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Abstract: In this study, we construct an error estimate for a fully discrete finite element scheme that
satisfies the criteria of unconditional energy stability, as suggested in [1]. Our theoretical findings,
in more detail, demonstrate that this system has second-order accuracy in both space and time.
Additionally, we offer a powerful space and time adaptable approach for solving the Cahn-Hilliard
problem numerically based on the posterior error estimation. The major goal of this technique is to
successfully lower the calculated cost by controlling the mesh size using a Superconvergent Cluster
Recovery (SCR) approach in accordance with the error estimation. To demonstrate the effectiveness
and stability of the suggested SCR-based algorithm, numerical results are provided.
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1. Introduction

The Cahn-Hilliard equation is solved in this study using the adaptive finite element approach.

u = —eA'u+ 2A f(u) in Q x (0, T,
E
1
6,0 = d,(~sbu + —f(w) = 0, ondQx (0.7 (1.1)
u(x,0) = ug in Q.

In the equation above, we use to Q signify a limited domain in R%d = 2 or 3) with Lipschitz
boundary 9€2, and n stands for the unit outward normal to €2, u also stands for the phase-field variable
that will be solved. f(u) is a nonlinear function. & is a constant. 7 is the ultimate time.
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The Cahn-Hilliard (CH) equation, often known as the common phase field model, was first
published in 1958 in a key paper by Cahn and Hillard’s [2], which examined the thermodynamic
phenomenon of mutual diffusion of two substances (such as alloys and polymers). In general, this
equation can be used to express the intricate phase separation and coarsening phenomena in solids,
especially in materials science and fluid dynamics, for examples, see [3—6] and the references therein.
The Cahn-Hilliard equation, which holds multiple time scales and spatial scales, is a rigid and
nonlinear fourth-order PDE. So it is challenging to identify the precise solution.

The majority of studies in recent years have focused on finite difference techniques or the
Fourier-spectral approach (periodic boundary), and many authors have devoted their time to
examining different Cahn-Hilliard equation versions, including the viscous Cahn-Hilliard equation,
the surface Cahn-Hilliard equation, the CHNS equation, etc. and research issues from space and time
that are related. Barrett and Elliott presented to study the Cahn-Hilliard system by using conforming
and nonconforming finite element methods [7-9]. Shen and Xu described in [10] the treatment of the
Cahn-Hilliard equation by the scalar auxiliary variable (SAV) method. Zhao and Xiao combined the
surface finite element method (SFEM) with stabilized semi-implicit model to solve the surface
Cahn-Hilliard model [11]. There are many parallels between the Allen-Cahn equation and the
Cahn-Hilliard equation since they are phase field flows of the same energy in different regions, such
as energy decreasing. In [12], Shen and Yang analyzed the discrete versions of the Allen-Cahn and
Cahn-Hilliard equations. Numerous research has been conducted on the Allen-Cahn
equation [13-15], and Chen and Huang applied the Superconvergent Cluster Recovery (SCR)
approach for the Allen-Cahn equation [16]. The method was also used in [17] to solve the CHNS
equation, but the Cahn-Hilliard equation has not yet seen this treatment. In [17], the Cahn-Hilliard
component is treated as a first-order format combing with a time-space adaptive method. In our paper,
we analyze the Cahn-Hilliard equation using a second-order time discrete method and convex
splitting for the nonlinear factor f, combined with the SCR method.

There are two reasons why we use adaptive methods in this study. First, due to the presence of the
tiny parameter &, it produces the phenomenon of the interfacial layer. When meshing on this interfacial
layer, different from other parts, we need fine encryption, and the adaptive strategy can effectively
solve this problem. Second, it takes a very long time for the numerical simulation of the Cahn-Hilliard
model to reach the steady state, therefore using adaptive mesh creation makes sense in terms of time
and money savings. At present, numerous writers have examined the Cahn-Hilliard equation’s adaptive
technique, including [11], where the discrete chemical potential is employed as an error estimator to
evaluate the fluctuation in numerical energy. Based on the a posteriori error estimations, the standard
mesh refinement procedures were used in [18] for automatic mesh refining. In [17], the SCR based
posteriori error estimators were constructed for space discretization of phase field variable and velocity
function. The adaptive time-stepping method was applied to change the time step in [19, 20].

