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Abstract. A coupled method of finite differences and boundary elements is applied
to solve a nonlinear transmission problem of magnetostatics. The problem describes
an interaction of a uniform magnetic field with a cylindrical ferrofluid layer. Fer-
rofluid magnetisations, based on expansions over the Langevin law, are considered to
model ferrofluids with a different concentration of ferroparticles. The shielding effec-
tiveness factor of the cylindrical thick-walled ferrofluid layer is calculated depending
on intensities of the uniform magnetic field and on thickness of the ferrofluid layer.
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1 Introduction

Currently, one of the most important fields of scientific research is a study of
electromagnetic properties of composite materials used in radio and electronic
engineering. It requires development of modelling methods and computational
techniques for processes of interaction between electromagnetic fields and ob-
jects of different geometries and material structures which are important for
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further engineering of technical devices. A special challenge is studying materi-
als with nonlinear physical properties [8,11], in particular soft magnetic materi-
als [28]. Computational approaches of handling equilibrium states of ferrofluid
systems with different geometries and free surfaces — drop, layer, capillary —
have been developed in [16,17,18,19,23] for uniform applied magnetic fields.

Recent results related to shells and membrane theories of composite materi-
als in mechanics and biology are presented in [1]. In particular shells are applied
for suppression of vibrations by means of magnetic fields, see e.g. [21,22] for
thin sandwich-like shells containing magnetorheological layers. One of consid-
ered research directions is a study of transmission processes for electromagnetic
fields through shields and shells, see e.g. [7]. Active research is performed on
shielding problems of electromagnetic fields by solid magnetized thin-walled
layers and films, see e.g. [2,10,12,13,30,31,32,33,34]. Current paper is devoted
to studying shielding properties of cylindrical thick-walled ferrofluid layers pro-
tecting against uniform magnetic fields, where ferrofluids of various concentra-
tion of ferroparticles are considered. Numerical solutions of the problem have
been obtained for a simpler mathematical model in [24], neglecting the effect
of magnetodipole interparticle interactions in ferrofluids.

2 Mathematical model for the magnetostatics problem

Magnetic fluids (ferrofluids) are stable colloidal suspensions of ferromagnetic
nanoparticles in a nonmagnetic carrier-liquid (such as water, kerosene, trans-
former oil, organic compounds and others). The ferroparticles of size 10 nm
are in Brownian motion inside the carried-liquid. The fluid composition results
in magnetic properties of magnetic fluids affected by magnetic fields [3,4,6,28].
The magnetic permeability of ferrofluids sy is defined by the magnetisation
law M (H)

pig = pop,  p=p(H)=1+M(H)/H,

where po = 47 - 1077 H/m denotes the vacuum permeability. H = |H]| is the
intensity of the magnetic field. Different models of the ferrofluid magnetisation
should be used to model fluids with different concentration of ferroparticles [14].
Namely, the following relations are suggested in [14] based on expansions over
the Langevin law M (H) = M L(H/H,) within the framework of the modified
mean-field theory,

1 dMy,(H)
Here M is saturation magnetisation of the fluid, L(¢) = coth (t) — 1/t is the
Langevin function, H, = kT/(uom), k = 1.38 - 10723 J/K is the Boltzmann
constant, T is the absolute temperature of the fluid, m is magnetic moment of
a ferropaticle.
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In contrast to M)(H), the magnetisation laws My (H) and M) (H)
take into account the magnetodipole interparticle interactions [14]. The mag-
netisation Mqy(H) describes diluted or weakly-concentrated ferrofluids (the
magnetic phase concentration ¢,, < 10 %), M)(H) describes moderately-
concentrated ferrofluids (¢, ~ 10-12 %), and M3 (H) describes dense or
highly-concentrated ferrofluids (¢, ~ 12-18 %) [14]. It is assumed that the
ferroparticles are uniformly distributed inside the ferrofluid.

