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Abstract

In this paper, we use two aumerical methods to model a grain
boundary evolution for motion by;mean‘eurvature. In the first part,
we present a finite difference method to track a network of curves
whose motion is determined by curvature: To study the effect of
inhomogeneous surface tensiononthe evolution of the network of
curves, we include surfactantwhich ean diffuse along the curves.
Our numerical method is based on a direct discretization of the
governing equations which conserves the total surfactant mass in
the curve network. In the second part, we present a multiple level
set method to track the grain topological change. The motion of
grain boundary is considered by mean curvature. In this part, there
is no surfactant on each grain boundary. The governing equations
consist of a level set equation for the grain boundary motion and
reinitialization equation for reconstructing signed distance function.
Thus, one important step is coupling of multiple level set functions.
Numerical examples shows the topological change evolution of the
grain structure.
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1 Introduction

In this paper, we generalize the grain growth problem discussed in [1] by including
the effect of an inhomogeneous surface tension. For practical problems, it is difficult
to maintain constant surface tension as insoluble surface active agents (surfactant) are
common and their presence could significantly affect the value of the surface tension,
therefore the dynamics of interface motion [6]. To account for the effect of the surface
tension on the interfacial dynamics of a complex network of interfaces, we consider
a network of curves in two dimensional setting and assume that there is surfactant
distributed along the curve and the surface tension varies according to the surfactant
concentration.

In recent years the processes of grain boundary evolution and grain growth have
been studied extensively through computer simulations. Direct computer simulations
of the grain structure and topological changes can be further classified into proba-
bilistic and deterministic approaches. Probabilistic models include the Potts model
[7],[8] and kinetic lattice Monte Carlo methods [9]. In deterministic models a precise
description of the motion of the grain boundaries is needed. It is assumed that the
grain boundary evolution velocity is proportional to the driving force. Front-tracking
method [1],[10] use this assumption, (JIn/front-tracking method, the grain boundaries
are discretized and tracked expli€itly by piecewise curved segments. However, level
set method use an implicit representation of the geometry.

The level set method was first proposed in 1980 [5] for front propagation with cur-
vature dependent speed. Sincesthan,-it-has-been extended to numerous applications
with moving interfaces in fluidmechanics, computer animation, image processing,
among others, see [4]. In the level set.method the interface is represented as the
zero contour of a level set function which satisfies an evolution equation. The physics
which governs the motion of the interface is included naturally in this model.

The rest of the paper is organized as follows. In Section 2, we present the gov-
erning equations for front-tracking method which includes one parabolic equation for
the curve motion coupled with a convection-diffusion equation for the surfactant con-
centration along each curve. The numerical method is described in Section 3 which
includes an algorithm of solving the parabolic equation and a conservative scheme for
the surfactant concentration equation. The effects of inhomogeneous surface tension
on the motion of network and the cell evolution of the von Neumann law are inves-
tigated numerically in Section 4. In Section 5, we present the governing equations
for multiple level set method which includes a level set equation for the grain bound-
ary motion and reinitialization equation for reconstructing signed distance function.
The numerical method is described in Section 6. The topological change evolution
of the grain structure is investigated numerically in Section 7. Some conclusions and
remarks are given in Section 8.



2 The governing equations for front-tracking method

As in [1], we consider the situation with three phase boundaries in a unit circular
domain described by parametric curves X'(s,t), s € [0, 1], for i = 1,2,3 as shown in
Fig. 1. The mean curvature motion of equations are defined as

X5
| X

X| =o' (2.1)
where (s, t) is the surface tension along the curve X* and is determined by surfac-
tant concentration I'!(s,t). In this paper we use the simplified nonlinear Langmuir

equation of state [17] A o
O_’L — O_C(l + ln(l _ ﬁlrz)), (22)

where o, is the surface tension of a clean interface and 3? satisfying 0 < 8% < 1,
Vi are dimensionless numbers that measure the sensitivity of surface tension to the
surfactant concentration. Along the curve, the surfactant concentration is governed
by the transport-diffusion equation [2, 19]

T+ (Vs - U)T' = V2T (2.3)

where V, is surface gradient opeérator and V% = V, - V, is the surface Laplacian.
U’ is the velocity of the curve and g is the diffusion coefficient of the surfactant
concentration. In this paper, the'diffusion coefficient of the surfactant concentration
is constant for all curves. Throughout this paper, we define

i3

) Xs

s'=i0 - &

Figure 1: A three-curve network.



