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Abstract.This article focuses on numerical approximations of the ferrohydrodynamic (FHD)
Rosensweig model of ferrofluids, which comprises the Navier—Stokes equations, the angular momen-
tum equations, the magnetization equations, and the magnetostatic equation, as well as the simula-
tions of the ferrofluid rotational flow problems. The model’s strong coupling feature, encompassing
both linear and nonlinear aspects, poses a significant challenge in the development of efficient nu-
merical algorithms, particularly for fully decoupled-type schemes with unconditional energy stability.
A significant new challenge in the Rosensweig model, as opposed to the relatively well-studied
Shliomis FHD model, is the coupling with the extra angular momentum equations, particularly
seen in the linear coupling between the angular velocity of the particle spinning and the flow veloc-
ity, demanding innovative numerical strategies to effectively address this complexity. By introducing
a new nonlocal auxiliary variable and constructing an ordinary differential equation with a special
structure for it, we can simplify the complex coupling terms in the modified but equivalent governing
system via explicit discretization. This novel method, along with the ZEC (zero energy contribution)
decoupling method, reconstruction of the magnetostatic equation, the spatial finite element method,
and the second-order projection method for hydrodynamics, allows us to obtain a fully discrete
scheme that is unconditionally energy stable, fully decoupled, linear, and second-order accurate in
time. Only a few independent linear elliptic/parabolic problems with constant coefficients need to
be solved at each time step. The unconditional energy stability and well-posedness of the scheme
are also established. In addition, simulations, including 2D /3D spin-up and annular flows, are im-
plemented to verify the stability and accuracy of the scheme, with the numerical results exhibiting
good agreement with experimental and physical analyses.
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stability, magnetic field
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1. Introduction. Ferrofluids, colloidal liquids exhibiting robust magnetic prop-
erties, can be magnetized when exposed to an external magnetic field but become
completely demagnetized in its absence. In response to the application of a magnetic
field, ferrofluids can be manipulated or regulated accordingly. These intriguing sub-
stances find applications in numerous areas, including magnetic resonance imaging [7],
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loudspeakers [23], magneto-optic sensors [14], hyperthermia therapy for cancer [25],
drug delivery [3, 12], waste water treatment [31], vibration control [44], and in other
engineering operations [15]. Two well-known mathematical FHD models, attributed
to their respective developers, are the Shliomis model [33, 34], treating particle spin as
a magnetic moment, and the Rosensweig model [26, 27], which formulates the angular
momentum equation for angular velocity to compute spin.

We recall that some theoretical results, such as well-posedness, regularity, and
long time behavior for the FHD models, were studied in [1, 2, 22, 30, 37, 39]. None-
theless, the design and analysis of numerical algorithms for Rosensweig-type FHD
models are still in their early stages of development, particularly due to the inherent
complexity arising from the strong coupling nature of the angular momentum equation
with others, whereas numerical work on the Shliomis model has been conducted to a
greater extent. For instance, in [20], the simplified Shliomis FHD model was combined
with the phase-field method to generate a two-phase FHD system, and an uncondi-
tionally energy stable scheme, yet nonlinear and coupled, was proposed and analyzed.
In [40], for the Shliomis FHD model, a nonlinear and coupled scheme was proposed,
and its corresponding error estimates are also derived. In [45], for the two-phase
Shliomis FHD model, a linear, partially decoupled, and unconditionally energy stable
scheme was developed. Note that the algorithms proposed in the above works exhibit
first-order accuracy in terms of time. The recent study [47] improved the temporal or-
der by proposing a second-order accurate, fully decoupled, linear, and unconditionally
energy stable scheme for the two-phase Shliomis FHD system. Regarding numerical
algorithms for the Rosensweig model, to the best of the authors’ knowledge only a
nonlinear, coupled, first-order accurate, and unconditionally energy-stable scheme has
been proposed in [21], and simulations are limited to the 2D case.

Therefore, the aim of this paper is to propose an efficient scheme for the
Rosensweig FHD model, characterized by linearity, full decoupling, second-order ac-
curacy in time, and unconditional energy stability, and to carry out simulations of 2D
and 3D ferrofluid rotational flow problems. As previously stated, the limited amount
of numerical methods tailored for the Rosensweig model can be attributed to the
intricate nature of the angular momentum equation and the diverse couplings it en-
tails. In contrast to the Shliomis model, the Rosensweig model incorporates two kinds
of couplings, including the nonlinear type (between the magnetization and magnetic
potential, the fluid velocity and the angular velocity, the fluid velocity and magne-
tization, and angular velocity and magnetization) and the linear type (between the
fluid velocity and the angular velocity of particles, the magnetization and magnetic
potential, and the fluid velocity and the pressure). The presence of these couplings
pose a significant obstacle in the development of efficient algorithms.

Here we provide a concise overview of our methodology for achieving decoupling
in different forms of couplings. Regarding the nonlinear coupling terms, it’s worth
noting that they display a property referred to as zero energy contribution (ZEC),
which emerges during the derivation of energy law for the system of partial differential
equations (PDEs). More specifically, each PDE undergoes an inner product operation
with one or more designated variables, and the resulting inner products involving these
nonlinear terms ultimately combine in a manner that leads to mutual cancellation
or equating to zero. A highly efficient decoupling technique, known as the ZEC
decoupling method [41, 42, 43], has recently been developed. This approach allows
for the explicit discretization of nonlinear coupling terms with the ZEC property and
yields a decoupled scheme that satisfies energy stability.
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There are two categories that pose challenges in terms of discretization. One is
the linear coupling terms associated with fluid velocity and angular velocity, resulting
in the emergence of a squared diffusion term in the energy law. The other is the
linear coupling terms involving the magnetic potential and the magnetization field.
To attain the schemes we aim for, we address these two distinct linear couplings in
distinct manners.

e For the linear couplings associated with fluid velocity and angular velocity,
we introduce an auxiliary variable and define its associated ODE, which com-
prises the cross terms within the square-type diffusivity terms. The ODE,
with its distinctive form, maintains a continuous solution that remains con-
stant at 1. This attribute can be utilized to modify the cross-multiplication
term within the constituent square terms of the original system in an equiv-
alent fashion, thereby enabling explicit discretization. Subsequently, the en-
ergy inequality can be derived by leveraging the unique structure of this ODE
and employing techniques such as Cauchy—Schwarz and Hoélder inequalities.

e For the linear coupling terms concerning the magnetic potential and mag-
netization field, we effect a transformation of the static magnetic equations
into dynamic equations with time derivatives by amalgamating these two
equations. This transformation results in the elimination of the linear cou-
pling terms, albeit introducing certain nonlinear coupling terms. Intriguingly,
these newly generated nonlinear coupling terms exhibit compliance with the
ZEC property. Consequently, we can effectively employ the ZEC decoupling
method for processing, which ultimately allows us to achieve the desired de-
coupled scheme.

By integrating the aforementioned numerical techniques and incorporating the
projection method to address the linear coupling between fluid velocity and pressure,
we successfully arrive at a linear, fully decoupled, second-order time-accurate, and
unconditionally energy stable scheme for the Rosensweig FHD model. Our proposed
algorithm decomposes the nonlinearly coupled saddle-point structural model into in-
dependent linear elliptic/parabolic problems with constant coefficients, facilitating
efficient solutions using fast solvers. We also rigorously prove the energy stability and
the unique solvability followed by our proposed scheme and verify the accuracy and
stability by several numerical examples.

Having established our numerical scheme, we extend its application to conduct
simulations reflecting practical scenarios involving ferrofluids. One unique feature of
the ferrofluid is that it can be magnetized in applied magnetic fields, which stimu-
lates many control-based applications. Among them, the induced motion of ferrofluid
flow by external rotational magnetic fields stands as a significant nonmechanically
driven phenomenon, attracting considerable attention in the field of fluid physics
[5, 6, 8, 16, 24, 28, 35]. A further contribution of this work is the application of the
Rosensweig model and our proposed scheme to simulate two ferrofluid rotational flow
problems, the 2D/3D spin-up and annulus flows. The numerical outcomes closely
align with results from both experimental and theoretical analyses. Our simulations
provide valuable investigations of ferrofluid rotational flow problems, complementing
the predominantly experimental studies and physical explanations with additional
numerical insights.

We organize the remainder of this article as follows. In section 2, we introduce the
Rosensweig FHD model and demonstrate its energy stability. Section 3 outlines the
reformulation of the Rosensweig model using various numerical techniques to render it
into a more algorithm-friendly form. Section 4 presents the fully discrete finite element
numerical scheme and establishes its unconditional stability and well-posedness. In
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section 5, we conduct a series of 2D/3D numerical simulations. Finally, section 6
offers concluding remarks.

