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Abstract

The effect of a strong magnetic field on the natural convection of paramagnetic fluid in a cubical enclosure was examined. The enclosure
was heated from one vertical copper wall with electric wire and cooled from the opposite wall with water pumped from a thermostating bath.
The temperatures of the cooled and heated walls were measured with six thermocouples. The working fluid consisted of 80% mass glycerol
aqueous solution containing 0.8 [r@ly of solution) 1] of gadolinium nitrate hexahydrate to make it paramagnetic. A thermochromic
liquid crystal slurry was added to the working fluid in order to visualize the temperature field in the illuminated cross-section. Numerical
computations were carried out for a system corresponding to the experimental one, and computed Nusselt numbers agreed well with those
obtained experimentally.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction Investigations have clearly shown that the main non-
dimensional parameter related to the natural convection in
the enclosure is the Rayleigh number. It determines the con-

The cubical enclosure heated from one vertical wall and vective flow and it shows that the flow is controlied by

cooled from an opposing wall has been employed as a -
Co the gravitational buoyancy force. In recent years, another
benchmark system. Investigations of such geometry and . .
o . option for flow control has appeared—the magnetic buoy-
conditions have mainly been related to the enhancement

or suppression of heat transfer, namely, the enhancemenﬁnCy fo(rjce.thThe d(la_velt(_)pmefnt of supet_rcc;_n ?;Ctmg _g;agnets
or suppression of convection. Among a large number of as made the applicafion of a magnelc field possibie even

published numerical and experimental works on this topic, ?nlg’m w(;dl;]stnal Sca"?- tl?henomer;a relarl]ted t? th(; maglpetm
some are close to the present work in terms of the boundary leld and the magnetic buoyancy force have found applica-

conditions [1-3], the working fluid [4] or the experimental tions in medicine [7], chemistry [8], physics [9], engineering
methods [5,6]. [10,11], and other areas.

Studies of natural convection in a cubical enclosure
under a magnetic field include works by Peckover and

* Corresponding author. Tel.: +81 92 583 7834; fax +81 92583 7838, Weiss [12] (convection of magnetic fluid in the pres-
E-mail address: 0zoe@cm.kyushu-u.ac.jp (H. Ozoe). ence of a magnetic field), Ozoe’s group [13-17] (air un-
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Nomenclature

b magnetic inductiortb,, by, b;)............. T u velocity vector(u, v, w)............... e 1

bo reference magnetic inductios; wy,i/l . .... T uo reference velocity=a /1. ..o ... ms~1

B dimensionless magnetic induction, U dimensionless velocity vector,
b/bo = (By, By, B) =ii/ug=(U,V, W)

C dimensionless momentum parameter for xo0, Yo, zo referencelengthss/................... m
paramagnetic fluid= 1+ 1/(B60) Xe non-dimensional distance between center of the

g gravitational acceleration ............. -9n? cube and center of the solenoid

i electric currentinacoil ................... A

l length of a cubical enclosure .............. m Operators

) Desae O e ¥ @ ar i 1

Po reference pressure without convection, (9/0x,8/8y,8/02) ..t =
=002/ 12 pa D/Dt (8/0r+U3/dX +V0/3Y + Wd/3Z) .

P dimensionless pressure, p/ po D/Dt (30t +ud/dx +vd/dy +wd/dz) ..... 1s

Pr Prandtl numbers v/« v? 02/0X% +92/8Y? + 92/0Z% or

Ocond conduction heatflux...................... W 9%/0x2+0%/0y% +02/0z% . .......... im=2

conv convectionheatflux...................... W

gms heatloss ... W Greek symbols

QOnet cond Net conduction heat fluxz Qcond— Qloss- W thermal diffusivity .. ................. Pas1

Qnet conv Net convection heat fI.ux; Qconv — Qioss- W B thermal expansion coefficient............ -k

Otheor cond theoretical conduction heat flux, Y dimensionless gamma parameter,

Q h=ela)»t(eerhgt0;vz(;olsdapply .................... WW _ xb%/(umgl)

total Neater power Suppty...............oovivn . .

