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THE INFLUENCE OF THERMOMAGNETIC CONVECTION ON
HYDRODYNAMICAL DRAG IN A WEIGHTLESSNESS STATE

Viktor K.

ABSTRACT

The hydrodynamical drag of the
cylinder, coated with a layer
of magnetic fluid which is kept
on the solid surface by magne-
tic field, is studied numeri-
cally. It was found earlier

that the low-viscous magneto-
fluid coating reduces a drag
2-3 times. The subject of pre-
sent investigation is how to

decrease the drag at zero-g by
means of the thermomagnetic
convection phenomenon in the
coating layer. Drag reduction
in this case is attained due to

flow intensification at the
magnetic-nonmagnetic fluid in-
terface by the convective me-
chanism. It is shown that the

drag value may fall off to zero
with increasing magnetic Gras-
hof number.

Keywords: Cylinder, Magneto-
fluid Coating, Drag Reduction,
Zero-g, Thermomagnetic Convec-
tion, Numerical Modelling.

1. INTRODUCTION

Works (Refs.1-3) deal with nu-
merical modelling of separated
flow past a solid cylinder coa-
ted with a magnetic fluid layer
kept on the solid surface by a
nonuniform magnetic field. It
ig found that the low-viscous
magnetofluid coating reduces a
cylinder drag 2-3 times at the
Reynolds numbers of 50-100
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(Ref.1). If such a coating has
high thermal conductivity, then
heat transfer from a heated cy-
linder is increased as many as
2-3 times (Ref.?2). These
effects manifest themselves the
stronger, the higher is the
Reynolds number.

In (Ref.3), it is shown that
fluid magnetization as a func-
tion of temperature in a non-
uniform magnetic field may in-
duce, in the coating layer, the

so-called thermomagnetic con- |
vection capable to change sub-
stantially the structure of
gseparated flow around a heated

cylinder at gero-g.

This study is an attempt to

use the thermomagnetic convec-
tion phenomenon for reducing
the drag at zero-g. Thermal

conditions have been developed
so that the convective motion
direction at the magnetic-non-
magnetic fluid interface would
coincide with the external flow
one. Drag reduction in this
case is attained due to inter-
face flow augmentation caused
by the convective mechanism,
but not to decreasing of coa-
ting viscosity.

2. MATHEMATICAL MODEL

Consider an infinite wviscous
nonmagnetic fluid flow, having
a congtant temperature T, and
moving in the straight directi-
on with a constant velocity U ,



94 V. K. POLEVIKOV

past a long transverse cylind-
rical conductor of radius R

which is kept at a constant tem-

perature T, > T, and coated
with a magnetic fluid layer
immiscible with the flow liquid.
A conductor current strength 1
is assumed to be sufficiently
high so that the magnetic-non-
magnetic fluid interface may be
considered to be a circumferen-
ce a > R in radius (Ref.1).

Under these conditions and
with no gravitation, in the
coating layer there appears
circulation due to thermomagne-
tic convection, whose direction
at the interface is opposite to
the external flow (Ref.3). In
this situation shear gtresses
grow, so the drag increases. To
change an unfavourable convec-
tive flow direction, a thin
nonconducting plate~fin is pla-
ced at the cylinder leading
edge. A plate width is equal to

a coating thickness and its
temperature, with respect to
cylinder one, is Tc.

Introduce dimensionless va-
riables by choosing, as measu-
ring units of a distance, velo-
city, and temperature, a cylin-
der radius R , undisturbed
flow velocity U , and a tempe-
rature drop 4o T = T¢ - T,, res-
pectively. Use a polar c¢oordi-
nate system r , ¢ with a pole
on the cylinder axis. If neces-
sary, denote by subscript 1 the
quantities referring to a mag-
netic fluid and by subscript 2,
external flow.

To simplify the mathematical
model, we use the inductionless
approximation which enables us
to neglect the effect of magne-
tic fluid nonisothermity on a
magnetic field. In such a case,
there is no need to solve the
Maxwell equations as their so-
lution for a magnetic field of
& cylindrical conductor is
known. Applicability of the in-
ductionless approximation for

. apecific

thermomagnetic convection prob-
lems is shown elsewhere
(Refs.4,5).

Under the assumptions made,

two-dimensional steady-state
thermomagnetic convection in
the layer 1 «r £ § = a/R and

nonmagnetic fluid flow outside

it ( r 2 § ) are described by
the dimensionless equations
(Refs.2-4):

1 a(Wini) o

r 3(y,r)

1 Oy, ,ws)

L1 ., viw, + 7y,
r 3(y,r)

V2Wi+wi=0;i=1,2;
where

A1=3//Re Pr g A, A28 1 /Re Pr,

B15P/Re.h . B2=1/Re,
> 1 6T1
1=7B O 3 5o T2

Ty v, and w are a dimension-
less temperature, stream-func-
tion, and vorticity;
x=k1:k2, 6=c1:02, }.=91:92,
}1:}21:Q o are the ratios of

the magnetic and nonmagnetic
fluid thermal conductivity,
heat, density, and
dynamic viscosity,respectively;

Re = UR p, /022 is the Rey-
nolds number; Pr =N, ¢, / k,
is the Prandtl number;

2
Grp= poK,IAT p,R / 25T ] is
the magnetic Grashof number, u,
is the magnetic permeability “of

vacuum K 1is the omagne-
tic coefficient. Pyromagn

In the case ia1 these equa-
tions are determined on the co-
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ating ring region 1 £ r £ 9,
and in the case i=2, on the
outer region r 2 0 . The num-
bers Re, Pr, Grp and ratios & ,
¥s 0, A, M are determi-
ning parameters of the problem.

