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Magnetic convection of air around a hot circular cylinder placed in a square cavity under the influence of an
external magnetic field and in absence of gravity is considered. Fluid motion occurs due to the gradients of the
magnetic and temperature fields. A collocation meshless method is used for the numerical solution of the governing
equations. The results are presented through temperature contours and velocity vectors at steady state. Nusselt
numbers are also given for magnetic Rayleigh numbers of 10° and 10°.

1. Introduction

ATURAL convection in an enclosure with hot bodies

embedded within it is relevant to many applications such as heat
exchangers and cooling of electronic equipments. This problem is
therefore receiving increasing attention. Kumar and Dalal [1]
numerically studied two-dimensional natural convection around a
square, horizontal, heated cylinder placed inside an enclosure up to
Rayleigh number Ra = 10°. Asan [2] has considered the case of two-
dimensional natural convection in an annulus between two
isothermal concentric square ducts. Moukalled and Acharya [3] and
Shu and Zhu [4] have carried out a series of numerical studies on
natural convection between high temperature inner circular cylinder
and a low temperature outer square enclosure and for three different
aspect ratios. This geometry has been considered numerically by
Yoon et al. [5] for a Rayleigh number Ra = 107. They investigated
the effect of the inner cylinder location on the heat transfer and fluid
flow and found two critical positions as lower and upper bounds
within which the flow is steady. Angeli et al. [6] have investigated
numerically the buoyancy flow regimes for this geometrical case.
They have particularly discussed the occurrence of time dependant
behavior.

It is well established that there exist external forces that can
influence natural convection. Magnetic force for example can be
induced in electrically conducting or nonconducting fluids. In the
case of paramagnetic fluids, the variation of their magnetic
susceptibility with temperature plays a key role. One such a fluid is
air which is composed by paramagnetic oxygen (with a magnetic
susceptibility at ambient temperature equal to 1.91 107°) and
diamagnetic nitrogen (with a magnetic susceptibility equal to —6.8
10~?). The total magnetic susceptibility of air is the summation of the
magnetic susceptibilities of air constituents weighted by their partial
pressure or concentration. Because the magnetic susceptibility of
nitrogen is very small, its contribution on the total magnetic
susceptibility is negligible. Therefore, the magnetic susceptibility of
air is mainly determined by oxygen concentration. One of the first
applications of this phenomenon can be found in the development of
paramagnetic oxygen sensors which have proven to be very selective
and stable [7-9]. Another application can be found in controlling or
even generating fluid motions. Indeed, through the temperature-
dependence of magnetic susceptibility the thermal gradient renders
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an internal magnetic field gradient working as a driving force.
Finlayson [10] was the first to study theoretically the magnetic
convection instability in a presence of homogeneous vertical
magnetic field. One of the first experimental works in this field was
carried out by Braithwaite et al. [11] who reported enhancement or
cancellation of convection in a solution of gadolinium nitrate. Since
then many studies have been undertaken both experimentally and
numerically [12-16]. Tagawa et al. [17] have presented a model for
thermomagnetic convection and carried out numerical simulations in
a cubic cavity. Qi et al. [18] and Wakayama [19] have reported very
interesting results and applications. Yang etal. [20] and Bednarz et al.
[21]have studied the effect of a gradient magnetic field on convection
of air in a cavity with a four-pole electric magnet. Bednarz et al. [21—
24] have shown both numerically and experimentally how to
enhance or suppress heat transfer by the application of a magnetic
field and have considered the influence of the positioning of the
magnet device.

So far, the majority of previous works were carried out on cavities
filled by the magnetic fluid. Yamaguchi et al. [25] have studied
experimentally and numerically thermomagnetic convection of a
magnetic fluid in a cubic cavity with a heat-generating square
cylinder inside under a uniform magnetic field. They used a magnetic
fluid which has a strong temperature dependence of the magnetic
magnetization in the room temperature range. The top and bottom
walls of their cavity were kept at a constant temperature while the
other lateral walls were considered to be adiabatic. They have shown
that heat transfer is enhanced when the magnetic field is present, and
that this enhancement diminishes when the relative size of the
heating object increases.

