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A DIFFUSE INTERFACE FRACTIONAL TIME-STEPPING TECHNIQUE
FOR INCOMPRESSIBLE TWO-PHASE FLOWS WITH MOVING CONTACT
LINES*

ABNER J. SALGADO!

Abstract. For a two phase incompressible flow we consider a diffuse interface model aimed at
addressing the movement of three-phase (fluid-fluid-solid) contact lines. The model consists of the
Cahn Hilliard Navier Stokes system with a variant of the Navier slip boundary conditions. We show
that this model possesses a natural energy law. For this system, a new numerical technique based on
operator splitting and fractional time-stepping is proposed. The method is shown to be unconditionally
stable. We present several numerical illustrations of this scheme.
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1. INTRODUCTION

The no-slip boundary condition is usually regarded as a cornerstone in fluid dynamics, and its applicability
has been proved for diverse fluid flow problems. However, when dealing with two-phase flows it is of importance
to accurately describe the displacement of the so-called three-phase contact line, that is, the points which are
at the intersection of the solid boundary of the domain and the interface separating the two fluids. In this case,
contrary to what is seen in experiments, the no-slip condition implies that the contact line does not move. This
is known as the contact line problem (paradox) and it has recently been the subject of intense research and
debate. The interested reader is referred to [4,5,11,32,34,38,39] for an overview.

Let us elaborate on the ideas mentioned above. Consider the motion of an incompressible, viscous two-phase
fluid, which can be described by the time-dependent Navier-Stokes equations,

pt + V-(pu) =0,
p(ug+u-Vu) +Vp -V (nT(u)) = pf + yHnxos, (1.1)
Vu=0.

The unknowns are: p > 0 — the density, the velocity field u and the pressure p; the parameter n > 0 is the
dynamic viscosity coefficient and f is an external driving force; X is the interface between the two phases (which

Keywords and phrases. Navier Stokes, Cahn Hilliard, multiphase flow, contact line, fractional time-stepping.
* This material is based on work supported by NSF grants CBET-0754983 and DMS-0807811 and an AMS-Simons grant.
I Department of Mathematics, University of Maryland, College Park, MD 20742, USA. abnersg@math.umd.edu

Article published by EDP Sciences © EDP Sciences, SMAI 2013


http://dx.doi.org/10.1051/m2an/2012047
http://www.esaim-m2an.org
http://www.edpsciences.org

744 A.J. SALGADO

is also a priori unknown, thus making this a free boundary problem), ny its normal and H its mean curvature;
~v is the surface tension coefficient. For a vector v, we have denoted by T(v) the symmetric gradient Vv+(Vv)T.
The fluid occupies a bounded domain €2 in R? with d = 2 or 3, and a solution to the above problem is sought
over a bounded time interval [0, T]. We supplement this system with the initial conditions

pli=o = po(z)  uli=o = uo(z). (1.2)

If we assume that the fluid is confined within solid walls, then we must impose the so-called impermeability
condition
u-n|p = 0, (1.3)

where I' = 02 and n is the outer unit normal to I". This boundary condition implies that we do not need
boundary conditions on the density or pressure. However, we must still prescribe a boundary condition on the
tangential component of the velocity. Usually, the no-slip condition is assumed

ur|p = Uz, t)-T, (1.4)

where 7 is any vector tangent to I' and U is the wall velocity. Let us now consider the case of a non-moving
container (U = 0) and assume that at some instant part of the interface X reaches the walls T'. If that is the
case, the no-slip boundary condition (1.4) implies then that X' N T (the contact line) will not move anymore.
This is in contrast to what experience dictates.

The seminal work by Huh and Scriven [21] is one of the first references to approach systematically the contact
line problem. They showed that the no-slip boundary condition implies that the shear stress and pressure have
a non-integrable singularity at the contact line which, in turn, implies that the work done by the wall stresses
and the viscous dissipation are infinite. They conclude that the no-slip condition is the cause of this conundrum
and propose that some type of smoothing must be introduced to relax this condition. As a first variant they
propose to consider the well-known Navier slip condition

B(u—U) 7+ n(T(u)n)7|r =0, (1.5)

where (3 is the slip coefficient. In practice, this coefficient is very large, which explains why in many cases the
no-slip condition is a good approximation. However, they realize that to obtain a consistent model one must
also take into account the fact that there are additional interfacial stresses acting on the three-phase contact
line ¥ N T, see also [38].

Qian et al., first on the basis of molecular dynamics simulations (cf. [31]), and then using variational principles
(¢f. [33]); have proposed the so-called generalized Navier boundary condition:

B(u—U) -7+ n(T(u)n)7+ y(cos(fq) — cos(bs))t-Tdpx|r = 0, (1.6)

where dgy is a Dirac measure supported at the contact line, 84 is the angle between X and I', 6, is the static
contact angle, i.e. the angle X' and I' would make at equilibrium and is considered part of the data of the
problem and t is the unit normal vector of X restricted to I". Compared to the classical Navier slip boundary
conditions, we have the extra term

v(cos(04) — cos(bs))t-Toox

which is the so-called uncompensated Young stress, and measures the difference between the dynamic contact
angle and the static contact angle 6.

In this work we consider a diffuse interface model of (1.1), (1.2), (1.3) and (1.6). We show that this system
has an energy law and propose an efficient discretization scheme for it. Our model is a generalization of the one
treated in [33], where only the case of a Stokes fluid is considered. In this respect, it is related to the models
presented in [1] where, however, boundary conditions are not discussed. The energy law that we obtain for this
model is similar to the ones obtained in the aforementioned references and, in addition, generalizes the one
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obtained in [14], Theorem 3.1, to the case of two-phase fluids with different densities. Moreover, this energy law
is a variant of the one obtained in [15], Proposition 1, where the sharp interface version (1.6) of this boundary
condition is considered. Concerning numerics, our approach is new in the sense that it extends the schemes
of [19,35] to the case of the generalized Navier boundary condition, and thus it proposes schemes that are more
general than the ones considered in [14,20], which are restricted to the matched density case.