In this work, we first provide an error estimate for the second-order fully discrete technique
suggested in [1]. The fully discrete scheme is then introduced with an effective time-space adaptive
technique called SCR. We need understand that the SCR approach has the same or higher accuracy
while being more effective and affordable than other adaptive techniques. The SCR strategy was
originally proposed by Huang and Yi [21], and they applied it to the Allen-Cahn system [16].
Moreover, for the definition of error estimator, the time discretization error estimator is given by the
difference of numerical approximation between adjacent time steps, and the spatial discretization
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error estimator is defined by gradient, that is, the difference between the reconstructed gradient and
the numerical gradient.

The remainder of the essay is structured as follows. For the Cahn-Hilliard equation, we offer a
second-order fully discrete scheme in Section 2, after which we examine the error estimation and
unconditional energy stability. In Section 3, we introduce the characteristics of the superconvergent
cluster recovery operator, and define the error estimation operator in time and space. Several numerical
tests illustrate the effectiveness of our adaptive procedure in Section 4.

2. This energy-stabilized discrete model

First of all, we introduce a new variable u =: —eAu + é f(u) and rewrite Eq (1.1) as follows.
u, = Au in Qx(0,T],

1
u=—-eAu+—f(u) inQx(O,T],

E

2.1)
ou=0,u=0 on 0Q x (0, T],

u(x,0) =uy in Q,

where &€ > 0 is a small parameter, which represents the thickness of the transition interface between
materials, and u means the phase field variable, uy € H'(Q) as the initial value at = 0. The solution
is driven into the two pure states u = +1 by the nonlinear part f(u) = F’(u), and F(u) is a double-well
potential function, which is given by F(u) = 3(u* — 1)%.

Actually, the Cahn-Hilliard equation could be viewed as the H~'—gradient flow of the free energy
E(u):

E(u) = f(lF(u) + EIVLtIZ)d)C, 2.2)
o € 2

Furthermore, by a simple mathematical derivation, for the Cahn-Hilliard equation, the following
energy law can be derived:

d 1
—E(u) = - f IV(—eAu + — f(u))|*dx < 0, 2.3)
dl Q E
that the energy-decreasing property is satisfied by the free energy E(u), over time,
Ew) (@) < Ew)("), Vn e N. (2.4)
Besides, the Cahn-Hilliard equation satisfies the law of conservation of mass [2].
d
— f u(x,t)dx =0, 0<tr<T. (2.5)
dt Jo

Next, we will present a few notations that will be used all across the paper before we get started.
The standard Sobolev space will be indicated by the notation H™ = W™2(Q), and its associated norm
of H™ can be represented by || - ||,,. As well as || || and (-, -) respectively stand in for norm and the inner
product of L2. Besides, we use the symbol || - ||, to signify the L* norm.
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Let size & be the largest element diameter for every e, and 7, = {e;,} be the set of regularly shaped
triangles. Let V) be the corresponding space in finite dimensions for piecewise linear continuous
functions:

Vi, =1{ve H(Q) : V|, € Pi(en), Ve, € Ti,

and its basis functions are the standard Lagrange basis functions ¢,(z € N, where the N, represents
the set of the triangular vertices). Naturally, we denote V) = V, (N Hy(Q).

In addition, for the real number p > 0 and satisfying the condition v(#), we define the following
norm:

T

1

IMllz,0.7:x) = (f Iv(Oll5dt)>.
0

Then, by using the above symbol, we first introduce the weak form of Eq (2.1), which is as follow:
findu € L>(0,T; H'(Q)), w € L*(0, T; H(Q))

(u,w) + (Y, Vw) = 0 Yw e H(Q),
(u,v) = &(Vu, Vv) + é( fuw),v) Vv e H(Q), (2.6)
(u(0) —ug,q) =0 Vg e H(Q).

To solve Eq (2.6), the semi-discrete system needs to find u, € C'(0,T; V},)

(s, wp) + (Vup, V) = 0 Yw, €V,

1
(Un »vi) = (Vuy, Vv,) + g(f(uh), v Y, €V, (2.7)
(up(0) —upy, gn) = 0 Yagn € Vy,

where ug is an approximation of ug in V.