as the unit tangent vector of the curve ¢. For simplicity, the above surface divergence
and surface Laplacian can be written explicitly as

V..U = 8U. i <8U )/‘ax
87’Z

vepiz 2 <8F /‘(‘9XZ>/‘8XZ
Js

At s = 0, we assume that each curve meets the domain boundary with a normal
angle. To be more precise, let b(«) be the given parametric representation of the unit
circular domain with o € [0,27]. Then the conditions at the domain boundary are
given by

(2.5)

(2.6)

X(0,) = b(al), (2.7)

for all 7 such that ' .
7'(0,t) - b'(a') = 0. (2.8)

We also assume that there is no surfactant flux across the domain boundary

arto,t)

VL0, 6) - 71 (0,8), = —-

(2.9)

At triple junction (s = 1), three-¢urves must meet at triple junction point, that is
X0 = X2(1,1) = XP(1,1). (2.10)

In order to balance the surfacetension at-the triple junction, the condition is given
by

Zg:ai(l,t)‘ri(l,t) = 0. (2.11)

The above condition comes from the Young-Laplace equation. Moreover, we also
need to impose similar conditions for surfactant concentration at the triple junction.
Firstly, the following condition hold the continuity of the surfactant concentration

H(1,t) =T%(1,t) = I3(1,1). (2.12)

In order to balance the tangential flux for surfactant concentration at the triple junc-
tion, the condition is given by

Y VL = Mg(i’t) /‘aX;il’t)‘ 0. (2.13)

When 3¢ in Eq. (2.2) are identical for each curve, the surface tensions take same value
at the triple junction because of the same surfactant concentration at there. Thus,



the condition (2.11) becomes 37  7i(1,#) = 0, that is, the angles between these
curves at the triple junction are 120° which results in the famous law of Plateau.

Finally, we want to check that the total surfactant mass along the three curves is
conserved. We rewrite the surfactant concentration equation in a form as

vau (or /1o

by multiplying Eq. (2.3) with stretching factor |0X?/ds| and using Eq. (2.5,2.6) and
the following equation [2]

Ui, (aUZ axz) /‘ '
= — T =
Js

(55211

From the domain boundary condition and the junction boundary condition, the total
surfactant mass along the three curves is written in form as

S (/o7
> (%

By taking the time derivative outside the integral, we can get that the total surfactant
mass along the three curves is‘conserved;i.e.,
) 0. (2.17)

dt(z/ ”‘as

3 Numerical method

0X'
s

or?
ot

+2 0X*
ot | Os

) : (2.14)

0X?
O0s

(Vs ' UZ)

(2.15)

0s

‘aXZ'

0X:
0s

8 0X"
8t s

T ) ds = 0. (2.16)

For each parametric curve i, we set up a mesh s, = (k — 1/2)As, k=1,2,...m
where As = 1/m, and use X} = X*(s;, nAt) as Lagrangian markers to represent the
curve at time ¢ = nAt. The surfactant concentrations and surface tensions on each
curve are also defined on these Lagrangian markers and denoted by I'} = T'?(s;, nAt)
and o} = o'(sg, nAt), respectively. In order to avoid confusing reader, we use the
variables with tilde as the values at the next time step; that is, X}, = X(s;, (n+1)At)
and T} = T'/(sy, (n + 1)At). The whole procedures of the numerical time integration
are as follows.

Step 1. Compute the surface tension on each curve i
op =0 (l+In(1-p'T}), k=1,2,...m. (3.1)

4



b'(a’)
Figure 2: The implementation of the domain boundary condition.

where o, is the surface tension of a clean interface and 3 satisfying 0 < 8 < 1 for
all 7 are dimensionless numbers that measure the sensitivity of surface tension to the
surfactant concentration.

Step 2. Solve the equation of motion (2.1) by a explicit scheme as in [1]

le: - XIZc 4 (XliJrl - 2Xli + le:ﬂ)/ASQ
— Y% i i
At |(Xk+1 - Xk—l)/(2AS)|2

(3.2)

As the above discretization, we use!the central difference schemes to approximate
the first and second derivatives:' Notesthat: the:interior points £k = 1,2,...m are
computed by the above discretization only. “Next we provide the details on how to
find the boundary points X§zand X?  , at the domain boundary s = 0 and the
triple-junction boundary s = 1; respectively.