To the best of our knowledge, the case of magnetic convection in
air in a cavity with a heat-generating object inside has not been
reported. As an initial stage, the main goal of this paper is therefore to
study numerically 2-D thermomagnetic convection in air when a
circular cylinder is placed in the cavity. Because of the large number
of parameters governing the problem, we shall restrict ourselves (in
this preliminary work) to the case where gravity is not present. The
second objective of this work is to show that a meshless numerical
method can be used to solve the problem as the previous numerical
studies have used finite difference, finite volume, or finite element
methods. This paper is organized as follows: in Secs. II and III, the
physical system and governing equations are first presented. Then,
the meshless method based numerical code used to solve the problem
is validated on the case of pure natural convection in Sec. IV where
numerical results of magnetic convection are also presented and
discussed.

II. Physical System

A hotcylinder of radius r, of temperature 7'y, is placed at the center
of a square enclosure whose walls are maintained at temperature
To(Ty > Tc). The cavity is positioned in the air gap of two magnet
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bars face to face so that the fluid is submitted to a gradient of magnetic
field. The fluid is assumed Newtonian while viscous dissipation
effects are negligible and the flow is laminar and steady. The
dimension of both cylinder and enclosure along the third direction is
supposed to be sufficiently long (as compared with the square section
side) to allow the end effects to be neglected. Under this condition, as
ithas been observed in [26] where natural convection in a cavity with
a heat source has been experimentally studied, the problem can be
considered from a two-dimensional point of view. The magnets have
square sections of the same size as the cavity walls and the solid walls
of the cavity are supposed to have no influence on the magnetic field.
By considering both the symmetry of the boundary conditions and
the symmetry of the magnetic field, the study is limited to the
midplane containing the axis of the magnet device (Fig. 1). The
center of the enclosure is taken as the origin of the coordinate system
(%, ).

The magnets are parallel to the vertical walls and the distance d to
the walls is fixed to 0.1L in all the following simulations. The axis of
the magnet device is identified by y = y,, and the central point of the
magnet faces is located at the coordinate (x = (L/2 + d), y,,). Three
different aspect ratios (R = L/2r = 5, 2.5, and 1.67) are considered.

An analytic solution given by Manikonda and Berz [27] is used to
compute the magnetic field in the air-gap of magnetized bars.
Figure 2 shows in its left half part the resulting shapes of the
normalized magnetic flux density B = -2 ms1de the cavity and the
gradient of the squared magnetic 1nduct10n inits right half part. There
is symmetry about the axial line of magnets and over the vertical
midline.

III. Governing Equations and Solution Procedure

We consider air as a paramagnetic fluid whose magnetic
susceptibility is positive and variable with temperature 7 according
to Curie’s law [11-14]:
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Reference value x,; of magnetic susceptibility is taken at the
ambient reference temperature, T, .; = 293 K. Under the effect of the
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Fig. 2 Amplitude of B* (left side) and gradient of the squared magnetic
induction in the cavity (right side) when the magnets are positioned at
Ym =—0.5.

applied magnetic field, the magnetic Kelvin force generated in the
fluid writes:

f = (T) vB? o)

where [, is the magnetic permeability of the empty space, p the
density, and B the magnetic induction vector. This force is small
under ordinary conditions unless very strong magnets are used
(superconductive magnets, for example). In the absence of gravity
such as in microgravity environment, however, it can be significant.
Temperature gradients cause convection because susceptibility
depends explicitly on density and on temperature.

Since density changes are small, the Boussinesq approximation
can be made and by noting that 3 X = —£, one can show that the
magnetic force writes:
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Fig. 1 Problem layout: a) with the 2-D domain of calculation (in dashed lines), and b) 2-D studied domain.
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Fig. 3 [Example of refined grid on a quarter of studied domain.

XoBVB

7, =—(T = Ty)Bpo 3

This expression can be compared with the classical buoyancy term
obtained when dealing with natural convection:

Ty = (T —Ty)gBpo )

Equations (3) and (4) show that magnetic convection is similar to
natural convection but with an equivalent magnetic gravity:
gm = %. The direction of this equivalent magnetic gravity is
given by the gradient of the squared magnitude of the magnetic field.
As a consequence, its direction and magnitude can vary with
position.

By using the equivalent magnetic gravity instead of the gravity in

3 . .
the Rayleigh number: Ra = gﬁﬁ—a”, one obtains an equivalent local
magnetic Rayleigh number: Ra,, = XoBVBPATLY By using now the

maximum value B, of magnetic induc{ion and by scaling VB by
B,a.x/L, one finally obtains the following constant magnetic
Rayleigh number: Ra,, = W. This expression is equivalent
to the product yRa used by [17] and to the G number used by [14].

