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Abstract. The two-phase ferrohydrodynamics model consisting of Cahn-Hilliard equations,
Navier—Stokes equations, magnetization equations, and magnetostatic equations is a highly nonlin-
ear, coupled, and saddle point structural multiphysics PDE system. While various works exist to
develop fully decoupled, linear, second-order in time, and unconditionally energy stable methods
for simpler gradient flow models, existing ideas may not be applicable to this complex model or
may be only applicable to part of this model. Therefore, significant challenges remain in developing
corresponding efficient fully discrete numerical algorithms with the four above-mentioned desired
properties, which will be addressed in this paper by dynamically incorporating several key ideas,
including a reformulated weak formulation with special test functions for overcoming two major
difficulties caused by the magnetostatic equation, the decoupling technique based on the “zero-
energy-contribution” property to handle the coupled nonlinear terms, the second-order projection
method for the Navier—Stokes equations, and the invariant energy quadratization (IEQ) method for
the time marching. Among all these ideas, the reformulated weak formulation serves as a key bridge
between the existing techniques and the challenges of the target model, with all of the four desired
properties kept in mind. We demonstrate the well-posedness of the proposed scheme and rigorously
show that the scheme is unconditionally energy stable. Extensive numerical simulations, including
accuracy /stability tests, and several 2D /3D benchmark Rosensweig instability problems for “spiking”
phenomena of ferrofluids are performed to verify the effectiveness of the scheme.
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second-order accuracy
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1. Introduction. Ferrofluids are colloidal suspensions formed by infusing small
monodomain magnetic particles into a nonmagnetic carrier fluid. They have a “zero-
magnetic-remanence” property; i.e., they can be magnetized by an external magnetic
field, but their magnetization properties disappear completely in the absence of the
applied magnetic field. This unique property enables ferrofluids to be widely used
in many scientific and engineering fields requiring precise control, including assem-
bly of micro-/nanoparticles [5, 11], ferrofluid jet [10, 19], fluid transport and control
[34], sorting of biological cells [63], and microchannel flows [46]. Two versions of
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mathematical models describing ferrohydrodynamics (FHD) were originally devel-
oped by Rosensweig (cf. [37, 38]) and Shliomis (cf. [48, 49]), respectively. The two
models have both similarities and differences. For example, they both treat ferrofluid
as a homogeneous single-phase fluid. But they are quite different in explaining the
motion of particles. For example, the Rosensweig model establishes a partial differen-
tial equation of the angular velocity to calculate the spin of nanoparticles, while the
Shliomis model treats the spin as a magnetic torque. Recently, both of these mod-
els have been applied to solve engineering applications involving two-phase ferrofluid
models (one phase has magnetic properties and the other does not), such as mag-
netic manipulation of microchannel flows [27, 32], microvalves [30, 50], drag targeted
therapy [31, 47], magnetically guided transport [1], etc.

In recent years, the phase-field type model has been extensively applied to sim-
ulate multiphase fluid flow systems. Due to the high stiffness it carries, the model
provides a formidable challenge to the design of numerical methods, where numerical
approaches satisfying energy stability are recognized as being more effective for solv-
ing the model [29, 62]. Existing numerical methodologies include the convex-splitting
strategy [3, 7, 20, 21, 26, 36, 40, 53], the stabilization method [13, 14, 23, 44, 52], the
invariant energy quadratization approach [9, 51, 58, 59, 60, 61, 67], the scalar auxil-
iary variable approach [2, 7, 12, 15, 25, 28, 35, 41], and the zero-energy-contribution
framework [54, 55, 56, 57, 64, 66]. The FHD system, which is a specific instance of
a multiphase flow system, is also being modeled using the phase-field method, and
some initial progress has been made in algorithm design and simulation.

However, to the best of the authors’ knowledge, the current work on numerical
algorithm development and analysis of two-phase FHD models is still in its infancy,
especially for models constructed using the phase-field (diffusive-interface) method.
In the pioneering work of [33], the authors used the phase-field method to establish a
two-phase ferrofluid mathematical model coupling the monophase Shliomis model and
the Cahn-Hilliard equation. The authors also proposed an unconditionally energy
stable scheme and proved the convergence. The numerical algorithm developed in
[33] is the first energy stable scheme for the two-phase FHD model, which lays a solid
foundation for the development of numerical methods for the phase-field type FHD
model. However, the numerical scheme developed in [33] is nonlinear, coupled, and
first-order accurate in time, and the space is discretized by using the hybrid finite
element discretizations (discontinuous and continuous finite element discretizations
are combined). Recently, a linear, decoupled, unconditionally energy stable scheme
has been developed in [65] where the space is discretized by using the continuous
finite element method, which is simpler to implement. However, the scheme in [65]
is still of first-order temporal accuracy and partially decoupled. Also, the numerical
experiments in both [33, 65] are limited to two dimensions. Furthermore, even though
the magnetostatic equation looks like the easiest equation in the whole system, the
fact is quit the opposite, and it actually caused two major drawbacks of the algorithm
in [65]. One is a stability problem when one tries to decouple the magnetic potential
from the magnetization, which is actually the reason why the scheme in [65] is not
fully decoupled. The other one is the introduction of an auxiliary variable when
one tries to use continuous finite elements instead of discontinuous Galerkin for the
magnetization equation.

Therefore, in this paper, our goal is to develop a fully discrete numerical scheme
with second-order time accuracy, linearity, unconditional energy stability, and fully
decoupled structure based on the continuous finite element method and also perform
simulations in both two and three dimensions. Meanwhile, we will also overcome the
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above two drawbacks caused by the magnetostatic equation in [65]. To achieve these
goals, we incorporate the following five key ideas.

First, to decouple the magnetic potential from the magnetization, we reformu-
late the weak formulation of the magnetostatic equation by combining some special
structural features of the magnetostatic equation and the magnetization equation.
Specifically, we test appropriately chosen functions on the magnetostatic equation, its
temporal derivative equation, and the magnetization equation. Then we combine the
resulted equations to cancel the original coupling term in the magnetostatic equation
and derive a new equivalent weak formulation with several extra terms. This recon-
struction not only helps us to achieve fully decoupled structures but also enables us to
naturally apply the continuous finite element method to discretize the magnetization
equations, rather than introducing an auxiliary magnetic field in continuous finite
element space as in [65] or using the discontinuous finite element method as in [33].

Second, to further decouple the magnetic fields, flow field, and phase-field vari-
able completely while maintaining the unconditional energy stability, we adopt the
recently developed decoupling framework using a nonlocal scalar auxiliary variable
for the nonlinear coupling terms satisfying the so-called “zero-energy-contribution”
feature; see [54, 55]. The key idea is to further reformulate the system into an equiv-
alent form coupled with some special ordinary differential equation (ODE) consisting
of those terms satisfying the “zero-energy-contribution” feature. The main motiva-
tion for defining a nonlocal variable and developing an equivalent system is that the
unconditional stability and fully decoupled linearized structure can be simultaneously
obtained by explicit treatments of nonlinear terms. More importantly, under this
fully decoupled linearized structure of unconditional stability, this idea provides a
great chance to achieve second-order accuracy for temporal discretization. This is a
well-known challenge in the efficiency, accuracy, and stability of numerical methods
for this type of sophisticated model, for which the extra cost paid in the above two
intermediate reformulations is worthwhile. The design of the particular ODE is en-
tirely dependent on the characteristics of the model. Hence its design requires careful
consideration, especially when the model studied in this paper is very complex, in-
volving many complicated nonlinear terms coupled to the magnetic, magnetization,
and velocity fields.

Third, two critical ideas will be utilized to deal with three nonlinear terms ob-
tained from the above first reformulated model in an efficient way. On one hand,
two nonlinear terms happen to satisfy the “zero-energy-contribution” characteristic
and hence can also be naturally incorporated in the nonlocal scalar variable ). This
is another major difference from the existing works on constructing the ODE for Q.
On the other hand, since the third nonlinear term possesses a positive definite struc-
ture, it can be decoupled by an appropriate two-step implicit-explicit scheme while
maintaining unconditional stability.

Fourth, we use the second-order accurate projection method [18, 39] to decouple
the calculation of the pressure from the momentum equation.

Fifth, the nonlinear double-well potential contained in the phase-field equation is
treated by using the recently developed invariant energy quadratization (IEQ) method
(cf. [59, 60]) to ensure the unconditional energy stability, second-order temporal
accuracy, and linearity.