2. Rosensweig FHD model. Let Q C R? with d = 2 or 3 be a simply connected,
bounded domain. The Rosensweig model for a viscous, homogenous, incompressible
ferrofluid flow system reads as follows [26, 27]:

(2.1) uw— (v+v)Au+ (u-V)u+ Vp=21,Vxw+ u(m- V)h,

(2.2) V-u=0,

(2.3) Cwi+C(u-VIw —ciAw — oVV - w + dv,w =21, VX u+ pm x h,
(2.4) mt—i—(u-V)m:wxm—%(m—xOh),

(25) —Ap=V-(m—h,),

(2.6) ulon =0, wlgn=0, hploa=(he—m) -n,,,

(2.7) Uli=0 =0, Wl=0=wo, M=o =y,

where (2.1)—(2.2) represent the incompressible hydrodynamical system; w is the fluid
velocity; p is the pressure; (2.3) is the angular momentum equation; w is the angular
velocity; (2.4) corresponds to the magnetization equation; m is the magnetization
field; h(:= V) is the effective magnetic field; (2.5) is the magnetostatic equation; ¢
is the magnetic potential; h, is a smooth harmonic applied magnetic field with the
properties of Vxh, =0 and V-h, =0; v, v, ¢1, and ¢y are the kinematic viscosities; ¢
is the inertia density; xo is magnetic susceptibility; p is permeability of free space; 7
is relaxation time constant; n,, is the outward normal on the boundary 0f2; and the
term (m - V)h is the so-called Kelvin force.

Remark 2.1. For the 2D case, = (z,y) € Q, w = (0,0,w(z,y)), hence V- w =

90+ %2 + w =0, and the angular momentum equation (2.3) degenerates to

Cwe + (u-Vw — et Aw + 4v,w =20, VX u + pm X h.

Hereafter, we denote hy, = (h,);. For two vector functions u, v, we denote the
L? inner product as (u,v) = [, u - vde and the L? norm as [|ul| = v/(u,u). We use
H(Q) to denote the usual Sobolev space and define HE () = {w € HY(Q) : w|spq =0},
L3(Q) ={weL*(Q): [ywdz =0}, H'(Q)=H*(Q)?, and H}(Q) = H} ().

The Rosensweig FHD model (2.1)—(2.7) satisfies the following energy stability
and dissipative law.

THEOREM 2.1. The system (2.1)~(2.7) admits the energy stability as
d
(2.8) B (uyw, hym) + Dlw,w, hym) < |2+l .

If the applied magnetic field is absent (h, =0), the system holds the energy dissipative
law as

d
(2.9) aE(u,w,h,m) + D(u,w,h,m) <0,

where

1 ¢ % 1%
E(u,w,h,m)= 5\\qu + 5\\w||2 + 5||h||2 + TXOIImIIQ,

D(u,w,h,m)=v||Vu|?® + v,V - u|?® + 1| Vx u — 2w|]* + ¢1 | Vw||?
3p
o lml*.

I
+eal[V w4 g 4+
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Proof. Taking the L? inner product of (2.1) with w and integration by parts, we
derive
1d

(2.10) 2.dt
— (- V)u,u) + 20, (w, Vx ) + p((m - V), w),

=Nl + vVl + v [Vl + ]|V - ul®

where we apply the identity of —v,Au=1,Vx Vx u—1,VV-u. Taking the L? inner
product of (2.3) with w and using integration by parts, we get

oay sl Vww) s [Vl V- wl + v ]

=2v,. (VX u,w) + p(m x h,w).
Taking the L? inner product of (2.4) with —uh, we derive

— u(my, h) + Exo| |2
(2.12) T u
= pl(u- V)m. h) - p(w x m.h) + = (m, ).

Taking the L? inner product of (2.5) with £¢, using integration by parts, and noting
that h =V, we derive

I 2 M I
2.13 Bin)2 + L, h) = E(he, b
(213) B R 42 ) = 2 (B ).
Taking the time derivative of (2.5), we obtain

Then, taking the L? inner product of (2.14) with ug and using integration by parts
and h =V, we get

(2.15)

W=

d
%Ilhl\2 + p(my, h) = p(hy, h).

Taking the L? inner product of (2.4) with f-m, we derive
pd 2, M 0 2 M 7
2.16) ——|m||*+ —((u-V)m,m)+ —|m|* = —(w x m,m) + =(h,m).
(216) 5 i+ L (e Tymm) + L = )+ )
Summing up (2.10)—(2.13) and (2.15)—(2.16), we derive

(2 17)

%l + w]?+ £ Hh||2+f*||m|\2+VIIVUIl2+VrHV ul? + e1[[ Vo2

2dt” 2dt
I
+ o[V wl* + Zxollbl* + = thl2 XIImH2+Vr||V><u 2w|®

2dt

= E(hash) + by, 1) + é(h,m»

where we note a combination of several terms that will eventually form a perfect
square that reads as follows:

(2.18) V||V x u)? = 4v,p(w,V x u) + v ||w|)* = v, ||V x u — 2w||?,
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and employ several identities that either mutually cancel one another or are inherently
zero, expressed as follows:

(2.19)
= ﬁu m,m)= u-V)w,w)= ﬂ'w m,m)=
((U-V)u,u)—o, X0<( V) ) ) 0, C(( V) ) ) 0, XO( x ) ) 0,
(2.20)
w(m x h,w) — p(w x m,h) =0,
(2.21)

p((m-V)h,u) +p((w- Vim,h) = p((w- V)h,m) + p((u- V)m, h) =0

where we have used integration by parts and Vxh =V xVe =0, V-u=0, ulgo =0
In addition, by using the Cauchy—-Schwarz inequality, we derive

(222)  E(ha,h)+ p(ho, h)
L 2 2 p
< EJiRallIB] + ullholl 1] < =[R2+ EliRal + = 1RI1? + 7l

1% 2, XoM 2
2.23 —(h,m —|h||||m| < =—||lh||°.
223)  —(hym)< H [[m]| < TXOH m|”+==lh]

Thus, by combining (2.17) with (2.22)—(2.23), we have

Sl + 5 Sl ||2+2dt||h||2+——Hm||2+u||w|2+ur||v ul/”
+el[ V| + 2| V- w|* + ||h||2 ix lm][* + v [V x w — 2w]|?
< Eflhal? + ull o,
which implies (2.8) and (2.9). ad

Remark 2.2. In the target Rosensweig FHD system (2.1)—(2.7), there exist three
pairs of linear couplings: u-p, u-w, and m-¢. Among these, the u-w coupling, intro-
duced through the angular momentum equation, presents a novel numerical challenge
in designing a decoupled scheme compared to the Shliomis FHD model. Additionally,
the Rosensweig FHD system (2.1)—(2.7) comprises numerous coupled and nonlinear
terms involving the variables u, w, m, and ¢. Consequently, to efficiently discretize
these terms while achieving energy stability, linearity, and decoupling, we reconfigure
the original PDE system into a more algorithm-friendly and equivalent version in the
following section.

3. Equivalent reformulation for couplings.

3.1. Linear couplings u-p, u-w, and m-p. Given that it is widely recognized
that the second-order pressure projection method [11, 32] can effectively handle the
linear coupling u-p to obtain the decoupled type computations between u and p, we
mainly focus on the more intricate linear couplings u-w and m-¢ in this subsection.

3.1.1. u~w linear coupling. Here, we address the linear coupling between u
and w in (2.1)—(2.3). To simplify the complexity, we focus solely on the related terms

of u-w linear coupling, and the other terms within (2.1)—(2.3) are denoted as “---7,
namely,
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(3.1) U+, VXVXxu=2,VXw-+---,
(3.2) w; +4v,w =20, VXu+---.

As derived from Theorem 2.1 regarding the PDE energy law (see (2.18)), one may
discretize all four terms v,V X V x u, 20,V X w, 4v,w, and 2v,.V X u implicitly in
order to acquire a complete square form ||V x u — 2w||?>. Nonetheless, the implicit
treatment of two cross terms 2v,.V x w and 2v,.V x u would result in a coupled scheme
between the variables w and w, which does not align with our goal of establishing a
fully decoupled scheme in this paper.

Therefore, the two terms 21,V X w and 2v,V X w might undergo some form of
explicit discretization. However, this introduces a new challenge, notably the potential
risk of failing to achieve unconditional energy stability. A similar scenario arises in
numerous nonlinear systems that share similar linear coupling structures, such as
the widely used decoupled second-order accurate schemes for the micropolar-Navier—
Stokes (MNS) system that are conditionally stable [19, 29].

In this article, inspired by the ZEC approach [41, 42, 43], we deal with these
terms as follows. We introduce a nonlocal variable Q(t) and recall the following fact:
the ODE with the form

(3.3) Qi=a(t)(1-Q), Qli=o=1

with any bounded function a(¢) only has a trivial solution of Q(t) = 1. Thanks to
this fact, we design an ODE that is in the same form of (3.3) for Q(t), which reads
as follows:

(34) Qi+ 8vp(w,w)Q =8v,(w,w) +2v,(w,V X u) —2v,(V x u,w), Qli=0=1,

=0

where we fill in the right-hand side with two inner product terms. Due to the mutual
cancellation of these two terms, (3.4) is equivalent to (3.3), which possesses a unique
solution of Q(t) =1.

