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Heat Transfer in Natural Convection of Magnetic Fluids

H. Yamaguchi,¤ I. Kobori,† and Y. Uehata‡

Doshisha University, Kyoto 610-0321, Japan

The natural convection of a magnetic � uid in a two-dimensional rectangular cavity with an imposition of an
even vertical magnetic � eld was studied experimentally and numerically. Results obtained from the numerical
analysis showed good agreement with experimental heat transfer data. From both experiment and numerical
analysis, it was revealed that the vertically imposed magnetic � eld has a destabilizing in� uence, and at the super
critical state the � ow mode becomes substantially different from that with no magnetic � eld. A prediction from
the numerical analysis indicates that the impositionof the magnetic � eld causes the � ow to a higher transition � ow
mode, enhancing the heat transfer.

Nomenclature
AR = aspect ratio
B = magnetic induction vector
Br = Brinkmann number
C = speci� c heat
g = gravitational acceleration
H = strength of magnetic � eld
H = magnetic � eld vector
H0 = strength of external magnetic � eld
K = pyromagnetic coef� cient
M = magnetization vector
Ms = saturation magnetization
Pr = Prandtl number
p = pressure
Ra = Rayleigh number
Rac = critical Rayleigh number
Ram = magnetic Rayleigh number
T = temperature in the cavity
Ts = Curie temperature
T0 = reference temperature
t = time
v = velocity vector
y; z = coordinate system
® = volumetric expansion ratio
³ = vorticity
´ = viscosity
· = thermal diffusivity
¸ = thermal conductivity
¹0 = permeability in vacuum
½0 = reference density
Á = stream function
Â = susceptibility
Ã = magnetic � eld potential

I. Introduction

M AGNETIC � uid, which posses both magnetic and � ow prop-
erties, has many applications in the thermo� uid engineering

� eld.1 Magnetic � uid heat transfer characteristics research and the
� ow behavior of natural convection are of interest in science and
engineering where an imposition of a magnetic � eld in� uences hy-
drodynamic states.2¡5 The natural convection of a magnetic � uid
is attractive in space engineering, where the gravity acceleration
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can be replacedby a magnetic body force. Furthemore, thermomag-
netic free convectionin a magnetic � uid is known to be signi� cantly
greater than ordinarynatural convection (Benard convection),2;6 in-
creasingthe ef� ciencyof coolingdevicessuch as electric transform-
ers. Blennerhassettet al.4 examinedheat transfer characteristicsand
the hydrodynamic instability of a magnetic � uid for an in� nite slab
by using weakly nonlinearanalysis and calculatedthe Nusselt num-
ber in thevicinityof the � rst criticalstate, indicatingthedestabilizing
in� uence of the magnetic � eld and an increase of the heat transfer
rate (15%). The spatial variation in magnetization (considering the
magnetic � eld perturbation) is well presented by Finlayson7 for
the natural convection of magnetic � uids when the magnetization
(which depends on the temperatureand temperature gradient) is es-
tablished across the � at in� nite slab. Thus far, attempts to study the
natural convectionof a magnetic � uid have been limited only to the
in� nite slab,2¡4 although in many actual cases the rigid side walls
that make up a con� ned enclosure are inevitable.5 More recently,
Yamaguchi et al.8 showed experimentally the � ow modes and heat
transfer characteristicsfor a square cavity when a verticalmagnetic
� eld was imposed,with the aid of a numerical simulation.Although
some primary results for the square cavity case were obtained and
arguments were made against the destabilizing effects of the mag-
netic � eld,8 neither the detailed � ow transition nor its associated
heat transfer characteristics were investigated for the various ge-
ometries of the con� ned enclosure with different aspect ratios, that
is, the ratioof the verticaland horizontallengthin a two-dimensional
cavity.

