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This dissertation presents some developments in the Numerical Analysis of
Partial Differential Equations (PDEs) describing the behavior of ferrofluids.

The most widely accepted PDE model for ferrofluids is the Micropolar model
proposed by R.E. Rosensweig. The Micropolar Navier-Stokes Equations (MNSE) is
a subsystem of PDEs within the Rosensweig model. Being a simplified version of
the much bigger system of PDEs proposed by Rosensweig, the MNSE are a natural
starting point of this thesis. The MNSE couple linear velocity u, angular velocity
w, and pressure p. We propose and analyze a first-order semi-implicit fully-discrete
scheme for the MNSE, which decouples the computation of the linear and angular
velocities, is unconditionally stable and delivers optimal convergence rates under
assumptions analogous to those used for the Navier-Stokes equations.

Moving onto the much more complex Rosensweig’s model, we provide a defini-
tion (approximation) for the effective magnetizing field h, and explain the assump-

tions behind this definition. Unlike previous definitions available in the literature,



this new definition is able to accommodate the effect of external magnetic fields. Us-
ing this definition we setup the system of PDEs coupling linear velocity u, pressure
p, angular velocity w, magnetization m, and magnetic potential ¢. We show that
this system is energy-stable and devise a numerical scheme that mimics the same
stability property. We prove that solutions of the numerical scheme always exist
and, under certain simplifying assumptions, that the discrete solutions converge. A
notable outcome of the analysis of the numerical scheme for the Rosensweig’s model
is the choice of finite element spaces that allow the construction of an energy-stable
scheme.

Finally, with the lessons learned from Rosensweig’s model, we develop a diffuse-
interface model describing the behavior of two-phase ferrofluid flows and present an
energy-stable numerical scheme for this model. For a simplified version of this
model and the corresponding numerical scheme we prove (in addition to stability)
convergence and existence of solutions as by-product .

Throughout this dissertation, we will provide numerical experiments, not only
to validate mathematical results, but also to help the reader gain a qualitative un-
derstanding of the PDE models analyzed in this dissertation (the MNSE, the Rosen-
weig’s model, and the Two-phase model). In addition, we also provide computa-
tional experiments to illustrate the potential of these simple models and their ability
to capture basic phenomenological features of ferrofluids, such as the Rosensweig in-
stability for the case of the two-phase model. In this respect, we highlight the incisive
numerical experiments with the two-phase model illustrating the critical role of the

demagnetizing field to reproduce physically realistic behavior of ferrofluids.
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“I think that there’s a certain delusional quality that all successful people
have to have. You have to believe that something different than what
has happened for the past 50 million years of history, you have to believe
that something different can happen.

Being realistic is the most commonly traveled road to mediocrity. Why
would you be realistic? What’s the point of being realistic? I'm gonna
do it it’s done, its already done, as soon as I decide it’s done it’s already
done now we just gotta wait for y’all to see.

It’s unrealistic to walk into a room and flick a switch and lights come
on, fortunately Edison didn’t think so. It’s unrealistic to think you’re
gonna bend a piece of metal and fly people over an ocean in that metal.
That’s unrealistic. But fortunately the Wright brothers and others didn’t
believe that.”

— Will Smith (Actor, Singer, Movie Producer)
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Chapter 1: Introduction

1.1 Background

A ferrofluid is a liquid which becomes strongly magnetized in the presence of applied
magnetic fields. It is a colloid made of nanoscale monodomain ferromagnetic parti-
cles suspended in a carrier fluid (water, oil, or other organic solvent). These particles
are suspended by Brownian motion and will not precipitate nor clump under normal
conditions. Ferrofluids are dielectric (non conducting) and paramagnetic (they are
attracted by magnetic fields, and do not retain magnetization in the absence of an
applied field); see [1].

Ferrofluids can be controlled by means of external magnetic fields, which gives
rise to many control-based applications. They were developed in the 1960’s to pump
fuel in spacecrafts without mechanical action [2]. Recent interest in ferrofluids is
related to technical applications such as instrumentation, vacuum technology, lubri-
cation, vibration damping, radar absorbing materials, and acoustics [3|, 4] [5]. For
instance, they are used as liquid seals for the drive shafts of hard disks, for vibration
control and damping in vehicles and enhanced heat transfer of electronics. Other
potential applications are in micro/nanoelectromechanical systems: magnetic ma-

nipulation of microchannel flows, particle separation, nanomotors, micro electrical



generators, and nanopumps [0l [7, &, O, [10]. One of the most promising applications
are in the field of medicine, where targeted (magnetically guided) chemotherapy and
radiotherapy, hyperthermia treatments, and magnetic resonance imaging contrast
enhancement are very active areas of research [I1] 12 I3]. An interesting poten-
tial application of ferrofluids under current research is the construction of adaptive
deformable mirrors [14) [15, [16].

The applications mentioned above justify the development of mathematical
models describing the physical behavior of ferrofluids. At the time of this writing
there are two well established PDE models describing the behavior of ferrofluids
which we will call by the name of their developers: the Rosensweig model and the
Shliomis model (cf. [I7, [I8]). On the other hand, rigorous mathematical work on
the mathematical analysis (existence of global weak solutions and local existence
of strong solutions) for the Rosensweig and the Shliomis models is very recent (cf.
[19, 20, 21, 22)).

Mathematical models for ferrofluids and their scope of validity have been ar-
eas of active research (cf. [23] 24]). Most ferrofluid flows have so far been studied
using exact and approximate analytical solutions of the Rosensweig model (see for
instance [25]) contrasted with experimental data. However, these flows are analyti-
cally tractable in a very limited number of cases [25] 20], and as shown for instance
in [27] satisfactory model calibration/validation is beyond the current capabilities of
analytic (asymptotic and perturbation) methods. Clearly, there is significant room
for interdisciplinary work at the interface between model development, numerical

analysis, and experimentation.



Mathematical modeling of ferrofluids may have some points in common with
magnetohydrodynamics (MHD), micromagnetism and liquid crystals, but generally
speaking it uses significantly different ideas. For instance, the equations of MHD deal
with nonmagnetizable but electrically conducting fluids, which is in sharp constrast
to ferrofluids. The dominant body force in MHD is the Lorentz force, whereas for
ferrofluids the Kelvin force is the most important one, leading to different kinds of
nonlinearities. The Landau-Lifshitz-Gilbert equations of micromagnetism use rigid
director fields as they model saturated magnetically hard materials: they have a
high coercive force, are difficult to magnetize and demagnetize, but are capable of
retaining a significant residual magnetization. If the magnetization m satisfies |m| =
ms, with myg the saturation magnetization, we can factor out m, and include it into
the constitutive parameters, thus obtaining an equation for unitary director fields.
On the other hand, ferrofluids are magnetically soft: They are easy to magnetize,
yet they retain very little or no residual magnetization in the absence of an external
magnetic field and they usually exhibit a high saturation value [I]. Therefore, rigid
director fields are not suitable to describe the magnetization of a ferrofluid.

The micropolar continuum mechanics theory proposed independently by Erin-
gen and Scriven (cf.[28] 29| 30} 31]) is a natural extension from classical continuum
mechanics when we want to consider continuum media subject to distributed cou-
ples (non-symmetric stress tensors). On the other hand, non-symmetric stresses
are natural when we consider interaction between electromagnetic fields and po-
larizable/magnetizable media, since the Maxwell’s stress tensor turns out to be, in

general, not symmetric. Micropolar continuum mechanics is directly related to PDE



models for ferrofluids, as the Rosensweig model is built on top of this theory. There-
fore, a reasonable starting point of my research program was the development and
analysis of a numerical scheme for the Micropolar Navier-Stokes equations (MNSE),
which consists of a set of coupled PDEs for the linear velocity u, pressure p, and
angular velocity w; see Chapter 2. Yet, it is important to point out that micropo-
lar continuum mechanics is an ambitious theory which covers much more than just
non-symmetric stresses, as it is reflected in the massive monographs [31, [32], [33] [34],
which attempt to develop a general theory for continuum media with microstructure,
and continuum media interacting with electromagnetic fields.

Having gained some experience with the MNSE, we proceed to focus on the
Rosensweig model (Chapter 3) which includes all the inherent difficulties of the
simpler Shliomis model. Our key interest is around boundary conditions and dis-
cretization techniques leading to energy-stable continuum and discrete systems. This
task becomes particularly complicated if we want to include the effects of non-trivial
applied magnetizing fields, an issue which so far has not been properly addressed in
the literature. For this purpose we will need to revisit the theory of magnetostatics
and typical boundary value problems associated with it. Finally, we feel compelled
to remark that, to the best of our knowledge, this is the first work presenting a sta-
ble numerical scheme for the Rosensweig model fully coupled with the (simplified)
magnetostatics equations accounting for the effect of the demagnetizing field.

Both the Rosensweig and Shliomis models deal with one-phase flows, which
is the case of many technological applications. However, some applications arise
naturally in the form of a two-phase flow: one of the phases has magnetic properties

4



and the other one does not (e.g. magnetic manipulation of microchannel flows,
microvalves, magnetically guided transport, etc). There has been a major effort in
order to develop physically reasonable interfacial conditions of two-phase flows in
the sharp interface regime within the micropolar theory (see [35, B6]), yet we are
far from saying that we have at our disposal a mathematically and physically sound
PDE model for two-phase ferrofluid flows.

There are not well established PDE models describing the behavior of two-
phase ferrofluid flows. On the other hand, systematic derivation of a two-phase
model from first principles, using energy-variational techniques in the spirit of On-
sager’s principle as in [37, B8, B9, 40, [41], would be highly desirable, but most
probably too premature, given the current state of the art.

In this context, numerical analysis and scientific computation have a lot to
offer, where carefully crafted computational experiments can help understand much
better the limits of the current models and assist the development of new ones. Ad-
hoc development (trial and error) of new models and numerical evaluation does not
replace a proper mathematical derivation, but it can clearly help to find a reasonable
starting point. In this spirit, in Chapter / we present a simple two-phase PDE model
for ferrofluids. The model is not derived, but rather assembled using components of
already existing models and high-level (as opposite to deep) understanding of the
physics of ferrofluids. The model attempts to retain only the essential features and
mathematical difficulties that might appear in much more sophisticated models. To
the best of our knowledge this contribution is the first modeling/numerical work in

the direction of time-dependent behavior of two-phase ferrofluid flows together with



energy-stable and/ or convergent schemes.

1.2 Preliminaries and Notation

1.2.1 Function spaces

In this dissertation we shall consider evolutionary PDEs in a open, bounded, polygo-
nal and convex domain 2 C R? (d equal to either 2 or 3), for a finite interval of time
(0,tr), and we will denote €2, = Q x (0,¢p). The boundary of Q2 will be denoted
as I'. We use the standard Sobolev spaces W;(Q) for0<s<owand 1 <¢qg<
that consist of functions f € L4(Q2) whose distributional derivatives of order up to
s are also in L9(2). To simplify notation, we set H*(2) = W3(Q2), and denote the
closure of C5°(92) in H'(Q) by H} ().

We denote with bold characters vector-valued functions and their spaces, that
is, for instance, u : © — R will denote a scalar-valued function, while u : Q — R¢
will denote a vector-valued function. Similarly, L*(€2) is the space of scalar-valued
square-integrable functions in €, while L?(Q2) denotes the space of vector-valued
square-integrable functions in . Yet, the inner products in L*(Q2) and L?(Q) are
indistinctly denoted by (-, ). If the domain in which we consider the inner product is
any other than €, say for instance T' C €2, for the sake of clarity we will overload the
notation by writing (-, -)r to denote that the domain of integration is just 7. The
subspace of functions in L?(Q2) with zero mean is denoted by L(Q2). Whenever it
is convenient, for reasons of space, the usual notation L?(2), L(Q), H(Q), H} (%),
Cs°(9), etc, will be replaced by the more compact notation L?, L2, H', H}, C5°,

6



which omits the domain of integration €2 in order to shorten long expressions.
Whenever E is a normed space, we denote by || - || its norm. The space of

functions ¢ : [0,7] — E such that the map (0,tr) 3 t — |lo(t)| g € R satisfies

tp
/IMﬂ%%<w,
0

is denoted by L%(0,tp; E), or simply by the shorthand notation LI(E).
We shall make repeated use of the following integration by parts formula for

the curl operator:
(curlw,u) = (w, curlu) Yu,w € Hy(Q). (1.1)
We recall the following identity for vector-valued functions in the space H ()
IVull> = l[eurlulff: + [|divul[{, . Yu € Hy() (1.2)

which holds true provided §2 is bounded and simply connected (see for instance [42]),

and straightforwardly implies
|curlulli, < ||Vul|f. Yue H(Q). (1.3)
Let ‘H and V denote the classical spaces of divergence-free functions (see for
instance [43])
H={vel*Q)|divv=0inQandv-n=0onT},

(1.4)
V ={veHy(Q)|divv =0in Q} = Hj(Q) NH,

and the space M

M = {z € L*(Q) | divz € L*(?), curlz € L*(Q)} = H(curl, Q) N H(div, Q).



where
H(curl, Q) = {z € L*(Q)| curlz € L*(Q)} ,
H(div, Q) = {z € L*(Q)| divz € L*(Q)} ,
more details about these spaces and the characterization of their traces can be found
in [44], 42].

Henceforth ¢ denotes a generic constant, whose value might change at each
occurrence. This constant might depend on the data of our problem and, when dis-
cussing discretization, its exact solution, but it does not depend on the discretization
parameters h and 7 or the numerical solution. We denote by c, the best constant
in the Poincaré inequality, i.e.,

lullL: < ¢l|Vullre Vu € Hy(Q), ¢, ~ diam(Q).

We define the trilinear form b(-,-,-)

d
b(u,v,w) = Z / u' v w/dz, (1.5)
Q

i,j=1

which, as it is well known (cf. [43]), is skew-symmetric with respect to the last
two arguments whenever the first argument u is divergence-free and has vanishing
normal trace (u-n = 0). In addition, we shall use the following, also well known,
inequalities (see [45]):
b(u,v,w) < c||Vull:|| Vv ||VW||2, Yu,v,w € H} (), (1.6)
b(u,v,w) < c|lullp=||Vv]|L2[|[w|L2, Yu € H*(Q),v € H}(Q),w € L*(Q), (1.7)
b(u,v,w) < c|lullp||Vv]p2|[w]lL=, Yu € L*(Q),v € Hy(Q),w € H*(Q), (1.8)

b(u, v, w) < cullz[[v]e: [ VWlez, Yu € L*(Q),v € H*(Q),w € Hy(Q).  (1.9)



In this dissertation the classical Aubin-Lions lemma will be used to establish

the relative compactness of some families of parametrized functions (cf.[46])

Lemma 1.2.1 (Aubin-Lions). Let By, B and By denote three Banach spaces such

that
ByCc BC B
with By and By being reflexive, and By CC B. We define the space W
W = {w|w e L*(0,tp; By), w, € L**(0,tp; By)}
with 1 < pg,p1 < 00, endowed with the following norm

[wllw = llwllzeo.tr:80) + well Lo 05:8,) -
Then, the space W is compactly embedded in L*°(0,tp; B).

Remark 1.2.1. Lemma allows us to establish the relative LP(0,tp; B) com-
pactness for a family of functions by just showing that they are uniformly bounded
in the W-norm. The above version of the celebrated Aubin-Lions lemma is perhaps
the most popular one, somehow restrictive, but user friendly. There are much more
general variants of this result, in particular the reflexivity hypothesis might be re-
moved, the compact embedding By CC B might be replaced by a simple embedding,
the assumption on the exponents weakened to 1 < p; < 0o, and even the space W
modified by not requiring w; to be defined. The reader can consult [45] 47, 48] for
other ways to establish the relative LP°(0,tr; B) compactness of a family functions

other than establishing bounds in the W-norm.



1.2.2 Time discretization

We introduce K > 0 to denote the total number of steps, define the time step as
T =tp/K > 0 and set t* = k7 for 0 < k < K. For ¢ : [0,tr] — E, where E is a

normed space, we set
o = o(t").

A sequence will be denoted by o™ = {gk}szo and we introduce the following norms:

K e
10"l () = max [0"z, o7 [lere) = (ZTHQ’CWE) , 7€ [1,00).

0<k<K
k=0

We also define the backward difference operator o:

50" = 0" — o (1.10)

so that 6%oF := 5(5Qk) = oF — 20" 4 o2

The following identity will be used repeatedly
2(a,a —b) = |a|* — |b]* + |a — b*. (1.11)

Similarly, the following “summation by parts” formula (also called Abel’s transfor-

mation) will be used in this dissertation:

Za obF = a® Z Y (1.12)

The following Discrete Gronwall’s lemma will be particularly useful in the context
of stability analysis (and a priori error estimates) of nonlinear parabolic partial
differential equations:
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Lemma 1.2.2 (Discrete Gronwall). Leta™, b7, ¢™ and ™ be sequences of nonnegative
numbers such that 7y, < 1 for all k, and let gy > 0 be so that the following inequality

holds:

K K K
CLK—|—TZbk < Tz%ak —i—Tch + go.
k=0 k=0 k=0

Then

K K K
ax +szk < (Tch +go> exp <720k7k> :
where o, = (1 — 7).

Proof. See [49, [50]. O

1.2.3 Space Discretization

Space discretization will be carried out using polynomial-based finite elements, both
of the continuous and discontinuous type. We assume that 7, is a shape regular
triangulation of the polygonal domain €2, made of open disjoint elements T" such
that @ = Uper. T

Elements 7', are assumed to be simplices (triangles in 2d and tetrahedrons in
3d) unless specified otherwise. The mesh 7, will be assumed to be quasi-uniform
for all theoretical purposes, but some computations will be carried using adaptive
meshes (which violates the quasi-uniformity condition). For additional details about
finite element spaces the reader can consult standard literature (cf.[42, 51, 52]).

When using discontinuous finite elements spaces it will be assumed that they
contain a continuous subspace, that is, let A be a generic finite element space, we
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will assume that A N C(Q) # 0. More generally, for any finite element space A,
either continuous or discontinuous, we will assume that there exist an interpolation
operator I : C°(Q) — A NC(Q) which is capable of delivering optimal convergence

rates:

ITaA = A2z + AV (IaA = N[ r2 < ¢ A [gerq) VA € HTHQ),
(1.13)
ITaA = Al + AIVILA = Ml < ch™H A e g, YA€ W),
where ¢ is the polynomial degree of the finite element space A, and
h = maxgpey;, diam(T"). The construction of these interpolation operators can be
found in [42, 51, 52 53] and references therein.
Let U € H}(Q) be a vector-valued finite element space, and P C L*(Q) a

scalar-valued finite element space, such that the pair {U,P} satisfies the uniform

inf-sup compatibility condition (also called LBB compatibility condition):

: (divV,Q) ‘
inf su > [7, 1.14
0¢Q6P07AVP6)U Q2 [VV |2 ( )

with 8* independent of the discretization parameter h. Specific construction and

examples of finite element spaces satisfying this condition can be found in [42 [53].

Definition 1.2.1 (Fortin operator). We say that II; : Hj(2) — U is a divergence-

preserving operator if
(divIlpv — divv,Q) =0 Vv € Hy(Q), VQ € P. (1.15)
If the following additional stability property holds true

vy < vl (1.16)
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we will call II; a Fortin operator. Given a finite element pair {U,P}: existence of
an operator Il satisfying (|1.15]) and (1.16]) is necessary and sufficient condition for

{U, P} to satisfy the LBB compatibily condition (1.14)) (cf.[42, 53]).

Definition 1.2.2 (Stokes projector). The Stokes projection of (w,r) € H}(Q2) x

L*(Q) is the pair (IT;w,7,r) € U x P that solves

(VII,;w,VV) — (7gr,divV) = (Vw,VQ) — (r,divV) YV €U
(1.17)
(divilyw, Q) = (divw, Q) vQ e P.

We will assume that the Stokes projection (IIyw, ) satisfies the following

approximation properties (see for instance [42] [50] 54])

lw — IIswl|rz + hl|w — IL;w|[m@
(1.18)
+ hllr — wgr|| 2 < chett (”WHHE-H + HrHHe) ,

for all (w,r) € H*(Q)NHL(Q) x HY(Q), with ¢ independent of h, w and r, as well

as the following stability property
LWL qwy + Imsrl[ar < e (([wlle + llrlla) (1.19)

for all w € H?*(Q) and r € H*(Q).
If d = 2, we will also assume that the Stokes Projector (1.17)) satisfies the

following estimate in L°°-norm (see [55, p. 73])

(h[log h) ™ [[w — T, wl= + [[V(w = TLw)||p> + [log A2 [[r — mor||
(1.20)
< c|loghl>  inf ( - o - °°)~
<cllogh | inf (VW= V)a +[r = QL

Estimate (1.20]) cannot be taken for granted for any arbitrary choice of finite element
spaces {U,P} and mesh 7,. A partial list of finite element pairs {U,P} and the
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requirements on the triangulation 7, such that (1.20) holds true can be found in
[55]. For results similar to (1.20)) valid in three dimensions see Remark [1.2.2]
We will denote V C U to be the following space of discretely divergence-free

functions:
V={VelU]|(Q,divV)=0VvVQ e P}.
Let ITy : L*(Q2) — V denote the L%(2) projection onto the space V:
(Ilyv,V) =(v,V) VV V. (1.21)
We will assume that the projector Iy, defined in (L.21), is Hj(£2)-stable, namely
[VIyve: < c|vlg YV eV, (1.22)

with ¢ independent of A and v. The most common approach to prove this property
is by establishing the existence of a Fortin operator IT; : Hj(€2) — U with optimal

approximation properties in L?(Q2) as detailed in the following proposition.

Proposition 1.2.1. If the finite element pair {U,P} admits a Fortin operator (see

definition satisfying

ITLyv = vllez < chllvlm Vv e Hy(), (1.23)
then holds true.
Proof. Assume that v € V, we start with the triangle inequality

HVHVv“LQ < ||anV — VHfVHLQ + HVHfVHLZ s (124)
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where the second term in the right-hand side of ([1.24]) already satisfies the bound
|VILsv|L2 < ¢|[VV]|L2 because of (1.16). On the other hand, for the first term in
the right-hand side of (|1.24)), using an inverse inequality and triangle inequality we

get:

HVHVv — VHfVHLQ < Chil”HVv — HfVHL2
(1.25)

< ch ' (J[Myv = vz + Iv = Tpve2) .

Since Ilyv is the best L2(2) approximation of v in the finite dimensional space V,

and II;v € V, we naturally have that
IIyv — vjLz < ||IIv — V|12 (1.26)

Using this inequality and approximation property ((1.23) into (1.25) we conclude

that:
|[VIyv — VIv|pe < ch v — vz < cllvilg - (1.27)
This concludes the proof of the proposition. O]

Existence of a Fortin operator satisfying was originally known to be true
for a large class finite element pairs {U, P}, including some of the most popular finite
element pairs used in practice (cf.[42] [50] and references therein). In [56] the authors
provide explicit construction of operators II; satisfying which is applicable
the vast majority of well-known LBB stable pairs {U,P}. Finally, in [57, p. 226]
it was proved that existence of a Fortin operator 11, satisfying holds true for
every LBB stable pair, provided that €2 is convex or of class C'.
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Remark 1.2.2 (L™ estimates for the Stokes projector for d = 3). Estimates anal-
ogous to (1.20)) valid in three dimensions are very recent (cf.[58, [59) [60, [61]), and
are limited to a handful of finite element pairs {U, P}, such as the second and third
order Taylor-Hood element, and the lowest order Bernardi-Raugel element. All the
L*>-norm estimates reported in [58, 59, [60} 61] use finite element pairs {U, P} with
continuous velocities combined with continuous pressures, or discontinuous pres-
sures of order zero (piecewise constants), which turns out to be not enough for some
particular problems like those presented in this thesis. At the time of this writ-
ing, there are no L™ estimates (analogous to ([1.20)) for finite element pairs {U, P}
using continuous velocities U and higher-order (at least first-order) discontinuous

pressures P.
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Chapter 2: The Micropolar Navier Stokes Equation (MNSE)

2.1 Background, Motivations, and Outline of the chapter

Let us briefly describe the derivation of the MNSE. The mathematical modeling of
the laws governing the motion of a fluid begins with a description of the conservation

of mass, linear and angular momentum, which can be written as (see [31] or [62]):

Dp

=0
Dt 7
D
pD—ltl = divo + pf, (2.1)
D . .
pE(E—FXXU):pt+pXXf+d1VZ—|—XXd1VU—|—O'X, (2.2)

where p is the density; u is the linear velocity; o € R3*3 is the Cauchy stress
tensor; f is the density of external body forces per unit mass; ¢ is the angular
momentum per unit mass; X € R3**? is the moment stress tensor; t represents a
body source of moments; and (o ); = €501, Where €;;; is the Levi-Civita symbol,
ie., €jx = 2(i—j)(j—k)(k—1i). As usual, we denote by D/Dt the material derivative.
The physical meaning of the moment stress tensor X' is analogous to that one of the
stress tensor o. In other words, given a plane with normal v, the vector m = X' - v
is the moment vector per unit area acting on that plane.

Take the cross product of x and and subtract the result from to
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obtain a simplified version of the conservation of angular momentum, namely

14
P = pt+divi 4+ oy. (2.3)

Expressions and are usually attributed to Dahler and Scriven (see [28§]
and [29]) and have been extensively used by Eringen (see [31] and [32]) to develop a
general theory of continuum media with director fields or, more generally, continuum
media with microstructure.

In classical continuum mechanics it is usually assumed that the microcon-
stituents do not possess angular momentum and there are no distributed couples.
In other words, / = 0, ) = 0 and t = 0. Under these assumptions, implies
that the stress tensor o is symmetric, which is the situation generally considered in
the literature. These assumptions are appropriate for most practical applications.
However, this approach is not satisfactory (nor even physical) when, for instance,
the orientability of the microconstituents plays a major role in the physical process
of interest. Classical examples are anisotropic fluids, liquid polymers, fluids with
rod-like particles, ferrofluids, liquid crystals and polarizable media in general. In
these cases a precise description of the moments and rotations associated to the
microconstituents of the material is necessary.

In the situation described above, the conservation of angular momentum ([2.3))
needs to be taken explicitly into account which, among other things, means that it
is necessary to propose constitutive relations for o, ¢ and Y. Eringen proposed the

following (cf. [30, 132, [62]):



where I € R**3 is the so-called microinertia density tensor;

o = (—p+ Mdivu)l + p(Vu + Vu”) + p,(Vu — Vu’) — 2, w,,

where p is the pressure, I € R¥*? is the identity tensor, and (W );; = €4ijWg; and

Y =y divw I+ 74(VW + VW) +7,(Vw — Vw’).

To further simplify the model we will assume that I is isotropic, so that it can be re-
placed by a scalar j, the so-called inertia density. To guarantee that the constitutive
relationships do not violate the Clausius-Duhem inequality (see [62]), the material

constants p, ., Yo, Ve and 4 are required to satisfy the following relations:

3)\_’_2”207 #ZO» MrZOa 'YdZO, 7a+’7d207
(2.4)

3% +27% >0, —(Ya+7a) <7~ % < (Ya+7a)-
As a final simplification, we will assume that the fluid is incompressible and has
constant density.
Let  C R? with d = 2 or 3 be the domain occupied by the fluid. Replacing

these constitutive relationships into (2.1)) and (2.3)), we arrive at the MNSE,

/

w — (v+v,)Au+ (u- V)u+ Vp = 2u,curlw + f,
divu = 0,
Wi — (o + ca) AW + j(u - V)w

—(co + ¢4 — ¢co)Vdivw + dv,w = 2p,curlu + t

where we implicitly redefined the pressure as p~!p, and the constants v, v, c,, cq
and cg are the kinematic viscosities (i.e. p, fir, Ya, 72 and 7o, respectively) divided by
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p. This system is supplemented with the following initial and boundary conditions

11|t:0 = Uy, W|t:0 = Wy,

(2.6)

ulror) =0, Wlrxor) = 0.
The reader is referred to [62] for questions regarding existence, uniqueness and
regularity of solutions to — and related models. The purpose of our work is
to propose and analyze numerical techniques for this problem. To simplify notation,

in what follows we will set

VU=V, € =Ci+Cq Cy=Cy+Cq— Cq, (2.7)

and we will assume that c¢1,co > 0 (see for instance [62]) which is consistent with
the thermodynamical constraints .

