set of increasingly finer grids. The initial data is

1 —1/3
ci(x, y,0) = E(l—tanl(yzﬁ/ )) (4.1)




450 J. S. KIM AND J. LOWENGRUB

1 y—1/3\ y—2/3
c2(x,y,0) = Z(tanr(—zx/ze ) tan%(—zﬁe )) (4.2)

That is, narrow transition layers separate three immiscible fluids. The initial velocity is a swirling
flow

(u(x, y,0), v(x, y,0)) = (—0.25sirf(zx) sin(2ry), 0.25sirf(y) sin27x)) (4.3)

onadomain? = (0, 1) x (0, 1). No-slip boundary conditions are applied to top and bottom planes,
and periodic ones to the side walls. The numerical solutions are computed on the uniform grids,
h = 1/2" forn = 5,6, 7,8, and 9. For each case, the calculations are run to fime 0.2, the

uniform time stepsAr = 0.14, Re= 10, Wa = We; = Wes = 100, Pe= 2, ande = 0.005/2,

are used to establish the convergence rates.[Figs. 4.1(a) and (b) show the initial configuration and a
shapshot of the solution at tinfe= 0 andT = 0.2, respectively, witth = 1/64 and Re= 100.

N
I

-

FIG. 4.1. Snapshots of the solutions at{a}= 0 and (b)T = 0.2. The uppermost layer is fluid 3, the middle layer is fluid 2,
and the lower layer is fluid 1. The contour lines are frgm= 0.1 toc, = 0.9 with 0.1 step size.

Since a cell centered grid is used, we define the error to be the difference between that grid and
the average of the next finer grid cells covering it:

)/4.

Cph = chij — (cn +cn +cn +cn
2ij 22i2j 22i—1,2j 22i2j—1 22i—1,2j—1

TABLE 4.1
Convergence results wiRe= 10: u, v, c1, andc;

Case 32-64 64-128 rate 128-256 rate 256-512 rate

u 5.4530e-4 4.4986e-5 3.5995 1.0895e-5 2.0458 2.7798e-6 1.9706
v 6.8462e-4 2.9858e-5 4.5191 7.5194e-6 1.9894 1.8850e-6 1.9961
c1 2.9211e-2  3.1969e-3  3.1918 7.5863e-4 2.0752 1.8755e-4 2.0161
2 4.1640e-2  4.2759e-3  3.2836 1.0037e-3  2.0908 2.4801le-4 2.0169
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TABLE 4.2
Convergence results wifRe = 100 u, v, ¢1, andcz

Case 32-64 64-128 rate 128-256 rate 256-512 rate
u 7.9061e-4 2.1666e-4 1.8675 6.3568e-5 1.7691 1.8657e-5 1.7686
v 1.8242e-4 4.4618e-5 2.0316 1.4104e-5 1.6615 4.4661le-6 1.6590
c1 1.6055e-2 3.1327e-3 2.3576 7.6571e-4 2.0325 1.9041e-4 2.0077
c2 2.5432e-2 4.4223e-3 2.5238 1.0388e-3 2.0899 2.5764e-4 2.0114

The rate of convergence is defined as the ratio of successive errors in the disoat®:
loga(lley, 3 11/lley 111)-
The errors and rates of convergence with-Re.0 and Re= 100 are given in Tablgs 4.1 and

[4.2, respectively. The results suggest that the scheme is indeed second order accurate when the Re
number is small. When Re 100, the rate of convergence decreases.

— total energy
interfacial energy
— - kinetic energy

FIG.4.2. The time dependent energies of the numerical solutions with the initial[d&ta[(4]1)—(4.6) and witi®and
We; = We, = Wes = 10. Snapshots of the concentration fiejdare shown with filled contour ap = 0.5.

We also examined the time evolution of the total energy (Witland F; defined as in[(3]7)
and [2.5B) respectively). The results are shown in [Fig. 4.2 together with the interfacial (dotted)
and kinetic energy (dot-dashed) components. The interfacial energy contains both the gradient
and Helmholtz free energy terms. The solid curve marks the total energy. The insets show the
layer morphology > = 0.5 filled contour) at various times. The initial data, boundary conditions
and all the parameters are the same as considered previously except that the Weber numbers are
We; = We; = We3 = 10 so that surface tension plays a more important role in the evolution.
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Here the Reynolds number Re 10. Observe that the total energy is nonincreasing throughout
the evolution. The kinetic energy also monotonically decreases due to viscous dissipation. The
interfacial energy is nonmonotone, however. At early times, the initially flat layer deforms and
the surface energy increases. Around approximatety 0.4, the surface energy reaches a peak
due to the increased deformation of the layer and then decreases towards an equilibrium value
corresponding to a flat layer (two interfaces). When the layer is most deformed, the surface tension
force induces a reversal of the velocity field such that the deformed layer relaxes back to a flat
configuration at later times.