The organization of this work is as follows: Section 2 introduces the diffuse interface model we shall be
concerned with. In Section 3 we show that this system has an energy law. A time discrete scheme for our model
is introduced in Section 4 and we show that this scheme is unconditionally stable. The space discretization is
handled using Galerkin techniques in Section 5 and it is shown that the fully discrete scheme shares the same
stability properties as the semi-discrete one. Finally, a series of numerical experiments aimed at illustrating the
capabilities of the proposed algorithm are exposed in Section 6.

2. A DIFFUSE INTERFACE MODEL FOR MOVING CONTACT LINES
Let us present the model. To simplify notation, for any vector v defined on I'; we denote
vr :=v—(vn)n,
similarly, for any smooth enough scalar field ¢ defined on I', we denote

0rth = (V).

On the basis of thermodynamical principles, [33] has obtained a diffuse interface variant of (1.6) for a flow
governed by Stokes law. Repeating the steps provided in this reference, we can obtain a more general model
which we now describe. The reader is referred to [1,29] for details. Let us introduce the so-called phase field
variable ¢, which serves as a marker, i.e. ¢ ~ +1 on each one of the phases, respectively. All material parameters
that are phase dependent are then functions of ¢. For instance, we can define the density as

1 — P2 1+ p2
plo) = 2o 4 L2

The phase field variable ¢ satisfies

¢t +uVo =V (M(p)Vpy), in Q,
M(¢)Onp =0, on I, (2.1)
a(¢r +ur0r¢) + L(g) = 0, on T

Here M > 0 is a (phenomenological) mobility parameter and « is a relaxation parameter. The quantity p is
known as the chemical potential and is defined by

1 1
pim (W6 = 520) + 30 @l (2.2
where the function W is the Ginzburg-Landau double well potential
1
W(T) = Z(l - T2)27

and 0 is a parameter that characterizes the interface thickness. The boundary condition M (¢)Onp = 0 comes
from impermeability. Finally,

L(¢) = (000 + O,(9)) , (2:3)

Oy, is the interfacial free energy density per unit area at the fluid-solid interface. A possible definition of the

interfacial free energy is
. V1,2
Ors(¢) = cos(bs)sin(mg/2) + o
where v; 2 is the difference of surface tensions between each one of the phases and the solid.
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Remark 2.1 (Static contact angle). It has been shown in [33] that minimization of the free energy with respect
to ¢ leads to L(¢) = 0, from which we can recover Young’s equation for the static contact angle, i.e.

76f5(¢+) + 700595 = ’VQfs(Qi)*)
see [33], equation (4.6) for more details.

The velocity and pressure satisfy

a(@)(@(®)u)s + (p(d)u-V)u + 5V-(p(¢)u)u — V- (1(¢)T(u)) + Vp =

p(P)f + uVeo + 50/ (¢)¢ru, in Q, (2.4)
Vou = Oa in Q, ’
un =0, ﬂ(ﬁb) (U.,- - U) + 77(¢)T(u)1’1‘r = L(¢)8T¢a on I

Here o(¢) := v/p(¢). The surface tension is now expressed by the term pVe, see [22,35,37] for more details.

Remark 2.2 (Momentum equation). Notice that, as initially proposed in [18], we have modified the original
form of the momentum equation

p(@)ur + (p(A)u-V)u — V- (n(¢)T(u)) + Vp = p(¢)f + Ve,

by adding to it

1

= (0(6)e + V(p(@)u) u =0,
i.e. a suitable multiple of the mass conservation equation. In this respect, we must mention that this step is also
performed in [37], where the phase field Navier Stokes equations with no-slip boundary conditions are studied.

The purpose of this reformulation is to take advantage of the following identity

1
[ 109wl w5 [ Spomww =0, (25)

for all v-n|pr = 0. Notice that we do not require the fields to be solenoidal. This is important not just to obtain
an energy law of this system but also in the design of efficient numerical schemes. In this respect, the reader is
referred to [6], Section 2.3 where, for the standard Cahn Hilliard Navier Stokes problem, a numerical simulation
is presented that illustrates the loss of stability that might occur if this modification is not accounted for.

Remark 2.3 (Diffuse interface model). Several remarks are in order about this model:

e Model (2.1)—(2.4) belongs to the general class of so-called phase field models, which have recently gained
popularity in the literature. One of the main advantages of phase field formulations for the simulation of free
surface flows is that, as opposed to interface tracking techniques (i.e. ALE formulations), topological changes
can be handled automatically. In addition, derivation of such models is based on the physical principle of
energy dissipation, which might not be the case with other interface capturing techniques as, say, level set
methods.

e The derivation of the phase field version of the generalized Navier boundary condition introduced in (2.4)
as well as its relation with the sharp interface counterpart presented in (1.6) is discussed in [32], Section 5.2.

e The model contains several parameters. The origin and values of M, «, 0, 05 and 3 are discussed in [32,33].