The MNSE can be regarded as a building block of models that describe the
physics of polarizable media. For instance, Rosensweig (see [17]) described the

behavior of ferrofluids subject to a magnetizing field h with the MNSE and

f=po(m-V)h, t=pomxh,
(2.8)

m, —cAm+ (u-V)m =w xm— % (m — s5h) inQ

where m denotes the magnetization field and .7 > 0, 0 > 0, 2 > 0 are material
constants. The magnetizing field h is assumed to obey the Maxwell equations. The
reader is referred to [22, 2I] for an analysis of this model. The system (2.5)-(2.8)
will eventually be (later in Chapter 3) the focus of our attention.

In addition to applications in smart fluids and polarizable media, there has

been a growing interest on the MNSE in other areas. For instance, they have been
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used to describe granular flows, where the size of the microconstituents is compa-
rable to the macroscopic scale ([63]) and the frictional interaction between particles
is not properly modeled by the classical equations of hydrodynamics. Another ap-
plication is the modeling of micro and nano flows ([64]), where again the size of
the microconstituents is comparable to the “macroscopic” scale and the rotational
effects cannot be neglected.

The key points of this chapter (Chapter 2) are organized as follows. Section
m introduces a very simple experiment (ferrofluid pumping) as a motivation for
the analysis and numerical implementation of the MNSE. In we recall the
basic energy estimates and existence theory for the MNSE. In addition to the general
notation defined in §I.2] in we introduce specific notation and basic tools for
this chapter, required for the analysis of the numerical scheme proposed later in
§2.2 Error estimates for the linear and angular velocities are derived in §2.3.1] and
error estimates for the pressure are derived in We also present a formally
second-order scheme in §2.4] and show that it is almost unconditionally stable,
i.e. it is stable provided the time step is smaller than a constant dependent on
the material parameters, but not on the space discretization parameter; see
for details. Finally, in §2.5] we provide numerical validation of the error estimates

derived earlier.
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A m solenoid

Figure 2.1: MNSE pumping experiment: idealized configuration
of a pumping experiment. A planar duct with a solenoid that gener-
ates a uniform magnetizing field h = hyi. Since, t = gom x h (see (2.8)),
it will produce torque in the regions where h and m are not collinear. In
a real ferrofluid the magnetization vector field m would evolve through
the channel satisfying the evolution equation and will try to align
with the magnetizing field. However, and as part of an idealized setting,
we will assume that the magnetization profile m depends only on the
y-direction.
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2.1.1 Potential Application: Ferrofluid Pumping by Magnetic Induc-
tion

To illustrate the differences between the MNSE and the classical Navier-Stokes equa-
tions here we propose a setting by means of which it is possible, at least theoretically,
to generate fluid motion via a well designed forcing term in the equation of angular
momentum. This example is inspired by [26], where a ferrofluid is pumped by the
actuation of a spatially-uniform sinusoidally time-varying magnetizing field. An-
other pumping strategy, this time based on a magnetizing field that is varying in
space and time, is proposed in [65].

The idealized setting that we shall consider is depicted in Figure 2.1, We
assume that our domain is a planar duct of unit height and length L > 1, which is
wrapped by a solenoid that generates a uniform magnetizing field h = hg 2, where
hg is just a positive constant. From ([2.8]) we infer that f = 0, since the magnetizing
field is constant in space. As part of our idealized setting, we disregard the evolution
equation in for the magnetization field, and set m to be constant in time and

depend only on the vertical variable vy, i.e.,

m = mg(cos 0i + sin 0)),

where my is just a positive constant, and § = 0(y). Using (2.8) we get:

t = —pomoho sin0(y) k. (2.9)

As reference configuration we will consider a linear interpolation between the
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0 0.2 0.4 0.6 0.8 1

Figure 2.2: MNSE pumping experiment: forcing functions. Plot
of the function 6, (y) (dotted line), and the family of functions {6;(y)}L_,
(solid lines). These are used to induce a force in the angular momentum
equation. The function 6 is a linear interpolation between +7/2 and 6;,

for i = 2,...,7 are small perturbations of it.
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points (0,7/2) and (1, —m/2), that is

As perturbations from this reference case we consider, for i =2,...,7,

1
2(i% + 107 — 35)

0:i(y) = — (w(4802° — 1200z — 4a(i* 4 10i — 275)

+62%(i* + 10i — 75) — i* — 5(2i — 7))) .

A plot of these functions is provided in Figure . Notice that they all satisfy 6;(0) =
/2, 6;(1/2) =0 and 0;(1) = —7/2 which we require to model a magnetization field
that is perfectly aligned with the magnetizing field at the center of the channel, but
is perpendicular to it at the top and bottom walls.

We assume the fluid is initially at rest, the boundary conditions for the upper
and lower part of the duct are no slip, and for the left and right sides of the duct we
consider open boundary conditions. We apply the magnetizing field linearly in time,
that is we set h = ho(t/T")i. Welet L = 1, and the material constants be v = v, = 1,
ca = Ccqg = cy =1, and 3 = 1. We use a Taylor-Hood finite element discretization
of 40 elements in the horizontal and vertical directions, and a time-step 7 = 1/50.
The numerical scheme used for this example is the first-order method discussed and
analyzed in this work. Figure shows the velocity profiles at timet =T and z = 1
obtained by setting t as in (2.9). These results are stable (in the sense that they
do not change) with respect to the spatial and temporal discretizations, and length
of the channel. However, as it would happen with any physical model, these results
can be sensitive to changes in the constitutive parameters. A discussion about the
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Figure 2.3: MNSE pumping experiment: velocity profiles. Ve-
locity profiles obtained with the forcing terms {t;},_, (solid lines). For
comparison the velocity profile obtained by using t; is also shown (dot-
ted line). The figures show that it is possible to generate linear velocity
via appropriate actuation in the angular momentum equation. Notice
that, although it is not dramatically different from the others, the forcing
term t; induces motion in the opposite direction.
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possible influence of the constitutive parameters on the pumping phenomena goes
beyond the scope of this paper (see for instance [25]).

The results in Figure[2.3|give an idea about the kind of forces that are necessary
in a real ferrohydrodynamic setting, in particular in the case of a spatially uniform
and sinusoidal in time magnetizing field as in [26]. The main observation here is that
small variations of the forcing term can yield quite different flow regimes, including
flow in the opposite direction; this feature is observed in experiments (cf. [26]).
Finally, the reader should be reminded that this is just an idealized setting which
illustrates the main pumping mechanism. In real ferrohydrodynamics we cannot set
the value of magnetization m as we please because m is actually determined by the

evolution law in ([2.8)).

2.1.2 Energy Estimates and Existence Theorems

The stability and error analysis of the scheme that will be proposed in §2.2] is
based on energy arguments. Therefore, to gain intuition, let us briefly describe the
basic formal energy estimates that can be obtained from . Multiply the linear
momentum equation by u and the angular momentum equation by w and integrate

in 2. Adding both ensuing equations, we obtain

2 ~ 2 2 . 2 2
g (halle +alwlizz) + 7 [ Vallg: + e [VWlg: + e | divwl[. + 4v, [[wlg

= 4u, (curlu,w) + (f, u) + (t,w),
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where the parameters U, ¢; and ¢y were defined in (2.7). Repeated applications of

Young’s and Poincaré’s inequalities yield, after integration in time,
t t
la@®llgz + 7 Iw(®)lgz + V/ IVu(s)lgz ds + Cl/ IVw(s)llg: ds
¢ ’ T ’
wor [ aivwlts ds < [ (R + 2 as 210

+ wollgs +llwollg. VE<T.

This formal energy estimate suggests that solutions to ({2.5)) are such that
uc L®(H)NLAV), weL>®L*Q)nNL*HHQ)). (2.11)

where H and V where defined in ({1.4)). To obtain an estimate on the pressure, we use
a well-known estimate on the right inverse of the divergence operator (cf. [42, [66]),
ie.,

q,divv
Bllgllre < sup g, Vg € L3 (). (2.12)

veH) HV”H})

From (2.12) and the linear momentum equation in (2.5 we get

T T
| s <e [ (o) + 19u)1:
V(s + VW) + €3 ) ds,

so that, to obtain an estimate on the pressure, we must assume u € L*(H}(Q))
and, in addition, we need an estimate on the time derivative of the linear velocity
at least in L?(L?(2)). This is standard for the Navier-Stokes equations. To obtain
it we differentiate with respect to time the equations of conservation of linear and
angular momentum. Repeating the steps used to obtain (2.10) we arrive at the
desired estimate.

The existence of weak solutions can be summarized as follows.
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Theorem 2.1.1 (Existence of weak solutions). Let f,t € L*(L?(Q)), up € H and
wo € L2(Q). Then there exist (u,w,p) € L*(H) x L=(L*(Q)) x D'(Qr) satisfying
(2.5) in the sense of distributions. Moreover, u and w satisfy the energy estimate

[@-10).

Proof. see Theorem 1.6.1 of [62]. O

Just like for the Navier-Stokes equations, uniqueness of solutions of the MNSE

is an open issue.

2.1.3 Space Discretization

To construct an approximation to the solution of via Galerkin techniques we in-
troduce three families of finite dimensional spaces: U C H}(Q), P C H'(Q)NLE(Q),
and W C H}(Q2). The spaces U and P will be used to approximate the linear ve-
locity u and pressure p respectively, and the space W will be used to approximate
the angular velocity w. We will assume that these spaces have optimal approxima-
tion properties in the sense of . We require the spaces U and P to be LBB
compatible, meaning that they satisfy . To simplify the presentation we will
assume that U =W throughout this chapter, but this is not strictly necessary from
a mathematical point of view.

Lastly, we assume that the velocity space U (also the space W) satisfies the

following inverse inequality:

[Ul[e= < cp(h)[Ullmy VU €T, (2.13)
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where ¢(h) = (14 |logh|)2 if d = 2 and (h) = h™2 if d = 3. References [53, 42]
provide a comprehensive list of suitable choices for these spaces.

In addition to the Stokes projection (see (1.17)) and (1.18))), for a.e. ¢ € [0, 7]

we define an elliptic-like projection of w(t) as the function IT,w(t) € W that solves

c1(VIL,w, VX) + co(divIil,w, divX) + 4v,. (I1,w, X) =
(2.14)

=c1(Vw,VX) + co(divw, divX) + 4v,.(w,X) VX e W.

The properties of the Stokes projector are summarized in ((1.17)) and (1.18)), and the

properties of the elliptic-like projector are summarized as follows:

Lemma 2.1.1 (Properties of the elliptic projector II,w). If w € L*(H“1(Q) N

H}(Q)), then the elliptic-projection satisfies the following approzimation properties:
W — IL, Wl oo (r2y + hl[W — L, W[ poo g1y < c B[ Wl oo rresy, (2.15)

If we L*(H?*(Q) N H(Q)), then the elliptic projection IT,w is stable in the

L™(Q) and W1(Q2) norms in dimension d < 3, i.e.,

[Ty Wl oo (e nwy)y < ¢ || W[ poomz) -

Proof. The proof is standard and follows by classical duality arguments for general

elliptic operators; see for instance [52} [53]. O

We introduce a discretization of the trilinear form b(-,-,-) in the equations for

the linear and angular velocities:

bp(c, ) Ux (U+W) x (U+W) = R.
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more precisely (see for instance [43])
bp(U,V, W) := b(U,V,W) + L(divU,V-W), VU € U,V,W € (U+ W), (2.16)

and recall that it is consistent, i.e. by(u,v,w) = b(u,v,w) whenever u € V, and

skew-symmetric with respect to its last two arguments, i.e.
bh(U, VW) =—0,(UW,V), VYVUeU; V,We (U+W) (2.17)

This form satisfies estimates similar to ((1.6])—(1.9)), namely

bn(U, V,W) < ¢||[VU||r2[| VV |2 [VW |2, VU, V. W €U,
(2.18)
bo(U, v, W) < ¢||U]|2|[v][ez[ VW |2, YU, W € U,v € H*(Q),

and
b (U, V, W) < c||U||L2||V||LoomW§ IVW (|2, YU, V,W € U. (2.19)

Since, by assumption, the space U satisfies the inverse inequality (2.13)), then for

d = 3 we also have

(U, V,W) < ch 2| U|2||[VV||2[VW]|:  YU,V,W €U
(2.20)

b(U, V,W) < ch™2 |VU[|2[|[VV]2[W]r: YU, V,WeU

2.2 Description of the first-order scheme

To the best of our knowledge, the only work that is concerned with the construction
and analysis of a scheme for the MNSE is [67], where a fully discrete penalty projec-
tion method for this system is developed and analyzed, and suboptimal convergence
rates are derived. Our scheme instead possesses optimal approximation properties
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and requires the solution of a saddle point problem at each time step, which can
be done efficiently (cf.[68]). However, it can be easily modified to decouple the lin-
ear velocity and pressure via an incremental projection method, while maintaining
optimal orders of convergence. For brevity this will not be included.

Let us now describe the scheme. The scheme computes {U™, W7, P™} C U x
W x P meant to approximate, at each time step, the linear and angular velocities

and the pressure. We initialize the scheme by setting
(U%, P = (II,u’, 7,p°), WO =II,w’, (2.21)
that is, we compute the Stokes and elliptic-like projections of the initial data.

Remark 2.2.1 (Initialization). The initialization step requires that the initial
data is regular enough so that the projections are well defined, which from now on
we will assume. If this is not the case, must be modified, say for instance,
taking L?-projections. The analysis below must be accordingly adjusted to take this

into account (cf. [50]).

After initialization, for k =1, ..., K, we march in time in two steps:

Linear Momentum: Compute (U* P*) € U x PP, solution of

T

(22, V) +7(VU", VV) + b, (U1 UR V) = (PFdivV)
(2.22a)
= 2v, (curl W V) + (£%, V) |

(Q,divU*) =0, (2.22b)
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for all V € U, Q € P. Recall that the backward difference operator § was defined

in (TT0).

Angular Momentum: Find W* € U that solves

k
7 <5VTV ,X) + e (VWF VX)) + 20, (UF, W¥, X) + ¢ (div W*, divX)
(2.23)

+ 4v, (W*, X) = 2u, (curl U, X) + (%, X) ,
for all X € W.

Notice that we have decoupled the linear and angular momentum equations by
time-lagging of the variables. This scheme is unconditionally stable, as the following

result shows.

Proposition 2.2.1 (Unconditional stability of the first-order scheme). The sequence

{U", W7, P} C U x W x P, solution of (2.22)(2.23)), satisfies

K
UM + O+ ) [WHIE2 + ) (160" 72 + oW 32)
k=1

K
- ZT (VIVU*|;2 + 7e1|[ VWF[12) + 2 ZTCQHdiVWkH%Q (2.24)

K
=1 k=1
K

bl

c2ur C2Vr

< 30 (BN + EE 622 ) + OO + (0 + 40,m) [ WO
k=1

Proof. Set V = 27U* in (2.22)) and X = 2rW¥* in (2.23)), respectively, and add the

results. Using identity (1.11]), the integration by parts formula (1.1)), 7 = v+ v, (see

(2.7))), estimate (1.3)) and Young’s inequality to obtain
[UF|[52 + (7 + 4 ) [[WH[ 2 + [[0UF[[52 + 7| oW ||
+ 7v|| VUL + 7¢1||[ VWF||2, 4 27¢, || div WF||2.

2 2
< 2L + IR + U e + O+ v [WHH I
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Adding over k we obtain the desired estimate ([2.24)). O

2.3 A Priori Error Analysis

Here we perform an error analysis of scheme f and show that this method
has optimal convergence properties. The analysis is based on energy arguments and
hinges on the unconditional stability result of Proposition [2.2.1L The arguments
used are rather standard for the Navier-Stokes equations, the main novelty and
difficulty being the coupling with the angular momentum equation, which requires
lengthy and careful computations.

We shall assume, for the sake of simplicity, that the solution to f

satisfies:

u,w < CH[0, 7], H"(Q)) and wuy,wy € L2([0,T],L3(Q)). (2.25)

These assumptions will be enough to derive optimal convergence rates for the linear
and angular velocities. If we want to do the same with the pressure we will require

the additional regularity:

uy, wy € C([0, 7], H(Q)). (2.26)

These assumptions are standard in the error analysis of incompressible flows (cf.
[45]).

The first step in the error analysis is to analyze the consistency of the method.
To do so, we proceed as it is customary in the analysis of evolutionary problems
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(cf. [49]) and split the errors
EF = u* — U*, EF = wh — WF, e =p* — P,

into the so-called interpolation and approximation errors via the Stokes and elliptic

projections (see ([1.17) and (2.14))) i.e.,

Sk = u" — I, u", RF =wh —TI,w", o =p" — 7w,
(2.27)

Ek — Hsuk o Uk, E}If — wak o W’C7 62 — ﬂ-spk . Pk

The interpolation errors (S™, R7,r7) are controlled by means of (1.18]) and ({2.15)),
so that the next step is to derive an energy estimate for the approximation errors
(E;, &7, e;) which is a slight variation of that one obtained for (U™, W™, P7) in

©.24).

2.3.1 FError estimates for the Linear and Angular Velocities

The approximation errors (EJ, E7, ef) satisfy the following energy identity:

IERNIZ: + (0 + 8Tu) €k T2 — 1B T2 — JlIER 1T + 277 VEZ Iz
6 (2.28)
+27¢1 | VER|R2 + IISEE|IR: + I0EX 122 + 27cal|divER T = > A;
i=1
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with
Ay =27 b (URL UR EF) — 27 0y(u, u* EF)
Ay =291 bh(Uk,Wk,S,]f) — 297 bh(uk,wk, S,If) ,
Az = 47'V,,(curlwk — curl W1, Ei) ,
Ay = 4Tyr(cur]Ek, é’;f) ,
As = —2(3S*, E}) — 2)(dR*, &)
Ag = 21(RE,EF) + 257 (RE,, £F)
where RF and R are integral representations of Taylor remainders (see for instance

3)), i.e.

1 1
RE = —/ ("' — s)uy(s)ds and RE = —/ (" — §)wy(s)ds.  (2.29)
¢ t

k—1 T Jik—1
The main difficulty, and our focus from now on, is to estimate the residual terms A;

fori=1,....6.
Theorem 2.3.1 (Error estimate on velocities). Assume (2.25)), then

1B [l @2y + €7 lee ey + B (IVER ] e@e) + IVE le@s) < c(r+ R (2.30)

whenever
1 M 2 A2 2 2
7< — with K ~ max{—’M_j,_]’V_r”/_r}, (2.31)
K y c1  C1
where M and M satisfy
sup (”VHSUHD + HHsuHLoo)2 +sup Jul* < M < oo,
te(0,tr] Q.
(2.32)

sup ([|VIL,wl|gs + HHwWHLoo)2 +sup [w]* < M < .

te(0,tp] Qg
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Proof. Tt suffices to provide bounds for the terms A; above and employ the discrete
Gronwall lemma [1.2.2] To begin with, notice that
bp(UF1 UF V) — by, (u, 0", V) = — b, (6u”, 0", V) — b, (u*!,SF, V)
— by(SFL T, V) — by, (EF L L0k, V) (2.33)
+ bu(Ey L ER V) — by(Iu" 1 E} V), WV e,
and
b (UF, W, X) — by, (0", wF, X) = — by, (u", R¥, X) + b, (E}, £, X)
— by (E}, IL,w", X) — b, (S*, IL,w*, X) — b, (IL,u*, &, X), VX eU. (2.34)
Set V = 27EF in . Since bp(-,-, ) is skew-symmetric the last two terms
vanish, and we can rewrite A; as:
A= —271 bh(5uk, u”, El,‘;) — 27 bh(uk_l, S* E’fb) — 27 by, (SF1 ,uf, Ei)
— 27 by (B}, TL,u", Ej)

= A+ A+ A + Ay

k—1

The functions du® and u*~! are solenoidal so that the consistency of by, yields control

on All and Algi

Ay = 27b, (60", Ef, u*) < 27||6u"|| 2| VE] 12| 0® | =

< FIIVE; Lz + 457 ou*|L

App = —27b, (W1, 8% E}) <27 ([0 || VES |12 [|S¥ |2

< FIVELIIL: + 251812,

v

where we have used (|1.8) and (1.7)). By (2.25)), we deduce

173
5ut (2, gT/ |12 . (2.35)

te—1

37



The terms A;3 and Ap4 can be estimated via (2.19)) as follows:

Az + Aug < B VER|[f2 + 2571 SH7[F2 + 24| BE I

v

Set X = 27&F in (2.34). We rewrite A, as

Ay = =21 bh(uk, R*, E,If) — 27 bh(EfL, I, w", E/f) — 27 bh(Sk, I, w", E,If)

= A + Agoy + Ass.

Since u” is solenoidal the bound on As; proceeds as that of Ao, whereas (2.19) gives

control on Ay and Ass:

T 2T
A < 3T\ VEL|T. + P (IRMF + IERIE: + 1IS*1F2) -

The bound on Az begins by noticing that w* — W+~ = dw* + RF! + E}If_l.

The integration by parts formula (1.1]) then yields
As = 4711, (5Wk, Cur]Efl) + 4Ty, (Rkil, curlEz) + 4Ty, (85_1, cur]EZ),

whence

As < A7, [|oWE |2 | VER[|ee + 47vp [R* o2 | VER] + 47|65 |2 | VER | e

< ZT||\VEF||2: + 2947 |owk |2, + 20T | REV2, 4 204 gk 2,

The term ||[6w*||?, can be bounded similarly to (2.35)).

The bound on A, follows along the same lines as those of As:

Ay = 4TVT(Sk, cur]gflf) + 47, (Eﬁ, cur]g,]f)

2 2
< 27| VEIIE: + ZEISIIE: + =2 I ERIE-
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The last two terms As; and Ag can be easily bounded as follows

Ay = —2(0S", EF) — 29(0R*, &F) < 7| VEE||2. + 22[|8S*|[2.

v

2,2
+ AT VEL(IZ, + 2L ||oRY| |2,

C1T

and

92
2T REIZ

Ag = 27(Ry, Ep) + 219(RY,, &) < T IVER|I: +

2,2
+ ST|VEF|Z, + TELT||RE |12,

C

The interpolation errors are bounded by (|1.18]) and (2.15)) which, in conjunc-

tion with (2.25)), also implies

H&Sk”LZ + h“dVSkH]ﬁ <ecT h”l(HutHLoo(Heﬂ) + HptHL‘X’(H[)) ( )
2.36

[0R¥ ||z + h|[6VR*||p2 < 7 ™| wi || poo (rres

Assumption (2.25]) also gives an estimate on the truncation errors RY and R¥

tk th

T T
IR <5 [ Malfede o IRANE < T [ waliede  (230)
A t

Inserting the estimates above for A;, 1 < i < 6, into (2.28), summing in k£ and

applying Gronwall’s lemma concludes the proof. O

Remark 2.3.1 (Smallness assumption on 7). Condition does not depend on
the space discretization parameter h. It does depend, however, on the constants
M and M defined in ; this is standard for Navier-Stokes. In addition, this
estimate depends on the quotients v/?/7 and v?/c;, which gives an indication of how

strong the coupling between linear and angular momentum is.
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2.3.2 FError Estimates for the Discrete Time Derivative

When dealing with the Navier-Stokes equations, it is well-known (see, for instance,
[54]) that in order to derive optimal error estimates for the pressure in ¢(L*(Q))
one must first obtain estimates on the discrete time derivative of the velocity, which
is the main reason for the additional regularity requested in . Our analysis is
no exception, and this is additionally complicated by the fact that we must obtain
error estimates for the derivatives of the linear and angular velocities.

Applying the increment operator §, defined in , to the equations that
govern the approximation errors and proceeding as in the proof of Proposition

we conclude that the discrete time derivatives 77 10E] and 7710&] satisfy an energy

identity similar to , namely,
I BB + (5 + Sy [ SER 12 — 0B s — sl o
+ 21//\7'||’7'_15VEZ||%2 + 2017'||7'_15V5,]f||2 + ||7'_152E],2||%2 (2.38)
5
+llT T P ER R + 2|7 divOES|F. = Y U Fy
i=1
where
Fy =20, (U1, U 7716E)) — 20, (u*,u*, 77'0E})
—2b, (U2, U 77 16E) + 26y, (W', u" ! 77 1E]) |
= 2]bh(Uk,Wk,T_155,lf) -2 bh(uk,wk,T_léé',’f) ,
—29by, (Uk_l, Wkt 7'_1(555) + 27 by, (uk_l, wh !, 7_1555) ,
s = 4u, (cur]éwk — curl S(W*=1, 7_15El,§) + 4yr(cur]5uk — cur]éUk,T_lég,'f) ,
Fy=—-2r71 (5281“,7'*15E§) — 2]771(5211]“, 771555) ,
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Fs =2(6R%, 7' 0E}) + 29(0RY,, 7 6EY).

A bound on these terms then yields a bound on the discrete time derivatives. This

is the content of the following result.

Theorem 2.3.2 (Error estimate for the discrete time derivatives). Assume (12.26)),
if
W2 \E ey and  hTV2)ET ooy (2.39)

are sufficiently small, then

Proof. In analogy to Theorem it suffices to bound the residual terms {FZ}S’:1

SE],

T

o]

T

<c(t+hh. (2.40)

reo(L2)

0 (L2) ‘

The proof is rather technical and tedious, and consists of careful manipulations of
these five terms. Take the difference of (2.33)) for two consecutive time-steps, which

allows us to write F} as the sum of six terms {Fy;}°_;:

Fii = —2b(0uf, u®, 7716E}) + 2b(su* u ! rISES)

Fip = =2b(u*", 8% 7710E}) 4+ 2b(u* %, 8* 7R

Fiz = —2b,(SM 1, TLu®, 7710ER) + 26, (S"72, T 77 10E})
Fiy = =2by (B} ILu*, 77 '0E) + 20, (B} 2, TLu* ™, 77 19E})
Fis = 20,(E) " Ef, 77 10E}) — 2b,(Ep 2 Ef T 710Ky

Fig = =20, (IL,u""' Ef, 7 10E}) + 20, (IL,u" 2, Ef 1, 77 1GE}).

Using the linearity and skew-symmetry of the trilinear form, these six terms can

be appropriately rewritten and bounded using ([1.6)-(1.8) and (2.18])-(2.20) to get
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Fiy = 2b(6u”, 7716E}, 5uf) 4+ 20(5%u”, 77 10ES, ut )
< flIrTOVEL L + £ 10Vt + 5T OVEL e + 51]16%ut L,

Fig = 2b(u* 77 16K}, 6S%) + 2b(su" ! 77 10ES, SFT)

| /\

Zlr ' OVEL[F. + 2687 + F I OVEL 12
+ £ [0Vt E [ VS 2,

Fis = —2b,(0SF7 1 TI,u*, 7710EF) — 2b,(S¥72, 61,u* ! 77 16E})
< v IOVER[f: + )|0SH T + Flir T OVER| e
+ [ OVITu"[72] VS 222,

Fiy = =27b, (77 E) 1 TLu", 771K} — 26, (EF 2, 0T,u*, 7~ 10Ef)

< Z||rOVEL |2 + 22 0B s + B OVES 2,
+ £Vt | VEL 23,

Fi5s =271 bh(T_léEfL_l, E£_1,7_15E’Z)
< Mo (7 SVEE 2, + | SVER|)

Fio = 20, (3TLu B, 719E}) < % |- 'SV L2,

+ 2 [OVILu [ [ VERIE. .
Similarly, applying § to (2.34]), F» can be expressed as the sum of five terms {in}?:f

Fy = —2]bh(uk,Rk,T_155,f) + Qth(uk_l,Rk_l,T_lcSE;f),

Foy = 29by (E}, EF, 7710ER) — 296, (B, EF7 77 16ER),

Fog = =2by, (E}, ,w", 7756EF) + 270, (B W 7710E)),
Foy = —27b, (S, I, W", 7716EF) + 27 b, (SF T, W* 1, 7716E)),
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Fin = —2 by (L, E5, 7 06F) + 2 by (ILu 1, £5 7 108E).
We now bound each of these terms separately
Fy = —27b, (0u”, R*, 7716EF) + 29 b, (071, 6R*, 7710E))

< 95| OVELIRe + LIOVUF 3l VRMIE: + S5 17 SV ERIIE

Cc1T

M] H(SRk”L%

Cc1T
Fy = 2970y, (7'_15E’,2, E;f, 7'_155,]:)

cl|EF|+ o _ _
< Bl g7 (|Ir"OVEL[R: + 17" 0VERIR:) |
Fys = -2y bh(Eﬁ, ST, w, 7_155}?) + 2)7 by, (7_15E§, wak_l,T_l&‘f,’f)
< 9T VER IR + IOV WRIIE: I VERIE: + %5 7 6V ERE.

+ M |7 OB

Foy = -2 bh((SSk, wak,7_15€,’f) —27by, (Sk_l, S, w", 7_155,?)