(a) At the domain boundary;we discretize Eq. (2.7) by central difference approx-
imation as

% — b(al). (3.3)
If the point b(c') is known, the domain boundary point can be extrapolated by
X! =2b(a) — XI. (3.4)

As in Fig. 2, the point b(a') is determined by discretizing Eq. (2.8) with central
difference approximation to obtain

Xi —b(o)
As

Since the domain is the unit circle and X7 has polar coordinates (r,8), we obtain
b(a') = (cos 0, sin ).

-b'(a’) = 0. (3.5)

(b) At the triple-junction boundary, we discretize Eq. (2.10) as

X+ X X0+ X5 X0+ X5 X
2 - 2 - 2 -

(3.6)



Figure 3: The implementation of the triple-junction boundary condition.

If the triple-junction point X ; is known, the points X'fn 41 are determined by
X! =2X; - X.. (3.7)

The detail of location of the markers at the triple-junction can be found in Fig. 3.
We discretize Eq. (2.11) by forward difference approximation as

X,-XL L, X-X2 XX
ofnf—fr 02 ud 7 ol =7 f; =0, (3.8)

|XJ_Xm| |XJ_Xm| |X]_Xm|
and solve these equations. Then we can‘obtain the. triple-junction point X ;-

Step 3. Update surfactant concentration f,ﬁ as follows. For clarity, we denote
the discrete stretching factor |0X*/ds| by

. et X!
D. X! = k=1 k—1 3.9
p.xi L i 39)
By using the above approximation, we obtain
i _ Xlic+3/2_xlic—l/2 _ (Xlic+3/2+Xlic+1/2)/2_(Xk+1/2+xk71/2)/2 | Xh Xk
‘D5Xk+1/2‘_ 2As = As - As
and , , . . -
Dy X |X11<+1/2Xi3/2 (K12 X ) 1/2)/2= (X1 /94X _3/2)/2 ‘X,';X,'gl
S g—1/217 2As - As - As
Next, we can discretize Eq. (2.14) by an explicit and symmetric schemes as
L= Df DX} + D X}| | [DXG| = DX D+ T
At 2 At 2 510
L (= D/As (- )/As (310
= : : ,
As \  [DsXp 0l |[Ds X1 )]



on the interior points £ = 1,2,...m. For the values on the boundary points foi
and '}, |, we use the following conditions at the domain boundary s = 0 and the
triple-junction boundary s = 1, respectively.

(a) At the domain boundary s = 0, we use central difference approximation to
discretize Eq. (2.9) and obtain I’ = I'}.

(b) At the triple-junction boundary s = 1, we approximate Eqs. (2.12) by
Ly + T, F2+1+F2 F3+1+F3
2 2 2

where fj represents the surfactant concentration at the triple-junction. Moreover, we
discretize Eq. (2.13) by finite difference scheme as

(F1+1—|—F )/ As (F2+1+F )/ As (F3+1+F )/As
D, X2 1D, X2 D, X?

=T, (3.11)

= 0. (3.12)

1] m1/2| 1]

By substituting Eq. (3.11) into Eq. (3.12), we solve a single equation to obtain the

surfactant concentration at the triple junction F Once FJ is found, FZ can be
obtained from Eq. (3.11).

Note that, by taking the summation of,; both sides of Eq. (3.10) and using the
numerical boundary condition (3,12) at the triple-junction, one can verify that

3 m 3 m
) TiDXAs => > Ti[D, X |As. (3.13)

i=1 k=1 i=1 k=1
This is the discrete version of the censervation of total surfactant mass along all the
curves, corresponding to the mid-point rule diseretization for the integral in Eq. (2.17).

It is interesting to note that the numerical scheme (3.2) for Eq. (2.1) is independent
of the mesh width As. Since the scheme is explicit, the time step size must be chosen
similarly in [1] by

2
At: lml ’Xk—‘rl X;% 1‘
8 7,k Uk

(3.14)

Under this constraint, the time step becomes smaller if the length of any curve short-
ens in which the marker spacing becomes smaller. One way to maintain the marker
resolution is to delete the markers in an appropriate way so that the time step size
can be maintained. On the other hand, if the curve stretches and the marker spacing
is too coarse, then we need to add more markers along the curve. One important
thing during the marker redistribution process is to keep the mass conservation of the
surfactant. This can be done in a local way. For instance, in the segment of adding
more marker points, we simply distribute the surfactant into those points uniformly.
On the other hand, in the segment of removing marker points, we add those surfac-
tant to the new combining segment. Thus, the overall surfactant mass is conserved
exactly.



