Simulation of The Motion of A Droplet on A Plane
by The Discrete Morse Flow Method
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Abstract. This research concerns the simulation of the motion of a droplet on a plane. We study
the film which represents the surface of the droplet [5]. The evolution of the film is described by the
hyperbolic equation with the volume preservation, which means that the volume between the film and
the surface where the droplet rests does not change in time. Moreover free boundary appears as a
moving boundary of the drop. The hyperbolic free boundary problem under the volume preservation
condition is solved by the discrete Morse flow method (DMF').
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1 Introduction

The model of the motion of a droplet on a plane consists of two related parts: the film of the
droplet and fluid inside the film. In this work, we only study the film which represents the surface
of the droplet. The crucial features of the drop are the volume preservation, free boundary and
positive contact angle.

The shape of the surface of the drop can be represented by the graph of a scalar function

w:Qx(0,T)— (0,00),
where  is a domain in R?, T is the positive real number and (0,7) is the time interval.

u

Figure 1: Droplet on a plane.

The contact angle is assumed to be small and depend on the surface tensions described by
Young’s equation
YsG — VsL = VLG cos .

where s is the solid surface tension,yrs is the liquid surface tension,ysy is the solid/liquid
interfacial surface tension.
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Furthermore, the volume preservation of the film is assumtion

/ udr =V,
Q
where V is the positive constant.
This problem is solved by the discrete Morse flow method.

2 Derivation of the film equation

In this section, we derive the film equation by calculating the first variation of the action function
of this phenomena. In order to define the action function, we have to consider the kinetic energy
and the potential energy of this problem. For the portential energy, we consider the surface energy
of the droplet which can be written as

E= / VgV 1+ ‘Vu|2Xu>de +/ ’75Xu>0dx7 (1>
Q Q

where v, = vr.G, Vs = YSL — VsGs Xu>0 the characteristic function.

By the assumtion of 6, |Vu| remains small. So the following Taylor approximation is available

1
V1+ |Vul? ~1+§|Vu|2. (2)

Then by the approximation 2, the equation 1 can be approximated as
B= [ 2VuPdo+ [ Brsods 3
o 2 Q

where R? = 4 +7,.
The kenetic energy of the film given by

g
| Gutusads ()
Q

where o is the area density of the surface.
Hence, the Lagrangian of this problem can be expressed as

g
L) = [ (Gutruso - FIVul ~ Fx.(u))ds, (5)

where x. is the smoothing function of the characteristic function given by

1, U > €,
Xew) =19, <o

and |x/(u)] < C/e for u € (0,¢). In order to avoid the existence of the delta function, we use x.
instead of xys0 [7].
The action function within time interval (0,7") can be written as
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We have to seek a stationary point of the action function 6 in the following set
K = {u€ H'Qx 0.T))sulon =0, | uxusodz = V).
Q

By assuming the existence of a stationary point, the first variation of the action function is

d
—J(Ue)|e=0 = 0,
L )z

with using the following test function and its volume are

e CR((0,T) x AN {u>0}), &= / o(t, 2)dz.
Q
and denoting
Ut Ep
ue =V

We arrive at the following equation

T
0 = / / (Xus0outpr — YgVuVe — R*\.(u)p)dzdt (7)
0o Jo
Lt 2 2,
+ v (—our(u®)exu>0 + Yo Vu|*® + R ux, (u)®)dxdt.
0o Ja

Let us consider the last term on the right hand side of the equation 7, we integrate this by
parts respect to time, we attain to

1 T
V/ /Q(—Uut(uq’)tXwo + 74| Vu*® + R*ux(u)®)dzdt
0
1 (T
= V/ /(GuuttXu>0 + 79| Vul* + R?ux.(u))®dxdt
0 Jao
By denoting the Lagrange multiplier of this problem as

1
A= v / (CutyXus0 + Vg |Vul* + R2ux.(u))dz.
Q

We get the following relation

T
/ / (=Xu>00urpr + 7, VuVe + RQXg(u)go — Ap)dadt = 0. (8)
o Jo

The governing equation of the film is the strong from of above relation which can be expressed
as

Xu>00Uty = YgAu — RzX/E(U) + A, 9)

For our problem, we consider the film equation with damping term, pu;(t,z), which is the
resistance force acting against the vertical motion of the film. It can be represented by the speed
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of the film with constant p in [5]. By defining v = 1 + 75 and choosing o = 1,7, = 1. We only
consider the positive solution of the following equation Wlth the initial and boundary conditions

X0t (8 @) = —pug (8, ) + Au(t, 2) = yx(u) + xus0A(t) i (0,T) x Q,
u(t,z) =0 on (0,T) x 00

u(0,2) = up(x) in £,

ut(0,z) = vo(z) in 9,

(10)

where ug(z) and v () are the initial shape and the initial velocity, respectively, and the Lagrange
multiplier is

1
= /Q(uutt + pugu + |Vul® + yuxl(v))dz.

3 Discrete Morse flow method

The discrete Morse flow is the variational method used to solved the problem that dependent on
time. The method was first presented to solve parabolic problem by N.Kikuchi in [6] and further
applied to hyperbolic problem later in [2] and others. Moreover, it was also applied to solve the
numerical solution of the free boundary problem in [1],[3] and the volume-preserving problem in
4),[5).

We fix a non negative integer N > 0, set the time step h = T/N. We seek a sequence {u,} by
minimize the following functional for our problem see [5]

[u — 2up_1 + Up_o|? |u — wp— 1\2 [Vul|?
hiw = [ =Rty ot =D e, )

on the set
K,={ue H&;/ Uxu>odr =V}
Q

where the sequence {u, } determine by wug is the initial shape, u; = ug + hvg and for n = 2,3,4, ...
u, are the minimizer of the functional 11 on the set K.

4 Algorithm

We can find the sequence of minimizer, {u, }, of our functional 11 by the following algorithm
1. Given the initial shape, uy and initial velocity, vy, put u1 = ug + hvg.
2. Forn=1,2,--- /N , we can seek u, 1 as follows:

(a) p' = up, k=1
(b) Repeat the following,.

e search for the minimizer pF+! of J,,
o pFH = max(p"*,0),

k+1

e project p on the volume constraint hyperplane v¥*+1 := Proj(o++1),

e if the convergence criterion is fulfilled, leave the loop, else k = k + 1.

(C) Unp+1 = pk+1
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Figure 2: t =0 Figure 3: t =1
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Figure 4: t = 4 Figure 5: £ = 20

5 Numerical approach

In this section, we use the spherical cap represented the shape of the drop for the initial shape and
given the velocity of the drop into the suitable direction. By using the discrete Morse method for
our problem where the radius of the drop is 0.85, the contact angle is 15°, € is 0.01294 and the
time step is 7.5 x 1072 . The results is presented on above.
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