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ABSTRACT. We propose in this paper a new multiphase Cahn-Hilliard model with doubly de-
generate mobilities. We prove by matched asymptotic expansion that it approximates with a
second order accuracy the multiphase surface diffusion flow with mobilities and surface ten-
sions. To show that it is very well suited for numerical approximation, we propose a simple and
efficient numerical scheme together with a very compact Matlab implementation. We illustrate
with various numerical experiments the influence of mobility and surface tension coefficients.
The second-order accuracy of our model, and its appropriateness for numerical implementation,
makes it suitable for tackling notably difficult surface diffusion problems. In particular, we show
that it can be used very effectively to simulate the wetting of thin liquid tubes even on rough
solid supports without requiring nonlinear boundary conditions.

1. INTRODUCTION

The wetting or dewetting phenomenon describes the behavior of a liquid phase put in con-
tact with a fixed solid surface. This paper is devoted to the phase field approximation of this
phenomenon as a multiphasic surface diffusion flow with mobilities. Young [?] identified in
1805 the optimal shape of the liquid phase and proposed the following law for the contact
angle 0 between the liquid and the solid:

cos(6) = %

)

where ogy, 015, 0y represent the surfaces tensions of the interfaces solid-vapor I'sy, liquid-
solid I'rs and vapor-liquid I'y, respectively. Mathematically, Young’s law can be derived
by minimizing the total energy in the solid-liquid-vapor system. Ignoring gravity, this total
energy reads as

E=osvH ™ (Tsv) + orsH T (Trs) + oviHT (Tyr).

which is a particular instance of the generic L-phase perimeter

L
1 _
(1) P(,..., Q) = 5 > oM Ty),
ij=1
where {Q1,...,Q} is an open partition of an open bounded domain Q C R? and, for all

i,j € {1,...,L}, T; = ;N Q; NQ is the interface between phases i, j, and o; ; is the surface
tension along this interface. To ensure the lower semicontinuity of the L-phase perimeter, see
[?, 2, ?], we assume that the surface tensions are positive, i.e. 0; ; > 0, and satisfy the triangle
inequality

oij+ ok >0, foranyi,j,k,

The evolution of the physical system can then be approximated by a multiphasic surface
diffusion flow. This motion can be viewed as the H~! gradient flow of the energy (1) which
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ensures its decay while maintaining locally the volume of each phase. In particular, the normal
velocity V;; at the interface I';; reads as

1
—Vij = 0y Ar,; 0y Hij (1),
Vij

where H;;(t) denotes the scalar mean curvature on I';;(¢), Ar, ;) is the Laplace-Beltrami oper-
ator on the surface, and v;; > 0 is the surface mobility coefficient. The above expression is the
classical form of the velocity in this context, but it can be obviously rewritten to incorporate
the degenerate no-motion case where v;; = 0:

Vij = vijoij Ar,; ) Hij (1)

The simulation of wetting or dewetting requires L = 3 phases: the liquid phase €2, the solid
phase 25 and the vapor phase 2y,. Moreover, as the surface tension coefficients (o1v, 05y, 0s1)
satisfy the triangle inequality, they form an additive set of coefficients, i.e. there exists three
positive coefficients or,, o, oy such that

oy =0r+oy, osy =o0s+oyand ogy =og5+oy.
The surface mobilities can be set to

(vov,vsv,vsr) = (1,017,07),

in order to fix the solid phase. This set of coefficients is harmonically additive in the sense that,
with the convention o%r = 400, there exist three non negative coefficients vg, vy, and vy such
that

1/;& = I/L_l + 1/;1, 1/5& = 1/571 + 1/;1 and VST]% = ygl + VL_l.

Indeed, we can just consider vg = 0" and v, = vy = 2.

Having in mind the application to wetting, we assume in the rest of the paper that:

e the surface tensions are additive, i.e. there exist coefficients o; > 0,7 € {1,..., L}, such
thataij =o0;+05,V,j€ {1,...,L};
o the mobility coefficients are harmonically additive, i.e. there exist nonnegative coeffi-
cients v; satisfying Vigl =v bt I/j_l (with the convention that 0% = +00).
With such assumptions, it is easy to reformulate the expression of the L-phase perimeter in
the more convenient following form

L

) P(,...,Q) =) 0iP(),
=1

which can be approximated in the sense of I'-convergence by a sum of scalar Cahn-Hilliard
energies defined for every smooth u = (uy,...,uz) € RF by

L
3] 2 1 . L
- -W d f =1
Po(u) = kZ:le/Q <2]Vuk| + ; (uk)> z if Y ug ,
+00 otherwise,

In this definition each u; represents a smooth approximation of the characteristic function 1q,,

Wi(s) = M is a double-well potential, and the parameter ¢ characterizes the width of
the diffuse interface, i.e. how concentrated is each Vu;dz around the Hausdorff measure sup-
ported on the reduced boundary of €2;.



Since the multiphase surface diffusion flow is the H~!-gradient flow of (2), a natural idea
to approximate it is to consider the H ~!-gradient flow of P. which yields the following Cahn-
Hilliard system

528tuk =y A (O’k,uk + )\)
= W' (ug) — % Auy,
where ) is the Lagrange multiplier associated with the partition constraint ) | u;, = 1. Here, we

follow the idea of [?] to handle the set {v; ;} of mobilities and we use explicitly its harmonic
additive decomposition.

However, the asymptotic expansion of this phase field system is not clear and to the best
of our knowledge, no analysis of its convergence has been made so far. The main obstacle to
overcome is the non local nature of the system, which is particularly significant in the multi-
phase case.

In [?], we reviewed various two-phase Cahn-Hilliard systems and we proposed a new one.
It basically involves degenerate mobilities that vanish in pure phase regions, therefore localize
the system and allow to prove asymptotic results. In the next paragraph we sum up the prop-
erties and choices of parameters in the biphasic case which we will extend to the multiphase
case. We refer to [?] for details.

Recall that [?, ?] proved that the classical Cahn-Hilliard equation

e20,u = Ap,
pw=W'(u) —e2Au,

does not converge to surface diffusion flow but rather to the Hele-Shaw model which is non
local. Cahn and al. [?] introduced a new system involving a concentration-dependent mobility
M. It is often referred as a degenerate mobility in the sense that no motion occurs in the pure
states regions. Cahn and al. proposed the following equation that we will refer to as M-CH :

e20,u = div (M (u)p)
pw=W'(u) —e?Au.

A formal convergence to the correct motion is shown in [?]. However, the particular model
studied by Cahn et al invoves a logarithmic potential W, which raises numerical issues. In-
stead, the potential commonly chosen in the literature and the one that we will use for the
remainder of this paper is the smooth potential

W(s) = 5521 — )

The choice of the mobility M has been discussed theoretically in [?, ?, ?]. It is proven by a for-
mal asymptotic method that the choice M (u) = u(1 — u) does not lead to the correct velocity
as an additional bulk diffusion term appears. These conclusions have been corroborated nu-
merically in [?, ?] where undesired coarsening effects are observed. Actually a quartic mobility
M(u) = u?(1 — u)? is necessary to recover the correct velocity. These conclusions have been
extended to the anisotropic case in [?]. From now on, we fix

M(s) = s*(1—s)2

While the M-CH model has the correct sharp interface limit and produces satisfactory numer-
ical results, it has a well identified drawback. In the asymptotic, the leading error term is of
order 1 and becomes relevant when reaching the pure states 0, 1, causing oscillations and an
imprecise profile for the solution. The problem is two-fold. Firstly, the solution does not re-
main within the physical range of [0, 1], which means that in the multiphase context, some
phases might not be positive in some areas (in other words, the so-called positivity property is
not fulfilled). Secondly, this induces some numerical volume losses despite the natural volume
3



preservative nature of the Cahn-Hilliard equation as illustrated in [?].

In [?], the authors managed to improve the numerical accuracy by introducing another de-
generacy in the model. It has been successfully adapted in various applications, see for exam-
ple [?,?, 2, ?]. Despite its numerical property, the aforementioned model does not derive from
an energy. It is thus more difficult to prove rigorously theoretical properties and to extend
the model to complex multiphase applications. Therefore, a variational adaptation has been
proposed in [?] where the second degeneracy is injected in the energy. Because it relies on
modifying the energy, it makes it more complex to extend to complex multiphase applications
or to add an anisotropy.

In [?], we proposed a different approach where an additional mobility N was incorporated
in the metric of the gradient flow instead of plugging it into the energy, and thus the geometry
of the evolution problem. The so-called NMN-CH model proposed in [?] reads as

{sﬁatu = N(u) div (M (u)V(N(u)p))
0 =W'(u) — e?Au,

The presence of two supplementary terms N (u) is needed to ensure the variational nature of
the model. Using formal asymptotic expansion, we showed in [?] that the correct choice for N
is
1 1
N(s) = = :
M(s) s(1-s)

Indeed, it allows to nullify the error term of order 1 in the solution, making the NMN-CH model
of order 2. The profile obtained for the solution u is very accurate and the volume conservation
is ensured up to an error of order 2, to be compared with the order 1 for M-CH. As observed
in [?], another choice for /N which avoids issues with the pure phases s = 0, 1 without changing

the conclusions of the asymptotic expansion is N(s) = \/ﬁ, with v > 0.
s?(1—s ye

Concerning the positivity property, it is not strictly fulfilled in the biphase case but al-
most, with a better numerical accuracy for the NMN-CH model in comparison with the M-
CH model, see [?]. While there is still an overshoot of the solution that goes beyond the physi-
cal range when reaching the pure states, it is of order O(¢?) for NMN-CH mode and O(e) for
M-CH.

