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Abstract

This paper considers the motion of a liquid droplet on a solid surface. When capillary relaxation is much faster than
the motion of the contact line, the fluid geometry and its dynamical evolution can be characterized in terms of the con-
tact line alone. This problem can be cast in terms of boundary integral equations involving a Dirichlet-Neumann map
coupled to a volume conservation constraint. A computational method for this formulation is described which has two
principal advantages over approaches which track the entire free surface: (1) only the curve which describes the contact
line is computed and (2) the resulting method exhibits only mild numerical stiffness, obviating the need for implicit time-
stepping. Effects of both capillary and body forces are considered. Computational examples include surface inhomoge-
neities, topological transitions and cusp formation.
© 2005 Elsevier Inc. All rights reserved.

1. Introduction

Many practical applications involve the motion of a fluid over a solid surface. A large body of theory has
emerged about the microscopic mechanisms which regulate the motion of the contact line
[4,9,11,18,23,29,30,35,42], whereas less effort has been concentrated toward understanding the overall
dynamics of wetting flows.

A typical approach to modeling wetting dynamics is the use of lubrication-type equations (e.g. [9,29]).
While these models can incorporate numerous physical phenomenon, they suffer from several computa-
tional drawbacks. Capillary-driven motions necessarily lead to fourth order parabolic equations, which typ-
ically require expensive implicit algorithms. In addition, these equations are degenerate, and therefore
require special treatment [17,43] to obtain sensible non-negative solutions (furthermore, the physical signif-
icance of these solutions is unclear because uniqueness has not been established). An alternative approach is
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the use of disjoining pressure models [28,33,34], which can be well-posed but introduce a small horizontal
length scale. As with diffuse interface methods [12], it is necessary to resolve this small scale numerically,
leading to large grids or requiring adaptive mesh procedures.

A widely utilized class of macroscopic wetting models are laws which relate the speed of the contact line
to other local properties of the fluid, in particular the “apparent” contact angle 6, the macroscopic angle
which the fluid makes with the solid surface. For example, one of the most frequently cited empirical laws
was introduced by Tanner [39],

Ve 0, (1)

although many other formulas are available [4,7,10,41]. Laws like (1) may arise as leading-order approxi-
mations of the underlying dynamical equations [3,7,8,14,20,41], and have also been derived on the basis of
alternative physical theories [4]. The method proposed here only assumes that such a relationship exists.

There are many circumstances where contact line motion is in some sense slow compared with the
dynamics in the fluid’s interior: droplet spreading [13]; flows on moderately inclined surfaces [2]; contact
line motion restricted by pinning effects; motion initiated by slow external variation of wetting properties
(e.g., electrowetting [40]). In this instance, the pressure is essentially constant, and the fluid’s geometry can
therefore be described as a ““capillary’ surface, a minimizer of surface and bulk energies subject to the con-
straint of a fixed contact line. This approximation, known as the quasisteady limit, was utilized first by
Greenspan [16], and has appeared elsewhere [2,13,14,27,32,36]. Similar to what is presented here, Hocking
and Miksis [19] used a boundary integral computation to study a ridge of fluid in the quasisteady limit.

Because the fluid geometry is entirely characterized by the contact line, the dynamic contact angle is a
function of this curve alone. Together with the linearity of the minimization problem, this allows the
evolution to be computed using integral equations along the curve (e.g. [1,22]). In contrast to PDE formu-
lations, the computation only involves discretizing a curve instead of a two-dimensional domain. Further-
more, it will be shown that the resulting computational algorithm does not exhibit the stiffness problems
intrinsic to high-order parabolic equations.

2. Problem formulation

If the motion of the contact line is in some sense slow compared to the rate at which capillary forces act,
the fluid may be thought to be always in mechanical equilibrium. In the absence of body forces, the free-
surface shape is therefore a minimizer of the liquid—vapor surface energy, subject to the constraint of a fixed
contact line. A more precise discussion about the applicability of this quasi-steady assumption is presented
in Appendix A.