With the ideas described above, we construct a desired efficient scheme, which
is a continuous finite element scheme and has the characteristics of fully decoupling,
second-order accuracy in time, unconditional energy stability, and linearity. These
advantages are our main motivation to reconstruct the original model at the cost
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of constructing a more complex (but equivalent) formalism. The final numerical
implementation of the reconstructed model only requires the solution of several in-
dependent elliptic equations without increasing the computational complexity of the
final algorithm at all. It is worthwhile to concentrate on the process of reformulation
to improve the stability, efficiency, and accuracy of the numerical implementation of
such complex models. In addition, the developed algorithm transforms the nonlinear
coupled, saddle-point structure multiphysics two-phase FHD problem into multiple
independent elliptic type problems, resulting in a very convenient solution process.
We further establish the well-posedness of the proposed scheme and rigorously prove
the unconditional energy stability. Through various numerical simulations, including
the accuracy test, energy stability verification, and some 2D /3D benchmark problems,
the effectiveness of the proposed scheme is verified, and some iconic “spiking” phe-
nomena of two-phase ferrofluid are simulated. To the best of the authors’ knowledge,
the developed scheme is the first second-order accurate in time and fully decoupled
scheme for the two-phase FHD phase-field model.

We organize the rest of the article in the following way. In section 2, we present
the two-phase FHD phase-field model and reformulate it as an equivalent weak form
that facilitates numerical discretization. In section 3, we construct our numerical
scheme and prove its unconditional energy stability and well-posedness. In section 4,
we present various 2D and 3D numerical simulations to verify the effectiveness of the
scheme. Some concluding remarks are made in section 5.

2. Two-phase FHD phase-field system and its energy law.

2.1. The two-phase FHD model. Let Q ¢ R? with d =2 or 3 be a bounded
convex polygon or polyhedron domain. The Shliomis model for a viscous, homoge-
neous, nonconducting ferrofluid flow system reads as follows [33, 49]:

utfz/Aqu(u~V)u+Vp:,u(m~V)h+gV>< (m x h),

V-u=0,

mt+(u~V)m—%Vx uxm:—l(m—XOh)—ﬂmx(mxh),
T

—Ap=V-(m—h,),
ulon =0, Onhploa=(he—m) -n,,, u(0,x)=ug, m(0,x)=my.

Here w is the velocity field, p is the pressure, m is the magnetization field, h(:= V)
is the effective magnetic field, ¢ is the magnetic potential, h, is a smooth harmonic
applied magnetic field (V x h, =0,V -h, =0), v is the kinematic fluid viscosity, xo is
magnetic susceptibility,  is permeability of free space, 7 is relaxation time constant,
8= 6,%19, 9 is volume fraction of dispersed solid phase, n,, is the outward normal on
the boundary 012, and the term (m - V)h is the so-called Kelvin force.

In the framework of the phase-field approach, to simulate the immiscible mixture
consisting of the ferrofluid and nonferromagnetic viscous fluid, a labeling variable ®
is defined as

(1, ) 1 ferrofluid phase,
? w = . . .
0 nonferromagnetic viscous fluid

with a thin smooth transition layer of thickness e connecting the two fluids. Then the
interface of the mixture can be recorded using I' = {x : ®(t,x) = 1/2}. We assume
that the evolution of the phase-field variable follows the Cahn-Hilliard dynamics that
read as
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(2.2) W = “XeA® + Af(®),
(I)(07m):q>05 anq)|BQ:O7 anW‘dQZOa

where M > 0 is the mobility parameter, W is the chemical potential, A accounts
as the surface tension parameter, and f(®) = F'(®), F(®) = L®%(® — 1)? is the
Ginzburg—Landau double-well potential.

The two-phase FHD model coupling the Shiliomis model (2.1) and the Cahn—
Hilliard system (2.2) are given as follows (cf. the detailed modeling work given in [33,
49, 65]):

(2.3) @+ V- (ud)=MAW,

(24) W =—-XeAD+ \f(D),

(25) w— V- w(®)D(u) + (u: Vut+ Vp+ @V = p(m - V)h+ 5V x (m x h),
(26) V-u=0,

(2.7) mt+(u'V)mf%V X u X m+ fm X (mxh):f%(mfx(é)h),

(28) —Ap=V-(m—hy),

(2.9)  9,Plon=0, 8 Wlsa=0, ulsa=0, ,¢lsa=(hs—m) -n,,,

(2.10) ®(0,2) =Py, u(0,2)=ug, m(0,x)=my.

Here v(®) = v+ (Vi —vw) W{i_l)/g, vy and v, are viscosities for the ferrofluid phase
and nonferromagnetic viscous mediums, respectively, x(®) = XOW{P*WE (another
choice of x(®) = ®?x, can also be used for simplicity), D(u) = 3(Vu + (Vu)/), and
the term ®VW is the induced elastic stress by the mixing energy [33, 43, 44].

Hereafter, for two vector functions x,y, we denote the L? inner product as (z,y) =
Joz - yde and L?-norm ||z||* = (z,x). We use H'(Q) to denote the usual Sobolev
space, and we define Hj(Q) = {¢ € H'(Q) : ¢laq =0}, LF(Q) ={p € L*(Q) : [, ¢pdx =
0}, H'() = H' ()", and HA(®) = H}(Q)".

The two-phase FHD system (2.3)—(2.10) satisfies the following energy stabil-
ity /dissipation law.

LEMMA 2.1 (Theorem 2.1 in [65]). Assuming x(®) < xo, the system (2.3)—(2.10)
satisfies the following enerqgy stability:

d
ZB(®u,h,m) + D(W,u,hym) < 2l |2+ a1,
where hy = Oth, and
(£ 2 Lo Hypne B 2
(211)  B(@u,hm) < X(GIVE +(F(@),1) + 5 ull* + GBI+ 5~ ml.
"
(212)  DW,u,hom) = MIVW? + /v @) D(w) |2 + 2= 1]

3
+ uBllm x h|* + m||m||2~

For the case of no applied magnetic field (h, = 0), the following energy dissipation
law holds:

%E(@,u,h,m) + D(W,u,h,m) <0.
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Remark 2.1. Normally the magnetostatic equation (2.8) seems to be very simple,
and its solvability is taken for granted. However, this equation poses two unexpected
difficulties in designing numerical methods, especially when a numerical scheme with a
decoupled structure is expected. First, note that there exists a linear coupling between
the magnetic potential ¢ and magnetization field m, and it is difficult to decouple
them under the premise of unconditional stability. This leads to the coupled type
scheme developed in [33, 65]. Second, the definition of h = V¢ implies that if a direct
implicit discretization is adopted for (2.8), a hybrid finite element method is required,
e.g., the discontinuous Galerkin method for h and the continuous Galerkin method
for ¢ (see [33]), which is not easy to implement as well. Or one may adopt the indirect
discretization method, such as introducing one auxiliary magnetic variable h (see the
details in our previous work [65]), which makes it possible to use the continuous finite
element method. However, the indirect discretization can only achieve first-order
accuracy in time. In the following subsections, we will perform a new reformulation
of the magnetostatic equation (2.8) to obtain an equivalent form, which facilitates
the simultaneous development of schemes with decoupling structure and second-order
time accuracy.

2.2. Reformulated formulation. To facilitate the design of numerical algo-
rithms, we convert the system (2.3)—(2.10) into an equivalent form.

First, we deal with the magnetic potential equation (2.8) by constructing its weak
form: find ¢ € H*(Q) N L3(Q), such that

(213) (Ve Vo) + - (m Vi) = (ke V) Vi € H(Q) N I3(0).

By taking the time derivative of (2.8) and formulating the obtained equation in the
weak form, we obtain

(2.14) (Veor, Vo) + (my, Vi) = (he, V).

By taking the L? inner product of the magnetization equation (2.7) with V), we
derive

(2.15)
%(x((b)W,W) (- V)m, Vi) + %(v X wx M, Vi) + B(m x Vi, m x Vi)

= (e, V) + ~(m, Vo).