Divide [0, T] into Ny, subintervals I, := ("', ], uniformly, 0 = ©* < ! < ... < ¥ = T. Let At
represent the time step size so T = Nat, n = 1,...,N. The fully discrete scheme for the nonlinear
approximation, which is developed from a modified Crank-Nicolson approach, is as follows: find
upeVion=12,.,N

u! — ILu;! el i
(T,Wh)+(vllh ,Vwy) =0 Yw, €V,
n—1 - 1 .
"3 ) = (VI V) + = (F@ ) Vv € V], 28
&
(u,(0) — upy, i) = 0 Vg, € V),
where L?Z, and f(ujy, uZ‘l) are defined as
= ”Z + HnuZ‘1
" 2 (2.9)
Pl = (u) 34 (uZ)ZHnuZ“ + uZ(H,,uZ“)2 + (H,,uZ‘1 3 ~ up + HnMZ_]
h>“h -

4 2 ’
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as well as ,u"‘% is the approximation at the midpoint 1 = (! + 1")/2 (directly computed), and II,,
represents the interpolation into the finite element space V;. Next, we consider the mass conservative,
taking wy, = 1 in (2.8), the following results can be easily obtained

fu”:fu"_lzfuo.
Q Q Q

Obviously, the fully discrete scheme is mass conservative.

In addition, We use the convex partitioning method to divide f into two parts, i.e., the linear
convex part and the nonlinear concave part. The linear convex part is then handled by the modified
Crank-Nicolson method, while the linear convex part is handled by the Midpoint approximation (MP)
method. So far, the modified Crank-Nicolson method has been applied several times to the
Cahn-Hilliard equation to deal with the nonlinear concave terms, such as [22-25], and the linear
convex terms in these works of literature are treated by BDF2.

Lemma 2.1. (Discrete Gronwall lemma) [26]. Let C and At be non-negative constants, and
ay, by, ci, di, be non-negative sequences satisfying

n n—1 n—1
ak+AthkSAtdeak+Athk+Co, Vn>1,
k=0 k=0 k=0

then

n n—1 n—1
a,+ At Y by < exp(at ) di)(ar Y e+ Co), Vn 2 1.
k=0

k=0 k=0

Theorem 2.1. The solution of the fully discrete scheme Eqs (2.8) and (2.9), which is unconditionally
energy stable, satisfies

EW) < EW™), Yn>1.
_1
Proof. Taking w;, = Aty * and v, = u! — u~" in Eq (2.8) we obtain
n—1 n—1
uy —uj" ) + AtV 2| =0,
n—3 n n— < n n— 1 n o .n— n n—
h2,uh—t%‘)::§mVum2—HVuhHP)+;(ﬂﬂwuh1Luh—uhl,

where

B l (MZ)3 + (uZ)zuZ‘l + uZ(uZ‘1)2 + (uZ‘l)3 ~ uy, + uZ‘l 0w

" 4 2 T
1 (1 1 1 1 .

=~ f Z(uZ)A' i D i(uh)z + 50 "dx,

(

1 -1 -1
~CF w7y = )

by integrating the upper formula, we obtain

Electronic Research Archive Volume 31, Issue 3, 1323-1343.



1328

n-3 € n n— 1 ! n 1 n— ! n 1 n—
0= [V, *IP + E(IIVuhll2 — IV IP) + p fZ(u”)4 — 7 - E(u”)z + 5 (U dx.

Also for energy we have

n n— 1 n £ n 1 n— £ n—
EGl) - EGlY) = f L) + S~ LF) + S

1 1, I L, 1 € n n—
= fZ(”’“)4 - Z(”h ht - E(uh)2 + 5(”’“ Ddx + E(IIVMhII2 =l 1P,
the equation is finally obtained

el
AV, 2P + EQuy) — E) ") = 0,

which means that the energy-decreasing feature is maintained by the provided fully discrete scheme
Eqgs (2.8) and (2.9). We omit II, since it implies interpolation into the finite element space V' and has
no bearing on the theoretical derivation procedure.