In the present study the natural convection of a magnetic � uid in
a bottom-heated square cavity with two insulated rigid side walls
(which form a two-dimensional rectangular cell) is studied experi-
mentally and analytically for the externally imposed magnetic � eld.
An experiment is conducted to obtain the heat transfer characteris-
tics when a temperature-sensitivemagnetic � uid, � lled in the cavity
whose aspect ratios are 1.0, 1.5, and 2.0 (with 0.5 depth ratio assum-
ing the two dimensionality), is heated from the lowerwall and cooled
at the upper wall. The vertical uniform magnetic � eld is imposed to
the cavity externally, and heat transfer characteristics are obtained
from temperature measurement. A numerical analysis based on the
� nite differencemethod is also carried out to verify the experimen-
tal results and to investigate a relevant � ow� eld associatedwith the
experimental data.

II. Experimental Arrangement
The magnetic � uid used in the experiment is the temperature-

sensitive magnetic � uid, Mn–Zn ferrite in an alkyl–naphthalene
base, whose magnetization M for the temperature T and magnetic
� eld H can be approximated, assuming a linear magnetization7 re-
lation, as follows:

M D [Â ¡ K .T ¡ T0/]H (1)
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Table 1 Properties of magnetic � uid

Parameter Value

Density ½0, kg/m3 1:279 £ 103

Viscosity ´, Pa ¢ s 3:826 £ 10¡1

Thermal conductivity ¸, W/(m ¢ K) 6:917 £ 10¡1

Thermal diffusivity · , m2 /s 1:656 £ 10¡7

Coef� cient of cubical expansion ®, 1=K 4:587 £ 10¡3

Saturation magnetization Ms , G 3:40 £ 102

Curie temperature Ts , K 477.32
Reference temperature T0, K 298.15
Susceptibility Â 2:675 £ 10¡1

Fig. 1 Temperature-sensitive magnetic � uid (Mn–Zn ferrite in alkyl–
naphthalene base).

Fig. 2 Experimental apparatus: 1, rectangular box; 2, heating block;
3, cooling block; 4, electromagnet; 5, D.C. current controller; 6, tem-
perature data reader; 7, data processor; 8, ceramic heater; and 9, A.C.
controller.

where K is the pyromagnetic coef� cient

K D Â=.TS ¡ T / (2)

In Fig. 1, the temperaturecharacteristicsfor the magnetizationof
the magnetic � uid are shown, and in Table 1 the basic properties of
the magnetic � uid are listed. To characterize the magnetic � uid, the
coef� cients and constants in Eqs. (1) and (2) are determined from
Fig. 1, and they are also listed in Table 1. As shown in Fig. 1, the
strong temperature dependence of the magnetization is evident at
room temperature.

Figure 2 is a schematic diagram of the experimental apparatus.
The magnetic � eld is imposed vertically on rectangular box 1 (test
cell) by electromagnet4. Box unit1 is madeupwith a cavitythatcon-
tains the magnetic � uid. The bottom of the cavity is heated through
copper block 2 by ceramic heater 8 that is attached to the lower

Fig. 3 Rectangular box (cavity), AR = L/15 0 (mm): aspect ratio;
AR = L/15 0 (units in millimeters).

part of the copper block while the upper wall of the cavity is cooled
through a copper block whose upper surface is opened to ambient
air of constant temperature. Note that the apparatus is placed in
a temperature controlled room. The heat transfer rate to and from
the cavity is obtained by measuring the temperature gradient in the
copper block (by thermocouplesdistributedas shown in Fig. 2). By
knowing the thermal conductivity of the copper and by extrapolat-
ing the temperaturedistributionin the copper blocks,we also obtain
the lower wall temperature TH and the upper wall temperature TC