4.2 Contact angles

Following [40], we next investigate the spreading of a liquid lens consisting of an initially circular
immiscible droplet of fluid located at an interface between two other immiscible fluids. See

Fig.[4.3(a).

1

09f

08

07F

06f

05

04r

03f

0.2

oif

0

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

@) (b)

(© (d)

FIG. 4.3. (a) Initial configuration: the upper fluid is phase 1, the lower fluid is phase 3, and the droplet is phase 2. (b), (c),
and (d) are evolutions of initial circular drop for We- 60 and We = We3 = 108 60, 36, respectively. The arrow shows

the direction of the evolution, the most deformed lines in (b), (c), and (d) are corresponding steady shapes and the enclosing
box size is [023, 0.77] x [0.23,0.77].
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The initial condition is a circular droplef?- (located at a free surface betwe@q ands23) and
the initial velocity is zero, i.e.,

c1(x,y,0) = maxl:O.S(l + tanl’<y2:/_gf>> —c2(x, y), Oi|, (4.4)
_ _ 2 _ 2

ca(x, y,0) = O.5(1+tan|—(o'15 V& 2(1'/52)6 + =03 >> (4.5)

u(x,y,0 =v(x,y,0 =0. (4.6)

The computational domain i€ = [0, 1] x [0, 1]. The fluids are density and viscosity matched
(p=1n=121and

Re=60, We =60 We =We3 =108 60, 36.

In Figs.[4.3(b)—(d), the evolution of the = 1/2 contour line is shown for three cases with
Re = 60 and We = 60, We; = Wes = 108 60, 36, respectively. In all cases,= 0.005./2,
Pe=100/¢, h = 1/256, andAr = 0.25k. As the droplet spreads, it reaches an equilibrium shape.
The most deformed curve in each figure is the numerical steady state. Theoretically, the shape of
the steady state drop is controlled by the drop volume and the three surface tensions (inverse Weber
numbers). The equilibrium three-phase contact angle is determined by

sind siné» sinfs

1 1 1 1 1 1
We T Wes Wer T Wes  We T We

and the relation between the lens argats lengthd (the distance between triple junctions), and the
contact angles; of theith phase (Young’s law) is

d= (i (2(71 —61) —sin2(r —601))  2(w — 63) — sin(2(r — ,93))))1/2
“\saa Sirt(mr — 61) Siré(r — 63) .

Thus, the accuracy of the steady lens shape can be measured by comparing the abséh/tue
analytical value.

The evolution of/ for the three cases is shown in Hig.]4.4. The numerical valuei®bbtained
from thecp, = 1/2 contour line. Note that in all cases, there is rapid increagkdhearly times
followed by a slow approach to equilibrium. Note also there is an overshoot in the early evolution
of the We; = 36 and Wg = 108 cases. In Table 4.3, the equilibrium values/adre shown for
the three cases together with the corresponding theoretical values. There is very good agreement
between the theory and simulation.

TABLE 4.3
Equilibrium measurements

Wez, Wey, Wes dexact dnumerical dnumerical €/2
108, 60, 108 0.3746 0.3982
60, 60, 60 0.4138 0.4368

36, 60, 36 0.4578 0.4622 0.4502
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FIG. 4.4. Time evolution of/, distance between triple junctions. YVe 108 (0), We3 = 60 (x), and Weg = 36 (¢).
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FIG. 4.5. Contour lines of concentratiop at the five levels, = 0.1, 0.3, 0.5, 0.7, and 09 in the case of We= We3 = 36
and We = 60. Left column: = 0.005/2 and right columne = 0.0025//2, respectively.
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In Fig.[4.5(a) and (b), we plot the contours of the concentratipat the five levels,; =
0.1, 0.3, 0.5, 0.7, and 09 for the case with We= We3 = 36 and We = 60. In the left column
e = 0.005/2 while in the right columnre = 0.0025,/2. Not only do the concentration contours
appear to converge, also note that whkes 0.0025/2, we obtaindnumerical = 0.4502, which is
closer to the exact result than is the case wite: 0.005//2. Interestingly, the:, = 0.1 contour
appears to be elongated near the triple junctions—a fact that seems to persist under refinement of