In this paper, we extend the M-CH and NMN-CH models to the case of L phases. From the
modeling viewpoint, this amounts to integrating in the model the influence of surface tensions
oi; and phase mobilities v;;. To this end, we adapt to the Cahn-Hilliard system the work of [?]
done for the Allen-Cahn system. In particular, we propose to analyze the two following phase
field models, where in both cases A is the Lagrangian multiplier which encodes the partition
constraint Zézl ug = 1t

e The M-CH multiphase field model defined for k € {1, ..., L} by:
{623tuk = v div (M (ug)V(ogp + ),

3
©) e = W' (ug) — 2 Auy,,

with mobility M(s) = 2W (s).
e The NMN-CH multiphase field model defined for k € {1,..., L} by:

{825tUk: = VN (ug) div (M (ug) V(0N (ug) pe + A))

4
@ = W' (ug) — €* Ay,

with mobilities M(s) = 2W(s) and N(s) = 1/1/M (s). This model is well defined whenever
u # 0,1, which is the case near the interface {u = %} To give sense to the model in the whole
domain, it can be rewritten in two different ways:
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o either by transferring N to the left-hand side to obtain the alternative model

e?g(uk)Oyur = vi div (M (ug)V(oppr + N))

(5) (NMN-CH reformulation I) , ;
g(ug) e = W'(uy) — e*Auy,.

where g(uy) = /M (uy) is always well-defined. Such a reformulation (strictly equiva-
lent where M (uy,) does not vanish) will be used for the asymptotic expansion.

e or by modifying the definitions of M, N to prevent them from vanishing while preserv-
ing the conclusions of the asymptotic expansion. This is the case with the following
model:

dyup, = vpN (up) div ( () VN (ug,) (o s + A))

W’ (ug)

(NMN-CH reformulation II) {
273 ="z = Auy,

where the mobilities M and N are defined by M (s) = 2W (s)+7e? and N(s) = ———, withy >

V M(s)
0. Obviously, M never vanishes and N is well-defined everywhere. We will explain in the first
lines of Section 2.3 why this reformulation has the same asymptotic properties as the original
model (4). The NMN-CH reformulation II model will be used for numerical approximation
(because numerical errors require a choice for M that prevents cancellations).

1.1. Outline of the paper. We first proceed to a formal asymptotic analysis of the M-CH and
NMN-CH multiphase models. In particular, we show that the limit law of each model is in-
deed the multiphase surface diffusion flow with the advantage that NMN-CH guarantees an
approximation error of order 2 in ¢. In a second section, devoted to numerical approximation,
we first introduce a numerical scheme suitable for both models. This scheme is based on a
Fourier-spectral convex-concave semi implicit approach in the spirit of [?, ?]. We provide nu-
merical experiments which illustrate the stability of our scheme and the asymptotic properties
of both phase field models. In the last section, we consider the special case of the wetting /
dewetting phenomenon for which we derive a simplified model using the liquid phase only.
We illustrate this model with 3D numerical experiments using either smooth or rough surfaces,
and choosing various set of parameters to get different Young angle conditions.

2. FORMAL MATCHED ASYMPTOTIC EXPANSIONS

In this section, we give a formal proof of Propositions 2.1 and 2.2 below using the method
of matched asymptotic expansions. These results involve the so-called optimal profile q associ-

ated with the potential W and defined by the equation ¢'(z) = —/2W (¢q(z)) with a suitable
constraint on ¢(0). In the case where W (s) = 1s%(1 — s)? and ¢(0) = 1, one gets
1 —tanh (£
The following constants are also used in both propositions:
cw = / dz cyp = / M(q(2))dz and ¢y L N(g 2

Remark that with our particular choices for N and ¢, one has cy =

Proposition 2.1. Fori,j € {1,..., L} with i # j, let Q5 = {x, u;(z) > 5} and
L5 =00 N{w, uj > ug, ke {l,...,L}\ {i}}.

The solution u® to the M-CH model defined for k € {1,...,L} by

{828tuk =y div (M(uk)V(Uk,u,k + )\)) s

e = W' (u) — %Ay,
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satisfies (formally) near the interface I';; the following asymptotic expansions:

dist(z, Q5
= () o),
uf.zl_q(dlSt(:’Qi))Jr@(E%

J
u, = O(e).

where dist (-, Q) denotes the signed distance function to Q5.
Moreover, the normal velocity V5 at the interface I';; satisfies (formally):

1
TVZ? = O'ijCMCWAFHij + 0(6)
ij
Proposition 2.2. With the notations of Proposition 2.1, the solution u® to the NMN-CH model defined
forke{1,...,L} by

528tuk = VkN(uk) div (M(uk)V(O'kN(Uk),uk + )\)) s
e = W' (uy) — % Auy,

satisfies (formally) near the interface I';; the following asymptotic expansions:

dist(z, QF
u; =q <IS (j’ Z)> + O(e%),
3 €
w=1—gq (dm(f’ Qi)) + 0O(e?),

ug = O(e?).

Moreover, the normal velocity V5 at the interface I';; satisfies (formally):

Vij
To prove these propositions, we first recall the tools necessary for our derivations following
the notations of [?, ?, ?]. We follow closely the presentation of these tools in [?]. We first
proceed to the asymptotic expansion for the M-CH model. The proof is shown in dimension
2 only for the sake of simplicity of notations and readability, but it can be readily extended to
higher dimensions. We end up with the NMN-CH model, which we have to rewrite to avoid
indeterminate forms. For the most part, the calculations remain the same as for the biphasic
case presented in [?].

2.1. Formal asymptotic analysis toolbox. In this multiphase context, we study the behavior
of the system in two regions: near the interface I' := I';; separating two given phases i # j,
and far from it. We denote vy, the solution for an arbitrary phase k. Whether k can designate i
or j in an equation will be clear from the context.

To derive the method we require that the interface I' = I';; remains smooth enough so that
there exist 6 > 0 and a neighborhood

N = N§(T) = {z € Q/|d(,1)| < 35,

in which the signed distance function d := d;; to I' is well-defined.  is called the inner region
near the interface and its complement the outer region.

Outer variables:
Far from the interface, we consider the outer functions (uy, p;) depending on the standard outer
variable x. The systems remain the same, namely for M-CH:

{52&51% = U diV(M(uk)V(O'kuk + )\)),

6
© e = —2 Aug + W (uy,).
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Inner variables:

Inside NV we consider the inner variables (z, s) associated with the original variables (z,t) in
the following way: z = @ is a variable along the normal direction to the interface I' and
s = S(x,t) is associated with a parameterization X(s, t) of I".We define the inner functions U, |1

depending on (z, s) as follows:

d(z,t)

Uz, s,t) = U < ,S(:c,t),t) = u(z,t)

d(z,t)
5

e ) = (A (0.00.0) = )

In order to express the derivatives Uy, we first need to calculate the gradient and the Laplacian
of d and S. The properties of d are well-known, see for instance [?]:

Vd(z,t) = n(x,t),
d

[y

ri(m(z)) . ,
Ad(z,t) = = d 2.
(%) LTt my(m(@)d(z,t)  ThezH OO0
where 7 is the orthogonal projection onto I and k1, . . ., k41 are the principal curvatures on I'.

Given a point Xo(s,t) on T, let
X(z,s,t) = Xo(s,t) + ezn(s,t).

whose orthogonal projection onto I' is X (s, t). The equation connecting the variable s and the
function S is:

s = S(Xo(s,t) +ezn(s,t),t).
Deriving this equation with respect to z leads to

0=en-VS=¢eVd- -VS.

which implies there is no cross derivative term. The derivation of the same equation with
respect to s gives
1 =(0sXo+¢ezHOsn) - VS = (1+¢ezH)T-VS.

Since VS is orthogonal to n, therefore collinear with the tangent 7, we have that:

1

VS = 1+szHT

Taking the divergence, we find AS:

. T 1 1 .
AS = div <1+H> =V <1+H> T g W)

= L 0 < ! )—i— ! T - 0T
14+ezH *\1+ezH 14+ezH °7
ez0sH

(1+ezH)3

To express the connection between the derivatives of Uy, W, and ug, pi, we come back to the
definition of the inner functions:

d(x,t)

wp(@,t) = Uy, < ,S(:c,t),t)) .

7



Successive derivations with respect to = give the following equations

1
Vu = VdgazUk + VSosUy,

1 1
Auy, = AdgaZUk + gazzUk + ASO Uy, 4 |V S 205Uy,

M,
div (M (u) V(N (ug)pr)) = 52 (0:My0-(Nik W) + fAdaz(Nka),
+ |V S|?0s (My0s(Ni Ly ) + ASM;05(Ny L)

The inner system of the M-CH model near the interface I' finally reads as:

g2 € 1
— (atUk + 6t585Uk) — kaVg]’aZUk = 57262 (M(Uk)az (O'klvtk + A)) ,

Vg

MU
+ ({51«)82 (okHy + A) Adij + Ti(s),

W, = W' (Ur) — 0..Ux + eAd;0,Uy, + €2Ta(s),

HH
= —— = H,. —ezH? 2
Ad;; 1+ e200,, j—ezHj; 4+ O(e7),
aS(M(Uk)aS(Jka —i—A)) M(Uk)&‘zasHZ'j

Ty (s) = - B, A),

1(8) (1+52Hij)2 (1+52Hij)3 (Uk“'k + )

1 8233Hij

(220 = e U~ [y e U

Note that the terms in 77 and 7% are high-order tangential terms that play a role only at the
fourth order in the asymptotic expansion.