of the cavity. A representative temperature TP of the cavity, whose
position from the lower wall is zP , is measured by a thermistor tem-
perature sensor 1.0 mm in diameter. In Fig. 3 the detailed geometry
of the rectangularbox unit is shown. The unit is made of two copper
thermal conductors attached as the upper and lower rigid walls and
two insulators that form the rigid side walls. The Cartesian coordi-
nate system (y; z) is chosen so that the origin 0 of the coordinate
is at the lower left corner of the cavity (Fig. 3). To characterize the
cavity, the aspect ratio AR (ratio between the horizontal length and
the vertical length of the cavity) is de� ned as AR D L=15:0, where
L are the varioushorizontallengthsand 15.0 mm is the � xed vertical
height of the cavity. Three aspect ratios AR D 1:0, 1.5, and 2.0 are
used while keeping the 15.0-mm cavity height constant. Note that
the depth of the cavity (width of the rectangular box unit) is taken
as 7.5 mm so that the major � ow mode of the Benard convection9

� rst appears in the (y; z) plane, ensuring the two dimensionality of
the cavity.

The unit (Fig. 3) and the heat conduction copper blocks (Fig. 2)
are fabricatedwithin §1% accuracy.The largest measurement error
in determining the heat transfer characteristicscomes from the tem-
perature measurement, and the margin of error associated with the
temperature measurement is approximately §3:5%, which mainly
comes from the temperature measurements in the copper blocks
(due to the thermocoupleaccuracy and the extrapolationof temper-
ature data). The measurementprocedurewas repeated several times
to minimize the error.

III. Numerical Analysis
The system of equations governing the � ow of the natural con-

vection of the magnetic � uid are as follows:

r ¢ v D 0 (3)

½0
Dv
Dt

D ¡r p C ´r2v C ¹0.M ¢ r/H ¡ ½g (4)

½0C
DT

Dt
C ¹0T

@M
@T

V ;H

¢ DH
Dt

D ¸r2T (5)

r ¢ B D 0; B D ¹0.M C H/; r £ H D 0 (6)
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where Eq. (3) is the continuity equation for incompressible � uid,
Eq. (4) the momentum equation, Eq. (5) the energy equation, and
Eq. (6) the Maxwell equationsfor electricallynonconductivemedia.
The density of the � uid is linearly approximated as follows:

½ D ½0[1 C ®.T ¡ T0/] (7)

For the numerical calculation,Eqs. (3–6) then are written in nondi-
mensionalizedformusing the stream functionÁ, the vorticity³ , and
the magnetic � eld potential Ã as follows:

r2Á D ³ (8)

@³

@t
C .v ¢r/³ D Pr r2³ ¡ Ram [r £ .M ¢ r/H]y ¡ Ra

@T

@z
(9)

@T

@t
C .v ¢ r/T ¡

K T

H
Ram Br H ¢

@H
@t

C .v ¢ r/H D r2T

(10)

H D rÃ (11)

.H0=Ms C µ/r2Ã C rµ ¢ rÃ D 0; µ D Â ¡ K .T ¡ T0/

(12)

where themagnetizationM is calculatedbyEq. (1) fromthe resultant
magnetic and temperature � elds. The � ow velocity v is obtained
according to the stream function Á as v ´ (vy , vz ) ´ [.@Á=@z/,
¡.@Á=@y/], where vy is the y directional velocity component and
vz is the z directionalvelocity component. Equation (12) is derived
from Maxwell equations (6) and Eqs. (1), (2), and (11) as

r ¢ .H C M/ D 0

for M¤ D M=Ms and H¤ D H=H0 so that

r ¢ .H0rÃ C MsµrÃ/ D 0

H0r2Ã C Ms rµ ¢ rÃ C Msµr2Ã D 0

The nondimensionalparameters in Eqs. (8–10) are6

Pr D ´=½0·; Ra D ½0g®¯d4=·´

Ram D ¹0 H MSd2=·´; Br D · 2´=¸¯d3 (13)

where ¯ D (TH ¡ TC /=d and d is the height of the cavity (d D
15:0 mm). Note that the Nusselt number obtained from the exper-
iment is the local Nusselt number that can be calculated based on
the mean heat � ux to the cavity and the local temperature gradient
measured by the thermistor sensor at the position of the temper-
ature measuring point in the cell (Fig. 3). Hereafter heat transfer
characteristics are presented by the relationship between the local
Nusselt number Nu and the Rayleigh number Ra because compar-
ison of results between the experiment and the numerical analysis
is only possible for the local Nusselt number. The overall Nusselt
number Nu¤ can be calculated by the numerical analysis and this
will be quoted when necessary. The local Nusselt number Nu and
the overall Nusselt number are

