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PROJECTION METHOD FOR DROPLET DYNAMICS ON
GROOVE-TEXTURED SURFACE WITH MERGING AND
SPLITTING*
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Abstract. The geometric motion of small droplets placed on an impermeable textured substrate
is mainly driven by the capillary effect, the competition among surface tensions of three phases at
the moving contact lines, and the impermeable substrate obstacle. After introducing an infinite
dimensional manifold with an admissible tangent space on the boundary of the manifold, by Onsager’s
principle for an obstacle problem, we derive the associated parabolic variational inequalities. These
variational inequalities can be used to compute the contact line dynamics with unavoidable merging
and splitting of droplets due to the impermeable obstacle. To efficiently solve the parabolic variational
inequality, we propose an unconditional stable explicit boundary updating scheme coupled with a
projection method. The explicit boundary updating efficiently decouples the computation of the
motion by mean curvature of the capillary surface and the moving contact lines. Meanwhile, the
projection step efficiently splits the difficulties brought by the obstacle and the motion by mean
curvature of the capillary surface. Furthermore, we prove the unconditional stability of the scheme
and present an accuracy check. Convergence of the proposed scheme is also proved using a nonlinear
Trotter-Kato product formula under the pinning contact line assumption. After incorporating the
phase transition information at splitting points, several challenging examples including splitting and
merging of droplets are demonstrated.
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1. Introduction. The contact line dynamics for droplets placed on an imperme-
able groove-textured substrate is a historical and challenging problem. The capillary
effect caused by the interfacial energy dominates the dynamics of small droplets, be-
cause the ratio between the surface area and the bulk volume is large. The capillary
effect is particularly important to the moving contact lines, where three phases (liquid,
solid, gas) meet. For small droplets with capillary effect, the geometric dynamics is
essentially a mean curvature flow for the capillary surface (the interface between fluids
inside the droplet and gas surrounding the droplet) associated with free boundaries
(moving contact lines) on the impermeable groove-textured substrate. The mechan-
ics for the contact line dynamics is determined by Onsager’s linear response relation
between contact line speed v, and the unbalanced Young force Fy; see (2.17). The
dynamic contact angle 8.;, then tends to relax to the equilibrium contact angle (i.e.,
Young’s angle 6y ) which is determined by the competitions among the surface tensions
of three interfaces at the contact lines; see (2.5).

The dynamics become more complicated after considering a nonlocal volume
preserving constraint, a groove-textured substrate with constantly changed slopes,
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a gravitational effect, and unavoidable topological changes such as splitting and
merging due to the impermeable groove-textured substrate. In this paper, we fo-
cus on variational derivations, numerical methods, and stability /convergence analysis
for this challenging obstacle problem coupled with the droplet dynamics, which con-
sist of (i) an obstacle-type weak formulation of the motion by mean curvature for the
capillary surface and (ii) the moving contact line boundary conditions.

On the one hand, for a pure mean curvature flow model with an obstacle but
without contact line dynamics, we refer to [1, 33] for local existence and uniqueness
of a regular solution by constructing a minimizing movement sequence. On the other
hand, for the moving contact line boundary condition coupled with the quasi-static
dynamics for the capillary surface, there are some analysis results on global existence
and homogenization problems; see [6, 23, 26, 17] for the capillary surface described
by a harmonic equation and see [7, 8, 9, 18] for the capillary surface described by a
spatial-constant mean curvature equation. Particularly, using a minimizing movement
method with a set-distance as a dissipation functional, [17] constructed a unique
global solution starting from a star-shaped initial wetting domain but under a quasi-
static assumption for the capillary surface and with a Dirichlet energy instead of an
interfacial energy. This construction for the free boundary problem was first developed
in [2] and [32] independently, which are indeed the original works giving rise to the
lately developed minimizing movement method for general problems.

However, the contact line dynamics for droplets with an unavoidable topological
change including splitting and merging due to an impermeable obstacle are lack of
study in terms of both variational derivations, mathematical analysis, and efficient
algorithms. Particularly, the original minimizing movement discretization for the
mean curvature flow uses a set-distance, which is very hard to implement numerically.
It is even more complicated to implement for obstacle problems with moving contact
lines and splitting phenomena.

First, we will regard the full dynamics of a droplet with moving contact lines and
an impermeable obstacle substrate as a curve on an infinite dimensional manifold M
with a boundary; see section 2.2.1. Then after introducing a free energy F, an admis-
sible tangent space T'M, and a Rayleigh dissipation functional @, by using Onsager’s
principle for an obstacle problem, we derive two parabolic variational inequalities
(PVIs); see PVI (2.26) for a virtual velocity formulation and see PVI (2.29) for a
virtual displacement formulation. PVT (2.29) is derived by minimizing a Rayleighian
in a subset of the admissible tangent space; however, it is computationally friendly
and we will prove that these two versions of PVIs are equivalent and have the same
strong formulation (see Proposition 2.1).

Second, after including a textured substrate, for PVI (3.31), we propose a numer-
ical scheme based on an unconditionally stable explicit updating for moving contact
lines and a projection method for the obstacle problem; see section 3.1. The explicit
boundary updating efficiently decouples the computations for the moving contact line
and the motion of the capillary surface. Meanwhile, the projection operator for the
mean curvature flow of droplets with volume constraint has a closed formula char-
acterization (see (1.4) and Lemma 3.2), so the proposed numerical scheme based on
the projection method (splitting method) is very efficient and easy to implement.
Unconditional stability of the projection method is proved in Proposition 3.1, which
focuses on the difficulties brought by the moving contact line, and the motion by
mean curvature with an obstacle. We also find the pure PVI formulation misses the
phase transition information at splitting (merging) points where the interface between
two phases becomes an emerged triple junction of three phases, so pure PVI is not
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enough to correctly show the physical phenomena. Therefore, we enforce the phase
transition and contact line mechanism at emerged triple junctions in the last step of
the projection method to incorporate both the obstacle information and the phase
transition information at splitting points; see section 3.1.

Next, we provide an analytic validation for the proposed projection method above.
Notice that after the explicit boundary updating step, the problem is reduced to
finding an efficient implementation of a minimizing movement for a pinning contact
line case. In this case, the full dynamics of droplets with an obstacle and volume
constraint can be formulated as a gradient flow of the sum of two convex functionals
F+ 1k in a Hilbert space. More precisely, let K be a closed convex subset in a Hilbert
space X1; see specific definition (3.32) and (3.37) in section 3.3.2 after including the

volume constraint. Thus using an indicator functional Ik (u) := { _;;; Z;g , to

seek solution u(t) € K of PVI (3.31) is equivalent to seeking the unique mild solution
[5] in X; generated by the sum of two maximal monotone operators V.F + Ik, i.e.,

(1.1) Opu(t) € —(VF 4+ 0Ik)(u(t)) for a.e. t >0, u(0) = ugp.

Notice here we already take advantage of the efficient local information from Gateaux
derivative V.F instead of using the subdifferential 0F. Then the standard minimizing
movement scheme (backward Euler scheme) is given by the resovent representation

(1.2) WPt = (I + 7(VF 4 0lg)) " .

Inspired by a nonlinear version of the Trotter-Kato product formula [25] in Hilbert
space X1, the resovent can be approximated by

(1.3) uF T = (I +10Ix) " (I +7VF) 1>

In Lemma 3.2, for a given reference capillary profile u* satisfying impermeable ob-
stacle condition u* > 0 and the volume constraint [ u* = V, we give the resolvent
characterization for the projection operator Proj (a**1 — u*) in X7,

N 1~ N uFtl = max{a*+! + )\, 0},
(1.4) o = 4 (I +70Ig) (@ —u) = { [ b+ ({1xdy iu }
which can be easily implemented. Hence in Theorem 3.3, based on the alternate
resolvent reformulation (1.3) of our projection method, we apply the Trotter—Kato
product formula [25] to finally prove convergence of the projection method in Xj.
The spirit of the projection method is same as the one for other efficient splitting
methods when solving some important physical problems such as the incompressive
Navier—Stokes equation [10, 40] and the Landau-Lifshitz equation [14].

Finally, in section 4, we use a projected triple Gaussian as an initial droplet profile
to check the order of convergence of the proposed projection method. The moving
contact line, the capillary surface, and the dynamic contact angle all have a perfect
first order accuracy. Then several numerical simulations are conducted including the
splitting of one droplet on an inclined groove-textured substrate and the merging of
two droplets in a Utah teapot.

There are also many other numerical methods for computing the geometric motion
of droplets with moving contact lines or for general geometric equations with an
obstacle; cf. [30, 34, 47, 16, 15, 44, 45, 42, 3] and the references therein. Particularly,
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we compare with those closely related to the geometric motion of droplets with moving
contact lines and an impermeable obstacle. The mean curvature flow with obstacles
is theoretically studied in [1] in terms of a weak solution constructed by a minimizing
movement (implicit time-discretization). The L? penalty method for the obstacle
problem is introduced in [21, 39], and recently an advanced L' penalty method was
introduced in [41, 48]. They replace the indicator functional Ik (u) in the total energy
by an L? (resp., L') penalty p||(g—u)y| 2 (resp., p||(w—u)|/z1) with a large enough
parameter p. The threshold dynamics method based on characteristic functions is first
used in [45, 42] to simulate the contact line dynamics, which is particularly efficient
and can be easily adapted to droplets with topological changes. The authors extended
the original threshold dynamics method for mean curvature flows to the case with
a solid substrate and a free energy with multiphase surface tensions, in the form of
obstacle problems. However, since they do not enforce the contact line mechanism [11,
37], i.e., the relation between the contact line speed and the unbalanced Young force
Ve, = L€ (cosbfy — cosfcy,), their computations on the moving contact line and the
dynamic contact angles are different with the present paper and only the equilibrium
Young angle 6y is accurately recovered. Instead, the contact line mechanism in [24, 43|
is accurately recovered at each time step. With some local treatments at splitting
points, the authors simulate the pinch-off due to an impermeable substrate of solid
drops described by the surface diffusion with either a sharp interface dynamics or
a corresponding phase field model; see [36] for including hydrodynamic effects. We
point out the explicit front tracking method based on Lagrangian coordinates in [43]
is convenient for simulation of the pinch-off. However, the Courant—Friedrichs—Lewy
condition constraint for this explicit method is severe. Besides, the level-set method
developed in [31, 44] cannot be directly used and also cannot deal with textured
substrates which lead to PVIs for obstacle problems. For other general geometric
equations including the motion by mean curvature for a two-phase flow model, we
refer to a review article [3] and references therein for a parametric finite element
method, which is particularly useful for high dimensional problems.