Every magnetisation law is characterized by initial magnetic susceptibility
X(i) = limHﬁo (dM(i)/dH)7 1= 1,3:

M,
3H,’

1 2 1 2 1 3
X(1) = XLs X©@) = XL+ 3XL: X@) =XL+ 5X.+ Taa XL

XL = 3 3

X (i) is a dimensionless parameter of the ferrofluid. We formulate expressions for
the relative magnetic permeability in terms of the dimensionless field intensity
h=H/H,:

pay(H) = pay(h) = 1+ 3XLL§Lh) ; (2.1)

e (H) = peoy(h) = 1+ 3XLM, (2.2)
L (h+xeL(h) + 5x3 L(h) 5

pa (H) = sy (h) = 1+43xz ( - SXL & ) . (2.3)

h

2.1 Differential statement of the problem

Let us introduce a Cartesian coordinate system OXY Z and the corresponding
cylindrical one OpypZ in R3. We consider a cylindrical layer, infinite in Z
direction and described by its cross-section

Dy ={(p,p) : R1 <p<Ry,0< < 2m},
with layer boundaries I and I such as
I={(p;p) : p=R1,0<p <2r}, To={(p,p) : p=R2,0< ¢ <27},

see Figure 1.

The interfaces I and I are assumed to be absolutely permeable for mag-
netic fields. The inner domain D; = {(p,¢) : 0 < p < Ry,0 < ¢ < 27}
and the outer domain D3 = {(p,¢) : Rz < p < 00,0 < ¢ < 27} are filled
with vacuum of permeability g, whereas layer D5 is filled with magnetic fluid
of permeability s1y. The layer D; is considered under the effect of a uniform
magnetic field Hy = Hpey with constant intensity Hy, where ey = (0,1,0),
see Figure 1.

Let us denote H; the magnetic field inside the domain D; and represent
magnetic field of the external domain as Hz = Hy + Hj3. The applied field
H does not depend on Z coordinate. That is why the problem can be treated
as two-dimensional in the polar coordinate system Opp. Let us introduce
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Figure 1. The problem setting: D; corresponds to the internal nonmagnetic medium, D2
corresponds to the ferrofluid, and D3 corresponds to the external nonmagnetic medium.

magnetostatic potential functions U;(p, ¢) such that
oU; 10U; .
— (2
op’p oy )’
Now let us formulate the boundary value problem for unknown potentials Uy, Us

and Us = Us — Uy, see e.g. [24], with the Laplace equations in the nonmagnatic
domains D; and Ds:

H¢VU¢< =0,3.

10 oU 1 02U
2 1 1 .
o~ 10 [ oU, 1 0%Us .

and the nonlinear Laplace-type equation in the ferrofluid domain Ds:
10 oUs 1 0 U, .

V- (uVUy) = —— (up) + == (M) =0 in D, 2.6

( ) pIp dp p? Op " Op (26)

with transmission conditions on interfaces I'7 and I5:

o, U,
= — = pu— r 2.

U, = Uy, ap 7 9 on I7, (2.7)

oU, U, 09U
Us; = U- — =4+ — I 2.8
2 35 12 8,0 ap + ap on 12, ( )

and a radiation condition ~
lim Us = 0. (2.9)
p—+00

Here the potential of the external applied field is given as Uy = Hypsiny. The
permeability of the ferrofluid p = p(|VUs|) is defined by one of the relations
(2.1)-(2.3). The Laplace equation (2.5) for the potential Us = Us — Uy follows
from the Laplace equation for Us and the fact that V2Uy = 0. The mathemat-
ical model is described by the Laplace equations (2.4) and (2.5), the nonlinear
Laplace-type equation (2.6), transmission conditions (2.7), (2.8) and radiation
condition (2.9).
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2.2 Integral reformulation

Let us now introduce dimensionless variables and parameters, where space
variables are dimensionless over Rj, and the magnetic field is dimensionless
over H,:

_p _ X _ Y wilr )_Ui<era‘P>
Rl _Rl, y_R1> (1 ’SD— RlH* I

Hi aul 2 1(9’(1,1 2 . HO R2
hi_m‘\/(m) +<r8<p)’ up = horsin g, ho—E, 5—R—1.