< 2| rOVER|R + ML (168812, + 29X T OVER |3

+ SV WhE [ VSH e

Foy = =29, (01L,u*, &Y, 7710E)) — 2 by, (IL,u* ", 6EF, 771 6EF)

< G OVER IR + IOV UL R IVERIR: + S5 T OVER

Cc1T

+ 2L SER Iz

C1T

By virtue of (1.1]), F3 can be estimated as follows:

Fy = 4v, (52wk + 6RF 468, T_lcur](SEZ) + 4v, (5Sk + 0E}, T_lcurlég,]f)

S07|lT T OVER R + 22 (11°wWH 1Fe + IORY |2 + 1965 I2)

+ S |OVE|ne + 2

TC1

(108" %> + [l0ER ) -
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The last two terms Fj and Fj require no further manipulation and result in

14c T

Fy < |7 1 0VE |, + M2 1978 2. + 2F || 0V EL s

+ 29T 52RE 2,

14¢2 120%]

C1T

Fs < 5|7 0VES |3 + SRR + S5 77 0VE L + 10R [1L-

Collecting all the estimates for ||[77'6VEE |2, and ||77'0VEF|Z,, and using assump-
tion ([2.39), we get

20| E |y, Cyll€x lIp2 = 20911€ .2
hi/2 T+ hi/2 T S vT hi/2 T S C1T.

These conditions allow for cancellation of the problematic terms Fi5 and Fyy with
the fifth and sixth terms on the left hand side of (2.3§). Finally, summation of
the energy identity (2.38) and application of discrete Gronwall’s lemma lead to

[2-40). O

Remark 2.3.2 (Smallness assumption). The error estimates of Theorem hinge

on the smallness assumption ([2.39)) which, in light of (2.30]), can be recast as
Th™1? < ¢, (2.41)

for a small enough constant c¢,. This requirement is not a special characteristic
of our method but rather a recurrent feature in the analysis of schemes for the

Navier-Stokes equations. See, for instance [54] [50].

2.3.3 FError Estimates for the Pressure

The control on the derivatives of the velocities provided by Theorem enables
us to obtain error estimates for the pressure. To do so, it is crucial that the discrete
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spaces are compatible in the sense of (1.14]). This is the idea behind the following

result.

Theorem 2.3.3 (Error estimate for the pressure). If (2.26) and ( are valid,

then the following estimate holds

H@ZH(Q(LQ) § C (T —+ hé) .

(2.42)

Proof. As already mentioned, the approximation errors Ej and ej are actually so-

lutions to ([2.22) with a special right hand side composed of consistency terms.

Condition ((1.14]) then allows us to write

(eh, divV) i

5*H62HL2(Q) <sup —————
veu

Ve, — <=
where
“L(OEF,V
B, = sup M’
veu [Vl
__(VE},VV)
By=vsup ————-%

ver (Vg
bh(uk,uk,V) — bh<Uk71,Uk,V)

Bs = sup )
° T veu IV |z
By = 20, sup (curl Wk=1 — curlwk,V)’
VeU ||V||H(1)
1 ((SS’“,V)
By = sup —————,
Veu HVHH})
REV
Bg = sup —( w )
veu ||Vl

So that it suffices to provide suitable bounds for each one of these terms.

We readily have, for By and B,, that

—1( sk
B, = sup T (5Eh,V)

_ By < || VEEF||12.
veu [Vl » % IVER

S 7 0Bk
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Identity (2.33) can be used to express the numerator of Bj as

by (du¥, u*, v by (w1, Sk V by (EF1 TI,u*, V
Bg S sup h( u,u’, ) + sup h(u ) ) ) + sup h( ) u’, )
veu [Vl veu [Vl VeU [V e
b (E; " EE V) bp(Iu* L Ef V) ¢
+ sup + sup = g Bs;.
veu [ Viag Veu [V ]e —

Inequality (1.9) and the regularity assumptions (2.25)) imply

by(6u*, uk, v
B31 = sup h( u’,u’, )
vev [Vl

To bound Bsz, B3z and Bss we use inequality (2.18)), the stability (1.19)) of the

< [ufleellout(|ee < [louf|e..

projectors and the regularity assumptions (2.25)),

bh(uk_l, Sk, V)

By = sup S Vel [ VS ez < VS re,

T Vi
by(EF 1 Tu*, vV
Buy — sup 22! V) < VB sV e < [VES e,
Veu [V 5
by(TT,ub 1, BF, V
Bys = sup 20 B V) oy et L [ VEE | S IVEE e,
o Vi

The first inequality in (2.20)) yields

by (EF-1 EF V
B34: SU_p h( h 3 h )

< hTPER | [ VE |-
VeU IV e

In conclusion, we have proved the bound

|Bs| < llou ez + [VS*[|e2 + [IVS* [z + [VE, e

+ 0B e [ VER e + [ VERce.

Integrating by parts as in (|1.1), we infer that

(curl Wt — curlwh V) (dwF + EFL curl V)

B, = 2v, sup sup
"veu ||V||H(1) VEeH](Q) HVHH%

S llowt e + (1€ |z
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Finally, we see that

—1(§Sk, vV REV
Bs = sup M 5 T_1||5Sk||L2 , Bg= sup M

< IRG e
ver [Vl veny@) Vi !

It suffices now to realize that all the bounds involve consistency, interpolation or
approximation errors and that they all have the right order. This concludes the

proof. O]

2.4 A Second Order Scheme

Let us present a second order scheme for the solution of (2.5) and show its stability
properties. We first recall a three-term recursion inequality originally shown in [69],

which is instrumental to show stability.
Proposition 2.4.1 (Three-term recursion). The three-term recursion equation
3t — 4k 4 ah Tt = A WE > 1, (2.44)

has the following general solution

v l

v Ca 1 s

Pt o+ o) 0 o aER
=2 s=2

Let {y*}1>0 be the solution to the three-term recursion inequality
3yk+1 - 4yk + yk_l < gk+17 Vk > 17

with initial data y° and y'. If {a*}r>0 is the solution to (2.44) with initial data

20 =40 and ' = y', then the following estimate holds
y’ <z¥, Vv >N0.
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Proof. See [69]. O
For {yk} >0 et 52y* denote the second-order backward difference, i.e.
O2yF = L(ByYMT — 4y + ) VR > 2.

Let us now describe the scheme. We begin with an initialization step, in which we

set
(U*, P*, W¥) = (IL,u", mp® IL,w"*) ,  k=0,1.

In other words, we compute the Stokes and elliptic-like projections of the initial
data and the solution on the first time step. This initialization is only for ease of
presentation as it clearly requires knowledge of the exact solution. In practice one
can compute the projection of the initial data and then perform one step with the
first-order scheme of § 2.2

We march in time, for £k =2, ..., K, as follows:

Linear Momentum: Find (U*, P¥) € U x PP that solves

2717k
<5U 7V> + (VU VV) + b, (UM, UL, V) = (PF, divV)
T
(2.45a)
= 2v, (curl W"*, V) + (£*, V),

(Q,divU*) =0, (2.45b)

for all V € U, Q € P, where, for a time-discrete function ¢”, we introduce the

second-order extrapolation

QFr = 20" — ¢ 2, (2.46)
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Angular Momentum: Compute W* € W, solution of

52 Wk ) P
J X )+ a (VW VX)) + 50, (UF, WP X))+
4 (2.47)
+ CQ(diVWk, divX) + 4v, (Wk,X) = 2u, (Clll"]Uk,X) + (tk,X) ,

for all X € W.
This scheme turns out to be almost unconditionally stable, as shown in the

following result. To avoid irrelevant technicalities, we assume that f™ =t7 = 0.

Theorem 2.4.1 (Stability of second-order scheme). Assume that the time step sat-

isfies

(2.48)
Then, the sequence {U™, W™ PT} C UxW x P, solution of ([2.45a)—(2.47)), satisfies
U7 ey + W lle2) + VU [lewe) + [VW |lewe) < ¢,

where the constant ¢ depends on the material parameters and the values of {U*, Wk Pk}

for k=0,1, but does not depend on the discretization parameters.
Proof. We combine the techniques used to prove Proposition [2.2.1|and Theorem 5.1
of [69]. We begin by setting V = 47U* in (2.45a) and X = 47W¥ in (2.47) and
adding the result. Using ([2.45b]), we obtain
By —dy" T+ 7+ 26 (|0U |2 + JI0OWF(IR2) + 107U [T + |0° W22

+47 (V|[VU*|f2 + a1 [VW"|[12) + deor||div WF |72 + 161, 7| W¥ |1}

= 8Vr7'(cur] U* 2W* — (52Wk),
where

y* = [UFIE2 + | WHI2-
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Here we used the identity

2ak(3ak _4ak—1 +ak—2) — 3|ak|2 _4|ak—1|2 + |ak—2|2 + 25|5ak|2 + |52ak|2.

and, to produce the right hand side, we integrated by parts using (1.1]) and employed

the equality

¢k + ¢*,k’ — ¢k + 2¢k—1 o ¢k‘—2 — 2¢k’ o 52¢k’
which is a consequence of (2.46)). Using (1.3]) we obtain

8v,7(curl U*, 2W* — 6*°W*) < 161, 7||W* |2 + 41, 7| VU¥ |12 + 5] 0°WF| 1.2

+ 105 T U2,

Since V = v 4 v, assumption ([2.48]) yields

2.2 2
Ayt — 16% =4t (1 — 4””) > 2uT.

v

The estimates of Proposition [2.4.1| imply the assertion.

]

Remark 2.4.1 (time step constraint). Notice that the constraint on the time step

(2.48)), necessary for stability, is meaningful. First of all, the quantity on the right

hand side has units of time. In addition, it is consistent with the fact that, for the

classical Navier-Stokes equations (that is v, = 0) no constraints are necessary for

the stability of a second order semi-implicit discretization.

2.5 Numerical Validation

We now present a numerical validation of our error estimates. The implementation

has been carried out with the help of the deal.II library, see [70, [71]. We use the
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lowest order Taylor-Hood elements, that is Qs/Qs, so that £ = 2. The arising linear
systems have been solved with the direct solver UMFPACK®.
Consider a square domain = (0,1)> C R?, and a smooth divergence-free

linear velocity, pressure, and angular velocity defined by

u(x,y,t) = (sin(2rx 4 t) sin(2wy + t), cos(2mx + t) cos(2my +¢))7,
p(xa Y, t) = sin(27r(:v - y) + t)a

w(z,y,t) = sin(2rz + t) sin(2wy + t).

To verify the ¢2(H!(Q)) error for the velocity and the ¢?(L?(2)) error for the
pressure we fix the relationship 7 = h2, and consider a sequence of meshes with
h = 27% for 2 < i < 6. The corresponding errors are displayed in Figure thereby
showing clearly the predicted convergence rates.

To validate the £>°(L?(€2)) error of the velocities we fix the relationship 7 = h?,
and consider the same sequence of meshes. The corresponding errors are depicted

in Figure and exhibit the expected optimal rates.

2.6  Conclusions

We have presented a first-order, fully discrete semi-implicit scheme for the MNSE
which is unconditionally stable and possesses optimal convergence rates in time and
space. The scheme is semi-implicit, therefore it only involves, at every time-step, the
solution of linear systems. In addition, the equations of linear and angular momen-
tum are decoupled, which makes the implementation simpler and the scheme more
efficient. To further decouple the unknowns, fractional time-stepping techniques
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Figure 2.4: (*(H'(Q)) error of the velocities and ¢*(L?(2)) error of the
pressure with respect to mesh size. The axes are in logarithmic scale.
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Figure 2.5:  (>*(L?*(Q)) error of the linear and angular velocities with
respect to mesh size. The axes are in logarithmic scale.
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can be incorporated, and we believe that their analysis shall not present difficulties
beyond those already encountered in this work.

We have also presented a formally second order scheme which is almost un-
conditionally stable and shares similar properties to the first-order scheme, i.e., it
is semi-implicit, decouples the linear and angular velocities and it can be easily
simplified further with fractional time stepping techniques.

The idea of pumping micropolar fluid through excitation of the spin equation
was explored by testing a simple family of forcing terms t (distributed torque). It
was observed computationally that the regimes of effective pumping and reverse
pumping regimes are not well separated. In other words, very similar forcing terms
t can induce very different effects in the velocity profile, or even opposite effects
(reverse direction of the net flow).

The most challenging extension of this work is towards the solution of the
equations of ferrohydrodynamics: the MNSE coupled with the magnetic equations
(2.8). The design, analysis and implementation of a scheme for this problem is the

main topic of the next chapter.
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Chapter 3: Rosensweig’s model

3.1 Introduction

There are currently two generally accepted ferrofluid models which we will call by the
name of their developers: the Rosensweig [17] and Shliomis [I8] models. Rigorous
work on the analysis (existence of global weak solutions and local existence of strong
solutions) for these models is very recent [19, 20, 21} 22]. In this chapter we will
concentrate on the Rosensweig model which includes all the inherent difficulties of
the simpler Shliomis model.

Our key interest is around boundary conditions and discretization techniques
leading to energy-stable continuum and discrete systems. This task becomes partic-
ularly complicated if we want to include the effects of non-trivial applied magnetizing
fields, which so far has not been properly addressed in the literature. For this pur-
pose we will need to revisit the theory of magnetostatics and typical boundary value
problems associated with it. At this stage most manipulations are formal, but they
are still able to shed light into very important issues such as space discretization
techniques. Finally, we feel compelled to remark that, to the best of our knowl-
edge, this is the first work presenting a stable numerical scheme for the Rosensweig
model fully coupled with the magnetostatics equations accounting for the effect of
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the demagnetizing field.

Our presentation is organized as follows: in §

3.2| we present the Rosensweig
model, we elaborate on several issues related to boundary conditions in
§3.2.3 In we derive a formal energy estimate which constitutes the main
guideline to devise a numerical scheme. We introduce the numerical method in
83.4 show that this scheme is energy-stable, and that solutions always exist. In
33.5| we consider a simplified model, and devise a scheme for this model for which
we show (in addition to stability) convergence. In we validate the scheme using

prefabricated solutions, and finally in we show a series of numerical examples

which illustrate the potential of the scheme in the context of real applications.

3.2 The Rosensweig model of ferrohydrodynamics

Consider a mass of homogeneous, incompressible micropolar ferrofluid with linear
velocity u and angular velocity w contained in a bounded simply connected domain
Q) C R3, subject to a smooth harmonic (curl-free and div-free) applied magnetizing
field h, inducing a magnetization field m and a demagnetizing (stray) field hy. The

evolution of such fluid is described (see for instance [I7, [72], and Remark [3.2.1)):

w + (u-V)u—vAu+ Vp =2v,curlw + po(m - V)h  (3.1a)
divau =0 (3.1b)
gwi + 3(u- V)W — e Aw — o Vdivw + 4, w = 2v,curlu 4 pom X h (3.1c)

m; + (u-V)m—ocAm=w x m— +(m—h) (3.1d)
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in Q for every t € [0, tr|, where

h=h,+ hy (32)

is the effective magnetizing field; see Remark below. The material constants
U, Uy, €1 Co, and 7 where defined in , and the new constants pg, o, 7, and 2
are assumed nonnegative. Expression represents the conservation of linear
momentum, corresponds to the conservation of mass, corresponds to
the conservation of angular momentum, and corresponds to the evolution of
the magnetization. The forcing term po(m - V)h in the linear momentum equation
is the so-called Kelvin force.

The magnetic diffusion o was introduced in [22] as a regularization mechanism
in order to prove global existence of weak solutions; but its physical grounds have
been called into question [73], o is negligibly small or zero. Therefore, we will
primarily focus on the case ¢ = 0. If ¢ > 0 the boundary conditions associated with
the vector Laplacian Am allow us to introduce additional modeling features. Thus,
in this case, we will propose energy-stable boundary conditions.

The constant s, is dimensionless; it is the magnetic susceptibility, the
product po(1+425) is what is usually called the magnetic permeability of the material
(cf.[74]). For oil-based ferrofluids [25] we have s¢ € [0.3,4.3], and for water-based
ferrofluid s¢ is generally smaller than the unity. If s = 0 the medium is not
magnetizable, so there is no ferrohydrodynamic phenomena: magnetic fields cannot
exert any force or torque on the fluid. The quantity sh is usually called the
equilibrium magnetization: if ¢ = 0, u = 0 and w = 0 in the magnetization
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equation (3.1d]), and h is given, then we get
m, + Lm = 2h, (3.3)

so that m = sh when close to equilibrium. The core dynamics of the magnetization
equation in (3.1d|) is dominated by the reaction terms for most flows of interest
(see for instance [75, 25] for the dimensional analysis of the Rosensweig model).
Essentially, this is the case because the relaxation time 7 of commercial grade
ferrofluids is in the range of 107° to 107 seconds (see for instance [75], [18]), which
makes % a very large constant.

System (|3.1)) is supplemented with initial conditions for the linear velocity, the

angular velocity, and the magnetization
Uli=o = Wy, Wl=o = Wo, ml=o = my, (3.4)
as well as boundary conditions for the linear and angular velocities

(3.5)

u|F><(O,tF) = 07 W|F><(07tF) =0.

The quantities h and m are subordinate to Maxwell’s equations, which hold in
the whole space R?. Truncating h to € and choosing suitable boundary conditions
necessarily compromises the nature of the original magnetostatic problem, yet it can
provide a reasonable starting point to develop and understand an energy-stable PDE
system. We will reduce the magnetostatic problem to a single a scalar potential in
§3.2.1} and in we discuss the information that is lost in this process, derive
the (approximate) boundary value problem (BVP) that h, satisfies, the boundary
conditions that can be applied to hy and m, and discuss how physically realistic they
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are. We will also comment on the requirements for h, to be a physically reasonable

magnetizing field.

Remark 3.2.1 (Assumptions underlying the derivation of the Rosensweig model).
A ferrofluid is a colloidal suspension of ferromagnetic particles in a carrier fluid.
The limitations of model can be traced back to the assumptions made on these
particles at the time of its derivation. It is important to point out that model

was derived (see for instance [72]) under the following quite restrictive assumptions:

¢ The ferromagnetic particles are spherical.

o The ferrofluid is a monodisperse mixture, meaning that the ferromagnetic

particles are of the same mass/size.

¢ The density of ferromagnetic particles (number of particles per unit volume)

in the carrier liquid is considered to be homogeneous.

o No agglomeration, clumping, anisotropic behavior (e.g. formation of chains),

and/or particle-to-particle interactions are considered.

¢ The induced fields (e.g. m and hy) are unable to perturb the applied magnetic

field h,.

These assumptions might restrict the applicability of the Rosensweig model for some

physical situations, see [I7, 24] for more details.

Remark 3.2.2 (Effective magnetizing field). The effective magnetizing field is de-
fined by (3.2). In other models the effective magnetizing field can be more compli-
cated and include, as in micromagnetics, terms due to the exchange of energy and
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anisotropy [76]. Most analytic computations for the Rosensweig model are usually
derived assuming that sy << 1 so that h; and the equations of magnetostatics can
be disregarded, thus setting h := h,. In §3.5 we will consider this definition and
provide some arguments to justify this simplification. Finally, the only available
existence results for the Rosensweig model [21], 22] define the effective magnetizing
field in a way that leads to h = hy, which is equivalent to considering the unforced

case (relaxation to equilibrium).

3.2.1 Modeling the magnetic field: The scalar potential approach

One of the main difficulties in the analysis and approximation of (3.1)) lies in the fact
that the magnetic field h is governed by Maxwell’s equations which are naturally
defined in R3. Under reasonable assumptions these can be further simplified to the

equations of magnetostatics
curlh =0, divb =0 in R?, (3.6)
which imply the transmission conditions

[h] xn=0, [b]-n=0o0n I, (3.7)

over any surface I' C R?; hereafter n denotes the outward unit normal to I, the
boundary of €2, and [¢] the jump of the quantity g over I". The magnetic induction

b is defined as
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where 1q is the characteristic function of €. Definitions (3.2) and (3.8]), together
with (3.6) and (3.7), and assuming that h, is a smooth harmonic (curl-free and

div-free, see Remark [3.2.3)) vector field in R3, yield the following constraints for hg:
curlhy = 0 in R*, divhy = —divm in , divhy =0 in R*\ Q, (3.9)
supplemented with (assuming that [h,] =0 on I'):

nxhy=nxhd™ hy-n=m"-m)-n onl, (3.10)

where we use the superscript “out” to denote values in R?\ Q. The problem defined
by and is the most physical approach to compute hy; see for instance
[76, Chapter 3] in the context of micromagnetism. This approach, however, entails
a major difficulty: we have to deal with an exterior problem. This may not be an
issue from the point of view of analysis but, from the numerical point of view this
would require highly specialized techniques for our (already) quite complex ferro-
hydrodynamics problem. There are just a few references actually solving problem
(3-9)-(3-10) (see for instance [77, [78]), but most generally (see for instance [79] in the
context of micromagnetics) some form of truncation is favored. Following [20] 21]
we will truncate the support of hy, i.e. we will assume that h3"* = 0, which yields

the BVP:

curlhy =0 in Q, divhy = —divm in €,
(3.11)
hy n=-m-n, n xh;=0onT.
The simplification that leads to (3.11]) is not necessarily physically faithful (unless

hg" ~ 0), yet it is widely used in practice [80, 81} 82, 83]. We can approximate
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problem (3.11]) by using a scalar potential approach [80], that is we set hy = V¢

where 1) solves either

—AtY =divm in Q, % =-m-n onl (3.12)
on
or
—AyY =divm inQ, =0 onl. (3.13)

This approach, however, does not retain all the boundary conditions of . The
Neumann BVP retains hy - m = —m - n, while the tangential condition
n X hy = 0 results from 1 = 0 of the Dirichlet BVP (3.13)).

Further simplified problems are used in practice for hy. The homogeneous

Neumann problem

—AY =divm in Q, g—z =0 onl, (3.14)

is also used [22, 82] 80, [81] to approximate the demagnetizing field. Problem ({3.14)),
however, can only be justified if m - n is very small.

Starting from the Maxwell’s equations we arrived to the Neumann prob-
lem for the scalar potential. This encompasses a series of simplifying as-
sumptions, rarely explained in the scientific literature, here made explicit. These
simplifications compromise the nature of the original magnetostatic problem, but
for the time being, the simplified problem ([3.14]) will keep the spirit of the demag-
netizing field alive. Finally, it is worth mentioning that so far only and
have been used for the construction of an energy-stable system and the analysis of
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the Rosensweig model [22], 20, 21]. In this chapter, we will use (3.12)), giving us

control of the normal condition on hy but not on the tangential component.

Remark 3.2.3 (Physical requirements on h,). It is not difficult to see that h, must
be harmonic. If w is a control volume and there is no magnetizable media inside w we
have that m = 0 and hy = 0 in w. By Maxwell’s equations then curlh = curlh, =0

and divb = podivh, = 0 in w. Since w is arbitrary h, is harmonic.

Remark 3.2.4 (Variational problems for the magnetizing fields). Multiply (3.12)

by a sufficiently smooth test function y. Integrating by parts, and using g—ﬁ =-mn

yields

/V@Z)-dex:—/m-V)(dm Vx € HY(Q). (3.15)
Q Q

Since curlh, = 0, there exists a scalar potential ¢ such that h, = V¢, then

/V¢-dex—/ha-VXd:v Vyx € HY(Q). (3.16)
0 Q

It will be useful (primarily, to simplify the presentation) to set h = Vi with

© = 1) + ¢, so that ¢ satisfies

/V@-dex:/(ha—m)-Vde Vy e H(Q), (3.17)
Q Q

which is the variational form of the BVP

99 _

o (h, —m)-n onl, (3.18)

—Ap =divm in ),

where the term —divh, on the right-hand side of the PDE has been omitted since

h, is solenoidal.
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3.2.2 Boundary conditions for m and their coupling with hy

For the magnetization m we consider both ¢ = 0 and ¢ > 0 in . Sinceu-n =0
on I', no boundary conditions for m are needed when o = 0, because the PDE for
m is a transport equation. If ¢ > 0, on the contrary, we must impose boundary
conditions that are compatible with the convection-diffusion equation for m. For
the magnetizing field h, Maxwell’s equations dictated our choice. For m, however,
suitable boundary conditions are rarely discussed in the literature. For this reason,
our selection criterion for boundary conditions is whether they lead to an energy
law.

The boundary conditions that can be applied to the magnetization m are those

of the vector Laplacian. Since —Am = curl?m— Vdivm, integration by parts yields

/—Am~zdx = / curlm - curlz + divim divz dx
0 Q

(3.19)
- / (curlm x m) - zdS —/divm(z -n)dS,
r r
so that we can consider:
o Magnetic boundary conditions (cf.[22])
m-n=g, crlmxn=ronl, (3.20)

where g and r are the boundary data. The condition curlm X n = r is natural,

while m - n = g is essential.

o Electric boundary conditions (cf.[84])

divim=¢, mxn=yon I, (3.21)
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where the first condition is natural, the second is essential, and the data y

only has tangential component.

Robin-like boundary conditions

curlm xn+y(m—(m-n)n—y)=r onl,
(3.22)

divm+yp(m-n—g)=q onl.

Since |n| = 1 we have that (u—(u-n)n)-w = (uxn)-(w x n), then we get
from (3.19)) the following variational formulation of —Am = f: find m €¢ M

such that

/cur]m-curlv+djvmdivvdas+'yl/(m><n)-(vx n)dS
Q T

+72/(m-n)(v-n)dS:/f-vdx+/r-vd5
r Q r

+/Fq(v-n)d8+71/r(y><n)-(v><n)dS—i—yg/g(v-n)dS VveM.

r

The following asymptotic cases are if interest: for v = 0, 75 — o0, (3.22)

tends to the magnetic boundary conditions (3.20]), while if 75 = 0, v1 — o0,

(3-22) tends to the electric boundary conditions (3.21]).

Natural boundary conditions
curlm x n =0, divm =0 on T, (3.23)

which lead to an energy-stable system. We will mainly use these conditions

to explain the main ideas behind the development of an energy estimate for

BD).
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3.2.3 Problems to be considered

In this chapter we will consider the simplified Initial Boundary Value Problem
(IVBP) of ferrohydrodynamics: given a smooth harmonic vector field h, = h,(z, ),
find {u, p, w, m, h} satisfying the equations in Q x [0,tr], where u and w sat-
isfy the boundary conditions , h = V¢ where ¢ solves , and the equation

for m in (3.1)) is supplemented with one of the following boundary conditions:
1. ¢ =0, with no boundary conditions for m.
2. ¢ > 0 with the natural boundary conditions (3.23)).

3. 0 > 0 with the following variant of (3.22)):

curlm X n+~y(m — (m-n)n —s5(h— (h-n)n)) =0 on T,
(3.24)

divm+7(m-n—%0h-n) =0 onl,
which is obtained by setting 71 = 7,y = s0(h — (h-n)n), r =0, 15 = v,
g = »xh-n, and ¢ = 0 in (3.22), with 7 being a material constant that

characterizes the magnetization dynamics on the surface of the ferrofluid.

Remark 3.2.5 (Boundary dynamics). A possible physical explanation for is
that, on the boundary, m will attempt to reach equilibrium m = sh according to
, but it will lag behind since m can only change at a finite rate limited by the
characteristic dynamics of the magnetization. This is consistent with the no-slip
and no-spin boundary conditions, so the behavior of m on the boundary is solely

controlled by a magnetic relaxation time as in (3.3)).
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3.3 A priori estimates and existence

Let us review the available existence results for the problems under consideration.
We shall first provide some formal a priori energy estimates, which serve as basis for
the existence results that will be discussed later and, more importantly, will guide

us in the development of stable numerical schemes, see

3.3.1 A priori energy estimates

Let us obtain an energy estimate for Case 2 of §3.2.3] Setting ¢ = 0 in the final
estimate we get the corresponding estimate for Case 1 of §3.2.3. The energy estimate
for Case 3, is outlined in Remark [3.3.1} We begin by showing two crucial identities

that make possible the energy estimate.

Lemma 3.3.1 (Identities for the magnetization and magnetic field). Let m and h
denote the magnetization and effective magnetizing field, respectively. If they are

sufficiently smooth we have

—(Am,h) = —||divh||;. —/

(curlm x n) -hdS — / divm(h-n)dS, (3.25)
r

r

and, for every smooth vector field v, such that divv=0m Q andv-n=0 on [
b(v,m,h) = —b(m,h,v), (3.26)
where the trilinear form b(-,-,-) was defined in (|1.5)).

