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Abstract

The magneto-gravity convection induced by a vertical magnetic field gradient applied to a non-electroconducting

paramagnetic liquid in a differentially heated rectangular cavity is investigated numerically and experimentally. Due

to the magnetic susceptibility temperature dependence of the fluid, the magnetic body force drives a thermoconvective

motion in the cavity. Depending on the sign of the magnetic gradient, the vertical magnetic force in the liquid can be

parallel or antiparallel to gravity. Hence, buoyancy convection in the cavity results of the combination of the vertical

magnetic force and of gravity.

Expressed in terms of Nu versus Ra, the experimental and numerical results are compared to the correlation obtained

by Catton without magnetic field. Agreement between the two curves clearly points out the similarity between gravity

induced convection and magneto-gravity convection.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Fluid motions induced by gravity convection render

difficult the scientific examination of fundamental phe-

nomena in numerous situations. Different means, often

expensive, have been used to damp, even to stop convec-

tion, allowing for instance, an access to capillary effects,

to improve the understanding of combustion and to

grow crystals of better structural quality.
0017-9310/$ - see front matter � 2004 Elsevier Ltd. All rights reserv
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On the other hand, there are situations in which con-

vection has to be enhanced for example to sustain com-

bustion of diffusion flames in space.

Among others, magnetic fields could be a candidate for

acting on convection. Numerous studies have been de-

voted to the action of a magnetic field on convection

beginning by the pioneer work of Chandrasekhar [1],

based on the Lorentz force which develops in moving elec-

troconducting liquids. Here, we deal with non-conducting

materials and base our work on the interaction of the

magnetic field with the magnetic property of the fluid.

Magneto-convection induced by moderate magnetic

fields (of the order of magnitude of 10–100 G) has

been studied in magnetic fluids [2–4] whose magnetic
ed.



Nomenclature

Ay spanwise aspect ratio, D/L

Az vertical aspect ratio, H/L

B magnetic induction (T)

D depth of cavity (m)

fm magnetic force (N/m3)

gm terrestrial gravity (m/s2)

gm vertical magnetic mass force (m/s2)

H height of cavity (m)

k thermal conductivity (W K�1 m�1)

L width of cavity (m)

N
bqþbv

bq

nx
oB2=ox
oB2=oz

ny
oB2=oy
oB2=oz

Nu Nusselt number

p pressure (Pa)

Pr Prandtl number

q thermal power (W)

Ra Rayleigh number

T temperature (K)

Tc, Tw cold and warm wall temperature (K)

DT temperature gap, Tw � Tc (K)

Tm mean temperature, (Tw + Tc)/2 (K)

u, v, w dimensionless velocity in x, y and z direc-

tions, respectively

wmax maximum value of w x-profile at y = 0 and

z = 0

wgmax maximum value of w x-profile at y = 0 and

z = 0 without magnetic field

Greek symbols

a thermal diffusivity (m2/s)

bq thermal expansion coefficient, � 1
q
oq
oT (1/K)

bv relative variation of mass magnetic suscepti-

bility, � 1
vm

ovm
oT (1/K)

vm mass magnetic susceptibility (m3/kg)

d thickness of boundary layer (m)

l0 vacuum magnetic permeability, 4 · p · 10�7

(H/m)

m kinematic viscosity (m2/s)

h dimensionless temperature

q density (kg/m3)

p vertical magneto-gravity buoyancy (N/kg)

Subscripts

0 values at the centre of cavity

c critical values

m values at Tm

* equivalent
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susceptibility is about 1. Thermomagnetic convection ap-

pears in a ferrofluid submitted to a temperature gradient

and a magnetic field gradient due to the fact that the fluid

magnetization is temperature dependent.

The development of the superconducting magnet

technology allows the control of natural convection by

a strong magnetic field gradient in fluids of much lower

magnetic susceptibility. Two configurations have been

extensively studied in the framework of gravity convec-

tion: the cylindrical Rayleigh–Bénard cavity and the

differentially heated rectangular cavity. The first configu-

ration has been studied by Braithwaite et al. [5] in the

air-gap of a vertical superconducting magnet. They have

demonstrated that convection within a gadolinium ni-

trate solution could be magnetically either enhanced or

damped. Based on their observations, Huang et al. [6]

and Qi et al. [7] have examined theoretically and numer-

ically the mechanism responsible for magneto-gravity

thermal convection in the Rayleigh–Bénard configura-

tion. Recently, with the same configuration, Maki et

al. [8] evidenced the similarity between gravity convec-

tion and magneto-gravity convection induced within

air by a vertical magnetic field gradient. The evolution

of the Nusselt number versus the Rayleigh number

was in agreement with the classical Silveston�s correla-
tion (non-magnetic field).
The second configuration: the differentially heated

rectangular cavity has been investigated in two main

experimental studies. In the first one, Carruthers and

Wolfe [9] have observed the reversal of convective move-

ments within oxygen gas using an electromagnet, while

the aim of the second one, from Seybert et al. [10] was

to completely stop the motion driven by thermal convec-

tion within a manganese chloride solution using a verti-

cal superconducting magnet. Tagawa et al. [11] have

studied numerically the effect of the direction of the

magnetic field on natural convection within air in a

cubic cavity.