74 positionvector.............. ... ... ... m g }t/r:Se(;?nS:ch;).n'dL'J(.:t.i\'/i.t """""""" erKEa

R dimensionless position vectes 7/ [ . Yoo 1

Ra Rayleigh number based on the temperature Hom magneUp pgrmegbﬂny """""""" ~rh=l_1
difference = g8 (Bho — feod/ (@) v kinematic viscosity= it/pg.......... nt-s

Ra* modified Raylelgh number based on the heat % temperature .............................. [
flux, = gB12Onet conv (v2.) 6o reference temperature..................... K

ds tangential element of acoil................ m feod  temperature of the cooled wall. ... h

ds dimensionless tangential element of a coil, Bhot temperature of the heatedwall ............. K
—d5/1 0 AeNSItY ...t kg3

¢ BME « oo s po  reference density at temperatde ... kgm=S

10 reference time=12/a.........coovoeein. .. s T dimensionless times /1o

T dimensionless temperature, X mass magnetic susceptibility ........ 3{kg‘1
= (0 — 60)/ (Bnot — Ocold) Xm volumetric magnetic susceptibilitys x - p

der a strong magnetic field) and Wang and Wakayama 2. Experimental apparatus
[18] (inhomogeneous magnetic fields and diamagnetic flu-

ids). The experimental setup is presented in Fig. 1. It consisted
Numerical analysis of non-conducting fluid has mainly ¢ gp experimental apparatus placed in the bore of a su-
involved air as a paramagnetic fluid in cubical enclo- perconducting magnet, a heater control system, a constant
sures with various configurations. Bednarz et al. [19,20] temperature bath and a data acquisition system connected to
reported numerical analysis of the effect of orientation g personal computer. The experimental apparatus is shown
of a magnetic coil on the convection of air in a cubi- schematically in Fig. 2. The Plexiglas cubical enclosure of
cal enclosure. In the present work, the magnetic convec-0.032 [m] size was heated (with constant heat flux) from one
tion of glycerol aqueous solution with gadolinium nitrate vertical wall and isothermally cooled from the opposite one,
hexahydrate was analyzed experimentally. The results werewhile the four remaining walls were insulated. A rubber-
compared with those of three-dimensional numerical sim- covered nichrome wire was used as a heater and connected
ulation of the same phenomenon. The computations forto a DC power supply (Kikusui PAK 60-12A) as shown in
the corresponding configuration of the magnet are pre- Fig. 1. The heating power was monitored with multimeters
sented. (Keithley 2000). Water was pumped from a thermostating
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Fig. 1. Experimental setup.
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Fig. 3. Mass magnetic susceptibility versus the molar concentration of
Fig. 2. Schematical view of the experimental apparatus. gadolinium nitrate hexahydrate in the 80% mass glycerol aqueous solution.