3. ENERGY LAW FOR THE GENERALIZED NAVIER BOUNDARY CONDITION

The purpose of this section is to show that the Cahn Hilliard Navier Stokes equations with generalized Navier
boundary conditions (2.1)—(2.4) satisfy an energy law. This is important not just from an analysis point of view,
as it guarantees that, in a sense, the system is thermodynamically consistent (see [1]), but will also guide us in
the construction of numerical schemes. To avoid irrelevant technicalities, let us assume that f =0 and U = 0.
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Theorem 3.1 (Energy law). Let f =0 and U = 0. Then the system (2.1)—(2.4) has the following energy law

S [Glotenr +o (5902 + 3w >]+7/9fs 2
+ [ @OIT@P + M@ITP) + [ (0)1ur + alon +urdrol?) =0 (3.1

Remark 3.2 (Physical interpretation of the energy law). The many terms in (3.1), can be given a physical
interpretation. Consider first the term inside the time derivative:

%‘a(gb)u\z—i—’y g\v¢|2+%w<¢) +7 [ 054(0)
Q T

The first term is the kinetic energy of the fluid; the second and third correspond to the interfacial energy; whereas
the boundary integral term to the energy at the walls. The other terms can be characterized as dissipative
mechanisms in the system. It is clear that [, 7(¢)|T(u)|? represents viscous dissipation; the term [, M (¢)|Vp|?,
as stated in [33], gives the composition diffusion in the bulk; and, finally, the boundary terms are associated
with the loss mechanism related with the movement of the fluid at the walls. In other words, (3.1) expresses
that the change in energy is due to dissipation.

Proof. (Theorem 3.1) Let us first multiply the momentum equation (first equation in (2.4)) by u and integrate
over 2. Using (2.5) we obtain

2dt/ (@ 2_/QV'(77(¢)T(U))'U+/QVp-u:AMV¢.U+%/§Zp/(¢)¢t|U|2_

The impermeability condition on the velocity and the incompressibility constraint give us

/Vp~u:/pun—/pv-u:().
Q r Q

Integration by parts and the impermeability condition give us

. u))-u= U)nr-Ur — u 27
/Q V- (n(#)T(w)) / n(6)T(u) /Q n(@)T(w)|

so that the generalized Navier boundary condition gives us

3ai J, O+ [ @I @P + [ o

v [ @tuo0 oo [ wWours [ J@onr. 62

Let us take now the first equation in (2.1), multiply it by u and integrate it over Q. We obtain

/Quqm+/ﬂw¢~u=/QV~<M¢v

Integration by parts and the impermeability condition give us,

/ V- (M($) Vi) pr = — / M ()| Vil
Q Q
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Multiply the definition of the chemical potential p by —¢; and integrate over )

— [ woe =8 [ 06~ [ Wiors—3 [ F@ralul? -

38 [ wson— B [ veP =14 [ W —3 [ sl

where to obtain the second equality we integrated by parts. The boundary condition on the phase field variable
yields

38 [ 0ain = —a [ (61 ur0m0) 01 =1 [ O, (00

Adding the last four relations gives

v [ (Grver+ 2v@) + [on@)] + [ wvous [ s

o [ @+ uo0)6 =5 [ F@0lP. 33)

Adding (3.2) and (3.3) we obtain the result. O

Remark 3.3 (Energy law for matched density). A similar energy law has been obtained in [14]. This work,
however, assumes that the density is constant which, clearly, simplifies the arguments. In particular, there is no
need to introduce the modification of the momentum equation discussed in Remark 2.2.

4. TIME DISCRETIZATION AND STABILITY ANALYSIS

In this section, we study the time discretization of the phase field model introduced in Section 2. Our goal is
to construct time discrete schemes that satisfy a discrete energy law which, in some appropriate sense, mimics
(3.1). Moreover, these schemes should be computationally efficient.

Several works deal with the approximation of moving contact lines. See, for instance [10, 26,27, 30, 40, 41].
However, most of these works handle the contact line using the Navier slip boundary condition (1.5) or adding
an empirical law that determines the tangential component of the velocity. A discussion on the validity and
physical significance of these approaches (and of the generalized Navier boundary condition for that matter)
is well beyond our scope of interest. We want to point out, however, that to the best of our knowledge, there
are very few references where the generalized Navier boundary condition is used for the treatment of moving
contact lines. [15] develops an ALE approach and [27] uses a volume of fluid formulation, coupled with interface
tracking techniques. References [14,20] present schemes similar to ours, but restricted to the matched density
case.

The Cahn Hilliard Navier Stokes system (2.1)-(2.4) presents serious challenges for efficient numerical approxi-
mation. Even in the simpler case of standard boundary conditions, i.e. no-slip on the velocity and impermeability
on the phase field, this system includes a fourth order evolution equation, coupled with the variable density
Navier—Stokes equations. Without being exhaustive, we mention the following references: [13], [23-25] and [6,28].
The author of [13] proposes a discretization of the matched density case and shows that the solutions to his
fully discrete scheme converge to an exact solution when the space and time discretization parameters tend
to zero. The discretization scheme, however, is not the most amenable to computation, since it couples all the
variables. References [23,24] develop an operator splitting approach for the phase-field and chemical potential
part, together with a coupled solver for the Navier-Stokes part. The work [25], under the assumption that the
density does not depend on the phase, develops a nonlinear multigrid algorithm for the Cahn Hilliard system,
which is coupled with a projection-type solver for the Navier—Stokes part. Finally, references [6,28] are concerned
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with the discretization and analysis of a triphasic fluid. They propose unconditionally stable schemes and show
convergence to exact solutions in the case of matched densities.

Amongst the most popular techniques used to solve the constant density Navier—Stokes equations are pro-
jection methods, which aim at decoupling the incompressibility constraint from the diffusion process. These
methods are known to converge even in the case of open boundary conditions (see [17]). Moreover, efficient ex-
tensions of these schemes to the variable density or multiphase case have been recently proposed in [19,35,37].
On the basis of these observations, we apply a fractional time-stepping technique based on penalization of the
divergence to the Navier Stokes part of the system. The Cahn Hilliard component is solved using an operator
splitting approach, similar to [23-25].

To construct the time-discrete scheme, we replace the Ginzburg-Landau potential, which has quartic growth
(i.e. W(r) = O(r*)) by

(r—1)2, r>1,
W(r) =< 102 1) re[-1,1], (4.1)
(r+1)2, r < —1.