Summing up (2.13)—(2.15), we get a new magnetostatic equation which will be used
to replace (2.8) and reads as

(Vv + ~(Vi, V) + —(x(®) 4, V) + B x Vig,m x V) = (- V)m, V1)
| (V% wx m, V) =~ (h, Vo) + (, Vi),

Remark 2.2. The above reconstruction process gives us a new magnetostatic
equation (2.16) that appears to be more complex than the original magnetostatic
equation (2.8). In practice, however, the new magnetostatic equation (2.16) actually
makes it easier for us to design numerical schemes with unconditional stability and a
fully decoupled structure for the following two reasons:
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e First, in (2.16), the linear coupling of magnetic potential ¢ and magnetiza-
tion m disappears, thus offering the possibility to develop a fully decoupled
algorithm. Although several nonlinear terms appear, e.g., the two terms
%(V x ux m,Vi) — ((u-V)m, V), they actually satisfy the property of
“zero-energy-contribution.” Hence they can be decoupled by applying the de-
coupling technique through the nonlocal auxiliary variable; see the details in
section 2.3. Another additional nonlinear coupling term G(m x Vo, m x V1))
does not satisfy the “zero-energy-contribution” property, but note that it
owns the positive definite structure. Therefore, it can be handled by the two-
step implicit-explicit discretization to achieve the decoupling calculation; see
section 3.2.

e Second, the disappearance of the linear coupling between the magnetic po-
tential ¢ and the magnetization m allows us to apply the continuous finite
element method to solve (2.7) and (2.16). Therefore, it is not necessary to
use discontinuous finite elements for m as [33], nor to introduce additional
auxiliary variable b as [65].

Second, we apply the IEQ method [59, 60] to recast the Cahn—Hilliard equation.
Denote

S fl@) -2
U=\/F(@®) - 202+ B, H(@®) = c ,
\/ )= 5 ) \/F(<I>)—§<I>2+B

where S is an adjustable positive parameter that works as a stabilization term (see
Remark 2.4), and B is a chosen constant such that F(®) — %CI)Q + B > 0. With these
formulas, we obtain the equivalent phase-field equations as follows:
A 1
O, + V- (ud)=MAW, W =-XAdP+\H(P)U + S—<I>, U= 5H((I>)<I>t.
€

The corresponding weak form can be written as follows: find ® € H*(Q), W € H}(Q)
such that for all A € H*(Q), X € H*(), the following hold:

(2.17) (@1, A) — (u®, VA) = —M(VIW,VA),
(2.18) (W, X) = Ae(V®, VX) + AH(D)U, X) + %(‘I),X),
(2.19) U, = %H(@)@t.

Third, we recast the Kelvin force term in the momentum equation (2.5). By taking
the L? inner product of (2.5) with a test function v € H (), the Kelvin force term
becomes p((m - V)h,v). Since h = Vi, this term will bring boundary integrations
involving jump and average terms across interior boundaries when applying the finite
element method for spatial discretization; cf. [33]. We solve this issue by rewriting
this term as

(220)  p((m-V)h,v) = (v - V)h,m) = —p((v - V)m, h) — (V- v)m, h),

where the fact that V x h = 0 and integration by parts are used. In this way, first-order
spatial derivatives only exert on v, m, ¢ in (2.20), instead of h.

From (2.20), we obtain the weak form of (2.5)—(2.6) that reads as follows: find
ue Hy(Q), pe L3(Q), such that for all v € H(Q), ¢ € L3(Q), the following hold:

(2.21) (ug,v) + (v(®)D(uw), D(v)) + ((uw- V)u,v) — (p,V-v) + (DVW, v)
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= —((v- V)m,h) = u((V - v)m, h) + £(m x b,V x v),
(2.22) (V-u,q)=0.
Fourth, by applying the test function 7 € H"(Q) for (2.7), we obtain

(2.23) (me,n)+ ((u-V)m,n) — %(v X ux m,n)
—B(m x h,m xn)+ %(m,n) = %(X(fb)h,n).

Finally, by combining (2.16), (2.17)—(2.19), (2.21)—(2.22), and (2.23), we obtain a
reformulated equivalent system in the weak form that reads as follows: find (®,W) €
HY(Q)?, uw e H)Q), pe L3(Q), p € H(Q) N LE(Q), m € H'(Q), such that for all
(A, X)e H'(Q)?, ve HL(Q), g€ LE(Q), 1 € HY(Q)NL3(Q), n € H (), the following
hold:

(2.24)
(®4,A) — (ud, VA) = —M(VW,VA),

(2.25)

(W, X) = Ae(V®, VX) + AN H (), X)+%
(2.26)

(®,X),

(ug,v) + (v(®)D(u),D(v)) + (w- V)u,v) — (p,V-v) + (dVIW,v)
=—p((v-V)m, Vo) — u((V-v)m, V) + %(m x Vi,V x v),

(2.28)

(v ! u7Q) = Oa

(2.29

(Vir, V) + = (T, 90) + ~(x(®) Vi, V) + B(m x Vg, m x Vis) — ((w- V)m, V1)

+ %(V X u X m,Vi)= %(ha,vq/z) + (hp, V),
(2.30)

(my,n)+ (u-V)m,n) — %(V X uxm,n)—fB(mxhm ><n)+%(m,n)

=~ (\(®)h,n).

2.3. The augmented system using the “zero-energy-contribution” fea-
ture. It can be seen that the (2.24)-(2.30) form a highly coupled system. In order
to develop an easy-to-implement numerical algorithm, the key issue is to process the
nonlinear coupling terms to obtain the desired decoupling type scheme, while obtain-
ing second-order accuracy in time and maintaining energy stability unconditionally.
To this end, we will exploit an obvious and therefore easily overlooked feature, the so-
called zero-energy-contribution property that is satisfied by many nonlinear coupling
terms. Details are shown below.

By setting A =W in (2.24), v = w in (2.27), ¢ = pp in (2.29), and n = ﬁm in
(2.30), using V- u =0, ulsq =0, m x m =0, and integration by parts, the following
five equalities hold:
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—(u®, VW) + (DVW,u) =0,

(w-V)u,u)=0,
(2.31) § pu((w-V)m, Vo) + u(V-u)m, Vo) — u((u-V)m, Vo) =0,
—£(m x Ve,V xu)+5(Vxuxm,Vyp)=0,

£ ((u-V)m,m) — £5(V x ux m,m) — £ 5(m x h,m x m) =0.

These equations imply that the inner products formed by these nonlinear coupling
terms and some special test functions are all zero. And these test functions are those
special functions that must be used to obtain the total energy of the system. In other
words, the contributions of these coupling terms to the total energy actually add up
to zero; i.e., they satisfy the so-called zero-energy-contribution characteristic.

Inspired by [54, 55], which consider simpler phase-field type models coupled with
hydrodynamics, e.g., no magnetic field case, we define a nonlocal auxiliary variable
Q(¢) and its associated ODE system as

(2.32)

Q= (u-Viu,u) — (ud, VW) + (VW u) 4+ p((u - V)m, V)
+1((V-u)m, Vo) — p((u- V)m, Vo)
- g(m x Vi,V x u) +g(V X u X m,Vp)

% pl 1%
+—((u-Vimym) — ——=-(Vx u,mxm)— —pF(m x h,m xm),
2 (- Vym,m) o - L )

Qli=o =1

Using the five equalities in (2.31) and the initial data, we find Q; =0 and Q=0 = 1.
The ODE (2.32) actually defines a trivial solution of Q(¢) =1.

Then, by multiplying the @ to those nonlinear terms contained in (2.32) (note:
those terms will not change since Q(t) = 1), we obtain an augmented equivalent
system: find (®, W) € HY(Q)?, u € H}(Q), p € L3(Q), ¢ € HY(Q) N L3(Q), m €
H*'(Q), such that for all (A, X) € H(Q)?, ve H(Q), g€ L3(Q), v € HY(Q)NLE(Q),
n € H*(Q), the following hold:

(2.33)

(@4, A) — Q(ud, VA) = —M(VW,VA),
(2.34)

(W, X) = Ae(V®, VX) + MNH(®)U, X)+
(2.35)

U, = %H((I))(I)t,

(2.36)
(ug,v) + (v(®)D(u), D(v)) + Q((u- V)u,v)=(p,V - v) + Q(EVIV,v)

= —Qu((v- V)m, Vi) = Qu((V - v)m, Vi) + QL (m x Vi,V x w),

(2.37)
(V - Uu, Q) = 07
(2.38)

(Vior, V) + = (T, 90) + ~(x(®) Y, V4) — Q((w V), V1)

SA

€

(®,X),

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/01/23 to 129.252.33.201 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

B262 GUO-DONG ZHANG, XIAOMING HE, AND XIAOFENG YANG

FQY X wx m, V) + fm x Vip,m x Vi) = ~(ha, Vi) + (o, Vi),
(2.39)
(my,n)+Q((u-V)m,n) — Q%(V x uxm,n)—QB(mxh,mxn)+ %(m,n)
= 2 (x(®)h.m)
(2.40)
Qi =(u-Viu,u) — (ud, VW) + (dVIW,u)
+ u((w- V)m, Vo) + u((V-u)m, Vo) — p((u - V)m, Vo)
— g(m x Vo,V x u)+ g(V X uxXm,Vep)

14 pl P
+ —(u-Vimm)— —=(Vx u,mxm)——pfF(mx h,mxm),
XO(( ) ) X02( ) Xoﬁ( )

(2.41)
Qli=0 =1.