water bath (Fig. 1) through a small cooling chamber built in magnetic susceptibility versus the molar concentration of
the cooling wall. The temperature of heated and cooled walls gadolinium nitrate hexahydrate in the 80% mass glycerol
was measured with sik-type thermocouples (three in each aqueous solution is presented in Fig. 3.
wall). The temperatures were stored in a data logger (NEC  The concentration of gadolinium nitrate hexahydrate cho-
3100) connected to a computer (see Fig. 1). The cubical en-sen for further experiment was 0.8 [ of solution)1].
closure was filled with working fluid. This concentration corresponds to the following masses
of the substrates: gadolinium nitrate hexahydrate (molar
mass 0.4514 [kgnol~]) = 0.3611 [kg], 80% mass glycerol
3. Propertiesof theworking fluid aqueous solutioa- 0.6389 [kg] (mass of glycerek 0.5111
[kg], mass of water= 0.1278 [kg]). The magnetic suscep-
The working fluid was 80% mass glycerol aqueous solu- tibility of the working fluid was thereby increased from
tion. Since both glycerol and water are diamagnetic, crystals y = —0.740x 10~8 [m3-kg~1] (for 80% mass aqueous solu-
of gadolinium nitrate hexahydrate [Gd(NJ2-6H,O] were tion of glycerol without the gadolinium nitrate hexahydrate)
dissolved in the working fluid to increase its magnetic sus- to x = +23.094x 10-8 [m3.kg1].
ceptibility and make it paramagnetic. The magnetic suscep- The density of the working fluid was measured with a
tibility for various concentrations of the gadolinium nitrate pycnometer (Brand 25 ml) and was= 1463 [kgm~3].
hexahydrate was measured with a magnetic susceptibility The viscosity was measured with an Ostwald’s viscosime-
balance by Evan's method (MSB Mk1). A plot of the mass ter and wag. = 86.89 x 10~3 [Pas]. The measured thermal
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Table 1 Experiments were carried out with magnetic induction
Properties of the working fluid at the temperature of 298 [K] ranging from O [T] to 5 [T] and an initial temperature dif-
Property Value Unit ference €nhot — Ocolg) Of 5.3 degrees. The initial Rayleigh
« (Ref. [21]) 101x 10-7 m2.s-1 number estimated from Eq. (1):

0.52x 1073 K1 3
f (Ref. [21]) 0.397 wm-L.k-1 Ra— 8P Unot = feold) 7 (1)
© 86.89x 1073 Pas av
v 59x107° m2.s1 wasRa = 1.49 x 10°. The Rayleigh number defined in this
p 1463 kgm~3 way was employed in the numerical computations.
X 23.094x 108 m3.kg~1
Pr 584 _

5. Visualization

expansion coefficient wag = 0.52 x 10~3 [K~1]. Other
properties were estimated from [21]. The Prandtl number
Pr = v/a was estimated on the basis of measured proper-
ties and wad$r = 584. The properties of the working fluid
are summarized in Table 1.

The temperature field in the middle cross-section was
visualized with thermochromic liquid crystal slurry. The lig-
uid crystal molecule reflects definite colors depending on
the temperature and viewing angle. Micro capsules contain-
ing liquid crystals are commercially available (KWN-2025,
Japan Capsular Product Inc.) and there are a host of reports
on this topic, for example [22]. In the present experiment,
4. Configuration of the system liquid crystals were mixed with the working fluid, which

was then illuminated with white light generated by a pro-

The configuration of the system is shown in Fig. 4. The jector lamp. The calibration image of the relation between
superconducting magnet was set horizontally and the cubicaltemperature and color from the conduction experiment is
enclosure was placed in the bore of the magnet. The cen-presented in Fig. 5. Red represents the lowest temperature,
ter of the cube was placed at a distance of 0.070 [m] from and blue the highest. The temperature indicating range was
the solenoid centre to minimize the radial component of the from 291.2 [K] to 295.7 [K]. Color images of the temper-
magnetic buoyancy force. ature field were taken with a digital camera (Canon EOS

Solenoid

Center of
the solenoid

Fig. 4. Configuration of the system.
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Temperature [K]
Fig. 5. Relation between color and temperature.
20 .
10D). The enclosure was removed from the magnet and set c O[]
in a prepared visualization test section. This process took a o 1[T] _ ]
f o 2T Heat loss line
ew seconds and was necessary because two walls of the en < 3 \ & s
closure were non-transparent preventing visualization inthe ~ '°7| o 2 T
bore of the superconducting magnet. The working fluid had s 5M
to be changed after a few days due to damage of the liquid< pelcon: - ) o
crystals, which weakened their temperature response. 3 10 o .
I§ \Conduction line
Y Q AT
6. Heat transfer rate 5% -t—-l """""""""" ; .
R
:’j—‘ Qns con
Thermal measurements were carried out to investigate the ’ weond
influence of the magnetic field on the heat transfer rate. The 0 :
Nusselt number is defined as follows: 0.0 0.5 1.0
Heating power, Q [W
NU — Onet_conv @) gp W]
Qnet_cond Fig. 6. Heat transfer estimation based on [23].
The net convection @net conv and net conduction
(Onet_cond heat fluxes were estimated by the method of
Ozoe and Churchill [23], based on the following equations: Tapje 2