This is done because this function has the same behavior when ¢ =~ £1 and

sup [W"(r)| < 2.
reR

Moreover, as it has been shown in [8], limiting the growth of the potential to quadratic allows, in the continuous
case, to obtain uniform L estimates for the solution of Cahn Hilliard equations.

Next, we introduce a time step At > 0. The scheme begins with a standard initialization step, i.e. ¢° = ¢|s—o,
u’ = uly—¢ and p° = p|y=¢. Then, for k > 0, we proceed as follows:

Phase field and chemical potential: Find ¢**! and p**! that solve:

U8 LY = U (M(6h) Vi), in ©,
P = 3 IWI(4) + A (P = )]~ 28APT + Ll (R kb, n s
o (572 uk 0,08 ) + L(6H, 08) = 0, on T, -
M (¢F)Opp*+t =0, onT.
where L(P,¥) :=~ ((56,,45 +O0 . (¥)+B(P— !P)) The values of A and B will be defined below.
Auxiliary variables: Define
3 Pt (), 6"+ (2)] < 1,
- cq,
) = { e, formn) S0 »
and pF+1 = p(¢). Define also
w1 -
pr=S (Tt =t
Velocity: Find u**! that solves
Rl kg
S (VU 4 5T () w9 (T )
+Vpt = phtigh+l 4 ktlggh 4 %pl(¢k)¢’ Atfas'uk’ in Q,
wht! =0, on T, (4.3)

ﬁ(¢k+lk)+1(u’7€':rl o UT) + 77(¢k+1)T(uk+1)m-
o (L5 ubt0n0h) 0k =0, onT.
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Penalization: The new pressure is computed by solving:

CA (P = pF) = — 2 VUt i Q)
On (PFT —=p*) =0, on T,

where ¢ := min{py, p2}.

Remark 4.1 (Discretization). Several comments are in order:

e The equations for the phase field and the velocity are weakly coupled, i.e. the only terms that couple these
two equations are %p’(gbk)ukukH, u**t1.V¢* and its boundary analogue uf*t19,¢%. In practice, it is pos-
sible to replace them with % o (¢F)[uk 2, uk . Vok and uk o, ¢, respectively. This would lead to a decoupled
formulation which we conjecture would require a CFL-like condition for stability. For the analysis of the
scheme we keep these two equations coupled. This coupling can be implemented, e.g., by using a fixed point
iterative scheme.

e We have added stabilizing terms A (qbkﬂ — ¢>k) and B (gi)k“ - ¢>k) to the chemical potential equation and
boundary condition, respectively. These terms, formally, introduce an additional consistency error of order
AAtp, and BALg, which are, respectively, of the same order as the error introduced by the explicit treatment
of the terms W'(¢) and ' (¢). The reader is referred to [35], where a similar stabilization term is added to
the chemical potential. This choice of stabilization parameters is nothing but a special case of the so-called
convexity splitting schemes, see [42].

e The decoupling of the velocity and pressure is obtained using a fractional time stepping technique based on
penalization of the divergence, as it was originally introduced in [19].

e By construction, the following bounds hold

o< P <p, VE>0, (4.5)
with p = max{p1, p2} and ¢ := min{py, p2}.
The discrete energy law that this scheme satisfies is stated in the following:

Theorem 4.2 (Stability). Let f =0 and U = 0. Assume that

1 1
—sup W' (r)] < A4, > sup |07 (r)] < B.
2 reR 2 reR

Then, the solution {¢*, u* u* pFliso of scheme (4.2)~(4.3) and (4.4) satisfies the following discrete energy
law,

ok a2, 4 20 H\/nwkH)T(u’“*l)
+2A¢ H,/ﬁ(wfﬂ)uf_+1

2 ) k+1 _ 1k ) )
+ 1/ W(") + 204t o + ubtto, ok
5 /g At

2 2 2
At At
+ 2 VR + = |V (08— 2|
L2 0 0

+ 24t/ M (%) V|72 + 46| VT 12 + 0|V (05T — ¢F) |13

2
L2(I)
2

2y / O7.(¢" )

L2(T)

At? 27
< o ut s + SV + 2619 e + 5 [ Wiot) <20 [ Oneh). (@0)

where o* = \/p*.
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Proof. We proceed as in the proof of the continuous case, i.e. Theorem 3.1. Multiply the discrete momentum
equation (4.3) by 2Atuf*! and integrate. As it was noted in [19],

2(p*|uk+1\2 _ pkuk~uk+1) _ ‘O_k+1uk+1‘2 _ ‘O_kuk‘2 + ‘O'k (uk+1 _ uk) |2.

Using integration by parts and the generalized Navier boundary condition,
—2At/ V- (n(@" T (uk ) uh = 2At/ B(PF ) ukt1)2
r

¢k+1 ¢k
+ 20 At / ( ’;Haqu’c) ut o, gk
r At

+ 24ty /n(¢"+ ) T(u ).

The convective term is treated using (2.5).

Finally, the term fQ Vpf-ukbt! is handled using the penalization equation as in [19,35,37]. Notice that, these
works are concerned with a no-slip boundary condition on the velocity. However, all that is needed for their
arguments to hold is an impermeability condition on the velocity (i.e. u'n = 0). For completeness, we repeat
the arguments. To begin with, notice that

—/Vpﬁu /V k1l _opk 4 pk— 1 S lan /Vpk+1
Q

Multiply (4.4) by 2%2 (p’”rl — 2pF 4 pkil) and integrate. After integration by parts we apply the identity
2a(a —b) = a® — b + (a — b)? to obtain

At? _ _
e IV " =p") 152 = IV (0 = 2" 1) 1R + IV (0" = 20" + 9" 1) |13

+ 2At/ ub LY (p T - 2pF 4 k) = 0.
Q

Multiply (4.4) by QATtka'H and integrate. Using the identity mentioned before we get