Independence in z of the normal velocity Vi;:
The normal velocity Vj;(s,t) of the interface is defined by:

Vij(s,t) = 0¢ Xo(s,t) - n(s,t).

In the neighborhood N, we have the following property (which is a direct consequence of the
definition of the signed distance function):

d(Xo(s,t) +ezn(s,t),t) = ez.
Deriving this with respect to ¢ yields:
Vij(s,t) = 0:Xo(s,t) - Vd(Xo(s,t) +ezn(s,t),t) = —0:d (X (2, s,1),1).

Thus, the function 0;d(z, t) is independent of z and can be extended in the whole neighborhood
by choosing

Vii(Xo(s,t) + ezn,t) := —0id(Xo(s,t) +ezn,t) = Vi;(s,t).

This property of independence is crucial to be able to extract the velocity from integrals in z in
the following derivations.



Taylor expansions:
We assume the following Taylor expansions for our functions:

up(x,t) = u,go) (x,t) + eu,(fl)(m, t) + ezugf) (z,t)+---

Uk(z,s,t) = U,go)(z, s,t) + EUk(;l)(z, s, t) + 52U,£2)(z, §,t) 4 -

pi(@,t) = ) (@) + e (@, t) + 2 (a0, ) + -

W (z,s,t) = I.Lg))(z, s,t) + 6]-1;1)(2:, s,t) + g2 ugf)(z, Syt) 4 -+

Mo, t) = A (@, 1) + 22D (2, 1) + - -
Ag(z,s,t) = 5A](€1)(z, s,t) + EQA]?)(Z, Syt) 4 -+

Since the numbering of the phase is present as a subscript, we indicate the order in the Taylor
expansion as a superscript in brackets. We can then compose these expansions with a regular
function F*:

F//(Ulgo))

5 (Uk(;l))2

F(y) = FUO) + e 0oV + 2 | P ool +

F///( U}io))

3
+e 5

Fou® + oMol + UMy

To simplify the notations within the asymptotic expansion, we adopt the following notations
for M (uyg)

M (ug) = m,(co) + 6m,(€1) + e2m? + ey,
where

m = M),

m,(:) = M’(u,go))u,gl),

M (i)
2
We adopt the same convention for any generic outer function F(uy) or inner function F(Uy):

n® — 2@yl + W),

Flu) = {7 +efi) + 2P+ 17+
FU) = F? +eFY + 2FY + SR + .

Flux matching condition between inner and outer equations:
Instead of using the matching conditions directly between the first equations of the inner and
outer systems, it is more convenient to do the matching for the flux

Jk = M (up)V(oppr + A).

Jk has the following Taylor expansion for the M-CH model

Jk = [méo)v(ffkﬂéo) + )\(0))} t+e [m;(f)v(akuff) +29) + m;io)v(akug))k(”)}

(7)
+ 2 [m,(f)V(aku,(fO) + 20y 4 m,(:)V(Uk,u,(;) + AWy 4 m,&O)V(Uk,u,(f) + )\(2))} + O(e3).

In inner coordinates, we only need to express the normal part

M (Uy)

ka =Jp-n= aZ(O'li.k—i-A),

9



as the tangential terms are of higher order. The normal part expands as

1
ka = g [M(O)az(o—ku(o) + A(O)) ,

+ [M(l)a (el + AO) 1+ M0, (o 1) ))}’
© +e [M70:u8” + A0) + 1400 <kux+A )+ M0, (o2 + 4],
+QPQ%M%uk+AWH44 0. (e Y + A,
+ M0, (op ) + A) + (Uku(3) A9)| + 02,

The flux matching conditions allow to match the limit as = — 400 of terms of (7) with the
corresponding order terms of (8).

We can now investigate order by order the behavior of the M-CH model. We have to study
up to the fourth order term where the leading order of the velocity will appear in the first equa-
tion of (6). After that, we adapt the argument to the NMN-CH model, where a reformulation
of the problem will be necessary to avoid indeterminate forms in the asymptotic expansion.

2.2. Formal matched asymptotic expansion for the multiphasic M-CH model. We first es-
tablish Proposition 2.1 regarding the properties of the M-CH model. We recall that we study
the behavior of the different terms of the system near the interface I';; separating phases i and
Jj. We assume the following matching conditions for the two phases:

lim U() 0, lim U()

Z—+00 Z——00
lim U( ) = =1, lim U( ) =
Z—+00 Z——00

For the other phases, we require the following matching conditions

lim U() 0, lim U(l)

z—+oo z—Foo

First order:
At order (O(s72),0(1)) the inner system reads as

{0 = 0. (M0. (1))

wuwwm-@w»

From the first equation of the system, we deduce that M 0. (0% p. ) is constant. The matching
conditions for the outer flux (7) and the inner flux (8) at order e~! impose this constant to be

zero. Then there is a constant A,io) such that
opl® = 4O,
Collecting all this information, we obtain that:
40
0:U ~W/(U) = ZE Wke{l,...,L}.
k

We complement with the initial conditions
0 _ g0 _ 1

U[;(;O) =0 VYke {1,7L}\{27.7}7
10



Finally, we conclude that

UI(O) - q(z)v

U = q(=2) =1 - q(2),

v =0 vke{l,...,L}\{i,j},
W —o0 vke{1,..., L},

where ¢ is the optimal phase field profile.

Second order:
At order (O(s71), O(e)) the outer system reads as

{0 = 0. (M"0. (ol + AM)),

©)
wd = wr oMo - o0 - Hio.UY.

It follows that there exists a function BI,(C ) constant in z such that

MO0, (o,pt” + AWy = BV,

By the matching condition between the outer flux (7) and the inner flux (8) at order 1, it holds
that

lim M( Z(Uku](fl) + AWy =o.

z—+oo

We deduce that B ,(:) = 0 and that there exists a function A,(j) constant in z such that
1 1
H( ) (1) _ A](C )
Subtracting the case k = i from the case k = j gives

o) — gy = A 4D

)

The term AS) = A;l) — Agl) can be determined using the second equation of (9). Indeed, recall
that

o; LLZ(U = O'ZW//(UZ(O))UZ(U — a,f)ZZUZ(l) - O'iHijq/)
oj Hgl) = O']'W”(Ulio))U;l) — O'jaZZU](l) + O'jHijq/.
We multiply both equations by ¢’ and integrate the difference. We can eliminate the terms in
U™ through integration by parts:
+oo

/ . WO - o..uM0.ua: = W - o.uMo.u®|
R

—00

/ a.u" (W’ wy - 8ZZU(O)> dz,

It follows that
(10) A =- /R(Uj W — oiu)g dz = —(0; + 04 Hi; /R(Q’)2 dz = —oijew Hyj.
On the other hand, summing the second equation of system (9) for the phases i and j gives

O = wq) [ + U] - o U + U]
11



Multiplying by ¢’ and integrating by parts gives:

/R (w?+ 1) gz = 0.

Thus there exists a profile ¢ and a tangential function ¢ such that

nM 4+l = e(s)¢(2).

Combining this with equation (10), we obtain

u) = ey Hyj + C(z)c(s)%,
ij
o
Hgl) = Cwﬂij + C(Z)C(S)fj
Tij
and then,
{W”(Uz‘(O))Ui(l) . 8zzUZ‘(1) — Hz‘j(CW + q/) + C(Z)C(S)%,
WU — 0.0 = —Hj(ew +¢) + (()es) 2.
which leads to
{Ui(l)(za s) = Hijn(z) + c(s)%w(z),
1 i
U (2, 5) = —Hygn(2) + c(s) Zw().
Here 1 and w are two profiles defined as the solutions to W/(¢q)y — v" = ¢ + cw and

W'(q)y — y" = &, respectively, with appropriate initial conditions.

In particular, if H;; # 0, then U, 2-(1) and U ;1) cannot vanish both together which explains why
the leading error order term for the solution of the system is ¢ only. This yields the important
conclusion that the M-CH model is always of order 1 when the mean curvature is non zero. It
justifies the interest of the NMN-CH model which is of second order.

Third order:
At order (O(1), O(g?)) the inner system reads as

0= 0. (M”0. (o p? + A®)),

(11)
2 _ W///(UIEO) )

! SO+ WO - 0.0 + ;00,0 - 21 0.0,

In the first equation, we used the results from the first two orders and left out the term that
vanishes. From the first equality of (11), we find that:

M]EO)az(Uk“’;;) + A(Q)) _ Bl(€2)

The matching conditions between the flux (7) and (8) at order ¢ yields (by removing all the null
terms):
BP = 1im M0.(o,1® + A@) = 0.

z—+o0

This means that the term oy, ]J.Ef) + A is constant in z and will not intervene in the flux term

of order £2.