- case 1
- case2

Vi’” ‘\
‘ (!"‘

j},““l

~
Q
N
-

d, distance between triple junctions

(b1)

FiG. 4.6. Initial concentration profiles; case 1: (al)and (a2)», case 2: (b1ly; and (b2)c. Time evolution ofZ, distance
between triple junctions for the two cases (case)laqd case 2d)) with We3 = 60.

We next show that numerical results are not sensitive to the choice of component labels. We take
the same initial configuration but change the component labels, i.e.

c1(x,y,0) = max[O.S(l + tanl‘(yz:/iz)f)) —c3(x, y), 0], 4.7)
_ _ 2 _ 2
ca(x. y,0) = 0.5<1+tam‘<0'15 Vi 2?'[52)6 + (=09 )> (4.8)

We then solve the equations for the concentratiopgndc, = 1 — ¢1 — ¢3 with We; = Wey, =

Wes = 60. In Fig[4.6, the initial concentration profiles are shown: for the original case (hereafter
referred to as case 1) (ad) and (a2)c2, and for the new case (referred to as case 2) (hBnd

(b2) c2. The time evolution of the distaneebetween the triple junctions for the two cases (case 1
(x) and case 2d)) is shown in (c). As can be seen from this figure, the valuasfoém these two
cases are essentially identical and thus the results are insensitive to label switching.

In Fig.[4.7, the time evolution of total energy (with and Fy defined as in[(3]7) andl (263)
respectively) is shown together with the corresponding interfacial and kinetic energy components of
the numerical solutions. In addition, the filled contepr= 0.5 is shown at various times indicating
the corresponding morphology of the drop. The initial data (4.4)—(4.6) and the parameters
correspond to the case in which We- Wes = 36 and We = 60. In the figure, the solid line
is the total energy, the dotted line is interfacial energy, and the dash-dotted line is the kinetic energy.
The inset shows a blow-up of the kinetic energy. Since the initial velocity is zero and the evolution
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T
] — total energy
01f interfacial energy
. ' — - kinetic energy

0.04 2

FIG.4.7. The time dependent energies of the numerical solutions with the initia[dgta[(4.4)—(4.6) and the casq with We
Wes = 36 and We = 60. Snapshots of the concentration fiejdare shown with filled contour ap = 0.5.

is primarily surface energy driven, the kinetic energy is very small. At early times, a small amount
of surface energy is transferred to kinetic energy as the drop begins to elongate. At later times, the
kinetic energy rapidly decays as the drop approaches its equilibrium configuration. As expected,
the total energy monotonically decreases to its equilibrium value. Correspondingly, the interfacial
energy also decreases.

Next, we consider a similar problem in three dimensions. We place a periodic array of spheres
on an interface between two immiscible fluids analogously to that shown irf Fig. 4.3(a) in two
dimensions. The computational domainf?)s= [0, 1] x [0, 1] x [0, 1] and the mesh size is 64
64 x 64 with time stepAr = 0.001,e = 0.008//2, and Pe= 100/¢. No-slip boundary conditions
for the top and bottom planes and periodic boundary conditions for the side walls are applied.
Specifically, the initial data in a single period box are

c1lx,y,z2) = max[0.5(1+ tanl—(%’)) —ca2(x,y), O],
_ _ 2 _ 2 _ 2
ol 9. 7) = o.5<1+tanr(o'35 V(x =052+ (y — 052+ (z —05) ))

2«/26
ulx,y,z) =v(x,y,z) =wx,y,z)=0.

We take the viscosities and densities of the components to be matghed n, = n3 = 1) and
(p1 = p2 = p3 = 1) with the following parameters:

Re=60, We =We3 =36, We, =60.

