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ABSTRACT = volume expansion coefficient, Kt
The results are presented of the numeri- noo= %in?mig X?§§02?3Y% kgém/:
cal and experimental study of laminar heat K N therial 1 du %.1.1’ W/mK
convection in a vertical circular magnetic N - maen +1 cogr;caivi'z’ ‘f Sp—
fluid layer on a cylindrical energized ca- }% = gnevic v eability ot vac !

ble. Specific features of heat transfer in
the presence of simultaneous gravitational
and magnetic forces are investigated. A
simple criterial equation is obtained for
heat transfer across the fluid layer when
only thermomagnetic convection takes pla-
ce. Validity of the prediction technique
is confirmed experimentally.

NOMENCILATURE

b = characteristic magnetic field
gradient, A/m

c = bulk magnetic particle concentra-—
tion per unit ligquid volume, m3/m3

c = specific heat at constant pressure

and constant magnetic field, J/kgK

= characteristic temperature gra-

dient, K/m

Grashof number

magnetic Grashof number

acceleration of gravity, 9.80665

m/s

height, m

intensity of magnetic field, A/m

electriec current, A

pyromagnetic coefficient, A/mK

characteristic length, m

fluid magnetization, A/m

saturation magnetization of a

s0lid magnetic, A/m

magnetic moment per particle, A/m

Nusselt number

number of particles per unit vo -

lume 5

pressure, N/m

Prandtl number

radius, m

Rayleigh number

magnetic Rayleigh number

absolute temperature, X
time, s

magnetic particle volume, m
velocity, m/s
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1.26.1070 H/m >
kinematic viscosity, n“/s

mass density, kg/m3
stream function
vorticity

S-S0 <»

Superscripts

averaged quantity
non-dimensional quantity
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INTRODUCTION

Heat transfer processes in media of fi-
nite extents under the conditions of ther-
mal gravitational convection have been
widely studied in connection with the de-
sign of many industrial devices as, for
example, high-voltage transmission lines
where it is essential that cables and
transformers be effectively cooled (1) .
The idea of employing magnetic fluids for
the purpose (2 — 4) has motivated the
interest to natural convection in magne-
tic fluids in the presence of magnetic
fields. The popular model of magnetic
fluid suggested by Rosensweig and Neurin-
ger (5) assumes the magnetic colloidal
suspension to be a continuous and isotro-
pic medium in the presence of gravitatio-
nal and non-uniform magnetic fields and
the viscous stress tensor to be symmetric
and proportional to the shear rate tensor.
Magnetization of such a £luid is assumed
to be instantaneous and its extent inde-
pendent of the fluid motion while the
£luid motion depends on magnetization
(noninductive approximation). Physically
it means that the reverse effect of mo-
tion on the magnetic field structure is
not taken into account,i.e. magnetic ver-
turbations are being ignored. By its mag~
netostatic properties the considered mag-
netic fluid is similar to a paramagnetic
gas in which the carriexr of magnetization
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is not individual molecules but ferromag-
netic particles of submicron size (~100A).
With the size as such, each particle is

in a uniform magnetized subdomain state
(6) and its magnetic moment far from the
Curie point is expressed as m=MgV, where
Vg is the saturation magnetization of a
solid ferromagnetic and V is the particle
volume. Then the macroscopic magnetization
per_unit volume of a ferromagnetic fluid
is M =¥@/V , where summation is carried
out over all n particles contained in unit
volume. With bulk concentration of a solid
phase amounting to 10 per cent, magneti-
zation of a magnetic fluid at saturation
is only by one order less than magnetiza-—
tion of a solid ferromagnetic. The consi-
dered model of a magnetic fluid is thus in
complete conformity with definition of the
"superparamagnetic" medium suggested in
(Z) to describe the magnetic properties of
a system of subdomain particles the magne-—
tic moment of which by some orders exceeds
t+he moment of an indivicdual atom. The set
of equations for convective heat transfer
of Rosensweig-Neuringer's magnetic fluid
is

94%%+(Gv)ﬁ],—vl)+qv96+9§3+}%MV?ﬁ, (1)

Qcmq%%+ﬁvT]=Av”R (2)
div T =0, (3)
Q=0(T), M=Ms(o.T), (&)

dio(F+MY=0, rob F=0, [FixFE]0. (5)