In the present paper, we have studied experimentally

and numerically the magneto-gravity convection in-

duced in a cavity with differentially heated sidewalls,

filled by a non-electroconducting paramagnetic liquid

and set in the bore of a vertical superconducting magnet.

The numerical study is three dimensional in order to

take into account the three dimensional character of

the magnetic field gradient.

The main objective of our investigations, following

what has been proven for the cylindrical Rayleigh–

Bénard cavity configuration, is to examine if a similar-

ity exists between gravity and magneto-gravity

convection in the differentially heated rectangular cavity

configuration.
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We first recall three important relations describing

the interaction of a paramagnetic fluid with a magnetic

field gradient:

The magnetic body force fm:

f m ¼ 1
2
qðT Þ vmðT Þ

l0
rB2; ð1Þ

the vertical mass force gm:

gm ¼ 1
2

vmðT Þ
l0

oB2

oz
iz; ð2Þ

and Curie�s law:

vm / 1
T
: ð3Þ
2. Experimental

The experimental study is intended to trace the evo-

lution of the magneto-gravity-induced heat transfer in

the case where gm is antiparallel to g. The apparatus
may be seen Fig. 1. The cavity of dimensions: L = 8

mm, D=30 mm andH = 30 mm contains a paramagnetic

fluid (aqueous solution of nitrate gadolinium with a con-

centration of 433 kg/m3 and a magnetic susceptibility

vm = 1.63 · 10�7 m3/kg). One of the side walls is main-
tained at fixed temperature Tc = 293 K by a water

circulation, whereas the opposite wall is heated by a

Constantan wire resistance. The other walls are made

of Plexiglas. A Copper-Constantan thermocouple re-

cords the temperature difference between both active

copper walls. The cavity is thermally isolated by ex-

panded Polystyrene. For each injected power q, the Nu

number is derived from the temperature drop DT.
Fig. 1. Schematic of experimental apparatus.
Nu ¼ q=DH
kDT=L

: ð4Þ

The experiments were carried out in the air-gap of a

superconducting magnet delivering an axisymmetric ver-

tical magnetic field. The cavity is centered on the magnet

axis; at 110 mm below the magnet centre. The evolution

of Nu is measured according to the magnetic field gradi-

ent intensity for 4 values of DT: 5, 10, 15 and 20 K.
3. Numerical analysis

In addition to the experimental conditions, the

numerical study analyses also the case where g and gm
are parallel. The numerical model is depicted in Fig. 2.

The cavity has Ay = Az = 3.75. The warm wall (left) is

maintained at Tw whereas the cold (right) one is main-

tained at Tc. All the other walls of the cavity are sup-

posed adiabatic. The thermophysical properties of the

liquid are supposed the same that those of water and

their values are taken at temperature Tm. The flow with-

in the cavity is assumed stationary, laminar, incompress-

ible and Newtonian. The Boussinesq approximation

holds.

We have used the semi-analytical method proposed

by Urankar [12] to calculate oB2/oz and oB2/or, the ver-

tical and the radial component of $B2. In the volume of
the cavity, oB2/or is projected in two components, trans-

versal oB2/ox, and spanwise oB2/oy. In Fig. 3, are traced
Fig. 2. Computational domain and dimensionless boundary

conditions.