Remark 2.3. Note that although the system (2.33)—(2.41) seems to be more
complex than the original model (2.3)—(2.10), it is an “algorithm-friendly” form. That
is, we will eventually find that the new system obtained after reformulation has at least
two advantages for numerical discretization: (i) the discretization of many nonlinear
terms in the new system will be very simple and convenient, and hence we no longer
need to determine which terms are implicit or explicit (since every term with the “zero-
energy-contribution” feature can be simply discretized explicitly); (ii) the numerical
implementation of the final scheme will be very simple; that is, we only need to solve
a few independent decoupled elliptic equations at each time step, without adding
any computational complexity to the algorithm at all. It is worth spending two
intermediate steps (in sections 2.2 and 2.3) to reconstruct the original system at the
PDE level, making it relatively easy to obtain an effective numerical algorithm for
such a complex model, in which the computational cost can be reduced in practical
numerical implementation.

In the following theorem, we show that the newly reformulated system (2.33)—
(2.41) admits the energy estimate.

THEOREM 2.1. Assuming x(®) < xo, the system (2.33)—(2.41) satisfies the energy
stability
d
(242) 2 Eunoa(®,Uuhm, Q)+ D(W,u,hym) < §||ha\|2 + 7 pl Py |

For the case of no applied magnetic field (h, = 0), the following energy dissipation
law holds:

d
(2'43) %E/'Ylod(@?U? u7 h7 m7 Q) +D(W/’ u7 h7 m) SO'

Here

€ S 1
Emod(q)u U7u7h7m7Q) = )\(”V@”Q-FH@”Q + ||U2) + 7HuH2
(2.44) ) 2 ) 2¢ 1 2 1
Bin)2 + 2 m)? + 2|QP — AB|Q| - =.
+ BRI + S ml? 4 51QP — Al — 5

Proof. By setting A = W in (2.33), X = ®; in (2.34), and taking the L? inner
product of (2.35) with 2AU, we get
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(®4, W) — Q(ud, VW) + M||[VW|* =

)\e d S>\ d d

(W, @) = ||V‘I>H2 +AH(P)U, ‘I%)Jr?@ll‘bllz, A%HUH2 =AMH(®)®:,U).
We combine the above obtained equationb to get
(245) S Iva|P 22 L a2 4 AL U - Qud, W) + MV =

' 2 dt e dt ’ B
By taking v =wu in (2.36), ¢=p in (2.37), we derive
(2.46)

2dt”u”2 H\/ P)D(u JrQ u-V)u,u) + Q(OVW,u)

= —Qu((u- V)m, Vo) = Qu((V - ujm, Vig) + QE(m x Vo,V x u).
By taking 9 = puy in (2.38), and noting that h = Vi, we have
(2.47)

1
2dtIIhIIQ *HhIIQ =vx h = Qu((u-V)m, Ve) + Q5 (V x uxm, Vo)

+ Bl x h||2 = (b, h) + ;(hmh).

By taking n = %m in (2.39), we get

(2.48)
LI 2 4 QL (- V)mm) — QL L(V ¢ wm x m)
2 xo0 dt X0 Xo 2
— Qﬁﬂ(m x h,m x m)
X0
pol 9 k1
+ ——|m|"=—=-(x(®)h,m).
L2 = L2 (@ )h,m)
By multiplying @ for both sides of (2.40), we obtain
(2. 49)

2 = 210 = Q((u- V)u,u) — Qud, V) + QOYW,u) + uQ((u- V)m, V)
+ MQ(( : u)m7 VQD) - MQ((U ' V)m, VQD)
—£Q(m x Vi,V x u) + £Q(V x u x m, V)

1
+ ﬁQ((u -V)m,m) — ﬁfQ(V X u,m xm)— —pQ(m x h,m x m)
Xo X0 2 Xo

By combining (2.45)—(2.49), we arrive at
(2.50)

d 1 I 1

| = [0} P 2 2 2 Zin 2 Rl 2 - 2

3 (SIVRIL 521012 AU + Glul? + 58I + 2l + S0P

- MW + HmDm)

+ Bulm x h|* + P L2

2 2
7 7
R Vel

=2, h) + (b, ) + %}m(x(@)h,my
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Moreover, by applying the Cauchy—Schwarz inequality, we derive
(2.51)

o |
Hﬁ H rolm?

2

I
_l’_
4y

X(®)m

and

12 M
(2.52) ~(ha,h) + u(ho, h) < —[[hallllall + pllRs |l R
H 2, M 2 H 2 2
<= £ Ea .
< SR+ E P+ L[R2 + |

Finally, by combining (2.50), (2.51), and (2.52), we obtain

3 IV 52002 4 AP + FllP + 5 1RIP + Sl + QF)
+M|VW||2+HWD<u Bl + Gy x B+ 2
< Eflhall? + 7l |,

which completes the proof. 0

Remark 2.4. First, we explain why an adjustable quadratic term 2%@2 is extracted
from the nonlinear term F'(®) when we define the new variable U. From the form
of the original energy E(®,u,h,m) given in (2.11), we find that H'-stability ® is
guaranteed since the L?-norm of ® is always bounded by the L*-norm, which is
contained in the term F'(®). Thus, when designing the numerical scheme, to guarantee
the H'-stability of the numerical solution, we extract the quadratic term 5 ®? from
the nonlinear potential F'(®). In this way, this term, together with the gradient
potential of |[V®||?, can guarantee the H'-stability of ® in the modified energy. Since
the special feature of the IEQ method is that the nonlinear term F(®) is replaced by
the new variable U, this form of replacement will result in the loss of the L2-norm
of the variable ®. That is, if S =0 in (2.44), then the H'-stability of ® cannot be
guaranteed, leading to instabilities in actual computations while using larger time
steps.

Second, we explain how to set the magnitude of .S in practice. Since the magnitude
of the L*norm of ® from the original energy (2.11) is about 1/¢, and hence in the
modified energy, the magnitude of the L?-norm caused by the stabilizer S should
also be the same scale as the original L*norm. That is, S ~ O(1). Such a linear
stabilization technique has been extensively used to construct numerical schemes for
solving various nonlinear models, such as IEQ, SAV, convex splitting methods, etc.;
of. [8, 41, 42, 45].

Third, it is easy to see that the modified energy (2.44) is equivalent to the original
energy (2.11) after we add two constants —AB|Q| — 1 in (2.44).

3. Numerical scheme. So far, we have made sufficient preparations for the con-
struction of the linear, second-order, fully decoupled, unconditionally energy stable,
continuous finite element scheme for the two-phase FHD system (2.3)—(2.10).
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3.1. Fully discrete scheme. Assume that the polygonal/polyhedral domain §2
is discretized by a conforming and shape regular triangulation/tetrahedron mesh 7y,
that is composed by open disjoint elements K such that Q = xer, IX- We use P
to denote the space of polynomials of total degree at most I. We introduce several
conforming finite element spaces as follows:

V,={XeH (Q): X|x €P,(K)VK €T},
Vi={ve HyQ):v|x € P, (K)'VK € Tp},
(3.1) Qrn={qe H' () NLFQ) :q|x €EPl,_1(K)VK €Ty},
Uy ={yp e H'(Q)N L) : ¥|x € P, (K)VK €Ty},
Np={neH'(Q):n|x €Py,_1(K)'"VK €T} .
We assume the pair of spaces (V'p,,Qp) satisfy the inf-sup condition [16]: Sollq|| <
SUDyev, I\Vv\l) forallg € Qp, where the constant By only depends on 2. Some inf-sup
stable pairs (V1,,Qp,) are known in [16].