The corresponding dimensionless geometry is

D ={(re): 0<r<1,0<p<2n}, ={(re) : 1<r<d0<p< 2},
23 ={(r,p): §<r<o00,0<¢<2n},
n=A{re): r=10<p<2r}, v={(re): r=560<p<2r}

The dimensionless analog of the Laplace equation (2.4) in the bounded
domain 27 can be reformulated as a boundary integral equation on the interface
~1, based on Green’s representation formula, see e.g. [5]:

mu1(§o) +/ [u1(§)q" (§0,€) — a1 (§)u™ (o, 6)] di(§) =0, Vo € m1. (2.10)

71

Here & = (ro, o) is a fixed source point, £ = (r,¢) is integration variable
and ¢1(§) = Quy/0r is normal derivative of the potential function on ~;. The
fundamental solution u*(&p, &) for the plane Laplace equation is of the following
form, see e.g. [29]:

_ ou” (503 5)

U*(Emf) =—In |£ - £0|a q*(f(bg) - T? (211)

1/2

where |£ — &| = ((r COS Y — T COS @0)2 + (rsing — 7o sin @0)2) is the dis-
tance between points £ and &y. Similarly, the dimensionless form of the Laplace
equation (2.5) in the unbounded domain (23 with the radiation condition (2.9)
can be reformulated as a boundary integral equation on the interface ~o:

riis(€o) — / [3(£)4" (€0, €) — Gs(E)u" (0, £)] dra(€) = 0, Wep € 2, (2.12)

where U3 = uz — up, and ¢3(£) = du3/Jr is normal derivative of the potential
function @3 on 5. For the problem under study,

¥ — %o

2sin 5 q*(§07€) = _%7 vg()ag €7, (213)

u*(§,¢) = —In

26 sin L 4

U*(507§) =—In ) q*(€07£) = - vgo;f € Y2- (214)

%,
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As a result, an integration of the term uq(£)g*(£o, &) in the boundary integral
equation (2.10) and the term 43(€)g*(£o,&) in (2.12) turns out to be zero due
to the constant value of ¢*(&p, &), see (2.13), (2.14), and the symmetry of the
potential functions

| wl©d € an©) = -3 [ m©dn© =0, v,

[ €0 €0, 00 =55 [ wl©dn©) =0, Yoen (21)

The mathematical model (2.4)—(2.9) will be redefined by means of boundary
integral equations (2.10) and (2.12), whereas the radiation condition (2.9) is
exactly fulfilled due to integral formulation (2.12). A symmetry of the problem
setting with respect to the coordinate axes (see Figure 1) allows us to restrict
the dimensionless computational domain to the positive quadrant, see Figure 2.
Hereafter,

={(r,0): 0<r<1,0<p<7/2}, o={(r,0): 1 <r<§0<p<m/2},
Q3={(r,p): 6 <1 <00, 0<¢p<m/2},

and the layer boundaries are
n={lrne) :r=10<p<n/2}, pn={(rp) :r=00<¢<m/2}

We introduce additional notation for space variables on interfaces v; and 72 to
handle the symmetry in the integral equations:

& =(0,9), & = (0,7—¢), & = (0,7+¢), & = (0,27—¢) for 7 € {1,4}.

Due to symmetry of the potential functions and relations (2.15), we reformulate
the boundary integral equations (2.10), (2.12) as

/OW/Q il ( F]) [u* (fo,ﬁgﬂ) +u” <€O7§£H) —u’ (507 :[%1]) - (50,54[11])} de

=mu1 (&), Y& €, (2.16)
/2
[ as (&) [o (0. +w (60.687) - 0 (60.6") = w (60.607) |
0

= —Sis(%0), Vo € %2 (2.17)

The mathematical model in dimensionless variables (see Figure 2) consists
of boundary integral equations (2.16) and (2.17), together with the nonlinear
Laplace-type equation

1 6 _ 8’[1,2 1 8 _ 8uz o .
;E (U(h2)7‘8r> + 772% (u(hz)&p> =0 in QQ, (2.18)
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p=n/2
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=
SN
<

Figure 2. Computational domain for the problem under study.

as well as transmission conditions on interfaces 1 and ~s:

ur =uz, q = fi(h2)g2 on i, (2.19)
us = Uz + hodsingp, [(ha)ge = @3 + hosingp on 7, (2.20)

and the symmetry conditions

ul‘cp:() = u2|<p:0 = ﬁ3|¢:0 = 07 (221)
0 0 ou
© o=z P le=2 Ple=12

Here the normal derivatives of potential functions on «; and 7, are denoted
as q1 = Ouy/0r, go = Ous/Or and §3 = Ouz/Or. The unknown quantities of
the mathematical model (2.16)—(2.22) are the volume potential us(r,¢) and
the boundary fluxes ¢;(1,¢) and §3(d, ). The mathematical model has three
dimensionless parameters: applied field intensity hg, layer thickness § and mag-
netic susceptibility .