At , , ,
196541 B = V522 + [ (6441 = p¥) [22] = 24 [ wb+wphet,
Q

Take the difference between (4.4) at time steps k + 1 and k and multiply the result by pFT! — 2p* + pF=1. An
application of the Cauchy Schwarz inequality and the lower bound of (4.5) allow us to obtain the following

estimate

At? k1

—HV( =2p" + ") [IEe < olu™ Tt = ufEs < 0" (utth - ut) IR

see [19] for details.
From the observations above, we arrive at

2
Jok a2, 4 2 H\/nwk“)'r(u’f“)
+ 2At H \/ B(gFH1ukt?
At?

< 2At / pF vk bt 4 / P(6%) (657 = ¢") whuT plo"ulgs + —IIVAPIEe. (47)
Q Q

At? , At? , _
+ TIIVp"“Hiz + TIIV (P =" 1) |11

L2

¢k+1 _ ¢k
+ QaAt/ (7 + u.’i“@,qﬁ’“) ut o, "
L2(I) r At
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We multiply the phase field equation (first equation of (4.2)) by 2Atu**! and integrate over Q. Using the
impermeability condition M (¢*)d,u**! = 0 we obtain

2 / (¢"F1 = ¢") M 4241 / PTGl = 2 A8\ [ M (¢F) V|72
Q Q

Multiply the equation for the chemical potential (second equation of (4.2)) by —2(¢**! — ¢*) and integrate
over )

_212 (¢k:+1 o ¢k:) Mk+1 _ 2,}/5/;2A¢k+1 (¢k+1 o ¢k)

—oJ (/ W (¢F) (" — ¢F) + A" — ¢k|%2> _/ P (6%) (1 — ¢F) ubub L,
0 \Jq i

adding these two relations we obtain
_ 275/QA¢1¢+1 (¢k+1 _ ¢k) +2% (/Q W (6") (¢k+1 _ ¢k) + A||gr Tt — ¢k|%2)

+ 24t/ M (7)) Vi 2 + 248 / pFut v gl = — / p(°) (0" = ¢F) utut (48)
Q Q

Integrate by parts the first term on the left hand side of (4.8) and use the identity 2a(a — b) = a® — b*+ (a — b)?
to get

296 [ MM (611 = 65) = 290 [ Bugh (641 = ) — a8 [V e — [VOHIEs + IV (64 — o) Ia]
Q r
The integral involving the derivative of the Ginzburg Landau potential is treated, as in [37], using a Taylor
expansion,
W k 5
W(OFH) — W(gh) = W/ (g) (¢k+1 _ ¢k) + % (¢k+1 _ ¢k) 7

for some ¥. From these observations (4.8) can be equivalently rewritten as
24t /Q PR 4 248\ M($M) VI Re + 90 Ve 4 20V (81 = 67) IIEe
w22 [ w0k [ (A= 22D (o) < sivt
+2S/QW(¢k) +2,y(5/ran¢k+1 (51 — k) — /Q,Ol(éi’k) (651 — ¢F) uhoub . (4.9)

Adding (4.7) and (4.9) we obtain

2
JoH b2, + 240 H\/nwkH)T(u’“*l)

At? At? B
+ —IVP" R + —IV (" — ") 1IEs
L2 0 0

+ 2A¢t ||/ M (%) Vi T[]z + 48| VoF e + 0|V (65T — ¢F) |11

+25/W¢’“+1 —|—2AtH1/ B(¢hH yulkt LQ(F)+25/< W( %)) (651 — ghy?

¢k+1 _ ¢k
+ 2OZAt/ <T +uit oLk ) ukto ¢k < lofu”|f. + THVPkHiz +78[VoFl3.
r

2 k k+1 (k+1 _ ik
23 [ W)+ 208 [ a0t (641 - 04).
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Using the boundary condition on the phase variable (third equation of (4.2)), we can rewrite the last term on
the right hand side of this inequality as follows:

k+1 _ ¢k+1 — ¢k k+1 k ! k k+1 k
—Y00n " =« ?‘Fuf Ord® | +7 (O45(8°) + B (o™ = ¢")),

Using a Taylor expansion for @}s we then arrive at

ok a2, 42 H\/nwkH)T(u’f“)

+ 24t/ M(*) Vi T2 + 10V [T + 46l V (65 — %) 12

+25/QW(¢ ) +2 tH Blpk+1)ub ‘ - .
o k .
+2’Y/F@fs(¢k+1)+2’7/r (B-%) (¢k+1_¢k)2+2%/ﬂ (A_W) (6+1 — g)’

At? ~y
< llo*u s+ S + 0196 s + 23 [ Wik + 21 [ 056"

2 2 2
At At _
+ VPR + =V (0" - ") |22
L2 0 0

2
+ubto, ¢k

+ 20 At ‘

2
L2(I)

Since, by assumption
1 , 1 ,
Az §|W//(<P’f)\7 B =3 Fs(@5)],
we obtain the result. O

Remark 4.3 (Stabilization parameters). Notice that, in Theorem 4.2, the conditions on the stabilization
parameters A and B do not depend on the time step At. Given the definitions of W and Oy,, the follow-
ing inequalities hold:

7.‘.2

A>1, B>—-
2

The restriction imposed on A for stability is similar to the one obtained in previous works. See, for example, [35,
36]. As discussed in there, it is also possible to obtain conditionally stable schemes for A = 0. However, the
time-step restriction is quite severe, e.g. At = O(§*). In the numerical experiments of Section 6 we set the
stabilization parameters as small as their constraints allow.