4 Numerical results

As in [1], we consider the network of curves inside the unit circle such that
b(a) = (cosa,sina), where a € [0,2r7]. For comparison purpose, we will present
results for the cases without surfactant (clean) and with surfactant (contaminated).
In Eq. (2.2), 8" = 0 implies no surfactant exists on the curves, in which we do not need
to solve the surfactant equation (2.3). Thus, the clean curves have uniform surface
tension 0 = o, = 1. In the following case, we choose the mesh width As = 1/16 on
each curve and the time step At = 0.0001.

4.1 Three-curve network

In the first example, we consider the evolution of three curves in the unit circle
with initial configuration as in [1]

X'(s,0) = (1 - 5)(~1/2,-V3/2), (4.1)
X2(s,0) = (1 - 5)(~1/2,V3/2), (4.2)
X3(s,0) = (1321858in° (1s) /4). 4.3
The above initial configuration®s shown in Fig. 1. In order to check the effect the

surfactant on the curves, we compare the cases with (3° = 0.25, i = 1,2,3) and with-
out surfactant (3%, i = 1,2,3).2For the case with surfactant, the diffusion coefficient

T=000
1 d e ' 1
/"\ ~.
05 X \ 05
\"\ e ki
N .
0 " N 0
/
\ /
05 \ / 05
/ /
N
1 — N 1

Figure 4: The time evolution of curve networks: solid lines for 4 = 0 and dotted
lines for 3* = 0.25.
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Figure 5: Distribution of the surfactant concentration on curve 1 (left), curve 2
(center) and curve 3 (right).

is chosen as p = 0.1. The initial surfaetant. concentration is uniformly distributed
only along the curve 3 so that

I(s,0) = [3(s:0) =0, T?5,0) = 1. (4.4)

Fig. 4 shows the time evolution ‘of these three ¢urve networks. We denote the clean
curve network (without surfactant) by solid line, while the contaminated curve net-
work (with surfactant) by dotted line. As demonstrated in [1], the curve 3 will be
flattered because of the motion of mean curvature. Thus, the area between curve
2 and curve 3 decrease as time evolves. Since the existence of the surfactant along
the curve 3 reduces the surface tension, the curve motion becomes slower than the
clean curve motion. Fig. 5 shows the distribution of the surfactant concentration on
each curve. In Fig. 5, x-axis and y-axis represents the length of the curve and the
surfactant concentration on each curve. Due to the effect of diffusion, the surfactant
on curves 1 and 2 are no longer zero.

4.2 Von Neumann law

In 1952, von Neumann [14] showed that the rate of the change of the area of a
given bubble (a curve polygon) in two-dimensional dry foam is independent of bubble
size and solely dependent on the number of edges. The original derivation is based
on the rate of gas diffuses through a permeable wall. In our case, the rate of area



change of the domain is given by

da
dt
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Figure 6: The time evolution of;s.i:k' nodes cell. Solid line: without surfactant; Dotted

r el
line: with surfactant. I''(s,0).= I'?(s,0) =
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05 0 0&

Figure 7: The time evolution of five nodes cell. Solid line: without surfactant; Dotted
line: with surfactant. T''(s,0) = T'?(s,0) = 0, T'3(s,0) = 1 and rest of T'(s,0) = 0;
Bt =0.75, B? = 0.5, 5% =0.25 and the rest of 3 = 0.25.
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Figure 8: The time evolution of seven nodes cell. Solid line: without surfactant;
Dotted line: with surfactant. T''(s,0) = T'%(s,0) = 0, T'3(s,0) = 1 and rest of
['(s,0) =0; 81 =0.75, 52 = 0.5, 33 = 0.25 and the rest of 5° = 0.25.

0 0.1 0.2 0.3 0.4 0.5 0.6 07

Figure 9: The cell area versus time, for the cases with and without surfactant. With-
out surfactant (solid lines), the area evolves as predicted by the von Neumann law
while for the case with surfactant (dotted lines), the rate of growth is increased for
n = 7 while the rate of decay for n = 5 is decreased. The area for n = 6 with
surfactant also increases.

where U*-n’ represents the normal velocity of the curve ¢ per unit length, as discussed

earlier. Note that, the above integral of mean curvature is over all the curves that
enclose the area. When o is a constant, the enclosed area is polyhedral-shaped with

11



arcs edges, the above integral can be simplified as

dA . ™
%:0<;ai—2w):§a(n—6), (4.6)

where «; = 7/3 is the exterior (turning) angle at the vertex, and n is the number of
edges. A similar derivative can be found in [12]-[14]. When surface tension varies,
however, Eq. (4.6) is no longer valid. For example, «; does not always take the
value of 7/3. It will be interesting to examine how the area changes under a similar
setup. We start with a single n-vertices inner cell with circular arcs and connect
those vertices with n straight lines to the domain boundary. In particular, the cell
boundary is a circle of radius 0.5. Note that, the number of lines is the same as the
number of vertices on the inner cell. Along each line or circular arc, we lay out a
parametrization on those curves. So a cell network with n vertices should have 2n
curves and n triple-junction.