By using the auxiliary variable @, we reformulate the system (3.1)—(3.2) as an
equivalent form:

(3.5) U+, VXV Xu=2vQVXw+---,
(3.6) wi +4v,w =20, QVXu+ - |
(3.7) Q¢ + 8v(w,w)Q = 8v,.(w,w) + 2v,.(w,V X u) — 2v,.(V X u, w),

with Qlt=o = 1. Note that in both (3.5) and (3.6), the two terms on the right are
intentionally multiplied by the variable Q. Given that Q =1, the reformulated system
(3.5)—(3.7) is entirely equivalent to the system (3.1)—(3.2).

In the following, we will briefly describe the design of the decoupled type scheme
and elucidate the rationale behind the transformation of the system (3.1)—(3.2) into
the more “algorithm-friendly” format (3.5)—(3.7), facilitated by the nonlocal
variable ). This approach allows us to easily achieve the desired decoupled scheme
through straightforward explicit discretization methods for the coupled terms while
preserving energy stability. While the primary focus of this study is on the second-
order fully discrete scheme, we have opted to employ the first-order time marching
scheme as an illustrative example due to its ability to offer a more straightforward
and lucid demonstration of the energy stability proof. Let N > 0 denote the total
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number of time steps; we define the time step size as 0t = [%] and set t, = ndt. By

denoting dyyp"t! = w, the first-order temporal discretization scheme for the
system (3.5)—(3.7) reads as follows:

(38) dtu""'l + I/Tv x V x un+1 = 2]/TQn+1v x w" 4+
(3.9) dyw" ™ 4 4y =20, Q"I x u -
(3.10) Q"+ 8y (w™, w™) Q" = 8up (W™, W) 4 2u, (W™, V x ")

— 20, (V x ™, w™ ).

By taking the L? inner product of u" ! with (3.8) and of w"*! with (3.9), multiplying
(3.10) with Q™*!, combining the three obtained equations, and using the Hélder and
Cauchy—Schwarz inequalities (since the details on deriving energy stability will be
discussed in Theorem 4.1, we provide a brief outline here), we obtain

(3.11) [+ ™+ QT < ™ + w1 + Q"

which implies the energy stability. In the scheme presented in (3.8)—(3.10), it’s im-
portant to note that the direct coupling of w-w is eliminated, resulting in a coupling
relationship of u-Q and w-Q. By leveraging the nonlocal characteristics of the vari-
able @ and applying a nonlocal splitting method akin to the ZEC approach, we can
achieve a fully decoupled implementation, with further details provided in section 4.2.

Remark 3.1. Indeed, similar linear coupling structures have surfaced in the
micropolar-Navier—Stokes (MNS) system [19, 29, 36, 48], sine-Gordon equations [38],
Hamiltonian system of perturbed Schrédinger equations [9], etc. Therefore, we ab-
stract the above methods into a framework-type approach, providing a convenient
tool for the interested reader to address similar models.

We denote ®; and D, by two differential operators. The mathematical structure
behind (3.1)—(3.2) can be expressed as

(3.12) O, + a’D 101 P = nab®,D, 7,
(3.13) Uy 4 02D20,0 = (2 — 1)abD2D, P,

where 0 <1 < 2, a, b are two positive parameters. Taking the L? inner product of ®
with (3.12) and of ¥ with (3.13) and using integration by parts, we derive

1d
5%”@“2 + a2 219> = nab(Da ¥, D, ),

1d

5 i 1Yl + 02 [D20 = (2 = 1)ab(D1 0, D, ).

Summing up the above equations, we obtain 34 (||®(|>+||¥||?)+||aD; P —bD,¥||? = 0.
We reformulate (3.12)—(3.13) into an equivalent system by coupling an ODE, which
reads as follows: given Q|i—g =1,

(I)t + a2©1©1<1> = Qnab@l’Dg\I/,
(314) v, +b2©2©2\I/=Q(2—77)ab©2©1<1>,
Qi+ a||D19)2Q = (D1®,D1D) + nab(D1®, Do) — ab(D2 ¥, D1 P),
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where « is a positive parameter that will be determined later. Visibly, the ODE in
(3.14) adheres to (3.3) with a = | D;®||2. We discretize the system (3.14) as follows:

di®" ! + 620,90, 0" = Q"M nabD D, U7,

dt\IﬂH_l + b2©2©2\11n+1 = Qn+1 (2 — n)ab©2©1<1>",

Q™ + D187 PQT — (D87, D, nab(D; 87, 0,17
—nab(D U™, DL,

(3.15)

Taking the L? inner product of ®"+! and ¥"*! with the first and second equations in

3.15), respectively, multiplying Q™! on the discrete ODE, and summing them up,
g g

we have

1 1
= ®n+1 2 @’n 2 (b’nr‘rl _ (pn 2 - \Ijn+1 2 \I]n 2 \Ijn+1 o \Ijn 2
557 7 =217 + | 1) + 25l [l N | )

+ %&(IQ”“F — Q"+ Q" — Q")+ a® D1 @"F? + 1P| Do W2
+a|QM D07

= Q" 12ab(D10", D, 0" ) + Q"M (D07, 0,07

<2ab|Q" | D1 [|D2 0" + Q"D @™ | D1 ™|

1
§b2||©2\1’n+1”2+a2|Qn+1‘2H®1¢n”2+a2||®1¢)n+1||2+RQQ‘QR_H‘QH@l(DnHQa

where integration by parts and the Holder and Cauchy-Schwarz inequalities are also
utilized. If we choose a such that ﬁaz —a+a’= (ia —a)? <0, which has a unique
solution a = 2a?, we have the stability

1™ - o2 QP < TP + e + Q.

If setting ® = w, ¥V =u, Dy =1, Dy = VX, a = 2\/v;, b= /v, n =1, and
a =8, in (3.12)-(3.13), in (3.14), and in (3.15), respectively, we recover equations
(3.1)—(3.2), system (3.5)—(3.7), and scheme (3.8)—(3.10), respectively. In contrast,
utilizing our framework developed above, the unconditionally energy-stable scheme
with second-order accuracy and decoupled manner could be designed, this will be
detailed in section 4.

3.1.2. m-¢p linear coupling. In this subsection, we address the linear coupling
between m and ¢ that appears in (2.4)—(2.5). It is worth noting that the Shliomis
FHD model also exhibits similar couplings between these two variables. In our pre-
vious work [47], we derive an equivalent form of the magnetic potential equation to
resolve this linear coupling in the Shliomis FHD model. In this paper, we extend a
similar approach to the Rosensweig FHD model. We also refer the reader to [17] for
the idea of reformulated approach. The procedure is as detailed below.

By taking the time derivative of (2.5) and multiplying (2.5) by %

—, respectively,
we get the following two equations:

1 1 1
—Apy=V-my—V-hy,, ——Ap=-V-m—=V-h,.
T T T

By taking the L? inner product of the above equations with v for any ¥ € H'(Q) N
L3(Q), we derive their weak forms as

(316) (Vor, V) + (me, V) = (g, V0), (Y, V) + - (m, Vi) = - (b, V9.
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Additionally, by taking the L? inner product of (2.4) with V4, we derive

(3.17) %(V@,V’Lﬁ) —((u-V)m, V) + (w x m, V) = (m;, Vi) + %(m,Vz/J).

By taking the summation of the three equations in (3.16)—(3.17), we obtain a new
equation as

oy TP 2V, V) + 20 (9, 90) = (u V), Vo) + (w x 1, V)

:%(ha,vw) + (hy, V),

which is used to replace the magnetostatic equation (2.5) to solve ¢. We also present
the weak form of the magnetization equation for m that reads as

(3.19) (my,m)+ %(m7n) +((u-V)m,n)=(wxm,n)+ %(h,n), vnec H' ().

It is noteworthy that the linear coupling between m and ¢ in (3.18)—(3.19) is
eliminated in the new equation (3.18) for the variable . Although two nonlinear
coupling terms ((u-V)m, Vi) and (w x m, Vi) are further introduced, we note that
they actually satisfy the so-called “zero-energy-contribution” property when choosing
suitable test functions of 1) and associating the results with other terms, which then
can be effectively discretized by the ZEC approach; see the detailed discussion in
section 3.2.

3.2. Nonlinear couplings. This subsection addresses the multitude of nonlin-
ear coupling terms. To do so, it is necessary to establish the weak form of the entire
governing system.

In the momentum equation (2.1), the weak form of the Kelvin force term can be
expressed as p((m - V)h,v) after taking the L? inner product with a test function
v € Hy(Q). When employing the finite element method for spatial discretization,
this term will introduce boundary integrations involving jump and average terms
across interior boundaries due to the fact that h = V; see [20]. To avoid such a
challenging issue, using the fact Vx h = 0 and integration by parts, we rewrite the
term p((m - V)h,v) as

(820)  p((m-V)h,v) = u((v- V)h.m) = —p((v - V)m, h) - u((V - v)m, h),

where no spatial derivatives are applied on h. We denote X = H(Q) x L2(Q) x
H{(Q) x HY(Q)NLE(Q) x H'(Q).