Relative magnetic permeability of the ferrofluid iz could take different forms
such as fi¢;), i = 1,3, see (2.1)~(2.3). The corresponding model formulations are
denoted as models 7, whereas the model 1 describes weakly-concentrated fer-
rofluids, the model 2 describes moderately-concentrated ones, and the model 3
corresponds to dense ferrofluids.

3 Computational procedure

The problem under study is not only of practical interest. It is also unique from
the point of view of its numerical modelling. The computational algorithm for
the integro-differential model (2.16)—(2.22) is based on the combination of the
boundary element method in the nonmagnetic domains 2, and (23 and the
finite-difference method in the ferrofluid domain (2. Due to the boundary
element approach, a solution of the plane Laplace equation with known funda-
mental solution (see e.g. [29]) is replaced in the nonmagnetic domains with an

Math. Model. Anal., 24(2):155-170, 2019.
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equivalent problem of solving boundary integral equations (2.16) and (2.17).
These equations are considered the Fredholm integral equations of the first kind
with respect to the normal derivative g; on the interface vy; and to the normal
derivative ¢3 on the interface 7o, respectively. An advantage of the boundary
element method is that no meshes are required in the domains {2, and (23, and
the radiation condition (2.9) is exactly fulfilled by the integral reformulation.
We apply a collocation approach with constant elements to approximate
boundary integral equations (2.16) and (2.17) on uniform interface meshes
{(1,¢;)} and {(J, ¢;)} with respect to the integration variable ¢, where ¢; =
JAyp, j = 0,N,, and the mesh step A = 7/ (2N,). For the given approxi-

mate values of the interface potentials ug-l) ~ ui(l, ;) and 11;-3) ~ u3(0, ),

j=1, N , we get two independent systems of linear algebraic equations rela-

tive to the derivatives q( ) ~ ¢1(1, ;) = Oui(1,¢;)/0r and (j](;) ~ G3(9,,) =
dug(9, ;) /0r:

Z% ¢ =mul, =T N ul) =g =0, (3.1)
Zazj]qj(g) - (3)7 L= 1»Nap§ ﬂg)S) = (j(()g) =0, (32)
where
©;
Ej] / j+1/2 {u* <§075£0]> 4t (50’ £0]) —ut (&)’ :[;7]) (&)’ )} d,
Pj—1/2

for 0 € {1,0} and & = (0,%;). Due to a special form of the fundamental
solution on 77 and vz, see (2.16), (2.17), we get aE I = [ ),

the superscript for a;;:

0 — / el e)/2) A s+ 9i)/2)
Y ey, tan(lp —¢il/2) tan (l¢; — ¢il/2)

Hereafter we omit

fori=1,N,,j=1,N, —1,i# j,

Pit1/2 . 4 . JE—
0, = / n ww Ay (1+ln tan“”) Li=T,N, -1,
oii1ys  tan (e —@il/2) Ap

PN,+1/2 i 2 — P
@i,N, = */ i Intan 2 — %% 290 dp =~ Acplntanﬂ%, i=1,N,—1,
[}

Nyp—1/2

PNy+1/2 2 — A
an, N, = —/ " Intan wdgp ~ Ap (1 —1In f) . (3.3)
©

Np—1/2

Note that singular integrals for the coefficients a;; are computed similarly to
the approach in [5].

The nonlinear problem (2.18), (2.21),(2.22) is approximated by the finite-
differences of the second order on a uniform mesh along r and ¢. The con-
structed finite-difference scheme is presented by a system of nonlinear algebraic
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equations. It satisfies the maximum principle in linear approximation at any
mesh step, i.e. the finite-difference scheme is monotonic.

Computational process has been organized in the form of an iterative algo-
rithm, where three mesh problems for the potential are solved independently
of each other at each iteration.

1. At first, two linear BEM systems (3.1), (3.3) and (3.2), (3.3) are solved
by the Gauss elimination method with respect to mesh values of ¢(*)
and ¢, respectively, for the given mesh values of the potential u(*) and
@) from the previous iteration. In spite of the fact that the problem
is ill-posed in the theory of integral equations, we obtain only correct
numerical solutions at different meshes.