In this paper, the fluid’s free surface is assumed to be a graph /(x,y). The function / has support €2,
whose boundary is the contact line I'. In the small angle limit [6], the linearized contribution of surface en-
ergy is given by

y/g 1 + |Vh|dx, (2)

where v is the liquid—vapor surface energy, which is presumed constant here. The minimizer of this expres-
sion, subject to the constraint of constant volume, is the quasi-steady droplet shape. Finding the minimizer
amounts to solving the Euler-Lagrange problem

Ah=1, h|=0, /hdx:MEvolume7 (3)

where /4 is a Lagrange multiplier, which is essentially just the negative hydrostatic pressure.
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The “apparent” contact angle 0 is defined on the boundary of Q (again in the small angle limit) as

0=— g—z, n = outward normal of I 4)

The motion of I' is then specified by prescribing the normal velocity, denoted V,, as a function of this
angle,

V= f(0;0e,x) = f(—0h/0m; O, x). (5)

The function f'can be any constitutive law relating the contact line velocity to the apparent contact angle
0 and the equilibrium contact angle .. Generally speaking, f is positive when 6 > 0, and is an increasing
function of 0. The spatial dependence of f may arise as a consequence of substrate inhomogeneities or other
physical influences (see Section 3).

2.1. Integral equations

The Lagrange multiplier can be eliminated by the substitution,

h
=c—— 6
YT A (6)
so that w satisfies the boundary value problem,
xl?
AW:O, W|F:—T. (7)

The normal derivative of w can be related to its boundary values by standard Green’s function tech-
niques. Letting

1
G(x,%g) = o In |x — x| (8)
be the free-space Green’s function for the Laplacian, one has the boundary integral equation,
0G(x,Xo) ow(x) ~ w(xo)
/FW(X)T— G(x,Xp) n ds(x) = 7 XE€ r. 9)

With the aid of the divergence theorem, the volume conservation constraint can be written,

_ x|’
M_/QhA<4 dx

|X‘2 / 1 |1{|2 Oh (10)
= Ah—— =+ — -n———
/ h dx . hx-n ds

LX) /|x|26h
= [ Zldx— [ B "ds.
A/Q 47 s m

Using (6), the identity V - (|x|* x) = 4|x|> and the divergence theorem, this constraint takes the form of the
boundary integral,

M—i/&—ﬁ v ln)d (11)
7). 716 4 \an 2 5

This allows 1 to be computed from ow/0On only using information on the curve I'.
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2.2. Spatial discretization and approximation of integrals

The curve I' is parameterized by arclength s, and is subdivided into n evenly spaced points x(s;),
i=0,...,n—1, where s; = iL/n and L is the total length of the curve. The second term of the integrand

in (9) has a logarithmic singularity which must be dealt with carefully. This term can be split into singular
and analytic parts as

G(x(s), X(50))f (x(s)) = f (x(5)) (4i In [4sin’ (*22) | + K1, >) (12)
where f(x(s)) has been identified with the normal derivative of w and

m@mg:%{mu@_xw)_%mpgﬁ@%ﬁﬂ}. (13)

The integral of the logarithmic part is approximated using the spectrally accurate quadrature formula
[25],

n—1

/0 st n [asin? (5 s = & > il (5(5), (14)

where the weights are

4" mjm (=1)
== — CcOs—— — ,
4 n ; m n/2 (n/2)2

j=0,....n—1. (15)

We note that the kernel 0G(x,X()/0n is continuous along the curve I'; in particular we have [15],

(x(s)=x(s0))m
oG 3 ;S 7 S0,
(X(z)aXO(S)) = Ka(s, 50) = 21 x(s)—x(s0) ]2 0 (16)
n = K(s0), s = S0,

where k(sg) is the curvature of I at so. The trapezoid rule is used to evaluate the integrals involving K;,K, as
well as the integral in Eq. (11), giving spectral accuracy [37].

The result of all of this is that (9) is approximated by a dense, symmetric linear system in the unknowns
/f;=0w/on(s;) of the form,

n—

[% + Kl(sj7si):|ﬁ == W(XQ(Si)) + EKZ(%&)W(X(S/))- (17)

1
J=0 J=0

For the examples given below, this system is not large, and is solved efficiently using standard Cholesky
factorization.