‘We can now write down the Navier—Stokes, continuity and energy
equations in the form:

=—VP* + Prv*V* — Ra,,0VB* )
Drt
V.V=0 (6)
Do _ V26 (7)
Dt
where % is the particular derivative and where the following

adimensional variables are introduced:

X \% o P
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Pr is the Prandtl number and Ra,, is the equivalent magnetic
Rayleigh number which quantifies the strength of the magnetic force.
L is a characteristic dimension, v the kinematic viscosity, p the fluid
density, T, a reference temperature, and AT the temperature
difference in the domain.

These equations are solved by using a diffuse approximate
meshless method together with a projection algorithm for the
velocity-pressure coupling which has proved to be accurate for
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Fig. 4 Velocity field and isotherms (Natural convection) for R = 5 and Ra = 10° and y,, = 0.
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Table 1 Nusselt numbers and maximum streamfunction value for natural convection

Ra Nu Woax
R=5 R=25 R=167 rr=5 rr=25 rr=1.67

Present 0 3.73 6.33 10.72

Angeli et al [6] 3.73 6.33 10.72

Present 10° 7.52 9.76 12.35 10.14 8.33 5.07
Shu and Zhu [4] 7.58 9.72 12.42 9.93 8.10 5.10
Moukalled and Acharia [3] 7.65 10.16 12.424 10.15 8.38 5.10
Present 106 12.11 17.72 23.69 20.97 24.16 20.19
Shu and Zhu [4] 12.22 17.80 24.00 20.98 24.13 20.46
Moukalled and Acharia [3] 12.214 18.748 23.24 25.35 24.07 21.30

solving both steady and unsteady fluid flow problems. The details of
the numerical method can be found in previous works [28-32].
Velocity components are set to zero along the inner and outer cylinder
walls. The temperature is set to 0.5 along the inner cylinder and to
—0.5 on the outer square enclosure. Once the steady state
temperature field has been obtained, the average Nusselt number at a
boundary is calculated by the relation:

00
—d
58}1 §

Nu =
where S is the length of the inner or outer surface and  is the outward
unit normal vector. At steady state, the Nusselt numbers are the same
along the inner and outer cylinder surfaces.

IV. Results and Discussion

To provide sufficiently accurate solutions, the numerical domain is
discretized with N*N irregular grid, which is refined near the walls of
the enclosure and in an annular area around the inner cylinder as
shown on Fig. 3 for the quarter of the studied domain. It is worth
noting that a mesh sensitivity study has been carried out and has
shown that the 101*101 irregular discretization is of sufficient
accuracy for all the numerical simulations presented hereafter. For
example we found a Nusselt number equal to 12.44, 12.51, and 12.5
for 51*51, 71*71, and 101*101 grids, respectively, for a magnetic
Rayleigh number of 10°. This 101*101 discretization results in
10036 nodes, 9272, and 7860 nodes for R =5, 2.5, and 1.67,
respectively. The projection algorithm has been used to deal with the
pressure-velocity coupling. The time step has been monitored
although steady state was thought. Its value was set to 1072 for
Ra = 10° and 10~ for Ra = 10°. Any time step under these values
leads to the same solution. A convergence criterion of 0.01% or less
change in all nodal values has been selected to check convergence.
The mass conservation was also monitored.

A. Laminar Natural Convection

To validate the computer code developed for this study, a series of
calculations has been performed to study the natural convection
problem in the absence of magnetic field in the case of an inner
cylinder with an aspectratio R = 5. This buoyancy driven convection
was studied in [1-3]. The conductive regime is computed first and an
average Nusselt number of 2.728 was found. The structure of the flow
in the convective regime includes an up-going warm flow due to
buoyancy and down-going cold flow at outer regions near the walls.
The velocity field and isotherms solutions are presented in Fig. 4 for
an aspect ratio of R = 5 and for a Rayleigh number of 10°.

The mean Nusselt number is 12.11 and the maximum absolute
value of velocity is 291.23 at the position on the vertical axis given by
the coordinates (x =0, y = 0.31).

In Table 1, we present the calculated Nusselt numbers and the
maximum values of the streamfunction for two Rayleigh numbers
together with the numerical results of Moukalled and Acharya [3],
who used a body-fitted finite volume method, and those of Shu and
Zhu [4], who used a differential quadrature method. We have also
reported the result obtained by [6] in the case of pure heat conduction.

It can be seen that our results are comparable in accuracy (relative
error less than 1%).