The remaining part of the paper will be organized as follows. In section 2, we
derive the associated PVIs for the contact line dynamics by Onsager’s principle for an
obstacle problem. In section 3, we propose an unconditionally stable explicit bound-
ary updating scheme coupled with the projection method for solving PVI and the
phase transition information for merging and splitting. The stability and convergence
analysis are given in sections 3.2 and 3.3. In section 4, we give an accuracy check
for the projection method and conduct several computations including merging and
splitting of droplets on groove-textured substrate.

2. Parabolic variational inequalities of droplet dynamics derived by
Omnsager’s principle with an obstacle. In this section, we derive PVIs for the
contact line dynamics with an impermeable substrate as an obstacle. We first intro-
duce the configuration state (the contact domain and the capillary surface) and the
free energy of the contact line dynamics. Then we regard the configuration space as
an infinite dimensional manifold with a boundary and give kinematic descriptions for
the full dynamics including admissible velocities and the first variation of the free
energy on the manifold; see sections 2.1 and 2.2. Next, after introducing a Rayleigh
dissipation functional, we derive a model for the droplet dynamics with obstacle by
energy considerations. We apply Onsager’s principle for the obstacle problem to de-
rive two associated PVIs, which can be used to describe the droplet dynamics on a
rough substrate with unavoidable merging and splitting; see section 2.3. Finally, we
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show the equivalence between two versions of PVIs in Proposition 2.1, one of which
will be used to design efficient numerical schemes for the contact line dynamics with
an impermeable obstacle.

2.1. Configuration states, free energy, and kinematic description for
velocities. We study the motion of a three-dimensional (3D) droplet placed on an
impermeable substrate {(z,y, z); z = 0}. Let the wetting domain (a.k.a. the contact
domain) be (z,y) € D C R? with boundary I' := &D (physically known as the contact
lines). We focus on the case that the capillary surface S (the interface between the
liquid and the gas) of the droplet is described by a graph function u(x,y). The droplet
domain is then identified by the area

A= {(z,y,2); (z,y) €D, 0 <z <u(zr,y),ulr =0}

with sharp interface S := {(z,y,u(z,v)),(z,y) € D}. We will give a kinematic
description and a driven energy in this section.

2.1.1. Configuration state, geometric quantities, and kinematic descrip-
tion for velocities of a droplet. First, from the wetting domain and the capillary
surface defined above, a configuration state of a droplet is chosen to be (I',u) with
U‘F =0.

Second, given a configuration state (T, u) with u|r = 0, we clarify the following
geometric quantities; see Figure 1(a). The unit outer normal on the capillary surface is

n = \/ﬁ(fVu, 1). The unit outer normal at the contact line I' is n¢,, := ‘_V—Vu’“p,

which in three-dimensions is extended as (n¢p,0). Define the contact angles (inside
the droplet A) as O, satisfying

V|

(2.1) sinfc, = n - (ne, 0) JTEVaE
which implies tan 6., = |Vul at T'.

Third, given a configuration state (I',u) with u|p = 0, we describe two velocities
of the droplet and their relations. (i) The motion of contact line I' in the outer
normal direction ne;, is described by the contact line speed vey. (ii) The motion of
the capillary surface along the outer normal n is described by the normal speed v,, =

Ou Here 0yu is the vertical velocity of the capillary surface, which is convenient

V14| Va2’

to use in the graph representation. (iii) The continuity equation u(I'(¢),t) = 0 gives
the relation between dyu|r and vey.

a) Vg b)

F1G. 1. Droplets with contact angles 04,0, and surface tensions yre,Vsc,Vst- (a) Droplet placed
on z=20. (b) Droplet placed on an inclined groove-textured surface with effective angle 6g.
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(2.2)
W = Owu(T(t),t) + Vu(T(t),t) - 0T = Opu(T'(¢),t) + (Vu(T(t),1t) - new)ver
— (T (1), ) — [Vu(T(t), Dlves, = 0,
where we used the fact that nq, := %h.

An important case is to assume the volume preserving constraint
fD(t) u(z,y,t)dedy = V. In this case, by u(z,y,t) = 0 on I'(¢) and the Reynolds
transport theorem, we have

d
(2.3) Oudrdy = —/ u(z,y,t)dxdy =0,
D) dt Jp

which gives an additional constraint on the vertical velocity.

2.1.2. Free energy for the droplet and Young’s angle. Now we clarify the
free energy of a droplet following the notation and terminologies in the classical book
of De Gennes, Brochard-Wyart, and Quéré [12]. For a droplet placed on a substrate,
the surface tension contributes the leading effect to the dynamics and the equilibrium
of the droplet. Especially, for contact line ', where three phases of materials (gas,
liquid, and solid) meet, one should consider the interactions between their surface
energies. Denote s, > 0 (7se, Ve, resp.) as the interfacial surface energy density
(a.k.a. surface tension coefficients) between solid-liquid phases (solid-gas, liquid-gas,
resp.). To measure the total area of the capillary surface with surface tension ;. and
the area of the contact domain with the relative surface tension ~yg, — vs¢, we take
the total free energy of the droplet as the summation of the surface energy and the
gravitational energy

2

u
]:Z%G/ ds+(73L—75G)/ dxdy+pg/ dedy
AA(t)N{u>0} D(t) D(t)
2
u
D(t D(t)

p(r) 2
where p is the density of the liquid and g is the gravitational acceleration. Besides
gravity, we neglect other forces, such as the inertia effect, viscosity stress inside the
droplet, the Marangoni effect, electromagnetic fields, evaporation and condensation,
etc.

(2.4)

With a fixed volume V, competitions between the three surface tensions will
determine uniquely the steady state of the droplet, i.e., the minimizer of F. Define o
as the relative adhesion coefficient between the liquid and the solid,

Vs — Vsa

pi¥e!
We remark that the spreading parameter S := VLG(% -

the so-called total wetting regime [11, section 1.2.1]. But in the current contact angle
dynamics setup, |o] < 1. By Young’s equation [46], the equilibrium contact angle 6y
is determined by the Young’s angle condition

(2.5) cosfy = Jse 70 _ 4

T

o=

1) could be positive in

We will only focus on the partially wetting (hydrophilic) case —1 < o < 0, or equiva-
lently 0 < 6y < 7. In this case, adhesive forces between the liquid and the solid tend
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to spread the droplet across the surface and there is a vertical graph representation of
the capillary surface. We refer to [19] for more discussions on dewetting or nonwetting
droplets (i.e., 0 < 0 < 1) with a horizontal graph representation for the quasi-static
case.

2.2. Configuration space as a manifold and the kinematic description
for the rate of change of free energy. With the specific driven energy F, we
compute the first variation of the free energy for any given virtual displacement.
Before that, we first clarify the configuration space as a manifold and define the
tangent plane at each point on the manifold.

2.2.1. Configuration space for the obstacle problem: A manifold with
a boundary. Here we first give a derivation by taking a flat impermeable substrate
z = 0 for simplicity. We use an infinite dimensional manifold [28] to describe the
configuration space

(2.6) M :={(T,u); T €C',ue C*(D)NL*D), u>0on D, ulp = 0}.

The dynamics of the droplet is represented by a trajectory on this manifold. Consider
a trajectory n(t) € M starting from initial state n(0) = {I'(0), u(z,y,0)} € M,

(2.7) n(t) ={T¢),u(z,y,t)} e M, t€][0,T].

2.2.2. Obstacle constraint in the tangent plane: A convex closed
subset. Given a configuration state n = {I',u}, now we use the vertical velocity
v = dyu and the contact line speed ve,, to describe the tangent plane 75, M. To main-
tain the continuity at the contact line, these two velocities in the tangent plane satisfy
the linear restriction (2.2).

Since the geometric motion has an obstacle condition u > 0, define the coincidence
set as

(2.8) By :={(z,y) € D;u(x,y) = 0},

which is a closed subset of D. Manifold M has a boundary, i.e., {n € M; B, # 0}. If
B,, # 0, then n is on the boundary of the manifold M. In other words, the capillary
surface u touches the obstacle on the coincidence set, which will lead to a PVI as
described below in section 2.3.

Given n = {I',u}, define the weighted L? space as the ambient space

(2.9) X, =1? (r x D; ds x

1
e _dzdy
V14 |Vul?

with the weighted inner product

dxd
(2.10) <L]1,Q2>X,, 5:£/UCL1'UCL2 d5+</ V102 Y
T D

V14 |Vul?

for any ¢1 = (Vor1, 1), g2 = (Vera, v2) € X,,. Here the constants £ and ¢ are indeed
the friction coefficients, which will be explained later.
Then the tangent plane

(2.11)  TyM = {(ver,v) € CHI x D); v —vey [Vulp =0, v>0on B,} C X,

is a closed convex cone and is embedded in the ambient space X,, with the same inner
product as X,. We remark the last inequality for 7, M in (2.11) becomes effective
when 7 sits on the boundary of the manifold M, ie., B, # 0. If B, = (), then the
tangent plane T, M is a linear subspace of X,,.
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_ 2.2.3. First variation of the free energy. For an arbitrary trajectory 7j(s) =
{T'(s), u(x,y, s)} (a.k.a. virtual displacement) starting from 7(¢) = n(¢t) at the tangent
direction

(2.12) ' (t) = {0, L (t), 0t} = {Berncn, ¥},  {or, 0} € TyyM,
from (2.11) we know
(2.13) Blry = |Vu(T(t), 1) |[e-

To ensure the volume preserving condition [ D(t) udaxdy =V, t € [0,T], we calculate

the first variation of an extended free energy F(n, A) on manifold M x R for n(t) € M
and a Lagrange multiplier A(¢)

(2.14) F (), A1) = F(n(t)) — At) </D(t) u(-, t) do dy — V) :

Then we have

) FGi(s).A)
d ) 4. - )
(2.15) = &‘s:ﬁ}-(n@)) - E‘SZH)\(S) (/D(s) a(s)drdy — V)

d . ) -, )
— g\s:ﬁf(n(s))—A(t) /D(t)vdxdy—)\(t) (/D(t)uda:dy V),

where we used (2.12) and the Reynolds transport (2.3) in the last equality.
Now we calculate the first variation for a generic F(7(s)) with the energy density
function G(u, Vu). From (2.13) and the Reynolds transport theorem, we have

(2.16)
d

d7|S:t+ ~ G(ﬂ(x,y, 8)7vr&'(xaya S)) dz dy
s D(t)

= G|rdc, ds + 0y GV + Ov,G - Vi da dy
r(t) D(t)

= G|F6CL ds + /

(0uG — V - (BuG))i dudy + / B(nes - DouG) ds
I'(t) D(t)

()

= / (G + |Vul(new, - 0vuG)]| pOer ds + / (0.G — V - (0y,@))? dz dy.
r'(t) D(t)

Regard the contact line I' and the capillary surface S as an open system. Denote the
two forces exerted by the droplet (the open system I' and S) on the environment as

(2.17) Fi=-0,G+V-(0vuG), Fy :=—G — |Vu|(nes - 9vuG).