5. SPACE DISCRETIZATION

In this section we introduce a fully discrete version of the above described splitting algorithm. To this end,
let A > 0 be a space discretization parameter. We introduce finite dimensional spaces W, C H'(£2), X;, C V,
where

V= {veH'(Q):vn|r =0},

and M, C HJL ,(£2). The spaces Xj, and M), are assumed to be compatible, in the sense that they satisfy the
so-called discrete LBB condition. That is, there is a constant ¢ independent of A such that

Jo an Vv

h
sup > clgnllrz, VYan € M.

vLeXp ||VhHH1

Examples of these spaces can be found, e.g. in [7,12,16].
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To simplify notation, we shall denote by (-, -) the L?(Q)-inner product and by [-, -] the L?(T')-inner product.
Moreover, for any sequence {p"}

QL = R HL ok
The algorithm begins with a standard initialization step, that is we set ¢2 e Wy, u% € X and p% € My, as

suitable approximations to ¢|i—o, ult=o and p|i=o, respectively. Then, for k& > 0 we advance in several steps:

Phase field and chemical potential: Find (/ﬁkﬂ,uffl € Wj, that solve

D¢k+1
< ,w> + (U TV eF, ) + (M (SF) Vb V) =0, Vaby, € Wi, (5.1)

(™ n) = v6(Vey T, Vibn) + 5< "(F) + Adgi T ) + < (5 )y up T 1)

k+1 _
+o | R w0y Un |+ [07,(0h) + BOGL T dn] Vi € Wi (5.2)
Auxiliary variables: Define
) n () |0 (@) < 1
on(x) = ! ’ x€Q,
sgu(o ™ (@), lont (@) > 1,
and pitt = p(¢n). Define also
N 1
Ph= 5Py PR k), ph =20k -t (5.3)

Velocity: Find u’€+1 € Xy, that solves

PthH P’ﬁu’ﬁ k41 k+1 k+1 k+1
PRULZPW 4 (b D) 4 S ot v ) + (0T (b, T(vn))

k+1

At

+ w0 g, Ve Or ey | = (Pl Vi)

(b Vv + [BOE b vi] + 0

d k+1 ’
¢ uﬁ,vh> + [ﬁ( Z+1)U-,—,Vh.,-] , Yo, € X, (5.4)

. 1
ek )+ ()

Penalization: The new pressure pﬁ“ solves

(Vopi ! Vau) = =5 (Vui™ qn) . Van € M. (5.5)
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Corollary 5.1 (Fully discrete stability). Let f = 0 and U = 0. Under the conditions of Theorem 4.2, this
scheme satisfies the following discrete energy law:

At?
lop T up s + 248/ n(op T (it 172 + 248/ B(gr T uf 7 F)+—||ka+1HL2

T

At?
+ 7||VDP]ZH%2 + 248\ M (F)V L + 0l VeI + vl Vo IR + 25 / W)

k1 2

h
At

, At? ,
+27 [ O5u(05) 200t | X ool < lofulls + SIVAEIR: +0IVaLE:

L2(r)

—m%/wwm+hﬁaﬂﬁ)®@

Proof. Set vj, = 2Atu"+1 (5.4), ¢y, = 2Atuk+1 in (5.1) and v, = 2D¢k+1 in (5.2), respectively. Repeat the
steps used to obtain Theorem 4.2. O

The importance of the energy law stated in Corollary 5.1 is not only that the numerical scheme possesses
desirable properties. In addition, this serves as a formal a priori estimate from which existence of solutions for
problem (5.1)-(5.5) can be obtained. This is the content of the following:

Theorem 5.2 (Existence of discrete solutions). Under the setting of Corollary 5.1, the scheme (5.1)—(5.5)
always has a solution. Moreover, any solution satisfies the discrete energy law (5.6).

Proof. Reference [29] provides a detailed proof of existence of fully discrete solutions for a more general model
that includes the one presented here. Hence, we only sketch the steps. The main idea is to use the Leray—Schauder
theorem [43]. To do so we, on the basis of (5.1)—(5.5), introduce a map (¢, fth, Un, Dp) — ((jgh,/)h, Uy, pp) such
that any fixed point is, by construction, a solution to our problem. Simply put this map is obtained by doing
the following replacements:

(5.1) ¢y — Gy i — i and it — wy,.

(5.2) /AZ+1 — fip, u’fLH «— up. The variable gka is replaced by ¢ when it is multiplied by the stabilization
parameters A and B; in all other places it is replaced by ngSh.

(5.3) ¢t — on.

(5.4) All the variables at level k + 1 that appear on the left hand side are replaced by their hatted counterpart,
except when gbﬁ“ serves as argument for a material function. The ones on the right hand side by the
unhatted one.

(5.5) pytt — pp and uf Tt — Wy,

This map is affine, hence it is well defined. The next step is to obtain bounds on this operator, which are
obtained as in the proof of Corollary 5.1. This allows us to conclude. See [29] for details. g

6. NUMERICAL EXPERIMENTS

We now illustrate the performance of the method developed in previous Sections in a series of numerical
examples. All the computations have been performed with the help of the deal.II library (see [2,3]). The space
discretization is obtained using Q2 elements for the phase variable and Taylor-Hood (i.e. (Q2,Q1)) for the
velocity-pressure. In order to properly resolve the interfacial layer, the mesh is computed adaptively. The level
of refinement and local mesh sizes will be indicated in each test case. The time step is set initially to At = 1073
and it is reduced if a local CFL-like condition is violated 1i.e.

1 B3/
At =min< 10~ max { — X .
2 KeTy, Huh||Loc(K)
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The reason to impose such a restriction on the time step is in order to avoid having to solve the weakly coupled
problem as explained in Remark 4.1.

6.1. Symmetric Couette flow

The first example is motivated by [15,31]. We consider a variant of a Couette flow for a two phase fluid.
The geometry consists of the rectangle Q0 = (—3,3) x (0,1). A velocity Ve, (respectively —Ve,) is imposed
on the top (respectively bottom) sides of the rectangle. Notice that to obtain a true Couette flow periodicity
conditions should have been imposed on these sides. However, due to implementation reasons we did not do
this, instead we apply the generalized Navier boundary condition. The initial configuration of the fluid is such
that the heavier fluid occupies (—1,1) x (0,1) and the lighter the rest of the domain. The fluid is initially at
rest.