To derive the error estimates, we define the elliptic projection operator as P, : H' — V,, which
satisfies
V(P —v),Va,) =0, Va, eV, (2.10)

From the literature [27], we know the following two inequalities hold,

v = Pyl < CRVI, (v = Pav)ill < CH[Ivillo. (2.11)

Then, we denote the error functions as,

e" = Pu(t") —u,, &"=u(")— Pu(t"),
-1
&7 = P 2) =yt T = () = Py,

We may quickly derive by using the Taylor expansion with integral residuals and Young’s inequality
[12].

t"
||Rr1!||% < Af f 1 ”uttt(t)”?dta s=-1,0, (2.12)
tn_

1"
IRSIS < Al3f lua(D)II3,,dt, s = =1,0, (2.13)
m

n—1

where

u(®) — u(") B

1
u,(1""2),
— ()

Rl =
u(t) + u(")

5 u(t""2)).

RS = —A(

Electronic Research Archive Volume 31, Issue 3, 1323—-1343.
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Theorem 2.2. Let u; and u(t") represent, respectively, the solutions of Eqs (2.8), (2.9) and (2.1).
After that, for u € C(0,T; H*(Q)), u; € L*(0,T; H*(€)) N L*(0,T; LY(Q)), uy € L*(0,T; H'(Q)), and

uy € L2(0,T; H'(Q)) we get

k
At -1 peloond
i, =+ (= Dy =@ DI < Clen THK (e, w)ar” + Koo, u)l?),
n=0
where

C(e,T) ~ exp(T\e),
Ki(g,u) = \/E(”uttt”Lz(O,T;H*') + ||Mn||L2(o,T;H1))
1
+ 7(|lutt||L2(O,T;L2) + el 20,7240
&

1
Ky(e,u) = |luolla + Vellullpzorm2) + —8||,U||C(0,T;HZ) + |lullco,r:m2)-

NG
Proof. Subtracting Eq (2.8) from the weak form of Eq (2.6) on Q at "2, we obtain

1 | 1
A—t(?" =& wy) + (Ve"2, V) = (R} - E(I — P () = u(?"™")), wy),

£ 1
@2 +872,v,) = E(Vé” + V&' vy) + e(ARS, vy) + ;(f(u(f"_%)) — f@, uh, v,
then taking w;, = %sAt(é” + ¢ Y and v, = Ate" 1

~2 respectively, and summing up the two identities
above, we gain

2At |
~ny2 ~n—12 —n—112
|z e | +?|Ie” 2|

= AR, & + &) = (I = Pp) (@) — u(®*™),&" + &) — 244(R}, g ?)
2t _1 nom o oenill 2AL 1
+ ?(f(u(t” 2) = f(uy,u,_),e" 2) - ?(e 2,e"2)
=I+IO+III+IV+V,
where

I:= AR, &" + &),

I :=—(] — Pp)(u(t") — u(?™"),&" + &),
I := —2A1(R:, &%),

2t 1 o nte ol
IV =~ (fu@ ™) = fg. ). e,

vz J28 et gy,
E

the Cauchy inequality with € and Young’s inequality were used to estimate I, II, III, and V as
following:

Electronic Research Archive
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At
1 2 1
I < atliRyllle” + &1l < —(elIRYI” + — IIe +&"?)

4

AT ~

< — e (D)1 1dt+ || "+ e
2 m-1 2

IL < ||( = Py)(u(r") — u("~ 1))||||e + &

e (" ) | U S,
<z (T = Pp)us (@) dl+ || II* + ==lle"II%,
2 Jm 2¢e

1"

I < 3azel|R|? * 3 II'”_ill2 < 38At4f IIMﬂ(t)IIde II'”_EIIZ,
lll

1
P,

2At el el 3At 1 At 1
V< (V3| ZII)(—IIe ) < =3P + lle" 2.
£ \V3 £ 3¢

For simplicity, we denote u(") = u, and u(") = u, 1. We consider the fourth term IV as follows:

2Nt
V= ?(f(un—— - flu), —uj ), & 2)
2t U — ! s+ @2 e+
= —(—=—-u,_1+Wu, 1) - )
&2 2 2 2 4
2 1y =y T I I
= S ) - () () -
. (MZ)3 + (MZ)ZMZ_I + ”h(”Z 2+ (uZ 3 én_%)
4 b
2At
= —(IVl + IV2 + IV3 + IV4, ),
where
no_ (Mn)3 + (un)zun—l + un(un—l)2 + (un—l)3
= 1 ,
u! + u! L+ U,
Vii= 2l Vs = () - (),
un+un— . . (I/l )3 +(un)2 +l/t (un 1 2+(un 1\3
IV = () =g IVai= g = ot Y :

We continue our analysis of these four terms using the Taylor expansion with integral remainders,
Cauchy-Schwarz inequality, and Eqs (2.12) and (2.13), we arrive at:

—h - - - b u, 4w,

[TV ][ = | > —u,_ 1l
&+ ! "+ el U, + Uy
< I+ 1] I+ 1] —u,_1|
2 2 2 2
A Ly L )
< I+ 1] I + ar e (DIt
2 2 tn—l

Electronic Research Archive Volume 31, Issue 3, 1323—-1343.
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l/ln+l/ln1

)l
w,_ Dl

D A e

Uy + U,
smae—yi

tﬂ
2,43 2
S%Atflwﬁmm,
tnfl

(un)3 - (un)zun—l - un(un—l)z + (’/‘n—l)3
8

@) = )Pty — 1,1)

=l 2 I

&

2
< ”_(un - un—l) ”

v
sémifn#m%m
4 m-1

IVl = ||

where & lies between (u,, + u,_1)/2 and U1, & lies between u, and u,,_1, {; and £, are located between
U,—1 and u,,.

ITVall = leg(un)3 + %(un +ity1)’ + %(”n D= —(uh) + (uh +uy )’ + ( I
_ 1 3 3 l 3 _ 1 i (0 n—153
= llg ()™ = @)™ + 2 ((a-1)” = (W ) + 75 (e + 1) = (uty + ;™))

1 ) 1 2 -1 1 2 -1
< SE5 G, — wpll + §||§4(Mn—1 —uy, Il + Z||§5(”n =ty + Uy — )|
-1
< Cllun-1 — wy |1 + llun — wlD)
< C(llet + e+ 11e + )
An—1 ~n—1 ~
< CUE™ 1+ 111+ 118l + 1et 1.

where &; lies between u,, and u,_;, & lies between u,_; and uZ‘l, and &5 lies between u, + u,_; and
u, + uZ‘l. To guarantee the existence of &3, &4, &5, we need the condition [28] (Suppose C, a positive
constant that is unaffected by At or A, exists).

Further, combining the above inequalities IV;,i = 1,2, 3,4 into IV, we arrive at
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2At
IV = —(IV1 +1IV, +IV3 +1IVy,é" )

2At
< —”IVI + IV2 + IV3 + IV4||||€” 2”

2At g+t ey s (" 5 I 5
<— I+ l———II+ 21 lun Ol dt + 36748 | (DIt
4

n—1

&
4 .
3At

£

&
4

catt (" , . Catt M
< f lug(D)lI°dt + llu; (D"dt
& t/rl E tnfl

At 1
An—1 ~n—1 A2 ~nin2 _n—L,2
+ C(I" "I + 11" + 11l + 11" + 3—8||€" 207

At
3 208012 An—1 ~n—1 " 12
+—Atf llu; DI + CU™ 1]+ 118" 11+ 1™l + 11e”1D) * e
-1

m-1

3 2 An—1 ~n—1 N ~ —n—1
+ == At f e (DI de + CI&" | + 112" | + 11211 + 1" D)lle" 2]

&+ " "+ e ! s (" ) > 5 (" 2
—(|| || + ] 3 Il + Ar f e (DI dr + 3§ At llee (DI dt
tnfl tnfl

—n—i2
lle" =]

Moreover, when we combine the terms L IL, IIL, IV and V, we arrive at the following estimates,