Let IV > 0 denote the total number of time steps, define the uniform time step size

as 0t = [%], and set t,, = ndt. For convenience, we define the first-order temporal dis-

S s . S
cretization operator as dyw™t! = “——, the second-order temporal discretization

n+l _ 3wt — 4w”+w -1

operator as Dyw , and the second-order explicit extrapolation
operator as w* = 2w" — w" ! for any variable w.

Then the fully discrete numerical scheme for (2.33)—(2.41) reads as follows: find
(@ W) e Y2, @ e Vi, p"t € Qp, ut € V), £ VQp, ¢ € Ty, mrt €
N}, and Q™! € R such that

(3.2)

(“‘I)n+1 - b;;: @™ A) = QM (wr®*, VA) + M(VIW" ! VA) =0,
(3.3)

(W™ X)) = Ae(VO" T VX) + /\(H(d)*)U"“,X)—i—%((l)"“,X),
(3.4)

aU™ —pU™ 4 U™ = %H(@*)(a‘b"“ —b®" + "),
(3.5)

("”W S ,v) + (W(@)D(@"), D(v)) + (Vp",v)

+ Q" ((w* - V)u*,v) + Q" (2" VW™, v)
—Q" M u((v- V)Ym*, Vo*) — Q" u((V - v)m*, V*)
+ Q"“g(m* x V*,V x v),

(3.6)
a -n n
(Vpn+1,vq):7276t(v,u )+ (Vp™,Vq),
(3.7)
un+1 :,&n+1 _ L&vprﬂrl + 27&van7
a a
(3.8)
v n+l bV o™ v n—1 1 1
(a © 2(;;7 +cVp 7V¢> n ;(v(pn—i-l’vw) + ;(X(<1>*)V§0n+lng)
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QT (" Vym®, V) + QU (V % w X m?, V)
+ B(m* x V" m* x Vi)
= (B, V) + (R, V),

(3.9)
(am,"“‘1 —bm" +cm

n—1 1
n+1 * * _n+1l- * *
557 ,n)+Q (u*-V)m*,n) —Q 2(V><u xm*,n)

1 1
—Q"B(m* x B*,m” x n) + —(m" n) = ~(x(")h" " n),

T T

(3.10)
n+1 _ b n n—1
CLQ ;(?t + CQ _ ((u* . V)u*,ﬂ”“) o (u*q)*7vwn+1) 4 (q)*VW*,ithrl)

+p((@" T V)m Vo) + u((V-a" hm*, V') — u((u® - V)m®, Vet

- g(m* x V*, V x 4" ) + %(V x u* x m* Vet
1
+ ﬁ((u* V)m* m"t) — ﬁf(v x u*,m* x m"tt)
X0 Xo 2
- ﬁﬁ(m* x h*,m* x m"*1!)
X0

for all (A,X) € Y2, v € Vy, ¢ € Qn, ¥ € Yy, and n € Nj, where a = 3, b = 4,
c=1, and h"™ = V". Several remarks are in order to explain the details of the above
scheme.

Remark 3.1. We use the second-order pressure projection method [18; 39] to de-
couple the linear coupling between the velocity field u and the pressure p in the fluid
momentum equation. All temporal derivatives are discretized using the second-order
backward differential formula (BDF2). All nonlinear coupling terms that satisfy the
“zero-energy-contribution” characteristic are discretized explicitly, while the multi-
plier @ of these terms is implicitly discretized. The positive definite nonlinear term
B(m x Vo, m x Vi) is handled by an appropriate two-step implicit-explicit format.

Remark 3.2. From (3.4), one can rewrite U1 as follows:

1 2 1 4 1
(3.11) Ut = 5H(¢>*)<1>”+1 — gH(cb*)@” + 6H(<I>*)<I>"‘1 + gU” — gU”—l.

The above form (3.11) can be substituted into (3.3). In this way, once ®"*! is
obtained, then U"*! will be updated by (3.11) later.

Remark 3.3. The marching of the scheme (3.2)—(3.10) needs the solution of the
first time step ¢ = §t, which can be easily obtained from the first-order scheme by
setting a =2, b=2, ¢=0, and w* =w" for w=Y, u, W, ¢, and m in (3.2)—(3.10).

Remark 3.4. It can be verified that the final velocity field u”*! in the above
scheme (3.2)—(3.10) satisfies the following weakly discrete divergence-free condition:

(3.12) (u"T,Vq) =0 Vg € Q.

In the following, we show that the scheme (3.2)—(3.10) holds the unconditional
energy law.
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THEOREM 3.1. Assuming x(®) < xo, the scheme (3.2)—(3.10) satisfies the fol-
lowing energy stability unconditionally:
B+ DM < BB g

if the applied magnetic field h, =0, then the scheme (3.2)—(3.10) holds the following
energy dissipation law unconditionally:

d E" T+ DM <,

where
n+l >\ n+1(2 n+1 n|2 S/\ n+1(2 n+1 n|2
B = S (Ve + 2V — Ver 2422 (072 4 207 — %)
)\ n n n 1 n n n
o1 + ST 2 + |20 = U2 + £ (e “H2+H2u w2
' + B2 4 20 — B2+ (2 4 2mn = mn?)
4 4X0
1 ot?
+ Q2+ 20 = Q%) + - [Vp
and

2 3,
+ o [m

En—i-l — MHVWTL-‘,-1||2 + H V(CI)*)D(,&n—&-l)
47x0

M n * n
o IR+ plm < R,

Proof. By taking A Wntlin (3.2), X = D;®"*! in (3.3), and the L? inner
product of (3.4) with £ U™, we derive
(3.14) (D", W”“) — Q" (W, VW) + M| VW2 =0,
(3.15) (W D@t = \e(VO" T VD, &™) - A(H(®*)U™ T, D, @)
)

€

("1, D,a" )
and

(3.16)
2A(D U™ UMY = \(H(®*) D, " U™,

Combining (3.14)—(3.16) together, we get

(3. 17)
4(St(I\V<I>”“||2 [ver|?
+ |2Vertl — var |2 — |2Ve" — VO L2 4 |[Vert — Vo |?)
S)\ n n n n n n— n *
+@(II¢> FHE =@ + (207 — @77 — [|20" — "7 4 |9 — &% ||?)

2&(IIU”HHQ [UP2 + (|20 = U2 — 20" = U2 + U = U
— Q"M (wr e, VIV + M| VW2 =0,
where we use the following identity:

(3.18) 2(3a —4b+c,a) =a® —b* + (2a — b)? — (2b—¢)® + (a — 2b + ¢)*.
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Taking v =a""" in (3.5), we get

(3.19)
1 ~n
o VD)
+ Qn+1((u* . V)u*, ,an-‘rl) + Q”+1(<I>*VW*, ﬁn—i-l) + Qn+1ﬂ((ﬁn+1 . V)m*, VQD*)
4 Qn-i-lu((v . ftnﬂ)m*,ch*) o Qn+lg(m* % VQO*,V % ,&nJrl) =0.

2

(3*&”+1 o 4un 4 un—lj,&/nJrl) + + (vpn’,&nJrl)

Taking ¢ = pe™*! in (3.8), and noticing h™ = V", we get

(3.20)
B2~ R 4 (2R~ R — (2R — R R R2)

40t
A

+Q LV wt xm”, V") 4 B m” xR

2

+Ep2 4 £ — Q" ul(u” - Vym*, V")

= (hy ™R + E (R R,
Taking n=f-m"*! in (3.9), we have

(3.21)
Lo
46t X0

+—=[[m" P+ Q" —((u" - V)m*,m" )
XoT X0

(I 2 = ™[] + [l2m" = m" | — [l2m” — m 72 + [m " —m||?)

1
— Q"Hﬁf(v x u* x m*,m"th)

X0 2
n+1 M * s h* m* ntty_ M1 P T mntt
-Q gﬂ(m Xn ,m Xm )—%;(X( ) ,m" ).

Multiplying Q™! on (3.10), we obtain

(3.22)
1 — n *
(@ =R P+ QM - QP - 2@ - QTP+ QM - Q7P
—_ Qn+1((u* . v)u*,,&n+1) _ Qn—‘rl(u*‘b*, VWn+1) + Qn+1(¢)*vw*7ﬁn+l)
+ Qn—i-llu((,&n-i-l X V)m*,Vgp*) + QH—HM((V . ,&n-i-l)m*’v(p*)

o QnJrlﬂ((u* -V)m*,ch"H) o Qn+1g(m* % V<p*,V % ,&nJrl)

+ Q”*lg(v x u* xm* Vo) + Q"HXE((U* -V)m*, m"t)
0

1
_ Qn—i_l%i(v % u*7m* % mvz+1) _ Qn-‘rlﬁﬁ(m* > h*,m* % mn-&-l).