From the von Neumann law, one can see that the cell with more than six edges
will grow while the one less than six edges will shrink when the surface tension is
constant. More specifically, the area of a cell with n = 6 remains unchanged while the
cells with n = 5 and n = 7 should haye, the same growth (decay) rate. Fig. 6 shows
the time evolution of a six vertieés cell with {dotted line) and without surfactant
(solid line). One can see that in theabsence of-surfactant, the cell area does not
change. However, with surfactant, the system: behaves differently. For illustrative
purposes, we add surfactant only along one line segment I'3(s,0) = 1 initially, and
choose B! = 0.75, 2 = 0.5 and B> = 0.25-in-Langmuir equation along the rightmost
three curves network (same set up as'in Fig. 1) .and keep other 5° = 0.25, then the
symmetry is broken due to unbalanced.surface tension, as shown in Fig. 6.

Figs. 7 and 8 show the time evolution of five and seven vertices cell with (dotted
line) or without surfactant (solid line), respectively. These figures have same set up
as in Fig. 6. It is interesting to see that the unbalanced surface tension slows down
the decay rate for the five vertices cell area and speeds up the area growth for seven
vertices cell. This is due to the fact with different 5° and surfactant concentration,
thus, different surface tension along the rightmost three curves network. Fig. 9 shows
the plot of cell area versus time for the cell with and without surfactant for different
nodes n = 5, 6, and 7. One can see the result confirms the prediction by the von
Neumann law when there is no surfactant.

As our final example, we present the results when surfactant is added initially
['(s,0) = 1 to all the outside line segments connecting the center network (cell) to
the boundary. The inner cell boundaries are thus kept clean (without surfactant)
initially. In this case, the initial exterior turning angles of the center network are
all less than 7/3, which reduces the value of 25:1 a; — 27 in the von Neumann law.
Therefore, we expect that the center network grows much less than the case without

12



surfactant. Furthermore, the cell area should increase again as the surfactant diffuses
into the center network, as shown in Figs. 10 and 11.

Figure 10: The time evolution of seven . nodes cell. Solid line: without surfactant;
Dotted line: with surfactant. 3¢ =10:25.

16 T T T T T T

[IR=h 3

06

04 1 1 1 1 1 1
0 3

Figure 11: The cell area versus time, for the cases with and without surfactant for
n = 7. Without surfactant (solid lines), the area evolves as predicted by the von
Neumann law while for the case with surfactant (dotted lines), the area decreases in
the beginning but increases later on as the surfactant diffuses into the center network.
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5 The governing equations for multiple level set
method

We review the level set method as in [15]. Consider a moving interface X (¢)
bounding a open region Q(t) in R™ of codimension one by a Lipschitz continuous
function ¢(x,t) which has the following properties

oz, t) <0 ifxee X(t)
dlx,t) =0 ifxe X(t) |, (5.1)
dlx,t) >0 ifxee X(t)"

where X (¢)~ and X (¢)™ represents inside and outside of the interface respectively.
This means that the interface X (¢) is represented as the zero level set of function
¢(x,t). We use the convection equation to define the motion of the interface where
¢(x,t) =0 in a form as

¢t +v-Vo =0, (5.2)
where v is the interface velocity. We consider the motion by curvature where the
interface moves in the normal direction with a velocity proportional to its curvature;
i.e., v = —bkn, where b = vo > 0 is a constant, v is the grain boundary mobility, o
is the surface tension, k is the curvature aund z is unit normal vector. Therefore, the
interface moves in the direction ef concavity, sosthat circles shrink to a single point
and disappear. By plugging the-intérface velocity into the level set equation (5.2), we
have

¢y —brm - Vo = 0; (5.3)
Furthermore, since
Vo >

k=V:mn=V .| = 5.4
(e o4

e v Vo?
n-Vo=——=—-Vo= = |V¢|, 5.5
Vol VT e~V )
the level set equation for grain boundary motion induced by curvature is rewritten as