12" = lle""I L+ 28 II’"“II
tVL

entt (" £ 36ty
< ||um(t)||%1dt + Ef (7 = Ph)un(t)llzdt + IIe” e
-1 -1

At o Catt [T , . Catt 50
+ —lle" 21" + f llun(DII°dr + IIMt(t)II dt
3¢ e J N

n—1

t}‘l

4 2 -1

+ 3ent f IIbtn(t)IlldH3 ||€” 2|
tVl

-1

An—1 ~n—1 A2 L (1512 12
+ C(le" P+ Nle" 1P + 11l +||€”||)+ || Sl

Using Eq (2.11), we may add up the aforementioned inequality for n = 1, ...,k (k < T/At), and we

find,
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k
JAVA 1
~k)12 ~0112 —n—12
AP = 112 + = > e
&
n=1
k
1 4 5 E a4 5 3At it
< S A el O i + 5 RO o gy + — D 12
2 o 2 o £

Cart > At . s
”utt(l)“LZ(O’T;LZ) + C?llul(t)lle(O,T;L4) + 3ent ”ull(t)”LZ(O’T;Hl)

k
+C R + 1R + eI + 11,
n=1

Lastly, by using the triangular inequality and the discrete Gronwall lemma to the above inequality,
we may conclude the proof.

3. A posteriori error estimation based SCR

The SCR technique takes derivatives to determine the recovered gradient at recovered locations
after fitting a linear polynomial to solution values in a set of suitable sampling points around the
vertex. In comparison to other methods, the SCR recovery technique implements adaptive algorithms
more simply while saving on computing costs. The crucial component of the SCR technique is the
introduction of a posterior error estimate operator. The process for getting the recovered gradient,
which is broken down into three parts, is described in the sections that follow.

Step1 : We plan to restore the gradient of an interior vertex a = ay € N, in Q (N, represents the mesh
nodes), try to choose some points symmetrically distributed around z, and then form a new point set
A ={a; = (x;,y)}, 1 <i<n(n=>4). Specially, if select mesh nodes, we will get better results.

Step2 : The recovery gradient operator G, : V;, — V), X V), is defined as follows

(Ghun)(@) = Vpa(x,y).

Let K, represent the sample points of convex polygons, the linear polynomial p,(x,y) can be found

Pa(x,y) = arg miny,cp, Y (pi(@) — (@),
i=0

In order to overcome the instability caused by small parameter h, we denote F by
(X’ )7) - (x09 )’O)
h b

where h := max{|x; — xol, [yi —Yol}, i = 1,2, ..., n. Then the fitting polynomial can be written as

F:(6y) = Wh¢)=

pa(x,y) = P'm = P'rh,

with

Electronic Research Archive Volume 31, Issue 3, 1323—-1343.
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P’ =(1,x,y), P'=Q,4,¢),

T AT A A N
m = (my,my,m3), WM = (i, My, M3).

This 71 is the coeflicient vector, it satisfies the linear systems

ATAm = ATy,
where
L 4o oo u(ao)
A= 1 w,l 90,1 and u = u(le)
T u(a)

Finally, the recovered gradient can be derived

1 A
w=vn.=( 1 )=5(7)

Step3 : the recovered gradient G,u on € is obtained by the interpolation

G = Z Gt(a) .

aENh

Next, the following are the properties of the operator G, was proved in [21].
a. For ¢, € 7}, there is a constant C which is independent of the value of A, satisfied

IGilloe, < CV1x Vv €V,

where K = Ui3:1 XK; with XK indicates the components containing the sample points coming from the
ith vertex of ¢,

b. The recovering point a = ay = (xp, o) is the center of the circle, and the sampling points
a; = (x;,y),1=1,2,...,n(n > 4) equally distributed around it. we derive

IVv(a) — Gpv(a)| < Ch*, Vv e W2 (ep).

We use ! and 7., as discretization error indicators in time and space respectively, and then adjust
the time step and mesh adaption in the algorithm.

. -1 . 2 2
ny o= Ny = Tl e, = 1Gutn = Vitalloa,, 7= D i,

ey 67—;,

During SCR discretization, the time step changes with the error estimate, and the grid size changes
according to the time step, so each ¢, constructs a new grid, and continues to construct a new space V),
on that grid and II, represents the interpolation into the finite element space V.
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Remark 3.1. If the gradient is on the boundary 0S), we can treat it in some methods such as a
higher order extension, extrapolation, and take the average value.