Proof. To obtain (3.25), we first take z := h in (3.19) and recall that curlh = 0.
Upon multiplying (3.18) by divh = Ay and integrating, we deduce (divm, divh) =
—||divh]||?,, which substituted in (3.19) yields (3.25).
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Since h is curl-free we have that h‘; = h;j. Integration by parts then yields

b(m,h,v) = Z / m'h! v/ dx = Z / m'h! v/ dz
ij=17% Z ij=179
d
= Z / (m'n’),, — mijhi)vj dx
i.j=1"% (3.27)
d
= Z / —(m'h")v. —m’ h'v/ dz + / (m'h")v/n? dS
Py Q J J r

_—/Q(m-h)divvdx— b(v,m,h)+/r(m~h)v'nd5’

The fact that v is solenoidal and has zero normal trace on the boundary yields

(3-26).

]

With these identities at hand we obtain a formal energy estimate. To shorten

the exposition we denote

¢ =&, w,m his) = 3 ([u(s)llgz +sllw(s)[iz + pollm(s)iz + polh(s)lIzz) ,

2 = P(u,w, m, h;s) = v||Vu(s)|i: + 1| VW(s)|[f2 + opol|curlm(s) ||z
+opol|divm(s)||f: + opol|divh(s)|[L: + e[ divw(s)|L2
+ v (curlu — 2w)(s)||g2 + & lm(s) |12 + 55 (5 + 35%0) [[h(s)[I£- .

F =T (ha;s) = T pol|Oha(s)|IL> + 35 (1 + 50) [ ha(s) [ L-

Proposition 3.3.1 (Formal energy estimate). The solution {u,p, w, m,h} of prob-

lem (3.1), (3.4), (3.5) and (3.18) satisfies
tp
cg’(u,w,m,h;tp)—i-/ Z(u,w,m, h;s)ds
0

t (3.28)
S/ F(h,;s)ds + &(u,w,m, h;0).
0
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Proof. The main ideas of this estimate come from [85, 22 [19], but we now use (3.17)
for the scalar potential associated to the magnetizing field instead. We multiply
(3.1a) by u, (3.1c) by w, (3.1d) by pem, and integrate by parts. Setting x = “%&%¢p

in (3.17) and adding the ensuing identities yields

i (6 = 2|hllL:) + 2 — opolldivhllg. — 4% (5 + ) [hIL

= pob(m, h,u) + po(m x h,w) + %2 (h,, Vo) (3.29)

—i—a,uo/(curlmx n)~mdS+au0/divm(m-n)dS.
r r

Note that to form the term |curlu — 2w||?, in & we have used (1.2)) on |Vul|,
and ([2.7). Multiply the magnetization equation (3.1d)) by poh. Identities (3.25))

and ((3.26)) yield

opiol|divhl[g, + 24 [hl|f> = —po b(m, h,w) — pio(m x h, W) + 19 (my, h)

+ 2 (m, h) —ouo/r(curlm xn)-hdS

—auo/divm(h- n)ds.
r

Adding this expression to (3.29)) we get

4 (€ —2|hliz) + 2 — £2 (5 — 50) [h[F2 = po(my, h) + 4 (m, h)

+ 222 (hy, Vo) + oo /r (curlm x m) - (m —h)dS (3.30)

—i—auo/divm(m—h)-nds.
r

Set x = Vg in (3.17) to obtain

IVellzs = (hy —m, Vo). (3.31)

69



Differentiate (3.17)) with respect to time and set x = ¢. This implies
3l Veliz = (9h, — dm, Vo). (3.32)

Insert these two identities in (3.30]), and use that h = Vi, to get

%g(u,w, m, h;t) + Z(u, w,m, h;t) + £%(3 + 2:0)|| Vol
= po(0tha, Vo) + 2(1 + 39) (ha, V)
(3.33)
—l—a,uo/ (curlm x n) - (m — h)dS
r
—|—a,u0/d1'vm(m— h)-ndS.
r
Notice that all the boundary integrals that appear on the right hand side of (3.33))
are multiplied by o, so that this is already the sought energy estimate for Case

1 of §3.2.3l For Case 2, the boundary conditions (3.23) imply that the boundary

integrals in (3.33)), whence

d%g(u,w, m, h;t) + Z(u,w,m, h;t) + £%(3 + 250)||Vo|l32

= 10(0ha, Vo) + 2 (1 4 25)(ha, Vo) .

After suitably bounding the terms on the right hand side, integration in time yields

the desired estimate ([3.28]). [

Notice that (3.28)) suggests that the natural spaces to search for a solution are

uc LOO(O,tF, H) N LQ(O,tF, V)
w e L®(0,tp, L3(Q)) N L0, tp, HY(Q)) (3.34)

m, h e L0, tr, L3(Q)) N L2(0,tr, M) .
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Remark 3.3.1 (Energy stability using Robin boundary conditions). Multiplying

(3-1a)), (3.1cd) and (3.1d)) by squ, 9w and squeh, respectively, and following the

arguments of Proposition |3.3.1| we obtain

i (Blult + 2 wlis + B lmllL) + sov[VullL: + soci [ Vw L,

+ opol|curlml||3 s + opo(1 + 20)||divm||3 2 + scs||divw|3s

+ s, || curlu — 2w||f. + 2 lml|g. + #5221+ 50) [ V|12
(3.35)

= %Oluo(rnt, h) + %%0 (m, h) + %F;LO (ha, Vgo)

+ U,uo/ (curlm x m) - (m — sh) dS
r

+a,u0/ divm (m — s»gh) - ndS.
r

The Robin-type boundary conditions (3.24)) and identities (3.31) and (3.32)) yield

i (Bl + 5 wliie + 2 lml L. + 242 Vellt:) + 27 V|,
+ 5001 [ VWI[L> + opsol|curm[Ez + oo (1 + 50) | divin| £,

+ s00a| divwl|fs + sev,||curlu — 2w||f. + &2 (|ml3,

(3.36)

.2 4 50) [V lI2s + opy / (m— segh) x nf?dS+
+ UMOW/ |(m — s¢h) - n|*dS
T

= s0j10(tha, Vip) + 25 (hg, Vip).
A trivial application of the Cauchy-Schwarz inequality shows that the system is
energy-stable with the boundary conditions (3.24)). Note that we also have control

of additional boundary terms.

Remark 3.3.2 (Neumann boundary conditions). If we were to supplement the
system with the boundary conditions m - n = hy - n = 0 we would not be able
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to obtain, at least with the present techniques, an energy estimate. This relates to

B-13).

3.3.2 Existence results

To date, the results concerning existence of solutions for the equations of ferrohy-

drodynamics (3.1)) available in the literature are as follows:

1. Local strong solution [21]. Let 0 = 0 and h = V4, where 9 solves

—AY =div(m —h,) in Q, g)—:i =—-m-n onl, (3.37)

then, for ¢ > 3 and r = min{q, 6}, there exists a time 7* > 0 for which

problem (3.1)) has a unique strong solution {u, p, w,m, h} such that

uc L>0,7*H*(Q)NVY) N WL0,T*,H) N L*(0,T*, W2(Q2))
p € L*(0, T, W}())
w € L°(0,T", H? () N Hy(Q)) N WL(0, 7%, LA(Q)) N L*(0,T", H*(Q))

m,h € L>(0,T*, WL (Q)) n WL(0,T* L)),
provided that the data {ug, wo, mg, h,} are sufficiently small and regular, i.e.

uy € H*(Q)NV | wo € H*(Q)NH{(Q) , mo € W, (Q) , divh, € WL (0, 7%, LY(Q)).

2. Global weak solutions [22]. Let ¢ > 0 and h = V¥, where 9 solves

—AY =div(m —h,) in, g—i =0 onl, (3.38)
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and consider the magnetic boundary conditions curlmxn =0 and m-n =0

for m. Then for every set of data {ug, wo, mg, h,} that satisfies

w €H, wocL*Q), mgeL?Q), divh, € H'(0,tp, L*(Q)).

there is a global in time weak solution {u,p, w,m, h} of problem (3.1)) such

that

uec L®0,tp,H) N L*(0,tp, V) N Cu([0,tr], H)
w € L>(0,tr, L*(Q)) N L*0,tr, Hy(2)) N Cu([0,tr], L*(Q))
m € L=(0,tz, L3(Q)) N L*0,tr, M) N Cyu([0,tr], L*(Q))

h € L>=(0,tp, L*(Q)) N L*(0,tz, H'(Q)),

where for a Hilbert space H we denote by C, ([0, tr], H) the space of functions

f:]0,tp] — H that are continuous in the weak topology of H.

These two existence results only hold for a smooth domain. Note that the BVPs

for the magnetic potential (3.37) and (3.38) are different from the one proposed in

(3.18). The BVPs (3.37)) and (3.38)) are not appropriate to capture the effects of an

external magnetic field h,. In fact, if h, is divergence-free (a physically reasonable
h, in the context of dielectric media should be divergence-free, see Remark ,
the BVPs and would yield h = hy, with no effect from h,, so that the
behavior of the system would reduce to relaxation to equilibrium. In this sense, the
BVP proposed in is a much more physically realistic approximation to the

effective magnetic field than (3.37) or (3.38)).
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3.4 Ideal space discretization

For the space discretization we introduce finite dimensional subspaces U C H}(Q),
P C L*(Q), W cC H}(Q), M C L*Q) and X C H'(Q), where we will approximate
the linear velocity, pressure, angular velocity, magnetization and magnetic potential,
respectively. About the pair of spaces (U,P) we assume that they are LBB stable
(see (1.14) in Chapter 1). To be able to focus on the fundamental difficulties in the
design of an energy-stable scheme we will first describe the scheme without being
specific on the particular structure of these spaces. As we will see, their choice shall
come naturally from this analysis.

The discretization of the trilinear form b(-, -, -) follows the same definition as in
and . Similarly, we will also need another discretization for the trilinear
form associated to the Kelvin force po(m - V)h, and the convective term of the

magnetization equation (u-V)m

br(, ) UxMxM— R, (3.39)

and we will also assume that it is skew-symmetric with respect to its last two

arguments

b™(U,V,W)=—b"(U,W,V), YUEU; V,W € M. (3.40)

Finally, we introduce a consistent discretization of the vector Laplacian

an(-,) : M x M — R,
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which we assume is coercive, that is

an(M, M) > cyap| M2 VM € M, (3.41)

for a discrete semi-norm |- |, to be specified later.

Let Iy, Iw and Iy denote the usual nodal interpolants

Iy:Co%Q) - U, Iw:C%Q) =W, Iy:C%Q) - MNC’Q), (3.42)

with optimal approximation properties in the sense of .

More notation and details about the space discretization will be provided in
§3.4.2] Here we confine ourselves to mention that the interpolation operators Iy, Iy
and Ty can be easily constructed using finite elements (see for instance [52, [53]).

Now we present a fully discrete scheme and show that it is unconditionally
stable. This result will, in a sense, reproduce the formal energy estimate of Propo-
sition [3.3.1} In addition, it will serve as the basis for a proof of existence of discrete

solutions in §3.4.3| as well as for a proof of convergence towards weak solutions in a

simplified case in §3.5.4]

3.4.1 Scheme

In order to avoid unnecessary technicalities, assume that the initial data is smooth

and initialize the scheme as follows:

U = Iy[u(0)], WY =1Iy[w(0)], M°®=Iym(0)], (3.43)



after that, for every k € {1,..., K} we compute {U*, P*, Wk M* &%} € U x P x

W x M x X that solves

(‘&V) + b, (U, U*, V) + 9(VU*, VV) — (P", divV)

(3.44a)
=2u, (cuerk, V) + lo bZl(V, HE*, Mk) ,
(Q, divU*) =0, (3.44b)
7 (B5,X) + b (UF, WEX) + o (VWF, 9X) + 3 (div W, divX)
(3.44c)
+ 4, (W*, X) = 2v, (curl U*, X) + po(M* x H*, X)),
(25, — by (UM Z,M") + 0 ap(M",Z) + (MF x W, Z)
+ - (M*Z) + oy(MF x n,Z x n)r +0y(M* - n,Z - n)r
(3.44d)
= %(%OH’“, Z) + oy(30H" x n,Z x n)r
+0v(H - n,Z - n)p,
(Vo* VX) = (h* — M*, VX)), (3.44e)

foral VeU, XeW,ZeM, X €X, where H* := V&F,

Notice that a discrete analogue of is built into the scheme because of the term
fo D (V, H*, Mk) in the right hand side of . The initialization proposed in
(3.43) is the simplest choice and it is used because of that reason. From the point of
view of convergence to strong solutions (a priori error estimates) it is suboptimal (cf.
[86, [49] 53], RB7]). However, the choice of initialization has no effect on the stability
of the scheme; it only affects the regularity assumed on the initial data.
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We now present the stability of scheme ({3.44]). To shorten the presentation we

denote

& (UT, W7, M", H) = £ (|[U*|32 + g W¥[[72 + pol MP[Z
+ o[ H*1£2).

SF (U, W™, M7 H) =& (56U, 6W7,6M",6H"),

2y (U, W7, M",H") = v||VU*||{, + &1 VW[ + v, || div U"|[7.,
+ ¢o|| divWE |2, + v, || curl U — 2W* |2,
+ 52 |IMF|T2 + 4% (5 + 3500) [HL,

tk

Fhhe) = 222 [ ouh(s) e ds + 51+ ) B

Proposition 3.4.1 (Discrete stability). Let 0 = 0, and {U", PT, W™ M", &7} C
UxPxWxMxX solve (3.44). If VX C M, (2.17) and (3.40)) hold, then we have

the following estimate
Gie 7 NIl + 125l < 1F7 s + 672

where é",ﬁT = é”,ﬁT(UT,WT,MT,HT), f,fﬁ = ,ﬂ,ﬁT(UT,WT,MT,HT),

Dy =25 (U, W', M7, H") and F;_:= F*(h,).

Proof. Set V = 27U X = 2rWF, Z = 2rpoMF, VX = QTT‘TWOVCI)’“ in (3.44) and
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add the results. Using and the identity , we get
2068, — 10| H" |32 + 275, — po|0H" |2 + 27 Zy .
— L7 (34 50) || VOH[E2 = 2007 b (U, HF, MF) (3.46)
+ 2pom(MF x HF, W) + 280207 (hF 7 k).
As in the proof of Proposition [3.3.1] to deal with the trilinear terms
2p07 b (UF, H¥, M¥) and 2p07(M* x H¥, W¥) we set Z = 2po7H*. Notice that

H"* = V®F is, by assumption, a valid test function. In doing so we obtain

om0 || k|12, = —2p07 by (UF, HE, MF) — 2107 (MF x HY, WF)

(3.47)
+ 240 (SMF, V) + 20T (M*, VOF).
Adding to we obtain
208y - — pod |[HE||E + 2.7 — puo|0H* |13, + 277 .
+ T (50 — 1) | V¥ |12 = 2u (6MF, VOF) (3.48)

+ 2T (MF, VO*) + 2027 (hy, Vo).

We now must obtain discrete analogues of (3.31)) and (3.32). To do so, we set X = ®F

to obtain

|VO*F|i. = (hY — M Vor). (3.49)

Taking increments on (3.44¢]) and setting X = ®* yields

(6VOF, VOF) = (6" — sMF, V). (3.50)

Adding suitable multiples of (3.49) and (3.50) to (3.48]), and dividing everything by
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2, we obtain

En IR A TD 5T (34 50) VO[T = &7 + o (Ohy, VOF) -
3.51

+ Y7(1 + 5) (h), VOF) .

2

Adding over k, using the trivial identity ||6h¥||2, =7 , and the estimate
L

|

to control 77! Héh’;HLQ, yields the asserted estimate. O]

2 Héhﬁ

—a
T

2 t
L2t (o) ads.
L t —1

k

3.4.2 Practical space discretization

Having understood what is required from scheme to achieve stability we will
now specify our choices using finite elements. We assume that we have at hand a
conforming and shape regular triangulation 7, of the polygonal domain €2, made
of open disjoint elements 7T such that Q = UTeTh T. We will denote by F* the
collection of internal faces F' of 7;,. As Proposition shows, to gain stability it is
convenient to have VX C M. Since the space X is used to approximate the solution
of an elliptic problem with Neumann boundary conditions, the simplest choice for

X is a finite element space of continuous functions
X = {XECO(Q) | X|T€Pg(T),VT€771} C HY(Q). (3.52)
To achieve VX C M we allow M to be a space of discontinuous functions

M= {MeL*Q) | My € [P_i(T)* VT € Tp} , (3.53)
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and, consequently, the forms b7"(-, -, -) and ap(+, -) must be defined accordingly. Here
‘P, denotes the space of polynomials of total degree at most ¢, usually associated to
simplicial elements.

The trilinear form b}" is defined by

b (U, V,W) = Z/:F(U-V)V-W+%dijV-de

TeT,

(3.54)
- Z/F([[V]]-{W}})(U-nF)ds,

FeFi
the bulk integrals are the classical Temam [43] modification of the convective term
(1.5)), whereas the face integrals are consistency terms. This discretization of con-
vection for discontinuous spaces traces back to [88], 87,89, 90]. From these references
it is known that, provided the first argument (U in (3.54)) is H(div,2) conforming
and has a vanishing normal trace on the boundary, b}'(-,-,-) is skew symmetric,

that is (3.40) holds.

The bilinear form ay(+,-) is obtained with interior penalty techniques
arn(M,Z) = (M, Z)si(curt,) + (M, Z) H(divy,) (3.55)

where (-, ) (curt,) and (-, -)u(div,) are interior penalty discretizations of (curl-, curl-)

and (div-, div-), respectively

(M, Z)t(curly) = Z / curlM - curlZ dx
TeT, /T

-3 [ QeulMpxng) - [2] + (feur Z)nr) - LS (350

FeFi

Y %/F(HM]]XTLF)-([[Z]]an)dS,

FeFi
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(M, Z) 11 (divy,) Z/dededm

TeTh

- 3 [ AdivMB (2] ne) 4 (v Y (M- m) S (357

FeFi

=30 [ (- ne2] - ) ds

FeFi

As usual, the parameter n > 0 must be chosen large enough to yield coercivity

(3.41) (cf.[87]). In this setting the discrete semi-norm |- |, is defined as

M2 = Z/ (leurI M2 + |divMP?) + 3 & /|[[M]] nel + | [M] x nel?)

TET Fej_‘z

The choice of the remaining spaces is straightforward. The only restriction (for the
scheme ({3.44))) is that the pair {U, P}, used to approximate the linear velocity and

pressure, must be LBB stable (see (1.14))). Therefore, for £ > 2 we set
U={Uec’(@) | Ulr € [P(T)".VT € Tu} N Hy()
P={QeC’Q)|Qlr€Pi(T) VT €T}
W= {W eC"(Q) | Wiy € [P(T)]*,¥T € Tp,} N Hy(%2) (3.58)
M= {MeL*Q) | M|y € [P(D)* VT € Tp}
X={XeC Q)| X|rePl) VT € Tp}.
It is well known that the pair {U, P} in (3.58)) (cf.[42, [53]) is LBB stable for ¢ > 2
under minor restrictions of the mesh 7;. Note also in , that we are using a
continuous finite element space P for the pressure, which is something we might
have to change (the velocity space too) if we want to consider convergence of a

numerical scheme under minimal regularity assumptions (the use of discontinuous

pressures will be considered for a different model, later in §3.5.3)).
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In we have used polynomials P, over simplices. However, the fact that the
scheme is energy-stable is not tightly related to simplices. In ,
and , it is possible to replace P, by Q, (polynomials of degree at most ¢ in
each variable) and use quadrilateral/hexahedral elements. That will only require
us to do some minor modifications of the scheme. To simplify our exposition we
will always assume that our elements are simplicial and develop our theory under
this assumption. We will provide remarks describing the required modifications, if
any, when quadrilaterals are to be used. With this choice of spaces, the scheme

presents itself as a generalization of those studied in [86, [91].

Remark 3.4.1 (Redefinition of the pressure). Given w € {0,1}, let (u,p) €

H}(Q) x L3(Q) solve

(Vu,Vv) — (p,divv) = (f,v) + w(g,divv) Vv € H(l)(Q),

(¢, diva) =0 Vg € Lj(Q),

Since the pressure can be redefined as p = p + wyg, the velocity u is independent
of w. This has been used to devise energy-stable schemes for phase field models

[92] and liquid crystals [93]. In the same spirit we have eliminated, from the Kelvin

force (in (3.44d))) the term —1(divV,MF . HF).

3.4.3 Existence of solutions for o = 0

The energy estimate of Proposition (discrete stability) serves as an a priori
estimate of solutions of (3.44)). This estimate can be used to establish, with the help
of Leray-Schauder theorem (cf.[94), p. 280] ), existence of solutions. The core of the
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following result is a local in time energy estimate similar to that of Proposition [3.4.1]

To avoid repetitions we skip some details.

Theorem 3.4.1 (Existence for o = 0). Let h,7 > 0. For every k € {1,..., K}

the scheme (3.44) has a solution. Moreover, this solution satisfies the estimate of

Proposition [3.4.1]
Proof. We define the linear map 7 = Lz,

{U*, Pr,wh b vk} 5 {TF, PrWE MF, V)
where the quantities with hats solve:

(=2 V) + 0 (UF T8, V) 4 7(VUF, VV)

T

(3.59a)
— (P*, divV) = 2u, (curl W*, V) + 1o b7 (V, B*, M*) |
(Q.divU*) =0, (3.50b)
J (MX> + 70, (UF, W X) + ¢, (VW*, VX) + ¢ (div W*, divX)
(3.59¢)
+ 4Vr({7\\7k,X) = QI/T(CUI"IUk,X> + ,uo(ﬁk X Hk,X) ,
(MM Z) - (UF,2,M5) + (MF x W, Z) + L (MF,Z)
(3.59d)
= %(H"2),
(VOF, VX) = (h* — M*, VX), (3.59%)

where HF = V®*. To assert the existence of a solution we show that the map L

satisfies the requirements of the Leray-Schauder theorem [94, p. 280):

o Well posedness. The operator L is clearly well defined. The information

follows a bottom-up path, so we start with the coupled system (3.59d))-(3.59¢)
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on the bottom, which can be conveniently rewritten as follows:
(M*,2) — o (UF, 2, MF) + 7(MF x W, Z)
+ 5 (M, 2) - =2 (H",Z) = (M™,Z)
(M, VX) + (VO*, VX) = (h*, VX).
Set Z = MF and X = %@k , to show that this system is positive definite. This
vields the functions M* and ®, which can be used as data in (3.59¢) to obtain
W, Inserting W* and MF into (3.59a)—(3.59b)) gives rise to the pair (I/J\k, ﬁ‘?)
¢ Boundedness. We must verify that solutions 7 = {ﬁk, Pk , Wk , M* , VEI;’“} of
17 = LT with X € (0,1] can be bounded in terms of the local data

{UF1, Wh=1 MF-L V&h~1 bk} uniformly with respect to A. In other words,
we want to analyze the local boundedness of
(UYL V) b (U501 TR V)
+o(A\IVUR, VV) — (AL PR divV) (3.60a)
= 2, (A" curl WE, V) + 1o 0 (V, HE AT MY
(Q.divU*) =0, (3.60b)
g (AW X b (T8 A WELX) 4 6 (A YW, VX)

+ e (A divWE, divX) + 4v, (AT WF X)) (3.60c)
= 2u, (curl U*, X) + 1o (A" M* x H*, X)) ,

T

(M 7) g (T4, 2,07 M) + (A ME x W Z)
(3.60d)
+ LN Z) = 2 (1 2)
(A1 VR, VX) = (hF — AT MF, VX) (3.60¢)
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with A € (0,1]. Set V = 27’)\ﬁk, X = 27’)\\/7\\7’“, 7 = 27’,&0)\ﬁk, X = %@k

in (3.60a)-(3.60€)), and use identity (L.11). As we did to obtain (3.47)), set

7 = 2uoTAVO* in (3.60d) (to eliminate the trilinear terms). Adding the ensuing

equations, and eliminating superfluous positive terms, we obtain:
IO*I1Ee = AU + 2 W R = JIAWE [ + po | MF|I2.

— ,uOH/\Mk_IHiz +2(v+uv)T ||Vﬁk||i2 + 2017'||V\/7\Vk||i2

+ 2¢,7 || div W |12, + 8o, [ W2, 4 207 MF|12,

W | B2, < (14 A) (eurl UF, W)

+ QMO(ﬁk _ )\Mk—17v(’ﬁk> + 2§T(ﬁk7v&)k)
+ 2027 (b, V).
Set X = A®* in to obtain || V®*|2, = (Ah% — MF, VoF). Consequently,
can be rewritten as
IT¥IEe — AU g + W g2 — AW I + o M
— ol AM* [ 4 2 (v + 1) 7 [ VUF[F + 2007 VW

+ 20o7||div WF||2, + 870, [WF|2, + 207 | M| 12, (3.62)

+2u0 (227 + 2 1) |[VOF|2. < dupr(1+ M) (curl UF, WF)

— 2o (MFY V) 4 200\ (222 4 Z + 1) (hF, V).
To conclude it suffices to suitably bound the right-hand side. This can be easily

attained by recalling that A <1 and using ({1.2)).

o Compactness. Compactness of the linear operator £ is immediate, since we
are working in finite dimensions.
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3.4.4 Lack of stability for ¢ > 0
Since H* = VO®* € H(curl, Q) we have that

curlHY| =0 VT € Ty, {eurlH'}| —0 VFeF,
T F (3.63)
[[Hk]] X nF’ =0 VF e F.
F
From these properties and definition (3.56]) we deduce that (Mk, V(I)>H(cur]h) = 0.
If 0 > 0 this result can be used to attempt to obtain an energy estimate for

the scheme (3:44). Set V = 25¢7U*, X = 2150W*, Z = 27poMPF, X = 222005k

and Z = WTO”OV@“. Following Proposition we get

0 (520[[U* 122 + 5207 | WF[E2 + 410l M|z + 500110 VF 122 )
+ 50| 0U* |52 + 5207/ 6W* [ L2 + pol|IM* |32 + s20410]|6V P¥ |72
+ 25607 (VIVUH22 + 1 [ VW2 + v, div U2,
+ ool | div WH[Ez + vl curl UF — 2WHE[E, + 22|MP |3
(3.64)
+ (2 4 %0)||v<1>k||32) + 207 <u0(1\/[’“, M) b1y
+ 10 (M, M) ecurt,) + YII(MF = 30V O*) x n|[f2
+ y[[(MF — 24V OF) . n||%2(F)> = 21075 (5h2, V@k)
+ 2T (B VOF) + 2p007 (MF, VO ) h(4iv,)-
Notice that we have gained control on the needed boundary terms. However, we
have the term 2ug7o (M*, V&) g1(4iy,) on the right-hand side, and there is no way

to control it, unless one can reproduce identity (divm, divh) = —||divh||3, (used
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in §3.3.1] for the identity (3.25))) in a discrete setting (or at least, prove that

(M*, VO*) t1(divy,) < 0).

3.5 Simplified ferrohydrodynamics and convergent scheme

3.5.1 Simplification of the model

We can simplify the model defined by (3.1), (3.4)), (3.5), (3.18) and ¢ = 0 by

eliminating the magnetostatics problem , and setting the effective magnetizing
field to be h := h,. The purpose of this section is to explain, at least with a heuristic
argument, under which circumstances this is a reasonable physical approximation.

As we know from ,  is the sum of two potentials ¢ = ¥+ ¢ (see Remark
, so that h = hy + h, = Vi + V¢. In this context one may ask under which
circumstances we can neglect the contribution of the demagnetizing field h; and
assert that h ~ h, is a good approximation. In other words, we want to assess the
difference between V¢ and V¢. For this purpose we subtract from , set

X = ¥, and use Cauchy-Schwarz inequality to obtain

VY| < [[mlle . (3.65)

In conclusion, h =~ h, whenever the magnetization m is small. On the other hand,
as explained in §3.2] the evolution of the magnetization is such that m & »,h when
close to equilibrium. Thus, if 5 << 1 the magnetization m will be small, so that
we can neglect the contribution of the demagnetizing field to the total magnetic field
as suggested by . Water based ferrofluids subject to slowly varying magnetic
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fields could be modeled under these assumptions, since they usually exhibit a small
magnetic susceptibility s¢ [95, 06]. It is worth mentioning that the simplification
h := h, is not particularly new: it has been used for analytic computations of
the Rosensweig model and still retains a significant amount of valid quantitative
information as shown for instance in [25] 26l 97]; it has also been suggested in the

analysis of stationary configurations of free surfaces of ferrofluids [9§].