Vo

qu—bV-(—) Vo| =0, 5.6
where |V¢| = /@2 + ¢2. In this paper, the Neumann boundary condition is used as
g—i =0 on 09, (5.7)

where 7 is the unit normal vector on the domain boundary 9€). The initial conditions
of ¢(x,t) are often defined to be the signed distance function to the interface as

—d(x,X(0)) ifxe X(0)
o(x,0) = 0 ifee X(0) (5.8)
+d(x, X(0)) ifxe X(0)"
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Figure 12: The interface is constructed by four level set functions.

where the distance function d (z, X) is defined as

d(x,X) =min(je —x;|) Ve X. (5.9)

In addition, the signed distance function satisfies the following property
Vol = 1. (5.10)

For example, we use a signed distance function ¢(z,y) = /22 + y%> — 1 to represent
implicitly the unit circle. By computing ¢, and ¢,, we can get that

D 2] 2
Vol =1/ + ¢ = (ﬁ) +<\/$+Ty2> = 1. (5.11)

In fact, the initial grain structure is described by -multiple level set functions. For
example, the initial grain structuretas shown-in Fig. 12 contains four level set func-
tions. Each level set function ¢* represents a grain. The grains change their topology
by Eq. (5.6) independently. Thereforesinsorder to couple these grains, we do some
corrections [15] for level set functions as

M mine
0" =3 (qﬁ min ¢ > , (5.12)
where quS’ is the corrector of ¢’. As we know, a number of simplifications can be made
when ¢ is a signed distance function. For this reason, a reinitialization procedure is
needed to reset the level set function to be a signed distance function to the interface.
As in [4], we use the following reinitialization equation for the correction of ¢ for all
¢ at time t*

S~ V), (5.13)
where the sign function S(¢) is given by
1 ifé>0
S(¢) = 0 ifd=0 . (5.14)
1 ifd<0



6 Numerical method

Assume that the initial grain structure is composed of multiple signed distance
functions ¢’, i = 1,2, ...p. For each signed distance function i, we use the domain of
two dimension D = [, 3] X [, d], and set up the mesh of two dimension zy = a+kAzx,
k=0,1,...mand y, = v+ hAy, h = 0,1,...m, where Ax = (8 — «)/m and
Ay = (6 —v)/m. Thus, we use ¢}, = ¢*((xx,yn), nAt) and &}, = £*((zk, yn), nAt)
to represent the grid point & = (xy,ys) on the domain D and the curvature at the
time t = nAt, respectively. In order to avoid confusing reader, we use the variables
with tilde as the values at the next time step; that is, ¢}, = ¢*((zx, yn), (n + 1)At).
The whole procedures of the numerical time integration are as follows.

Step 1. Compute the curvature of each grain boundary in a form as

v (T L(8})* = 2010} 6k, + 04, (61 o)
Vol [(6)* + (¢))2]*/2

In this work, we approximate the first and second partial derivative for spacial (¢?,
b Gres Ouy and @L) by central difference approximation as

y» Pra>
Dz¢l§,h = (¢1§+1,h - ¢Ji—1,h)/(2A$)7 (6.2)
Dy¢li,h = (¢1i,h+1 - ¢l§,h—1)/(2Ay)a (6-3)
Dmﬁbii,h = (¢1§+1,h - 2¢l§,h =t ¢li—1,h)/(Am2)7 (6.4)
Dyyﬁbli-,h = (¢1§,h+1 - 2¢l§,h 4 Qsli,h—l)/(AyQ): (6-5)
Dwyﬁb;ﬁ,h = (¢/§+1,h+1 - d)li—l.h—ﬁ-l = ¢I§+1,h—1 + ¢l§—1,h—1)/(4AIAy)' (6-6)
Next, the discretization of the curvature of each grain boundary at the point (xy, yp)

can be written by

i Diyafy y(Dydpi )? = 2D204 1 Dyjs y Daydis jy + Dy (D 1)

Kpp = ; = (6.7)
o [(qubk,h)Q + (Dy@k,h)2]3/2
Step 2. Solve the level set equation (5.6) by explicit scheme in a form as
¢Ig,h_¢1§,h bi D i \2 D i 2%_0 6.8
N [(D2gpp)” + (Dyors)l” =0, (6.8)

where b is a constant. For the Neumann boundary conditions, we discretize Eq. (5.7)
by central difference and obtain the following equations

~7€1,h:$7€1_1,h, Vh=1,2,...m—1,
Sin=0in Yh=12..m—1,
qzli,():&;i,l, Vk=1,2...m-—1,
Bin =iy YE=1,2,...m—1,
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Figure 13: The deformation of each grain without coupling.

and ) . ) . . . . .
¢5,0 = ¢1Z,1a an,O = ;,1—1,1a 7an == rln—l,m—h ¢é,m = ¢1Z,m—1- (6-10)
Note that, there are multiple signed distance funétion in our initial grain structure.

