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Abstract

A prolate spheroidal body immersed into a nonuniformly heated magnetic liquid in an applied magnetic field has
been considered. The expressions for the pressure and velocity of the liquid, temperature and magnetic field have been
obtained. The formula for a thermomagnetic force acting on the body has been calculated. It has been shown that the
body shape needs to be taken into account when we study the thermomagnetic diffusion of the prolate bodies.
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1. Introduction

Many works are devoted to the calculations of the
forces acting on a body inside a magnetic fluid in
isothermal conditions (see, for example, Refs. [1,2]). In
Ref. [3] a thermomagnetic force acting on a spherical
body in a nonuniformly heated magnetic fluid has been
calculated. Experiments [4] have shown that a thermo-
magnetic force acts on the large aggregates of ferro-
magnetic particles in a nonisothermal magnetic liquid.
In a magnetic field, the large aggregates have a shape
extended along the field. For investigation of the
thermomagnetic diffusion of such aggregates it is
necessary to know a formula for a thermomagnetic
force acting on a prolate body.

Here a prolate spheroidal body immersed into a
nonuniformly heated magnetic liquid in an applied
magnetic field is considered. The expressions for the
pressure and velocity of the liquid, temperature and
magnetic field are obtained. These expressions are used
for an analytical calculation of the thermomagnetic
force acting on the body.

*Corresponding author. Fax: + 7-095-9392090.
E-mail address: naletova@imec.msu.su (V.A. Naletova).

2. Problem statement

A prolate spheroidal body with major ¢ and minor b
axes is considered. The body is immersed into an
incompressible viscous nonuniformly heated magnetic
liquid in an applied magnetic field. The parameters of
the body and the liquid are denoted by the superscripts
(i) and (e), respectively. The magnetic permeability of
the liquid p© depends on the temperature 77 the
magnetic permeability of the body substance u®
depends on the temperature and the magnetic field
strength H. The thermal conductivity of the liquid and
the body substance (x© and x?) are constant. Our aim
is to find the thermomagnetic force and this is calculated
by the following formula:

F= [ pimas. n
JS
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+n(V' + V),
where v, p and 5 are velocity, pressure and viscosity of

the fluid, respectively, and n is a normal vector to the
body surface S. In Stokes’s approximation and for small
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Peclet’s number the equations take the forms

divB“) =0, rotH“) =0,

B@) — u(e’[)H(e’i), H=V¢,

ATE) =0, dive =0,

2

0=—-Vp-— H—w(?) + nAv.
8n

The boundary conditions on the body surface are
as follows: TW =T, xO@/on)T® = xD(©@/on)TY,
Hﬁ") = H(Ti), Bff’ = Bff’, v=0. At infinity, the values
perturbed by the body tend to the unperturbed ones
noted by the superscripts 0: 7@ —T9, H® - H’, v—0.

3. Analytical solution

Let us consider the case when Hy|[(VT),, ¥ = k@,
(ViHj)y =0, i#z, j#z, (V-H.)y#0 (next formula is
valid near the center of the body: H; 0 —
Hyj + (V;H;)yx"). The long axis of the ellipsoid, the ax1s
z and the magnetic field H, have the same direction.

We introduce the dimensionless values 4* = A/ A,
xXf=xi/a(A =T, H, v, p, the superscript 0 is related to
the unperturbed values at the point coinciding with the
body center in the absence of the body) and the small
parameter ¢ = a(VT),/Ty < 1.

Under this condition the perturbed values A™ =
A* — A% can be found in a power series in &:

A% = Aoo + €A

The solutions for the dimensionless temperature and
the perturbation of the magnetic field potential outside
the body are

T(f),(e) * TO * ,

¢(C’)’* — (6’) + 8(¢(1L;)ar + AOQ() + A2Q2P2),

har = fo.s(ame)*/aT*)o f07*,
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=-rMcosBQ;, r = ,
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1 = Ty, (1 + M)Hy),

where > =a®> — b, cchoy =a; o, f, ¢ are the ellip-

soidal coordinates, P?)(cosﬁ), Qy)(chcx) are asso-
ciated Legendre’s functions, Q; = QY, P;=P!. The
constants Ay, A, are determined from the boundary

conditions.

The formulas for the perturbed values of the liquid
pressure and velocity have the form (x; are Cartesian
coordinates)

U =¢Rey, (a,ﬂ")* /oT *) 0
% (0.5 + =*)biy) Oz
+0.25(xF by — 22 VEGS) — up)
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where u; = Vif, f is a partial solution of the equatlon
A*f = qS(g)V:“(b(g) The coefficients ao1, &, ¢, 39, (7, )5
¢* are found from the boundary condition for the
velocity and from the equation divv = 0.

With the help of these solutions and Eq. (1) the
thermomagnetic force is obtained:

(e)
F. :K(G,u_) Hg%
4\ Oz 0 0 shoy

[ g
4 2 Qichay + Qo
1 Ql ch oo :|
+ 7M27 2
O1chog + Qo @
where V = 4nab®/3 is the body volume, Q; = Q;(ch uy).

The force has only one component along z-axis.
Analysis of formula (2) shows that the force increases
with the parameter s = a/b when the body volume is
constant. For large enough parameter s (s— o0) the
formula for the force may be written as

vV (ou® M?
F.=— Hi( M+ —
- 47t( Oz )0 0( + 4 )

xi{wo(L)]. 3)
Ins Ins

We can establish that for M = —1 and for the
parameter s = 10 the force acting on the extended
spheroidal body of volume V' is about 10 times greater
than the force acting on the spherical body with the
same volume.
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Fig. 1. Value of v(s)/v(s = 1) against s (for M = —1).

Owing to the presence of the thermomagnetic force a
body begins to move in a viscosity liquid. The friction
force acting on the moving bodies in a viscosity liquid
equals 67y Reerv, where i is viscosity, Re = Regr(V, 8) is
the effective radius of the extended spheroidal body, and
v is velocity of the body. For small enough body, the
body velocity may be found from the equation
6mnRv = F..  Using information about Ry =
Reir(V, ) from Ref. [5] and formula (2) we can calculate
the extended spheroidal body velocity v(s, V', M) and the
ratio v(s, V,M)/v(s = 1,V, M) = f(s, M). In Fig. 1 the
ratio v(s)/v(s = 1) against s is shown for M = —1. This
curve u(s)/v(s = 1) = f(s) shows that the velocity of
extended spheroidal body may be considerably more
than the velocity of the spherical body with the same
volume.

4. Conclusions

Using formulas (2) and (3), the following conclusions
may be obtained:

(1) Vector of the thermomagnetic force and vector VT
have the same direction if M <0 and opposite
direction if M >0. It means that the prolate
aggregates of the ferromagnetic particles move to
more heated boundary of a magnetic liquid.

(2) The velocity of an extended spheroidal body in a
nonuniformly heated magnetic liquid depend heav-
ily on the parameter s = a/b. So, body shape needs
to be taken into account when we estimate the
aggregate velocity caused by the thermomagnetic
force.
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