In Fig.[4.§, evolution is shown and only the spheres are visualized with a reference plane passing
through the equators of the spheres. The actual interface deforms. As the drops spread out and
flatten due to surface tension forces, the drops interact with their periodic neighbors. In this case,
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t=0.2 t=0.6

t=1.8 t=2.6 t=3.2

FIG. 4.8. Evolution of spheres under surface tension forces; the nondimensional times are shown below each figure.

the distance between the neighbors is less than the equilibrium length of an isolated drop. As seen
in Fig.[4.8, this leads to merger with the periodic images and results in a lattice-like microstructure
of the second fluid on the interface between the two other immiscible fluids.

4.3 Numerical simulation of a buoyancy-driven compound drop

In this section, a buoyancy-driven evolution of a 3D compound drop is investigated. [n Fig. 4.9, a
schematic diagram of the initial configuration is shown. The three fluids are immiscible where a
heavy droplet of fluid | is encapsulated by a light fluid II. Fluid | is the heaviest component. This
models a flow in which a heavy fluid contains a dispersed contaminant. Releasing drops of the
light fluid Il from the bottom of the container provides the means to encapsulate the contaminants.
Restricting this to a single drop yields the initial condition we consider.

1l P2, N2

023
1 03, 13

912

023

Fic. 4.9. Scheme of a compound drop.
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Specifically, the initial data are

03—r
c1(x, y,z) =05 1+tan ,
1.9 ( ’—< 2/2¢ ))

( ) 05<2+tanl'<0'5_ r) +tanl‘<Z — 25)) ( )
c2(x,y,z) =0. —_— — ) —cilx, y,2),
2y 24/ 2¢ 24/2¢ ey

ulx,y,z) =v(x,y,z2) =wk,y,z) =0,

wherer = /(x — 1)2 + (y — 1)2 + (z — 1.5)2. We take the viscosities and surface tensions of the
components to be matchég; = > = n3 = 1) and(o1 = o2 = o3 = 1) with the following
parameters:

p1=1044  pp=0957, p3=1  Re=36, We =We =We =1127 Fr=1

The computational domain ® = [0, 2] x [0, 2] x [0, 4] and the mesh size is 32 32 x 64 with
time stepAr = 0.002,¢ = 0.014/2, and Pe= 10/e. No-slip boundary conditions for the top and
bottom planes and periodic boundary conditions for the side walls are applied.

¢ v v -

& B 4457 -

t=14.0 t=17.0 t=20.0 t=44.0

FIG. 4.10. Evolution of a compound drop; the nondimensional times are shown below each figure.

The evolution is presented in Fig. 4]10. An upper (flat) interface separates the heavy ambient
from same fluid that encapsulates the heavy drop. The compound drop is lighter than the heavy
ambient and so it rises and deforms. The encapsulating fluid rises faster than the heavy inner drop
but nevertheless the compound drop remains intact until it penetrates the upper interface. The heavy
inner drop is carried upwards as the encapsulated fluid is released. The drop then falls back on
the interface remaining trapped there by surface tension forces even though it is heavier than the
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lower ambient. At this point, the drop could be removed from the system by “sucking” it off the
interface. Imagining that the heavy inner drop is a contaminant in the lower ambient, this provides
a mechanism of liquid/liquid extraction by which fluid 11l may be cleansed.

4.4 Rayleigh—Taylor instability of ternary fluid flows

In this section, we exploit the fact that our ternary NSCH system is capable of describing
multicomponent fluid flows containing immiscible, miscible and partially miscible components.
The miscibility of the components is modeled through the properties of the free efiérgyco).

It is nontrivial to construct free energies capable of describing partially miscible systems where, for
example, two components are immiscible and the third component is preferentially miscible in one
of the immiscible components. Nevertheless, we have been able to construct a class of such free
energies, and one example is given below:

F(c1, c2) = 2¢3(1— c1 — ¢2)? + (c1 + 0.2)(c2 — 0.2)% + (1.2 — ¢1 — ¢2)(c2 — 0.4)2.

A contour plot of the free energy(c1, c2) on the Gibbs triangle is shown in Fig. 4]11. The
two minima of F(c1, ¢2) are at(0.7779 0.233Q —0.0109 and(—0.0151 0.3651, 0.6499. These
minima lie very slightly outside the Gibbs triangle. As a demonstration of the evolution possible
in partially miscible liquid systems, we present an example in which there is a gravity-driven
(Rayleigh—Taylor) instability that enhances the transfer of a preferentially miscible contaminant
from one immiscible fluid to another in 2D. The initial configuration is shown in [Fig.]4.12. The
top half of the domain consists of a mixture of fluid | and fluid I, and the bottom half consists of
fluid 111, which is immiscible with fluid I. Fluid 1l is preferentially miscible with fluid Ill. Fluid | is
assumed to be the lightest and fluid 1l the heaviest. The density of the I/l mixture is heavier than
that of fluid Ill, so the density gradient induces Rayleigh—Taylor instability.