2.3. Time evolution

Once Ow/0n is known, Eq. (11) is used to find A. The contact angle is determined using (6), giving

ow 1
0=— <an+2x'n)a (18)

from which the contact line velocity can be evaluated according to (5).
In contrast to other formulations of capillary driven fluid motions (e.g. [21]), this moving interface
problem does not suffer from severe numerical stiffness. In Appendix B we show that a wavenumber &
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perturbation to a circular interface has a decay rate ¢ ~ —k. This suggests that only a mild, CFL-type
restriction on the timestep is necessary to achieve stability, and is verified by the numerical experiments
we present below.

In addition to the normal interface velocity, an artificial tangential velocity V; is constructed to maintain
the equal arclength representation. Appendix C details how this velocity is computed. The gridpoints are
updated according to the explicit scheme

X(t + Af) = x(t) + A(V,n + V). (19)

The tangent and normal vectors t,n are found by spectral differentiation of x(s):

= (2), 0= ()" )

The time step Ar is adapted to satisfy a constraint of the form
CrAs < Atmax |V,| < CiAs, (21)
where the tolerances satisfy C, < C; <« 1.

3. Computational results

The purpose of this section is to demonstrate qualitative phenomenon using the boundary integral
method. We focus on several situations of interest: droplet spreading on homogeneous and heterogenous
surfaces, topological transitions, and motion driven by heterogenous wetting. Gravitational effects will
be considered in Section 4.

3.1. Spreading and relaxation dynamics

In the simplest case of a perfectly homogeneous substrate, many, but not all initial configurations will
eventually obtain a circular shape. In the perfect-wetting case (0, = 0), this solution will continue to spread
forever, whereas in the partial wetting case (0, > 0), a circular equilibrium will be reached. The other pos-
sible equilibria are multiple circular drops; these may result from droplet splitting, which we discuss in
Section 3.3.

In the partially wetting case, a commonly used expression that relates the contact angle and speed is
[7,41]

Va=0 =0, (22)

where 0, is the equilibrium contact angle. Setting 0, = 0 reduces this to expression (1), corresponding to a
perfectly wetting surface.

The computation in Fig. 1 shows a typical evolution of a drop into a convex, nearly circular drop. This
drop continues to spread until the equilibrium radius

o= (207 23)

10,

is reached. Alternatively, growth of the circular interface on a perfectly wetting substrate will eventually
follow the power law for the radius r ~ ¢/1° [3].
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Fig. 1. Spreading of a non-convex fluid droplet (0. = 1, M = 4). The contact line first approaches a circular shape, then spreads until
equilibrium (the outer-most curve) is reached.

3.2. Flow around nonwetting defects

Everyday experience suggests that fluid contact lines frequently get stuck or “pinned” as a result of
spatially localized surface defects. Such a defect can be modeled as a region R where contact line motion
is prohibited. In a perfect wetting situation, a law incorporating this effect can be written

Vy=[1— 70, (24)

where yr is the characteristic function of the set R.

Fig. 2 shows the evolution of the spreading fluid around a circular defect, with the same initial data as in
section 3.1. Once the defect in encountered, spreading proceeds in a non-uniform fashion. Eventually the
fluid will pass around the defect entirely, and the contact line will self-intersect. The numerical method
makes no allowance for this to happen, although a scheme to reconnect the interface (see, e.g. [24]) could
in principle be implemented to account for this.

3.3. Droplet splitting

Even without defects present, it is not clear that an irregular drop will always obtain a circular shape.
Here we demonstrate that an initially connected region can develop a self-intersection. This initial config-
uration is a “dumbell” shape, just two circular drops connected by a thin neck (see Fig. 3). It should be
pointed out that the symmetry here is somewhat important: if the circular regions on either side of the neck
were substantially different sizes (i.e., different radii of curvature), they would have different pressures and
the quasi-steady assumption leading to the original model would be violated.

The interfacial law assumed partial wetting: [10,13],

Ve=0(0>—-06), 0.=0.7. (25)

Other formulas describing partial wetting (e.g. (22)) appeared to give similar results.
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Fig. 2. Left: drop spreading around a non-wetting defect (512 gridpoints). Right: contact line motion near the defect.

Fig. 3 show the evolution of the drop. As the neck narrows, fluid is sucked into the circular regions. It
eventually pinches at two different points along its length, generating self-intersections of I" as in the pre-
vious example. One can speculate that the outcome is three drops: the two original ones and a “‘satellite”
drop in the middle.