The results of [15,31] are restricted to the matched density case. While certainly our method is capable of
handling this, we prefer to show the effect of the variable density. The material parameters are the following:
p1/p2=10,m =n2 =10, 1 = B2 = 1.5, My = M5 = 0.01, @ = 1072, v = 10 and 6, = 90°. The shear velocity
is V = 1.5. The interface thickness is 2.5 x 10~2. The local mesh size away from the interface is about 0.125 and
near the interface 8 x 1073, The result for times ¢ = 0,0.5,1,1.5,1.75,2 is shown in Figure 1. As expected, the
higher density leads to smaller displacements due to the bigger inertia of the fluid. Moreover, since the surface
tension is sufficiently big, the interface evolves from a flat surface to a curved one.

6.2. Asymmetric Couette flow

As a second example, we consider an asymmetric variant of the case of Section 6.1. In this case, however,
B2 = 0.6, v = 1 and s = 68°. The interface thickness is 2.5 x 10~2. The evolution for times 0.5, 1, 1.5, 1.75, 2
and 2.5 is shown in Figure 2. As we can see, the smaller, compared to Section 6.1, value of the surface tension
is not sufficient to prevent a significant movement of the interface.

We also consider a different initial profile. The rest of the configuration is the same as in the previous case.
The result is shown in Figure 3.

6.3. Droplet relaxation

The next test case takes inspiration from [26] and [10]. We consider the spreading of a droplet over a wall
under the action of gravity and surface tension. We investigate the result of two competing effects: surface
tension, which tends to keep the droplet round; and gravity, which flattens the droplet. In all the test-cases the
material parameters are p; = 1, po = 100, 91 = 10, 2 = 1, f; = B2 = 1.5, Oy = 68°, M; = M, = 1072, and
a = 1072, The interface thickness is § = 2.5 x 1072. The computational domain is Q = (—1,1) x (0,1) and
the mesh is adaptively refined to resolve the transitional layer and it is such that the local mesh size near the
interface is about 8 x 10~% and away from it 3 x 1072.

We first consider the case when the surface tension is small compared to gravity. To be precise, we set v = 1.
Figure 4 shows the evolution of the interface of a droplet initially shaped like half a circle without gravity. Due
to the difference between the initial angle and the static one (the uncompensated Young stress), the interface
moves until the contact angle equals the static one, which happens at about time ¢ = 3.3. The evolution under
the action of gravity is shown in Figure 5. As we can see, if gravity is present, the surface tension is not sufficient
to preserve the shape of the droplet and it turns into a pool of heavier fluid on the bottom of the container.

To illustrate the opposite case, that is, when the surface tension effects are dominant, we set v = 50. Figure 6
shows the evolution of the interface without the action of gravity and Figure 7 under its action. In both cases a
stationary shape is reached at about time ¢ = 1.1. As it is illustrated in Figure 8 the surface tension effects are
so dominant that the final position of the interface is basically the same for both cases. Moreover, as it is also
seen from Figure 8, the contact angle changes during evolution. Although this is a controversial issue, we just
want to point out that this model allows for such effects.
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FicUrRE 1. Symmetric Couette flow. The evolution of the interface is shown at times 0, 0.5,
1, 1.5, 1.75 and 2. The arrows represent the velocity. The dotted line is the initial position
of the interface. The material parameters are: pi/ps = 10, m; = 12 = 10, 51 = B2 = 1.5,
M; = My = 0.01, o = 1072, v = 10 and 6, = 90° and V = 1.5. The interface thickness is
2.5 x 1072
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F1GURE 2. Asymmetric Couette flow with straight initial profile. The evolution of the interface
is shown at times 0.5, 1, 1.5, 1.75, 2 and 2.5. The arrows represent the velocity. The dotted line
is the initial position of the interface. The material parameters are p1/p2 = 10, n1 = 72 = 10,
B1 = 1.5, B2 = 0.6, My = My = 0.01, « = 1072, 4y = 1 and 6, = 68°. The shear velocity is
V = 1.5. The interface thickness is 2.5 x 1072.
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F1GURE 3. Asymmetric Couette flow with curved initial profile. The evolution of the interface
is shown at times 0, 0.5, 1, 1.5, 2 and 2.5. The arrows represent the velocity. The dotted line
is the initial position of the interface. The material parameters are p1/p2 = 10, m1 = 12 = 10,
B1 =15, B = 0.6, My = My = 0.01, « = 1072, v = 1 and 6, = 68°. The shear velocity is
V = 1.5. The interface thickness is 2.5 x 1072.
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F1GURE 4. Evolution of a droplet with v = 1, 65 = 68° without gravity. The interface is shown
at times 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 5. Arrows represent the velocity field. pa/p; = 100,
ne/m = 1/10, By = B2 = 1.5, M1 = My = 1072, and a = 1072, The interface thickness is
§=25x10"2%
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F1GURE 5. Evolution of a droplet with v = 1, §; = 68° with gravity. The interface is shown at
times 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5. Arrows represent the velocity field. pa/p; = 100,
ne/m = 1/10, By = B2 = 1.5, M1 = My = 1072, and a = 1072, The interface thickness is
§=25x10"2
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F1GURE 6. Evolution of a droplet with v = 50, 5 = 68° without gravity. The interface is shown
at times 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 5. Arrows represent the velocity field. pa/p; = 100,
ne/m = 1/10, By = B2 = 1.5, M1 = My = 1072, and a = 1072, The interface thickness is
§=25x10"2%
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F1GURrE 7. Evolution of a droplet with v = 50, 85 = 68° with gravity. The interface is shown
at times 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5. Arrows represent the velocity field. pa/p; = 100,
ne/m = 1/10, By = B2 = 1.5, M1 = My = 1072, and a = 1072, The interface thickness is
§=25x10"2%
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Ficure 8. Comparison of the final state for a droplet for v = 50 and 0, = 68° with and
without gravity. pa/p1 = 100, n2/n1 = 1/10, B1 = B2 = 1.5, M1 = My = 1072, and a = 1072,
The interface thickness is 6 = 2.5 x 1072. The black dotted line is the initial position of the
interface. The black solid line is the final position of the interface under the action of gravity
and the blue solid line the final position without gravity. Notice that, since the value of the
surface tension is significantly large in comparison to gravity, the stationary shapes with and
without gravity are the same and the contact angle changes in time.