Thus, the deformation of each=grain is independent if we do not anything as shown
in Fig. 13. Therefore, we need-to do some corrections for coupling multiple grains.

Step 3. Coupling of multiple level set-functions. As in [15], we use the following
correction for coupling multiple levelset funetions as

"y 1/ -, L
¢k,h = 5 ((bk,h - f?;gl ¢1§,h> ) (6.11)

where ¢}, is the corrector of ¢} .

Step 4. Construct signed distance function by the reinitialization equation. In
the step 2, the signed distance functions which are given initially do not satisfy the
property of signed distance function any more. However, a number of simplifications
can be made when qﬁ,i,h are signed distance functions. For this reason, a reinitialization
procedure is needed to reset the level set function to be a signed distance function.
We discretize the reinitialization equation (5.13) by explicit scheme as

O 20k 044, [1- (b 07) ] 012
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For numerical purposes, a smooth sign function is used as in [15]

1 if g, > ¢
2 b 1 T} N
S(ben) = %jt ;Sin( i’“h) it |gi, <e (6.13)
—1 if ¢, < —¢

where ¢ is a regularization parameter. Since the scheme is explicit, numerical stability
requires a time step restriction as [15]

At At 1
bl —S+-— | <= 6.14
(AQ:Q N Ay2> 2’ (6.14)
where Az and Ay are the grid sizes, b = vo > 0 is a constant, v is the grain boundary
mobility and o is the surface tension.

7 Numerical results

In this section, there are four numerical examples with Neumann boundary con-
dition, and last one numerical exampleswith. periodic boundary condition. For the
first four examples, we consider the domain [—0.5,0.5] x [—0.5,0.5], and choose the
mesh width Az = Ay = 1/100, the constant b = 0.05, the parameter ¢ = Ax/2
and the time step At = 0.00%L.. In the last one/example, we consider the domain
[0,3+/3/5] x [0,1.2], and choose’ the mesh width' Az = (3v/3/5)/100, Ay = 1.2/100,
the constant b = 0.025, the paranieter.e = Ag/2 and the time step At = 0.001.

7.1 Types of grain topological change

Let N denote the number of grains, V' denote the number of vertices and F denote
the number of grain boundaries. The grain structure in two-dimensional space obeys
the following Euler equation [20]

N+V-FE=1. (7.1)

The above geometry rule leads to a topological reconstruction of the entire grain
structure. As in [21], there are two types of grain topological change. Fig. 14 shows
the time evolution of grain topological change for type 1 by multiple level set method.
At the initial time, we consider a triangle grain at the center of the domain. After
the initial time, the shape of the central grain becomes like the three nodes cell.
According to the motion by mean curvature, the shade of the central grain would
shrink and even to a point. Fig. 15 shows the time evolution of grain topological

18
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Figure 14: The time evolution of grain topelogical change for type 1 by multiple level

set method.
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change for type 2 by multiple level set method. The grain topological change of type
2 involves the switching of the grain boundaries when two triple-junctions come very
close to each other. Two grains lose an edge while two other grains gain an edge, thus
maintaining the total number of edges and grains in the grain structure.

7.2 Von Neumann law

From the Von Neumann law, one can see that the grain with six edges will
unchange. The grain with more than six edges will grow while the one with less
than six edges will shrink. Now, we try to explain this motion from the geometric
viewpoint. An equilateral hexagon has an interior angle with 120 degrees. Since
the surface tensions are equal without surfactant, the angles at the triple-junction
are same as the interior angle (120 degrees). Therefore, the grain with six edges
will not change at all. A square has an interior angle with right angle. Since the
surface tensions are equal without surfactant, the angles at the triple-junction must
be expanded from right angle to 120 degrees. So each curve between two triple-
junction points is convex. Due to the motion by mean curvature, the curves will flat
and the grain with four edges will shrink to a point as shown in Fig. 16. Fig. 17 shows
the time evolution of eight nodes grain'by multiple level set method. It is interesting to
see that the central grain expandgiat beginning and shrinks later. Since an equilateral
octagon has an interior angle more tham 120 degrees, each curve between two triple-
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Figure 16: The time evolution of four nodes grain by multiple level set method.