Experimental conditions and results. Common parametezs0.032 [m],

Qnet_conv= Oconv— Qloss (3) 0. = 18 [°C], Qtotal= 0.5 [W]
Qnet_cond= Ocond— Qloss (4) Magnetic Temperature Rayleigh Average Modified
induction  difference number Nusselt Rayleigh
It was aSSl}II’Eed tr:jat thltla he:t loss deﬁenhds only or; the tedmz M Ohot—beoid RA number (exp.) numberRa*
-per-zturﬁ 0 (Tate wall and not on the heat transfer mo e 3 149710 4889 T
Inside the enclosure. o 1 477 134x10° 5918 79 10°
As a first step in the Nusselt number estimation the con- , 44 123x10°  6.801 84 x 10°
duction experiment was done. Tlig,sswas estimated from 3 4.0 112x10° 7.918 89x 10°
Eq. (5): 4 373 105x10°  9.102 96x 10°
5 354 099x 10° 9.833 a7x 10°
Qloss= Qcond— cheor_cond (5)
where
Otheor_cond=[?A(bhot — Ocold) /| (6) The convection heat fluxQconv) is given by the prod-

uct of current and voltage of the heater supply. Having
the convection heat fluxQcony), the heat loss @joss) €S-
timated from Eq. (6) and theoretical conduction heat flux
(Otheor_cond, it was possible to estimate the Nusselt number
listed in Table 2.

The modified Rayleigh number based on the constant heat
flux is as follows:

8B1* Onet_cony
VA

was calculated from Fourier’s law for the conduction area of
I2. The estimated heat loss was linearly approximated and
the equation is presented below as Eq. (7)

Qloss= 0-0573g{(9h0t — Bcold) — 2-4574] (7)

The graphical representation of net convection heat flux
(Onet_cony estimation is presented in Fig. 6. The slight dif-
ference in the heater power at 4 and 5 [T] is a result of
removing the enclosure from the magnet. The description of Ra* =
method is described in Section 5.

Applying Egs. (3), (5) and (6) to Eq. (2), the definition of This equation was applied by Poujol et al. [3]. The ini-

=Ra- Nu 9

the Nusselt number can be rewritten in the form

_ Qconv — Qloss

Nu= ————
X (6hot — Ocold)

®)

tial modified Rayleigh number was estimated and equal to
Ra* = 7.3 x 10°. The values of modified Rayleigh number

are listed i

n Table 2.
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7. Experimental design wall and heated from the opposite one. Other walls were as-
. . . ] _ sumed to be adiabatic. The enclosure was placed in the bore
The cubical enclosure was filled with the working fluid ¢ the superconducting magnet with its center on the axis of
through a short pipe. After all bubbles had been removed g solenoid. The non-dimensional length of the cubical en-
from the interior, the outlet of the pipe was sealed. The en- ¢|5sure was set as 1. The center of the enclosure was placed
closure insulated with vinyl foil and cotton-wool was placed , gistancezZc = 2.19 from the center of the solenoid. The
in the bore of 5 Tesla superconducting magnet in the po- gistancezc was chosen to minimize the radial component
sition described previously. The environmental temperature ¢ ihe magnetizing force. The non-dimensional size of the
was kept constant. The heater power and the temperaturg|enoid is shown in Fig. 8. In the present computations, the
of cooling water were set. The temperature of heated andgg|enoid was placed horizontally, close to the right-hand hot

cooled side walls were monitored continuously. After about \ya1 This system corresponds to the real system used in the
2 hours, when the system had reached a steady state, the ten%-‘xperiment.

peratures and the color image were recorded. The magnetic
field was then applied to the system.