The magnetic fluid is assumed to be incom-
pressible nonconducting and saturated with
a strong magnetic field. All the transfer
coefficients are considered to be constant.
Viscous dissipation is ignored. Since in
the fluid constant non-uniformity of tem-
verature is maintained by means of an ex-
ternal heat source or sink, eauation (3)
lacks the magnetocaloric term accounting
for a change in the fluid temperature with
time~-variation of the external magnetic
field or fluid displacement into the region
of different magnetic intensity. The inter-
vals of temperature variation being small,
eouation(4) can be linearized to

0-9[t-guwm(T-1)]
M=M-(X+§nM)(T-T)
ch =‘%) ('%%> is the volume ex-

(6
in which

pansion coefficient, XK= - (%¥'Eiﬁ the py-

romagnetic coefficient. The linear theory
of convective stability of a horizontal
magnetic fluid layer in the Boussinesa

approximation provides expression for the
Rayleigh number (8)

Rt LOingn+ ”‘V@K(f;ﬁ@ml\"n)«s]dt“ 7

Louation (7) implies that when the gravi-
ty force g and the constant magnetic in-
tensity gradientvitare collinear and al-
lowance is made of the similarity between
equations of state (6), the gravitational
mechanism of convective instability is
fully identical to the magnetic one.When
coinciding in direction, the magnetic
field gradient and the forces of gravity
reinforce each other. Oppositely directed
magnetic forces may cancel the gravita-
tional induction of convective motion
(vHHvD. In the case g, =0 and VHHIT
they are responsible for instability
of mechanically eouilibrium state of a
non-isothermal magnetic fluid. In each
specifig case the critical Rayleigh num-
ber, Racn, is eaual to a certain eritical
Ragof an ordinary fluid (9-11). Thus,

for an infinite horizontal plane~paral-
lel layer of gagnetic f£fluid with rigid
boundaries Raor = 1708. Thus. convective

heat transfer in cavities filled with
magnetic fluids and exposed to constant
gradient magnetic fields is governed by
the criterial relations obtained for or-
dinary fluids but with a different para-
metric group for the ilzyleigh number.The
form of these relations, Nu = £(Rd), is
dictated by the cavity geometry and boun-
dary conditions at its surface. In case
of combined effect of thg»gravitational
and magnetic forces and g, 11 V3 , the

terms in the numerator of (7) are either
sumned up or subtiracted depending onare—
lative direction of the gravitational

and magnetic forces. In intermediate po-
sition of the bhody forces,vi = const and

>

8y the known relationships for convec-

tive heat transfer across a laterally
heated inclined f£lat layer of a heavy
f£luid will hold for a magnetic fluid on
respective renormalization of the terms
of the body force (12).

In the case when VI # const the magne-
tic force in eouation (1) is a funection
of the coordinate, and in equations des-
cribing thermal convection in a magnetic
f£luid there appear variable coefficients.
This case is similar to a simultaneous
effect of the constant gravitational for-
ce and of the radius-variable buoyancy
force, being due to the centrifugal field,
in a non-isothermal rotating fluid (13).
Due to complexity of our problem, the
density of the magnetic force was first
adonted to be dependent on one coordina-
te only. Let us consider convection heat
transfer of a magnetic fluid in a verti-
cal annular gap in the magnetic field of
a cylindrical cable with current, which
as is known is described by 13e= I/2%W R.



NUMERICAL INVESTIGATION

Let K, be the inner radius of the verti-
cal annular gap, Rg, the outer radius, H,

the height of the layer and I be the cur-
rent passing through the conductor. It is
assumed that the temverature of the con-

ductor, Tl’ exceeds the temperature of the

outer surface of the annular gap, T,. The
stated problem is symmetric about the
vertical z-axis and its solution is fully
described in the cylindrical coordinates
r and z not involving dependence on the
angular coordinate ¢ . Performing the rot
operation on equation of motion (1), we

introduce the vorticity w and then the
stream function ¢
L 0T 1 Brvy) 4, 10 . _ 0% (8
W=y 9z T or 5 UrTpor VT 7§g ®)
Rearranging (1) and (2) yields
1 3(rueT) | 3(w,T) _ (9
‘F‘Jbr * o7 = KV'T,
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Then we introduce the dimensionless vari-
ables

vl

Q ?
P=(ror)/ats db=ue/a,

12=(T‘~Q1)/'J; "(A)z

where

:_L<i_4_L

AM\R, Ry

The system of equations (8)~(10) can be
written in a dimensionless form as

L ARG, 8 171 8 (pofy, %71 (11
f oD A _ L1 & (p 8Ly, G, (A

L AROR) 8@, 1 0 [ 1 ORED)
R aﬁ+6i"RF§[Q 613}+
NS, 1 0f 1) AT
6 l_ 6/\ 1 aQA A
F‘r»”( R F([)* 7 02 t@R=0, (13)
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Here Pr