20



t=0.00 t=0.50 t=1.50
100 10
/ . \ J N \.\ |
\ # & \ A/
)// S 7 \4 “‘/ ™ / -\
/ \\ & / \ & e
—— 51 50
> y a \ / ] \\
M P a0 0 \ /
/.// \ 20 / e \ 0 ;f" /"<\
//" ‘\\\. N ‘\ 0 Irf \‘
m/ R T T 0] zn 0 40 5 670 1'99 ETRT ] W 2 W @ B @ 7 8w 1w

t=2.00 t=2.25 t=2.29
100 1 100 /1\
VA “I 3 - . /N
/ b a i \\ a0 / \\
/ \ 7 // X 7 // N
/ & i \\ - / \\ |
/ ;
\ J : \\ / : N i
// 3 \ // k1l \\ /
X/ » \ / » LI
%”—{\ 10 \-F ,( : 10 \\ f/
i ‘ | AR i " s oy R A
0 2 ™ 0 0 8 70 @ W 0 0 220 2 4 5 8 70 8 0 1 W @ 3 40 s e 0 80 s 1w
t=2.60 t=3.50 t=4.45
T T 100 T 100 T
] m :
R i .
/, \\ - - \\ 5
ot = o N &
— & i i e
\\ // 0 \\\ 5 t 40
N\ / . h .
N » v}
] 10 10

10 20 0 @0 = 8

w80 U

00

0 2 0 40 50 60 70 &0 il 100

10 2 0 40 50

& 70 80 90 i

Figure 17: The time evolution of eight modes grain by multiple level set method.

7.3 Imposition of periodic boundary conditions

junction points is concave. Due to the motion by mean curvature, the curves will flat
and the grain with four edges will expand. By using Neumann boundary conditions,
the curves near the domain are perpendicular to the domain. When the wall number
of the central grain becomes four, the central grain will shrink to a point.

The above boundary condition is imposed by Neumann boundary condition. In

21

this subsection, The level set equations are solved with periodic boundary condition.
Firstly, we need that the initial signed distance functions are periodic on the domain
boundaries. For clarity, we show that the contour of initial signed distance function for
each grain as in Figs. 18 and 19. Excluding the boundary conditions, every numerical
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steps follow the previous section. The periodic boundary conditions are written by

~7€1,h:é1i,h7 thl,Q,m—17
éé,h:&jn_l,h, Vh:l,?,...m—L
é]i’o - &Ifi,mfla Vk=0,1,...m,
qgli,m:&];;?la Vk:(),l,m

(7.2)

Fig. 20 shows the time evolution of grains with periodic boundary conditions by
multiple level set method. The geometry includes two grains with seven edges, two
gains with five edges and eight grains with six edges. By von Neumann law, one can
see that the gains with seven edges will expand and the gains with five edges will
shrink and disappear. In fact, the grain with more than six edges will grow and the
one with less than six edges will shrink. After two gains with five edges disappears,
there are two grains with seven edges, one grain with eight edges, four grains with
five edges and three grains with six edges in the domain. While four grains with five
edges disappears, the domain includes two grains with seven edges, two grains with
four edges and two grains with six edges. After two grains with four edges disappears,
there are four grains with six edges in the domain only.

8 Conclusions

In this paper, we propose a finite difference method to track curves motion whose
normal velocity is determined by surface tension times the local mean curvature. We
introduce the surfactant into the curves-metwork and the surface tension varies fol-
lowing surface diffusion of the surfactant. The equations of motion are governed by
a parabolic equation for the curve motion as well as a convection-diffusion equation
for the surfactant concentration along each curve. Our numerical method is based
on direct discretization of the governing equations and the associated boundary con-
ditions, which conserves the total surfactant mass in the curve network. Numerical
examples are presented to illustrate how the inhomogeneous surface tension affects
the motion of the curves and the evolution of the curve network. In the second part,
we present a multiple level set method to track the grain topological change. The
motion of grain boundary is considered by mean curvature. In this part, there is
no surfactant on each grain boundary. The governing equations consist of a level
set equation for the grain boundary motion and reinitialization equation for recon-
structing signed distance function. Thus, one important step is coupling of multiple
level set functions. Numerical examples shows the topological change evolution of the
grain structure.
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