The combination of (3.17) and (3.19)—(3.22) leads to
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(3.23)
2 (v — e + J2ven
— V|2 — |2Ve" — V"2 + |[VOrt! — vor|?)
R P 2 B 20— B 8 )
o (U — U™ 4 20— U2 — 20" U R U - )

g7 a4 || @

+ @(Ilhn“ll2 —[R"? + 2R = B2 —||2h" — B2+ BT - RY1?)
al n+1(2 _ ni|2
257 (e =
+||2m Fem”? = [2m” —m" P 4 [m T - m %)

2
TR e A

+ uBlm x R 4 2
X0
1

+ 457 1 = 1Q P +12Q" = QP — 2" — Q" P +1Q™ - Q')
1
= (kTR + B R) 4+ L (@R m ),
T XoT

From (3.7) and (3.12), we derive the following orthogonal identity:
2
(3.24) (um T — @t ) = —gét(Vp”+1 — Vp™,u"t) =0.

Using (3.24), we derive
(Ba" T —4u" 4w am
_ (Sun+1 —4un + un—l’,&n—&-l) + (3ﬁ”+1 _ 3un+17ﬁ7L+1)
(3.25) = (?,u""'1 —4u” + u”_l,u"+1) + (311"‘|r1 — 3yt gt 4 u"'H)
1
= *(||u"+1||2 — [l + [2u"H =) = 20" = a TP [ -t

+ 3@ — 3l

and
(3.26)
||un+1H2 || n+1||2 ( n+l n+1’,an+1 + un—i—l) — (,an—&-l _ un+1,ﬁn+1 _ u7z+1)
H un-i—l ||2
We rewrite (3.7) as
2 2
(3.27) w4 §5th”+1 =" 4 30V

By taking the L? inner product of the above equation with itself, and using (3.12),
we derive

3 ot ot
(8:28) (@, Vp") = o lwt P — a4 [V = S VR

46t | 46t |
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The combination of (3.25), (3.26), and (3.28) leads to

1
27(%(311n+1 o 4un + unfl’,&n+1) + (,anJrl’vpn)
1 n n n n n n— n *
(3.29) = = (u 2= a4 2u =P 20 = P A e -t
3 . 5t 5t
+ @HU”H —a"t? + §||VP"+1H2 - gHVPnHz-

Furthermore, we combine (3.23) and (3.29) to deduce

(3.30)
2V Ve 4 298" - Ve
— 2Ve" — VO 2 4+ ||Vt — Vo |?)
L e L e e e LY

A
+ 55 (1P = U2+ 207 = U2 = 207 = U2 + U = U7?)

1
o (2 = [l [P+ 207 — [P =20 — a7+ - at)f?)

46t
‘LL n n n n n n— n *
+ 15 IR P —[R")? + 2R = |2 = 2R — "2+ (| — BY?)
1w +1(2 2 +1 2
- n _ n 2 n _ n
+45tXO(IIm [ = [lm"[|" + [|2m m"||

—l2m™ = m "2 + - m|?)

1
+ 5 QTP 1@+ 27T - QP - 20" = Q"TIP 1" - Q")
2

at n ot n 3 n ~n ~n
# T = ST @R |

2
S e A o

+ pBllm* x 2 4 2
TX0

= Ry R o R R ()R ),

The terms on the right-hand side can be estimated as

M * n+1 n+1 M n+12 1% n+12
—(x(®™)h <= d*)h —
(3.31) TXO(X( R, mT) < VX (@) +4TX0Hm |
and
(3.32)

Eri ) + ulhy )

Hoipnt1p2 | Hppnt1p2 Ko n+12 n+12
<= = = )
< LR 4 SRR B2 gt

Thus, using (3.31) and (3.32), and dropping several unnecessary positive terms, we
finish the proof. ]
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3.2. Fully decoupled implementation. Formally, the scheme (3.2)—(3.10)
seems to be a coupled algorithm, but in fact it can achieve a fully decoupled manner
by splitting the variables using the scalar variable ), as discussed below.

We split the unknowns ®, W, u, ¢, and m into the following form:

(3.33)
(I)n+1 _ q);n-i-l 4 Qn'H(I);H_l, Wn-H _ W1n+1 + QTL-‘erVQn-‘rl7
,an-&-l _ ﬁ'iz—i-l + Qn—&-l,&g-&-l’
(,On+1 _ (p;z-&-l + Q7l+1¢;+1’mn+l _ m?-‘rl + Qn+1m721+1’

where (@ W) e V2, 4l e Vi, oM € Uy, and mIt € N, fori=1, 2.

K2

By substituting (3.4) into (3.3), and using (3.33) and the scalar feature of @1,
we can split (3.2)—(3.3) into the following two substeps.
Step 1. Find (@7 W) € Y}2 such that for all (A, X) € Y}2,

(3.34)
a7 (PP A) + M(VWH VA) = (f1,A),
(WL X) = Ae(VOIT, VX) + 3 (H(@) @, H(@%)X) +32 (974!, X) + (f3, X),

where

(fl.A) = = (48" — "1 A),

20t
(fs,X)= —g/\ (H(®*)*®", X) + % (H(®*)*e" ', X) + %A (H(®*)U™, X)
— % (H(@*)U" ', X).

Step 2. Find (@51 W) € Y}2 such that for all (A, X) € Y}2,

(3.35)
557 (O3 A) + M(VW3H, VA) = (u*®*, VA),
(W3, X) = Xe(VOL T VX) + 3 (H(®) 05 H(®*)X) +52(05 7, X).

By taking (3.33) into (3.5), then (3.5) can be decomposed into two substeps as
follows.
Step 3. Find '&?H € V', such that for all v e Vi,

(3.36) ay ™ v) + (v(@)D(ai"), D(v)) = (£,v),

257

where (fgm) = ﬁ(élu” —u" L) — (Vph,v).

Step 4. Find ﬁg“ € V', such that for all v € Vi,
3 ~n * ~n
(337 o (@ 0) + (@) D(@s ™), D(w)) = (£, 0),

whete (£4,0) = — ((u* - V)u*, ) — (8*VIW*, ) — u((v- V)m*, h*) — u((V-0)m* ") +
E(m* xh",V x v).

By taking (3.33) into (3.8), we decouple the obtained equation into two substeps
as follows.
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Step 5. Find gp”“ € Uy, such that for all ¢ € ¥,

3

(3.39) (VI V) 4 (VeI V) + - (x () Vi, V)

+ﬂ(m x Vit m* x V) = (£°,Vy),

where (%, V) = (R, V) + L(h2H, Vo) + b (49" — V=1, V).
Step 6. Find @5+ € ¥y, such that for all o € Uy,

(3.39)
o (V3 90) + (Ve ™, 99) + L (x() Ve, V)
+ 6(m x Vit m* x Vo) = (£, V),
where (f°, V) = ((u* - V)m*, Vi) — 1(V x u*,m* x Vi).
By taking (3.33) into (3.9), and using h”+1 Vet i = 1,2, (3.9) can be

partitioned into two substeps as follows.
Step 7. Find 7n”+1 € Ny, such that for all n € Ny,

3 , 1
ﬁ(mf"'l7n) + ;(m?Hﬂ) =(f",n),
7 * n+1 n—1
where (f,n)=2(x(®*)h!™",n) + 5= (4m" —m" !, n).
Step 8. Flnd my e Ny, such that for all n € Ny,

(3.40)

3 n+1 1 n+1 _ 8
(3.41) o (m™ )+ Ly m) = (%),
where (f%,n) = —((u* - V)m*,n) + 1(V x u*,m* x n) + B(m* x h*,m* x n) +
T(x(@)hy ™ n).

To solve Q"1 we use (3.33) to rewrite (3.10) as the following step.

Step 9.

26tn; +4Q" — Q1
3— 2(%772

(3.42) Q" =

where for i =1,2,

n=((u* V)u,af ™) — (u e, VW) + (@ VW™ 4l
+p((@ft - v)ym*, v )+u((V 4 m*, V") — p((u* - V)m*, Vet
—g(m x Vo*, V x alt) + (qu m* ><V<p"+1)+:o((u -V)m*, m})

1
~ B (Vs ut,me x mith) — K Bm* x h*,m* xm

n+1)
Xo 2 X0

After solving Steps 1-9, we could update all unknowns by the following step.