Nu D ¡
d

1T

TP ¡ TH

zP
; Nu¤ D ¡ 1

1T

@T

@z
z D 0

dy

(14)

where 1T D TH ¡ TC .
The system of equations is then solved using a time-marching

explicit � nite difference method. In Fig. 4 the basic condition of
the numerical calculation is shown. The lower wall of the cavity is
heated with temperature of TH while the upper wall is cooled with
temperatureTC . The adiabaticcondition is used for side walls. Mag-
netic boundary conditions.B1 ¡ B2/ ¢ On D 0 and .H1 ¡ H2/ £ On D 0
are applied10 at the four rigid walls, where the indices 1 and 2 indi-

Fig. 4 Mesh con� guration for simulation: (a) T = Tc, (b) T/ y = 0,
and (c) T = TH .

cate the outer and inner side of the cavity wall, respectively,and On is
the unit normal vector at the wall (Fig. 4). The vertical and uniform
magnetic � eld H0 , as shown in Fig. 4 (which implies the experi-
mental con� guration in Fig. 2), is imposed externally from outside
the cavity, where H1 D H0 and B1 D ¹0H0 . In the cavity, the internal
magnetic � eld is calculated by solving the magnetic � eld potential
Eqs. (11) and (12) in the iteration sequence using a � nite difference
method. Equations (8–12) are discretized so that they can be solved
by the � nite difference method. The size of the mesh used in the
numerical simulation is (40£ AR C 1/ £ 41 for i (y directionalpo-
sition index) and j (z direction position index), respectively, and
the mesh size (1y, 1z) is equally spaced in each direction (Fig. 4).
To ensure resolutionof the numerical solutions, trial runs were per-
formed using different sized meshes. Representative calculations
for Benard convection without the magnetic � eld showed that the
results obtained with a (40 £ AR C 1/ £ 41 mesh system made an
approximately1.0% difference to the Nusselt number Nu compared
with a 81 £ 81 mesh system. Because the difference due to mesh
sizewas minimal, a (40 £ AR C 1/ £ 41mesh systemwas used in all
calculations.The � nite differenc equations for Eqs. (8–12) are for-
mulated with a � nite difference of second-order accuracy in space,
and the time-marching procedure (explicit Euler method) is used
to solve the transient equations. To avoid numerical instability in
the nonlinear terms, that is, the convection terms in Eqs. (9) and
(10), the upwind Kawamura and Kuwahara scheme11 of third-order
accuracy in space is used as follows for a representative term:

vi; j
@³i; j

@y
D vi; j

[¡³i C 2; j C 8.³i C 1; j ¡ ³i ¡ 1; j / C ³i ¡ 2; j ]

121y

C jvi; j j
.³i C 2; j ¡ 4³i C 1; j C 6³i; j ¡ 4³i ¡ 1; j C ³i ¡ 2; j /

41y
(15)

In each time step, the Poisson equation (8) and the magnetic � eld
potential function (12) are solved using the successive overrelax-
ation technique with a relaxation factor of 1.8. The convergence
of Poisson’s equation and the magnetic � eld potential function are
determined with a maximum relative error of less than 1:0 £ 10¡4.