Hence, by applying (3.20) for the fluid momentum equation, combining with the
weak form given in (3.18), (3.19) for ¢ and m, and taking the appropriate weak form
for (2.2), (2.3), the weak form for the entire system of the Rosensweig FHD model
reads as follows: find (w(t),p(t), w(t),p(t),m(t)) € X such that for all (v,q, Z,1,n)
€ X, there hold
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(3.21)
(ug,v) +v(Vu, Vo) + v (Vx u, Vx v) + (V- u, V- v) + ((u- V)u,v) — (p,V - v)
=2v,(w,Vxv) — p((v-V)m,h) — u((V-v)m,h),
(V-u,q)=0,
C(wi, Z) + a1 (Vw,VZ) +co(V-w,V-Z)+ 4, (w, Z) + (((u- V)w, Z)
=21, (Vxu,Z)+ pu(m x h,Z),

(Vior, T9) + (Y, V) + X2 (V. V) — (- V), V45) + 0 x m, V)

= %(ha, V) + (hy, Vi),

(my,m) + ;(m,n) +((u-V)m,n)=(wxm,n) + %(h,n).

As can be seen from Theorem 2.1, the energy stability of the PDE system relies
on the fact that a considerable number of nonlinear terms exhibit the “zero energy
contribution” property, namely, these terms are either cancelled by other terms or
simply equal to zero when the inner product of a particular variable is executed; see
(2.19)—(2.21). This fact reminds us that we can apply the recently developed ZEC
approach [41, 42, 43] to obtain a decoupled-type scheme by introducing a nonlocal
auxiliary variable and designing the relevant ODE based on the zero equalities (2.19)—
(2.21). Furthermore, it is important to mention that the reformulation implemented
to account for the linear couplings between m and ¢ adheres to a comparable ap-
proach. As a result, we proceed by incorporating specific zero-valued terms into (3.4),
thereby enabling the construction of a comprehensive ODE capable of simultaneously
accommodating linear and nonlinear coupling terms. Namely, we further reformulate
the ODE (3.4) to an equivalent form that reads as

(3.22)
Q¢ + 8vp(w, w)Q = 8vp(w, w) + 2v, (w,V X u) — 2v,.(V X u,w)
+ (w- V)u,u) + C((u- V)w,w) + Xﬂ((u - V)m,m) — Xﬂ(w X m,m)
0 0
+ p(w x m, Vo) — p(m x Vo, w)

+p((u-V)m, Vo) — u((u-V)m, Vo) + u((V - u)m, V),

with Q|i=o = 1. It is noteworthy that the terms in the first line on the right-hand
side of (3.22) are taken from (3.4); each term from the second line is zero-valued from
(2.19); the two terms in the third line cancel each other out to yield zero, mirroring
a similar behavior observed in the initial two items of the fourth line; and the final
item is also zero-valued in accordance with the divergence-free condition. As a result,
the ODE (3.22) remains equivalent to the ODE (3.4), and it has a trivial solution of
@ = 1. Next, we will further use the nonlocal variable @ to perform the equivalent
modification to the nonlinear couplings in the weak form of the entire system of
(2.1)—(2.7).

Using the nonlocal variable and its associated ODE (3.22), we reformulate the
weak form (3.21) into an equivalent system that reads as follows: given initial data
(ug, wo, myg, Qo), find (u,p,w,p,m,Q) € X x R such that for all (v,q,Z,¢¥,n) €
X, there hold
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(3.23)
(utvv) + V(V’U,,V’U) + VT(VX u, Vx ’U) + VT(V ‘u, V- U) + Q((U ’ V)u,v) - (pav : ’U)
=20, Q(w, VX v) — uQ((v - V)m, h) — pQ((V - v)m, h),

C(w, Z)+aa(Vw,VZ) + co(V-w,V-Z)+ 4v.(w, Z) + (Q((u - V)w, Z)
=20,Q(Vxu,Z)+ uQ(m x h,Z),
(3.26)
(Vor, V) + 2(V,V9) + 22 (Y, V) — Q((u- V). ) + Q(aw x m, V)
(3.27)
= 2 (b, V0) + (i, V),

(3.28)
(1m0, 7) + —(m,m) + Q((w V), m) = Qlaw x 1m,m) + X2 (h,m),
(3.29)
Q1 + 8vp(w, w)Q =8, (w, w) + 2, (w,V x u) — 2v,.(V X u,w)

p u
+ ((u-Vu,u) +(((u- V)w,w) + %((u -V)m,m) — %(w X m,m)

+ p(w x m, Vo) — p(m x Vo, w)
+u((u-V)m, Vo) — u((u-V)m, Vo) + p((V - u)m, Vo).

Remark 3.2. It is crucial to note that the system (3.23)—(3.29) is identical to
(3.21), as @ = 1. Although the resultant system (3.23)—(3.29) appears to be an on-
going series of mundane reconstructions intended to further complicate the original
model (3.21), this is actually an “algorithm-friendly” format. In other words, the
construction of the scheme is remarkably uncomplicated and practical, as each linear
and nonlinear coupling term (Q-multiplying terms) can be explicitly discretized while
still maintaining the energy stability. In addition, the obtained scheme’s implemen-
tation will be rather efficient, requiring only the solution of a handful of independent
elliptic/parabolic equations with constant coefficients at each time step without any
additional complexity. The following section will outline these numerical benefits.

The system (3.23)—(3.29) is also accompanied by a modified energy estimate, as
follows.

THEOREM 3.1. The system (3.23)—(3.29) admits the energy law in the sense that
d (1 2, C 2 M 2 H 2, 102
R S Hip el -
5 (Ghul? + Sl + S1m + 2 pmg? + 0
3
+ |Vl + 2|V ul? + e[V l]2 + |V - w] + 2[R+ [
2T 4xoT
1
<X a2+

Since it is similar to the proof of the discrete energy law in Theorem 4.1 of the
numerical scheme, we omit it due to page limitation.
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4. Fully discrete finite element numerical scheme. We introduce some
conforming finite element spaces

Vi CH(l)(Q)7 Qn CL%(Q)OHl(Q)’ Zy, CH(l)(Q>7 Wy, CL%(Q)QHl(Q)a
N, c H(Q),

and we assume (V'p,, Qp,) satisfy the following inf-sup condition [10]: Bo|lq|| < sup,ey,
T&i}’ﬁ) Vq € Qp, where the constant Sy only depends on . So far, we have made
a

| necessary preparations for the construction of our scheme for the target model
(2.1)—(2.7).

ntl_4im n—1 ~
4.1. Numerical scheme. We denote D" ! = %, Dyp" =

BOMTIAGT L e 9gn — g1, The fully discrete numerical scheme for (3.23)-
(3.29) reads as follows: find @" ™' € Vi, p"t! € Qp, ut' € V), + VQy, wt! € Z),,

"t e Uy, m™t € Ny, QM € R; there hold

(4.1)
(D"t v) + v(Va" ™ Vo) + 1. (Vx @ Vx o) + (V- 2"V - v)
+ Q" ((u" - V)u',v) + (Vp",v)
= ZVTQn+1(w*a V% ’U) - ,LLQn+1((v ' V)m*, h*) - :U’Qn+1((v : v)m*, h*)v

(4.2)
3 ~n n
(Vp"*1,Vg) = =5 (V@™ q) + (Vp", Va),
(4.3)
un+1 _ ﬁnJrl o L&vpn+1 + L&vpn,
3 3
(4.4)

(D™ Z) + ¢ (V™ VZ) + (V- w" T V- Z) + dv,. (0™ Z)
+¢Q" M ((u* - V)w*, Z) =20,Q" Y (Vx u*, Z) + pQ " (m* x h*, Z),
(4.5)
(VD" ™, 94) + (V" V) + X2 (9, V) - @ (u” - V)m*, V)

FQU (w0 x V) = (V) + (R, V),
(4.6)
(Dam™ ) 4 (" ) + Q" (" - V)m* )
=Q" (W' xm*,n) + (A" ),

u
(4.7)
Dth+1 + SVT(w*,w*)Qn-&-l
=8, (w*, w" ) 4 2v, (w*, V x @" ) — 20,.(V x u*, w" 1)
(D) G V) 4 L V)
0
n+1) o n+1)

— D(w* xm*,m" ) + p(w* x m* Vo w(m* x Vo™ w

+p((@" - V)m* Vo) — p((u’ - V)m* Vet + u(V-a"m®, V')

forallveVy,, g€ Qn, Z € Zp,, Y € W), ne Ny, where h* =Vp*, b = vt
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We explain the algorithm development strategy in the following remarks.

Remark 4.1. The second-order pressure projection method [11, 32] is used to
deal with the hydrodynamics equation that includes the u-p linear coupling, where
@™t accounts for the intermediate velocity, and the w”t! means the final velocity
that satisfies the discrete divergence-free condition. To see this, we take the L? inner
product of (4.3) with V¢ and use (4.2) to obtain [46]

(4.8) (w1, Vq) =0 Vg € Q.