Fig. 3. Vertical profiles of oB2/oz and oB2/or, closed and opened symbols, respectively, normalized to 2BdB/dz0.
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vertical profiles of oB2/oz and oB2/or normalized to

2BdB/dz0 which represents the value of oB
2/oz at the

centre of the cavity. It is seen that the two oB2/oz profiles

along the axis of the magnet (i.e. r/L = 0) and along the

two isothermal active walls of the cavity (r/L = 0.5) coin-

cide and present a vertical homogeneity of 5%. Whereas,

along the two vertical adiabatic walls (r/L = 0.5Ay), oB
2/

oz is higher, it reaches a maximum (1.5% of 2BdB/dz0)

at the mid-height of the cavity and its profile along y

presents a homogeneity of 5%. The radial component

oB2/or is maximal along the two vertical adiabatic cavity

walls but remains relatively weak and does not go be-

yond 12% of 2BdB/dz0. Fig. 4 presents iso-values, nor-

malized to 2BdB/dz0, of three components, oB2/ox,

oB2/oy and oB2/oz in the (x, y) plane at three levels:

top, mid-height, and bottom. It is seen that the magnetic

buoyancy force is vertical on the axis and three dimen-

sional elsewhere in the cavity with a dominant vertical

component. From this result, it is convenient to express

the transversal, spanwise and vertical components of the

magnetic mass force, respectively:

nxgm; nygm; gm; with nx ¼
oB2=ox

oB2=oz
and ny ¼

oB2=oy

oB2=oz
:

ð5Þ
The magnetic field gradient distribution being 3D, we

have chosen to develop a 3D numerical study of the

flow.

In the adimensionalization, the value of gm at the
centre of the cavity:

gm0 ¼
vmm
l0

BdB=dz0 ð6Þ

is taken as a reference of the magnetic force. The width

of the cavity L is taken as the reference length for spatial

coordinates. Velocity, pressure, temperature and differ-

ence temperature references are defined as a/L, qa2/L2,
Tm and DT, respectively. Also, we have
nx0 ¼
oB2=oxðx ¼ 0:5; y ¼ 0; z ¼ 0Þ

2BdB=dz0
and

ny0 ¼
oB2=oyðx ¼ 0; y ¼ 0:5Ay ; z ¼ 0Þ

2BdB=dz0
:

Due to the fact that nx0 and ny0� 1, the heat transfer in

the cavity is governed mainly by the combined effect of g
and gm0. The resulting vertical magneto-gravity force
can be expressed as

p ¼ qbqg þ qðbq þ bvÞgm0: ð7Þ
Thus, we can introduce an equivalent gravity g*, defined as

g	 ¼ g 1þ N
gm0
g

� �
; ð8Þ

which is included in the Ra definition as follows:

Ra ¼
bqg

	DTL3

ma
ð9Þ

Finally, the heat transfer and flow in the cavity are gov-

erned by the laws of conservation of mass, momentum

and energy. These equations written in dimensionless

forms are as follows:

ou
ox

þ ov
oy

þ ow
oz

¼ 0;

u
ou
ox

þ v
ou
oy

þ w
ou
oz

¼ � op
ox

þ Pr
o2u
ox2

þ o2u
oy2

þ o2u
oz2

� �

þnx0
gm
g	

NRaPrh;

u
ov
ox

þ v
ov
oy

þ w
ov
oz

¼ � op
oy

þ Pr
o2v
ox2

þ o2v
oy2

þ o2v
oz2

� �

þny0
gm
g	

NRaPrh;

u
ow
ox

þ v
ow
oy

þ w
ow
oz

¼ � op
oz

þ Pr
o2w
ox2

þ o2w
oy2

þ o2w
oz2

� �

þRaPrh;
and

u
oh
ox

þ v
oh
oy

þ w
oh
oz

¼ o2h
ox2

þ o2h
oy2

þ o2h
oz2

:

9>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>;
ð10Þ



Fig. 4. Iso-values of oB2/ox, oB2/oy and oB2/oz, normalized to 2BdB/dz0 at: (a) z = 0, (b) z = Az/2 and (c) z = �Az/2.
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The numerical resolution of these equations is achieved

using the computation code Fluent [13] with the algo-
rithm SIMPLEC. Second order schemes are used to dis-

cretize the diffusion and convection terms.



Table 1

Ra values versus positive and negative values of BdB/dz0 for the

four values of DT

Fig. 5. Evolution of Nu versus Ra in the absence of magnetic

field. Comparisons between experimental (j), obtained from

Catton�s correlation (full line) and numerical (m) results.
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After mesh tests, the adopted mesh is composed of

38 · 30 · 67 cells in x, y and z directions, respectively.

This mesh is non-uniform in the (x, z) plane. For Ra

above 103, three cells are included in the boundary layer

along the walls of the cavity. The thickness of this

boundary layer is calculated by the formula d ¼ 1:8

Ra�0:25A0:25z L, given by Gill [14]. The mesh expanding
ratio is of 1.05. The mesh is uniform in y direction.