3.4. Heterogenous surface energies and droplet migration

Surface energies can vary spatially because of compositional differences, or because of imposed external
fields. Drops will preferentially move to lower their solid-liquid and solid-vapor energies, which equiva-
lently means that they will prefer to be on a more wettable surface with lower equilibrium contact angle.
This is the dynamical mechanism which allows control of fluids by “‘electrowetting” phenomenon [40],
for example.

This effect is incorporated here simply by adding a spatial dependence to the contact line law (22) of the
form 6, = 0.(x). In the example shown in Fig. 4, a drop is initially placed mostly on a surface with high
contact angle, with some of the drop on a more wettable (low contact angle) surface. The drop attempts
to reduce the area of its support on the high-contact angle surface by migrating to a lower energy surface.
Eventually the entire drop lies on the surface of higher wettability.

4. Gravitational effects

The effects of gravity can be included in a straightforward manner in the quasi-steady model. The total
energy is the sum of surface energy (2) and gravitational potential,

/Q"/(l +|Vhf) +gp<h32+0(X)h>an (26)

where g is the gravitational acceleration and p is the fluid density. Topographical effects are specified by
o(x), which designates the height of the underlying substrate. A non-dimensional description can be found
by rescaling all lengths by the capillary length /y/gp. The corresponding Euler-Lagrange problem is
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Fig. 3. Evolution of a thin neck of fluid (512 gridpoints). Two drops (a) are connected by a thin neck of fluid, pinching occurs close to
each circular region (b), leading to splitting of the drop (c).

Ah—h=]+a(x), h|l,=0, /hdx:M. (27)
In order to eliminate the inhomogeneous term, let @(x) be any function that satisfies

AP — @ = g(x). (28)
The substitution w =/ — @ + 1 gives the homogeneous problem,

Aw—w=0, w,=—-D+. (29)

Let wg,w; solve the two independent boundary value problems:
AW() — Wy = 0, W0|1~ = —457 (30)
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Fig. 4. Migration of a droplet from a surface of low wettability (white, 0, = 1.5) to a surface of high wettability (grey, 0. = 0.5).

AWI—W1=0, W1|F:1' (31)

so that w = wg + Aw;. The relationship between the mass constraint and the Lagrange multiplier can now be
stated in terms of Owy ;/On. For convenience, let q be some vector field whose divergence is @. Using 30,31,
the definition of w and the divergence theorem,

M:/Wo—l-d;-i-l(wl — 1)dX
o
_ / Awo + @ + iA(wr — x| /4)dx (32)
o
1
:/ [Vwo +q+ A(Vw _EX) -nds.
r

Therefore A is found as

_M—fF(Vw0+q) -nds

A
Jr(Vwy +1x) - nds

4.1. Integral equations

To solve for the normal boundary derivatives corresponding to equations (30) or (31), one has the
boundary integral equation
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Fig. 5. Evolution of a drop (from left to right) on an inclined surface (slope = 0.6) showing the formation of a cusp. The right-most
droplet’s contact line exhibits unphysical self-intersection.

/FW(X) W — G(x,x0) avgilx) ds = W(;O) . (34)

The Green’s function in this case is G = (1/2m)Ky(|x — Xo|), where K is the modified Bessel function of the
second kind. The kernel Ky(r) has a logarithmic singularity akin to (8), and is treated using the same quad-
rature formulas as discussed in Section 2.2. The other numerical details are also similar.

4.2. Flow on an inclined plane: cusp formation

Recent experimental [31] and theoretical [2,38] studies have demonstrated that a droplet subjected to
gravitational forces may develop a contact line with a cusp at the fastest receding point. As an example,
consider a drop sliding on an inclined plane with slope o, described by the substrate height function
a(x,y) = —ax. The corresponding auxiliary functions @, q are

1
O=ox, q= zooczi. (35)

For a contact line law, we use (22) with equilibrium contact angle ., = 1. The initial circular drop (radius
1, M = 0.5) both spreads and slides to the right. Fig. 5 shows the progression of the circular drop to one
which is has a cusp of finite angle on the trailing edge. It should be noted that past the point at which
the cusp forms, the numerical contact line self-intersects.