Remark 4.2. The discretization of the time derivatives is accomplished through
the utilization of the second-order backward difference formula (BDF2). In equa-
tions (4.1)—(4.6), a discretization technique known as implicit-explicit discretization
is employed for the Q-multiplying terms. Specifically, the variable @ is discretized
implicitly, while the remaining terms are discretized explicitly.

We define
E;fl:Z(llu 2 420" —w ||2)+1(||w 2 4 ()20 — w™|?)
/’[/ n n n /’L n n n
+ (IR P+ 2p" — A ||2)+470(Hm 2+ [|2m" T — m” (%)

1 5t?
+ 1(|Q"+1|2 +2Q" - Q") + ?HVPMIHQ,
DZ+1 =V||V’l~l,n+1||2 +UT||V'ﬁn+1||2—|-01||V’wn+1||2 +c2||v_,wn+1H2+ %th+1”2
3p n+12
o lm e

We further show that the scheme (4.1)—(4.7) holds the energy estimate uncondition-
ally, as follows.

THEOREM 4.1. The scheme (4.1)—~(4.7) is unconditionally energy stable in the
sense that

dB 4 D < BB 4 g

Proof. Taking v=a""" in (4.1), we get

(4.9)
(Dtun—}-l’&n-&-l) + V||v&n+1H2 T Z/THVX iLn—i-lHQ T VTHV . ﬂ’"+1”2 + (vpn’,&n—&-l)
— Q”+12VT<’UJ*, V X ,an-i-l) _Qn—i-l((u* A V)u*’an-&-l)
I
—Qn+1u((’&n+1 . V)m*, h*) _Qn—i-lu((v . ,an+1)m*’ h*) )
11 111

Taking Z = w"! in (4.4), we derive
(4.10)
(D™ w™ ) 4 1 [V 2 o+ |9 - w2 4 ™
_ Qn+12Vr(VX u*’wn—i-l) _Qn+1<((u* 5 V)w*, ,wn+1) +Q7L+1M(m* % h*7wn+1) .

v \% V1
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"+1in (4.5), we derive

Taking 1 = pp
(4.11)
p(V D", V") + %IIWP"“II2 + %HW)”’L1 I?
= Q"  u((u" - V)m*, V") —Q" " p(w* x m*, V")
VII VIII
+ B Ve g Ve,

Taking n = £ m""! in (4.6), we obtain
Xo

(4.12)

ﬂ(DtmTL-&-l’mn-l-l)_’_L”mn—&-l”Q

X0

= Q”‘Hﬁ(w* x m*,m"t) —Q”Hﬁ((u* -V)m*,m"t) —&—H(hnﬂ,m""'l).
X0 X0 T
IX X

Multiplying Q"1 on (4.7), we derive
(4.13)

Qn+1Dth+1 4 |Qn+1|28yr||w*H2
= Q"8y, (w*, w™ ) + Q" 2w, (w*, V x ") —Q" 120, (V x u* w )

-1V

FQ (- V)ut @) QI (u” - V)w' w0

—I -V
+Q”+1%((u* -V)m*, m"t) —Q”H%(w* x m* m"t)
-X —-IX
+Q7L+1M(w* % m*7 v(pn-&-l) _Qn—&-lu(m* % V@*7wn+1)
—VIII —VI

+Q" (@™ - V)m* V') —Q"M  u((u* - V)m*, V)
11 —VII
+Qn+1u((v . ﬁn-i—l)m*’ VQO*) )

—IIT

Combining (4.9)—(4.13) and cancelling out the terms labeled by the same Roman
numerals, we obtain

(4.14)
(Dtunﬂ Jath
+ (VP a" ™) + || Va2 + v [V @ + 0 ||V - a2
FCD W) e [V 2 4 el Vw2 du a0
+u(VDt<pn+1’V<pn+1)+gvanHHQ_F@”V@nHW+%(Dtmn+17mn+1)

_’_TLXO”mn-&-lH2+Qn+1Dth+1+|Qn+1|28yr||w*”2

= DR ) R B e
T T

+ Q"+14VT(w*,V>< ﬂn—i-l) 4 Q”+181/T('w*,w"+1).
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From (4.3), we derive the orthogonal identity: for v € H = {v € L*(Q) : (v, Vq) =
0 Vg € Qn},

20t

(4.15) (" =@t v) = =

Vp" — Vp" ' v) =0.

Using (4.15) and (4.8), we have

(4.16)
(Dyu™tt @) = QL&(M"H —du” +u" et 2%(3&”“ — 3ut gnth)
- ﬁ(su"+1 —du um ) %(311"“ —3u"t A"t —u )
= P = 2 2w = w2 2wt )
+ ol =

where we use the following identity:
(4.17) (3a —4b+¢,2a) = a® —b* + (2a — b)? — (2b—¢)* + (a — 2b+ ¢)*.

We rewrite (4.3) as
n+1 2 n+1 ~n+1 2 n
w4 §5th =u"" 4+ géth .

By taking the L? inner product of the above equation with itself and using (4.8), we
derive

3 3 ot ot
~n+1 ny_ Y n+l)12 _ Y jjont1)2 it n+1)12 _ Y% n (|2
(@, 9p") = P = @ O - S e

(4.18) 45t3 41 ~mdl)2 ot 112 ot 2
=gl = VP = S Ve

where we also utilize (4.15). Combining (4.16) with (4.18), we obtain

(4.19)
M ~n ~n 3 n ~n ot n ot n
(Deu™ @™ ) + (Vp™ ") = —u — a2 4 || Vp T2 — || Vp" P
46t 3 3
1
+ o (T = a2+ 20 =P = 20" =P T ).

46t

By using the Cauchy—Schwarz inequality, we further estimate the terms on the
right-hand side of (4.14) as follows:

(4.20)
%(h3+17hn+1) + H(hg+1,hn+1) + g(hn-l-l’anrl)
[ [ 0 Xott
< ;Ilhnﬂll2 + R TP Ry TP+ [fm P R,
T T 47x0 T
Q" vy (w*, Vx @™ ) < Q" v, Jw* ||| Vx @™ | < v [V x @2
Q" v, [lw*|?,
Q" 18w (w*, w" ) < QT8 [lw | w" | < vy [lw™ TP+ Q" Pdvy w2,
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Finally, by combining (4.14) with (4.19)—(4.20), using (4.17), and dropping some
unnecessary terms, we obtain

ﬁ(ll’unﬂll2 = [l + 26" =) = 20" - w ) + %va”“HQ
=TI S (P 2w 20 )
+ 4&(Hh”+1H2 [R™[* + 2" — " — [I2h" — R"71|?)
- ﬂf&wmn“w — 2 4 2m 2 - )

4 (QUIP = Q7P + 1207 - QU - 120" — Q)
F Va2 4, [V a2
L e L e
< BRI + a2
The proof is completed. ]

4.2. Decoupled implementation. Formally, the scheme (4.1)—(4.7) is an
unknowns-@) coupled algorithm, but thanks to scalar property of @, it can achieve a
fully decoupled manner by splitting the unknowns in terms of @), as discussed below.

We split the unknowns @™, w™t1, "1 m"*! into the following form:

(4 21) ,&n—i-l _ ~n+1 627L+1,l~ll1l;b—i-17 w7L+1 — w2+1 + Qn+1w +1
: 1 1 1 1 +1 1 1
ot —sDZ”r + Q" oy mt T =mptt 4 QM my

for @}t € Vi, witt € Z, it € Uy, and mPt! € Ny, k=a,b.

Step 1. Using the split form in (4.21) and and applying the nonlocal feature of
Q"*1, we split (4.1) into the following two subequations: find @"**, @ "+1 €V, such
that for all v € V', there hold

%(ag“,v) (VT Vo) 4 (U x @Y x 0) 4 0 (V- V- 0)
1

_ n__ ,n—1 _ n
(422) c= 2(%(4'“’ u ,’U) (vp ,’U)7

2?5:& (@t v) +v(Vap ™, Vo) + v.(V x ap ™V x v) + (V-2 T, V- v)

=2, (w*, VX v)—p((v- V)m*, Ve ) —u((V-v)m*,Ve*) — (u* - V)u",v).

Step 2. Using the split form in (4.21), we split (4.4) into two subequations as
follows: find w” ! w "H € Zp, such that for all Z € Zj,, there hold

%(w;u’l,Z)+01(Vw2’+1’VZ)+CQ(V n+1 v Z)+4VT( n+1’Z)
—i n __ n—1
(4.23) = 55 4w" —w" 1, Z),
23(;( n+1 Z)+ e (le:“rl VZ)+ (V- w;)“rl V- Z)+ dv, (w n+1,Z)

=2, (Vxu", Z) + p(m* x Vy*, Z) — (((u* - V)w*, Z).
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Step 3. Using the split form in (4.21), we split (4.5) into two subequations as
follows: find @71, oyt € Wy, such that for all 1) € ¥y, there hold

(4.24)
o (Vo 99) + (Vo™ V9) + 22 (v, V)
2; (196" = V"™, V) + 2 (R, V9) + (1, 9y),
(Ve V) + (Ve V) + 2 (T, V)
— (- V)m V)~ (w' ).