Step 10. The variables ®"+1 Wntl "™t ontland m™*! can be updated
by using (3.33); the pressure p"*! can be updated by (3.6), and u™*! is updated by
using (3.7); the auxiliary variable U1 is finally updated by using (3.11).

In the following theorem, we show the well-posedness of the decoupled problems
(3.34)(3.42).

THEOREM 3.2. The decoupled problems (3.34)—(3.42) in Steps 1-10 are uniquely
solvable.

Proof. The uniquely solvability of (3.34)—(3.35) in Steps 1-2 can be shown by
using the Lax—Milgram theorem; cf. [60]. The well-posedness of (3.36)—(3.37) in Steps
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3—4 can be obtained using Korn’s inequality; cf. [4]. The well-posedness of (3.38)—
(3.39) in Steps 5-6 involves the property of symmetric positive definite operator, which
is easily obtained. The coercivity of (3.40)—(3.41) in Steps 7-8 can be derived using
the inverse inequality (cf. [4]), that is,

3 1 3 1 o o of 3
(3.43) 551 —(m, m)+T(m,m) (2§t+7>”m” ch (2§t >|| I3,

which deduces the well-posedness.
We finally prove the solvability of Step 9 as follows by showing 3 — 2§tne # 0. By

taking A =Wy, X = 2 ®5%" in (3.35), we obtain
(3.44)
3
2&( ST WS 4+ M| VWS = (we*, VWG,
3 3 SA
n+1 gn+l n+1 2 n+1 2 n+1/2
o (@0 = DA Va2 + 2 2 @)@y P+ o 22 e

which yields

3
Ay = (w* @, VW) = M||[VWRT12 + —Ae||v<1>g+1||2

)q)n-‘rlHZ 3 SA

25 ||¢)n+1||2 > 0.

+@§|| (@

By taking @51 in (3.37), we have
Az =—((u" - V)u*,ay™)
VW) (@ V)m b~ (Va5 ym )

- (@
2
g(m X h*,V x aptl) = 26t||~”+1||2 H\/ (@) D(ayt)

>0.
By taking 1 = pupy ™ in (3.39), we get

As=p ((u V)m*, Vit — (V x u,m* x ch"“)

25t||v n+1||2 HVSDHJFIHQ H / <I)* Vg@nJrl

By taking n = ﬁm;””l in (3.41), we get

+u6Hm* x Vit 12,

(3.45)
M * n+1 M 1 n+1
Ag=——((u*-V)m* mi™) + —— (Vx u*,m* xmi*)
Xo X0 2
+ ﬂﬁ (m* x h*,m* xmj™)
Xo
mnT2 ﬁl n+1 2_&} hn+1 n+1
=y g - L (@) ).
Using the Cauchy—Schwarz inequality, we estimate the last term of A4 as
L| (X(<I>*)h§+17m”“ HWhnH ’\/?m
X0
< ch(cb*)h;“ bty
T 47x0

Thus, we derive
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Az + Ay > ﬁnw*’ﬂﬁ EIIVes 2 + sl x Vo2

+77H n+1H2

3
S %1 ——|m5H*>o0.

4XOT

Therefore, we obtain —ny = A; + As + A3 + A4 > 0, which implies the solvability of
(3.42) in Step 9. The proof of unique solvability of Steps 1-10 is completed. |

So far, we have constructed the desired scheme (3.2)—(3.10) for the two-phase
FHD model (2.3)—(2.10); i.e., a linear, fully decoupled, second-order accurate in time,
unconditionally energy stable numerical algorithm based on the continuous finite ele-
ment discretizations is obtained. Furthermore, our algorithm is very efficient because
it decomposes the coupled nonlinear saddle point system into multiple independent
elliptic problems.

4. Numerical simulations. In this section, we carry out a series of 2D and 3D
numerical simulations to verify the accuracy and stability of our scheme and exhibit
some interesting and iconic “spiking” phenomena of ferrofluids under some specific
applied magnetic fields. The continuous (conforming) finite elements are applied for
spatial discretization, where the first-order (linear) polynomials are used for Y, Qp,
and N}, and second-order (quadratic) polynomials are used for V;, and ¥y,

We denote e,, = w(t,,x) — w™, which is the approximation error at ¢t = t,, and
“<” the relation of a < Cb for some constant C'. Using the selected finite element
spaces, the scheme we developed expects the following error estimates:

(4.1)
leallze + lenllzz + llemlle S0t + 0%, llewllre S02+ 0%, leallm S 6t° + h.

Meanwhile, note that the L? error of p and the H! error of u are not full second-
order accuracy using the pressure projection method due to the artificial Neumann
boundary condition imposed on the pressure; see [39].

The applied magnetic field h, is generated by a linear combination of dipoles that
reads as

ha=3_0sV65(@), 6y(@) =TT,

where |d| =1 indicates the direction of the dipole, and x; is the dipole’s position. It
is easy to verify that h, is a harmonic field (i.e., V x h, =0, V- h, =0); cf. [33].

4.1. Accuracy tests. We first verify the order of accuracy of our developed
scheme in this subsection. We set the domain as Q = [0,1]? and assume that the
exact solution of the FHD system (2.3)—(2.10) is

= 0.5sin(t) cos(mz) cos(my) + 0.5,

= (sin(t)sin(mz) sin(m (y 4 0.5)), sin(t) cos(rz) cos(m(y + 0.5))),
p(t,e) =sin(t)(2x —1)(2y — 1), (¢, x) = (x — 0.5)ysin(¢),

m(t,x) = (sin(t+y),sin(t+x)).

The model parameters are set as

S
€=0.05, M =0.05, vy =2, v, =1, p=7=B=x0=A=1,5=1, B:1+2—.
€
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el /o
o lleyllz llegll,

—A—|le. 1

otk [lleyll 2 e lle, Il

llel,2

lle, I 2
n ——Slope 1

2k —o—lle I 2 —— Slope 2
11-Ql

—Slope 2

Fic. 4.1. Numerical errors computed by 6t = %h, where (a) |lea|l, |lewl], llenll, lem||, and |1-Q|,
(®) lleallr, llewlls, and |lepl|.

To observe the convergent orders, we set 6t = %h. From (4.1), the optimal error
estimates in term of h are expected to be

leallz2 + llenllzz + llem e + llewllz: Sh%, llealla <

In Figure 4.1, the results of numerical errors and convergent orders at T = 0.5 are
plotted. We observe that the L? errors of ®, u, h, and m are second-order accurate,
and the H! error of ® is asymptotically first-order accurate, which are in line with the
expected order. The orders of the L? error of p and the H' error of w are higher than
first-order accuracy, but not full second-order accuracy due to the artificial Neumann
boundary condition for p, and the scalar variable ) approximates 1 with second-order
accuracy as well.

4.2. Stability tests. In this subsection, we carry out the simulation of a bench-
mark problem of coarsening effects of two bubbles of the Cahn-Hilliard dynamics; cf.
[6, 60]. The computational domain is set as Q = [0,27]?, and the initial condition of
d, is set as

1
<I>0(:c):1—2tanh< T2c

_1tanh(\/($—$2)2+(y—yz)2—7“2>7

\/<$_331>2+(y—y1)2—ﬁ>

2 1.2¢

where (z1,y1) = (7 —0.7,7 —0.6), r1 = 1.5, (22,y2) = (7 + 1.65, 7+ 1.6), ro =0.7. All
other variables including the applied magnetic field h, are all set zeros. The model
parameters are set as

€=0.05M =5,vy =2, v, =1, u=7=B=x0=A=1,5=1,
S 1 1
B=—+410,h=—,ft=—.
2¢ +10 256 100
To illustrate the effectiveness of our developed scheme, we also com-
pare with another implicit-explicit type scheme, which reads as follow: find
(ot Wntl gntl pntl ontl it € Y2 x Vi, x Qp x ), x Np, such that
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(c) t=0.7 (d) t=1.0 (&) t=15

(a) t=0 (b) t=0.6
FiG. 4.2. The profiles of the phase-field variable ® at various times computed by 6t =0.01 and
1

h=355-

(4.2
D", A) — (w*®*, VA) + M(VW"H VA) =0,
WL X) = Ae(VE™L, VX) + A(f(3*), X),
Dy, v) + (1(®*)D(u™*1), D(v)) — (p" 1,V - v)
+ ((u* - V)u*,v) + (2*VW*, v)
=—p((v-V)m*,Ve*) — u((V-v)m*, Vy*) + L (m* x Vp*,V x v),
(V-u"tt,q)=0,
(VD" 1, V) + L (V"1 V) + 2 (x(8%) V™, Vi) — ((u* - V)m*, V)
+ 3(V x u* x m*, Vi) + f(m* x V" m* x Vi)
= (hy ™', Vo) + 1 (hy ™, Vo),
(Dym™ L n) + ((u* - V)m*, n) — 1(V x u* x m*,n)
—B(m* x h*,m* x n) + L(m"*! n)
— (@)™ )

)
(
(
(

for all (A, X,v,q,9,m) €Y? x V}, x Q, X ¥), x Ny, The idea behind developing this
particular scheme is to explicitly discretize all nonlinear terms and implicitly discretize
linear terms; see a similar scheme given in [24] for a relatively simple hydrodynamic
coupled phase-field model (for viscous Newtonian fluid).