Then free energy dissipation can be expressed as the virtual work per unit time done
by the two virtual forces on the environment. For the case that G = y.¢1/1 + |[Vu|?+

(YsL — Yse) + pg%2 — Au, we know
(2.18)

\Y%
F =—pgu+ eV - (u) +A=—pgu—ycH + A, Fy =7Lc(cosbci — cosby),

V14 |Vul?
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where H = -V - (\/ﬁ) is the mean curvature. In this paper, we choose the

convention for the mean curvature notation H so that the sphere with radius R in
three dimensions has mean curvature H = %.
With these two unbalanced forces F, Fy, we know

| F i), Als))

:—/ FyﬂCLds—/ Fodady — N(t) (/ udxdy—V)
ING) D(t) D(t)

is a linear functional in terms of (e, @, \'). Then after imposing the volume constraint
J by wdzdy =V, the energy dissipation is given by

(2.19)

220) —
(2:20) 45

F(i(s),A(s)) = — /F " Fy e, ds — Fodzdy =: F((Der,0);n).

s=tt

We will see below, since the Rayleigh dissipation functional only has quadratic dissi-
pation in terms of v, and v, in order to ensure the Rayleighian is bounded below, we
need enforce the volume constraint |’ D) ¥ dxdy = V. Otherwise, a relaxation model
by introducing a dissipation in terms of A shall be used.

2.3. Omnsager’s principle and PVIs for an obstacle problem. With the
specific driven energy F on manifold M and its first variation, we now start to derive
the droplets dynamics using Onsager’s principle with the obstacle as described below.

2.3.1. Friction damping for the motion of the droplet and the Rayleigh
dissipation function. From (2.20), the droplet experiences unbalanced forces
(=Fy,—F) exerted by the environment. These two forces can be modeled as friction
forces done by the environment due to the motion of the droplet. First, the contact
line friction force density is given by —Fy = —&vc;,, where £ is the friction damping
coefficient per unit length for the contact line with the units of mass/(length - time).
Second, the friction force density on the capillary surface is given by —F = —(uv,,
where ( is the friction damping coefficient per unit area for the capillary surface with
the units of mass/(area - time). These are the simplest linear response relations be-
tween the unbalanced forces (Fy, F') and the velocities (vey,, vy, ). If one also considers
the viscosity dissipation due to the fluids surrounding the capillary surface, we refer
to [20] for a nonlocal linear response relation.

Then we introduce the Rayleigh dissipation functional (in the unit of work per
unit time) given by [22]

(2.21) Q= g/r|vCL|2ds+%/s|vn|2ds.

With the geometric configurations, contact line I" and capillary surface S, the variation
of free energy (2.4), and Rayleigh’s dissipation functional (2.21), in the next section,
we give detailed derivations of the governing equations using Onsager’s principle with
an obstacle.

2.3.2. Euler—Lagrange equations derived by Onsager’s principle. Recast
the Rayleigh dissipation functional as a functional of (v, v)

1
(222) Q((UCL7U);T]) = g/l_‘'UcL2C154’g/D|U|2\/1_|_|7vu|2 dll?d’y
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Define the Rayleighian as

(2.23) Ray((ver, 0);1) = Q((ver, v);n) + F((ver, v);n).
Then minimizing Rayleighian w.r.t. (ve,v) € T, M
(2.24) (var, Opu) = argmin(vcw)eTnM Ray((ver,v);n)
yields the Euler-Lagrange equations. Indeed, notice the minimization (vey,, Opu) sat-
isfies
(2.25)
Ray((ver + €(Dcr — vew), Ovu + (0 — dwu))) > Ray(ver, Opu)  for any ((dcw,0)) € TyM.
Thus taking ¢ — 0 concludes the following PVI:

find n(t) = (T'(t),u(t)) e M, (ver,Oru) € T, M such that
Ever = Fy  on T'(¢),
226 ¢ —2 G- ou)dedy > / F(i— du)dady VieY,,
() 1+ |Vul? D(t)

/ udzxdy =V,
D(t)

where Y,, := {v € L*(D);v > 0 on B,}.
By taking v = 0 or © = 20;u in the third equation in (2.26), we have

|Opul?
(2.27) C/ —————dady = OyuF dx dy.
p(t) 1+ [Vul? D(t)
Thus plugging the velocity ¢, = ver, and © = Gyu into (2.20), using (2.27) and the
second equation in (2.26), we conclude the energy dissipation relation

(2.28) %f(n) = —2Q((ver, Opu); n).

2.3.3. Equivalent PVIs derived by Onsager’s principle w.r.t. virtual
displacement. Define a convex subset Kp := {v € C}(D),v > 0}. We first minimize
the Rayleighian defined in (2.23) with any o¢;, € C(T"), and the associated . This
gives the same equality {ve, = Fy for the moving contact line.

Next, we minimize the Rayleighian defined in (2.23) in a subset (0, %) C T,, M for
any v € Kp. This, together with the equality for the moving contact line, gives a new
PVI

find n(t) = (I'(t),u(t)) € M, (veor,Oru) € Ty M such that
Ever, = Fy  on T'(t),

[ S T
p@) 1+ |Vul?

/ udrdy =V.
D(t)

Indeed, the derivation relies on the fact that for any virtual displacement v € Kp,
u+e(®—u) = (1 —¢e)u+evis acurve on M with parameter 0 < ¢ < 1. Thus we

(2.29) —u)dxdyZ/ F(o—wu)dzdy, Vo€ Kp,

D(t)
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know (0,7 —u) € T, M and (0, 0yu + €(0 — u)) € T, M since T,, M is a convex cone.
So (2.29) is concluded after taking minimization for any (0, dyu + (v — u)) € T,M

(2.30) Ray((vey, Oru + (0 — u))) > Ray(vey, Opu)

and letting e — 0F.
By taking o(-) = u(-,t) £ *5*0su(-,t) and s — ¢* in the third equation of (2.29),
we obtain (2.27) and thus we conclude the same energy dissipation relation (2.28).
2.3.4. Strong form of PVI. Using the coincidence set B,,, by taking different

0, the second equation in (2.26) or in (2.29) can be recast as the same strong form.
We have the following proposition on the equivalence of (2.26) and (2.29).

PROPOSITION 2.1. (i) Let (T'(t),u(t)) be a smooth solution to the PVI (2.26).
Then (T'(t),u(t)) € M satisfies the Euler-Lagrange equation in the strong
form

(Vor, Opu) € TyM  such that
Eve, = Fy  onT(t),

e — B, or F>0
(2.31) ¢ e for (z,y) & By or F' > in D),
Oru=0 for (z,y) € By and F <0

/ udxdy = V.
D(t)

(i) Let (I'(t), u(t)) be a smooth solution to the PVI (2.29). Then (I'(t),u(t)) € M
satisfies the same Euler—Lagrange equation (2.31).

The proof of this proposition is standard and can be derived by considering dif-
ferent cases that appear in (2.31). From this proposition, we know two PVIs are
equivalent and our projection method will rely on PVI (2.29).

Briefly, we will alternately conduct the following two steps. In step (i), we solve
the equality governing equations

Ever, = Ye(cosbqr, —cosby)  on I'(¢),
&gu

C\/l + |Vul?

= —pgu —ncH + X in D(t),

(2.32) u=0 onI(t),

/ udedy =V
D(t)

with initial data 7(0) = {T'(0),u(z,y,0)} and initial volume V. Then we do step
(ii), the projection to the manifold M. We will discuss the schemes, unconditional
stability, and convergence analysis in detail in section 3.

3. Numerical schemes, stability, and convergence analysis. In this sec-
tion, we first propose a numerical scheme for droplets dynamics with merging and
splitting, which are extensions of the first and second order schemes developed in [19]
for a single droplet without topological changes. To incorporate the splitting due to
an impermeable obstacle, we need to solve the PVI (2.29) instead of PDEs. Inspired
by a nonlinear version of the Trotter—Kato product formula, a projection method,
which efficiently splits the PDE solver and the obstacle constraint, will be adapted.
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Then in section 3.2, we prove the unconditional stability of the projection method for
the moving contact line coupled with the motion by mean curvature with an obstacle.
In the stability analysis in Proposition 3.1, we focus on the key difficulties due to the
moving domain and the obstacle, and consider a droplet placed on a horizontal plane
without gravity and volume constraint. Finally, in section 3.3 we include the gravity
and the volume constraint and give a convergence analysis of the projection method
for droplets with a pinning contact line; see Theorem 3.3.

3.1. Numerical schemes based on explicit boundary moving and the
projection method. In this subsection, we present a numerical scheme for PVI
(2.29) describing the droplet dynamics with merging and splitting. First, we further
split the equality solver for (2.32) into two steps: (i) explicit boundary updates and (ii)
semi-implicit capillary surface updates. The unconditional stability for the explicit 1D
boundary updates is proved in [19], which efficiently decouples the computations of
the boundary evolution and the capillary surface updates. The semi-implicit capillary
surface updates without obstacles but with the volume constraint can be converted to
a standard elliptic solver at each step. Next, to enforce the impermeable obstacle, (iii)
we project the capillary surface to the manifold M. This step has an explicit formula
so also keeps the efficiency. Finally, to incorporate the phase transition information at
splitting points, (iv) we detect splitting points after a threshold and add new contact
line updates after that; see detailed explanations for the phase transition at emerged
contact lines in section 3.1.1. The current presentation for the proposed projection
method focuses only on 1D wetting domain. There are many well-developed numerical
methods for free boundary problems in high dimensions that can be adapted such as
the grid-based particle method [30], the immersed boundary method [31], the level-set
method [45], and the threshold dynamics method [42].