Step 4. Using the split form in (4.21), we split (4.6) into two subequations as
follows: find m”*!, m "+1 € Ny, such that for all n € N}, there hold

(4.25)
3 1 1
251 (m™"* n) + ;(mZ'H, n)= %51 (4m"™ —m" ' n)+ %(Vgogﬂ,n),
3 n 1 n * * * * X0 n
i)+ L n) = (ot m) (- V)m )+ X2 (Tt ).

Step 5. To solve Q™1 we use the split form of (4.21) in (4.7) and rewrite (4.7) s
the following form:

3 2 n-‘rl_i n __ nn-—1
(4.26) 8| —m ) Q" = S (4Q" — Q")

(25

where for i =a, b,

(4.27)
i = 8vp(w*, wi ™) F2u, (w*, Vx 4l ) =20, (Vx u*, w?™) +((u* - V)u*, 4l )
T1 T2 TS
HC((ut - V)w', w )+ (- Vym mi ) — L (w0 xomt mi )
X0 X0
Ty
T5 T6
Fu(w* x m*, Vit —p(m* x Vo' wi™)
T7 T8
Hu((@i™ - V)m* V") —p((u* - V)ym*, Ve ) +u((V - ai tym*, V).
Ty Tho Th1

Step 6. After completing Steps 1-5, we update @1, w1, "1 mn*1 by using
the split form (4.21); then we update p"*! by (4.2); we update u"*! by (4.3).

From Steps 1-6, it is evident that the scheme possesses a fully decoupled structure.
Meanwhile, it is also a linear, time-second-order accurate, and unconditionally energy-
stable scheme. Moreover, the implementation of this scheme demands only a few
independent linear elliptic/parabolic problems with constant coefficients to be solved.
The final task is to demonstrate the unique solvability of the equations outlined in
Steps 1-6.
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THEOREM 4.2. The equations in (4.22)—(4.26) and (4.2) are uniquely solvable.

Proof. The well-posedness of problems (4.22)—(4.25) and (4.2) in Steps 1-4 and
Step 6 could be proved by the Lax—Milgram theorem [4], where equations (4.25) also
need inverse inequality [4]. Because the related proofs refer to standard argument, we
omit the details here.

We show the unique solvability of (4.26) as follows. Taking v = ;"' in the
second equation of (4.22), we derive

(Al:=) —2v, (w*, Vx ap ™) —((u* - V)u*, a;*)

-1, —T3
—p((ay - V)m® V") —p((V -yt )m, V)
(4.28) % h

o g 2 Va2 [ a2 |9
—41/T(w ,Vxaptt),

Taking Z = w}™" in the second equation of (4.23), we obtain

(4.29)
(Ag:=) 20, (Vx u*,wpth) —¢((u* - V)w*, wi™) +pu(m* x Ve*, wpth)
7T2 7T4 7Tg
_ 3¢

= S R e [Vaop 2+ ]V P+ o

Taking 1) = pupp ™! in the second equation of (4.24), we get
(As:=) pl(u" - V)m?*, Vi) —p(w* x m*, Vi)

(4.30) Sl T
LVt + IIW7 Ve

25t

Taking n = ﬁmg"’l in the second equation of (4.25), there holds

(Ag =) L (w* x m* m?) L (w - V)ym* mpt)

X0 Xo
(431) —Ts —T5
_ 3M n+1)2 1% n+1(2 n+1 n+1
= gl L= 2 (v )

From (4.27), it is easy to see that n, = —A; — As — A3 — Ay + 8v,.(w* wl’f“).
Hence, using (4.28)—(4.31), we derive

(4.32)
8, ||w* |2 — 1 = 8VT||w*||2 Ay Ay + Ag + Ay — Sup(w* w] )

= 81/7-||u’*|\2 + 55 i ay P A v Va4 v [V o ap P v [V ag 2

H n—i—1H2_|_C ||vwn+1‘|2+02”v wg+1||2+4yr||wn+1”2 25t|‘v<pn+1H2

2§t
+*||V90b+1||2+7||vso +1H2+WH P+ ||m i
— 4y, (w*, Vx apth) — (Vgo”“, my ) — 8v, (w* w?“).

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



Downloaded 01/06/25 to 129.252.33.201 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

EFFICIENT SCHEME FOR THE FHD ROSENWEIG MODEL B47

Using the Cauchy—Schwarz inequality, we derive the following estimates:
(4.33)

Svr| (w*, wy™)| < 8vy[lw*||[lwy | < vy |lw* || + dv|lwp 2,

v, |(w*, Vx @™ < 4Vr||’w*HHV>< Uy < vV P+ vy w2,

H XoM
fI(W"“, mpthy <2 IIWZ“HII P < OIImZ“IIZJrTIIWZHHZ-

Combining (4.32) with (4.33), we deduce
3¢

8 a 2 ~n+1 2 v n+12 , v ~n+1 2 n+12
w2 > S R 9 S
—I—c1||Vw"+1H2—|—CQ||V-'w"+1||2+25t||V<P"+1||2 Ejlvep e
3” n+1)2 3:“’ n+1(2

el P etz > 0.

o I PP 12
Thus, we obtain 5% + 8v, |w*||? — n, # 0, which implies the solvability of (4.26). The
proof is completed. 0

5. Numerical simulations. In this section, we carry out several numerical
2D/3D simulations to verify the accuracy and stability of our scheme. We also exhibit
some intriguing phenomena related to ferrofluid rotational flow problems, specifically
the spin-up flow and annular gap flow that occur when subjected to rotating magnetic
fields. The study of nonmechanically driven flows is a relatively unexplored area in
the physics of fluids, with promising potential for technological applications in various
scenarios such as space, ocean, and biological environments.

The applied magnetic field h, is generated by a linear combination of dipoles that
reads as [13]

(5'1) ha:ZasV¢s( ¢s( )_M

d=2,3,
s — x|

where « denotes intensity, |ds| = 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., Vx h, =0,
V -h, =0); cf. [20]. The first-order (linear) polynomials are used for Qy,, Z;, Ny,
and the second-order (quadratic) polynomials are used for V), and ¥;. We denote
ew = W(ty,x) — w", which is the approximation error at t = ¢, and “a < b” means
a < Cb for some constant C.

From the chosen finite elements, the optimal error orders of the scheme (4.1)—(4.7)
are expected to be

(5.2)
lewl S 62+ 1%, lewll S 68% + 12 llenl| S 687 + B2, |leml| S 68° + 12, [lew|lr S 68° + h,

Note that the L? error of p and the H' error of u are not fully second-order accurate
due to the artificial Neumann boundary condition imposed on the pressure; cf. [32].

5.1. Accuracy tests. In this first numerical example, we verify the accuracy of
the proposed scheme (4.1)-(4.7). We set the computational domain as Q =[0,1]%. B
imposing some appropriate force functions, we assume the FHD system (2.1)—(2.7)
has the following exact solution:
u = (sin(t) sin(wz) sin(w(y + 0.5)), sin(t) cos(mx) cos(m(y + 0.5))),
p=sin(t)(2z — 1)(2y - 1),
w=sin(2rx + t)sin(2ry +t), ¢ = (x—0.5)ysin(t), m = (sin(t+y),sin(t+ z)).
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—o-lle |l 2

lleglly

—x—lle, Il 2
1 Y —a-llell2
—a-llepll 2
—e—lle,ll,x
o o lle,ll2 107 - —slope 1
——|1-Q| % - - -slope 2
- --slope 2

107 10t 109 107 101 100

F1G. 5.1. Numerical errors computed by fizing 6t = %h, where (left) |lewll, llewll; llerll; llemll,
and |1-Q|, and (right) |lew||1, |lepll, and |lew||1 are shown.

—orlle ] |
—xlle, s
o lleyll:
llegll| |
—ellell2
---slope 2| |

mllL?
|ecliegll
|- -slope 2

h h : h

F1G. 5.2. Numerical errors for v =uv, = c1 = 0.01 with §t = %h (left), v =v, = c1 = 0.001 with
5t=1h (middle), and v =v, = c1 =0.0002 with 5t = $h (right).

The model parameters are set as v=v, =u=_=c1 =xo=1,7=0.1. To observe the
convergence orders, we refine §t and h together by fixing dt = %h. With this relation,
in terms of h, the expected optimal convergence orders (5.2) turns out to be

(5:3) lewll S 72 lewll < 8%, llenll S 12 llem|l < B2, lewlls < b

In Figure 5.1, we plot the computed numerical errors at ¢t = 1. It can be observed that
the L? errors of u, w, h, m, and |1-Q| all achieve second-order accuracy, and the H*
error of w reaches first-order accuracy, consistent with the expected optimal orders
stated in (5.3). The L? error of p and H' error of w exhibit accuracy beyond first
order, but they do not achieve second-order accuracy due to an artificial Neumann
boundary condition for p.