3.5.2 Ultra weak formulation of simplified ferrohydrodynamics

We will consider the following weak formulation for the model defined by equa-

tions (3.1)-(B.5) with ¢ = 0: find (u,w,m) € L*([0,tr); V) x L*([0,tr); H} () X

L2([0,tp); L2(2)) that satisfy

/ ’ —(u,v¢) + b(u,u,v) +v(Vu, Vv)
; (3.664)

tp
— (@) + [ poblm ),
0
tp
/ —)(w,x¢) + b(w,w,x) + 1 (Vw, VVv) + co(divw, divx) + 4v,.(w, X)
0 (3.66b)
tp
= 5(w(0),x(0)) +/ 2v,(curlu, x) + p1o(m x h),
0
tr tp
- [ mez) ¢ bwzm) — Hm) = (m(0),20) + % [ (). (3660
0 0
for all v e {v e CF([0,tr) x Q) |divv=0in Q}, x,z € C;°([0,tr) x ), where
now the magnetic field h is not determined by the Poisson problem (i3.18]), but

rather h := h, is a given harmonic and smooth vector field.
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We point out that the expressions in are obtained from integration
by parts in time, and are particularly suitable to prove convergence of discrete
solutions, in particular, if the time-integration scheme used is a “Discontinuous
Galerkin” (rather than “Continuous Galerkin”) scheme (cf.[49]). Most notably, the
Backward-Euler method, is a zero-order Discontinuous Galerkin time-integration

scheme.

3.5.3 Scheme: Assumptions, Existence and Stability

To discretize the system (3.66)), and to avoid technicalities, we will assume that the
initial data is smooth and consider an initialization as in (3.43)).
For every k € {1,..., K} we compute {U* P¥x Wk MF} e UxP x W x M

that solves

(22, V) + 0 (U", UX, V) + 5(VUE, V) = (P, divV)

T )

(3.67a)
= 2u, (Cur]Wk, V) + o by’ (V, H", Mk) ,
(Q,divU*) =0, (3.67h)
7 (5 X) 4 )b (U, W X)) + 0 (VWF, VX)) + 3 (div W, divX)
(3.67c)
+ 4v, (W*, X) = 2u, (curl U*, X) + po(M* x H*, X) ,
(24,7) — o (U" Z,M") + (M x WF,Z) + £ (M, Z)
(3.67d)

= %(H%2),

for all {V,Q,X,Z} € UxPx W x M, where the magnetic field H* now is given by

H* .= Iiy[h}], (3.68)
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with Iy defined in (3.42)).
The choice of spaces U, P, W and M does need to be made precise now, we
will provide specific constructions in §3.5.5 Right now we only need to say that the

following properties will be required:

¢ As usual, we will assume that the domain €2 is a convex polyhedron and that

the mesh 7}, is quasi-uniform.

o In addition to the projector Iy (see ([1.21])) and the stability property ((1.22]),

we will also define Ty : L?(Q) — W, the L?*(Q2) projection onto the space

W, and assume that Ty is H!(Q)-stable, namely:
[VIIwvL: <cllv[m Vve H}(Q), (3.69)

with ¢ independent of h and v. In the context of quasi-uniform meshes the
reader is referred to classical references like [52, 42], and for non quasi-uniform
meshes and different norms to [99, 100} [101]. Quasiuniformity is a sufficient
condition on 7}, for these properties to hold. More general sufficient conditions

can be found in the aforementioned references.

o For all Z € M, we want each space component Z* (i : 1, ...,d) to belong to the

same finite element space as the pressure, i.e. we will require M = [P]<.

o The pressure space P should be discontinuous and it should contain a con-
tinuous subspace of degree 1 or higher. This assumption, together with the
assumption of the previous bullet, implies that M N C%(Q) # @, and that
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the construction of an interpolation Iy satisfying (3.42)) and ((1.13)) is always

possible.

Using discontinuous pressures will allow us to localize the incompressibility con-

straint from the Stokes problem to each element, that is
(Q,divU¥)r =0 YQeP, VI €T, . (3.70)
The constraint M = [P]¢ together with will mean that:
(Z',divU"), =0 VZeM,Vi:1,....d, VT €T, (3.71)

The main difference between schemes and , apart from the fact
that the Poisson problem for ®* was eliminated, are the new requirements on the
spaces P and M.

Note in , that we are using the definition for the trilinear form
b (-, -, ), however, not all the terms are used. In particular, all the jump terms in
the Kelvin force p b} (V,Hk,Mk) disappear, since [[Hk]] ‘F = 0 VF € F*, which
is a consequence of definition . This is a very convenient feature which will

greatly simplify a priori estimates and consistency analysis. We now present the

stability of scheme (3.44)).

Proposition 3.5.1 (Existence and stability). For every k = 1,..., K there is
{Uk, P* Wk Mk} € UxPxW xM that solves (3.67)), with H* defined in (3.63)).

Moreover this solution satisfies the following stability estimate

26+ 7 I + 2l a72)

< Tie 26+ ol FO(IE + 20 [H T2 < c
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where
& =6 (UL W, M",0), = (U, W', M’,0),
Py, =2 (U, W™, M",0),

were defined in (3.45)), and ﬁ,fﬁ is defined as

T

K-1 9 K
Ty = ) = 3007 D7 [ BT (1 3 [
k=1 k=1

The constant ¢ < oo only depends on h,, 0;h,, and the initial data vy, wo, mg.

Proof. Set V. = 27U*, X = 2rWFk Z = 27oMP*, in (3.67) and add the results.

Using (|1.2) and identity (1.11]), we get

2068 + 298 + 219 | = 2pom(MF x HF, WF)
(3.73)

+ 2p07 by (U*, HY, M¥) + 202 (M", HY).
As in the proof of Proposition [3.4.1], to deal with the trilinear terms
20T b?(Uk,Hk,Mk) and 2uo7(M* x H*, WF) we set Z = 2uo7H” in (3.67d). In
doing so, we obtain

[ = —2u0m (MF x HY W) — 2107 b (UY, HY, M) (3.74)
3.74

+ 2p10 (JMF,HF) + 207 (MF, HY).

Adding (3.74]) to (3.73]) we obtain

2087 + 297 4+ 21Dy 4 | HY |7, = 2L (1 4 30) (MF, HF) + 240(6M”, HY).

The rest is just a matter of adding over k, using the summation by parts formula
to Zszl ((51\/[’“, Hk) and applying Cauchy-Schwarz and Young’s inequalities
with appropriate constants. Finally, existence is guaranteed by an analogous ar-
gument to that one used in Theorem , which only requires a local (in time)
estimate. This concludes the proof. [

92



Lemma 3.5.1 (Estimates for the discrete time derivatives). The following estimates

for 716U and 771 0WP* hold

SWFk
—

<c

H our
54/3(H—1) -

T 04/3(V*) + )

Y

where the constant ¢ < oo only depends on h,, 0/h,, and the initial data vy, Wy,

mg.

Proof. Following [102, [103], we use (3.67a)), (1.21), (1.22), (3.40), (3.72), and the

regularity of the data h,, to get:

(¥v) () ()

= sup = sup < sup

vioovey IVl ovevy VI vev  [[Tv[v][lmg

SUk
—

S UM ILs [U* s + [1div UP|| 2 [U*[gs + [[VU* L2 + [[WH|| 2
(3.75)
+ [ VHF|| g [[MF]| e + [[H||ge [M* |2
S IVUHE + [ VUH || + (VW2 + Mg

3/4
S (VU1 + IVUHIE + IV WEIE + v s)

where we have also used the estimate

[UF||es < [[UFZIURE S INUF LS S VUL

L6 ~ L2

which relies on (3.72)), namely ||[U*||y2 < ¢ uniformly in k. Raise ([3.75]) to power 4/3,

multiply by 7, add in time, and use (3.72)) to get the desired estimate for 7-16U”.

Similarly, for @, we use (3.67¢)), (3.69), (3.72), and the regularity of the data
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() ()

= sup AN sup
H™!'  xeHl(Q) ||XHH(1) x€H}(Q) HX”H(l)

SWk X
sup —< - ’HW[ ]>

x€H}(Q) || Tl [x] ||H[1)

H SWk

SO s | WH s + [[div U* | 2 ][ WH ||z

~Y

+ VW2 + [[div W lga + [|WF||g2 + [ UFg2
+ Ve [ [ S VORI + [VWEE + | VW2
0¥ e + Ml S (IVUF s + VW22 + VW5
UM+ )™
(3.76)

where we have also used the inequality

1/4 3/4 3/4 3/2
[UF|lee < [[UFLHUR G < U < Uk,

and an analogous estimate for W¥. Raise (3.76]) to the power 4/3, multiply by 7,

add in time, and use (3.72) to get the desired estimate for 7716 W*. O

3.5.4 Convergence

We want to show that solutions generated by the scheme defined by , and
, with initial conditions , converge to the weak solutions defined in .
However, the scheme generates a sequence of functions {U’“, P* Wk, Mk}fzo
corresponding to the nodes {tk}szo, rather than space-time functions. In addition,
the scheme does not have a variational structure in time. In order to reconcile
these features we will rewrite scheme as a space-time variational formulation.
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For this purpose, we start by defining the space-time functions Uy, Py,, W, My,

such that
Uy, = U* P, = P*, W), = W* M,,, = M* H;,, = H* Vvt e ("' "], (3.77)

which are piecewise constant in time. Even though these functions are not continu-
ous in time, their point values are well defined, in particular they are left-continuous

at the nodes {tk}zioz
U, (t%) = lifrrk U, (t) VO<E<K. (3.78)
t 7t

Using the summation by parts formula (1.12)), we can rewrite scheme ({3.67)) in terms

of {Upr, Prr, Wi, My, } as follows:
tp—T v v
(Uh‘r(tF)a Vh‘r<tF)) - / (Uh7'> w> + bh (Uh‘r7 UhT7 VhT)
0
tp
+ / (VVUpr, VVir) = (Pir, div Vi) = (Upr(0), Vir(0)) (3.79a)
0
tp
+/ QVT(Cur]WhT’VhT> + o bZl(VhT7HhT7MhT> )
0
lp
/ (Qpr, divUy,) =0, (3.79b)
0
tp—T7 x x
j(WhT(tF>7 XhT(tF>) - / J (WhT7 @)
0
tp
+ / Jbn (Uhra Wi, th) +c1(VWir, VXir)
0 (3.79¢)
+ c2 (diVWhTa djVXh‘r) + 4Vr (Wh‘ra XhT) = j(WhJ'(O)? XhT(()))
tp
+ / 2VT(Cur] Uh'ra XhT) + /J’O(MhT X HhTa XhT) )
0
tp—T 7 z
(M (tr), Znr(tr)) —/ (Mhﬂw>
0
tp
- / bzl (Uh’r’ Zh’r’ MhT) + (MhT X Whra ZhT) + %(Mh’ru Zh’T) <379d>
0
tp
= (M (0), 22, (0) + % [ (Hur.Z2r).
0
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for every {Vyr, Qprs Xnrs Zinr, } € Upr X Prr X W X M, where

Upr = {Vh‘l' € L2(OatF;U) ‘ Vh""(tk—l tk] cU® P()((tkil’tk])? O<k=< K} ’
Pir = {Quy € L(0,t55P) | Qur s ) EP@P((H,8)), 0 k< K}

K},

My = {Zir € L2063 M) | Zie| s ) € M@ Po((£1,84]), 0S RS K}

IN

Wi, = {XhT € LQ(OvtF7W) ’ XhT|(tk—17tk] € W®P0((tk_1’tk])v 0<k

and -+ 7 and - — 7 denote positive and negative shifts in time of size 7. Expression
(3.79) is the reinterpretation of the Backward-Euler method as a zero-order

Discontinuous Galerkin scheme (see for instance [53], [104], 105, 49]). The difference

between (3.67) and (3.79)) is merely cosmetic, since they are equivalent

formulations of the same scheme, but clearly has the right structure if we
want to compare it with . Note also that the choice of half-open intervals
(t*=1,¢*] in (3.77), leading to the left-continuity is consistent with
upwinding fluxes — we choose traces from the direction of flow of information,

which is also consistent with causality.

Lemma 3.5.2 (Weak convergence). The family of functions {Up,, Wy, MhT}h,T>07

defined in (3.77) have the following convergence properties:

h,7—0
BatARAN

Uy, L utin LOO(Oa lF; LQ(Q)) )

h,7—0

U, = u* in L*(0,tp; H(Q)),
h,7—0 % - 00 2

Wi B i L0465 L)

Wi, =22 w* in (0, s HY(Q)),

My, 272% m* in L0, tp; L2(Q)),
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h,7—0

M,,, = m* in L*(0,tz; L*(Q)),

or some functions u*, w* and m*. Here —, denotes weak-star convergence, and h
) )

and T tend to zero independently.
Proof. This is a direct consequence of Proposition and definition (3.77). O

Note that these modes of convergence are not strong enough to pass to the limit
in every term of (3.79)), so that the weak limits u*, w* and m* of the previous lemma
might not necessarily be solutions of (3.66|). In order to improve these estimates we

will use the classical Aubin-Lions lemma [1.2.1]

Lemma 3.5.3 (strong L*(0,tp; L*(Q)) convergence). The families of functions
{Wir, Unr by, 1o defined in (3.77) have the following additional convergence proper-

ties:

h,7—0

UhT ——u” in L2(0,tF; LQ(Q))

h,7—0

Wh'r —— w"in LQ(O,tF; L2(Q))
for some functions u* and w*.

Proof. Using the Aubin-Lions lemma (Lemma we would like to conclude on
the basis of the estimates provided in Proposition and Lemma [3.5.1 However,
this is not possible since the family of functions {Uy,, Wy} hor>0 is discontinuous
in time — time derivatives are not well defined. This a typical characteristic of
discontinuous Galerkin methods for time integration such as the Backward Euler
method. To overcome this, we define their Rothe interpolants, that is the piecewise
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linear and continuous auxiliary functions IAJhT and Wmi
Upr = 6 (OUF 1 0,(0)UF |, Wi, = G ()WF L+ 0, ()WF Vit € (#71 ¢F]
where (), (t) = (t* —t)/7 and €, (t) = (t — t*~1) /7. Since
8, Up-(t) = 7716UF, O, Wi, (t) = 7 0W* Vit e (1 7],
we have that:

o IAJhT and \/7\\7;” converge strongly to some u* and w* in the LQ(LQ) norm, i.e.

h,7—0

1Ohr — 0|20 12) + [Whe = W ll12(0tp502) — 0, (3.80)

which is a consequence of Proposition [3.5.1] the dual norm estimates for the

time derivatives of Lemma and a direct application of Lemma [1.2.1]

¢ The previous bullet implies that Uj,, and W, also converge strongly to the
same limits u* and w* in the L?(L?) norm. For the velocity Uy, this is easy

to show using the triangle inequality
Uk — u*||2200,4p12) < 1Unr — Unrll2040502) + | Unr — 0| 200, 0512) 5

where the term ||ﬁhT — ¥ £2(0,45;1.2) gOes to zero because of (3.80), and

|Upr — ﬁhTHm(o,tF;L?) goes to zero because of the identity

K
U = Unell 20y = 5 D 16U"I2

k=1

and estimate (3.72)). For the angular velocity we can use the same argument

h,7—0

to show that [|[Wp — W*||2(0.4,,12) 0.
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At this point we are in the position to show the main convergence result.

Theorem 3.5.1 (Convergence). The family of functions {Up,, W, MhT}h,T>0f de-
fined in has the following convergence properties
Upr 272% u* in L*(0,T;L*())
Uy 272% w* in L2(0, T; HL(Q))
W, 222% w* in L2(0, T; L2(Q)) (3.81)
W, 272% W in L2(0, T; HE(Q)

My, 272% m* in L0, T; L2(Q))

where {u*, w*, m*} € L*(0,T; V) x L*(0,T; H{(Q)) x L*(0,T;L*(Q)) is a weak
solution of ([3.66]).

Proof. The modes of convergence (weak or strong and their norm) in are a
consequence of Lemmas and [3.5.3] It only remains to show that weak limits
u*, w* and m* are solutions of the variational problem . For this purpose we
will set { V-, Xpr, Zp, } to be the space-time interpolants/projections of the smooth

test functions {v,x,z} of the variational formulation ([3.66]):
Vi =LV, Xp =Iw[x"], Zp =1Iy[z"] Vte (1), (3.82)
With this definition of discrete test functions we get in (3.79)):
tp—T
—/ (U}m M) + by (Upr, Upr, Virr)
0
tp
[ B(TU TV = (U (0), V1 0) (3.830)
0
tp
+ / 2V7«(CUI']W}LT7 V]’LT) + Mo bhm (VhT7 HhT; MhT) )
0
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tp—T tr
<[ (Wi Xy [ (U W X
0 0

+ Cl<vwh7’7 VX}ZT) + CQ(djVWhTy djVXhT) + 4VT<W]‘LT) XhT)

. (3.83b)

= ](W}”— (0), XhT(O)) + 21/7« (CllI"] Uhr; X}w—)
0
+ po(Mpr X Hpr, Xz )
tp—T1 tp
- / <MhT’ M) - / bZ"L (Uh‘ra Zh‘ra MhT)
0 0

+ (Mh‘r X WhT? ZhT) + %(Mhﬂ ZhT) (383C)

= (My-(0), Z,(0)) + 2 /OtF (Hyr, Zp, )
where the terms evaluated at time ¢ = ¢t have disappeared because of the compact
support of the test functions {v,x,z}. Note also that the pressure term of the
Navier Stokes equation has vanished too, which is a consequence of the definition
of the discrete test function V, := IL[v¥] Vit € (t#71, %], see (3.82)), involving the

Stokes projector Il (1.17) . Now we will pass to the limit term by term in (3.83]):

¢ We start with the terms with the time derivatives, which are straightforward:

tp—T7 ( ) hor—0 tp
Vi (-+7)—Vy 5T *
_/ (UhT’ - T T) ’ _/ (u 7Vt)7
0 0
tp—7 tr
XhT('+T)_XhT h’T%O *
- / (Wi, et — [ x),
0 0
tp—T tp
ZhT('+T)_ZhT h’T_)O *
_/ (MhT7 = - (m azt)a
0 0

because of the weak L?(L?) convergence of Uy, W}, and My, and the strong

Vhr('+7)7vh'r X}LT('+T)7X'hT

ZhT('+T)7ZhT
= , = and

T )

convergence of the finite differences

guaranteed by the regularity of the test functions.

o We continue with the convective term of (3.83c). Using definition ([3.54) we
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get
tp tp
/ bzn (UhT7 MhT’ ZhT) == / bzﬂ (Uth Zth MhT)
0 0

__ /O Y /T (Unr - V)Zsr - My, (3.84)

TeT,
1.
+ §d1VUhT Zhr : Mht) .
Note that the consistency terms with the jumps have disappeared since
[Z)] | » = 0forall F € ', which is a consequence of definitions (3.42) and
(3.82). Passage to the limit of the first part of (3.84]), that is

tr h,7—0 tr
—/ > /(UhT.V)th.MhT 7 —/ b(u*,z, m*),
0 T 0

TeT,

is carried out using the strong L?(L?) convergence of Uy,, the weak L?*(L?)
convergence of My, and the strong convergence of VZj, guaranteed by ((1.13)).

By consistency, we need the second part of (3.84) to vanish when h,7 — 0:

tp 1
-3 [ Stz M,
0 T2

TeT,

-/ Y | 54U @r = @) M) (3.85)

TeT,

h,7—0

S AIVUell 20 pi12) IV o0t 1) [Miell L2002y — 0
where (Zp,)r = ﬁ fT Z,;.. Estimate was obtained using the local or-
thogonality property , which is a consequence of the fact that we are
using using discontinuous pressures and the choice of the magnetization space
M = [P]%. In (3.85]) we also used the uniform bounds on Uy, and My, and

the regularity of the test function z.

Passage to the limit of the remaining convective terms (those in (3.83a)) and

101



(3.83b))) follow standard procedures and their treatment can be found in other

works such as [43], 45].

o For the Kelvin force in (3.83c]), using again definition (3.54)) we get

tp
/ bzl (VhT7 Hh’7'7 Mh’?’)
0

tp 1
= / > / (Vir - V)i - My + 5 div Vi Hyr - M) (3.86)
0 T

TeT,

h,7—0 tr tr
S / /(V-V)hm*:/ /(m*-V)hV,
0o Jo 0o Jo

which follows by using an analogous arguments used in to . To show
that the term %dinhT H;,, - M, vanishes in the limit we have to use property
, this time by adding a term of the form (Hj. )7 - Mj,,. Finally the weak
LQ(LQ) convergence of My, the strong convergence properties of Hy,, and the
test function Vy,,, and the fact that Vh = Vh" since curlh = 0, are all what

we need in the passage to the limit.

¢ For the magnetic torque in (3.83b|) we have that

t
h,7—0 F

tp
/ to(Mpr X Hpr, Xppr) —— fo(m™ x h, x)
0 0

which follows by the weak L?*(L?) convergence of My, and the strong conver-

gence of Hy,, and X, .

Since the remaining terms in (3.83) are linear they require little or no explanation

in their passage to the limit. The proof is thus complete. O
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3.5.5 Finite element spaces

Now we provide a couple of finite element spaces which satisfy the key assumptions
required in the proof of convergence of scheme .
In space dimension two, the spaces W and M can be the same as those defined
in with ¢ = 2, while the pair {U,P} can be chosen as
U={Uec’Q)|Ulr e [PT)®Span B(T)]* VT € T, } NHy(),

(3.87)
P={QeL’(Q)|Qlr€Pea(T) VT € Ta}

where B(T) = [[X] \i is the cubic bubble function, and {);}{! are the barycentric

coordinates. This finite element pair is known as conforming Crouzeix-Raviart (there
is a non-conforming version which bears the same name) and it is well known to be
LBB stable (cf.[53]) in two dimensions. Approximation (convergence) properties of
the Stokes projector in L>-norm (more precisely, estimate ) for this pair were
established in [55], which will be required in chapter Chapter 4.

In space dimension three the reader could consider using again the finite ele-
ment spaces W and M (with ¢ = 2) defined in (3.58)) and the second-order Bernardi-
Raugel element (see [42, p. 148]) which uses P; discontinuous elements for the

pressure space.

3.6 Numerical validation

Let us computationally explore the convergence properties of the scheme (|3.44))
using manufactured solutions. The implementation has been carried out with the
help of the deal.II library; see [70, [7I]. Since we must guarantee the inclusion
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VX C M and this library uses quadrilateral /hexahedrons, the finite element spaces
defined in (3.52))-(3.53)), which are based on simplices, cannot be used. In addition,
we cannot use the same polynomial degrees used in ([3.52))-(3.53)), since the inclusion

VOu(T) C [Q,—1(T)]? is not true. For this reason we set

X={XeCQ)|X|r € QT),¥T € T} C H'(®),
(3.88)
M= {MeL*Q) | My € [Q(D)* VT €Ty}
and since VQy(T) C [Q,(T)]¢ holds true (3.88) is a valid pair. This choice, however,

is suboptimal in terms of approximation. Since ¢ = 2 we expect

U7 —u[[pemz) + [[W7T = W[ r2)
+ M7 = m |2y + [V = V¢ |2y S 7+ h°,
which is suboptimal by a power of h for the linear velocity U, angular velocities W
and magnetization M. The reason for this loss of accuracy is the term
VO™ — VT || oo r2).
The arising linear systems have been solved with the direct solver UMFPACK®

for validation purposes. The nonlinear system is solved using a fixed point iteration.

Let Q = (0,1)? C R? and
u(z,y,t) = sin(t) (sin(rz) sin(r(y + 0.5)), cos(rz) cos(m(y + 0.5))) ",
p(z,y,t) =sin(2m(z —y) + 1),
w(z,y,t) = sin(2rx + t) sin(2ry + 1),
m(z,y,t) = (sin(2rz + t) cos(2my + t), cos(2mx + t) sin(2my + t))'

o(x,y,t) = sin(mz + t) sin(mry + t).
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Figure 3.1: Experimental errors for the Rosensweig’s model nu-
merical scheme (log-log scale). Errors for the linear velocity u, an-
gular velocity w, magnetization m and magnetic potential ¢. Note that
the convergence rates in the ¢*°(L?) norms are suboptimal as expected,
because of the choice of finite element spaces . Note that the an-
gular velocity (square markers) initially converges much faster than it
should, and shows the asymptotic rate in the last two points.

The right-hand sides are computed accordingly. To verify the convergence rates we
set 7 = h? and consider a sequence of meshes with h = 277 for 2 < ¢ < 7. Figure[3.1]

shows the experimental errors, thereby confirming the predicted convergence rates.

3.7 Numerical experiments with point dipoles

Let us now explore model (3.1)) and scheme (3.44) with a series of more realistic
examples. In all these experiments we will consider the gradient of the potential of
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Figure 3.2: Normalized plot of the two dimensional harmonic field Vs,
with ¢, as in (3.90). Here x5 = (0,0) and d = (0, 1).

a point dipole V¢, as a prototype for an applied magnetizing field, where

d- (xs —x)

%®=,&_w, (3.89)

|d| = 1 indicates the direction of the dipole, and x; = (, ys, 25) € R? is its location.
It is not difficult to verify that curl V¢, = 0 and div V¢, = Aps = 0 for every x # X,
so that V¢, defines a harmonic vector field. This is a physical requirement in the
context of non-conducting media, the magnetic field must satisfy the equations of
magnetostatics.

Formula , however, is intrinsically three dimensional [74]. For this reason,
we consider an alternative definition which leads to a two dimensional harmonic

vector field:

d- (x5 —x)

%®:|&—ﬁ’ (3.90)

where now x,x,, d € R% Figure [3.2]shows V¢, /|V,| for d = (0,1) and x, = (0,0).
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In our numerical experiments we will use linear combinations of dipoles as applied

magnetizing field h,

h, =Y .V, (3.91)

3.7.1 Experiment 1: Spinning magnet

We consider Q = (0,1)*> C R? filled with ferrofluid, ¢ € [0,4], and the applied
magnetic field of dipole h, = a,V¢,, represented in Figure |3.3| as a rectangular
permanent magnet. The application of the magnetic field will obey the following

sequence:

¢ The initial position and orientation of the dipole are x;, = (0.5, —0.4) and

d = (0, 1) respectively.

o For ¢t € [0,1) we linearly increase the intensity o, from as = 0 to a5 = 10

without changing d.
o We let the fluid rest for ¢ € [1,2).

o For t € [2,4] we make the dipole go through a circular path around the center
of the box (0.5,0.5), with d pointing to the center of the box at every time as

depicted in Figure 3.3

All the constitutive parameters of the model (v, v, g, 7, Ca, €, o and s¢) were
set to one with the exception of .7 which was taken to be 10~ s in order to achieve
an almost instantaneous alignment of the magnetization with the magnetic field.
The discretization uses a uniform mesh with 100 elements in each space direction
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Figure 3.3: Spinning magnet experiment: setup. Scheme of the
experiment of (spinning magnet). We make the dipole go through
a circular path around the center of the box (0.5,0.5), with d pointing
to the center of the box at every time.

and 400 time steps. The main goal of this experiment, and the displayed graphical
results, is to help the reader form some intuition about the coupling between the

linear velocity u, angular velocity w, and the magnetization m. For this reason

reference/scales have been omitted. Figures show some graphical results.

3.7.2 Experiment 2: Ferrofluid pumping

This experiment is related to what was the initial motivation for the development
of ferrofluids [2], which is pumping by means of magnetic fields without the action
of any moving or mechanical device. There are two well known methodologies used

to induce pumping in ferrofluids:

o Using a spatially-uniform but sinusoidal-in-time magnetic field [26].
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t=2.5s t = 2755

Figure 3.4: Spinning magnet experiment: magnetization field.
Magnetization at times t = 2s, t = 2.25s, t = 2.5s and ¢t = 2.75s for the
experiment described in §3.7.1] The magnetization vectors are normal-
ized for visualization, scale has been omitted for brevity. At time t = 2
the dipole is at the bottom of the box, at time ¢ = 2.25 the dipole is
pointing in the (—1, 1) direction, at time ¢t = 2.5 the dipole is pointing
to (—=1,0), and at t = 2.75 the dipole is pointing to (=1, —1).
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t = 2.25s

t=2.5s t = 2.75s

Figure 3.5: Spinning magnet experiment: velocity field. Same
experiment as in Figure [3.4] but here we have the velocity field at times
t = 2s,t = 22bs, t = 2.5s and t = 2.75s. The velocity vectors are
normalized to facilitate their visualization. It is easy to see that we have
a positive circulation of the velocity field.
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t = 2.25s

t=2s

t = 2.5s t = 2.75s

Figure 3.6: Spinning magnet experiment: angular velocity field.
Angular velocity (spin) at times ¢ = 2s, t = 2.25s, t = 2.5s and t = 2.75s
for the experiment of Note that the angular velocity w takes
positive values, i.e., w = w k is a vector pointing out of the plane. This
is consistent with the velocity field which shows a positive circulation
(curl) in Figure and also with the fact that the magnetic dipole is
spinning around the box in counter clockwise direction.
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o Using a magnetic field that is varying in space and time [65].