Remark 3.2. The sample points we selected are placed with maximum symmetry around a. On the
basis of this, we talk about the sample points in the next two situations. One is that the approximation
order can be raised if they are also nodes. The other is that it will only improve recovery accuracy if
they are not nodes.

Remark 3.3. The SCR strategy can be used not only for the Crank-Nicolson approximation of time-
discrete the Cahn-Hilliard equations, but also for other time-discrete formats of the Cahn-Hilliard
equations, for example, we can apply to the BDF approximation mentioned in the literature [29] [30],
and its stability and unique solvability have been demonstrated. Unlike the format in this paper, the

format has three levels of time, so we need u}! and u}™" to approximate u]'*'

3u2+1 — 4Il,u; + HnuZ‘l

N o) + (V) V) = 0, Vv, € Vy,
Wit o) = (VU™ V) + (') = 210, + Tl ™", ¢y)
+ ANV = TLul), Vo), Vo, € V),

4. Numerical experiments

To demonstrate the viability of our strategy, some numerical findings are offered in this section. We
discuss a few characteristics of the Cahn-Hilliard Eqgs (2.8) and (2.9), which are fully discrete and have
various beginning value requirements.

Example 4.1. In the first test, we use the initial condition listed below to investigate Eq (2.1).

up(x,y) = tanh (((x — 0.3)> + y* = 0.2%) /&) tanh (((x + 0.3)* +* = 0.2%) /£)x

4.1)
tanh (x> + (y = 0.3)* = 0.2%) /&) tanh ((x + (y + 0.3)* - 0.2) /=),

where the parameter Q = [—1,1] X [-1, 1], and & = 0.01.

Sequences of the mesh adaption results and the numerical solutions for six distinct time steps are
shown in Figure 1. We can observe that when the node count decreases, the mesh refinement moves in
accordance with the level-set zeros. Figure 2 shows the energy level dropping over time. Furthermore,
it is also possible to perceive intuitively how the number of nodes and time steps change over time. We
see that during the stage of energy’s rapid evolution, a small time-step is chosen to capture the change
in the numerical solution, and as the system settles into a stable state, the time steps increase.

Example 4.2. In terms of the Cahn-Hilliard Eq (2.1). Allowing for the following initial condition,
let Q =[-1,1] x[-1,1].

Electronic Research Archive Volume 31, Issue 3, 1323—-1343.



1336

node = 12385, elem = 24744 T = 1.3375e-05, At = 6.25e-08 node = 11837, elem = 23648 T =3.125e-05, At = 6.25¢-08

4 4
41 08 06 04 02 0 02 04 06 08 1 4 08 06 04 02 0 02 04 06 08 1

T =9.7875e-05, At =2.5¢-07

1
X [

X o

X 0

¥ 0
0

0. 0.
0. 0.
0. 0.
0. 0.
-

-
41 08 06 04 02 0 02 04 06 08 1

T =0.00032162, At = 2.5e-07

“a 08 06 04 02 0 02 04 06 08 1

T=0.0010466, At=2.5e-07

1
¥ [

X 0

X 0

¥ 0
0

0. 0.
0. 0.
0. 0.
-0 0.
-

E
4 08 06 04 02 0 02 04 06 08 1

T=0.011435, At=1e-06

Bl
-1 08 06 04 02 0 02 04 06 08 1

Figure 1. Example 4.1 (CH), results of mesh adaptation and numerical solutions.
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Figure 2. Example 4.1 (CH), from left to right: the distribution of energy, node, and time
step.
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up(x,y) =tanh ((* + y* - 0.15%)/&)x
tanh (((x — 0.31)* + y* = 0.15%)/) X tanh (((x + 0.31)” + y* - 0.15%) /£)x
tanh (o + (y = 0.31)* = 0.15%) /) x tanh ((x* + (y + 0.31)* = 0.15%)/)x
tanh (((x = 0.31)* + (y = 0.31)% = 0.15%) /&) (4.2)
tanh (((x = 0.31)? + (y + 0.31)” = 0.15%)/)x
tanh (((x + 0.31)* + (y - 0.31)* = 0.15%) /&)
)

tanh (((x +0.31)% + (y +0.31)* = 0.15%)/¢),

X

with the parameter € = 0.01.