IV. Results and Discussions
In Fig. 5, typical transient behavior of the Nusselt number

is shown for AR D 1:0 when the Rayleigh number is � xed at
Ra D 5000 with differentmagnetic Rayleigh numbers Ram D 0 (or-
dinarynaturalconvection), Ram D 3:845 £ 105, and Ram D 9:614 £
105. The transient calculation is started from the quiescent state of a
given temperature difference 1T with a given magnetic � eld H so
that at the initial stageof the calculationthe Nusselt number remains
Nu D 1, that is, the heat conductionmode of the heat transfer. After
some elapsed time (the calculation time) from startup, as shown for
example, for Ram D 0 in Fig. 6, � ow instabilityoccurs. Natural con-
vection followed by the convection cell (vortex) appears when the
Rayleigh number Ra is larger than a critical value Rac (Ref. 9), in-
creasingthe heat transfer (Nusselt numberNu) fromunity.When the
magnetic � eld is applied, the � ow is destabilizedsoon after the start
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Fig. 5 Transient behavior of Nu (AR = 1 0 and Ra = 5000).

Fig. 6 Heat transfer characteristics (local Nusselt number) for AR =
1 0: experimental and numerical results.

of the calculation, and this trend is more evident when the strength
of magnetic � eld is increased (for larger magnetic Rayleigh num-
bers Ram ). However, after the transition from the quiescent state
to natural convection, the � ow becomes the steady state, reaching
an asymptotic value as shown in Fig. 5 for all magnetic Rayleigh
numbers Ram . Note that hereafter all results presented from the
experiment and numerical analysis are at steady state.

In Fig. 6, the heat transfer characteristicsfor AR D 1:0 are shown
as the relationship of Nusselt number vs Rayleigh number, with
different magnetic � eld conditions, where the solid symbols indi-
cate experimental results and the lines are calculated results. As
shown in Fig. 6 for both experimentaland numerical results, natural
convection occurs when the Rayleigh number is increased up to a
certain value of the critical Rayleigh number Rac , whereas below
the critical Rayleigh number, the Nusselt number is unity, showing
thermal conduction.The critical Rayleigh number is then estimated
by extrapolatingthe data (both experimental and calculated) by the
following relation12 in the vicinity of the � rst critical condition:

Nu » .Ra ¡ Rac/
1
2 (16)

As seen in Fig. 6, thecalculatedresultsshowgoodagreementwith
the experimental data and the critical Rayleigh numbers (noted by
the £ on the horizontal axis in Fig. 6), which are the � rst transi-
tions of the � ow mode and are obtained by � tting both experimental
and numerical results with Eq. (16). Note that the calculated results
coincide with the critical relation obtained with Eq. (16) very well
in the vicinity of the critical condition so that lines appearing in

Table 2 Critical Rayleigh number
at the � rst � ow transition

Ram Value

AR D 1:0
0 2544.262 (2585.0a )
3:845£ 105 2277.725
9:614£ 105 1703.795

AR D 1:5
0 2285.761
3:845£ 105 2078.547
9:614£ 105 1494.612

AR D 2:0
0 1942.313 (2013.2a )
3:845£ 105 1682.31
9:614£ 105 1116.307

aComparison with Ref. 13.

Fig. 6 show both the critical relation and the numerical results to
be identical. Note that a comparison of the critical values (with-
out magnetic � eld, i.e., an ordinary natural convection) with values
of published data13 as listed in Table 2 (where other critical values
obtained in the presentstudyare also listed) shows excellentquanti-
tative agreement.The criticalRayleigh number Rac decreaseswhen
the magnetic � eld is applied (Fig. 6 and in Table 2), indicating that
the magnetic � eld has a destabilizing hydrodynamic effect on the
� ow. Also an increase of the magnetic � eld strength (from Ram D 0
to 3:845 £ 105 and to 9:614 £ 105 ) results in the heat transfer data
shifting toward the left, indicating the increase of the heat transfer
rate at the supercritical state. The second � ow transition occurs for
Ram D 9:614 £ 105 at the second critical Rayleigh number, approx-
imately Rac.2/ D 4725 (Fig. 6), where a sharp drop of the Nusselt
number Nu is observed from both the calculated and the analytical
results. To verify the experimental results of the heat transfer char-
acteristics as shown in Fig. 6, � ow and temperature � elds obtained
from the numerical analysis are examined next.