2. Then, the interface mesh-values of ¢ ~ ¢o on v, at r = 1 and on ~, at
r = ¢ are computed from the transmission conditions (2.19) and (2.20)
for the new mesh fluxes ¢(*) and §®).

3. The nonlinear finite-difference problem with respect to the potential uq
in the ferrofluid domain (25 is solved by the iterative Seidel-type method.
As a result, new mesh values of the potential u(®) ~ uy are determined
not only at the internal nodes of the domain (2, but also at the inter-
face nodes. New mesh values of the magnetic permeability fi(hs) are
recomputed using these interface nodes.

4. At last, the mesh functions u(!) and @) are recomputed at the interface
nodes, using transmission conditions (2.19) and (2.20). It completes the
iteration of the computational process.

When the iterative process is finished, the potential u1(§) at any internal
point & € 21 and the potential u3(€) at any internal point € {23 are calculated
(ORNC))

i Yy

and the normal derivatives qj(l), cjj(»?’) at the interface nodes {(1,¢,)}, {(d,¢;)}
for j =1, N:

by explicit formulas, based on the interface values of the potentials u

N,
1 P
(&) = 5= 3 (ol o), ve e 2,
=1
N
§ . . .
ugz(&o)= — o (a&é]q§6)fb£45] (u§-3)7h0§ sin cpj>)+hor0 sin g, V& € (23,

j=1

where for o € {1,0},

alf) = g [u (60:€17) +u” (60.687) - u (60,657)) = (60.617)]
7= o (60.6l7) +a (60 687) =0 (60.657) — 0" (80.617)) .

557]] = (Uv 90;)7 fg,j]] = (0',71' - SDJ)7 5;[3:] = (077T+(pj)u 54[1?3] = (07 27T_90j)'
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The computations were carried out on a uniform mesh with the number
of partitions N, = 10 for § < 1.1, and N, = 100 for 6 > 1.1 for the variable
r € [1,6], and N, = 100 for the variable ¢ € [0, 7/2]. The test calculations on a
finer mesh with twice the number of partitions for both variables did not reveal
any significant changes in the solution. An undisturbed magnetic potential
ug = ug was chosen as starting configuration for the iterative process.

4 Results of computations

The initial magnetic susceptibility x lies in the range 0 < x < 1 for the weakly-
concentrated ferrofluids, and in the range 1 < x < 10 for the moderately-
concentrated ones. It reaches values y ~ 50-80 for the dense ferrofluids under
the room-temperature conditions [20,26,27]. For instance, the dense decane-
based ferrofluid with magnetic phase ¢,, = 22.6 % has initial susceptibility
X = 51 under the room temperature, see e.g. [9]. Under low temperatures
(T'" ~ 230240 K), the value of the initial magnetic susceptibility of dense
laboratory synthesized ferrofluids increases up to x ~ 100-120 for the preserved
fluidity, see e.g. [20,26,27]. We take the initial magnetic susceptibility from
the range 10 < x < 50 for the test computations, namely y = {10, 30,50}.
The value x = 10 corresponds to moderately-concentrated ferrofluids, whereas
x = {30,50} describes dense ferrofluids.

Shielding effectiveness factor of the uniform magnetic field Hg by the cylin-
drical thick-walled ferrofluid layer Dy is defined by the formula

[Ho(0, )| ho ui\?  [10ur\’
Kot = = =ho/Al| =) + (=5
[H1(0,0)]  [Vui(0, )] or r Oy
Shielding effectiveness factor K. estimates the decay factor of the externally
applied magnetic field intensity Hy transmitted into the internal cylinder D;.