6.4. A Perturbed surface

As in [26], we consider the evolution of a perturbed surface. The initial profile is given (in polar coordinates
(r,)) by a perturbed semicircle 7 = 0.5 4+ 0.05sin(8¢). The material parameters are as in Section 6.3 with
v =10 and 65 = 60°. The evolution is shown in Figure 9. As we can see, there is an initial period of time with
fast dynamics, in which the surface tension rounds the interface. After which the droplet relaxes in a much
similar way to Section 6.3.

6.5. A Drop on an inclined plane

Our last example studies the evolution of a droplet on an inclined plane under the action of gravity. The
computational domain is

Q=(0,1*U{(z,y) eR*: z€(-1,0)y > |z[}.

The evolution at times 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32 and 34 is shown in Figure 10.
The local mesh size away from the interface is about 1072 and near it 8 x 10~3. The material parameters are
p1/p2 = 50, mo/m = 1/10, B1 = B = 1.5, My = My = 1072, and a = 1073, v = 10, 65 = 90°. The time
step is set to At = 5 x 10~% and the interface thickness equals § = 1072. As we can see, the high value of the
surface tension forces the droplet to adopt a certain shape before it is able to move a considerable distance.
Since our model does not take into consideration contact angle hysteresis (see [9,41]), the droplet starts sliding
instantaneously and keeps sliding. The same behavior can be observed for different inclination angles. For
brevity, we do not show these results. Finally, it is worth noticing that the method is such that no special
treatment for the interface is needed when it passes through the angle on the boundary which, clearly, indicates
the robustness of the proposed scheme.

6.6. Mass conservation

One of the biggest concerns of practitioners regarding two-phase fluid simulation is mass conservation.
Figure 11 is a plot of the area of the region {gi)’,?b > 0} against time, in the example of Section 6.5. This, if
rescaled properly, can be interpreted as the mass of the droplet. As we can see, although the scheme does not
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FIGURE 9. Evolution of an initially perturbed circular profile. The interface is shown at times
0, 0.05, 0.1, 0.2, 0.5, 1, 1.5, 2. Arrows represent the velocity field. p2/p1 = 100, n2/m = 1/10,
B1 =P =15, M = My, =10"2, and a = 1072. v = 10, 6; = 60°. The interface thickness is
§=25x10"2

preserve exactly the mass of the droplet, the relative variation between the initial and final areas is rather small,
namely

10.128315 — 0.126055|
0.128315

‘f{¢|t:0>0} B f{¢|t:T>0} ‘

x 100% = x 100% = 1.76%.

f{¢>|t:0>0}

It is interesting to notice the spike on the mass of the droplet at the time when it becomes in contact with
the intersection between the inclined and horizontal surfaces. The whole derivation of the generalized Navier
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F1GURE 10. A droplet on an inclined plane. The evolution is shown at times 0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32 and 34. Arrows represent the velocity field and the black
dotted line is the position of the interface at the beginning of the computations. The material
parameters are p1/p2 = 50, no/m = 1/10, 31 = B2 = 1.5, My = My = 1072, and a = 1073,
v =10, 6, = 90° The interface thickness is § = 1072

boundary condition is based on the assumption that the surface is smooth enough so that it has a well defined
normal, which is not the case at this point. The scheme, however, is able to handle this.

For comparison, Figure 12 shows the area of the region {¢} > 0} for the example in Section 6.4. In this case,
the total change of mass is

[0.372043 — 0.374964|
0.372043

‘f{¢|t=0>0} - f{¢>|t=T>O} ‘

x 100% = x 100% = 0.79%.

f{¢|t=0>0}



MOVING CONTACT LINES 767

0.1280

0.1275 |

0.1270

0.1265 |

0.1260

F1cURE 11. Total mass of the droplet vs. time for the problem of Section 6.5. The relative loss
of mass is less than 1.76%.
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F1GURE 12. Total mass of the droplet vs. time for the problem of Section 6.4. The change in
mass is less than 0.79%.

7. CONCLUSIONS AND PERSPECTIVES

In this work we have proposed a diffuse interface model for the movement of contact lines which consists
of a Cahn Hilliard Navier Stokes system with nonstandard boundary conditions, and showed that this model
has a natural energy law. We have proposed an efficient discretization technique based on operator splitting for
Cahn Hilliard and fractional time-stepping based on penalization of the divergence for the Navier Stokes part.
We showed that this scheme is unconditionally stable and presented a few numerical simulations to assess the
capability of the developed approach.

We believe that the possible extensions of this approach are numerous. For instance, the addition of the
so-called contact angle hysteresis (pinning) to the model is currently under investigation. This process is of
crucial importance for practical applications. Moreover, we have developed a diffuse interface formulation for
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the problem of electrowetting on dielectric where this model is but a component of a much larger system of
equations that describe this process. These results have been reported in [29].

Acknowledgements. The author would like to express his gratitude to Ricardo H. Nochetto (University of Maryland) for
interesting discussions, carefully reading the original manuscript and making invaluable suggestions that helped improve
the quality of the presentation.
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