5. Conclusions

A versatile procedure for computing dynamical fluid wetting phenomenon has been presented. While the
quasi-steady model employed is only approximate, the gain in computational efficiency makes this method
attractive in contrast to two-dimensional PDE computations. The main drawback is the necessity of solving
dense, linear systems. For large problems (>1000 unknowns) this can be accomplished efficiently, however,
using a combination of iterative and fast-multipole methods [15].

The computational results here suggest a number of challenging problems reserved for future work. In-
cluded among them are the specific roles played by surface inhomogeneities, the formation of non-smooth
irregularities such as cusps, and incorporating non-steady corrections into the present approximation. One
could also consider the dynamics of dewetting films by solving an exterior Laplacian problem, as done in
[26].
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Appendix A. Justification of the quasi-steady limit

We can formally derive a condition for when the quasi-steady assumption is valid by dimensional anal-
ysis. In the interior of the fluid droplet, capillary relaxation will proceed according to the lubrication equa-
tion (e.g. [9])

h, = y/3uV - (KN Ah),
where p is the viscosity. Let W,H be the typical scales for width and height of a droplet. Nondimensionalize
by rescaling

x=W; h=HNW;, t=r1t. (36)
The natural timescale for capillary relaxation 7. can be defined in a way so that the resulting non-dimen-
sionalized equation is free of parameters by setting
4
Te = %7/3/‘7
leading to
Hy, =V - (HVAH).

If 1 is the typical contact line velocity, the timescale for contact line movement is, with respect to the
same rescaling

T = VVVI . (37)
For capillary relaxation to dominate, one needs 7.<t; which is the same as
VZ 3 H .
WT# Lo, o= 7= aspect ratio.

The quantity on the left is the capillary number Ca. Under certain circumstances [13] one can show that
Ca is moderately small independent of the geometry, in the sense that is scales with a microscopic param-
eter e as Ca ~ O(1/Ine™!).

Appendix B. Linear analysis of a circular interface

We suppose here that the contact line law f{0) which admits an equilibrium f{0.) = 0. An equilibrium
drop of radius rq in polar coordinates (r,¢)) has the shape described by

1
(o §) =40~ (r/r0)). 4 =3n.
Suppose that the contact line’s position is given by the graph r = 5(¢,?), and is subject to the perturbation
n=ro+ee”coskp, k=17273,...

Expanding the droplet shape as & = Ay + ek + - - - and the Lagrange multiplier in (3) in a similar way, the
leading order perturbation /; satisfies

Al’ll = ;Ll, /hldA = 0, hl(ro,¢) = Hee‘” COSk(f).
Q
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The solution to this constrained boundary value problem is
hy = 0.(r/ro) e coskg.
Expanding the normal derivative in powers of e,

2 0) = 0 (200, + 12 e sk ) + 1)
= —0. + €[(k — 1)0./ro]e” coskep + O(¢%).
At order ¢, the normal velocity is then
ae” coskp = f(—0h/on) = —[(k — 1)f"(0c)0:/ro)e” cos ke,
so that
o= —(k—1)f(0.)0./ro.

The neutrally growing mode k& = 1 is just a translation of the drop; the other modes decay at the mod-
erate rate g ~ —k.

Appendix C. Computation of the tangential velocity

Let x; be the ith gridpoint, and identify x,, with xo. The curve I is evolved according to (19) using the
normal ¥, and tangential ¥ velocity components. Given V,, we need to find the tangential velocity
V;= V,(x;) which maintains the constraint of equal spacing

X1 (1 + A1) —x,(t + AP =C, 1<i<n,

where C is an unknown constant. Letting z = x(¢) + AtV,n and using (19), this amounts to solving the
weakly nonlinear problem,

2(zi1 —z;) - (Visation — Vity) = =24 — Zi‘z — Vit — Viti|2 +C, 1<i<n,

where t; is the tangent vector at x;. Subtracting the ith and (i — 1)th equations eliminates C and gives

(Zip1 — ) -t Vg + (2 —2iy) -t Viey — (2 — i) - V5

1
= —§[|Zi+1 - Z,—|2 - |z,- - Zi—l|2 + |Vi+lti+l - Viti|2 - |Viti - Vi—lti—l|2]» I <i<n

The left hand side is linear in ¥V, and the whole system can be solved efficiently by iteration.
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