We fix u=(=x9=1,7=0.1, and vary the diffusion coefficients v, v,., and ¢; to
test the convergence of the proposed scheme (4.1)—(4.7) under low diffusion situations.
Figure 5.2 shows that for v = v, = ¢; = 0.01 and v = v, = ¢; = 0.001, by setting
§t = 1h, scheme (4.1)—(4.7) has second-order accuracy. And for v =1, = ¢; =0.0002,
using the relation of 6t = %h, it also preserves the second-order convergence.

Because we reformulate the magnetostatic equation (2.5), the identity V - m +
V -V =0 will not hold exactly at the discrete level. By setting the same physical
parameters as in Figure 5.1, we assess the error of |V - (b + m)||(note h = V)
in Table 5.1, which shows that ||V - (h + m)| approximates zero with first-order
accuracy. Further, if we obtain h = P(Vy), where P : L}(Q)¢ — Ny, is an L?
projection, ||V - (h + m)| approximates zero with almost third-order accuracy, as
shown in Table 5.2.

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



Downloaded 01/06/25 to 129.252.33.201 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

EFFICIENT SCHEME FOR THE FHD ROSENWEIG MODEL B49

TABLE 5.1
The error of ||V - (b +m)|| with 6t = ih att=1 of our scheme (4.1)—(4.7).

h 1 1 1 1 1 1 1
1 8 16 32 64 128 256
|[V-(h+m)|| 0.18308 0.045825 0.0085061 0.0020665 0.00064348 0.00021896 7.6359e-5
Order - 1.99 2.43 2.04 1.68 1.55 1.51
TABLE 5.2

The error of |V - (h 4+ m)|| with §t = ih att=1 of our scheme (4.1)~(4.7) by L? projection.

h 1 1 1 1 1 1 1
4 8 16 32 64 128 256

|[V-(h+m)| 015054 0.031753 0.0043840 0.00057230 7.3544e-5 9.4267e-6 1.2223¢-6
Order - 2.24 2.85 2.93 2.96 2.96 2.94

5.2. Stability. In this subsection, we verify the stability of the proposed scheme
(4.1)-(4.7). To better understand the stability of our scheme, we compare it with a
second-order implicit-explicit decoupled-type scheme, described as follows:

(5.4)

(Dyu™t v) + v(Va" ™ Vo) + v, (Vx @™, Vx v)
+1, (V- a" Vo) + ((u* - V)u*,v) + (Vp",v) = 2u,. (w*, Vx v)
(v - V)ym* k) = p((V - v)m*, k),

3 n n
(Vp"ti,Vq) = —ﬁ(v U +1,q) +(Vp™,Vq),
20

wntl — gt %&Vpnﬂ n ?tvpn7
(D™, Z) + ¢ (Vw1 V Z) + eo(V - w1,V - Z) + dv, (w1, Z)
+((u* - VYw*, Z) =2v,.(Vxu*, Z) + u(m* x h*, Z),
(VD™ 90) + ~(Ve™,74) + 20 (Vi1 ) = ((u" - V)m*, T9)
L(ht V) + (V).

+(w* x m*, Vyp) =
1

(Dym™ L n) + =(m" ! n) + ((u* - V)m*, n) = (w* x m*,n) + @(h"“,n).
T T

Within the above scheme, the discretization of all nonlinear terms is carried out
explicitly, while the discretization of all linear terms is executed in an implicit manner.
Though (5.4) has second-order convergence, as shown in Figure 5.3, it is well known
that this type of implicit-explicit scheme is conditionally stable.

We set the computational domain as Q = [0, 1]?, the mesh size as h = 6%1, and the
applied magnetic field as h, = 0. The initial data read as

uo = (v%(z = 1)%y(y — 1)(2y = 1), —y*(y — 1)?z(z — 1)(20 — 1)),
wo = sin(27wz) sin(27y), my = (cos(27my), cos(2mx)).

We set the model parameters as xo =( =7 =1 and vary v,v,,c;, and . We plot
the evolution curves of the original energy in Figure 5.4, as defined in (2.8), using the
scheme (5.4) with different time steps. We find that the scheme (5.4) blows up rapidly,
even when the time step is as small as §t = m in some situations. For comparison,
we plot the energy curves computed by our developed scheme with varying time steps.
As shown in Figure 5.5, all the energy curves show a monotonic decrease, indicating
that our scheme is energy stable.
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Error

Tle, 1
—a-lle,ll
—elle, I,
—slope 1
- --slope 2

- - -slope 2

F1G. 5.3. Numerical errors computed by the scheme (5.4) with 6t = %h and v =v, =pu=_(=
c1 =xo0 =1,7=0.1 using the analytical solution in subsection 5.1.

=172
50 - 3t=1720
] = 3t=1/200
o o 3t=1/2000
5t=1/20000

—it=1/200
3t=1/2000!

Energy

Time Time

(a) v=vr=c1=0.1, u=10. (b) v=rr=c1=0.01, u=100. (c) v=vr=c1=0.001, £=1000.

FI1G. 5.4. Energy curves computed by implicit-explicit scheme (5.4), where model parameters
xo=C¢=7=1, and v,vr,c1, and p are varied.

= -1z |

\\ 0t=1/20 3 it=1/20 X =1/20

o\ —t=1/200 |{ eofl\ —it=1/200 { i\ —it=11200 |1
it=1/2000. 3t=1/2000 \ it=1/2000|

Energy
Energy
Energy

Time Time Time

(a) v=vr=c1=0.1, u=10. (b) v=vr=c1=0.01, p=100. (c) v=v,=c1=0.001, u=1000.

FI1G. 5.5. Energy curves computed by our scheme (4.1)—(4.7) where model parameters xo =¢ =
T=1, and v,vr,c1, and p are varied.

Moreover, by increasing the model parameter v,., we aim to verify the effect of the
stronger u-w linear coupling on the stability of the scheme. In Figures 5.6 and 5.7,
for three different coupling parameters v, = 100, 1000, 10000, we compare the energy
curves computed by the scheme (5.4) and our scheme with various time steps. It is
clear that when we use scheme (5.4), the energy exhibits a tendency to destabilize as
the time step increases. In particular, when v, = 10000, the energy profile computed
by the scheme (5.4) blows up rapidly even when the time step is refined to ﬁ.
On the contrary, using the same model parameters, our proposed scheme consistently
maintains unconditional stability over all time steps tested.

5.3. 2D /3D spin-up flow. The occurrence of spin-up flow was initially docu-
mented in 1967, demonstrating that a ferrofluid within a container rotates in a manner
similar to a rigid body when subjected to a magnetic field that is delivered in a ro-
tating form [18]. Several studies have investigated this issue using experiments and
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—iz | 5l —t=12 o st=120 |
o oiso | u =120 1N
3=1/200 » 3t=1/200 I 5t=1/2000
o9 3=1/2000 | 5=1/2000 { | 5t=1/20000
§t=1/20000, Y —t=1/20000
\ 7

(a) v = 100 (b) v = 1000 (¢) v» = 10000

FI1G. 5.6. Energy curves computed by implicit-explicit scheme (5.4) for various v, and other
physical parameters = 1.

\ =iz |
1\ it=1/20
| —t=1/200
st=1/2000]

Time

(a) v = 100 (b) v = 1000 (c) v» = 10000

F1G. 5.7. Energy curves computed by our scheme (4.1)—(4.7) for various vy and other physical
parameters = 1.

asymptotic analyses; see [6, 16, 24, 28, 35]. In this section, we simulate this phenom-
enon by employing the Rosensweig model and our developed numerical scheme for
it.

5.3.1. 2D spin-up flow. We first simulate the spin-up flow behavior in 2D.
We consider a ferrofluid container 2 = {(:L‘, y) ER?|a? + 42 < %} and set the physical
parameters as

(5.5) v=v,=p=C=c =xo=10, 7=1/10000, 6t =1/1000, h=1/128.

We start from the case of applying a single rotary dipole, which is generated by
using the formulation given in (5.1) with s =1:

(56) ha :avd)(w)v

where a = 1e6, d = (— cos((t—0.5)m), —sin((t—0.5)7)), €5 = (r cos((t—0.5)m), rsin((t —
0.5)7)) with = 100. This dipole rotates around the center (0,0) with the direction
d pointing toward the center, radius » = 100, and period 2 seconds; see the schematic
setup shown in Figure 5.8(a). In Figure 5.8(b), we plot the computed velocity field
at t = 1s, which demonstrates that the ferrofluid corotates with the applied magnetic
field. The computed profiles of pressure, angular velocity, and magnetization at t = 1s
are also shown in Figure 5.8(c)—(e), respectively. The error of |V - (h +m)|| with the
time is also recorded in Figure 5.9, and we see it fluctuates periodically around 10~°~
1074, We set small diffusive coefficients v = v, = ¢; = 0.01, and other parameters in
(5.5) remain unchanged. Similar rotational flow also occurs; see Figure 5.10.
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(a) Schematic setup.  (b) Velocity. (c) Pressure.  (d) Angular velocity. (e) Magnetization.

F1G. 5.8. 2D spin-up flow with single rotary dipole, where (a) is the schematic setup, and (b)—(e)
are the computed velocity field, pressure, angular velocity, and magnetization at t = 1s.

x10*

—idiv{hrm]

idivh+m)||

1
Time

Fi1c. 5.9. 2D spin-up flow with single rotary dipole: ||V - (h+m)| fromt=0 to 2.1 s.