We compute (4.1) at a point where ¢ = 7/2, lying on the axis Oy, with
symmetry condition (2.22), hence

(4.1)

r=0

Kep = ho |lim =2

dus (r, 7/2) ‘

Figure 3 demonstrates the shielding effectiveness factor K.; dependent on
the applied field for models 1-3. The geometric configuration of the problem
is specified by the layer thickness § = 1.1. The ferrofluid properties are defined
two ways: by the initial magnetic susceptibility x = {10,30,50} with x¢;y = x,
see Figure 3a, and by the Langevin susceptibility x = {4.06,7.61,9.97} with
X@) = X(@i)(xz), see Figure 3b. The values of the susceptibilities are taken
in such a way that x(3)(xz) = X, it leads to the identical numerical results
for model 3 (solid lines) in Figure 3a and Figure 3b. Figure 3a illustrates the
comparison of models 1-3, aligned for weak magnetic fields by the same values
of x, whereas Figure 3b shows the comparison of models 1-3 with analogous
physical ferrofluid properties, fixed by the same values of x . Numerical results
in Figure 3 suggest that in weak fields (hg < 0.1, Hyp < 10* A/m) the shielding
factor preserves a constant maximum value, and the shielding effect is higher
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for more concentrated ferrofluids. Namely, Ko =~ 1.4 for the moderately-
concentrated ferrofluid with y = 10 and K¢ = 3.1 for the dense ferrofluid with
x = 50, see Figure 3a. We note that the numerical results of model 1-3 for
the same y, shown in Figure 3a, coincide in weak magnetic fields due to the
identical linear behavior of magnetisation laws My = x;)H — xH in the
limit case H — 0. As magnetic fields increase, the shielding effectiveness factor
Ker monotonically decreases to 1 and the shielding effect is almost absent for
ho > 10% (Hy > 10% A/m). We conclude that the ferrofluid shield is effective in
weak magnetic fields, whereas the concentration of magnetic particles could be
considered as a way to control the intensity of the externally applied magnetic
field, penetrating to the inner domain of the shield. For instance, geomagnetic
storms on the Earth surface have intensity Hy < 200 A/m and could be effec-
tively shielded by ferrofluid layers. We note that numerical results in Figure 3a
for the model 1 have been originally published in [24].

Figure 3. Dependence of the shielding effectiveness factor K¢ on the dimensionless
applied magnetic-field intensity hg for the dimensionless layer thickness 6 = 1.1. The
ferrofluid properties are defined two ways: by the initial magnetic susceptibility
x = {10, 30,50} (a) and by the Langevin permeability xj = {4.06,7.61,9.97} (b). Dotted
lines correspond to model 1, dashed lines to model 2, solid lines to model 3. On the scale of
the graph, the results for model 2 are indistinguishable from those of model 3 in (a). Lines
for model 1 in (b) correspond to increasing values of x, bottom-up.

Figure 3b allows to compare numerical results with respect to models 1-3,
where the ferrofluid properties are specified by the model-independent param-
eter xr, in contrast to the parameter y in Figure 3a. Figure 3b shows that
different models produce quantitatively different results for the same ferroflu-
ids. Namely, model 1 does not suit for describing moderately- and strongly-
concentrated ferrofluids (xz > 1) for the problem under study. The shield-
ing effect is underestimated for yr > 1 in the frame of model 1. The re-
sults of model 2 and model 3 are quantitatively comparable for moderately-
concentrated ferrofluids (xr = 4.06), but the shielding effect is underestimated
for strongly-concentrated ferrofluids (xr = 7.61 and xr = 9.97) in the frame
of model 2. We note that the numerical results of model 1-3 for the same
XL, shown in Figure 3b, coincide for magnetic fields hg > 10 due to the same
behavior of magnetisation laws in saturation M(;y = x(;)H — My in the limit

Math. Model. Anal., 24(2):155-170, 2019.
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case H — oo.
The shielding effectiveness factor has an explicit analytical representation
in a weak field limit, see e.g. [15, equation (72)] or [7, equation (B.34)]

(o +1)° = 5% (o —1)°).
( )

This formula corresponds to a linear magnetisation law of the ferrofluid

My (H) = xrH with the initial susceptibility x() = xz and the relative
magnetic permeability (o) = 1+ xr. To verify the computations, we compare
the numerical results from Figure 3a for hg = 0.01 and x = {10, 30,50} with
the analytical ones for x = xr, § = 1.1 and observe the agreement between
them up to the fourth significant digit.

Figure 4 shows the shielding effectiveness factor Ko dependent on the layer
thickness at the applied field hg = 1 for different values of the Langevin sus-
ceptibility xr = {4.06,7.61,9.97} and for models 2-3. The layer thickness is
presented here by the difference between the outer and the inner layer radii as
0 — 1= (R2 — Ry)/R; and specified by the values § — 1 € (0.01,10).