When a numerical method is
applied the determination
domain must be assigned finite,
and the flow is therefore con-
sidered undisturbed at rather a
great distance from the cylin-
der r 2r,>>0 . Moreover, let
us assume a solution to be sym-
metric by confining to the an-
gular coordinate range O£ Y&JC.
On the solid surface of a cy-
linder and a fin, the attach-
ment conditions are stated and
at the interface, continuity
conditions for a velocity and
temperature, the conditions for
surface permeability, shear
stress and heat flux balances.
The mathematical formulation of
the boundary conditions is of
the form:

r=1: T=1, ¢ =0, dy/ dr=0;
r=r,: T=0, y=r,sin ¢, w =0;

ij;.: ::(;'E 0T/8¢ =0, y=0, w=0;

1¢red, @=9l: T=1, y =0,
dy/dy=0;

r=8: T,=T,, ydT,/dr=d1,/dr,

y =0, 8\y1/ar=aq12/3r,

( 2 dy )
W, 4= ) =
FH o or
2 dy,
= (W o+ —
2 d Oor

.. A dimensionless magnetoflu-
id-coated cylinder drag is cal-

%gé%?$§:by the formula  from

3
- dv2
W = & Re § ( Re (ar ) cos ¢ +

+ 2 8° %;(uoz/r) sin ) rgsdw.

3. COMPUTATIONAL ALGORITHM

The problem was solved by the
finite-difference method. Cons-
tructing of a grid in the coa-
ting layer and in the outer se-
mi-ring region was made in the
same manner as in Refs.1-3 . A
dimensionless "infinity" radius
r, was chosen equal to 20 radii

of a conductor, i.e. r,=20. In
terms of a polar angle the grid
step was assigned equal toJi/40
and in terms of a radius the
uniform grid was constructed in
the coating layer with 10 par-
titions in number, and within
the range £r £r, the non-
uniform grid was constructed ‘
with a step growing in the geo-
metrical progression and with
20 partitions in number. In
this case, the first step of
the nonuniform grid was equal
to the radial one of the inter-
nal uniform grid.

The differential equations
were approximated by a monoto-
nic congervative difference
scheme having, on & regular
grid pattern, the second appro-
ximation order and on an irre-

ular one, the first one
Ref.6). Solid wall vorticity
was predetermined by the appro-
ximate Woods condition. Bounda-
ry condition derivatives were
gsecond~order approximated on a
minimum grid pattern. A soluti-

on to the obtained difference
problem was found using the
iteration-relaxation method

(Ref.6).

Specific features of the
problem are such that the accu-
racy of its difference solution
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depends not only on the net
construction but also on the
M"infinity" radius r, and boun-
dary condition at r = r,. Their
choice was based on the metho-
dological conclusions of Ref.T.
The comparison of calculated
data for a non-coated cylinder
(Ref.1) with the known results

(Refs.7-10) points to the reli-

ability of the mathematical mo-
del and computational algo-
rithm.

4. SOME RESULTS AND CONCLUSIONS

Calculations were made at fixed
§ =1.1, A=1, 6 =1. Figure 1
plots the drag vs viscosity of

a magnetofluid coating in a smo-

oth cylinder, i.e. when a fin
is absent. The ratio W/W, where

W, is the non-coated cylinder
drag evidences, how much the
drag changes due to coating.

As we see, decreasing the drag

may be attained due to coating
viscosity reduction.
W/¥o mo= 10
1 1 o
0.1
0001
0.9 -
T 1
) 1 lg Re 2
Figure 1: Coated-cylinder drag

vs the Reynolds number at diffe-

rent viscosity ratios p. Grm=0.
A fin is absent.

The existing magnetic fluids
possess rather high viscosity:
it is not lower than that of
water. So, small values of
which would provide a substan-
tial drag reduction may be
practically obtained only at
high flow viscosity. In experi-
ment (Ref.11), e.g., to demons-
trate the efficiency of a mag-
netofluid coating, glycerine
was chosen as a flow liquid.

Calculation results show
that a drag may be reduced not
only by decreasing but also
by thermomagnetic convection.

Pigure 2 enables one to
judge, how much the convective
mechanism mey affect the drag.
Owing to the presence of a fin
two convective cells are formed

on the leading edge of a coa-
ting which enhance interface
motion, thereby reducing a

drag. With increasing Grp , the
drag value falls up to zero,and
at rather great Gr, the inver-
gsion of this drag force occurs,

i.e. it converts to a thrust
force.
w
- 200+
100+
0 T V
6 6.5 1g Gry

Figure 2: Magnetic Grashof num-
ber effect on a drag of a fin-
ned magnetic fluid-coated c¢y-
linder. Re=10, Pr=1, n=1, ¥ =1.
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Probably, the thermomagnetic
convection effect may be more
gignificant in the case of a
nonuniform temperature distri-
bution over the cylinder surfa-
ce, at which the temperature
would decrease monotonically
from a maximum value on the fin
to & minimum one on the rear
cylinder edge. The convective
motion in this case is formed
either in the entire region of
a semi-ring or over its greater
part.
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