We conserved enough thin mesh even when the Ra num-

ber is far less than 103. This constraint is imposed by the

necessity to ensure the numerical non-rotationally of

$B2. Table 1 gives the conditions of the different cases
investigated in the present study, Ra ranges from 0 to

7.6 · 105.
4. Results and discussion

(a) gm = 0

In a rectangular cavity with Ay > 1.7, McBain [15]

verified that the dynamical effects of the two vertical

end walls on the flow within the cavity are practically

negligible. In the experimental study, we supposed that

all non-active walls are perfectly thermally insulated.

In fact, it is very difficult to achieve this condition prac-
tically, due to the small thermal conductivity ratio be-

tween the liquid solution and the Plexiglas walls (�3).
In order to characterize the conditions imposed in the

experiences as well as at the numerical level, we used

the correlation proposed by Catton [16] for the calcula-

tion of Nu in the absence of magnetic field, according to:

Nu ¼ 0:22A�0:25
z

Pr
0:2þ Pr

Ra
� �0:28

: ð11Þ

Experimental and numerical results obtained at zero

magnetic field are compared to Catton�s predictions of
evolutions of Nu versus Ra (thus DT) in Fig. 5. The val-
ues obtained by numerical simulation are very close to

the theoretical ones in the range of studied Ra; showing

a first validation of the numerical model. However, the

experimental results deviate from the theory predictions,

the difference being more important at greater Ra (thus

DT). We attribute the difference to bad thermal isolation
of the walls made in Plexiglas. At higher imposed DT,
the difference between the mean temperature in the cav-

ity and the ambient temperature is higher too; it induces

an increase of the heat losses with increasing DT. The
relative discrepancy equals 0.4% for DT = 5 K and

15% for DT = 20 K.

(b) gm antiparallel to g

In this case, gravity and magnetic force are opposed.

Fig. 6 presents experimental and numerical variations of

Nu versus BdB/dz0 for DT = 5 and 10 K. For BdB/dz0
varying between 0 and some critical value designed as

BdB/dz0c, Nu decreases from its initial value corre-

sponding to a pure gravity convection regime to a



Fig. 6. Evolution of Nu versus BdB/dz0, for DT = 5 K and

DT = 10 K. Comparisons between experimental (symbols) and
numerical results (lines).

Table 2

Comparisons of BdB/dz0c values and Nu minimum values,

determined experimentally and numerically for various values

of DT

DT
(K)

BdB/dz0c (T
2/m) Nu minimum

Experimental

results

Numerical

results

Experimental

results

Numerical

results

5 5.50 5.50 1.80 1.54

10 5.50 6.25 2.39 2.01

15 5.50 6.94 2.65 2.39

20 5.50 7.75 2.81 2.67

Fig. 7. w/wgmax x-profile at mid-height and mid-depth of the

cavity for DT = 5 K at: (a) BdB/dz0 = 0 T
2/m, (b) BdB/dz0 = 5.5

T2/m and (c) BdB/dz0 = 11 T
2/m.
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minimal value for a magneto-gravity regime. The result-

ing driven force decreases. When BdB/dz0 exceeds BdB/

dz0c, Nu increases with BdB/dz0 indicating that the heat

transfer is accelerated. The magnetic force then stronger

than gravity is able to drive the flow motion.

As shown in Table 2, for DT = 5 K, BdB/dz0c is
determined at 5.5 T2/m by both experiments and numer-

ical simulations. But for the others DT, the critical BdB/
dz0 value is different from experiences and numerical

simulation. Here, we discuss the results following the

case of DT = 5 K without lose of generality. In terms

of g*, 5.5 T2/m corresponds to g* ffi 0 which signifies that
vertical magneto-gravity buoyancy is quasi-null. At this

value, the w/wgmax x-profile at mid-height of the cavity,

presented in Fig. 7 (case (b)), shows a very weak flow

velocity (w/wgmax < 0.04) and reveals the loss of its 2D

character observed for BdB/dz0 = 0 corresponding to

g* = 1g (case (a)). The 3D character is induced by the

two horizontal thermomagnetic buoyancies which are

revealed due to the quasi-annulation of the vertical
one by the opposed gravity. At the same conditions,

the h x-profile, presented in Fig. 8, reflects a mainly con-

duction mode of the heat transfer which is convective for

g* = 1g. For BdB/dz0 = 2BdB/dz0c = 11 T
2/m leading to

g* ffi �1g, the flow is completely reversed Fig. 7 (case
(c)). The corresponding profiles of w/wgmax and h are



Fig. 8. h x-profile at mid-height and mid-depth of the cavity for

DT = 5 K and for various values of BdB/dz0.
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similar to those for g* = 1g: indeed, they correspond to
the same Ra. We observe a slight shift of the identically

characteristic of w/wgmax x-profiles which is due to the
Fig. 9. Velocity field for DT = 5 K and for various values of y at: (a) B
T2/m.
horizontal thermomagnetic buoyancy whose value in-

creases with BdB/dz0.