Ky =
!

K T T T
of _
13 %, =997

Figure 4. Dependence of the shielding effectiveness factor K¢ on the dimensionless layer
thickness § — 1 = (R2 — R1)/R; for the dimensionless applied magnetic-field intensity
ho = 1 and the Langevin susceptibility xr = {4.06,7.61,9.97}. Dashed lines correspond to
model 2. Solid lines correspond to model 3.

Numerical results demonstrate the monotone increase of the shielding effect
as the layer thickness increases. The strongest growth of shielding effectiveness
factor is shown for § — 1 € (0.01, 3) with tendency to reach a constant value of
K¢ for thick layers with 6 — 1 > 5. This qualitative behavior is present for fer-
rofluids of different concentrations, namely, for the moderately-concentrated
ferrofluid with xr = 4.06 and for the highly-concentrated ferrofluids with
xr = 7.61 and xr = 9.97. A stronger shielding effect is achieved for ferrofluids
with a larger value of x or a higher ferroparticle concentration, similarly to
the observation in Figure 3. The shielding effectiveness factor is higher for
model 3 than for model 2 at different layer thicknesses, whereas the difference
between numerical results of models 2 and 3 increases with increasing the fer-
roparticle concentration. Results in Figure 4 do support the statement in [14]
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that model 2 should be applied for the modelling of moderately-concentrated
ferrofluids, whereas model 3 should be taken for the modelling of strongly-
concentrated ferrofluids.

b)

Figure 5. Isolines of the dimensionless magnetostatic potential u/hg for the
dimensionless layer thickness § = 1.1, the Langevin susceptibility xz = 7.61, the
dimensionless applied magnetic-field intensity ho = 1 (a) and hg = 3 (b). Dashed isolines
correspond to model 2. Solid isolines correspond to model 3.

Figure 5 illustrates magnetic field structure in the computational domain by
means of isolines of the magnetostatic potential. The isolines for model 2 and
model 3 are close to each other for y; = 7.61. For any value of xp and hy < 1,
the magnetic field in the inner domain (2 is nearly uniform and vertically
directed, as shown in Figure 5a. As expected, the inner magnetic field has
lower intensity than the externally applied field (h; < hg).

The computations, discussed in the paper, are made under assumption of
a uniform ferroparticle distribution inside the ferrofluid. We have made test
computations for the magnetostatics problem (model 1) coupled with the dif-
fusion problem for ferromagnetic particles inside the ferrofluid in the case of
a linear dependence of the magnetisation law on the concentration, when the
diffusion problem is analytically solvable, see [25]. The numerical results for
the coupled magnetostatics and diffusion problems, compared with the results
of only model 1 for x; <1, are very close to each other.

5 Conclusions

Shielding properties of the cylindrical thick-walled ferrofluid layer, protect-
ing against uniform magnetic fields, have been numerically investigated for
the weakly-, moderately- and highly-concentrated ferrofluids. Computational
procedure for the magnetic field, penetrating through the ferrofluid layer to
the inner nonmagnetic domain, is developed. The computational algorithm is
based on a coupled method of finite differences and boundary elements. The
shielding effectiveness factor, estimating the decay factor of the externally ap-
plied magnetic field into the inner domain, is calculated for different ferrofluid
properties, different layer thicknesses and different intensities of the applied
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field. Numerical results demonstrate that in weak fields (Hy < 10 A/m) the
shielding effectiveness factor practically preserves a constant value, which de-
pends on the initial susceptibility x of the ferrofluid. Namely, K¢ ~ 1.4 for the
moderately-concentrated ferrofluid with y = 10 and K =~ 3.1 for the dense
ferrofluid with xy = 50. The shielding effect is almost absent in strong fields
(Ho > 105 A/m). With respect to models 1, 2 and 3, one can conclude that the
magnetodipole interparticle interactions in ferrofluids have significant influence
to the shielding effectiveness factor and the mathematical formulation should
depend on the ferrofluid under study. Namely, model 1 could be applied for the
mathematical modelling of only weakly-concentrated ferrofluids, model 2 suits
for moderately-concentrated ferrofluids, whereas model 3 should be used for
the problem under study with application of strongly-concentrated ferrofluids.
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