Fourth order:
Collecting the previous results, the first equation of the inner system at order ¢ for the phase i
12



and j simplifies to
1
_;‘/ijq/ =0, [Ml(O)az(O'z 2(3) + A(3)):| + 0, {MZ(O)as(UzHEU + A(l)):| ’
1
Vi = 0. [ M0, (0,1 + A®)| + 0, [ M0, (0,1 + 40|
j
We subtract the two equations, and integrate. We divide the computation in three:

1 1 1
v; Vj Vij

o Collecting the result from the previous paragraphs, we find the following matching
between the outer flux (7) and the inner flux (8) at order £:
tim M0 (i + A9) = mV (o3 +AD),

Because M'(0) = M’(1) = 0, the limit term is zero and then

/Raz (M} 0. (o1 + A >)) dz = 0.

The corresponding term for the j-th phase is treated similarly.
e Using (10), the second term of the right hand side is (noting that MZ-(O) =M (0)):

J
/M(O)ass gzp.l —0j LLJ (/ M (q dz> cw Oss H.

Finally, we obtain that

e The left hand side gives:

1
—Vij = osjewenOss Hyj.
Vij
2.3. Formal matched asymptotic expansion for the multiphase NMN-CH model. We now
give a proof of Proposition 2.2 concerning the properties of NMN-CH. The following matching
conditions for the phase ¢ and j are assumed:

lim U() 0, lim U()

z—400 Z—>—00
lim U( ) — lim U( ) —
z—400 Z—>—00
and for the other phases
lim U() lim U(l)
z—+oo z—+o00

Reformulation of the model:
It is more convenient to rewrite the NMN-CH model by transferring N(uy) to the left hand
side of the system, which yields the NMN-CH reformulation I model we already mentioned:

12) e?g(ur)dpu, = vi div (M (ug)V (okpr + X)),
g(up)pr = W (ug) — 2 Auy.
where g(ug) = /M (ux) = m when N (uy) is well-defined, and, as before, A is the La-

grangian multiplier which encodes the partition constraint Zuk = 0. As already said, the
advantage of such a formulation is that g(uy) is always well defined even if u; = 0, which is
not the case for N(uy). Note also that the definition of j, has been changed but we keep the
same notation for simplicity.

Remark that similar calculations as those shown below can be done for the NMN-CH re-
formulation II model which is used for numerical approximation, and the same conclusions of
Proposition 2.2 hold. Actually, using the additional term ~¢2 in the definition of M does not

13



change the asymptotic results for at least the first four orders of interests. Indeed, this term
appears to be associated with L, (see below) which is zero, and L, whose derivative in z van-
ishes.

The inner system for NMN-CH reformulation I now reads (for simplicity, we drop the expres-
sion "reformulation I" in the calculations below):

2 2
O+ SR80, ~ “CEV0.U, = 0. (Mid(oully + 1))
k

Vi Vi
M,
+ %Adijaz(akuk +A) + Ti(s),

leik; = W/(Uk) — 0., Uy — EAdz’jazUk + <‘~52TQ(3>7

_ o Hy 2
Adij = 1+ezHy Hiy = ety +0(),
_ 1 ezM0sH;;
T(8) = A ez e O Midslontly + A)) = 5= s Os(orbl + ),
1 sHi'
Ty(s) = DosUny — —20ii g 17

(1 + EZHij)z 5 (1 + EZfIij)5

Because the N (uy) are now on the left hand side of the system in the form of G, the flux term
Jj = M(ug)V (our + A) is the same as the one for M-CH. The flux matching condition is then
also equal to the one given by (7) and (8).

First order:
At order (O(s72), O(1)) the inner system reads:

0. (P0.n?).
GOUO — U — 0.0,

From the first equation of the system, we deduce that M/ ,EO)(?Z (0% },L,io)) is constant. The matching
conditions on the outer (7) and inner fluxes (8) at order e~! impose this constant to be zero.

Then there exists a constant A,(go) in z such that
o = 4D,
Collecting all this information, we have
G (U©) 4@
0..0" —w' (U = <k>’“ ke {1,...,L}).

Ok

Then, using the matching conditions and the initial conditions Ui(o) =U ;0) = 1 leads to

Uz'(o) = q(2),

n =0,

U = q(=2) =1 - q(2),

w =o,

v =0 vke{l,...,L}\{ij}.

Notice that LL,(CO) is a constant in z that can be nonzero.

14



Second order:
At order (O(e71), O(¢)) the inner system reads

. 0=a, <M,§°)az(ak uth ¢ A<1>)> :
GOul 4 ¢OuO — O — o, v - m0.U0.

For k # i, j, using the fact that U, ,io) = 0, the second equation can be rewritten as
0 1 1
0= (1- 1) 0 - o0

As the matching conditions show that lim,+., U, 21) = (), it follows that U 151) =

(1)

Now turning to the i-th phase (resp j-th), there exists a function B; ’ constant in z such that

MO0 (o + AD) = BY.
From the matching condition between outer (7) and inner flux (8) at order 1, we deduce that

lim M0, (oY + AW) =0,

z—+00

and Bfl) =0 (resp B](.l) = 0). Then there exist functions Agl), A§-1) constant in z such that

ot 4 A = 4
9j I‘J'J DA = Agl)'

Subtracting the i-th term to the j-th term leads to

ot —oip = A A = Al

Moreover, recall that U,gl) = 0 for k # 1, j, which implies that Ui(l) = —U]Q) as ij:l U,El) =0.
Using the symmetry properties g(1 — s) = g(s) and W”(1 — s) = W (s), it follows that:

g =wrwu — 0.0 — m;;0.0°,
—W/,(UZ-(O))UZ-(I) +8ZZUZ'(1) +HijazUi(0)7
= —g(UfO))HEl),
= —g(U")".
thus g(Uj(O)) <LLZ(»1) + ug»l)) = 0. Finally, as g(¢) # 0, LLZO) and pLS-l) are necessarily constant in z
and
o _
ut = -,

It shows that we can express AZ(-JI-) as

A = (0 + 1) W = —oy; 1t

ij
Now, multiplying the second equation of (13) for phase i

oW = w0 — 0.0 — Hid
by the profile ¢’ and integrating over R shows that

(14) IJ»El) = —CEHZ‘]‘ and A(l) O'Z]Hij.
CN CN
15



Indeed, on the one hand we have

+o0
/ @.ow'wOnu? -~ o..uMo.uaz = [wiwu - o.0Po.u”] ",
R

—00

- / a,ul") (W/(U.(O)) aZZU.(O)> dz
R
=0

=0,

and on the other hand

/R ()p,l qdz—ull)/N dz—cNLLZ , and/Hl] V2dz = ey Hyj.

Finally, it shows that

0..U" — W (U = —H, ;(¢ — C—Wg< )).

Now, recall that the choice M(s) = /2W(s) and N(s) = 1//M(s) = 1/,/2 ) for the
mobilities implies that
9(a) =1/N(q) = v2W(q) = —¢'and ey = —cw.

1)

This is the key point to understand why in this case the term U; "’ is null as a solution of

8zz[]l(l) - W”(Q)Ui(l) =0.
The same argument gives U ;1) = 0. In summary, we have U ,g ) = =U; M =U; (' — 0. It means

that the leading error order term in the solutions U; and Uj is of magnitude ¢? while the other
phases are absent.

Third order:

At order (O(1), O(¢?)), using both previous orders, the inner system simplifies to

0= 0. (MO 0.(opp? + A)) |

0,0 _ WD) o 0772 ) 1
G = —— A0 WO - 0.0 + 10,0 — 250U

From the first equality, we find that

MO0 1 A =

The matching conditions at order ¢ for the fluxes given by (7) and (8) yield also (by removing
all the null terms):

By = lim MY0.(o,1? + A®) =0

z—*Foo

Therefore, o}, LL,(CQ) + A®@ is constant in z and will not intervene in the flux term of order 2.
Remark 2.3. It is possible to show that UZ-(2) and U ](2) are of the form

(2 _ (2) _ g2
Uj =-U" = Hij((z)a

where ( is the profile defined by

y(0) =0

and which decreases to zero at infinity.

{y"(z) — W (q)y(z) = 2¢

16



Fourth order:
Eliminating all the vanishing terms, the first equations for the i-th and j-th phase of the inner
system read
(15)

_ fv UM, U = o, [Mi(o)az (aiul@ - A(S))} dz + 0, [M(Ui(o))é?s (aiui” + A(l)ﬂ dz,

1
B ;Vijg(U]( ))GZU}O) o, [Mj(o)a (U;H )} iz + 0, [ ( J(o))as <0ju§1) +A(1)>} dz.
]

Integrating over R yields to

A /]R 0. [MU)a. (ot + 4@ | dz + /R 0, (MU ), (ol + A |z,

+Cyfjvij - /R 9, [M(UJ(O))OZ (aju§3>+A<3>)} dz + /R 9, [M(U]@))q’as <aju§.1>+A<1>)] dz.

The matching conditions for the fluxes at order O(c?) show that the first integral is zero. Note
that most of the terms in the fluxes have been proven to be zero in the previous orders.