The magnetic induction was increased from 1 [T]to 5[T] 19 Modd equations
by increasing the electric current to the magnetic coil in the
super-conducting magnet. This usually took several minutes,
because the current was changing slowly with sweep rate 0.2

[A-s™]. After each step (for example, from 0 [T] to 1 [T] or Tagawa et al. [17]. This model employs Curie’s law, which
from 1 [T] to 2 [T]) the system reached the steady state after gi4te4 that the magnetic susceptibility of a paramagnetic ma-
2 hours. When the system had attained the steady state, theyig| s inversely proportional to its absolute temperature.

temperatures of the heated and cooled walls and the image Ofrpgefore, the temperature difference is responsible for the
temperature field in the middle cross-section were recorded'magnetic buoyancy force generated in such a system in the
The procedure was repeated up to the magnetic 'nducuonpresence of the magnetic field. The experiment was carried
of ST]. out with a copper plate of 3 [mm] in thickness, which as-
sumed have almost constant temperature even with electric
8. Experimental results heating. This constant-temperature wall was employed as the
_ o o . hot wall in the present computations. Additionally, for every
The visualization of temperature field in the middle cross- numerical case, the computations were carried out with the
section at the initial Rayleigh numbda = 1.49 x 10° final temperature difference obtained in the convection ex-
(Ra* =7.3x 105) and various magnetic inductions are pre- periment for the Corresponding case.
sented in Fig. 7. Fig. 7(a) shows the natural convection  |n the present computations, both the magnetic and grav-

without the magnetic field, while Figs. 7(b)—(f) show the ijtational convections were considered, so the dimensionless
convection under the magnetic induction from 1 [T]to 5 [T] equations were given as follows:

respectively. The estimated Rayleigh numbers for each value o ,

of the magnetic induction are listed in Table 2. The left- Continuity equation:

hand wall was cooled (brown and red) while the right-hand v . =0 (10)
wall was heated (blue). In Fig. 7(a), the cold fluid flowed )

downward, and then near the hot side wall it was heated andMomentum equation:

flowed upward. The convective roll could be observed. The

The numerical approach is based on the model for the
magnetic convection of paramagnetic fluid proposed by

color images in Figs. 7(b)—(f) suggested that the convective — =—-VP + Prv2u

motion was affected by the magnetic buoyancy force. The C

cold fluid was strongly attracted rightward toward the center +RaPrT [(0 0 D' —y=-V BZ} (11)
of solenoid placed behind the heated wall (Fig. 2), which is 2

clear from the domination of the red color in the enclosure. Energy equation:

The hot fluid was repelled leftward. The convective flow

was enhanced by the increasing magnetic induction. The hot—— = V2T (12)
wall temperature decreased due to the enhanced convection ,

with the constant electric heating. The Rayleigh number de- Biot-Savart'slaw:

creased due to the decreased temperature difference between 1 dS x R
the hot and cold walls. B=- 73 (13)
multicoil
9. Computational system The non-dimensional variables were defined as follows:
Fig. 8 shows a vertical cross-section of the modeled sys- X = */X0: Y'=y/o. Z=z/20

tem. The cubical enclosure was cooled from one vertical U = u/uo, V =wv/vo, W =w/wo
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Ooroo
00X

(b) 1 [T] (e) 4 [T] _

(c) 2 [T] ® 5[T]

Fig. 7. Isotherms in the middle cross-section at the initial Rayleigh nurRaes 1.49 x 10°: (a) atb = 0 [T], Ra= 1.49 x 10°, (b) atb = 1 [T],
Ra=1.34x 10P, (c) atb = 2 [T], Ra=1.23x 10°, (d) atb =3 [T], Ra=1.12x 10°, (e) atb = 4 [T], Ra=1.05x 10°, (f) atb =5 [T], Ra=0.99 x 1C°.