B. Thermomagnetic Convection

We now turn to the presentation of some results obtained when
gravity is not acting and when the magnetic field is present. The
typical flow patterns are shown on Fig. 5, where isotherms and
velocity vectors are presented for two values of the magnetic
Rayleigh number, namely Ra,, = 10° and Ra,, = 10° and for an
aspect ratio R = 5. It can be seen that the flow is symmetrical about
the vertical line through the center of the circular cylinder and about
the axis of the magnets. The fluid moves up and down along the inner
heated cylinder, reaches top and bottom walls of the enclosure, and
then moves horizontally outwards and goes down along the vertical
walls till the midheight of the cavity. Four eddies are formed
symmetrically in the cavity. As the magnetic Rayleigh number
increases from 10° to 10°, the flow becomes stronger and the eddies

0.5
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-0.5
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Fig. 5 Isotherms and velocity vectors for a) R = 5 and Ra,, = 10°, and
b) Ra,, = 10°.
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Fig. 6 Thermal and velocity fields for aspect ratio of R = 2.5 and
R = 1.67 and for Ra,, = 10°.

move slightly towards the vertical centerline. We can also notice that
two symmetrical plumes are developing on top and bottom of
the inner cylinder. At Ra,, = 10°, a stagnant zone appears near the
vertical walls and at midheight. It is worth to mention that the
situation with Ra,, = 10% can correspond for example to a 20 cm
square cavity filled with air at 300 K combined with wall temperature
difference of about 19 K and with neodynium magnets of 1.25 Tesla.
In these operating conditions, the magnitude of the velocity reaches
approximately 1 cm/s.

Similar trends are observed when the aspect ratio is set to R = 2.5
and R = 1.67. We therefore just present in Fig. 6 the velocity and
thermal fields for a magnetic number of 10°. It can be seen that for the
particular case (R = 1.67), the fluid is stagnant in the top and bottom
of the cylinder leading to a thermal stratification (similar to
conductive regime) [3].

We have gathered in Table 2 the maximum value of the
adimensional velocity |V*| and the global Nusselt numbers. As
expected, Nusselt number increases with the magnetic Rayleigh
number. It increases also when the aspect ratio is diminishing.

The local Nusselt number along the cylinder as a function of the
angular position in radians for the two magnetic Rayleigh numbers is
presented in Fig. 7. The maximum values are obtained when 6 = 0

Table 2 Maximum value of adimensional velocity
and mean Nusselt number

R=5 R=25 R=1.67

[VF]  Nu |VH] Nu [VH Nu
14.86 4.68 17.79 740 17 11.24
61.68 7.58 6635 1250 81.59 16.23

Ra,, = 10°
Ra,, = 10°

Local Nusselt number

6 (rad)
Fig. 7 Local Nusselt number along the inner cylinder (R = 2.5).

and 6 = &, corresponding to the thin boundary layers that are
developing at that positions. On the other hand, minimum local
Nusselt numbers are found on the top and bottom of the inner
cylinder.

Finally, let us have a look at the situation where the magnets are
shifted downward as shown in Fig. § (where the normalized magnetic
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Fig. 8 Amplitude of B* (left side) and gradient of the squared magnetic
induction between the magnets (right side).
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Fig. 9 Velocity vectors and isotherms when the magnets are positioned
aty,, = —0.5 for Ra,, = 10°.
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flux density and the gradient of the squared magnetic induction are
also presented). In this situation, one can observe in Fig. 9 that the
cold fluid moves downward along the vertical walls while hot fluid
plume rises at the top of the hot inner cylinder. This is due to the great
value of the magnetic force near the edges of the magnets and to the
fact that these forces attract the fluid downward, while at the same
time in the bottom of the cavity the fluid is attracted toward the
vertical walls. Further, at the two lower corners of the cavity, the
temperature is almost uniform and there is practically no driving
magnetic force. Consequently, the fluid hardly flows and is badly
stirred. Therefore, the global pattern consists in two cells located at an
angle of 45° approximately. The isotherms show that a plume is
developing and moves in the direction opposite to the magnets.

V. Conclusions

In this article, numerical calculations are carried out for magnetic
convection induced by a temperature difference between a cold outer
square enclosure and a hot inner circular cylinder in absence of
gravity. A meshless method has been used and results are presented
for magnetic Rayleigh numbers Ra = 10°> and Ra = 10°. The flow
patterns and heat transfer characteristics are presented for three
different aspect ratios. It has been shown that thermomagnetic
convection can find applications, particularly in miniature cooling
devices for electronics and low-gravity environments where natural
convection fails to provide adequate heat transfer.
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