In Fig. 7 some representative calculation results of the � ow and
temperature � elds (contours of the stream function and isother-
mal temperature) associatedwith the heat transfer characteristicsof
Fig. 6 (AR D 1:0) are displayed.For clarity, the positionsof the vari-
ationof Ram are indicatedin Fig. 6, where the pointsof the Figs. 7a–

7c are indicated by the open circles. As seen in Fig. 7a for Ram D 0
at Ra D 4000, one convection cell, that is, the Benard convection
cell, is generated at the supercritical state, and its temperature � eld
becomes distorted toward the � ow direction. With the magnetic
� eld Ram D 3:845 £ 105, the shape of the convection cell is almost
unchanged while the distortion of the temperature contour lines to-
ward the � ow directionbecome slightlynoticeable,showing that the
circulationmotion of the � ow is strengthenedby imposing the mag-
netic � eld and that the heat transfer is enhanced, as shown in Fig. 6.
Further increase of the magnetic � eld strength Ram D 9:614 £ 105

for Ra D 4000 as shown in Fig. 7b results in the convectioncell de-
formation,and further strongcirculationmotionof the � ow appears,
increasingtheheat transferfurther.This phenomenonre� ects theex-
perimentaldata in Fig. 6. Similar trends of the � ow and temperature
� elds persists at Ra D 6000, when the strength of the magnetic � eld
is increased from Ram D 0 to 3:845 £ 105. However, when Ram is
increased to Ram D 9:614 £ 105, as seen in Fig. 7c, two convection
cells appear in the � ow� eld followed by the concave temperature
� eld (which is caused by the downward � ow at the centerof the cav-
ity), showing that the second � ow transition is induced by the pres-
ence of a highermagnetic � eld.Thus, it is veri� ed that the sharpdrop
ofNusseltnumberNu, as observedin the experimentaldata in Fig. 6,
is due to this second � ow transition. The critical Rayleigh number
for the second � ow transition is approximately Rac.2/ D 4725, as es-
timated from both the experimental and the analytical results. The
sharp drop of Nusselt number Nu does not necessary indicate the
drop of the overallNusselt numberNu¤. The separatecalculationfor
overallNusseltnumberNu¤ at Rac.2/ D 4725 for Ram D 9:614 £ 105

reveals that it is Nu¤ D 2:41, improving the heat transport capability
even when the second � ow transition occurred. This is usually the
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a) Ram = 0, Ra = 4000

b) Ram = 9 614 £ £ 105, Ra = 4000

c) Ram = 9 614 £ £ 105, Ra = 6000

Fig. 7 Flow and temperature � elds associated with Fig. 6 (AR = 1 0).

Fig. 8 Heat transfer characteristics (local Nusselt number) for
AR = 1 5: experimental and numerical results.

case for improving heat transfer when the higher � ow transition is
induced9 due to the higher heat transport by the multiple vortexes
in the cavity space. The heat transfer capability associated with the
overall Nusselt number Nu¤ is discussed later.

In Figs. 8 and 9, the heat transfer characteristicsof AR D 1:5 and
their associated� ow� elds at some representativeRayleigh numbers
are shown, respectively. It is seen from Fig. 9a, where the � ow� eld
is obtained at Ra D 4000 for Ram D 0, that the basic � ow mode
after the � rst � ow transition at Rac D 2285 is one convection cell.
However,at approximatelyRac.2/ D 5375, the second� owtransition

a) Ram = 0 0, Ra = 4000 c) Ram = 3 845 £ £ 105 , Ra = 4000

b) Ram = 0 0, Ra = 6000 d) Ram = 9 614 £ £ 105, Ra = 2400

Fig. 9 Flow� elds associated with Fig. 8 (AR = 1 5).