In this illustration, Figure 3 shows a succession of mesh adaptation results and their numerical
solutions. It is therefore evident via six different time steps that the mesh transformation adapts the
rule of the zeros level-set and the number of nodes is decreasing. We infer from Figure 4 that the
energy that decays over time, the number of nodes, and the number of time steps all change with time.
This numerical result therefore shows that the time steps will grow greater than before when the system
stabilizes.

Example 4.3. In the third example, we apply the following initial value to the Cahn-Hilliard Eq
(2.1)

up(x,y) =tanh (((x — 0.3)? +y* — 0.25%)/) tanh (((x + 0.3) + y* = 0.3%) /&), (4.3)
where the parameter Q = [-1,1] X [-1, 1], and € = 0.01.

Figure 5 shows the various adaptive meshes and the associated numerical solutions. It is evident
that the mesh transformation applies the level-set rule for zeros. The discrete-time history in Figure 6
also shows that the energy degrades over time. Additionally, Figure 6 shows the connection between
time and the quantity of nodes (time-step). In the early stages of the simulation, small steps are used
to record changes in the numerical solution, and when the system stabilizes in the latter stages, bigger
time steps are used.

Example 4.4. In the last example, Eq (2.1) with the following initial value was analyzed

up(x,y) =0.01rand(x, y), “4.4)
where the parameter Q = [—1,1] X [-1, 1], and & = 0.01.

In Figure 7, we plot the different adaptive meshes and their contour plots of the numerical solutions.
Figure 8, it displays energy is getting more and more small over time and the distribution of the time
steps as well as nodes. We come to the conclusion quite similar to the previous examples.

Remark 4.1. When ¢ takes a value less than 0.01, the change of node number throughout the
process still follows the law of zero level set, and the energy is still declining. But the time step will
become smaller and the computational cost of the program will become larger, so finally, in the paper
we choose € = 0.01 as the experimental result.
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Figure 3. Example 4.2 (CH), results of mesh adaptation and numerical solutions.
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Figure 4. Example 4.2 (CH), from left to right: the distribution of energy, node, and time
step.
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Figure 5. Example 4.3 (CH), results of mesh adaptation and numerical solutions.
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Figure 6. Example 4.3 (CH), from left to right: the distribution of energy, node, and time
step.
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Table 1 displays the whole discrete format’s spatial and temporal precision Eqs (2.8) and (2.9). We
take the initial value uy(x,y) = 0.01rand(x,y), the parameter £ = 0.01, and 7 = 1. Since the precise
solution to the initial equation is unknown, the numerical error " := u"(x,T) — ul%(x, T) will be
determined by the difference between the coarse and fine grids, and the convergence order

h
log>(lle"]1/lleZ|) will be determined by the ratio of the errors. The table shows that the accuracy
converges to 2, which is consistent with our theoretical findings for both spatial and temporal
accuracy.

Table 1. The spatial convergence order and the time convergence order when & = 0.01.

h lledy — ullo Rate At Rate

2
= 0.052470400 =
5 0.018185700 1.528700 > 2.18632
= 0.003449260 2.398450 = 2.52708
5 0.000945365 1.867340 == 1.78946
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Figure 7. Example 4.4 (CH), results of mesh adaptation and numerical solutions.
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Figure 8. Example 4.4 (CH), from left to right: the distribution of energy, node, and time
step.

5. Conclusions

The fundamental idea of this paper is to obtain the spatial discretization operator by SCR method,
and then use it as the index of spatial discretization of the Cahn-Hilliard equation. Additionally, the
index of temporal discretization is determined by the variation in approximate solutions between
adjacent time steps. First of all, in order to solve the Cahn-Hilliard equation, we first develop a
second-order scheme that is unconditionally energy stable. Then, the fully discrete system has
second-order accuracy both time and space, as determined by error estimation. Finally, these
numerical findings are used to demonstrate the efficacy of this approach.
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