On the other hand, the second integral can be expressed with the terms from the second
order calculations and the properties of the profile ¢ give that

/R 0, [M(U}O) (Uzl.lll)—i-A )}dz:ass (Uiu§1)+A<1> / M(q)d>

= cp0ss ( zu( ) Al )>

The same result can be obtained for the integral in j. Subtracting the first equation of (15) to
the second, we get
1 1 1 1), (1 1 1
oo Vis = (V + yj) enViy = endes (=0t VY = AD oy 1+ AD) = ey, AT
Using (14), it follows that
in’j _cwem
Vij (en)?
which concludes the proof of Proposition 2.2.

7. 204 aSSHZj )

3. NUMERICAL APPROXIMATION

In this section, we show how to compute efficiently numerical approximations to the solu-
tions to phase field models M-CH and NMN-CH , and we provide various numerical illustra-
tions of the performances and properties of both models in dimensions 2 and 3. The numerical
approximation is performed with the original M-CH model and with the NMN-CH reformu-
lation IT model (see the introduction), whose definitions are recalled:

¢ M-CH
Orur = g diV( ( )V(ak,uk—i—)\))
e = A,

where the mobility M is defined as M (u) = c%2W(u) Here, the constant |cy| = } is
N

added to get the same limit law as with our new Cahn-Hilliard model.
o NMN-CH-reformulation II

Sup = vpN (ug) div (M (u) VN (ug,) (o + N))
k 2 k

1 :Zkuk

17



where the mobilities M, N are defined by M (s) = 2W (s) +~e2, withy > 0,and N(s) = \/]&[7(8)

For simplicity we keep the original notations M, IV although the definitions are different, and
still for the sake of simplicity we drop the expression "reformulation II". We set v = 1 for all
numerical experiments presented below.

Various schemes have already been proposed in the literature, see [?, ?, ?, ?], to deal with
multiphase Cahn-Hilliard type equations, especially when the number of phases is L = 3
[2,2,2,2,2,2,?2lor L=4[2,2,2,?].

Recall that the Cahn-Hilliard system is of fourth-order in space, which introduces severe re-
strictions on the time step for most classical methods due to numerical instability. To overcome
these difficulties, a natural idea is to adapt the strategy of convex splitting of the Cahn-Hilliard
energy which was first proposed by Eyre [?]. This technique has become very popular for
it provides simple, efficient, and stable schemes to approximate various evolution problems
with a gradient flow structure [?, ?,?, ?,?, 2, ?]. For instance, a first- and second-order splitting
scheme was proposed in [?, ?, ?] to address the case of the Cahn-Hilliard equation with mo-
bility. However, these approaches are based on finite elements and require the resolution of
linear systems at each step, which can be ill-conditioned in the case of degenerate mobilities.
As an alternative, we proposed recently in [?] a semi-implicit Fourier spectral method in the
spirit of [?, ?, ?, ?, ?]. The idea is to exploit the variational structure of the mobility by using
an additionally convex splitting of the associated metric. It gives a very simple, efficient, and
stable scheme even in the case of degenerate mobilities.

An accurate non linear multigrid method was proposed in [?] to approximate the solution
to the Cahn-Hilliard equation. However, this approach requires the resolution of a 2L x 2L
system of equations which can be problematic when L is large. Based on the first-order convex
splitting method, Lee and al [?] developed a practically unconditionally gradient-stable con-
servative nonlinear numerical scheme for converting the L-phase Cahn-Hilliard system into a
system of L Cahn-Hilliard equations. This reduces significantly the computational cost. More
recently, Yang and Kim [?] proposed an unconditionally stable with second-order accuracy
based on the Crank-Nicolson scheme and adopted the idea of stabilized method [?].

In this paper, we propose to adapt to multiphase the approach we proposed in [?]. The nov-
elty is to split the treatment of the Lagrange multiplier via the splitting of the metric so that
M-CH and NMN-CH can be solved in a decoupled way. This means that we only need to
solve L biphasic Cahn-Hilliard equations at each iteration, as in [?].

In the following, we first recall the schemes we have introduced in [?] when only two phases
(i.e. one single u) are considered for both M-CH and NMN-CH models. Then we extend to
the multiphase case by using a semi-implicit treatment of the Lagrange multiplier which is ex-
plicitly given in Fourier space. For each model, a Matlab script is provided to give an example
of implementation. Next, we provide a numerical comparison of phase field models in space
dimension 2. In addition, some illustrations are provided to show the influence of mobilities
and surface tensions using the NMN-CH model. These illustrations show also that our mod-
els can handle Cahn-Hilliard problems in complex domain without imposing any boundary
condition or additional surface energy, but rather by simply imposing a null mobility at the ap-
propriate interfaces. Then we conclude the section with an application to the wetting problem
where we derive a simplified model using the liquid phase only.

3.1. Spatial and time discretization: a Fourier-spectral approach. All equations are solved

on a square-box @ = [0, L1] x --- x [0, Lg4] with periodic boundary conditions. We recall that

the Fourier K-approximation of a function u defined in abox @ = [0, L;] x - - - x [0, Lg] is given
18



by
’LLK(ZL‘): Z CkeQzﬁr{k-z7

keKy
where Ky =[-8t 8t — 1] x [-22, 82 — 1) x [ 82 S — 1), k = (ky,... kg) and &, =
(k1/L1,. .., kq/Lq). In this formula, the cx’s denote the K first discrete Fourier coefficients of

u. The inverse discrete Fourier transform leads to uff = IFFT|cg] where uli denotes the value
of u at the points zg = (k1h1,. .., kqhq) and where h; = L;/N; fori € {1,...,d}. Conversely, c
can be computed as the discrete Fourier transform of uX , i.e., cx, = FFT[uk].

Given a time discretization parameter ¢; > 0, we construct a sequence (u"),>o of approxi-
mations of v at times nJ;.

3.2. Numerical scheme for the M-CH model. We first recall the numerical approach intro-
duced in [?] to compute numerical solutions of the M-CH model in a biphasic context. In such
a case, the Cahn-Hilliard equation reads as

{@u = div (M (u)V(p))
L =W _ Ay

e2
Our approach can be viewed as a Fourier semi-implicit scheme which reads as
(w1 —u™) /6 = mApT + div(M(u") — m)Vu™)
puntt = (—Au™ + GumT) + (S (W (W) — au™)) .

where m and « are two stabilization parameters. More precisely, this scheme derives from a
convex-concave splitting of the Cahn-Hilliard energy

VuP? | 1 _1/ 2, @ /1 _a¥
/Q( 5 +€2W(u))d$—2 Q(|Vu| +€2u)d$+ Q€2(W(u) oz2)dx,

but also of the associated metric
1 1 1
/ M ™)V 2 = / m|Vpl2dz + /(M(u") — m)|V|2da.
2 Jo 2 Jo 2

As we explained in [?], the scheme seems to decrease the Cahn-Hilliard energy as soon as each
explicit term is concave, which is true when setting m = max ¢ 1] M (s) and a > maxep 17 |W"(s)|.

Alternatively this scheme reads in a matrix form as
Id _5th un+1 B1]Iln um
2 ntl | = 2’ )
A —O[/€ Id % Bu”,,u"

() = (" g™ ),

where

Finally, the couple (u""!, u"*1) can be computed using the system

n
u,

utl =Ly [Bl m +5thBgn7un:| ;
Mn—f—l =Ly [(—ABin,pﬂ + a/nginW) + B?Ln’un] )

where the operator

Ly = (I + 6;mA(A — 04/62Id))71 ,

can be computed very efficiently in Fourier space.
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Remark 3.1. This scheme is very efficient as it does not require any resolution of a linear system.
Moreover, this scheme seems to be stable without assumption on é; in the sense that it decreases the
Cahn-Hilliard energy. It is also not difficult to show that the mass of u is conserved along the iterations,

ie.,
/u”“dmz/u"d:ﬁ.
Q Q

Following this method, we now propose similar schemes for the multiphase M-CH model

Opu, = v div (M (ug)V(ogpr + N)) ,
me =5 — Ay,

They are based on the same convex-concave splitting of the Cahn-Hilliard equation and its
associated metric. In the multiphase context, we obtain

(upt™ —u) /6 = v (MA ot + A 4 div [(M(ul) — m)V ol + A™])
i = (CAu S £ (BOV () - o),
where the Lagrange multiplier A" ! is associated to the partition constraint 3, u}*! = 1.

More precisely, the couple (u} ", uf*!) can be expressed as

{uZ'H = UZH/Q + SivpmLag, [ANT]
MZH _ :“ZH/Q + SmIg, [(—A + %)A)\n—kl] :
where

e the operator L), is given by

Lyg, = (Ia+ dmop A(A — /e?1y))

n+1/2  n+1/2

e the couple (v, /7, p, " '7) is defined as the solution to the decoupled system
+1/2
uZ / = L, BllLZ,MZ + 5tm0kykAB327ug] ,
n+1/2 2\ 1 2
Ky - LMk (_A+a/5 )Buz,yz +Bu2,u2 ’
where

Bl = ufl + S div [(M(ug) —m)V [awg + A’“H ,
and .
2 _ (. .n n
Bug,y;; = ?(W (uf) — aug).

In particular, \"*! satisfies the equation

om (Z VkLMk) AN =1 = UZ+1/2,
k k

therefore,
-1

(1= upt).

k

1
h L p— v L, A

Here the operator [, v Ly, A is still homogeneous and can be computed easily in Fourier
space.