3.1.1. PVI for 2D droplet placed on a groove-textured and inclined
surface. For simplicity in presentation, we only describe numerical schemes for 2D
droplets. Hence we first use the PVI obtained in (2.29) to derive the governing PVI
for a 2D droplet placed on a groove-textured and inclined surface and explain the
phase transition happening at emerged contact lines after splitting.

Given a groove-textured impermeable surface described by a graph function w(z),
a droplet is then described by A := {(z,y);a < z < byw(z) < y < u(z) + w(z)}.
Following the convention, we use the Cartesian coordinate system built on an inclined
plane with effective inclined angle 6y such that —% < 6y < 7 and (tanfp)x is the new
z-axis; see Figure 1. Denote the height function as

hz,t) = u(z,t) + w(z).

To be consistent with height function w in the last section, we choose the configuration
states of this droplet as the relative height function (capillary surface) u(z,t) > 0 and
partially wetting domain a(t) < x < b(t) with free boundaries a(t), b(t). Consider the
manifold

(3.1) M = {a,b,u(z); u(z) >0, u(x) € C2(a,b) N L*(a,b)}.

Consider the energy functional associated with the groove-textured surface
b b
F) =ie | VIF @+ 0P de + (= 0) [ VI @ de

b u+hg
+pg/ / (y cos Oy + z sinOy) dy dz,
a h[)

(3.2)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/29/22 to 152.3.43.52 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

B322 YUAN GAO AND JIAN-GUO LIU

where p is the density of the liquid and g is the gravitational acceleration. Then we
have

Gu,z) = 1+ (0p(u+w))2 + oy/1 + (9,w)?

2
pg [ u” cosby .
_— 0 sin 6
(3.3) + - ( 5 + cos fpuw + x sin Ou)
0y

0,G = P9 ((u+w)cosby+ xsinby), 0, ,G= (utw) .

give V14 (05 (u+ w))?
Remark 1. Let the density of gas outside the droplet be pg = 0. We denote the
capillary coefficient as ¢ := ,Y‘i—gc > 0 and the capillary length as L, := % For a

droplet with volume V| its equivalent length (characteristic length) L is defined as
V = %”L?’ in three dimensions and V' = wL? in two dimensions. The Bond number
Bo := (£)? = ¢L? shall be small enough to observe the capillary effect [12]. In

L.
the inclined case, for a droplet with volume V in two dimensions, the effective Bond
number is Bo := (LL)2 cos g = gL? cos By. After the dimensionless argument, we use

new dimensionless quantities 3, x, V in the governing equation below.

Recall Kp = {v € C}(D),v > 0}. Then by the same derivations as (2.29), we
have the governing PVI for the 2D droplet,

(3.4)
O () ahen o (o o+ 2 sindo) A1) ) (5 -
/am <5W oz < 1+ (am)z) Fllcosdo - sin o) Mt)) ormde =0
for any o(z) € Kp(y),
h=u+w, uw>0 in D(t),
ula(t), ) = ulb(t),t) = 0,

1
= ool (cos g — cosby),

d (1) = o\/TH G 4 220

1+ (0ah)2

/ 1+ 0:h0:w
b(t) =—0v1+ (0:w)? — —/——
(6) = —ov/T+ @) -~

1
. = —m(coseb — cosfy),

b(t)
/ u(z,t)dz =V,

(®)

where 6,, 6, are two contact angles at a(t), b(t) and 0, w|, = tanby,, dxh|, = tan(fp,+
0,) and O,w|, = —tanfo, and 9,h|, = —tan(f, + 0p); see Figure 1. Tt is easy to
check the steady state a’(t) = b'(t) = 0 recovers Young’s angle condition.

The PVI above is able to describe the merging and splitting of several drops.
However, whenever topological changes happen, (2.29) cannot describe the correct
phase transition at the splitting/merging points. For instance, when one droplet splits
into two droplets, physically, at the splitting domain Dy := {(z,y) € D\T; u(z,t) =
0}, the interface between gas and liquid becomes the interface between gas and solid,
therefore new contact lines with competitions from three phases appear. Instead, the
dynamics governing by PVI (2.29) does not contain this phase transition information
but only leads to a nonphysical motion at the splitting domain Dy, i.e., a droplet is
allowed to move along the boundary Dy. We propose the following natural method
to incorporate the phase transition information into dynamics after splitting. (I)
We first detect when and where the phase transition happens by recording the new
generated contact lines. (II) Then surface energies from three phases take over the
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dynamics posterior to splitting. That is to say, the generated two droplets have the
same governing equation with (2.29), respectively, and the volume of each droplet is
preserved over time; see Step 5 in the algorithm below.

3.1.2. First order numerical scheme: Explicit boundary updating with
the projection method.

Step 1. Explicit boundary updates. Compute the one-side approximated derivative
of h™ at b™ and a™, denoted as (9;h"™)y and (9,h™)o. Then by the dynamic boundary
condition in (3.4), we update a1, p" 1 using

atl _ gn 1+ (8$hn)0(8ww)0
— = o04/1+ &Ew 2 + )
At YL+ @} L+ (9:hm)3
prtl _ pn 1+ (azhn)N(azw)N
= o1+ (0pw)2 — ~
s = oV - S

Step 2. Rescale h™ from [a™,b"] to [a"T1, b7 1] with O(At?) accuracy using an
arbitrary Lagrangian—Eulerian discretization. For z"*! € [a"*! 6" *1] denote the
map from moving grids at t"*! to " as

(3.5)

n n b" —a” n n n in
(36) T =a +W(1’ H—a“)e[a ,b]

Define the rescaled solution for A" as
(3.7) R (™) i= A (a™) + Oph™ (x™) (™ — 2™).

It is easy to verify by using the Taylor expansion h™*(z" 1) = A" (2" 1) + O(|a™ —
2" *112); see [19, Appendix B]

Step 3. Capillary surface updates without impermeable obstacle constraint, but
with volume preserving constraint. Update Rt and At semi-implicitly.

In+1 _ ek
(3.8) b h h
L+ (0,hm)2 At
8 awﬁn+1 n+1 n+1 _: n+1
= (H(E)M) — k(A" cosfy + 2" sinbp) + A"
an—&-l(an—&-l) — w(a"'H), E"+1(b7l+1) — ’LU(bn—H),
bt

/ ,L~Ln+1 (l,n—i-l) dxn-{-l — ‘/7
an+1

where the independent variable is 2"t € (a™*1 b7 *1).
Step 4. Enforce the impermeable obstacle condition by the projection. Find h"T1
and A satisfying

n+l _ In4+1
(3.9) { | Rt = max{h"*t! + A\ w},
D

Rrttdedy =V + [, wdzdy.

This is indeed project h to the manifold M with the volume constraint V of the
droplet; see Lemma 3.2. (3.9) can be implemented using a bisection search for A.
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Step 5. Phase transition and emerged triple points. Let € > 0 be a threshold
parameter. If the length of splitting domain Dy > ¢, then record two new endpoints
"1 d"t1 (emerged triple points). Regard the current profile A"t on (a1, cnt1)
and (d"t1,6"t1) as two independent droplets and enforce the moving contact line
boundary conditions at these two emerged triple points ¢"*!, d"*1. The total volume
of these two droplet remains the same.

First order scheme for merging. The numerical scheme for the dynamics of two
independent droplets with endpoints af, b} (a%, by, resp.) are the same as those in
Steps 1-3. To detect the merging of two independent droplets, at each time stepping
t", one also needs a threshold parameter £ > 0 such that we treat two droplets as one
big droplet if |a} — b7}| < e.

The projection method for droplets dynamics above also works for the second
order scheme, which replaces Steps 1-3 by a midpoint scheme. We omit details and
refer to [19].

Remark 2. In Step 5, the additional moving contact line boundary condition at
the emerged triple points after splitting is just a numerical algorithm to realize the
phase transitions from two phases to three phases. To model this procedure in a
variational formulation is still an open question. In the following stability analysis,
convergence analysis, and accuracy check, we will not include Step 5 for the enforced
phase transition at emerged triple points.

3.2. Unconditional stability of the projection method for the moving
contact line and the motion by mean curvature. In this section, we show
the unconditional stability of the projection method for the moving contact line and
the motion by mean curvature. To focus on the key difficulties due to the moving
domain and the obstacle, we present an unconditional stability analysis for the case
the droplet is placed on a flat horizontal plane without the gravity and the volume
constraint. We will first present a projection method with a small modification for
the mean curvature term in (3.13).

3.2.1. A projection method for the moving contact line and the motion
by mean curvature. To focus on the moving contact line and the obstacle problem,
we first present a simplified projection method for droplets placed on a horizontal
plane without the gravity and the volume constraint.

Step 1. Explicit boundary updates. We update a™+!,b"*+! using
(3.10)
a"tl — g N 1 bt — pn 1
=0 , = -0 —— .
At 1+ (9,hm)2 lan At Tt (0,77 )2 o
Step 2. Rescale h™ from [a™,b"] to [a™*!,b" 1] such that
(3.11) A (2T = A (™) = U(Z), 2™ € [a™ T ",

where Z € [0,1] is a fixed domain variable satisfying

n+1 +1

" —a” T —a”

(3.12) 7= = T

Step 3. Capillary surface updates without impermeable obstacle constraint. Up-
date ™! implicitly,
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B }Nln+1 _ pn 9 axfln+1 + Ok

(3.13) 1+ (9 hnt1)2 At Ox 1 h
iln+1(an+1) — O7 Bn—&-l(bn—i-l) _ 0’

+ (0h"T1)2 4 /1 + (Ophm*)?

where the independent variable is 2"t € (a1, b7 T1).
Step 4. Projection due to the impermeable obstacle.

(3.14) A" = max{h"*1, 0}.