940 T. Bednarzet al. / International Journal of Thermal Sciences 44 (2005) 933-943

\
solenoid
[e)]
0
i
| Xc=2.19 _
x 8
WT H ~
z 0
< c x_dl Fg T_ o oA n
0 l"—g
LY F
v\ —
B 4.016
solenoid

Fig. 8. Schematic view of the cross-section of the systgnrepresents the
gravitational buoyancy force an#,, the magnetic buoyancy force acting
on the fluid.

t=t/to, P=p/po, B=b/bo

T = (0 — 60)/(Ghot — Ocold)» xo=yo=z0=!

wo=vo=wo=a/l, to=10%/a
bo=umi/l,  po=poa’/I?

00 = (Bhot + Ocold) /2, C=1+1/(Bb)
Pr=v/a,  Ra=gB(Bhot— bcold)!®/(av)

v = (xb3)/(tmgl)

The boundary conditions for this system were given as fol-

lows:

U=V=W=0 atX=-05,05

Y =-05,05

Z=-05,05

T =05 atX = —0.5
T=-05 atx =05
aT/3Y =0 aty =—0.5,0.5
IT/IZ =0 atZ=-05,05

The initial condition was a conduction state:

U=V=W=0
T=-X, —-05<X<05

The average Nusselt number on the hot wall was defined as
follows:

0. 0.
f_o5_5 _05.5(3 Tconvection 9X) x=-05 dy dz

0. 0.
f_05.5 _05_5(8 Tconduction’ 9X) x=-05 dydz

The above partial differential equations were approx-
imated by the finite difference equations. The HSMAC
(Highly Simplified Marker And Cell) method was used to
iterate mutually the pressure and the velocity field [24]. The
number of meshes was chosen to be>4@0 x 40. The
magnetic field was computed using Biot—Savart’s law for a
multi-coil system to simulate the specific distribution of the
magnetic field in the real system.

The Prandtl number in numerical computations was cho-
sen to be 100. In a preliminary test computation, it was
confirmed that the flow mode does not depend on the Prandtl
numbers in the range &r = 10-1000. With largePr num-
bers, the iteration process took longer, up to two weeks
for Pr = 1000. Similar comparison was done by Shyy and
Chen [25].

Nu =

(14)

11. Computed results

Fig. 9 shows the dimensional distribution of the magnetic
induction vectors inside the bore of the superconducting
magnet. This distribution was computed for the real mag-
net. In Fig. 9, the maximum magnetic induction is 5 [T] at
the center of the solenoid at poi@t x) = (0, 0). The center
of the cubical enclosure was placed on the axis of the bore at
a distancer, = 0.07 [m] from the center of the solenoid. The
B, (0B, /dx) values computed along the axis of the bore al-
lowed the strength of the magnetic buoyancy force acting on
the fluid in the enclosure to be determined. For the numerical
computations all these values were non-dimensionalized.

Table 3 summarizes the computed results for correspond-
ing conditions ofy andRa. The paramete€ was given as
follows for the experimental conditior =1+ 1/(86p) =
1+ 1/(0.52 x 103 . 293 = 7.56. Fig. 10 plots these re-
sults, i.e., the average Nusselt numbers versus the maximum
magnetic induction, in comparison with the experimental re-
sults. The average Nusselt number at the magnetic induction
of 0 [T] was around five for the experimental and numer-
ical cases. The convective flow is present in the enclosure
without the magnetic field. The heat transfer rates were in-
creased with increasing the magnetic field. Computied
numbers agreed well with the corresponding experimental
values. It should be mentioned that all numerical computa-
tions were carried out after the experiment in order to set
all input parameters as close as possible to the real situation.
The results show the enhancement of the convection with in-
creasing strength of the magnetic field.

Fig. 11 shows the numerical results for three cases, which
correspond to the experiment at the magnetic induction of O,
1 and 2 [T]. The first column represents the force vectors
RaPr7[(0 0 DT — y%%BZ] shown in three horizontal
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Fig. 9. Distribution of the magnetic induction inside the bore of a superconducting magnst. &h8l /0x) values computed on the main axis (of the bore)
at 5 [T]. Point(r, x) = (0, 0) represents the center of the solenoid.