Here we will follow the second approach: we will apply a magnetic field which keeps
its polarity (sign) constant, but its intensity changes in space, basically a periodic
sequence of peaks (pulses) that travel in the direction we want to induce linear
momentum. This methodology was chosen because if we assume that we are always
close to equilibrium, that is m & »h, we get the following crude approximation for

the Kelvin force:
pio(m - V)h & pgsq(h - V)h = L2220V |h|?.

Consequently, if Vh ~ 0, then there is no force acting on the ferrofluid, and a
methodology based on a spatially uniform magnetic field has very little chances
of success. If we want to induce linear momentum in the ferrofluid we need to
create steep gradients in the magnetic field. Technical details about the physical
implementation of similar ideas, all of them using a magnetic field which resembles
traveling pulses or a traveling magnetic wave, can be found in [65], 106, 107].

The idea of a periodic sequence of pulses that travels in the direction we want
to induce linear momentum was numerically recreated in a channel of 6 units of
length, and one unit of height, using a total of 64 dipoles: 32 on the lower part of
the duct and 32 on the upper part, distributed uniformly through 2 units of length
in its middle section. The configuration of magnetic dipoles, and the intensities
associated to them, in the middle section of the channel is sketched Figure [3.8
The corresponding applied magnetic field is computed as h, = Zgil asVos, where
as = |sin(wt — kz,)|*?, w = 27 f with f = 10Hz., ¢ = 5, £k = 27/\ with A\ = 1.0,
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Figure 3.7: Plot of the function o, = |sin(wt — kz,)|??. Here x; is the
horizontal axis, t = 0, k = 27, and ¢ = 5.

creating the effect of pulses traveling from left to right. In Figure |3.7| we plot the
function o, = |sin(wt — kx,)[* in terms of w,, so that the reader can appreciate
the shape of the pulses (intensity of the magnetic field). Some numerical results are
depicted in Figures [3.10H3.11]

The magnitude of the magnetization is only relevant in the middle of the
channel as it can be appreciated in Figure A noteworthy outcome of these
experiments is displayed in Figure the spin does not seem to help (it induces
a flow in the opposite direction), which is a very intriguing result. More precisely,
the spin in the upper part of Figure [3.11] is negative and the spin in the lower
part of the channel is positive, which will induce flow from right to left as it was
shown numerically in [86]. This is an unexpected outcome which requires further
investigation.
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Shape of the
traveling pulses

Dipole

Figure 3.8: Ferrofluid pumping experiment: setup (sketch) of
the experiment. Sketch of the middle section of the channel showing
the setup of the ferrofluid pumping experiment of The vertical
bars represent magnetic dipoles (see formula (3.90)) located in the cen-
ter of the channel. All the dipoles have the same polarity, which does
not change in the z direction, and their intensity is represented by the
unshaded region. These dipoles do not move, but their intensity changes
in time, reproducing the effect of traveling pulses.

Magnetization
25.5

20.0
I]U.U

0.000571

Figure 3.9: Ferrofluid pumping experiment: detail of the mag-
netization in the middle section of the channel. The intensity of
the magnetization is relevant close to the upper and lower walls, and is
negligible in the center of the channel. This means that most of the force
is exerted close to the upper and lower walls.
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Velocity
0467
0.0400

10.0200

0.00

Figure 3.10: Ferrofluid pumping experiment: detail of the veloc-
ity in the middle section of the channel. It can be appreciated that
on the region affected by the external magnetic fields (left) the velocity
field is not very aligned, but it becomes much more uniform as we move
to the right.

Spin
0.0202
0.0200
|o.oo
|-0.0200

-0.0202

Figure 3.11: Ferrofluid pumping experiment: angular velocity.
Note that it is positive (counterclockwise) in the lower part of the chan-
nel and negative (clockwise) in the upper part. Such profile of angular
velocities does not help in the pumping process from left to right. This
is a quite intriguing effect.
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3.7.3 Experiment 3: Ferromagnetic stirring of a passive scalar

For low Reynolds numbers (Re = 1) one of the bottlenecks of chemical reactions is
mixing, in particular when the effects of diffusion are not strong enough. Slow mixing
can lead to very long waiting times or a very poor completion of chemical reactions.
Flows inside microfluidic devices (usually called lab-on-chip devices) have quite low
Reynolds numbers and there is a growing interest in accelerating the mixing process
with the addition of active and passive mixers. Passive mixer designs can range from
simple grooved channels and Y-shaped channels to much more sophisticated ideas
[108, 109, 1T10]. Among active mixers we can find mixing by means of ferromagnetic
particles [I11], 112]. Here we will illustrate the idea of ferrofluid mixing by adding

the following convection diffusion equation:

cc+u-Ve—alAc=0 (3.92)

where u is the velocity from the equations of ferrohydrodynamics , and a =
0.001 for all our experiments. We consider such a small diffusion so that mixing
depends mostly on advection. Equation is uncoupled from the system ,
meaning that no quantity in depends on c.

We explore the possibility of designing an active mixer by applying a time-
dependent magnetic field to a ferrofluid contained in Q = (0,1)?, and we track the
evolution of the concentration c¢ satisfying equation . As in the previous ex-
periments we make no attempt to use realistic scalings or try to relate the numerical
results with any physical situation (as microflows). The main goal is to provide a
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proof of concept of some ideas and discard those which have no room for additional
improvement. Designing a functional stirrer is a deceptively simple task. For in-
stance, using the setup of Figure [3.3| which involves moving physically the magnet
does not work, at least in our experience, even if we relax the viscosity and use
values much smaller than unity, or if we make the magnet spin around the box at a
much higher angular velocity.

As a first attempt, we let the applied magnetizing field be that of two dipoles
with alternating polarity, more precisely

2
h, = Z asVo,, where a; = apsin(wt), ag = agsin(wt + 7/2), (3.93)
s=1

i.e., the two dipoles have a phase mismatch of 7/2; see Figure for the sketch of
this setup. Here w = 27 f, is the angular velocity of the periodic excitation, f is the
frequency, and ag is the amplitude. The magnetization and velocity fields induced by
this setup are displayed in Figures and [3.14] Some results regarding the ability
of this setup to actually induce mixing of the passive scalar ¢ can be appreciated in
Figure [3.15], where we have used f = 20Hz., ap = 5.0, and v = v, = 0.5. This setup
does indeed shake the fluid as it can be appreciated in Figures and [3.15], but the
magnitude of the velocity is very small, less than 10~2 for most of our experiments,
and is not very sensitive to the inputs, meaning that increasing the value of w and
ap, or using a very small viscosity, does not significantly increase the velocity and
as a consequence the mixing will be very poor (at least in this context, which is
that of an homogeneous fluid). For instance, the results of setting f = 40Hz. and
v = v, = 0.1, are very similar to those of Figure [3.15]
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sin(wt)  sin(wt + 7/2)

Figure 3.12: Ferromagnetic stirring (first approach): setup. The
magnetic field satisfies (3.93)).

A second, and successful, approach is that of a traveling wave. Consider eight
dipoles on the lower edge of the box pointing upwards, much like the setup of

Figure |3.12 so that the magnetic field is given by
8
h, = ZaSngSS, as = qp [sin(wt — kxg)|, kK=2m/A, A=038. (3.94)
s=1

Figure displays some promising results. There is mixing, even under quite
unfavorable conditions: f = 20Hz., ap = 5.0, and v = v, = 0.5. This setting
is sensitive to the inputs, as w and «q increase and the viscosity diminishes, the
mixing improves. The magnetization and velocity profile for this setting are shown
in Figures and [3.18] respectively. Much more striking results can be found in
Figure |3.19] where we use a higher value for w, a lower viscosity, a higher intensity
a, and we also run the simulation for a longer time.
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Figure 3.

in figure

(3.93). T

13: Ferromagnetic stirring (first approach): evolution
of the magnetization field. This corresponds to the setup described

3.12| during a half period T" = % The magnetic field satisfies

he magnets are fixed on the bottom of the container and so is

the location where the maximum intensities occur.
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Figure 3.14: Ferromagnetic stirring (first approach): evolution
of velocity. Evolution of the velocity during a half period T7'/2 = %
for the stirring experiment of (see figure for its setup). The
magnetic field satisfies . Reading from left to right and top to
bottom: there is reversal of the circulation (curl) of the flow between
the first two figures, and also between the fourth and fifth figure. Here
the scale has been omitted, but the maximum velocity is of the order of
~ (.008, enough to induce some mixing of the passive scalar as it can be
appreciated in Figure but far from the quality of mixing achieved
for instance in Figure [3.19| using the traveling wave approach.
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Figure 3.15: Ferromagnetic stirring (first approach): evolution
of the passive scalar. Evolution of the concentration using the setup
described in Figure , the magnetizing field satisfies . The se-
quence of figures shown here was for a total of 4 seconds. We start with
concentration equal to one on the bottom of the box (the black region on
the bottom). These results were obtained with f = 20, and v = v,. = 0.5.
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Figure 3.16: Ferromagnetic stirring (second approach): evolu-
tion of the passive scalar. Contour of the passive scalar satisfying
equation from time ¢t = 0 to t = 1.0. The magnetic field satisfies
. We start with concentration equal to one on the bottom of the
box, the velocity field induced by the traveling wave of magnetization
drags concentration on the bottom and takes it upward. These results
were obtained with f = 20Hz., v = v, = 0.5, and o = 5.0.
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Figure 3.17: Ferromagnetic stirring (second approach): evolu-
tion of the magnetization field. Magnetization vectors and their
intensity when using the magnetic field . Here we illustrate a half
period (T'/2 = %) of the magnetization profile traveling from left to
right. The magnetization is strong in two regions on the lower part of
the box. The Kelvin force generated by this magnetization field not only
pushes the fluid from left to right, but also creates some effects in the
y axis, effectively creating some ripples, which can be appreciated for
instance in Figure [3.19] where streamlines go up and down when they

are at the bottom of the box.
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Velocity
3364866
-4

Figure 3.18: Ferromagnetic stirring (second approach): velocity
profile. Velocity profile induced by the traveling wave of magnetiza-
tion. This velocity profile shaped the evolution of the concentration ¢ in

Figure [3.16]

3.8 Conclusions

In this chapter we proposed and analyzed a numerical scheme for the Rosensweig
model of ferrohydrodynamics. The scheme is implicit and we show that, for the
magnetic diffusion ¢ = 0, it is unconditionally stable and that solutions exist. The
use of a discontinuous finite element space for the magnetization M seems to be
mandatory if we want to have a discrete energy law. The scheme delivers the
expected convergence rates for smooth solutions. We also showed, under certain
additional assumptions, its convergence towards weak solutions.

Although not fully understood in the literature, we considered also o > 0.
The motivation was twofold: Adding a regularization to the magnetization equa-

124



DD

)O

Figure 3.19: Ferromagnetic stirring (second approach): evolu-
tion of the passive scalar. Contour of the passive scalar from time
t =0 tot =4.00s. The magnetizing field satisfies (3.94)). These results
where obtained with f = 40Hz., and v = 1. = 0.1.
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tion could be used to obtain global existence of weak solutions. In addition, such
regularization enables us to add modeling effects on the boundary. We proposed
Robin boundary conditions that agree with the tendency of the magnetization to
align with the magnetic field. They yield a formal energy estimate which, however,
we were not able to reproduce at the discrete level. The main obstruction is the lack
of a methodology capable of computing a magnetic field in H(curl, ) N H(div, 2)
compatible with the energy structure of the system.

We also presented some application examples that illustrate the capabilities
of the model and the scheme, in particular in the context of ferrofluid pumping
and stirring of a passive scalar. These numerical experiments also expose the non-
trivial nature of ferrofluids, and how much quantitative tools are needed in order to

complement qualitative understanding and experimentation.
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Chapter 4: Two-phase model

4.1 Introduction

In the previous chapter we developed and analyzed a numerical scheme for the
Rosensweig model. Both the Rosensweig and the (simpler) Shliomis model deal
with one-phase flows, which is the case of many technological applications. However,
some applications arise naturally in the form of a two-phase flow: one of the phases
has magnetic properties and the other one does not (e.g. magnetic manipulation of
microchannel flows, microvalves, magnetically guided transport, etc).

The main goal of this Chapter j is to present a simple two-phase PDE model
for ferrofluids. The model is not derived, but rather assembled using components of
already existing models and high-level (as opposite to deep) understanding of the
physics of ferrofluids. The model attempts to retain only the essential features and
mathematical difficulties that might appear in much more sophisticated models. To
the best of our knowledge this contribution is the first modeling/numerical work in
the direction of time-dependent behavior of two-phase ferrofluid flows together with
energy-stable and /or convergent schemes.

Regarding pre-existing work, closely related to two-phase flows, it is worth
mentioning the interdisciplinary (including physical experiments) work of Tobiska

127



and collaborators [98], 113], [1T4] in the context of stationary configurations of free
surfaces of ferrofluids using a sharp interface approach. Other models for two-
phase ferrofluid flows, this time for non-stationary phenomena, are presented in [115]
116, 117, using either Level-Set or Volume of Fluid method, but very little details
are given about their actual numerical implementation, stability or convergence
properties.

Our presentation is organized as follows: in we select the components of
our two-phase model and assemble it. In §4.3] we derive formal energy estimates
which will serve as basis for the development of an energy-stable scheme in §4.4 In
we prove that the scheme always has a solution. After that, in §4.5we propose
a simplified model (following the same ideas of in , and a corresponding
numerical scheme in §4.5.1], for which we prove stability and convergence in
and respectively. Finally, we show the potential of the model in with a

series of numerical experiments.

4.2 Heuristic derivation of a two-phase model

We want to develop a simplified model which captures the essence of immiscible,
matching density (or almost matching density), two-phase flows, one of them a
ferrofluid and the other one a non-magnetic fluid. We aim at a simple mixture
like water and an oil based ferrofluid (with, for instance, densities 1000 kg/m? and
1050 kg/m3, respectively), where the dominant body force is the Kelvin force, and
the gravitational body force only plays a secondary role, so that we could use a
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Boussinesg-like approximation in order to capture gravitational effects.

We will not present a systematic derivation of the model, but rather review
existing models and standard assumptions, discard all the non-essential components,
and select the right ingredients which could capture the basic phenomenological
features of ferrofluids. Our main guidelines are minimalism and symmetry. We
want the simplest model, with the smallest number of constitutive parameters and
coupled PDEs, that still retains the essential features, and has sufficient symmetries
(i.e. cancellations) in order to make possible the development of an energy law.

We consider a two-fluid system (a ferrofluid and a regular one) confined in a
bounded and fixed domain 2 C RY with d = 2,3. The boundary of € is denoted
by I and is assumed to be Lipschitz continuous. As our model is a diffuse interface
one, we will implicitly track the position of each fluid with a phase-field variable
0. The evolution of the system is described by its velocity u and pressure p. As
one of the phases is susceptible to magnetic actuation, we need to keep track of the
magnetization m, which is induced by a magnetic field h. To describe the evolution

of these quantities we will consider:

o Evolution of the phase-field variable 6: there are very well-known PDE
models for this purpose, the Allen-Cahn and the Cahn-Hilliard models. In

particular, we will consider the Cahn-Hilliard equation:

(

0, = —vAY in €

b =eA—1f(6) in Q (4.1)

\
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where 0 < ¢ < 1 is related to the interface thickness, v is the mobility,

f(0) = F'(0) and F(0) is the truncated double well potential

(
O+1) iffe (—o0,—1]

(2 —1)% iffe[-1,1] (4.2)

1
4

0—12 if6el +o0),

\

It is straightforward to check that
1f(0)=|F'(0) <2|0]+1 and |f'(8) =|F"(6)] <2 VO €R. (4.3)

The reason to choose the Cahn-Hilliard equation is that it is mass conservative,

an easy consequence of the divergence theorem:

%/de—/thx——v/Awdx——7/8n1pd5—0. (4.4)
Q Q ) r

Simplified ferrohydrodynamics: the Shliomis model (see for instance [19]
18]) is perhaps the simplest well-known PDE model describing the behavior

of ferrofluids
W + (u-V)u—vAu+ Vp = po(m - V)h + L curl (m x h), (4.5a)
m; + (u-V)m — scurlu x m = —%(m — >ph) — Sm x (m x h), (4.5b)

2

where v, po, 7, B, and 3 are positive constitutive constants. System (4.5
is the Navier-Stokes equations supplemented with an advection-reaction equa-
tion for the magnetization m. Expression (4.5b) can be understood as the

L?(Q) gradient flow of the functional
J(m) = 55 |Im — sxh| (4.6)
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augmented with the corresponding kinematics. In other words

(my,z) = —(%L z) = m++m=2h (4.7)

where the symbol § denotes variational derivative in this context. After that,
we can replace the partial derivative m; in (4.7)) with the co-rotational deriva-
tive my; + (u- V)m — curlu x m (see for instance [118]) accounting for the
appropriate kinematics. On the other hand, the term fm x (m x h) has phe-
nomenological origins which in principle cannot be easily related to kinematic

or energy principles (see [72, [1§]).

The Shliomis model can be considered to be a limiting case of the more sophis-
ticated Rosensweig model (see for instance [22, [119]), and the core dynamics
of the magnetization equation is dominated by the reaction terms for
most flows of interest (see for instance [75, 25] for the dimensional analysis
of the Rosensweig model). Essentially, this is the case because the relaxation
time .7 of commercial grade ferrofluids is in the range of 1075 to 10~ seconds
(see for instance [75], [18]), which makes % a very large constant. Therefore, a

straightforward simplification of (4.5)) is:

w+ (u-V)u—rvAu+ Vp = pp(m-V)h (4.8a)

m; + (u-V)m+ -m = 2h. (4.8b)

In (4.8) we have dropped the terms &*curl(m x h) and Sm x (m x h) under
the assumption that at every moment the behavior of m is very close to

equilibrium, meaning that m ~ syh and m x h ~ 0, so that these terms
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are negligible. However, the convective term (u - V)m is kept because of
symmetry considerations and cannot be dropped if we want to develop an
energy stable model. On the other hand, the term —%curlu X m was dropped
under the assumption that convection and reaction are the dominant terms.
In a somewhat different context, similar ideas where used in order to simplify

liquid-crystal models (see for instance [120)]).

Simplified capillary forces: the capillary forces are given by f. = —divo.,
where o. = AV ® V0 is the so-called capillary stress tensor (see for instance

[1211, 122]), and A is the capillary coefficient. Manipulating f. we get:

f. = —dive, = —3V|V0]> — AAOVE
= —2V|VOP — 5 f(6)VE — 24VE
(4.9)
= -V (3|VO] + 3 F(6)) — 20V0
= =V (3|VO)> + 3F(0) + 240) + 20V
Therefore the term —AV (3|V0|> + 3 F(0) + 2¢0) only modifies the pressure
in the Navier-Stokes system (see Remark in Chapter 3), so that it can

be eliminated at the expense of redefining the pressure. Our capillary force

will finally be:
f.:=20Vy. (4.10)

This definition of the capillary force traces back to [120, [92] and is not a cos-
metic manipulation but rather an essential ingredient in order to have sufficient
cancellations allowing the development of an energy law.
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o Simplified electromagnetism: the natural choice in this context are the

magnetostatics equations:

curlh=0, divb=0,

where

b:=h+m, h:=h,+hy,

(4.11)

here h, is the (given) smooth harmonic (curl-free and div-free) applied mag-

netizing field, and hy is the so-called demagnetizing field (for more details see

§3.2.1] in Chapter 3). A simplified approach to this problem is by means of

the scalar potential (same as in (3.18))):
—Ayp = divm in €2
0
a—:’;:(ha—m)-n on I’
so that h := V.

(4.12)

Collecting all these simplifications we propose the following set of equations:

0, + div(uf) + Ay =0
—eA0+ 2f(0) +¢ =0
m; + (u-V)m = —%(m — »;h)
—Ap =div(m — h,)
w + (u- V)u—div(yy T(u)) + Vp = po(m - V)h + 20V

divu=0
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in Q for every ¢ € [0, ¢p], where T(u) = 3(Vu+VuT) denotes the symmetric gradient

and
h:=Vgp.
We supplement this system with the following boundary conditions
O =0,0=0, u=0, and OJ,p=(h,—m)-n on I. (4.14)

Here 1y and ¢y are viscosities and susceptibilities subordinate to the phase-field

variable 6. They are Lipschitz-continuous functions of 6 satisfying
0<vy, <vy<vy and 0 <3 < (4.15)

where v, is the viscosity of the non-magnetic phase (e.g. water) and vy is the vis-
cosity of the ferrofluid (e.g. mineral oil). Here s¢ > 0 is the magnetic susceptibility
of the ferrofluid phase, and we set the non-magnetic phase to have zero magnetic
susceptibility. For commercial grade ferrofluids we have that sz ranges from 0.5
to 4.3 (see for instance [25]). The choice of functions vy and 3¢ is arbitrary, but
essentially they involve a regularized approximation of the Heaviside step function,

for instance
Vg = Uy + (Vf — 1) H(0/c) and 3¢9 = s0H(0/¢) (4.16)
where H(x) could be for instance the sigmoid function

H(z) = (4.17)

Both in theory and practice, the choice of H(z) and the internal structure of vy
and sz are of very little importance, provided they are Lipschitz-continuous and
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satisfy inequalities (4.15)). Here (4.16|) and (4.17) are just provided as a couple of

simple choices, but they are not the only ones; other choices are used for instance
in [41, 92].

Since this model is not a genuinely variable-density two-phase model, grav-
itational forces f, = pg can only be included approximately. We will consider
supplementing the right hand side of the conservation of linear momentum (4.13e))
with a Boussinesqg-like approximation in order to include gravitational effects, such

as

f,=0+rH(b/e))g (4.18)

|Pf*Pw‘

where r = —
min(pg,pw)

, py is the density of the ferromagnetic phase, and p,, is the
density of the non-magnetic phase. Provided r << 1 this will be a reasonable
approximation.

The development of a complete existence theory for system seems un-
likely, as it has been the historical case of most systems of PDEs without sufficient
regularization mechanisms (e.g. compressible Euler equations of gas dynamics).
This is primarily because of the sub-system (4.13d)-([4.13d)) and the term o(m-V)h
on the right hand side of . A first approach to solve this problem would be
adding a regularization of the form —cAm = curl(ccurlm) — V(odivm) in the
equation (as it was considered in §3.2.3] see also reference [22]), or any
other second order operator in space. However, most forms of regularization that
we could add to this system will introduce new problems, primarily (but not only)

related to boundary conditions, and the overall system might not even be formally
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energy-stable (see for instance Remark and also §3.4.4)).

These mathematical obstacles, will not interfere with our exploration of the
model , which is a reasonable starting point to understand and develop PDE
models for two-phase ferrofluid flows. It is actually possible to develop energy stable
numerical methods for system (4.13) and prove local-solvability of the scheme for
every time step. With the aid of the developed numerical scheme, we will explore the
behavior of this coupled system. Finally, under special circumstances, and with some
simplifications, we will obtain a system for which is possible to prove convergence
when the discretization parameters h and 7 go to zero and, as a by product, global

existence of weak solutions.

4.3 Formal energy estimates

Proposition 4.3.1 (Energy estimate). If 3¢y < 4, then the following estimate holds

for solutions of the system ({4.13))

tp
é"(u,m,h,@;tp)—l—/ Z(u,m, h, 6;s)ds
0
. (4.19)
S/ F(hy;s)ds+ &(u,m,h,0;0),
0

where

&(u,m, h,0;5) = 3llu(s)llt> + 5 Im(s)|[g2 + & h(s) L
+3VO(s)IlL: + Z(F(0(s)), 1),
Z(u,m,h,0;5) = 2 (1= 3)[m(s)z + $5[h(s)] g2
+ v T(u)(s)l[22 + 2V (s)lge
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F (hy; s) = o7 [|0rha(s) L2 + 2 Iha(s)lL2

Proof. Multiply (4.13a]) by ¢ and (4.13b]) by 6, and integrate. Integration by parts

yields

_(Gtaw) + 7‘|Vw‘|i2 = _(UQ»VQM ’

i GIVOIE: + L(F©), 1) + (¢.6) =0,

whence, adding both lines and multiplying by ’;\, we get
i GIVOIL: + 2(FO). 1) + 2|VY 7. = —2(0V¢, ). (421)
Now we multiply (4.13€)) by u, integrate by parts and use (3.26|) for the Kelvin force

sarllulle + Ve T()llg: = —po b(u,m, h) + 2(0Ve), u). (4.22)

Adding (4.21]) and (4.22)) we get

g (GlallL: + 2IVOIIL: + Z(F(6),1))

(4.23)
+ v T()|[g2 + 22 VY22 = —p0 b(u, m, h)
Finally multiply (4.13c) by pem and poh and integrate to obtain
5 gllmllg: + 2 m(g. = 5 (5%h, m) (4.24)
fio(my, ) + o b(u, m, h) + £ (m, h) = £2|\/35 h|7.. (4.25)

Expression (4.25)) requires further manipulation. Using (3.31]) and (3.32), we can

rewrite (4.25) as follows
& g IhllL> + L. + v/ hL,
(4.26)
= /J’O(athl“ h) + %(haﬂ h) + Mo b(u7 m, h)
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Adding (4.23), (4.24) and (4.26)), we get

46(u,m, b, 0; 1) + P(u,m, h,0;5) + 222 + 22 k]2,

(4.27)
+ H_yOH V >0 h“%ﬂ - %(%9h7 m) + :uO(atha? h) + H_yo(haa h) :

Using the bound (4.15)), the term £2(sh, m) can be estimated as follows:

5 (se9h, m) < 22||\/5g hl|r2 || /o6 ml[ee < 52\ hlfg. + 45 mlg.
so that using this estimate in (4.27) we finally get

48(u,m, b, 0; ) + Z(u,m, b, 0; ) + 22 |h]Z < (Db, h) + (b, h).

The rest is just a matter of applying Cauchy-Schwarz and Young’s inequalities to
get the energy estimate (4.19)). From the expression for Z(u, m, h,8; s) we also get

the restriction that we can only consider s < 4. O

Remark 4.3.1 (Range of susceptibility). The restriction 7, < 4, necessary for
Proposition to hold, covers almost the complete range of commercial grade

ferrofluids.

4.4 An energy stable scheme

In this section we present and analyze a discretization of system f, its
stability, and the existence of solutions. This scheme will be our workhorse: The
numerical simulations of will use this method, and the existence of solutions
for our simplified model will be based on a scheme very similar to the one presented
here.
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4.4.1 Notation

The space discretization will be based on Galerkin techniques. To this effect, we
introduce finite dimensional subspaces G C H'(Q), Y € H'(Q2), M C L*(Q), X C
HY(Q), U Cc H}(Q2) and P C L*(Q), where we will approximate the phase-field,
chemical potential, magnetization, magnetic potential, linear velocity and pressure
respectively. About the pair of spaces (U,P) we assume that they are LBB stable
(see (1.14))). To be able to focus on the fundamental difficulties in the design of an
energy stable scheme we will first describe the scheme without being specific on the
particular structure of these discrete spaces. As we will see, the choice of discrete
spaces shall come naturally from this analysis.

We will consider a discretization of the trilinear form ((1.5)) associated to the
convective term in the Navier-Stokes equation (u-V)u analogous to that one defined
in T0-ETD

Similarly, we also consider a discretization of the trilinear forms associated
with the convective term (u - V)m and the Kelvin force po(m - V)h analogous to

that one defined in (3.39)-(3.40)).

Let Ig, Iy, Iy and Iy denote mappings (similar to those defined in (3.42))

I :C°(Q) — G, Iy : C'(Q) — Y,
(4.28)
Iy :C'(Q) — MNnC'(Q), Iy:Cc’Q) — U,
with optimal approximation properties (see ([1.13])).
More notation and details about the space discretization will be provided in

§4.4.4. Here we confine ourselves to mention that they can be easily constructed
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using finite elements (see for instance [52, [53]).

4.4.2 Description of the scheme and stability

For the Cahn-Hilliard equation we shall use the stabilization methodology proposed
by Shen and Yang [123] in order to eliminate the constraint 7 < ¢? from the time
step. The price paid in this stabilization is the introduction of an error of order
O(7) which is consistent with the truncation order of the scheme.