From the previous equations, we can implement the schemes within the Matlab framework
almost immediately, see the 54-lines Matlab script of Table 1 which approximates the solution
to the M-CH model. In particular :
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We consider here a discretized computation box Q = [~1/2,1/2]% using N = 28 nodes
in each direction. The initial condition of u is a uniform noise and the numerical pa-
rameters are settoe = 1/N, 6; = *,a = 2,and m = maXe(o,1] M(s).

o First we define the terms uzﬂ/ % and MZH/ 2 (lines 29-39) as in [?]. Then, we determine
A"+ (lines 42-45) which allows us to correct and obtain uZH and MZ“ (lines 48-52).

o Line 24 corresponds to the definition of the Fourier-symbol associated with the operator
Ly, . The application of Ly, can then be performed by using a simple multiplication
in Fourier space with the array M.

e Each computation of a gradient or a divergence is made in Fourier space. For instance
the divergence div [(M (u}) — m)V [ouf + A*]] is computed on line 31.

e The computation of A" is illustrated on lines 42-45. \"! is first computed in Fourier
space using the Fourier-symbol of the operator ), v L, A]™'. Then A"t is obtained
by applying the discrete inverse Fourier transform.

3.3. Numerical scheme for the NMN-CH model. The case of the NMN-CH model is slightly
more complicated. We first recall the numerical scheme introduced in [?] for only two phases,
then we explain how to generalize it in the multiphase context. Recall that the NMN-CH model
reads in the biphase case as

Oru = N(u)div (M (u)V(N(u)p))
[T—— W) Ay
2
and that the Fourier semi-implicit scheme we proposed in [?] to approximate its solutions is
(Wt —u) /6 = [mA = Bl 4+ H(u", ),
et = (AW + G + (B V() - au)

£

where
H(u", 1) = N (") div((M(u") V(N (u")u")) = mAp" + B

Remark 3.2. Recall that this approach is based on the convex-concave splitting of the associated metric

- /Q M(u) (VN @)) do = Jue(2) + o),
with
Jueli) = 5 /Q mlVlde + /Q B
and
Juei) = /Q%) Vupde + /Q (G~ B)pda + /Q (1= m)|Vulde.

Here, G(u) = —3V(log(M (u))), and as it is bounded is H'(Q), a sufficiently large choice for m and
(3 should ensure the concavity of Jy (1) and the stability of the scheme. In practice, we take m = 1 and
B = 1/ for our numerical experiments and these values did not show any sign of instability regardless
of the choice of the time step ;.

Finally, the couple (u" "1, 4" *1) is solution of the system
Id —5t(mA — 5Id) un+l o Bin,#n
A — Oé/€2 I, Iun+1 - Bg”,,u" )

B}ann _(u" 4 0 H (U, ™)
B2, - 6%(W’(u”)—ozu”), ’

u”,pm
21
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clear all; colormap (’jet’);

$T55%5%%%5%%%5%%%%% parameters $%%%3%%5555555555%%59%%5%%%
N = 278; epsilon =1/N; dt = epsilon”®4; T = 10" (-4);
W_prim = @(U) (U.x(U-1).%(2%U-1));

MobMM = @ (U) 2%36/2% ((((U).x(1-U))."2) );

alpha = 2;x = linspace(0,1,N); c=max (MobMM (x));
$%5%%%5%%%%%%%%%%% condition initiale $%%%%%%%%%%%%%

U(:,:,1) = 2xrand(N,N)/3; U(:,:,2) = rand(N,N) .+ (1 -U(:,:,1) );
U(:y,:,3) = 1-(U(:,:,1) + U(:,:,2) );

Mu = 0%U;lambda = 0; lambda_fourier = 0;Mu_fourier = zeros(N,N, 3);
for k=1:3, U_fourier(:,:,k) = £ft2(U(:,:,k)); end

T2 5%%%%%%%% coefficient — mobilite %$%%%%%%%%%
sigmal2 =1; sigmal3 =1; sigma23 =1;

sigma(l) = (sigmal2 + sigmal3 - sigma23)/2;

sigma (2) = (sigmal2 + sigma23 - sigmal3)/2;

sigma (3) = (sigma23 + sigmal3 - sigmal2)/2;

mob (1) = 1; mob(2)= 1; mob(3) = 1;
$%5%%%5%%%5%%%%%%%%% Diffusion Fourier $%%%%%%%%%%%%%%
k = [0:N/2,-N/2+1:-1];

[K1,K2] = meshgrid(k,k);

Delta = —-4%pi”2% ((K1."2 + (K2)."2));

for k=1:3, M_L(:,:,k) = 1./(1 + dtxsigma (k) *mob (k)~* (c*Delta).x* (Delta — alpha/epsilon”2)); end
BT T T THTTHTTITTHTIHT5HT%%%
k=1;

for i=1:T7/dt,
%%%%%%%%%%%% computation of u*{n+1/2}_k, \mu*{n+1/2}_k

for k=1:3,
mobUk = MobMM(U(:,:,k));
div_mob_laplacien_fourier = 2+1ixpixK1l.x££ft2 ((mobUk-c) .*ifft2 (2+x1i*pixK1l.« (sigma (k)*Mu_fourier(:,:,k) +
lambda_fourier)))...
+ 2%1ixpi*K2.xfft2 ((mobUk-c) .*1ifft2 (2x1i*pi*K2.« (sigma (k) *Mu_fourier(:,:,k) + lambda_fourier)));
Bl = U_fourier(:,:,k) + dtsmob (k) xdiv_mob_laplacien_fourier;
B2 = fft2(W_prim(U(:,:,k))/epsilon”2 - alpha/epsilon”2+U(:,:,k));
U_fourier(:,:,k) = M_L(:,:,k).* (Bl + dt*mob (k)+*sigma (k)*cxDelta.*B2);
U(:,:,k) = real (ifft2(U_fourier(:,:,k)));
Mu_fourier(:,:,k) = M_L(:,:,k).*((alpha/epsilon®2 - Delta).*Bl + B2);
Mu(:,:,k) = ifft2 (Mu_fourier(:,:,k));
end

L5 555%%5%%%5%%5%%%% computation of lambda and correction %%%%%%%%%%
Err_sum = fft2(1 - sum(U,3));

lambda_fourier = (1./((c*(M_L(:,:,1)*mob(1l) +M_L(:,:,2)*mob(2) + M_L(:,:,3)*mob(3))).*Delta)) .*Err_sum/dt;
lambda_fourier(1,1) = 0;

lambda = real (ifft2 (lambda_fourier));

for k=1:3,

term = dtx (mob (k) x (cxDelta.*lambda_fourier));

U_fourier(:,:,k) = U_fourier(:,:,k) + M_L(:,:,k).*xterm;

Mu_fourier(:,:,k) = Mu_fourier(:,:,k) - (Delta - alpha/epsilon”2).xM_L(:,:,k).xterm;
U(:,:,k) = real (i1fft2(U_fourier(:,:,k)));

Mu(:,:,k) = ifft2 (Mu_fourier(:,:,k));

end

end

TABLE 1. Matlab implementation of our scheme to approximate in dimension
2 the solutions to the M-CH model.

and satisfies
Mn+1 g LNMN [(—ABinﬂun + a/€2Bin7“n) + Bgn“un] .

where the operator Lyyy = (Iq + 6:(mA — BIg)(A — a/sQId))il can be computed very effi-
ciently in Fourier space.

We now propose to extend this approach to the multiphase case:
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O = veN (ug) div [M (ug) VN (ug)ogpr + N]]

W/
pe = 75(2%) — Auy,
1 = 4 Uk

The scheme reads

(™t =) /6 = mlmd — B (orpf ™+ XY Hy (o, i, A7)
! = (~Aurt St + BV () — )
where
i 1, A7) = v (N () div (M () V(N () (0 + A))) — [mA — B)(owpfy + A™)).

and A\"*! is associated to the partition constraint 3, u} ™ = 1.

Let us now introduce the couple (uZH/ 2w 1%) defined by

+1/2
UZ / = LNMN,]C B}JZ,MZJ\" + (Stl/kO'k([mA - ﬁ]BZZ#LZv)‘n)}
+1/2
Ly = LNMN K (—ABig,ug,An + 0‘/52352#2,/\”) + BZ;;,M;;,A;J :
where
-1
LNMN,k = (Id + 5t1/kak(mA — BId)(A — Oz/EQId))
and

1
qu”,u”,/\" =u" + 5tH(un7 Mna )\n) and B?L",y”,)\" = ?(W,(un) - aun)'
It is not difficult to see that
uptt = uZ+1/2 + S Lnpn e [[mA — BIA" T
MZJrl = /LZ—H/Q + 5thLNMN,k [(—A + g%)(mA — 5))\n+1]

which shows that A\ satisfies

1
1 n
)\n—i-l = 6—t [Z VkLNMN,k(mA — B) (1 — Zuk+1/2).
k k

where the operator [Y, vk Ly x(mA — )]*1 is homogeneous and can be, again, computed

easily in Fourier space.