(a) Velocity. (b) Angular velocity.

Fic. 5.10. 2D spin-up flow with single rotary dipole for small diffusions v = v, = ¢1 = 0.01,
where (a) is the velocity, and (b) is the angular velocity at t = 1s.

Further, we continue to simulate the case of applying two rotary dipoles that is
generated by

(57) ha :hal +ha2»

where h,; is the same as (5.6), and hgs = ha1(t + 1). The schematic depiction of
the experimental setup is presented in Figure 5.11(a), while Figure 5.11(b) displays
the computed velocity field at t = 1s. We observe that the ferrofluid also corotates
with the external magnetic field, but with a smaller amplitude. Figure 5.11(c)—(e)
presents the computed pressure, angular velocity, and magnetization field at ¢ = 1s,
respectively.

5.3.2. 3D spin-up flow. In this example, we undertake the simulation of the
3D spin-up flow phenomenon, where the ferrofluids are enclosed in a cylinder container
Q={(z,y,2) eR3|[z*+y* < 1] x [0, 3]}. The model physical parameters are the same
as in the 2D case, and we set 6t =1/10000 and h =1/16.
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(a) Schematic setup.  (b) Velocity. (c) Pressure. (d) Angular velocity. (e) Magnetization.

Fi1G. 5.11. 2D spin-up flow with two rotary dipoles, where (a) is the schematic setup, and (b)-(e)
are the computed velocity field, pressure, angular velocity, and magnetization at t = 1s.

(a) Schematic setup. (b) Top view velocity. (c) Side view velocity. (d) Pressure.  (e) Angular velocity. (f) Magnetization.

F1G. 5.12. 3D spin-up flow with one group of five rotary dipoles, where (a) is the schematic
setup, and (b)—(f) are the computed velocity field (top view and side view), pressure, angular velocity,
and magnetization at t = 1s.

First, we simulate an applied magnetic field configuration comprising a group of
five rotary dipoles that are generated by

(5.8) ha=)_ a.Vos(z),

where as = 1le6, d = (—cos((t — 0.5)7), —sin((t — 0.5)7),0.0), s = (rcos((t —
0.5)7),rsin((t — 0.5)m), pzs) with r = 100, pz, = 551, s = 1,2,...,5. Figure 5.12
displays the schematic setup, the computed velocity field with two different view-
ing perspectives, and the pressure, angular velocity, and magnetization at ¢ = 1s.
It is evident from the results that the ferrofluid exhibits rotation in synchronization
with the applied rotational magnetic field, consistent with our observations in the 2D
simulation.

Second, we simulate a configuration comprising two groups of ten rotary dipoles
in total that are defined as

(59) ha = hal + ha2’

where hg; is the same as (5.8), and hyo(t) = hy1(t +1). We adopt 6t = 1/1000,h =
1/32. The schematic setup and the computed profiles, including the velocity field
with two different views, pressure, angular velocity, and magnetization at t = 2s,
are shown in Figure 5.13. As observed in the 2D simulations, the ferrofluid flows
in alignment with the rotational magnetic field but with lower magnitude than the
one-group-of-five-dipoles case.

5.4. 2D /3D annulus flow. The behavior of the ferrofluid within an annulus
domain differs significantly from that of the spin-up flow. Experiments and analyses
have revealed that with one applied dipole, the ferrofluid rotates in the opposite
direction with respect to the magnetic field close to the inner cylinder, and corotates
with respect to the magnetic field close to the outer cylinder. However, with an
applied magnetic field using two dipoles, the ferrofluid corotates with the magnetic
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(a) Schematic setup. (b) Top view velocity. (c) Side view velocity. (d) Pressure. (e) Angular velocity. (f) Magnetization.

F1G. 5.13. 3D spin-up flow with two groups of ten dipoles, where (a) is the schematic setup,

and (b)—(f) are the computed velocity field (top view and side view), pressure, angular velocity, and
magnetization at t = 2s.

o
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o

(a) Schematic setup. (b) Velocity. (c) Pressure. (d) Angular velocity. (e) Magnetization.

FI1G. 5.14. 2D annulus flow with single rotary dipole, where (a) is the schematic setup, and
(b)—(e) are the computed velocity field, pressure, angular velocity, and magnetization at t=1s.

field in the annulus region; cf. [5, 8]. In this section, we use the Rosensweig model
and our developed scheme to simulate the 2D/3D annulus ferrofluid flows.

5.4.1. 2D annulus flow. We start with the one dipole case in 2D, where the
dipole is defined as in (5.6). The computational domain is set as Q = {(z,y) € R?| 135 <
2?4+ y* < 1}, and the model parameters are still set as (5.5). The schematic setup
and the computed profiles of the velocity, pressure, angular velocity, and magnetiza-
tion at ¢t = 1s are shown in Figure 5.14. The velocity field shown in Figure 5.14(b)
demonstrates that the ferrofluid exhibits counter-rotational behavior with respect to
the magnetic field in proximity to the inner cylinder, whereas it corotates with the
magnetic field in the remaining region of the container.

We continue to investigate the annulus flows under two dipoles that are defined
as in (5.7). The schematic setup and the computed results at ¢ = 1s are shown in
Figure 5.15. As depicted in Figure 5.15(b), it is clear that the fluid flows congruently
with the rotational dipoles, a behavior that significantly contrasts with the scenario
shown in Figure 5.14(b) when a single dipole is employed.

5.4.2. 3D annulus flow. We further carry out the 3D annulus ferrofluid flow
simulation, where the physical model parameters are set as in (5.5), and the compu-
tational domain is set as Q= {(z,y,2) € R® |[1t5; <a? +y* < 1] x [0, 3]}

We conduct a comparison between two simulations: one involving a group of
five rotary dipoles, defined as in (5.8), and the other employing two groups of ten
rotary dipoles, defined as in (5.9). These simulations utilize different spatial-temporal
mesh sizes: (h = 1/20,0t = 1/10000) for the former, and (h = 1/64,dt = 1/10000)
for the latter. Schematic setups and computed profiles of velocity, pressure, angular
velocity, and magnetization for each case at different time points (¢ = 0.5s for the
first simulation and ¢ = 2s for the second simulation) of these two simulations are
shown in Figure 5.16 and Figure 5.17, respectively. It can be seen that the 3D results
are consistent with the 2D cases; namely, for the former case (one group of five
rotary dipoles), the ferrofluid flows in counter-rotation with the applied magnetic
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(a) Schematic setup. (b) Velocity. (c) Pressure. (d) Angular velocity. (e) Magnetization.

F1G. 5.15. 2D annulus flow with two rotary dipoles, where (a) is the schematic setup, and (b)—
(e) are the computed velocity field, pressure, angular velocity, and magnetization at t = 1s.

g

LI

(a) Schematic setup. (b) Top view velocity. (c) Side view velocity (d) Pressure. (e) Angular velocity. (f) Magnetization.

F1G. 5.16. 3D annulus flow with one group of five rotary dipoles, where (a) is the schematic
setup, and (b)—(f) are the computed velocity field (top view and side view), pressure, angular velocity,
and magnetization at t =0.5s.

(a) Schematic setup. (b) Top view velocity (c) Side view velocity (d) Pressure. (e) Angular velocity. (f) Magnetization.

F1G. 5.17. 3D annulus flow with two groups of ten rotary dipoles, where (a) is the schematic
setup, and (b)-(f) are the computed velocity field (top view and side view), pressure, angular velocity,
and magnetization at t =2s.

field near the inner cylinder and in corotation with the magnetic field close to the
outer cylinder; nevertheless, for the latter circumstance (two groups of ten rotary
dipoles), the ferrofluid corotates with the external magnetic dipoles.

6. Concluding remarks. The Rosensweig FHD system is a highly sophisti-
cated, coupled, and nonlinear multiphysics field model with a saddle-point structure.
To develop an efficient energy-stable algorithm for this system, numerous numerical
challenges, particularly those related to linear and nonlinear couplings, need to be
appropriately addressed. This paper leverages various effective numerical techniques,
such as the ZEC decoupling method and the projection method. In particular, a
novel approach for solving the linear coupling between variables w and w, utilizing an
auxiliary variable and its associated ODE with a distinctive structure, is introduced,
which can also be regarded as a generalized framework-type method applicable to
systems with similar linear couplings. The numerical scheme proposed in this paper
represents a novel methodology for the Rosensweig model, noteworthy for its integra-
tion of four essential properties: linearity, full decoupling, second-order accuracy, and
unconditional energy stability. This efficient scheme is also very easy to implement
by solving only a few independent linear elliptic/parabolic problems with constant
coefficients. Applying this scheme to the Rosensweig model, we conduct benchmark
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numerical experiments on ferrofluid rotational flow problems, focusing on 2D and 3D
spin-up and annulus flows, and we confirm that the computed numerical simulations
are in good agreement with both experimental and analytical results.
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