T )

is +the Prandtl numbef; Gr =
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l =Q2"R1; AT= TIVT‘Z; A%:%i'%gz}ﬁ(\nl)'}b(gyy

= _Qﬁﬁhiﬁ%iéif is the Grashof number;

Gry =Ho(H+ Py M)1*AT AJ/OV? 1s the dimen-

sionless parameter characterizing the
magnetic mechanism of convective motion
(the magnetic Grashof number).Besides Gr,

Gr,, Pr, R2/R1 , solution of the problem

will be governed by the ratio H/ 1l on ac-
count oi the finite height of the verti-
cal layer. For the sake of definiteness
we shall further assume that the system
of coordinates r and z has the origin at
the point where the plane of the circular
layer base intersects the axis of the cy-~
lindrical cable. Both the butt ends and
side walls of the cylindrical layer are
assumed to be rigid, stationary and im-
permeable, so that the following bounda-
ry conditions are valid

M A A A OA O,A
$0,9)-¢(1,2)=LEDL -

qJ(in):(P(TA’,H/l)= @Sl)égo) _ 64’(22/0:0_ (15)

obt) (18 ‘
=0,

The temperature at the surfaces of the
cylinders is supposed to be constant and
different
A A A A
T(0,2)=1, T(1,2)-0. (16)
At the butt ends the condition of ther~
mal insulation is assumed

ot _ aTethy
07 07

Dimensionless equations (11)—(1%) subject
to boundary conditions (14)-(17) have
been solved by the finite difference me-
thod using a monotonous conservative
scheme of the second order of accuracy
(14). The details of the technique are
given in (15).

an

EXPERIMENTAL PROCEDURE

The experiments were conducted on the
setup composed of two vertical coaxial
cylinders the gap between which was fil-
led with a magnetic fluid, being a col-
loidal dispersion of magnetite with kero-
sene as a carrier liguid and oleic acid
as stabilizer. The magnetic fluid had the
following parameters: M =4.10 A/m; @

1.485.10° kg/m’; = 7.107%7}; K
0.3.10° A/m.X; 7 = 1.0 N.s/m° ;

A= 0.237/m.X. The inner hollow copper
cylinder 0.0lm in diameter was energized
by passing the constant current, I= 100-
300 A, from a source of the BY-12/600
type. The outer aluminium cylinder with
internal diameter of 0.028 m was cooled
with a thermostated water pumped at the
rate of 95 em/sec. The height of the
annular gap, H=0.3m, was bounded by two
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textolite lids that also centered the co-
axial system.The local temperature differ—
ence between the walls was measured by
copper—constantan thermocouples (with dia-
meter of wires 0.1 mm) and by the M=37 com—
pensating constant-current amplifier with
subsequent output of the results to a
self~recording H-~39 millivolmeter. The
M-82 indicating instrument was used for
controlling purposes. The outer cylinder
was encased in a sheath of varnished c¢loth
0.135 mm thick (a heat meter) to both sides
of which two resistance thermometers of
copper wire ( ¢ =0.05 mm) were glued. The
resistance thermometers ( R, =Ry~ 200%)
composed two arms of the bridge scheme for
determining the temperature drop in the
probe being proportional to the integral
flux through the annular gap. To calibrate
the meter the intermal cylinder was rep-
laced by a cylindrical heater of nichrome
wire being fed from a universal constant
current YUiII-I source. The annular gap was
f£illed with boron nitride powder to effect
heat transfer by heat conduction alone.
Temperature and cooling water discharge
during calibration and tests were the sa-
me, with temperature corresponding to the
mean temperature of the room., To further
decrease the effect of the room temperatu-
re, the setup was covered with a casing of
foam plastic. The criteria Ra=Gr.Pr and
Ram=Grm.Pr were calculated using the physi-

cal properties of fluid at mean temperatu-
re of the layer and at mean intensity of
the magnetic field.

DISCUSSION OF RESULTS

Analysis of numerical and experimental re-—
sults has shown that peculiar features of
thermal convection in a magnetic fluid
start to exhibit themselves at Ra % Ba.