In Figure 4.2, we show snapshots of the phase-field variable ® at different times,
where the coarsening effect drives the gradual absorption of the small circle by the
larger circle, and the total absorption occurs around ¢ = 0.7. In Figure 4.3(a), we plot
the temporal evolution of the original energy E(®,u,h,m) given in (2.11) computed
by using the implicit-explicit scheme (4.2), where different time steps are used. We
observe that the implicit-explicit scheme is energy stable conditionally. That is, for
smaller time steps 6t < 1/2000, it is energy stable, while for larger time steps, the
energy curve explodes, meaning the energy evolution is unstable. In Figure 4.3(b),
we plot the temporal energy evolution of E™*! given in (3.13) computed by our
developed scheme for different time step sizes, where the black dashed line is the
original energy computed by the implicit-explicit scheme (4.2) with 0t = 1/2000 as
a reference. All computed energy curves of E"*! show decays monotonically, which
numerically confirms that our algorithm is unconditionally energy stable.

4.3. Rosensweig instability in two and three dimensions. In this subsec-
tion, we simulate the unique “spiking” phenomenon of the FHD system, also known
as “Rosensweig instability” or “normal field instability”; see [17, 22, 33]. To do so, we
consider a mixture of ferrofluids and the ambient viscous fluids (nonferrofluid) with
different viscosities and nearly matching densities. We add the gravity as a forcing
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3 25
—t=1/a St=1/4
28 H —st=1/8 1 st=1/8
—_—t=1/16 —_—t=1/16
—— 5t=1/100 St=1/32
2.6 H 5t=1/1000 | st=1/64
— 5t=1/2000 st=1/128
2.4 b — 5t=1/256
2 == Original energy:t=1/2000] |

16 q T ]
1.4 i \
- T
1.2 -
! o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 ! o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time Time
(a) The implicit-explicit scheme (4.2). (b) The developed scheme (3.2)-(3.10).

F1G. 4.3. Energy evolution computed by different time steps, (a) implicit-explicit scheme (4.2),
(b) our scheme (3.2)—(3.10).

(a) t=0.8 (c)t=1

Fic. 4.4. Snapshots of the phase-field variable ® are taken at various times.

term f in the fluid momentum equation (2.5) using the Boussinesq approximation,
Le., f, = 1+ W)g, where r is a positive constant that depends on the fluid

1+
density, and |g| stands for the magnitude of gravity.
We first carry out the simulations in two dimensional and set the computational
domain as Q=[0,1] x [0,0.6]. The initial conditions are set as

1, y<0.2
0, y>0.2.

The model parameters are set as

€=0.0075,M =0.0002,vfy =2,v, =1, u=1,7=1le—4,8=1,x0=0.5,
1

S
=1,r=01,5=1,B=—+1 = (0, —6e4 =1 4, h=
A=1,r=01,5=1, 5 + 10,9 =(0,—6e4),6t=1e —4,h = 28"

To generate an analogous uniform applied magnetic field, we set h, =
Zi=1 as;Vos(x) by placing five dipoles far distant from the container . The po-
sitions x, of dipoles are (—0.5,—15), (0,—15), (0.5,—15), (1,—15), and (1.5,—15),
and the direction d of the five dipoles are all (0,1). The intensities s, s=1,...,5, in-
crease linearly in time, starting from a; = 0 at time ¢ = 0 to maximum value a; = 8000
at time ¢t = 1.6, and from ¢ = 1.6 the intensities are kept constant.

The profiles of the phase-field variable @, velocity field u, magnetization m, and
effective magnetizing field h are shown in Figures 4.4—4.7, respectively. Under the
competition of downward gravity, the upward uniform magnetic field, and the surface
tension, the interface profile of the two-phase ferrofluid is unstable and finally forms
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(b) t =09

Fi1G. 4.5. The velocity field u (color represents magnitude, arrows represent vector field) at
vartous times.

i " y "
"\ M M M ]

\ "\ ™ ™ ™ -
f A A ' /
WAVAVAVAWY.
Wl Ol i

A’ WIANWAY.
YAy ! I \ { ‘I ,"
MM M M M

(a) t=08 (b) t =0.9

F1G. 4.6. The magnetization field m (color represents magnitude, arrows represent vector field)
at t=0.8, 0.9, 1.0, and 1.3.

(a) t=08 (b) t=0.9

Fi1G. 4.7. The effective magnetic field h (color represents magnitude, arrows represent vector
field) at t=0.8, 0.9, 1.0, 1.3.

a regular “spiking” or peak-valley steady state. Around ¢ = 0.9, six peaks start to
appear within the domain and grow over time, shown in Figure 4.4. As the peaks
form, the velocity field develops 20 vortices, which are regularly arranged in two layers,
shown in Figure 4.5. In Figure 4.6, we find that the ferrofluid is magnetized by the
external magnetic field, whereas the magnetization of the nonmagnetic fluid is almost
zero. Figure 4.7 shows that the effective magnetic field h exhibits a distinct difference
in the region of ferrofluid and nonmagnetic fluid.

We continue to carry out the simulations in three dimensions and set the com-
putational domain as Q = [0,1] x [0,1] x [0, §]. The parameters are the same as the
2D simulation. The gravity force imposed in (2.5) takes the same form as the 2D
simulations but with g = (0,0, —6e4). The initial conditions are set as

1
]-7 ZS—,

u(0,z2) =0, m(0,2) =0, &(0,z) = 214
0 —.

, 2> Y

The analogous uniform applied magnetic field h, in three dimensions is generated by
placing 25 dipoles with h, = 235:1 asVs(x), where the direction d of all dipoles is
(0,0,1). The positions & of dipoles are (—0.5+0.5¢;, —0.5, —15), (—0.54-0.5i2,0, —15),
(—0.540.5i3,0.5, —-15), (=0.5+0.5i4, 1, —15), and (—0.5+0.5i5,1.5, —15) for i1 2345 =
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(a)t=0 (b) t=0.2 (¢) t=0.3
(e) t=05 (f) t=0.6

F1a. 4.8. Snapshots of the isosurface of {® =0.5} are taken at various times.

0,...,4. The intensity is fixed as as = 1000 for all dipoles. We set dt =0.001,h = &
The isosurface of the phase-field variable {® = 0.5} at various times is shown in
Figure 4.8. We observe that some peaks start to appear around ¢ = 0.3. A very
regular peak-valley phenomenon is gradually formed over time, which is a typical
Rosensweig instability or “spiking” phenomenon of two-phase ferrofluids.

5. Concluding remarks. For the two-phase FHD phase-field model, with the
aid of a spatial discretization method using continuous finite elements, this paper aims
to construct a numerical scheme with the following desired properties: (i) linearity,
(ii) full decoupling, (iii) second-order time accuracy, and (iv) unconditional energy
stability. The key technique in the algorithm development is to first use two recon-
struction methods, including reforming the magnetostatic equation and introducing a
scalar variable based on the “zero-energy-contribution” property, to reformulate the
original system into a new but equivalent and algorithmically easy-to-implement sys-
tem. Several widely used numerical algorithms are then effectively grouped, including
the IEQ approach for linearization, the projection methods for fluid equations, the
explicit discretization for time marching, etc. The scheme is very efficient, requiring
only a few completely independent linear elliptic equations to be solved at each time
step. To the best of the authors’ knowledge, this is the first fully discrete numerical
algorithm that satisfies this many desired properties, especially with a fully decoupled
structure for the two-phase FHD phase-field system.
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