Similarly to the M-CH model, the implementation of the previous scheme is simple and
efficient. We present in Table 2 an example of a Matlab script with less than 60 lines which

implements the scheme approximating the solutions to the NMN-CH model. In particular :

e We consider here a computation box @ = [—1/2,1/2]? discretized with N = 2% nodes
in each direction. The initial condition of u is a uniform noise and the numerical pa-
rameters are settoe = 1/N, 6 =e*,a =2,8=2/c?and m = 1.

e The implementation is almost identical to the previous model. Only the treatment of
the divergence term Hj(uj, uj, \'") makes a difference. The computation is done in
lines 33 to 36 and is based on the following equality:

N(u) div(M(u)V(N(up) = VM@)A (N(w)p) + N@)V(M(w) - V(N (u)p)
= VM@WA (N(u)) + 2V [ VM) - V(N (),

as N(u) = 1/+/M(u), see [?] for more details.
e Figure 1 shows the function uf + 2u} computed at different times t" using this script.
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We believe that the proposed implementation shows the simplicity, efficiency, and stability
of our numerical scheme.

clear all;

555595553 %%%5%%%% parameters 5555555555555 %5%5%5%%%%
N = 278; epsilon =1/N; dt = epsilon”®4; T = 10" (-4);
alpha = 2;gamma=1; beta = 2/epsilon”2;

W_prim = @(U) (U.*(U-1).x(2xU-1));

MobM = @(U) 1/2x((((U).x(1-U))."2+epsilon”2) );

MobN = @ (U) 1./sgrt (MobM(U) );

55555 %%5%5%%%%%% initial condition $%%%%%%%%%%%%%

U(:,:,1) = 2xrand(N,N) /3; U(:,:,2) = rand(N,N) .« (1 -U(:,:,1) );
U(:,:,3) = 1-(U(:,:,1) + U(:z,:,2) );

Mu = 0+U;lambda = 0; lambda_fourier = 0;Mu_fourier = zeros(N,N,3);
for k=1:3, U_fourier(:,:,k) = £ft2(U(:,:,k)); end

$5%%%5%%%5%%%5%%%%%%%% surface tension coefficients - mobilities %$%%%%%%%%%
sigmal2 =1; sigmal3 =1; sigma23 =1;

sigma(l) = (sigmal2 + sigmal3 - sigma23)/2;

sigma (2) = (sigmal2 + sigma23 - sigmal3)/2;

sigma (3) = (sigma23 + sigmal3 - sigmal2)/2;

mob(l) = 1; mob(2)= 1; mob(3) = 1;

5%%5%%%5%%%5%%%%%% Kernel %%%%%%%%%%%%%%%

k = [0:N/2,-N/2+1:-1]; [K1,K2] = meshgrid(k,k);

Delta = —4»pi”2%((K1.”2 + (K2).”72)); M_L = zeros(N,N,3);

for k=1:3,

M L(:,:,k) = 1./(1 + dtxsigma (k) *mob (k)* (gammaxDelta - beta) .= (Delta - alpha/epsilon”2));
end

$%%%%%%%5%%1oop 35535555555 5%%%%%

for i=1:T/dt,

%%%%%%%%%%%% computation of u*{n+1/2} k, \mu*~{n+1/2} k

for k=1:3,

mobMUk = MobM(U(:, :,k)); mobNUk = MobN(U(:,:,k));

sqrtMk = sqgrt (mobMUk); sqgrtMk_fourier = £ft2 (sqrtMk);

nablal_sqrtMk= real (1fft2 (2+«pix1i«K1l.*xsqrtMk_fourier )); nabla2_sqrtMk= real (1fft2 (2+pix1i%K2.%
sqrtMk_fourier ));

muN_fourier = fft2((sigma(k)*Mu(:,:,k) + lambda) .*mobNUk) ;

nablal_muN = real (1fft2 (2xpix1i%xK1l.*muN_fourier ));

nabla2_muN = real (1fft2 (2+4pix1i+«K2.»muN_fourier ));

laplacien_muN = real (ifft2 (Delta.*muN_fourier ));

NdivMgradNMu = sqrtMk.xlaplacien_muN + 2x (nablal_sqgrtMk.+nablal_muN +nabla2_sqrtMk.xnabla2_muN) ;

Bl = U_fourier(:,:,k) + dtx(mob(k)+fft2 (NdivMgradNMu) - mob (k) * (gammaxDelta-beta) .* ((sigma (k) *Mu_fourier
(:,:,k)+lambda_fourier)));

B2 = fft2(W_prim(U(:,:,k))/epsilon”2 - alpha/epsilon”2xU(:,:,k));

U_fourier(:,:,k) = M_L(:,:,k).*(Bl + dt*mob (k)*sigma (k)* (gammaxDelta-beta) .*B2);

U(:,:,k) = real (i1fft2(U_fourier(:,:,k)));

Mu_fourier(:,:,k) = M_L(:,:,k).x((alpha/epsilon”2 - Delta).*Bl + B2);

Mu(:,:,k) = real (ifft2 (Mu_fourier(:,:,k)));

end

$5%%%5%5%5%%5%%%%%%%%%%% computation of lambda and correction %%%%%%%%%%

Err_sum = fft2(1 - sum(U,3));

weight = (M_L(:,:,1)*mob (1) +M_L(:,:,2)*mob(2) + M_L(:,:,3)*mob(3)).*(gammaxDelta-1lxbeta);
lambda_fourier = (1./(weight)) .*Err_sum/dt;

lambda = real (1fft2 (lambda_fourier));

for k=1:3,

term = (mob(k)*M_L(:,:,k)./((M_L(:,:,1)*mob(l) +M_L(:,:,2)*mob(2) + M _L(:,:,3)*mob(3)))).+xErr_sum;
U_fourier(:,:,k) = U_fourier(:,:,k) + term;

Mu_fourier(:,:,k) = Mu_fourier(:,:,k) - (Delta - alpha/epsilon”2).x*term;

U(:,:,k) = real (ifft2(U_fourier(:,:,k)));

Mu(:,:,k) = real (1fft2 (Mu_fourier(:,:,k)));

end

end

TABLE 2. Matlab implementation of our scheme to approximate in dimension
2 the solutions to the NMN-CH model.

3.4. Numerical validation.

3.4.1. Asymptotic expansion and flow: a numerical comparison. The first numerical example con-

cerns the evolution of an initial connected set. For each Cahn-Hilliard model, we plot on

Figure 2 the phase field function u} + 2uf computed at different times ¢. Each experiment is
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1=2.91040-11 R t=2.91040-09 1=291040-08 1 =2.91040-07
s -

FIGURE 1. First numerical experiment using the NMN-CH model; the solu-
tions u are computed with the Matlab script of Table 2. We plot the function
x — uz(z) + 2us(z) on each picture which means that the first, second, and
third phases appear in blue, green, and red, respectively.

performed using the same numerical parameters: N = 28 e=06,0=c,a=2m=1,and
B =2/e2

The first and second lines of Figure 2 correspond to the solutions given by the M-CH and
the NMN-CH models, respectively. Notice that the numerical experiments obtained with both
models are very similar and should give a good approximation of the surface diffusion flow.
In addition, for each model, the stationary flow limit appears to correspond to a ball of the
same mass as that of the initial set.

To illustrate the asymptotic expansion performed in Section 2, we plot on Figure 3 (first
two pictures) the slice 1 — u;(z1,0) at the final time 7" = 10~%. The profile associated to
the M-CH model is plotted in red and clearly indicates that the solution u does not remain in
the interval [0, 1] with an overshoot of order O(e). In contrast, the profile obtained using the
NMN-CH model (in green) seems to be very close to ¢ and remains in [0, 1] up to an error of
order O(¢?). Finally, we plot the evolution of the Cahn—Hilliard energy along the flow for each
model on the last picture of Figure 3. We can clearly observe a decrease of the energy in each
case.

In conclusion, this first numerical experiment confirms the asymptotic expansion obtained
in the previous section, and highlights the interest of our NMN-CH model to approximate
surface diffusion flows.
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FIGURE 2. First numerical comparison of the two CH models: evolution of u
along the iterations. First line using M-CH, second line using NMN-CH.
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3.4.2. Influence of the mobility using the NMN-CH model. The second numerical experiment is
intended to show the influence of surface mobilities (v;;) only on the velocity of each interface.
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FIGURE 3. Comparison of the two different models: profile and energy; M-
CH in blue, NMN-CH in red; First figure: slice of u: z1 + w;(z1,0); Second
figure: zoom on the slice of uy; last figure: evolution of the Cahn-Hilliard en-
ergy along the flow.

To illustrate this, we show in Figure 4 the evolution of u in two different cases: a first case
where v; = 1 (see the first row on Figure 4); a second case where 1» = v3 = 1 and v; = 0
(see the second row). In both cases, the (o;) coefficients associated with surface tensions (o;;)
are set to 0; = 1. As previously, we use the same numerical parameters in each case: we set
N=2%¢=2/N,6; =e*,a=2,m=1,and 3 = 2/£2.