Up to this moment the convective motion in
the magnetic fluid layer corresponds to
gravitational convection in the layer of
an ordinary fluid confined between two ver-
tical coaxial cylinders with uniform heat-
ing of the inner cylinder. When the gravi-
tational and magnetic forces become com-
mensurable, there occurs superposition of
convective structures, which are due to
ponderomotive coupling of the magnetic
f£luid with a magnetic field, on the ordi-
nary thermal convection, which however
does not significantly change heat trans-
fer through the fluid layer. Since in the
problem considered v¥tivland the magnetic
mechanism of convective motion supplements
the gravitational one, then, with further
inerease 1in Ram at constant Ra, the con-

vective motion in the layer intensifies.
Maintaining the temperature of the inner
cylinder constant by decreasing the tem-
perature of the water pumped through it,
an integral heat flux through the annular
gap was measured for the given temperature
drop with increase in the current passed

through the conductor. When Ra > 102 Ra,

the magnetlc mechanism prevail@ complete—
ly over the gravitational one with a pe-
riodic cellular convection in the form of
circular rolls being established in the
layer. Isotherms and structure of convec-
tive motion in a half-section of the cir-
cular layer are shown in Fig.l. The num-
ber of rolls was determined by the para-
meter H/ \ . Thus, the magnetic mechanism
of the convective motion enhances heat
transfer through the layer at constant
temperature difference on the boundaries.
This points to the possibility of using
the magnetic fluid to control the process
of cooling current conductors as sironger
current causes increase in the intensity
of the magnetic field thereby increasing
the amount of heat released from the con-
ductor due to thermomagnetic contribution
to the convective motion. Similar results
have been obtained in (15), where speci-
fic features of thermal convection in a
horizontal annular gap of a magnetic fluid
are discussed in detail.
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Ra,=3.6.10°

Ra,,=36.10°

Figure 1 Typical isotherms and convection
structure at R,/R,=3,H/1 =10,Ra=36. The

i
solines differ by 1/3 from ¢ __ andT ...



Criterial interpretation of the nu%erical
data on heat transfeg for 10sPr<10r
0sRas<10® ; O<Rap <108; 1.5:Rp/R1s5 ;
2<H/1 < 10 and treatment of the experimen-
ta% data fog the fluid consgdered for
104<Ra<5.10° ; 104<Ra;x2.10° ; Ro/Ry = 23
H/U =30 at Rap» Ra have provided ghe cor-
relation being valid at Rap> 5.10-

0.24

Nu = 0.25 Ra (18)
ly Nu
1.0
0.8
A
06
04 o —==Ry /Ry 5
4 / R?/Ql"lﬁ
2 1/ 1-Ra=0
0.9 N M 2-3.6-10°
A / 4 3-3.6-104
/ i 4-36 105
0 l o-Rq=10°%
2 3 4 5 lgRay,

Figure 2 Effect of Rap on convective heat
transfer at H/1l = 5.

In Fig.2 the relationship Nu=f(Rap) is
presented for different values of Ra. The
experimental points (triangles) have been
taken from (16), where they were obtained
under the conditions of thermal gravita -
tional convection in circular layers of
ordinary f£luid at the same Ra as the cur-
ves 2,3,4. Calculated by the empirical re-
lation lacking ‘the parameter which takes
into account the geometry of the system ,
these points lie interior to the boundary
curves plotted for the studied range of
Ro/Ry, thus being indicative of the slight
effect of Rp/R; on heat trapsfer. The dash
—-dotted line taken from (17) correlates
the data of different authors on heat
transfer through a horizontal layer heated
from below. It has been plotted by laying
off the values of 1gRa on the abscissa
axis. Comparison of the dash—dotted line
and the curves 1 for thermomagnetic con-
vection alone shows that there is a quali-
tative agreement between the pattern of
heat transfer through a magnetic fluid
layer in the intensity gradient field at
v #4vT and heat transfer through a ho-
rizontal layexr heated from below at Ra
greater than Racr’ Dependence of the mag-
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netic field intensity gradient on R re-
sults in decrease of the integral heat
flux through the layer by about 10%, with
specificity of the magnetic fluid exhibit-
ing itself at large Ro/Ry. That the other
geometrical parameter, H /1 , has no ef-
fect on heat transfer under the condi -~
tions of developed thermomagnetic convec-—
tion is confirmed by a good coincidence
of experimental data obtained for H/1=30
with the predictions for 2 H/{ s 10. An
experimental verification of the computa-
tional procedure has shown that the sim-
ple model of a magnetic fluid used ade-
quately describes the convective heat
4ransfer at laminar natural convection.In
the presence of combined effects of the
gravitational and magnetic forces the
summation of the both mechanisms at

VH t+ v T makes the magnetic fluid par-
ticularly promising for the purposes of
cooling current conductorse.
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