Fig. 10 Heat transfer characteristics (local Nusselt number) for
AR = 2 0: experimental and numerical results.

occurs as may be seen from the sharp drop of Nusselt numberNu for
Ram D 0 in Fig. 8. The prevailing� ow mode is two convectioncells,
as shown in Fig. 9b for Ra D 6000 after the second critical � ow
transition for Ram D 0. By the increase of the magnetic Rayleigh
number to Ram D 3:845 £ 105, the � rst � ow transition (the critical
Rayleigh number), followed by one convectioncell, is shifted to the
left side at Rac D 2078, and at a very early stage at Rac.2/ D 2575,
the second � ow transition occurs, followed by two convection cells
as seen in Fig. 9c at Ra D 4000.This � ow mode persistswith further
increase of the Rayleigh number within the range of Rayleigh num-
bers (Ra D 6000) studied.However, when the higher magnetic � eld
is applied by Ram D 9:614 £ 105 , the � rst transition mode is that of
two convection cells being generated at the critical Rayleigh num-
ber Rac D 1494 (as seen in Fig. 8). The two convectioncells’ mode
(Fig. 9d) at Ra D 2400 persists within the range of the Rayleigh
number studied. Note that for AR D 1:5 (Fig. 8), the overall heat
transfer is indeed improved by imposing the magnetic � eld due to
the higher � ow mode, that is, two convection cells, occurring at an
early stage of the Rayleigh number, although the sharp drop of the
localNusselt number is seen as stated earlier.To estimate the overall
heat transfer characteristics, the overall Nusselt number Nu¤ must
be calculated from the results of the numerical calculation. For ex-
ample, for Ram D 3:845 £ 105 at Rac.2/ D 2575, the overall Nusselt
numberNu¤ goesup to 1.30, indicatingthehigherheat transfermode
when the higher � ow transition occurs. This will be discussed later.

In Figs. 10 and 11, results obtained from the experiment and nu-
merical analysis are presented for AR D 2:0 in the way as earlier
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a) Ram = 0 0, Ra = 3000 c) Ram = 9 614 £ £ 105, Ra = 3000

b) Ram = 3 845 £ £ 105, Ra = 5000 d) Ram = 9 614 £ £ 105, Ra = 5000

Fig. 11 Flow� elds associated with Fig. 10 (AR = 2 0).

results. For Ram D 0, the basic � ow mode of the natural convection
is two convectioncells (Fig. 11a) at Ra D 3000, and this mode per-
sists within the range of the Rayleigh number studied.The � rst � ow
transition,followedby the generationof two convectioncells,occurs
at the critical Rayleigh number Rac D 1942, which is lower than at
AR D 1:0 and 1.5. (The critical Rayleigh number Rac for Ram D 0
at AR D 2:0 agrees with the result of Ref. 13, as seen in Table 2.) An
increase from Ram D 0 to 3:845 £ 105 and to 9:614£ 105 (Fig. 10)
will only cause the heat transfer characteristic to shift toward the
left, keeping the � ow mode the same (the continuation of this � ow
mode can be seen in Fig. 11b at Ra D 5000 for Ram D 3:845 £ 105

and Fig. 11c at Ra D 3000 for Ram D 9:614 £ 105 ), whereas the
� rst � ow transition occurs at an earlier stage of the Rayleigh num-
ber (Table 2). However, when the Rayleigh number is increased to
approximately Ra D 4025 while keeping Ram D 9:614 £ 105, the
sudden jump of Nusselt number Nu is evident in Fig. 10. This is
where the second � ow transition occurs, that is, Rac.2/ D 4025 fol-
lowed by the generation of three convection cells (Fig. 11d), where
the data are taken at Ra D 5000 for Ram D 9:614 £ 105 . This � ow
mode can persist for the further increase of Ra Rayleigh number
within the range studied. Thus, by examination of the results in
Figs. 6, 8, and 10, together with the predicted � ow modes obtained
by numerical analysis, it is revealed that the � ow is destabilized by
imposing the magnetic � eld, and an increase of the magnetic � eld
strength, Ram , will cause the transition� ow mode to the higher level
of � ow instability. This means that the imposition of the magnetic
� eld (in the present geometric con� guration) has a similar effect of
either increasingthe Rayleigh number or expanding the aspect ratio
of the cavity in ordinary natural convection heat transfer.