As expected, we observe in the first row of Figure 4 that all phases are active along the
iterations since the mobility coefficients v; are all equal to 1. On the contrary, in the second
row, the first phase (u; in blue) is fixed along the iterations, which is consistent with the fact
that the coefficient mobility associated with the first phase u; is v; = 0. Indeed, it is important
to notice that mobilities play a role only in the gradient flow and therefore imposing a zero
mobility v, = 0 forces the k-th phase uj to be fixed. In particular, this allows us to deal
easily and efficiently with the Cahn-Hilliard problem in irregular domains (see [?, ?, ?, ?, ?])
and the second row of Figure 4 is a perfect illustration of it. We insist that our model does
not impose any boundary conditions on the complex domain, nor the insertion of a surface
energy. Another important remark is that the width of the diffuse interface depends only on ¢
and does not depend neither on surface tensions nor on mobilities.
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FIGURE 4. Influence of the mobility using NMN-CH: evolution of u along the
iterations; First line using 1 = v» = v3 = 1; second line, using v; = 0 and
vy =vg3 = 1.
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3.4.3. Influence of the surface tension coefficients using the NMN-CH model. The NMN-CH model
can also handle the case of the evolution of a liquid phase on a fixed solid surface by simply
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imposing a null mobility of the solid interface. Here we propose an application in space di-
mension 2. Figure 5 illustrates numerical results obtained with different sets of surface tension
coefficients o = (012, 013, 023), with mobilities v; = 0, v, = v3 = 1 and the same initial condi-
tion: o0 = (1,1,1), 0 = (1.9,1,1) and o = (1, 1.9, 1) for the first, the second and the third rows
of Figure 5, respectively. The solid u;, liquid us and vapor us phases are represented in blue,
red, and green, respectively. Similarly to the previous computations, the numerical parame-
ters are setto N = 28, ¢ = 2/N, §; = ¢*, a = 2, m = 1, and 8 = 2/¢%. As in the previous
numerical experiment, we notice the ability of our model to handle the case of null mobilities
(here to fix the exterior solid phase u; in blue). In Figure 5, we can also see the strong influence
of the contact angle on the evolution of the liquid phase. We emphasize that our model does
not prescribe the contact angle. Rather, its value is an implicit consequence of the multiphase
interface energy considered in each simulation.
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FIGURE 5. Influence of the surface tension coefficients using NMN-CH: evolu-
tion of u along the iterations; First line using 012 = 013 = 023 = 1; second line
using 012 = 1.9 and 013 = 023 = 1; third line using 013 = 1.9, and 012 = 093 = 1.

4. APPLICATION TO THE SIMULATION OF WETTING / DEWETTING

Let us recall that the behavior of liquids on solid surfaces has been of interest to the academic
and engineering communities for many decades. Young [?] determined the optimal shape of
a drop at equilibrium on a solid surface. More precisely, the shape of the drop minimizes the
following energy:

P(Qr) :/ O’L,S/del -l-/ O’Lyvd/i"[d*1 +/ Ggvadfl,
I'r.s Irv Ipv
under a constraint on the volume of the set {27, which represents the droplet. Here, 01, s, o1 v,
and o,y are the surface tensions between the liquid (L), solid (S), and vapor (S) phases. In
particular, the minimizers of this energy satisfy Young’s law for the contact angle 6 of the
droplet with the solid.
cos(f) = g5V = 9SL JS’L.

oLV
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As illustrated in Figure 5, the approximation of such an evolution can be obtained using the
previous phase field model with the following set of mobilities: v,y = 1 and vgy = vgr, = 0.

Other approaches have been developed, for example in [?] where Cahn proposed a phase-
tield approach to model the situation using an additional surface energy on the boundary of the
solid phase. However, this method is only applicable for a contact angle ¢ < 7. An approach
using the smoothed boundary conditions in order to force the correct contact angle condition
is available in [?] within the Allen-Cahn equation context. Other methods relying on the Allen-
Cahn equation using this idea are proposed in [?, ?]. Alternative methods using wall boundary
conditions with a third order polynomial to impose the contact angle have been proposed in
[?2, 2, ?]. A convexity splitting scheme using this idea with a sinusoidal boundary condition
can be found in [?]. In [?, 2, ?, ?, ?] the angle is imposed using wall boundary conditions again.
The dynamic case can be treated via a coupled Cahn-Hilliard /Navier-Stokes system. In most
cases, see for example [?, ?, 2, 2, ?], the contact angle is set to the static contact angle 7.

In the convolution-thresholding framework, some recent approaches have been proposed to
simulate the wetting phenomenon. Expanding the original scheme of Bence, Merriman, and
Osher [?], Esedoglu and Otto have proposed a multiphase convolution-thresholding method
in [?] for arbitrary surface tensions satisfying the triangle inequality. Wang et al. then applied
this generalization to the wetting case in [?]. A different approach proposed in [?] does not
impose the contact angle in the formulation but requires the use of sophisticated techniques
while solving the heat equation.

In [?, ?], two of the authors proposed an Allen-Cahn equation where the solid phase was
frozen in order to approximate droplet wetting. It was based on the use of zero surface mo-
bilities for the solid-vapor and solid-liquid interfaces. In this paper, we extend this idea to
the Cahn-Hilliard equation and, coupled with a reformulation of the problem, we introduce
a new simple and efficient method for simulating the wetting phenomenon. It is important to
emphasize that this method does not impose the contact angle, which is determined implicitly
by the surface tension coefficients (o5 v,05,0Lv).

4.1. Rewriting of our phase field approach using the liquid phase only. The motivation of
this section is to present an equivalent phase field model using only one phase, the liquid
phase, as ()g is fixed and 2y can be obtained from €27, and (2s. Indeed, numerical experiment
in dimension 3 of a complete model (up,, uy, us) can be quite challenging numerically and it is
preferable to reduce the system to the only unknown, the liquid phase.

Recall that in such a case, the Cahn-Hilliard energy reads as

o € 1
Pw= > %[ Svuf s W)
ke{S,L,V} Q

where

OLs +0Lv —0sv oLs +0syv —oLv oLV +0sv —oLs
gy, = 9 ,08 = B and oy = B .

Here, ug represents the phase field function associated with the solid set {25 and the previous
asymptotic developments show that ug should be of the form ug = ¢ (%) . On the other

hand, the vapor phase field function uy can be obtained using the partition constraint with
uy = 1 — (ug + ur). Then the Cahn-Hilliard energy can be rewritten using only the variable
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uy, as follows:

- o c 1
Po(ur) = | GIVurf + W (up))da
Q g
1
+ VL EVA - (us +un) + WA - (ur + ug)))dz
2 Q 2 g
+ B [ (E1ugl + 2w (ug))da
2 Jor2' o TSR

Notice that its L?-gradient satisfies

- 1
ViePolug) = ZHE[-elug + W (ug)] + % e Rug (ur)
where the first term
1
L;L[—EAUL + EW/(UL)],

is a classical Allen-Cahn term and the second term

1
() = = | s J5 0V (ug) + W1 = (w4 us))|.
appears as a smooth penalization term which is active only on the boundary of €2g.

Finally, incorporating mobilities leads us to consider the following Cahn-Hilliard models:

e M-CH model

W' (ur)

8tuL = div (M(uk:)v(ULV/QHL + UVRuS(UL)>)
pr = — Aug

¢ NMN-CH model

_ W'(uL)

dyur, = N(up)div(M(ur)V(N(ur) (orv/2ur + oy Rug(ur))))
KL —z Aur,

Note that in practice, we will only use here the NMN-CH model for our simulations because
the wetting of a thin structure requires to have a model as precise as possible.

Regarding the numerical scheme, the idea is to apply the previous scheme with an explicit
treatment of the penalization term R, (ur,).

Notice also that the penalization term R, (u,) is active on the whole boundary of (25. In
particular, when uy, = 0 this term is still active and can be important as it corresponds to the
Allen-Cahn term associated to ug:

1 1
Ryg(ur) = — (AUS + W1 - US)> = —Aug — W' (us).

In practice, we propose to localize it only at the liquid phase boundary ur, which can be done
by considering the following variant

Frua(ur) = R <uL>m.

This variant is interesting for it contributes to stabilizing the numerical scheme without dis-

turbing the evolution of the liquid phase.
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4.2. Influence of the surface tension coefficients. We now propose a numerical experiment in
dimension 3 where the initial set is a thin tube. The numerical parameters are given by N = 25,
e=1/N,6; =e*,a=2,m=1,and B = 2/e% We plot on each image of Figure 6 the solution
u calculated at different times ¢t where the solid and liquid phase boundaries are plotted in
red and gold, respectively. As in the 2D case, surface tension coefficients have a considerable
influence on the evolution of the liquid phase. They affect both the wetting rate and the final
shape of the liquid phase.
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FIGURE 6. Influence of the surface tension coefficients using the NMN-
CH model: evolution of u along the iterations; first line using oy = oyg =
osr, = 1; second line using o5 = 1.7 and oy = oygs = 1; third line, using
agys = 1.7, and oLy =0Ls = 1.

4.3. Influence of the roughness of the solid support. Our approach is also well suited for
handling solid supports with roughness, i.e., notably difficult configurations for the simulation
of wetting. In Figure 7, we test the case of a classical flat support, a support with a randomly
generated roughness, and an oscillating support. We observe a direct influence of the substrate
roughness on the wetting dynamics, each simulation being initialized in a similar way and
using the same set of coefficients.
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FIGURE 7. Influence of the roughness of the solid support using the NMN-
CH model: evolution of u along the iterations using o7s = 1.7 and oy =
oys = 1.
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