3.2.2. Unconditional stability for the projection method. Now we prove a
proposition for the unconditional stability of the simplified projection method above.
ProrosITION 3.1. For any T > 0, let At be the time step and N = Alt. Suppose

h™, ™", and k" are obtained from the above projection method. Then we have the
following stability estimates:
(i) for endpoints,

(3.15) @’ +oT <a™ <a’+ (14 0)T, W —(1+0)T <" <0 —oT;

(ii) for the capillary surface,

n B N-1
n|2 I
(3.16) @%sz/an VIH10: R de + nz_:o/a

s | n* |2
-}
Lt L

n+1 14 (awﬁn,+1)2

b()
<8T+2 [ /1+ (0,h0)%dx.

Proof. First, we give the stability estimates for endpoints a™, b™.
From (3.10), we know

(3.17) oAt <a"™t —a" < (e + 1AL, —(o+ 1AL < - < —g AL

Then telescoping shows (3.15). .

Second, we give the stability estimates for h™.

From (3.18) and elementary calculations we list the following expressions in terms
of the Z variable:

(3.18)

h"(:);‘n) _ U(Z) _ hn>k(xn+1>7 8ggh"(.rn) _ azU(Z)

bnian

97U (Z)

nx(, n+ly __
, Ozh (:E ) T opntl _ gntl”

Multiplying (3.13) by v := A"t! — b and integrating from a"*! to b"*!, we obtain

(3.19)

pntt pntt 7
hn+1 h7* 2 Ithrl 2 xhn* 2

L e WS Ll Y
ant1 /1+ a h7L+1 qn+1 1+(8xhn+1)2_|_ 1+(8whn*)2

This gives

(3.20)
prt1

n+1 nx|2 ~
ﬂ ‘h —h | dx _|_/ < 1+ (3xh”+1)2 —/1+ (5‘xh"*)2> dxr =
B Juet [ @uamrry o
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We now prove the following claim:

bn+1

.
(3.21) / V1+ (0,h7*)2 dz 7/ 1+ (8,h7)2 dz < 4At.
an+1

am™

Proof of the claim (3.21). First, from (3.17) and |o| < 1, we know
(3.22) [0 —a™th) — (" — a™)| < 4AL.

Second, by changing variables (3.18), we have
(3.23)

bn+1
/ 1+ (0:h") dm—/ V14 (0:h")2dx

antl
:/ V(b — a2 4 (9,0(2)) 47 — / VO a2+ (0,0(2))2dZ
(bn+1 n+1) _ (bn —a )2

/ Vb —an 12 4+ (0,U(2))° + /7 — a2 + (0,0(2))?

dZ.

Therefore, from (3.22), we know

\/1+(81h"*)2d$—/ V1+ (0;h™)2dx

bn—i—l_ n+1\2 __ b — n\2
ot ey
\/<bn+1 _ aTL+1)2 + \/(bn _ arL)2

From this claim, (3.20) becomes
bn+1

n+1 nx|2
Aﬁt |h h‘ | d +/ ‘/ 8 h7z+1 QdZL'
n41 n n41
(3.25) a1 (9, hnt) a

— / V14 (0:h7)2da < 4At.

Third, we give the estimate for h”™.

bn+1

(3.24)

ant1

bn+

We prove by induction. For n = 0, from (3.25) and the Dirichlet boundary

condition we know h' € Wb (a',b'). Thus
(3.26) dpht = 0,(hL) = sgn(h")d,h' € L' (a',b").
This implies

bt bt
3.27 1+ |0, 2de < 1+ [0,h12dx.
(3.27) [, ViFaRPa s [ \iclon

Then by induction, (3.25) becomes
bt

Aﬂt d + V14 (0hnt1)2de
antl n 1 ant1
(3.28) V14 ( 8h +

_/ I+ (@hm)? de < 4A¢,

bn+l |hn+1 hn*|2
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By telescoping, we obtain

bn+1 bf)
(3.29) / V14 (0 hnt1)2de < AT + / V1+ (0,h0)2dx
an+1 a0
and thus we conclude (3.16). |

Remark 3. We remark that this proposition only holds for the 1D wetting domain
case because the estimates in Proposition 3.1 rely on the estimates for the normal
velocity of the contact points a(t), b(t). Indeed, the 2D contact line motion is definitely
a challenging problem in the geometric measure theory, even for a pure motion by
mean curvature without obstacles. With the volume preserving constraint, we refer to
[35] for a construction of global distributional solutions for mean curvature flow in high
dimensions, which used a discrete-time gradient flow approach following the classical
results developed in [2, 32]. For stability analysis for the contact line problem in high
dimensions, using a similar discrete-time gradient flow approach, [17] also constructed
a unique global solution starting from a star-shaped initial wetting domain but with
additional assumptions: (i) under a quasi-static assumption for the capillary surface;
(ii) replacing the surface energy by the Dirichlet energy. Their stability result states
that the wetting domain maintains its star-shape dynamically.

3.3. Convergence analysis of the projection method with pinning con-
tact lines. In this section, we give a convergence analysis for the projection method
under the pinning contact line assumption. On the one hand, the pinning (or stick-
ing) effect is an important observed phenomenon in most droplet wetting applications
[13, 38, 12]. On the other hand, the convergence analysis of the projection method
for the original moving contact line problem is very challenging. In the following
subsections, we first represent the PVI solution with pinning contact line as a non-
linear semigroup solution, then introduce the associated projection method and its
resolvent representation, and finally give the convergence analysis of the projection
method using a nonlinear version of the Trotter—-Kato product formula.

3.3.1. Pinning contact line and the associated PVI. In order to work in a
Hilbert space X := L?(D), we clarify the following two assumptions on the Rayleigh
dissipation functional @. Recall (2.22). First, we replace the dissipation due to the
motion of the capillary surface as ¢ [, [v|* dzdy so

(3.30) Q::gL|WCL\2ds+g/[)|v|2dxdy.

Second, we assume the friction coefficient £ — +o00, which leads to the pinning bound-
ary condition vg, = 0. Then the PVI (2.29) becomes the following parabolic obstacle
problem in a fixed domain D. Denote Kp := {u € L?*(D);u > 0}.

Find u(t) € Kp N Cy(D), A(t) € R such that

(3.31) C/Dat“@j —u)drdy > /DF(@ —u)dzdy Vo€ KpnCo(D),

/ udrdy =V,
D

where F' = 7,cV - (——2—) — pgu + A.

V 1+ Vul?
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3.3.2. The sum of two maximal monotone operators and the nonlinear
semigroup solution. To prove the convergence using the Trotter—-Kato product for-
mula for two maximal monotone operators, we shall first convert the original gradient
flow problem with volume constraint to a problem in a linear subspace. To do this,
choose any fixed capillary profile u* € CZ(D) satisfying [ pudrdy=V,u*>0asa
reference. We introduce a Hilbert space

(3.32) X = {v € L*(D); /Dvdxdy = 0}.

Define a functional E from X; to [0, +00]
(3.33)

*\2
E(v) :=]—"(v—|—u*)=’ym/ \/1+\V(v+u*)|2da}dy—|—pg/ %dxdy.
D D

First, it is easy to verify that F is a proper, convex, and lower semicontinuous func-
tional on X;. Second, in X, we compute the Gateaux derivative of E: for any
V€ Xl,

(3.34) die 0E(v +ev) = <—7LGV~ ( lffg?;il*”z) + pg(v+u*) — )\,17>

e=

for any constant A € R. Indeed, any constants are zero element in (X;). Thus we
know the subdifferential of E in X; is single-valued and agrees with the Géateaux
derivative, denoted as

V(v +u*)
14+ V(v +u*)

(3.35) VE(@) = —ycV - ( |2> + pg(v+u*) = A

Since F is a proper, convex, and lower semicontinuous functional on X;, we
know V E is a maximal monotone operator which generates a nonlinear Cy-semigroup,
symbolically denoted as Si(t) := e *V¥; cf. [5, 25]. The semigroup solution u(t) =
v(t) + u* satisfies the following governing equations:

Vu .
COu = v,V - <1+Vu|2> —pgu+ A in D,
(3.36) u=0 ondD,

/ udrdy = V.
D

Notice the left-hand side in the first equation above is the vertical velocity instead of
the normal velocity of the capillary surface due to the special choice of Q in (3.30).

For the obstacle problem (3.31), we need to introduce an indicator functional Ix
for the convex subset

(3.37) K :={veX;;u" +v>0}C Xy,

where u* 4+ K is indeed a convex cone. Denote A := VE, B := 0lg. Since A +
B = VFE + 0l is a maximal monotone operator in Xy, A + B generates a strongly
continuous semigroup on [0,400) of contractions [29, 5], symbolically denoted as

S(t) := e UVE+IIK)  For any ug = vy + u*, vo € K, the unique mild solution to
(3.31) is given by [5]
(3.38) u(t) = e tVEROI) . g 4 o7tV EFOIK)
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3.3.3. Projection method and resolvent representation. To numerically
solve the obstacle problem (3.31) generated by A 4+ B, the projection method (the
splitting method) is a natural and efficient method. Its convergence will be shown
below by using a nonlinear version of the Trotter—Kato product formula [25].

We first present the projection method for (3.31) in terms of the abstract operators
VE and 0lk as follows. As mentioned in the introduction (see (1.3)), we will see
this is exactly a splitting approximation of the minimizing movement method. For
T = %, we use the projection method to construct an approximation u* of u(t*) with
th =kr, k=0,1,...,n, below.

Step (i) For u* = vk +u*, v* € K, find

(3.39) @1 = o* + argmi Bw) 4 L= IP
| — ' angin e, (B0) + 200,

which is symbolically given by
(3.40) "t = (I 4+ 7VE) ",
Step (ii) Find u**! and X satisfying
k41 _ ~k41
™t = max{a"*t!t 4+ \, 0},
(3-41) { Jpurttdzdy = V.
Indeed, we have the following lemma characterizing the projection operator in Step
(ii).
LEMMA 3.2. Let u* > 0 be a reference profile satisfying fD u*dx = V. Given

@FtL denote OFFY = @F Y —u*. The following problems are equivalent:
(i) Find uF+ = oF 1 4 u* with o8 satisfying

{ vt e K,

(3.42) (Th+1 — okl g — ok +ly <0 Vo € K.