Table 3 14" I I ' I ;—

Numerical results: Rayleigh and the average Nusselt numbers for various.T. 104 o

magnetic inductions and & = 100,C = 7.56 = .

Magnetic Parameter  Temperature  Rayleigh Average é ° *

induction y difference numberRa Nusselt 3 81 ° 1

b [T] Ohot — Bcold number = 7 i

0 0 53 149x10° 5.328 % 6 o * |

1 0.59 477 134x 10° 5.919 é *

2 234 44 123x10° 6.558 o °e §

3 5.27 40 112x10° 8.499 8 44 _

4 9.37 373 105x 10° 9.171 g

5 1464 354 099x10° 10610 o 81 ® from the experimert 7
I'E 24 * from the numerical computations E

cross-sectiong = 0.15, 0.5 and 0.85. The second column ! K J é : B :

shows the isothermal surfaces and the third one the long-
time streak lines.

At the magnetic induction of 0 [T], the magnetic buoy- Fig. 10. Average Nusselt numbers obtained from the experiment and nu-
ancy force is not acting and pure gravitational natural con- merical computations. The conditions are listed in Tables 2 and 3.
vection can be observed. The force vectors over the hot wall
are directed upward and those near the left-hand cold wall
are directed downward. In the upper part relatively hot fluid these forces are shown in Fig. 8. The magnetic buoyancy
prevails, and the force vectors are directed upward, in con-force acts almost horizontally: the cube is placed where ra-
trast to the lower part of the enclosure, where the forces dial component of this force is minimal. In Fig. 11(b), at the
are directed downward and fluid is relatively colder, as seen magnetic induction of 1 [T], when the magnetic buoyancy
from the isothermal surfaces. As a result, a large roll is gen- force is weaker than the gravitational buoyancy force, the
erated, as is seen from the long-time streak lines. The hottotal force is directed askew. For stronger magnetic field, the
fluid first flows along the right-hand heated wall and later total force is acting more horizontally as seen in Fig. 11(c)
along the top ceiling toward the left-hand cold wall. Colder at the magnetic induction of 2 [T]. According to Curie’s law,
fluid flows downward along the cold wall and finally along the magnetic susceptibility of paramagnetic fluid is propor-
the bottom adiabatic wall toward the hot wall. The average tional to the inverse of the absolute temperature, which is
Nusselt number computed for this case was 5.328. reflected in Eq. (11). That is why colder fluid is attracted to-

When the magnetic field is applied, the total force acting ward a stronger magnetic field and hotter is repelled. In the
on the fluid is a superposition of two forces: the gravitational present cases, although the direction of the flow seen from
buoyancy force and magnetic buoyancy force. Directions of the long-time streak lines look to be similar to the case at

Maxiumum magnetic induction [T]
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Fig. 11. Numerical results (total force vectors, isothermal surfaces and long-time streak lines) for corresponding cases with the exgarimd®Oat
C =756 and: (aRa=1.49x 10°, y =0; (b)Ra=1.34x 10°, y =0.59; (c)Ra=1.23x 10°, y = 2.34.

0 [T], the flow and the heat transfer rate are enhanced by thetions. The convection motion and the heat transfer rates were
magnetic buoyancy force. Temperature distribution is also intensified with increasing magnetic induction, as observed

affected extensively by the magnetic field. by colour visualization of isotherms and heat flux measure-
ment.

Three-dimensional numerical computations were car-

12. Conclusions ried out for the system with the conditions corresponding

to the experimental ones. The heat transfer rate was en-
Paramagnetic fluid convection under a strong magnetic hanced by the magnetic field. The average computed Nusselt
field in a cubical enclosure was examined experimentally numbers agreed with the results obtained in the experi-
and by numerical analysis. The cubical enclosure was placedment. This agreement verified the utility of the numerical
horizontally with the heated wall close to the magnetic coil. code for the study of convection phenomena in a magnetic
The experiment was carried out for various magnetic induc- field.
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