In order to avoid unnecessary technicalities, assume that the initial data is

smooth and initialize the scheme as follows
0% =Ig[A(0)] , M° = Iiy[m(0)] , U° = Iy[u(0)] , (4.29)

after that, for every k € {1,..., K} we compute {OF ¥* Mk ok U* P*} € G x

Y x M x X x U x P that solves

(5%’“, A) — (UFOF1, VA) — 4(VEF, VA) = 0 (4.30a)
(U5, T) + L(60%, 1) +£(VOF, VT) + L(f(©"1),T) = 0 (4.30D)
(,7) — o (UF Z,M") + £ (M, Z) = L (20 H", 2) (4.30¢)
(VoF VX) = (hF — M*, VX) (4.30d)

T

(22, V) + (e T(U"), T(V)) + b, (U, UR, V) = (P*, divV)
(4.30e)
= by (V,H* M*) + 2(0*'VU*, V)

(Q,divU*) =0 (4.30f)
for all {A,T,Z,X,V,Q} € GXYxMxXxUxP. Here H* := V&, and (66", T)

in (4.30b)) is a stabilization term with n sufficiently small.
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Remark 4.4.1 (Initialization). The initialization proposed in is the simplest
choice. From the point of view of convergence to strong solutions (a priori error
estimates) it is suboptimal (cf. [86], 49, [53] 87]). However, this choice has no effect
on the stability of the scheme, it only affects the regularity assumed on the initial

data.

Proposition 4.4.1 (Discrete energy stability). Let {©7, 0" M7, &7 U™, P"} C G x
Y xMx X xUxP solve (4.30). If VX C M, n <e and sy < 4, then we have the

following stability estimate

K
E(UT, M7, 07,07 K) + Y (f(éUT, SM", 507, 607; k)
k=1
B (4.31)
+79(UT, M",d", 07, UT; k:)) < Zrﬁ(ha; k) + &MU, M",d7,07;0),

where

(U™, M7, 07,07 k) = 3[|U*|1. + B[ M*|f + &IV
+35IVOH|[f + 5(F(68),1),
S (OU, M7, 607,607 k) = 3|0U"||3. + L[| sMF|.
+ 2 OVEr|IE. + 5[0VOF|.
2(UT, M7, 97,07, U7 k) = 40 (1 — 2)|M"||7. + £2 || VO*|]-
+ Vv T(UM)[f2 + 2V,
F (hy; k) = o2 /tt_ 10tha(s)[I2 ds + 42y |F- -
Proof. We set A = 220k T = 2260% V = 27U* Z = 27pyM*, Z = 2710H* and
X = 2"7‘)7@"” in to arrive at:
27| TUH(3, — 2 (60, UF) = —2r(UreH ! VIt (4.32a)
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(U, 60°) + 2(|66"||72 + 2A0(0VO*F, VOF) + 2 (f(6F1),60%) =0,  (4.32b)

2 (60U, U") + 27(|y/ve T(U")||3. = 27 b (U*, HF, M*)

(4.32¢)
+ 25 (e 1vuk Ub),
1o (S, M) + 2497 [MIF[[2, = 2207 (306 H, M) (4.320)
297 ||y /50 HF(|Ez = 2410 (M, HY)
(4.32¢)
— 207 by (U*, H*, M*) + 207 (M" H") ,
(| VOF|[E. = #7 (hy — M*, Ve*), (4.32f)
Adding all the previous lines and using (1.11]) we get
U3z = U HIRe + polIMF[122 — pol M2 4 [[0UP [ + o [|0M* |2
+2M0VOF, VOF) + B (f(0F),00%) + 250", + 22T VIF|i,
(4.33)
+27]|\/ve T(U")|32 + 227 [MF|[72 + 207 ||\ /760 HY |72 + 27| VOF 2,
= 207 (3o H*, M) + 2410 (JMF, V) 4 227 (hf, V) .
Using (3.50)), we have that (4.33]) can be rewritten as
[UF[IE2 — [ H[Z2 + pol MF (T2 — pol M1z + 1o [ VO
— 10| VO T [E2 + A[VOF[[E2 — A[VO T2 + [[6UF[IE2 + ol OM* 2.
+ 10[|6V T |32 + ASVOH|[E: + B (F(OF7),60) + 2160 (4.34)

+ BV + 27l /ve T(U) gz + 227 IMF|[f2 + 57|l y/>e0 H* |12

+ 2T VF||7, = 22T (o H*, M) + 2419 (6h%, V) + 207 (hf, VOF).

In only remains to control the terms 23 (f(©*7"),60%) + 22(|60"||,. This is a stan-
dard argument [123], which for the sake of completeness we repeat. Consider Taylor’s
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formula for F(©F) around F(©%1)
F(OF) = F(OF ) + f(0F)iek + LiE (s0F) (4.35)
for some &, and using the bound we get
(6F(0%),1) < (f(6"71),00") + (160" (4.36)

Therefore, if we choose n < e, we can finally estimate (4.34)) as follows
266 (U, M7, 97, 07; k) + 2.7 (60U, M7, 07, 607; k)

20 (UT, M7, @7, 07,73 ) + 2 MY + 27| o HEE. (437)

+ BT VOF |7, < 207 (30H", M") + 2410 (6h}, V) 4 2207 (b}, VO").
The rest is a matter of dividing everything by 2, and bounding the right hand side
using Chauchy-Schwarz and Young’s inequalities with appropriate constants. As in
the continuous case, the term 2f‘TOT(%@H’“, Mk) will give us the limitation s < 4.
Finally, for the term 24, (6h%, V®*), we will use the trivial identity [6h¥|Z. =

2

and the estimate
L2

This concludes the proof. Note that (4.31)) is consistent with (4.19)), except for the

72 || he
T

—a
T

2 ¢
<[ 1o s

k—1

term .# of time increments (jumps). The latter is a dissipative term characteristic

of the implicit Euler scheme. O]

4.4.3 Existence of fixed points (local solvability)

Let us establish the local solvability of the numerical scheme (4.30). To do so we
will make use of the well-known Leray-Schauder fixed point theorem. As it is usual
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when invoking this result, the core of the proof is a local (in time) a priori estimate,
which very much resembles the arguments of §4.4.2] Therefore, a few intermediate

steps have been eliminated leaving the details to the reader.

Theorem 4.4.1 (Existence). Let h, 7 > 0, assume that 3o < 4, and that the parame-
tern <e. If VX CM, then forallk =1,..., K there exists {@k, Uk MF, (IDk,Uk,Pk}
€ GXYXMxXxUXP that solves (4.30). Moreover, any such sequence of solutions

satisfies estimate (4.31]).
Proof. We define the map L as follows
{OF wh MF o Uk, PPy 5 {08, 0 MF, 88, T, P

where the quantities with the hats solve of the following variational problem:

(&8 A) - (UMBF, VA) - (VI VA) = 0 (4.382)

T

~

(TF, 1) + L(OF — 071, 7) +£(VOF, V) + L(f(OF ), T) =0 (4.38b)

n
(ﬁk_TNIk—l’Z> " b;ln(Uk7ﬁk’Z) n %(ﬁkyz) _ %(%eﬁk,z) (4.38¢)

(VOF, VX) = (h* — MF, VX) (4.38d)

T

(=2 V) + (1 T(TF), T(V)) + by (U, T, V) — (P, div V)
(4.38¢)
= — b (V, M HY) + 2(VIrer, V)
(divU*, Q) = 0. (4.38f)

forall {A, T, Z,X,V,Q} € GXYXxMxXxUxP. Let us now show that the mapping

L satisfies the requirements of the Leray-Schauder theorem (cf.[94], p. 280):

o Well posedness. The operator £ is clearly well defined. The information
follows a top-down path. For a given velocity U* the mixed Cahn-Hilliard
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system (|4.38a])-(4.38b)) is well-defined and widely-studied system which can be
reduced to a single positive definite system in terms of the phase (see for instance
[124] and references therein). System (4.38¢)-(4.38d)) can be rewritten as follows:
(M*,2) + 7 o5 (UM M, Z) + 2(MF, 2) - % (s, 2) = (M*, 2)
(4.39)

(M, VX) + (VO*, VX) = (h¥, VX).

Multiply the second line by ~2* and add both lines. The result can be written
as a classical variational formulation. Taking Z = M* and X = ®* one verifies
that, provided s < 4, the associated bilinear form is coercive. Once the mag-
netization problem is solved, we will have the functions M* and ®* which can

be used as data for the Stokes problem (4.38¢))-(4.381]), which is also well posed.

Boundedness. Given « € [0, 1], we must verify that all

T = {C:)k, \le, 1/\/I\k, CTD’“, ﬁk, ﬁk} satisfying éf = LZ can be bounded in terms of
the local data {@kil,Mkfl,CI)kfl,kal,h’;} uniformly with respect to a. In
other words, we want to analyze the local boundedness of

(2820 A) = (TR0 85, VA) — (! VEF, VA) = 0,

(™ T, 1) + Lo 84, T)

+e(a” VR, V) + L(f(0), 1) = (e 1),

T

(M 7 4 b (T4, 07 M, Z)
(4.40)

+ %(a‘l ﬁk, Z) = %(%@ofl ﬁk, Z) ,
(' VP VX) = (h¥ — o ' MF, VX),
<—a‘1ﬁ’“;U’f‘l,V) + (voa ' T(TY), T(V)) + by (UF ', a1 UM V)

— (a"'P* divV) = — b (V,a " MF, B + 2 (a 'V IREF, V),
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Set A = %\le, T = %(@k —a®F 1)V = 2@7’6’“, Z = QO(Tuoﬁk, and

X = 2"%@“ in (4.40), and use the identity (1.11]), to get:

N|[VOF[22 — MaVOr 12, + [U*|2. — [[aUF 22 + o M2
— piol|aMFHZ, + |[UF — aUF Y32 + pro|| MF — oM |3,
+A|VE" — aVO [, + 22| VU3, + 2|68 — a0t |7
(4.41)

+27 || /7o T(UY) 3 + 297 |MF 2. + 2427 | V¥ .

— 207 (oo HE M) — 271 b7 (UF, MIF, V)

+ 207 (ohF — MF, VOF) — 222 (F(0F 1), 0F — a0t ).

To gain control over —27 b} ([/J'\k, ﬁk, VEI;’“) we set Z = 2047,uoﬁk in the

magnetization equation (note that this requires VX C M to hold true), so that

27| e BE [ = 2410 (MF — aM* 1Y)

gy b (OF, NEF, ) 4 200 (87, 715

add it to (4.41)) to obtain
MIVE* |22 = MaVe 3z + I1T¥IZ2 — @ U7z + pol M¥|Z
— ol aM L2 + [[U* — a UM + paol | MF — oM [

+ A VEF — aVOF |3, + 227 VIF|E, + 268 — a0k |2
(4.42)

+ 27 [|[y/We T(U®)||2. + 207 |M*|12, + 297 ||V oF||2,

+ 297 || oo HF ([} = 27 (300 HF, MF) + 21927 (hf, VOF)

+ 2p0 (MF — oM™ ) = 222 (£(04), 8 — a0 ).
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Setting X = a®* in the fourth equation of (£.40) yields
[VE*|: = (b} - M*, VE"),

whence (4.42)) becomes:
N[VOF[[F2 = MlaVOr 2. + [[U|32 — U IR + pol M”12
— pollaM* 72 + [ TF = @ U2 + oM — oMM |3
+A|VEF — aVOF Y, + 22| VU3, + 2188 — a0k |3,

+ 27 ||y /e T(UF) |72 + 2427 |M¥| 7. + 227 | VOH .

+ 27| /g HF |2 = 247 (300 VY, M) + 22%(1 + 7) (b, VE")

= 2p00 (MF1, T8 ) - 282 (£(0F1), 8 — a0k ).

To conclude it remains to bound the right hand side using Cauchy-Schwarz and

Young’s inequalities with appropriate constants, use that a < 1, and the bound

Vo > 1y, of (4.15]). We never made explicit if the coefficients vg and g depend

on O, ©F /o or ©F~L. This is because, provided that estimates (4.15)) hold, the

uniform boundedness of the operator £ is independent of vg and sg.

o Compactness: this is automatically satisfied since we are working with finite

dimensional spaces.

Finally, we apply Leray-Schauder’s theorem to prove the assertion.

4.4.4 Space discretization: definitions and assumptions

Having understood what is required from a Galerkin technique to achieve stability

of the scheme (4.30) we will now specify our choices of discrete spaces using finite
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elements. We assume that € is convex and I is polyhedral, and that we have at hand
a quasi-uniform mesh 7, = {T} of Q. As Proposition shows, to gain stability
it is convenient to have VX C M. Since the space X is used to approximate the
solution of an elliptic problem with Neumann boundary conditions, the simplest
choice for X is the same as in and , which entails that M is a space
of discontinuous functions and, consequently, the trilinear form b}*(-,-,-) must be
defined accordingly. The trilinear form b}"(-,-,-) will be defined as in ([3.54)).

The choice of the remaining spaces is straightforward, for £ > 2 we set

G={AeC(Q) | Alr € P(T),¥T € T}
Y={Tec@) | TrePT).¥T € Ty}

(4.44)
U={Vec(Q)|Vlre[PT)".¥T € Tp, } N Hy()

P={QeC@) | QlrePi(T) VT € T}

The finite element spaces G, Y, M, X, U, and IP are defined using polynomial spaces
Py, of total degree at most ¢, usually associated to simplicial elements. However,
the fact that the scheme is energy stable is independent of whether we choose
simplices or quadrilaterals/hexahedrons. If we replace P, by Q, (polynomials of
degree at most ¢ in each variable) in , and , we would only need
to do minor changes in the choice of polynomial degrees in order to guarantee that
the inclusion VX C M holds true. To simplify our exposition we will always assume
that our elements are simplicial and develop our theory under this assumption. We
will provide remarks describing the required modifications if quadrilaterals are to
be used.
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We assume that the pair {G, Y} is inf-sup stable, meaning that

VA,VE — —
/s\up (HAHHl) >c||Z||2 VE €Y. (4.45)
€G 0

It is well known that equal-order polynomials spaces for the pair {G,Y} (as in

(4.44))) is enough to satisfy this condition (cf.[44]).

4.5 Simplification of the model

Following , a natural simplification of the model is to discard the Poisson
problem and set h := h,. This will only be physically realistic for ferroflu-
ids with a small susceptibility. Water based ferrofluids subject to slowly varying
magnetic fields (and/or small characteristic times .77) could be modeled under these
assumptions, since they usually exibit a small magnetic susceptibility in the low
frequency regime [95, [96].

We will consider the following weak formulation for the model defined by equa-

tions (4.13a)), (4.13D)), (4.13d)), (4.13¢)), (4.13f): Find (0, v, m,u, p) € L*(([0,tr); H' (X))

x L2(([0, tp); HY ()< L2(([0,£5); L2(Q2)) x L2(([0,£5); V) x L2(([0, £p); L*(2)) that

satisfy
_ /tF(G, At) + (ud, V) +~v(V, V) = (0(0), A(0)), (4.46a)
_ /OtF e(V0,Vu) + L(f(0),v) + (¥,v) =0, (4.46b)

tp

_ /OF(m’Zt) + b(u,z,m) — L(m,z) = (m(0),2(0)) + % /O (sh,z), (4.46¢)
/ " (wve) + b(w,u,v) + (v T(w), T(v) = (u(0), v(0))

0 . (4.46d)
+/0 fo b(m, h, v) + 2(0Vy, v),
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for all \,v € C°([0,tr) x ), z € CF([0,tr) x Q), v € {w € C°([0,tr) x )
|divw =0 in Q} where now the magnetic field h is not determined by the
Poisson problem (4.13d)), but rather h := h, is a given harmonic (curl-free and

div-free) smooth vector field.

4.5.1 A convergent scheme

To discretize the system ({4.46]) we are going to consider an initialization as in (4.29)).
Then, for every k € {1,..., K} we compute {©F Uk MF U* P*l € G x Y x M x

U x P that solve

(25, A) = (U"6"1, VA) — 4(VIH, VA) =0, (4.47a)
(UF, ) + 1 (068, 1) +£(VOF, VT) + L(f(©"),T) =0, (4.47b)
(22,2) — b (U" 2,M*) + L(M", Z) = L (x0H", Z). (4.47¢)

(M,V) + (1o T(U*), T(V)) + b, (U1, U* V) — (P*,divV)
(4.47d)

b (V,H*, M*) + 2(6"'VUF V),
(Q,divU*) =0, (4.47¢)

for all {A,Y,Z,V,Q} € G xY x M x U x P. Here, the magnetic field H* is given

by

H" := Iyy[h?], (4.48)

where Iy was defined in (4.28]).
The choice of spaces G, Y, M, U and [P does need to be made precise now, we
will provide a specific construction in Remark [4.5.2] Right now we only need to say
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that, in order for (4.47) to be convergent, in addition to the requirements (4.45)) for
the spaces G and Y, and the LBB compatibility condition for the spaces {U, P}, we

will also require that:

1. The pressure space P should be discontinuous and it should contain a contin-

uous subspace of degree 1 or higher.

2. For all Z € M, we want each space component Z (i : 1, ..., d) to belong to the

same finite element space as the pressure, i.e. we will require M = [P]<.
3. The L™ estimates ([1.20]) of the Stokes projector should hold true.

4. Let Ilg : L?(Q) — G denote the L?(2) projection onto the space G. We will

assume that the projector Ilg is H'(f2)-stable, namely
[VIgA|[z2 < c|[Mlmr YA€ HY(Q), (4.49)

with ¢ independent of h and A. In the context of quasi-uniform meshes the
reader can check the classical references [52, 42], and for non quasi-uniform

meshes and different norms [99] 100, [10T].

The motivations behind assumptions 1 and 2 were explained in §3.5.3] and they are
primarily to related to the consistency of the convective term of the magnetization
equation. The motivation for assumption 3, will be made clear in §4.5.2] To the best
of the author’s knowledge, at the time of this writing, there are no finite element pairs
{U, P} for the three-dimensional case satisfying assumptions 1 and 3. Therefore, we
can only provide a specific (realizable) finite element construction of scheme
for the two-dimensional case.
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Adapting the arguments of Propostion [4.4.1] we can show that the scheme
(4.47) is stable, and proceeding as in Theorem existence of solutions can be

established. We do this next.

Proposition 4.5.1 (Properties of the scheme). Assume that 3¢9 < 4 andn <e. In
this setting, for everyk =1,..., K there is {©F, Wk M* U* P*} € GXYXMxUxP
that solves (4.47), with H* defined in ([4.45). Moreover this solution satisfies the

following stability estimate
UFN1E: + S IME IR + AVOT T + 2(F(07),1)

K
+ <H5U’“Hiz + o [OMF |32 + A[OVOF L2 + 227V WH| 2

k=1

+ 27 v/7e T(UY) 32 + £ |22 + 27| /54 |2

(4.50)
K K-1 2
T +1
<0 s [HE e+ 3007 Y 7 [ 2|
k=1 k=1
+ UL + 200 | M2 + AIVO°|JZ: + 2 (F(€°), 1)
2010 | ¥ 22 + ol HOJZ2 < ¢ < o0
The scheme is mass preserving
(O%1)=(0"1) VI<k<K, (4.51)
and the following additional estimate holds
H\IJTHEQ(Hl(Q)) <c<o00. (452)

Proof. Set A = 27Uk T = 260k V = 27rU*, Z = 27poyMF, and Z = 2rp H*

(now, with H* defined as in (4.48))) in (4.47)) and add the result. We treat the double
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well potential as in (4.35)-(4.36)) and add in time to get

IO + molMF[IE2 + M VO L. + 2 (F(0), 1)

K
+ 37 (I0UF22 + o laM¥ |22 + AIOVOH |22 + 227 [V w2,
k=1
+ 271v/7e T(UY)|x + 287 [MF[2: + 27| /5% |2 (4.53)
K

< (2“707(%@H’“,M’“) + 2p0 (SMF, HF) o 20
k=1

(M H"))

UL + ol ML + AVOF L, + 2(F(6°), 1)

-
The rest is just a matter of applying summation by parts formula to the
term Zszl (51\/I"C , Hk), and applying Cauchy-Schwarz and Young’s inequalities
with appropriate constants. Estimate and analogous arguments to those of

Theorem yield local existence of solutions via Leray-Schauder’s theorem.

The mass preserving property (4.51]) can be easily verified by taking A =1 in

(4.47al). Notice that (4.51)) also implies the following Poincaré-type inequality

A gc(umkupﬂ/@k‘) :c(HV@kHLz—i—‘/@OD. (4.54)
Q Q

Estimate (4.52)) follows by taking T = 1 in (4.47b)), using the bounds on

|[VOT||goo(r2y provided by the estimate (4.50)) and Poincaré inequality (4.54) to get
| [t 5 [16¥+ [v6¥ + Iret ). (4.55)
0 Q
To control [, |f(©F1)|, we use (4.3). From this we conclude that
max)/llfk‘gc<oo. (4.56)
k Q

Finally, (4.52) follows by combining (4.56)) with (4.50]). O
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Remark 4.5.1 (Technical assumption). From now on we will assume that [, 0% = 0

in order to simplify the presentation.

Lemma 4.5.1 (Estimates for the discrete time derivatives). The following estimates

for @ and @ hold

157

@) T HE%

<c< oo,

2(H- 04/3(v*)

with ¢ independent of h and 7, depending only on h,.

Proof. Following [102] we first use and (1.22)

<&V) <5uk Iy [v ]) ) (@,HVM) |

su*
=1 =sup = sup < sup
‘ v vey vy ovev (VI vev  [[Hv[v]]lm
We next utilize (4.47d)) and (3.40) to get:
|22 S 190 a4 0 ol U s [l U U s

+ | VE [ M| e + [ e M2 + O | al [V 92

We employ the estimate (4.50) and inequality

[UH[|es < [[UFFE2IURE S UGS S (IVUFL (4.57)

L6 ~ L2 »

to deduce that

|, S IVU e + VU I 4 VORI + [ MF[|pz + || V8 e

, (458)
4
S (IO + 90 s + VUMM + 9998 )

Raise (4.58]) to the power 4/3, multiply by 7, and add in time to get the desired

estimate on 77'6U*. For the term H@ we proceed analogously using

C2H-1(Q)
[A7a) and ([@EA9):
5VOFr (@»A> <6ek HG[A])
. = Sup —> 7 X SUP )
H H-1Q)  AeH1(Q) [ Al A€H(Q) 1T [A]]| 1
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whence

H SVOF

T

SNUR |08 s + [VEF |2 S IVUF ||z + [|[VEF||p2,  (4.59)
H-1(@)

where we have used the Sobolev embedding inequality in three dimensions, the
equivalence between ||©F||;1 and [[VO*||1: given by the Poincaré inequality (4.54)),

and the fact that ||[VOT || (r2()) < ¢ < 00 given by estimate (4.50). Square (4.59)

and add over k to get the desired estimate on 77 16VOF. O

4.5.2 Convergence

The outline of this subsection is similar to that one of We want to show that
solutions generated by the scheme converge to the weak solutions of .
The proof relies on classical compactness arguments. We first need the basic energy
estimates, and then the estimates on the time derivatives in dual norms. Applying
Aubin’s lemma we can establish existence of strongly convergent subsequences in
L?(L?) norms, which is enough to pass to the limit in each term. Finally, we show
that weak limits are solutions of . The construction combines some elements
from both [102] and the “discrete transport” theory developed in [104].

The scheme generates a sequence of functions {©7, V" M" U™, P"}
corresponding to the nodes {tk}szo’ rather than space-time functions. In addition,
the scheme does not have a variational structure in time. As in , in
order to reconcile these differences, we will rewrite scheme (4.47)) as a space-time
variational formulation. For this purpose, we start by defining the functions Oy,
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V.-, My, Uy, P, such that

@hT = @k7 \Ilh‘r = \Ilku MhT = Mk7
(4.60)

U,, =U* P, =P Vte (th1,t], k=1,... K,

which are piecewise constant in time.

From scheme (4.47)) and using (1.12)) we have that {©p,, Vs, Mp,, Upr, Prr}

satisfies

AhT('+T)_AhT >

N A C =

- /tF (UhT@hT(' - 7—)’ vAh’T) + ’7(V\Ijh77 VAhT) = (@h7(0)7 Ah7(0)> ’

(4.61a)

tp
/ (\If}”—, ThT) + %](@h’r - @hT(' - 7—)7 ThT)
0 (4.61b)

+ g(v@hTJ VThT> + %(f(QhT( o T))? ThT) - 07

tpr 7 z
(MhT<tF)7 ZhT(tF)) - / <Mh77 @)
0

tp
o / b;Ln (Uh‘r7 Zh‘l‘7 MhT) + L? (MhT, ZhT) (461C)
0

= (My(0), Z-(0)) + & /0 F(%@Hhr,zhr),

tp—7 v v
(UhT(tF)7 VhT(tF)) — / <Uh77 w>
0

tp
+/ (veT(Up;), T(Vir)) + bu(Unr, Upr, Viur) = (Par, div V)
0 (4.61d)

tp
— (U (0), Vir (0)) + / b (Vs Hy, M)
0

+ ?(@h’r( - T)V\I[hﬂ'a VhT) ’

tp
/ (Qh7-7 djVUhT) =0 ’ (4616)
0
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for every {ThT7 AhT? ZhT7VhT7 QhT} € Gy X Ypr X My, x Uy, x ]P)hT, where

Gy, = {A,W € L2(0, 15 G) ‘ Mirly 0y € G@Po((ticr ta]), 1< k < K},

Vir = {Tur € L2053 ) | Ve,
M = {Znr € L2(0, 15 M) | Zo

Usr = { Viir € L2(0, 55 0) | Ve

€Y @ Py((te_r, ta]), 1 <k < K} ,

17tk}

IN

 EM®P((te1, tal), 1 < K K}, (4.62)

[

IN

JEURP((tir,tal), 1 <k

’(tk_l,t -

K},

Pir = {Qur € (0,65 P) | Quil ) EPOPo((tyr ), 1<K < K}

where - + 7 and - — 7 denote positive and negative shifts in time of size 7.

Expressions (4.60))-(4.62)) are the reinterpretation of the Backward-Euler method

as a zero-order Discontinuous Galerkin scheme (see for instance [53], [104] [105], 49]).

The difference between (4.47) and (4.61)) is merely cosmetic, since they are

equivalent formulations of the same scheme, but clearly (4.61)) has the right

structure if we want to compare it with (4.46)).

Lemma 4.5.2 (Weak convergence). The family of functions

{Onr, Yhr, Mpyr, Upr tirso, defined in (4.60) have the following convergence proper-

ties:

Onr 2% 0% in L(0, tp; HY(QY),
h,7—0 * - 2 1
Uy, —— " in L*(0,tp; H (),

h,7—0

M, ——, m" in LOO(O,tF; L2(Q)) ,

h,7—0

Uy 277% wt i L2(0, 1 L3(9))

h,7—0 %

Uy, = u* in L*(0,tp; HY(Q)),

for some functions 6*, ¢*, m* and u*. Here —, denotes weak-star convergence.
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Proof. Tt is a direct consequence of Proposition and definition (4.60)). O

Note that these modes of convergence are not strong enough to pass to the
limit in every term of (4.61), so that the weak limits 6%, ¢¥*, m* and u* of the
previous lemma might not necessarily be solutions of (4.46)). In order to improve

these estimates we will use the classical Aubin-Lions Lemma [[.2.1]

Lemma 4.5.3 (Strong L?(0,t5; L?(2)) convergence). The family of functions

{Ons, UhT}h,T>O defined in (4.60) has the following additional convergence properties:

h,7—0

Opr —— 0% in L*(0,tp; L*(Q)),

h,7—0

Uy, —=u* in L*(0,tp; L*(Q)),
for some functions 6* and u*.

Proof. We would like to apply the estimates from Proposition [£.5.1] and Lem-

mas |4.5.1| and |1.2.1| directly to the family of functions {©j,, UhT}h,T>o' However,

that is not possible since they are functions which are discontinuous in time. There-

fore, we define the following auxiliary functions Onr and Uy, by:
Onr = b 1 (DOF 1 4 44()OF Vit € (br, i),
ﬁhT = Zkfl(t)Ukil + gk(t)Uk Vt S (tkfla tk] 9

where (,_1(t) = (t,, —t)/7 and £,(t) = (t — t;_1)/7. We have that Oy, and Uy, are

continuous functions in time, so that:

o Uy, and O, converge strongly to some u* and 6* in the L*(L?) norm, i.e.

g % ~ % h,7—0
U — W[ z20,p120) + 1Ohr — 0|20 0:12(0)) —— 0, (4.63)
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which is a direct consequence Proposition [4.5.1] the dual norm estimates for

the time derivatives of Lemma [£.5.1] and an application of Lemma [I.2.T

¢ The previous bullet implies that Uy, and 0Oy, also converge strongly to the
same limits u* and 6* in the L?(L?) norm. For the velocity Uy, this is easy

to show using the triangle inequality

1Unr — || 200,4p1202) < | Unr — Unrllz20,tm5120)) + [[Une — 0| 22(0,tm512(0)) 5

where clearly the term HﬁhT — || 22(0,p:12(0)) 0es to zero because of (4.63)),
and the term || Uy, — ﬁh7—||L2(07tF;L2(Q)) goes to zero because of the following

identity

1Uhr = UnellZeopimay = 5 D 16U*

K
k=1

and estimate (4.50)) for Zszl |6U*||2,. For the phase-field we can show that

h,T .
1©Onr — 0| L2(0,t 022 (02)) 2200 using the same argument.