(i) Find uF+! = okt 4 u* with vF 1 satisfying
(3.43) oM — Wt € 7ok (R Yr > 0.
(iii) Find uFt1 = o1 4 u* with v+ satisfying v* T = Proj g (aF+1 — u*).
(iv) Find u**! and X\ satisfying (3.41).
Proof. First, we prove (i) is equivalent to (ii).
The subdifferential of Iy at v € K in X; is given by
(3.44) feTmilg(v) <= 0> (f,¢0 —v) VoeK.
Thus 0k is a convex cone and

akJrl _ ukJrl — ,&k‘+l _ ,Uk'“rl c TaIK(Uk+1)

vl e K,

(3.45)
<:>{ <1~}k+1 _ vk'H,d) _ Uk+1> <0 V¢eK.

Second, the equivalence between (i) and (iii) can be directly verified since

vt e K, .
(3.46) { (BFHL —F L by <0 Vhe K = " = Projg (0F).
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Third, we prove the equivalence between (iii) and (iv). First (iii) is equivalent to
finding the projection of @**1 in the set u* + K, i.e.,

(3.47) uPT =t 4 Proj (4" — u*) = Proj,. g ().

Notice the following two sets are the same:

(3.48) u*—l—KzKDﬂ{u;/udxdy:V},

where Kp = {u € L?(D);u > 0}. Then (iii) is equivalent to finding the projection of
ubtl in Kp N{y; [udedy =V}, ie,

k+1 y*\ _ .
(3.49) (u™TH \%) = arg ue}r(nDlgeRL(u, A),

where A is a Lagrange multiplier and

1
L(u,\) = iHu—ﬂkHHQ - A (/Dudmdy—V> .

If (uF+1,\*) = argmingercp aer L(u, A), then (uFT1 \*) satisfies
(3.50) L(uFT'\*) < LwF +e(p — uF ), N +ep) Yo<e<1,pe Kp,pueR.
This is equivalent to
(3.51)
0 < (& — ub Yy, (uFh — @) — (/D W dg dy — v) N /D(gs — u*Y) dz dy + O(e)

fo1rany0<5<1,anyéelz',andamy,uER.~ }
Taking ¢ — 0, from the arbitrariness of ¢ € K, p € R, we have [, v dody =
V. Thus (3.51) is equivalent to

k1 _
(3.52) k4+1 _ ~k+1 2 k+1fDu * d:cgly—}}il " %
(Wt —af g — bt — X [ (¢ —u*T)dedy >0, ¢eK.

Therefore, the equivalence of (3.52) with (3.41) can be directly concluded from [27,
p. 27, provided there exists solution (u**1, \*) to (3.41). Define

f) = / max{@* ! 4 X, 0} dzdy — V,
D
which is an increasing function with respect to A. It is easy to verify
f(0) > / @l dedy -V =0
D

while for ), = — max(a**!) <0,
Thus there exists a unique A* such that

uFtt = max{aF*+1 + \*, 0},
(353) { fD uk+1 dx dy — V,

which is exactly (3.41). d
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Rewrite (3.43) as
(3.54) VL = ([ 4 10I) "L (7Y,
and symbolically
(3.55) uF T = (14 70I) TV = (1 + 70L) T (5.
In summary, we have
(3.56) WP = (14 70Ix) NI+ 7VE)

Recall A = VE, B = 0Ik. The corresponding resolvent operators of A and B are
denoted as JA := (I+7VE)~! and J2 := (I +70Ix) !, respectively. The projection
method above can be recast as

(3.57) ukt = JB Ak,

Next, to obtain an approximated solution %, (t) at any ¢ € [0,7] for any time step
7 > 0, we use the piecewise constant interpolation from u* such that

(3.58) i, (t) =k, telkr, (k+1)7),
which is equivalent to
(3.59) - (t) = (JEIN g, te(0,7).

3.3.4. Convergence theorem. With all the preparations above, we apply a
nonlinear version of the Trotter-Kato product formula [25] to prove the convergence
for solving PVT (3.31) using the projection method.

THEOREM 3.3 (convergence of the projection method). Let t € [0,T] and u(t)
given in (3.38) be a unique mild solution of (3.31). Let u,(t) given in (3.59) be the
numeric solution obtained from the projection method with time step 7. Then we have
the convergence

(3.60) lim sup ||a@-(t) —u(t)]| =0.
T—0 te[0,T)

Proof. First, since A+ B = 0(E+Ig) is a maximal monotone operator in u*+ X7,
A+ B generates a strongly continuous semigroup on [0, +00) of contractions, denoted
symbolically as S(t) := e *9F+Ix) For any uy € K, the mild solution to (1.1) is
given by

(3.61) u(t) = e POEHIK) .

Second, recall the resolvent of A and B are JA = (I + 7VE)™! and JZ =
(I +70IK)~ 1, respectively. We use the Trotter—Kato product formula [25] to prove

(3.62) u”(t) == (JfJf) uo — u(t), asn— 400, uniformly for ¢t > 0.
To see this, in [25] we take U; := J%, Uy := JP. Then by [25, Example 2.3], we

know U; are a nice E-family with index v >2 and U, are a nice Ig-family with index
~ > 2. Hence the condition (i) in [25, Theorem] holds, which gives the claim (3.62).
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Finally, for the projection scheme for ¢ € [0, T] with time step 7 = %, the piecewise
constant interpolation in [k7, (k 4+ 1)7) is given by
(3.63) i, (t) = (JEIM g, telo,T),

where [a] is the integer part of real number a. Since 7[1] — ¢ as 7 — 0, we know

s () oo

due to continuous semigroup property. Therefore we conclude

a2t ([ ¢ o (- [2]) - 0] o

as 7 — 0 uniformly in ¢t € [0, T]. 0

(3.65) [[a-(t) — u(t)]| < n

4. Computations for merging and splitting of droplets. In this section,
we first give an accuracy check for the numerical scheme by constructing a projected
triple Gaussian capillary surface and then demonstrate two typical examples using
the projection scheme proposed in section 3.1. The first example is splitting of one
big droplet into two droplets when placed on an inclined groove-textured substrate.
The second example is merging of two droplets in a Utah teapot, which is compared
to independent dynamics of two droplets in the teapot separately.

4.1. Accuracy check with a projected triple Gaussian profile. In this
subsection, to check the order of accuracy of the projection method, we construct a
special example by a projected triple Gaussian function. We point out we only check
the first order accuracy of the projection method for solving PVI (3.31), i.e., Steps
14 in section 3.1.2. In other words, when checking the first order accuracy of the
projection method, we always regard the projected profile as a two-phase interface
without detecting the splitting point (Step 5 in section 3.1.2).

We use the initial endpoint by = 1.3 and a projected triple Gaussian as initial
capillary surface (green line in Figure 2)

(4.1)

up(z) = max {2 (e_(””+1)2 Fe 1677 4 (@) _ o= (bot1)® _ 1655 _ 6_(b°_1)2> ; 0}

for x € [—bo, bo].

= | Wiy
NN < SRR e BN
-15 -1 -0.5 0 0.5 1 1.5

+ contact angle ata
—contact angle at b []

-0.2 -0.1 0 0.1 0.2 0 0.05 0.1 0.15 0.2

F1G. 2. The time evolution of the capillary surface u starting from a projected triple Gaussian
function (4.1), shown in green line. (Top) Capillary surface at equal time intervals are shown in
red line and the profile at final time T = 0.2 is shown in blue line. (Lower left) Zoom-in plot near
x = 0 showing u approaches zero at an early stage. (Lower right) Dynamic contact angle tracking
w.r.t. time.
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TABLE 1
Accuracy check: first order projection scheme in section 3.1.2 wversus numerically computed
ezact solution to (3.8) using time steps M = 1280 and spatial grid points N = 8 x M. Parameters:
T =02, k =20, Oy = %, bp = 1.3, time step At = %, M listed on the table, moving grid size
Az = w, N = 8M. Absolute errors en for b, u, and O¢r are computed by comparing with
exact solutions.

First order scheme
M Error of b [ Order [ Error of u [ Order [ Error of Oc1, [ Order

20 | 2.5961 x 103 1.2592 x 103 6.3988 x 103
40 | 1.3571 x 1073 | 0.936 | 6.3389 x 10=% | 0.990 | 3.0201 x 10—3 | 1.083
80 | 6.8157 x 10~* | 0.994 | 3.0961 x 10~ | 1.034 | 1.4511 x 103 | 1.057
160 | 3.2538 x 10~% | 1.067 | 1.4555 x 10~% | 1.089 | 6.7734 x 10— | 1.099
320 | 1.4151 x 10~* | 1.201 | 6.2874 x 10~5 | 1.211 | 2.8999 x 10~% | 1.224

The physical parameters in (3.8) for the first order scheme in section 3.1.2 are

us 1

(4.2) k=20, B=2, o= cos 7 = —3,

where 0y = % is the Young’s angle. Choose a final time 7" = 0.2. We numerically

compute an exact solution b(T') = 1.238369607448268, 0.1, (T) = 0.493880485215342

with uniform time steps At = M = 1280 and uniform N = 8 x M moving grid
points in [a(t), b(t)].

We show the accuracy check for the first order scheme in section 3.1.2 in Table

1. We use the same physical parameters and initial data in the first order schemes.

For several M, listed in the tables, we take the time step as At = ]\% and moving
grid size Az = w with N,, = 8 M,,. The absolute error e,, = |b™M» —b(T)| (resp.,

x
M

en = |0Mn — 6., (T)|) between numeric solutions and the numerically computed exact
contact point b(T') (resp., exact contact angle 6. (T)) are listed in the second column
(resp., sixth column) of Table 1. The maximal norm error e, = |[u™~ — u(-,T)]| ¢
between numeric solutions and the numerically computed exact capillary profile u
is listed in the fourth column of Table 1. The corresponding order of accuracy a =
mii/}% is listed in the last column of the tables. For M = 320, the time evolution
of the capillary surface is shown in Figure 2 (top) with red lines at equal time intervals.
A zoom-in plot showing the capillary surface for the small bump profile at z = 0
approaches zero at the early stage of the evolution. We also track the time history of
two contact angles up to the final time 7' = 0.2; see Figure 2 (bottom).