C

2

Fluid | P, 0,

Fluid Il P, 1,

—

Fluid Il Py 1,

c, G

Fic.4.11. Contour plot of the free energ¥(c1, c2) on the FIG. 4.12. Scheme of initial configuration.
Gibbs triangle.

In particular, the initial data are

c1(x,y) =co(x,y) = O.25<1+ tanr<

u(x,y) =v(x,y) =0,

y — 0.5—-0.1cog27x) ))
2/2¢ '
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FIG. 4.13. Evolution of concentration of fluid I (top row), Il (middle row), and IIl (bottom row). The contours of
¢1, c¢2, andcg are visualized in gray-scale where darker regions denote larger valugs @b, andcs, respectively.
Nondimensional times are t =0, 3.91, 7.81, 15.63, and 195.31.

and the simulation parameters are
p1=1 pp=4, p3=2, Fr=1 Re=313 We = We; = We3 = 9.8 x 10°.

The computational domain i€ = [0, 1] x [0, 1] and the mesh size is 128 128 with time step

At = 0.5, ¢ = 0.014/2 and Pe= 10/¢. Here, we assume that the surface tension is small so that
the interface undergoes the Rayleigh—Taylor instability (e.g. see paper [16] for the effect of surface
tension on the instability).

The evolution of the three phases is shown in Fig.]4.13. The top row shows the evolution
of fluid I, middle and bottom correspond to fluid Il and fluid Ill, respectively. That is, the
contours ofcy, ¢2, andcs are visualized in gray-scale where darker regions denote larger values
of ¢1, ¢, andcs, respectively. As the simulation begins, the I/l mixture falls and fluid 1l diffuses
into fluid Ill. A characteristic Rayleigh—Taylor (inverted) mushroom forms, the surface area of the
I/lll interface increases, and vorticity is generated and shed into the bulk. As fluid Il is diffused
from fluid I, the pure fluid | rises to the top as shown in Hig. 4.13. Imagining that fluid Il is a
contaminant in fluid I, this configuration provides an efficient means of cleansing fluid | since the
buoyancy-driven flow enhances the diffusional transfer of fluid 1l from fluid | to fluid III.

4.5 Example of Adaptive Mesh Refinement—binary spinodal decomposition

In the typical setting, solutions to the Cahn—Hilliard equation are nearly constant in the so-called
“bulk” regions. Between the bulk regions, solutions exhibit thin transition layers, through which

the solution takes on values intermediate to those in the bulk regions. Typically, the bulk regions
comprise the largest portion, by far, of the computational domain. Since in most of the applications
it is sufficient to finely resolve only the transition layers, fixed grid meshing represents a waste of
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computational resources. Thus, efficient, adaptive-mesh solvers for the CH equation, able to finely
resolve only the diffuse interface, are highly desirable.

In preliminary work [32], we are currently adapting block-structured adaptive methods
originally designed by Berger and Oligér [9] for conservation laws and general hyperbolic equations.
The block-structured framework was adopted in the CHOMBO package [3], which we utilize.
However, we do not use the multi-level multigrid algorithm from CHOMBO (5ée [3]), but rather we
employ a nonlinear adaptive multigrid solver [44] following our work here and in[[30, 31].

To illustrate the potential of this approach, we present preliminary results on adaptive mesh
refinement for the binary CH equation from [32]. The governing equations are

dc

— = Apu, 4.9
2y % (4.9)
p=c®—15c%+05¢c — e?Ac. (4.10)