This concludes the proof. O

At this point we are in the position to show the main convergence result.

Theorem 4.5.1 (Convergence). The family of functions {Onr, Vi, My, Upr by, oo,
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defined in (4.60) has the following convergence properties

h,7—0

Onr — 0 in L*(0,tr; L*(Q))

h,7—0

Opr — 0 in L*(0,tr; H(Q))

h,7—0
- N

U, v* in L*(0,tp; HY())

(4.64)

h,7—0
_ N\

MhT m* in L2<O, tF, LQ(Q>)

Upr 272% w* in L2(0,t0; L2(Q))

h,7—0 *

Uy, —— u* in L*(0,tp; HY(Q))

where {0*,y*, m*, u*} € L*(0,tp; HY(Q)) x L*(0,tp; HY(Q)) x L*(0,tr; L3(Q)) x

L*(0,tp; HY(Q)) is a weak solution of (4.46)).

Proof. The modes of convergence (weak or strong and their norm) in (4.64]) are a

consequence of Lemmas [4.5.2/and [£.5.3] It only remains to show that weak limits 6*,

Y*, m* and u* are solutions of the variational problem (4.46)). For this purpose we
set {Anr, Yor, Znr, Vi b to be the space-time interpolants/projections of the smooth

test functions {\, v, z, v} of the variational formulation (4.46)):

A}”— = IG)\k, Th'r = Iyl)k, Z}”— = IMZk, VhT = Hst, Vit e (tk—latk] . (465)

Note that we are using the Stokes projector II,v* (see (1.17) for the definition of

k as a discrete test function Vj,, which

the Stokes projector) of the test function v
means that we are only going to test with discretely divergence-free functions. With
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this definition of discrete test functions we get in (4.61)):

tp—7 tp
—/ (@hw) —/ (UprOnr (- = 7), VAnr)
0 0

(4.66a)
+ V(V\IlhT7 VAh‘r) = (Gh‘r(o)a AhT(())) )
tp
/ (\Ijhra Th‘r) + %(GhT - @hr(’ - 7-)7 Thr)
0 (4.66b)
+ 5(v®h7'7 V’rhT) + %(f(QhT( - 7—))7 ThT) = 07
tp—7 tr
_/ (MhT)w> _/ b?(UhT7ZhT7Mh77)
0 0 . (4.66¢)
44 (MrsZa) = (Mir(0). 20 (0) + & [ (b Zar).
0
tp—7 tp
_/ (Ij}”_7 M) —I—/ (V@T(U}”—),T(V}”—))
0 0
+ by, (UhT7 UhT? VhT) - (PhT7 djVVhT) - (UhT(O)J Vh7(0>)
(4.66d)

tp
+ / bzn (VhTJ HhT? MhT) + ?(@hT( - T)V‘I}}“—, VhT) )
0

tp
/ (Qny, divUy,) =0,
0

where the terms evaluated at time ¢ = tr have disappeared because of the com-
pact support of the test functions {\,v,z, v} and their discrete counterparts {Ay,

Yhry Znr, Vir b Now we will pass to the limit term by term in (4.66)):

o We start with the terms with the time derivatives, which are straightforward:

bp=T Apr( )—A h,7—0 tr
hr (+7)—Apr T *
—/ (G)hf, - ) ; —/ 0", N\,
0 0
tF—T tF
ZhT('+T)_ZhT ]’L7T—)0 *
_/ (MhT7 - s — (m*,z;),
0 0
tF'*T tF
Vi (-+7) =V, h,7—0 %
_/ <Uh7'7 ( .,-) > ? - (u 7Vt)7
0 0

because of the weak L?*(L?) convergence of Oy, M}, and Uy, , and the strong

AhT(.+T)7AhT ZhT('+T)7ZhT

o Vi (47)=V
convergence of the finite differences — , - and Yar(+D)=Vir

T
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guaranteed by the regularity of the test functions.

¢ We continue with the convective terms. We start with the convective term of

(4.66a)
tr h,7—0 tr
- / (UnOne(- — 1), VAL)  222% / (6", V)
0 0

for which the convergence modes in (4.64) are more than we need: for Uy,
and O, we just need them to converge one weak and one strong in L*(L?),
and the strong convergence of VA, guaranteed by ([1.13|) and the regularity

of the test function .

o For the convective term of (4.66¢|), we proceed as in (3.84)-(3.85)). For the
Kelvin force in (4.66¢)) we proceed as in (3.86). Here is where the use of a

discontinuous pressure space, and the choice M = [P]¢, play a critical role.

¢ We have to show that the stabilization term in (4.66b|) vanishes in the limit:
tr K
1 _1 k ~k
/0 L(Onr — Onr(- = 7), Thr) = 2“7 (56%, TF)
k=1

% 12 , i 1/2
s%(zﬂw@%) () s

k=1 k=1

which follows by the stability estimate (4.50)).

¢ Finally, the only critical term is fOtF (V@T(UM),T(VM)) in (4.66d)), passage

to the limit

/0 (Vo T(Up), T(Vay)) 2% /0 " (v T(w), T(V)) (4.67)
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uses strong L?(L?) convergence of 6%, the Lipschitz continuity property of v,

the weak L?(L?) convergence of VUy,, and strong convergence of V'V, from

estimate ([1.20) (see assumption 3 at the beginning of §4.5.1]).

The remaining terms require little or no explanation, or the passage to the limit can

be found in other works such as [102, 105, 103]. O

Remark 4.5.2 (Choice of finite element spaces). For the two dimensional case, the
choice of finite element spaces for scheme can be the following one: M will
be the same as that one defined in , the spaces G and Y will be the same as
in (4.44), while the Stokes pair {U,P} will be the Crouzeix-Raviart pair defined in
(3.87)), which uses P; discontinuous pressures. These choices of finite element spaces
are far from arbitrary, part of the motivations (constraints) in this construction

where explained in §3.4.2{and are also motivated by consistency analysis carried out

in 554

Remark 4.5.3 (Stabilization). For the sake of simplicity, we have presented the
numerical scheme (4.47) without any form of stabilization (upwinding). Unlike
Continuous Galerkin methods, DG schemes do not need any form of additional
numerical stabilization in order to work. However, without some form of linear
stabilization they will deliver sub-optimal convergence rates to smooth solutions
(see for instance [125], [87]). Numerical stabilization can be incorporated by adding
the term

sP(UMMPZ) =4 ) /F|Uk -ngp| [M*] - [2] dS (4.68)

FeFi
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to the left-hand side of (4.47¢). With such a modification all the results presented

above remain unchanged.

4.6 Numerical Experiments

4.6.1 General considerations

Let us now explore model and scheme with a series of examples. The
main goal of these experiments is to assess the robustness of scheme (4.30) and to
show the reader the ability of the model to capture some well-known phenomena
observed in real ferrofluids. In all these experiments we will use the magnetic field
due to 2d point dipoles already discussed in (see and )

On the other hand, in order to carry out meaningful computations of phase-
field models it is crucial to resolve the transition layer, otherwise artificial spurious
oscillations will arise (cf.[126], 127, 128]). Even in the context of two dimensional
simulations, using for instance € = 0.01, and resolving the transition layer by means
of uniform meshes can turn out to be prohibitively expensive and slow. If we want
to obtain results in a timely fashion, computations of phase-field models claiming to
have any practical value will invariably need some form of adaptivity. Our work is
no exception, and for that reason we will use adaptivity in space, which entails using
numerical schemes which are not covered by the theory developed in this paper.

The implementation has been carried out with the help of the deal.II library,
see [70, [7T]. In particular the parallel-adaptive framework discussed in [129] 130] was
extensively used in this work. Regarding error indicators we have used the simplest
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indicator, basically

2 = hy /8 igIfes (4.60)

widely attributed to [131]. Computationally, it is well-known that performs
reasonably well for second order elliptic and parabolic problems. This error indicator
is already implemented in the library deal.II, being that the main reason for
its selection. From a mathematical point of view, using is questionable,
since residual a posteriori error indicators for phase-field models (Allen-Cahn and
Cahn-Hilliard) have been an area of major research; the interested reader can check
[132, [133] and references therein. The marking strategy follows the Dorfler (or bulk
chasing) approach, requiring in this time dependent context, marking for refinement,
and in addition, marking for coarsening (a judiciously small fraction). The mesh

will be refined-coarsened once every 5 time steps.

4.6.2 Parametric study of the Rosensweig instability

The purpose of this section is to run a series of parametric studies with respect to
h and 7 in order to assess the robustness of scheme with respect to these two
parameters. In order to run such studies, we have chosen to use the Rosensweig
instability (also called normal-field instability) as an example. We will start by
explaining the setup of the parameters of the model. Then we will explain what
the Rosensweig instability is, provide some well-known analytic results, and point
to some background references for the interested reader. Finally, we will use these
analytic results to tweak the numerical experiment, and run the parametric study.

165



Regarding inertial scalings, we will work in a rectangular domain of 1 unit of
width and 0.6 units of height, with vertices at (0,0), (0,0.6), (1,0.6) and (1,0). So

that diam () ~ 1, together with the following parameters

Uy = 1.0 and vy = 2.0,

and the density p implicitly taken (from the very beginning of the paper) to be
unitary, we have that Re = O(||ul|Le@x(0r))). On the other hand, we will use
o =1, 229 = 0.5, v = 0.0002, A = 0.05, and we will set the coefficient r of
equal to 0.1. The main goal of such an arbitrary choice of parameters (v, vy, p, o,
7y, v and \) is to have a very stable PDE system. Note that in and all
the natural estimates for the phase-field and chemical potential depend on A, thus
for small values of A, we should expect the stability of the interfaces (and the whole
PDE system in general) to deteriorate severely. With such a deliberate choice
of parameters we will have a very stable system of equations, paradoxically, now we
will try to come up with a smart scaling of the forces in order to get an interesting
(unstable) behavior as it will be detailed in the following paragraphs.

The Rosensweig instability (also called normal field instability) is perhaps the
simplest nontrivial phenomena observed in ferrofluids. Basically, if we have a pool
of ferrofluid lying horizontally, subject to the force of gravity, and also subject to
a uniform magnetic field h, pointing upwards, it is well known that a flat profile
will not be stable for all values of the magnetic field and a regular pattern of peaks
and valleys will form. The formation of these patterns is the result of competing
forces: both gravity and surface tension favor a flat surface, but above a critical
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magnetic field strength, the flat profile will not be the most stable configuration.
A sufficiently strong magnetic field will trigger the instability and the pattern will
form. We give some references in the following paragraph.

There are analytical expressions for the distance between the peaks and for the
critical magnetic field strength that triggers the instability. There is a vast literature
on this topic and it is impossible to do justice to all possible references, here we will
just comment on a few of them as background for the interested reader. The work
of Cowley and Rosensweig [134] is most probably the first one to provide analytical
results based on linear stability analysis (dependence of the most unstable modes on
the constitutive parameters) valid only in the asymptotic limit of vanishing magnetic

susceptibility s¢:

1/2
_ o 2 2 (24 1/2
be=2m (m) y M = _(ﬁ) (gApU) ) (470)

where /. is the critical spacing between the peaks, m,. is the critical magnetization, o
is the surface tension coefficient in the sharp interface limit, g = |g| is the magnitude
of the gravity, and Ap is the jump of the density across the interface. The work of
Gailitis [I35] using an energetic approach (minimization of a functional), considered
to be the first attempt to include nonlinear effects, was able describe the shape of
the patterns (hexagons, squares, etc), but still suffers from the same limitations
of the work of Cowley and Rosensweig (small susceptibilities, finite depth, etc).
The work [136] overcomes, to some degree, the deficiencies of the work of Gailitis.
Validation of all these analytical results is far from complete, requiring carefully
crafted experiments which mimic ideal conditions, some efforts in this direction can
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be found in [137, 113].

Most of these results are useful for their qualitative value, but they are far
from accurate for any realistic context which could include finite magnetic suscep-
tibilities, finite depth of the ferrofluid pool, nonlinear effects (large displacements
of the interface between both phases), and diffusive effects (partial mixture). In
particular, to the best of the author’s knowledge, there are not analytical results for
highly paramagnetic ferrofluids (54 > 1), and the treatment (or inclusion) of effects
related to the demagnetizing field is quite poor.

For instance, we cannot expect the linear stability result to accurately
predict the behavior of system in the context of bounded domains (with non-
periodic boundary conditions), finite depth, finite magnetic susceptibility (s =
O(1)), highly deformed transition layer (not a straight line), and finite interaction
length (layer thickness ¢) involving additional diffusive effects. We also have that
our phase-field model is not a genuine variable density model, so that the term Ap
has very little meaning in the context of the model , and gravitational effects
are only included approximately via . Finally, the relationship between the
capillary coefficient A and the surface tension o (see for instance [122] [138]) is only

known approximately

A~ ot (4.71)

where the constant involved in this relationship is unknown but of O(1). Yet, it
can be proved that the linear relationship (4.71)) is particularly accurate for small
mobilities v (see [139]), being that the reason why we chose v = 0.0002.
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Taking a giant leap of faith, we can only expect to be able to deliver
the right order of magnitude for the relationship between the gravity ¢ and the
surface tension coefficient ¢ which could yield a predetermined number of peaks.
Let’s consider that we want four peaks inside our unit length box, that is /. = 0.25,
combining and , and inserting our choice of parameters (¢ = 0.01,

A =0.05, Ap =~ 0.1, £, = 0.25) we get:

B Am’o 41\
7= CAp  2Ape

~3-10* (4.72)

This number is just telling us that, if we want to obtain four peaks inside our unit-
size box, the appropriate order of magnitude for the gravity is 10*. We will use
as an educated guess and load g = (0, —30000)7 in the computer code.

In order to generate a pseudo-uniform magnetic field, we will place 5 dipoles
pointing upwards, that is d = (0,1)7 (see formula (3.90)), sufficiently far away
from our rectangular box, so that for most practical purposes the magnetic field is
uniform, having only a slight gradient (decay) in the y direction. The coordinates
x5 of the dipoles will be (—0.5,—15), (0,—15), (0.5,—15), (1,—15) and (1.5, —15).
The intensity «; (see expression (3.91))) will be the same for each dipole but will
evolve in time. More precisely, a, will be ramp-loaded starting from oy = 0 at time
t = 0 to its maximum value a, = 6000 at time ¢t = 1.6, and from time ¢ = 1.6 to
t = 2.0 the intensity of the dipoles will be kept constant in order to let the system
rest and develop a stable configuration.

Regarding the space discretization, the initial mesh will have 10 elements in
the z direction and 6 units in the y direction, and allow for a maximum refinement
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of 4,5, 6 and 7 levels. On the other hand, regarding time discretization we will use
1000, 2000, 4000, and 8000 time steps for a total of 2 units of simulation time.

With this non-trivial setup, involving a choice of coefficients, a specific con-
figuration of the external magnetic field h,, and space adaptivity, the reader can
visualize some numerical results in Figure [1.I] The simulation starts with a fer-
rofluid pool of 0.2 units of depth at rest at time ¢ = 0, and at time ¢t = 2.0 we have
not obtained exactly four peaks inside the box as we desired, but clearly was
able to deliver a very reasonable initial guess. In Figure we show a sample finite
element mesh corresponding to the simulation of Figure In Figure 4.1 we can
see that most of the interesting dynamics happens from times ¢ = 0.7 to t = 1.4.
Therefore, we will focus on the interval of time [0.7,1.4] for a parametric study in
order to show the robustness of this simulation with respect to the discretization
parameters h and 7. Figures and [4.4] show the results of the parametric study
with respect to the space and time discretization respectively. The results from
Figure correspond to the third column of Figures and [£.4] which, as it can
be appreciated, is a meaningful (well-resolved) solution.

The Rosensweig instability considered in this section, in practice, can only be
reproduced under carefully controlled laboratory conditions. That is, this instabil-
ity is not the most common form of ferrofluid instability we can find in everyday
experiments (such as commercial ferrofluid toys) since in practice most magnetic
fields are by no means uniform nor have magnetic field lines very aligned. This is
the reason why in we will consider a much more mundane (common) form
of the Rosensweig instability, involving non-uniform magnetic fields with relatively
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poor alignment of the magnetic field lines.

EELL
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Figure 4.1: Rosensweig instability: evolution screenshots. Se-
quence of screen shots from time ¢ = 0.1 to ¢ = 2.0 in regular intervals of
0.1 showing the evolution of the phase-field variable © (read from left-
to-right and top-to-bottom). As it can be appreciated, we obtained in
the order of 4 peaks inside the box, showing us that the crude estimate
(4.72]) was a very good initial guess for the scaling between the capil-
lary coefficient A and the gravity g. Note that diffusive effects are quite
noticeable as we are using € = 0.01. Most of the interesting transient
behavior happens from time ¢t = 0.7 to t = 1.3 (reading from left-to-right
and top-to-bottom: boxes 7 to 13), so we will focus on this interval for a
parametric study. This simulation was obtained using 6 levels of refine-
ment in space, and 4000 times steps for a total of 2 seconds of simulation.
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Figure 4.2: Rosensweig instability: sample mesh. Finite element mesh with 6 levels of refinement at time
t = 0.92, corresponding with the simulation of Figure In order to have meaningful (well-resolved) simulation we
need approx. 20 elements of the finest level resolving the transition layer.



Figure 4.4: Parametric study: time discretization. This figure
shows the results obtained from time ¢ = 0.7 (uppermost row) to time
t = 1.3 (lowermost row) using 6 levels of refinement is space and four
different time discretizations: the coarsest time discretization uses 1000
times steps (first column), 2000 time steps (second column), 4000 time
steps (third column), and the finest discretization 8000 time steps (fourth
column). The reader can appreciate that even the coarsest time dis-
cretization does not generate artificial or spurious features in the numer-
ical solution.
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Figure 4.3: Parametric study: space discretization. This figure
shows the results obtained from time ¢ = 0.7 (uppermost row) to time
t = 1.3 (lowermost row) using 4000 time steps and four different levels
of refinement in space: the coarsest mesh uses 4 levels of refinement
(first column), 5 levels (second column), 6 levels (third column), and the
finest mesh uses 7 levels (fourth column). The reader can appreciate
that with the coarsest mesh (leftmost column) the numerical solution
exhibits artificial features which do not survive additional refinement.
In particular, we have an additional spike in the middle for the case of
the coarsest mesh (first column) which is not present in the second, third
and fourth columns. This simple examples illustrates the importance of
parametric studies in the context of phase-field methods.
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4.6.3 The ferrofluid hedgehog

In this section we will carry out two numerical experiments in order to explore the
effects of a different kind of magnetic field (not uniform), depth of the ferrofluid
pool, and the effects of the demagnetizing field. For these experiments we will use
the same constitutive constants that we used for Experiment with exception
of the magnetic susceptibility which we will set to be s = 0.9, the layer thickness
¢ will be set to € = 0.005 to reduce diffusive effects and get sharper interfaces, and
A = 0.025 to get slightly more unstable interfaces (easier to perturb). The depth of
the ferrofluid pool will be now of 0.11 units. We will still use 6 levels of refinement,
but the initial mesh will have 15 elements in the x direction and 9 elements in the
y direction. Regarding temporal discretization we will use a total of 24000 times
steps for 6 units of simulation time.

It is clear that we are changing many parameters at the same time (magnetic
susceptibility, pool depth, capillarity coefficient, and layer thickness), in such a
way that we will not be able to understand the separate influence of each of them
on the behavior of the system. Doing a parametric/sensitivity study of all these
variables (modifying only one variable at a time) would be highly desirable, but
that would involve an ambitious separate analysis. By now, the purpose of this
section is just to showcase other interesting phenomena (another instance of the
Rosensweig instability) that we can obtain with this simple PDE model. We will
call the instability obtained in these experiments the “ferrofluid hedgehog”, because
of its natural resemblance with the spiny mammal.

175



The main reason to use a higher magnetic susceptibility s is making the effects
of the demagnetizing field hy much more pronounced than those of Experiment [4.6.3]
As it will be shown later, the demagnetizing field h, plays a fundamental role in the
instability.

The experiments will be carried out in the same rectangular domain used for
Experiment (with vertices at (0,0), (0,0.6), (1,0.6) and (1,0)). The magnetic
field h, = ), a;V, will be generated by a set of 42 dipoles. More precisely, we
want to create a crude “discrete” approximation of what would be the magnetic field
due to a bar magnet of 0.4 units of width and 0.5 units of height pointing upwards
(i.e. d = (0,1)T again). The dipoles will be located in three rows (each row will
have 14 dipoles): one at y = —0.5, y = —0.75 and y = —1.0, and the 14 dipoles will
be equi-distributed in the x direction as shown in Figure [4.5 The main idea of this
setup is to create a non-uniform magnetic field, with an open pattern of magnetic
field lines (as sketched in Figure rather than aligned magnetic field lines (as it
was the case of Experiment .

The intensity a, will be the same for each dipole, but it will evolve in time.
More precisely, a, will be ramp-loaded starting from ay = 0 at time t = 0, to its
maximum value oy = 4.3 at time t = 4.2, and from time ¢t = 4.2 to t = 6.0 the
intensity of the dipoles will be kept constant in order to let the system rest and
develop a stable configuration. The motivation behind a longer simulation time (6
units) and the maximum intensity o, = 4.3, it to push the system to a barely stable
configuration at the brink of a second transition, so that allowing more simulation

time, the system could evolve and capture more non-trivial evolution.
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Numerical results using the complete (effective) magnetizing field defined in
(4.11)) and (same as and respectively) are displayed in Figure [4.6]
Numerical results using the definition h := h, can be found in Figure Simu-
lations and are strikingly different, highlighting the importance of using a
physically reasonable definition for effective magnetizing field h, and the influence
of the demagnetizing field hy (see (3.9)-(3.10) for the exact definition of the demag-
netizing field hy, and for the crude approximation used in these simulations)
in the overall behavior of the system.

Even though , used in Figures —, is a questionable approach
to compute an approximation of h = h, 4+ hy, it keeps the influence of hy alive,
and is able to deliver the classical Rosensweig instability (even able to respect the
scaling reasonably well) in the context of uniform magnetic fields (see Figure
, and the more common version of the Rosensweig instability in the context of
non-uniform magnetic fields, as shown for instance in Figure [4.6

Many attempts to model and explain the Rosensweig instability (and ferrofluid
behavior in general) found in the literature (cf.[137, 136, 116} 117, 115 23]), pay
special attention to the modeling of non-linear susceptibilities and saturation ef-
fects (usually carried out with the Langevin function). However, they rarely ever
elaborate on the effective magnetizing field, the demagnetizing field (also called
stray field), and their approximation/computation. They are sometimes not even
mentioned in the entire text.

Saturation is indeed an important component in the physical behavior of mag-

netic materials, specially if we are working past the saturation limit, however it is
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the opinion of the author that current emphasis on the modeling of saturation ef-
fects is somehow not commensurate with its actual impact in the physical behavior
of ferrofluids. Preliminary computational experiments carried out by the author
(not reported) seem to indicate that the modeling of saturation effects add almost
imperceptible nuances in the overall behavior of the system, while proper compu-
tation of the effective field (using or a better approximation if possible) has
much more striking consequences in the global behavior of the system (particularly

relevant for the study of the Rosensweig instability). Those consequences can be as

noticeable as the difference between Figures [4.6] and [£.7]
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Ferrofluid

Figure 4.5: The ferrofluid hedgehog: setup of the dipoles. Setup
of the dipoles for the Experiment showing our rectangular domain
2 with the ferrofluid (dark region) in the bottom of the box, and the
arrangement of the dipoles below 2. The 42 dipoles are located in three
rows in the lower part of the picture, here represented like small bar
magnets, delivering a coarse approximation of what would be the mag-
netic field due to a bar magnet. The idea of such a configuration is to
obtain an open pattern of magnetic field lines and steeper gradients than

those of Experiment 4.6.2]
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Figure 4.6: The ferrofluid hedgehog: using the complete mag-
netizing field. This figure shows another instance of the Rosensweig
instability, this time with a non-uniform magnetic field (see Figure
for details regarding the source of magnetic field). This computation was
carried out using the definition (4.11)-(4.12) (same as and
respectively in Chapter 3) for the effective magnetizing field. The insta-
bility manifests, but not in the same way it did in Experiment see
Figure Now the ferrofluid spikes exhibit an open pattern, just like
the magnetic field h, driving the system. In addition, note that the inter-
face starts flat, it develops four spikes in the middle region (where there
is a narrow band of quasi-uniform magnetic field pointing upwards), the
configuration with four spikes remains quite stable throughout most of
the simulation time, but finally it has a second (much faster) transition
from four to six spikes which can be appreciated in the last two frames.
This numerical experiment clearly exhibits a resemblance with physical
experiments shown in Figures [4.8 and [4.9]
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Figure 4.7: The ferrofluid hedgehog (attempt): using only h,.
This figure shows a computation carried out using the same setup of
Figure [4.6] but this time, with the definition h := h, for the effective
magnetizing field (at discrete level we use (4.48))), which ignores com-
pletely the effects of the demagnetizing field hy. Clearly the evolution of
the phase variable is totally different to that one of Figure 4.6 and there
is no manifestation of the Rosensweig instability (there is no Hedgehog).
The final configuration adopted by the system does not even resemble
what would hapen in a real life experiment (see for instance Figures

and [1.9).
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Figure 4.8: Real experiment of a ferrofluid subject to a non-

uniform magnetic field. Courtesy (reproduced with permission, see
Appendix) of [140].

Figure 4.9: Another real experiment of a ferrofluid subject to a
non-uniform magnetic field. Courtesy of [140)].
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4.7 Conclusions

In this chapter we proposed a simple PDE model describing the behavior of two-
phase ferrofluid flows. The model was assembled by choosing components from the
one-phase Shliomis model of ferrofluids, simplified magnetostatics, and well-known
assumptions and simplifications from phase-field techniques. The model satisfies a
formal energy law and we were able to devise a numerical scheme that mimics it.
The use of a discontinuous finite element space for the magnetization M* seems to
be mandatory if we want to have a discrete energy law, hence, numerical stability.
We were also able to prove that the scheme always has a solution.

We also presented a simplified version of this model, which has a somewhat
more restrictive scope of physical validity, its use would be primarily oriented to
ferrofluids with small magnetic susceptibilities, such as those found in biomedical
applications. For this simplified model we were able to develop a convergent numer-
ical scheme. Convergence of the scheme relies on classical compactness arguments.
The fact that the limits for ~,7 — 0 are weak solutions of (consistency in
the limit) required a special choice of finite element spaces, requiring in particular
the use of discontinuous pressures.

We showed a series of numerical experiments which illustrate the robustness
of the numerical schemes, the potential of these models, and their ability to capture
basic phenomenological features of ferrofluids. In particular, we showed the ability
of the model in the context of the classical Rosensweig instability (uniform magnetic
fields), and the more common case of the Rosensweig instability (using non-uniform
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magnetic field) when the ferrofluid forms and open pattern of spikes (hedgehog-
like). We also carried out a simulation using the definition h := h, for the effective
magnetizing field which ignores completely the effects of the demagnetizing field hy.
This simulation highlights the importance of using a physically reasonable (sensible)
approximation to the exact demagnetizing field.

Finally, we must comment that many important issues were not discussed.
Among them we have to mention how to regularize the model (laying the
path to a successful global existence theory) is very much an open problem, how to
actually solve the system posed by the numerical schemes proposed in this work,
modeling of saturation effects (which is an important physical feature of ferrofluids),

and the derivation of energy-variational ferrofluid models.
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Appendix : Reproduction Authorizations

Warsaw, 2015-02-13
Dear Ignacio Tomas,
Please feel free to use any of my Ferroliquid photos (available ac
https://plus.google.com/photos/105770857437030584333/albums/5574178843082633953) for
any non-commercial purposes in accordance with the provisions of a Creative Commons

Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) licence.

Best regards

Martin Jénsson-Niedziotka
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