4.2. Computations. Now we use the projection scheme in section 3.1 to sim-
ulate two challenging examples including the splitting and merging of droplets on
different impermeable substrates.

4.2.1. Example 1: Splitting of one droplet on an inclined groove-textured
substrate. We take a typical groove-textured substrate

(4.3) w(x) = A(sin(kx) 4 cos(2kx))?, A =0.1, k = 2.5.
This is an impermeable obstacle where phase transitions happen when the droplet

touches the obstacle. Thus at the touching point, after one detects the phase transi-
tion, one droplet will split into two independent droplets with their own PVT (3.4).
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To demonstrate those phenomena, we take the physical parameters as k = 1, 5 = 0.1,
effective inclined angle 6y = 0.3, and initial droplet as

[w(b(0)) — w(a(0))](x — a(0))
b(0) — a(0)

(4.4) h(z,0) =0.1(x — a(0))(b(0) — z) + w(a(0)) +

with initial endpoints a(0) = —2.1, b(0) = 3.1 as shown in Figure 3 using a green
line. The corresponding effective Bond number can be calculated as in Remark 1
with effective inclined angle 6y = 0.3, Bo = 0.5712. We take final time as T" = 1
with time step At = 0.005 and use N = 200 moving grids uniformly in (a(t),b(t)) in
the projection scheme. With relative adhesion coefficient o = —0.52, in Figure 3, we
show the dynamics of the droplet on groove-textured surface w(z) in (4.3) at equal
time intervals using thin red lines. The splitting time detected is Ty, = 0.035 with
threshold € = 0.075 and the two generated droplets keep moving independently until
the final time T' = 1 with the final profiles shown in solid blue lines.

4.2.2. Example 2: Two droplets merged together in a Utah teapot. We
use a Utah teapot, which is well-known in computer graphics history, as a typical
inclined groove-textured substrate to demonstrate the merging of two droplets. The
Utah teapot can be constructed by several cubic Bézier curves [4] connecting following
10 points x;,y;, i = 1,...,10, as listed in Table 2. For the bottom of the teapot, we
use (z;,y;) for i =1,...,4 and (z;,y;) for i =4,...,7. For the mouth of the teapot,

1.5

—Rough surface
Initial drop
| —Final drop

height h

1 L L L L
-2 -1 0 1 2 3
position x

F1a. 3. Ewvolution and splitting of one droplet into two droplets on an inclined groove-textured
surface using the projection scheme in section 3.1. Parameters: k = 1, f = 0.1, number of moving
grids N = 200, time step At = 0.005, final time T = 1, splitting threshold € = 0.075, initial drop
profile (green line) h(z,t) in (4.4) with initial endpoints a(0) = —2.1,b(0) = 3.1, Bond number
Bo = 0.5712., relative adhesion coefficient o = —0.95, and the inclined substrate with effective angle
0o = 0.3 and (4.3). The evolution is shown using red lines at equal time intervals, and the final
profiles of two new droplets are shown in a blue line.

TABLE 2
Ten points used in Bézier curve fitting of geometry of a Utah teapot.

% 1 2 3 415 6 7 8 9 10
4 2 2 4

T; -2 -3 | —3 51 3 2 2.655 | 2.846 4

y; | 0.78 0 0 0| 0| 078 | 1.142 | 2.146 | 2.5
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we use (z;,y;) for i = 7,...,10. Assume the inclined groove-textured substrate is
expressed by a parametric curve (x(¢),y(¢)). Let £(z) be the inverse function of x(¢),
then w(z) = y(¢(z)) in (3.4).

Now we take the physical parameters as k = 20, § = 1 and the relative adhesion
coefficient as o = —0.78. Assume the initial Droplet 1 is

4 [w((0)) — w(a(0))(z — a(0))
b(0) — a(0)

(4.5) h(z,0) =4.5(x — a(0))(b(0) — z) + w(a(0))

with initial endpoints a(0) = 1.9,b(0) = 2.2, as shown in Figure 4 with a magenta
double-dotted line. Assume the initial Droplet 2 is

(4.6) h(2,0) = T.8(z — a(0))(b(0) — 2) + w(a(0)) + L) — w@(O)  a(0))

2 3 4 0 1 2 3 4

— Rough surface
------ Initial drop 1

------ Initial drop 2

—— Drop 1 when merge
25 |~ drop 2 when merge
—— Final drop

-3 -2 -1 0 1 2 3 4

F1c. 4. Ewvolution of two partially wetting droplets in the Utah teapot at equal time intervals
using the scheme in section 3.1. Parameters: number of moving grids in drop N = 1000, time step
At = 0.05, final time T = 12, k = 20, 8 = 1, relative adhesion coefficient o = —0.78, merging
threshold € = 0.01, Bond number Bo = 0.0832 for Droplet 1 and Bo = 0.7861 for Droplet 2, initial
Droplet 1 profile (magenta double-dotted line) given in (4.5) with a(0) = 1.9,b(0) = 2.2 and initial
Droplet 2 profile (green double-dotted line) given in (4.6) with a(0) = 2.4,b(0) = 2.9. (Upper left)
Droplet 1 with slow capillary rise. (Upper right) Droplet 2 moves down fast due to gravitational
effect. (Bottom) Dynamics of two droplets: merge together and then move down as a new big
droplet with final profile shown in solid blue lines.
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with initial endpoints a(0) = 2.4, b(0) = 2.9 as shown in Figure 4 with a green double-
dotted line. The corresponding effective Bond number can be calculated according to
Remark 1 with effective inclined angle 6y = 0.2267, Bo = 0.0832 for Droplet 1, and
Bo = 0.7861 for Droplet 2. In the numeric scheme, we use N = 1000 moving grids
uniformly in (a(t),b(t)) and the merging threshold ¢ = 0.01. We take the same final
time 7' = 12 with time step At = 0.05. Without merging, the dynamics at equal time
intervals of Droplet 1 and Droplet 2 are shown separately as comparisons in Figure
4 (top) with the final profile at T' = 12 using a solid magenta line for Droplet 1 and
a solid green line for Droplet 2. The small magenta Droplet 1 (top left) shows slow
capillary rise, while the large green Droplet 2 (top right) moves down fast due to
the gravitational effect. However, with the same parameters and same initial profiles
(double-dotted lines), the dynamics at equal time intervals for the two droplets placed
together in the Utah teapot are shown in Figure 4 (bottom). The two droplets will
merge together at T = 3 with the solid magenta/green lines for Droplet 1/Droplet
2 and then they continue to move down as a new big droplet as shown in thin blue
lines. The final profile of the new big droplet at 7' = 12 is shown in a solid blue
line.

Acknowledgment. The authors would like to thank Prof. Tom Witelski for
some helpful suggestions.

REFERENCES

[1] L. ALMEIDA, A. CHAMBOLLE, AND M. NOVAGA, Mean curvature flow with obstacles, Ann. Inst.
H. Poincaré Anal. Non Linéaire, 29 (2012), pp. 667-681, https://doi.org/10.1016/j.anihpc.
2012.03.002.

[2] F. ALMGREN, J. E. TAYLOR, AND L. WANG, Curvature-driven flows: A variational approach,
SIAM J. Control Optim., 31 (1993), pp. 387-438, https://doi.org/10.1137/0331020.

[3] J. W. BARRETT, H. GARCKE, AND R. NURNBERG, Parametric finite element approzimations of
curvature-driven interface evolutions, in Geometric Partial Differential Equations Handb.
Numer. Anal. 21, Elsevier, Amsterdam, 2020, pp. 275—423.

[4] W. Bonm, G. FARIN, AND J. KAHMANN, A survey of curve and surface methods in CAGD,
Comput. Aided Geom. Design, 1 (1984), pp. 1-60.

[5] H. BrEzZIS, Opérateurs mazimauz monotones: et semi-groupes de contractions dans les espaces
de hilbert, North-Holland, Amsterdam, 1973.

[6] L. A. CAFFARELLI, K.-A. LEE, AND A. MELLET, Homogenization and flame propagation in
periodic excitable media: The asymptotic speed of propagation, Comm. Pure Appl. Math.,
59 (2006), pp. 501-525.

[7] L. A. CAFFARELLI AND A. MELLET, Capillary drops: Contact angle hysteresis and sticking
drops, Calc. Var. Partial Differential Equations, 29 (2007), pp. 141-160, https://doi.org/
10.1007/s00526-006-0036-y.

[8] L. A. CAFFARELLI AND A. MELLET, Capillary drops on an inhomogeneous surface, in Perspec-
tives in Nonlinear Partial Differential Equations, Contemp. Math. 446, AMS, Providence,
RI, 2007, pp. 175-201, https://doi.org/10.1090/conm/446/08631.

[9] X. CHEN, X.-P. WANG, AND X. XU, Effective contact angle for rough boundary, Phys. D, 242
(2013), pp. 5464, https://doi.org/10.1016/j.physd.2012.08.018.

[10] A. J. CHORIN, On the convergence of discrete approzimations to the Navier—Stokes equations,
Math. Comp., 23 (1969), pp. 341-353.

[11] P. G. DE GENNES, Wetting: statics and dynamics, Rev. Modern Phys., 57 (1985), pp. 827863,
https://doi.org/10.1103/RevModPhys.57.827.

[12] P.-G. DE GENNES, F. BROCHARD-WYART, AND D. QUERE, Capillarity and Wetting Phenom-
ena: Drops, Bubbles, Pearls, Waves, Springer, New York, 2013.

[13] E. DussaN, On the ability of drops or bubbles to stick to non-horizontal surfaces of solids. Part
2. Small rops or bubbles having contact angles of arbitrary size, J. Fluid Mec., 151 (1985),
pp. 1-20.

[14] W. E AND X.-P. WANG, Numerical methods for the Landau—Lifshitz equation, SIAM J. Numer.
Anal., 38 (2001), pp. 1647-1665.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1016/j.anihpc.2012.03.002
https://doi.org/10.1016/j.anihpc.2012.03.002
https://doi.org/10.1137/0331020
https://doi.org/10.1007/s00526-006-0036-y
https://doi.org/10.1007/s00526-006-0036-y
https://doi.org/10.1090/conm/446/08631
https://doi.org/10.1016/j.physd.2012.08.018
https://doi.org/10.1103/RevModPhys.57.827

Downloaded 03/29/22 to 152.3.43.52 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

15]
[16]
(17]
(18]

[19]

[20]
(21]
22]

23]

24]

[25]

PROJECTION METHOD FOR CONTACT LINE DYNAMICS B337

S. ESEDOGLU AND F. OTTO, Threshold dynamics for networks with arbitrary surface tensions,
Comm. Pure Appl. Math., 68 (2015), pp. 808-864, https://doi.org/10.1002/cpa.21527.