(a)t=2 (b) t=5

NN NN
ISR RN IR R RN
EEEEEEEEE EEEEEEEEEEn

() t=20 (d) t=25

FIG. 4.14. Evolution of the concentratiarx, y, r) with an average concentratiogye = 0.3. The times are shown below
each figure.
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For the following test, we consider spinodal decomposition using the off-critical average
compositione = 0.3. The results are shown in Fjg. 414. The interface parameteri6.0025. The
initial condition has the composition being nearly uniform with random perturbations of maximum
magnitude 1x 10~3. The spatial domain is % 1 and periodic boundary conditions are applied
to both directions. The overall coarse computational grid isx684 and there are two levels of
adaptivity. The AMR libraries automatically generate a grid structure that adapts to the locations
of the phase interfaces. The effective fine grid resolution is2256. As we would expect from
Cahn's theory[[11], in Fid. 4.4 isolated particles form relatively quickly as the two-phase regions
form, associated with = 1 andc = 0, respectively. Over a much longer time scale the system
coarsens, and the mesh adapts around the isolated particles. More detailed studies will be presented
in a forthcoming work([3P].

5. Conclusion

In this paper we have presented a general model of three-phase flows and developed an associated
efficient, second order accurate finite difference method to solve the model equations numerically.
The three-liquid phases may be fully miscible, partially miscible or immiscible. The miscibility
of the phases is modeled thermodynamically through the Helmholtz free energy. An additional
advantage of the model is that triple interfaces are handled without resorting to ad-hoc procedures.
We presented examples of flow with miscible and immiscible components. We demonstrated the
convergence of our algorithm through a resolution study. In addition, we found good agreement with
the theory for an equilibrium liquid lens (lying atop an interface). We provided demonstrations of
liquid/liquid remediation. In the first example, a compound drop was simulated, in which a light fluid
encapsulated a heavy contaminant drop. The light fluid causes the compound drop to rise and deposit
the contaminant at an interface where it may be removed. In the second example, we investigated the
diffusional transfer of a preferentially miscible contaminant from one immiscible phase to another.
The transfer is enhanced by the flow and in particular the Rayleigh—Taylor instability.
In future work, we will perform more extensive studies of liquid/liquid remediation. In addition,
we will investigate the complex morphologies generated from the application of chaotic mixing flow
to three-phase dispersion. Under appropriate conditions, a coalescence cascade ensues and the three
phases may become interpenetrating and continuous. We will also investigate the limit in which one
of the phases lies on the boundary between the other phases, thus mimicking a surfactant. To perform
these studies, we will incorporate adaptive block-structured mesh refinement techniques [32].
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6. Appendix

In this appendix, we present an alternative set of constitutive assumptions based on an equivalent
form of the entropy expression in (2]21) different from tha{in (P.23). Rather than taking quantities
relative to the contributions from th&, component, as done ifi (2]23), we instead may consider
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quantities relative to the mean of the components. Accordingly, using the eqﬁgﬁﬁy Jr =0,
rewrite [2.2]) as

Ny
0F 1 X aF
pX = <P+p|+pZV0k®<W6k—N—f~ aw,-))'v

) vl

; f( (

+— te—p

T; 8Vck X;
N N 1 Ny

1 & I (k= 5 22 )i

S R O e

k= k=1

(6.1)

Taking the diffusion flux

J = Z(Mk A ZMj)Jk/T
k=1 fi=1

we are now in a position to pose thermodynamically consistent constitutive relatidhg fendJy.
Arguing as in Sectiop 2]1, we obtain the constitutive assumptions

Ny Ny
oF 1 oF 2
P=_pl — \V/ - D—=(V-ul], 6.2
p p}; Ck®<3wk N; /.:18Vc,'>+n< 3¢ )) (6.2)
Ny
oF 1 K oF
tk=,0< _ 1 ) 6.3)
oVer Ny = V¢
1 &
Jr = vkv<u,k — N_ Z/Lj) for k, ..., Ny. (6.4)
fia

Using the form of the free energy from Sectjon|2.4, we obtain

Ny 2Nf

1 dF
= - = Ze Ve;. (6.5)
Ny = Ve

Note that ife; = ¢, then the sum in[(6]5) vanishes. Therefore the extra fluid stress induced by
concentration gradients is the same as obtained in S¢ctipn 2.4. However, the chemical potential

i 1 % IF 1 U 9F ( 1 % )
ik = ik — ~— M,:——— a—— ) an, |p
Ny = oCk 86 Ny =

1 1 &
- —V. pV(ezck - — e-zc->> 6.6
2p < EONg ; 7 ©8)

is slightly different than that obtained in Sect[on]2.4. Thus, even thqugh (6.1) is equivalent{o (2.21)
and [2.2B), somewhat different constitutive relations may be taken.
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