By numerical simulation BdB/dz0c is found to in-

crease with DT in agreement with the theoretical predic-
tions, see Table 1 (shaded cells, Ra = 0). Whereas in

experiences, BdB/dz0c is constant for all DT due to the
non-perfect isolation of the cavity causing the decrease

of Tm upon which g* is dependent following formulas

(2) and (3).

The Nu does not reach 1, as expected theoretically,

corresponding to the suppression of convection. The li-

quid is not entirely stopped everywhere in the cavity

due to the non-homogeneity of BdB/dz as discussed

above. Figs. 9 and 10 show that at BdB/dz0 = 5.5 T
2/

m (case (b)) the fluid motion is almost stopped with hor-

izontal conductive transfer of heat at the middle of the

cavity.

(c) gm parallel to g

In this case, Nu increases with the same tendency for

all DT while increasing BdB/dz0 as shown in Fig. 11.
dB/dz0 = 0 T
2/m, (b) BdB/dz0 = 5.5 T

2/m and (c) BdB/dz0 = 11



Fig. 10. Isothermal lines for DT = 5 K and for various values of y at: (a) BdB/dz0 = 0 T
2/m, (b) BdB/dz0 = 5.5 T

2/m and (c) BdB/

dy0 = 11 T
2/m.

Fig. 11. Numerical Nu evolution versus BdB/dz0 for DT = 5,
10, 15 and 20 K.

Fig. 12. w/wmax x-profile at mid-height and mid-depth of the

cavity for DT = 5 K and for various values of BdB/dz0.
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Figs. 12 and 13 present, respectively, the w/wgmax and

x-profiles at mid-height and mid-depth of the cavity
for DT = 5 K and Fig. 14 presents the w/wmax x-profile
at mid-height of the cavity at various depths. These

results are for BdB/dz0 = �5.5 T2/m leading to



Fig. 13. h x-profile at mid-height and mid-depth of the cavity

for DT = 5 K and various values of BdB/dz0.

Fig. 14. w/wmax x-profile at mid-height of the cavity for BdB/

dz0 = �5 T2/m and various values of y.

Fig. 15. Experimental (closed symbols) and numerical (opened

symbols) Nu versus Ra for various values of BdB/dz0,

compared to Catton�s correlation (full line).

F. Khaldi et al. / International Journal of Heat and Mass Transfer 48 (2005) 1350–1360 1359
g* ffi 2g and BdB/dz0 ffi �11 T2/m leading to g* = 3g.
They are traditional velocity and temperature profiles

of intensified 2D convection due to the addition of

the two driven forces. The flow velocity increases, the

thickness of the boundary layers decreases identi-

cally at different depths of the cavity with increasing

BdB/dz0.

The whole results obtained in the present study are

expressed in terms of Nu versus Ra for positive and neg-

ative values of BdB/dz0, Fig. 15. The experimental and

numerical evolutions of magneto-gravity convection

are compared to Catton�s evolution for pure gravity con-
vection. The agreement between all these evolutions is

noticeable. Because Catton�s correlation is valid only
for Ra > 103; values of BdB/dz0 close to BdB/dz0c corre-

sponding to small Ra are excluded.
5. Conclusion

We study magneto-gravity thermal convection in a

differentially heated rectangular cavity. A vertical mag-

netic field gradient generates within a non-electrocon-

ducting paramagnetic fluid a vertical magnetic force gm
which can be parallel or antiparallel to gravity g. The
combination of g and gm leads to an equivalent gravity
g* which the motor of vertical magneto-gravity buo-
yancy convection. After introducing g* in the Ra defini-
tion, the experimental and numerical results expressed in

terms of Nu versus Ra, show that heat transfer driven by

magneto-gravity buoyancy is similar to that driven by

gravity buoyancy only. Therefore, a vertical magnetic

field gradient is able to extend the range of Ra at given

DT. In the present study, a Ra of 4.82 · 104 is reduced to
0 at BdB/dz = 5.5 T2/m, conserved with reversed flow at

BdB/dz = 11 T2/m and is doubled and tripled at BdB/

dz = �5.5 and �11 T2/m, respectively. Consequently,
Nu followed the evolution of Ra in accordance to Cat-

ton�s correlation. The three-dimensional effect of the
magnetic field gradient is significant only at very low

Ra value when vertical magneto-gravity buoyancy is

weak comparatively to the horizontal magnetic

components.
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