S. ESEDOGLU, R. TsaAl, AND S. RuuTH, Threshold dynamics for high order geometric motions,
Interfaces Free Bound., 10 (2008), pp. 263—282, https://doi.org/10.4171/IFB/189.

W. M. FELDMAN AND 1. C. Kim, Dynamic stability of equilibrium capillary drops, Arch. Ration.
Mech. Anal., 211 (2014), pp. 819-878, https://doi.org/10.1007/s00205-013-0698-5.

W. M. FELDMAN AND I. C. KiM, Liquid drops on a rough surface, Comm. Pure Appl. Math.,
71 (2018), pp. 2429-2499, https://doi.org/10.1002/cpa.21793.

Y. Gao aND J.-G. Liu, Gradient flow formulation and second order numerical method for
motion by mean curvature and contact line dynamics on rough surface, Interfaces Free
Bound., 23 (2021), pp. 103-158.

Y. Gao AND J.-G. Liu, Surfactant-dependent contact line dynamics and droplet adhesion on
textured substrates: Derivations and computations, Phys. D, 428 (2021), 133067.

R. GLOWINSKI, J.-L. LioNs, AND R. TREMOLIERES, Numerical Analysis of Variational Inequal-
ities, Stud. Math. Appl. 8, North-Holland, Amsterdam, 1981.

H. GoLDSTEIN, C. POOLE, AND J. SAFKO, Classical Mechanics, 3rd ed., Addison-Wesley, Read-
ing, MA, 2002.

N. GRUNEWALD AND I. KiMmM, A wariational approach to a quasi-static droplet model,
Calc. Var. Partial Differential Equations, 41 (2011), pp. 1-19, https://doi.org/10.1007/
s00526-010-0351-1.

W. Jiang, W. Bao, C. V. THOMPSON, AND D. J. SrorLoviTz, Phase field approach for
simulating solid-state dewetting problems, Acta Materialia, 60 (2012), pp. 5578-5592,
https://doi.org/10.1016/j.actamat.2012.07.002.

T. KATOo AND K. MASUDA, Trotter’s product formula for nonlinear semigroups generated by
the subdifferentials of convex functionals, J. Math. Soc. Japan, 30 (1978), pp. 169-178,
https://doi.org/10.2969/jmsj/03010169.

I. Kim AND A. MELLET, Liquid drops sliding down an inclined plane, Trans. Amer. Math. Soc.,
366 (2014), pp. 6119-6150, https://doi.org/10.1090/S0002-9947-2014-06236-3.

D. KINDERLEHRER AND G. STAMPACCHIA, An Introduction to Variational Inequalities and Their
Applications, SIAM, Philadelphia, 2000, https://doi.org/10.1137/1.9780898719451.

W. P. KLINGENBERG, Riemannian Geometry, De Gruyter, Berlin, 2011, https://doi.org/doi:
10.1515/9783110905120.

Y. KOMURA, Nonlinear semi-groups in Hilbert space, J. Math. Soc. Japan, 19 (1967), pp. 493—
507.

S. LEUNG AND H. ZHAO, A grid based particle method for moving interface problems, J. Comput.
Phys., 228 (2009), pp. 2993-3024, https://doi.org/10.1016/j.jcp.2009.01.005.

Z. L1, M.-C. La1, G. HE, AND H. ZHAO, An augmented method for free boundary problems with
moving contact lines, Comput. & Fluids, 39 (2010), pp. 1033-1040.

S. LUCKHAUS AND T. STURZENHECKER, Implicit time discretization for the mean curvature flow
equation, Calc. Var. Partial Differential Equations, 3 (1995), pp. 253-271.

G. MERCIER AND M. NOVAGA, Mean curvature flow with obstacles: Existence, uniqueness and
regularity of solutions, Interfaces Free Bound., 17 (2015), pp. 399-427.

L. W. MORLAND, A fized domain method for diffusion with a moving boundary, J. Engrg.
Math., 16 (1982), pp. 259-269, https://doi.org/10.1007/BF00042720.

L. Mucnal, C. SEis, AND E. SPADARO, Global solutions to the wvolume-preserving mean-
curvature flow, Calc. Var. Partial Differential Equations, 55 (2016).

T. Qian, X.-P. WaNG, AND P. SHENG, A wariational approach to moving contact line
hydrodynamics, J. Fluid Mech., 564 (2006), pp. 333-360, https://doi.org/10.1017/
S0022112006001935.

W. REN AND W. E, Boundary conditions for the moving contact line problem, Phys. Fluids,
19 (2007), 022101.

E. SCHAFFER AND P.-z. WONG, Dynamics of contact line pinning in capillary rise and fall,
Phys. Rev. Lett., 80 (1998), 3069.

R. ScuoLz, Numerical solution of the obstacle problem by the penalty method, Computing, 32
(1984), pp. 297-306, https://doi.org/10.1007/BF02243774.

R. TEMAM, Quelques méthodes de décomposition en analyse numérique, Actes Congrés Intern.
Math. (1970), pp. 311-319.

G. TrAN, H. SCHAEFFER, W. M. FELDMAN, AND S. J. OSHER, An L' penalty method for
general obstacle problems, SIAM J. Appl. Math., 75 (2015), pp. 1424-1444, https://doi.
org/10.1137/140963303.

D. Wang, X.-P. WanG, AND X. XU, An improved threshold dynamics method for wetting
dynamics, J. Comput. Phys., 392 (2019), pp. 291-310, https://doi.org/10.1016/j.jcp.2019.
04.037.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1002/cpa.21527
https://doi.org/10.4171/IFB/189
https://doi.org/10.1007/s00205-013-0698-5
https://doi.org/10.1002/cpa.21793
https://doi.org/10.1007/s00526-010-0351-1
https://doi.org/10.1007/s00526-010-0351-1
https://doi.org/10.1016/j.actamat.2012.07.002
https://doi.org/10.2969/jmsj/03010169
https://doi.org/10.1090/S0002-9947-2014-06236-3
https://doi.org/10.1137/1.9780898719451
https://doi.org/doi:10.1515/9783110905120
https://doi.org/doi:10.1515/9783110905120
https://doi.org/10.1016/j.jcp.2009.01.005
https://doi.org/10.1007/BF00042720
https://doi.org/10.1017/S0022112006001935
https://doi.org/10.1017/S0022112006001935
https://doi.org/10.1007/BF02243774
https://doi.org/10.1137/140963303
https://doi.org/10.1137/140963303
https://doi.org/10.1016/j.jcp.2019.04.037
https://doi.org/10.1016/j.jcp.2019.04.037

Downloaded 03/29/22 to 152.3.43.52 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

B338 YUAN GAO AND JIAN-GUO LIU

[43] Y. WaNG, W. JiaNG, W. Bao, AND D. J. SROLOVITZ, Sharp interface model for solid-state
dewetting problems with weakly anisotropic surface energies, Phys. Rev. B, 91 (2015),
045303, https://doi.org/10.1103/PhysRevB.91.045303.

[44] S. Xu AND W. REN, Reinitialization of the level-set function in 3D simulation of moving
contact lines, Commun. Comput. Phys., 20 (2016), pp. 1163-1182.

[45] X. Xu, D. WaNG, AND X.-P. WANG, An efficient threshold dynamics method for wetting on
rough surfaces, J. Comput. Phys., 330 (2017), pp. 510-528.

[46] T. YOuNg, III. An essay on the cohesion of fluids, Philos. Trans. Roy. Soc. London, (1805),
pp. 65-87.

[47] H.-K. Zuao, T. CHAN, B. MERRIMAN, AND S. OSHER, A variational level set approach to
multiphase motion, J. Comput. Phys. 127 (1996), pp. 179-195, https://doi.org/10.1006/
jcph.1996.0167.

[48] D. Zosso, B. OsTING, M. Xia, AND S. J. OSHER, An efficient primal-dual method for
the obstacle problem, J. Sci. Comput., 73 (2017), pp. 416-437, https://doi.org/10.1007/
510915-017-0420-0.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1103/PhysRevB.91.045303
https://doi.org/10.1006/jcph.1996.0167
https://doi.org/10.1006/jcph.1996.0167
https://doi.org/10.1007/s10915-017-0420-0
https://doi.org/10.1007/s10915-017-0420-0

	Introduction
	Parabolic variational inequalities of droplet dynamics derived by Onsager's principle with an obstacle
	Configuration states, free energy, and kinematic description for velocities
	Configuration state, geometric quantities, and kinematic description for velocities of a droplet
	Free energy for the droplet and Young's angle

	Configuration space as a manifold and the kinematic description for the rate of change of free energy
	Configuration space for the obstacle problem: A manifold with a boundary
	 Obstacle constraint in the tangent plane: A convex closedsubset
	First variation of the free energy

	 Onsager's principle and PVIs for an obstacle problem
	Friction damping for the motion of the droplet and the Rayleigh dissipation function
	Euler–Lagrange equations derived by Onsager's principle
	Equivalent PVIs derived by Onsager's principle w.r.t. virtual displacement
	Strong form of PVI


	Numerical schemes, stability, and convergence analysis
	Numerical schemes based on explicit boundary moving and the projection method
	PVI for 2D droplet placed on a groove-textured and inclined surface
	First order numerical scheme: Explicit boundary updating with the projection method

	Unconditional stability of the projection method for the moving contact line and the motion by mean curvature
	A projection method for the moving contact line and the motion by mean curvature
	Unconditional stability for the projection method

	Convergence analysis of the projection method with pinning contact lines
	Pinning contact line and the associated PVI
	The sum of two maximal monotone operators and the nonlinear semigroup solution
	Projection method and resolvent representation
	Convergence theorem


	Computations for merging and splitting of droplets
	Accuracy check with a projected triple Gaussian profile
	Computations
	Example 1: Splitting of one droplet on an inclined groove-textured substrate
	Example 2: Two droplets merged together in a Utah teapot


	References