In Fig. 12 the critical relation for the � rst � ow transition is shown
and the critical relation for the natural convection of the magnetic
� uid in the in� nite slub,6 that is, AR D 1, is used as the reference.
As may be seen from Fig. 12, the critical Rayleigh number is a
decreasingfunctionof the critical magnetic Rayleigh number for all
of the cases, showing that the � ow in the two-dimensionalcavitycan
bedestabilizedbyapplyingtheverticalmagnetic� eld.The threshold
will be increased by decreasing the aspect ratio, as indicated in
Fig. 12, and it is shown that the two-dimensional in� nite slab6 is
the most unstable geometric con� guration for the imposition of the
vertical magnetic � eld.

Finally, in Fig. 13, the heat transport capability of the magnetic
� uid is shown as the relationship between the overall heat transfer,
that is, the overall Nusselt number Nu¤, and the Rayleigh number.
The scale of the graph is the same as Figs. 5, 7, and 9 (the local
Nusselt number Nu) so that comparison is possible. When compar-
ing the local Nusselt numbers in Figs. 6, 8, and 10 and the overall
Nusselt numbers in Fig. 13, the heat transfer characteristicsare al-
most the same before the second � ow transition occurred. This is
because the measuring point of the temperature in the box is � xed
in the space to obtain the local heat transfer coef� cient. The local
� ow characteristicsat this point are unique once the � rst � ow tran-
sition (� ow mode appearing from the quiescent conduction mode)
is established because the supercritical state is steady state and is
always stable. On the other hand, when the second � ow transition

Fig. 12 Relationship between magnetic Rayleigh number and critical
Rayleigh number.

Fig. 13 Heat transfer capability (overall Nusselt number).

occurred, the local characteristic of the point in the cavity changes
totally due to an alteration of the � ow behavior, for example, the
� ow transition from one convection cell to two convectioncells, so
that the heat transfer characteristics using the local Nusselt num-
ber changes totally, although the basic characteristicsof the system
(in the sense of the overall heat transfer mode) are presumed. The
heat transport capability is largely improved, when the second � ow
transition followed by a higher � ow mode occurred (Fig. 13). This
is due to enhancing the heat transfer by the appearance of multiple
convection cells9 and to the energy distribution driving the convec-
tion cell. Note that the heat transport capability is largely improved
after the second � ow transition when the magnetic � eld is applied,
where the changes of curve slopes (in Fig. 13, Ram D 9:614 £ 105,
for example) are evident. In the presentnumericalanalysis,the max-
imum increasingrate of the heat transportcapabilityof the magnetic
� uid is approximately 65.0% when the magnetic � eld is imposed
within the range of Rayleigh numbers studied. For example, this
enhancementof heat transfer occurred [Fig. 13 for (i)-3 to (ii)-3] at
Ra D 6000. Finally, note that the total heat transfer rate through the
test cell can be estimated by multiplying the aspect ratio AR by the
data in Fig. 13, that is, multiplicationof the heat transfer area based
on the square cavity AR D 1:0.

In the present study, the magnetic � eld strength applied to the
magnetic � uid is limited to a low level in both the experiment and
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the numerical analysisbecauseof instrumental limitationsand non-
convergence of the numerical solutions. Higher � ow modes with
unexpected � ow patterns, followed by high heat transport capabil-
ity, would be possible with application of a stronger magnetic � eld
because the phenomena under the consideration are highly nonlin-
ear. Although various magnetic � eld con� gurations are interesting
to investigate, this is not the scope of the present study, and we shall
be reporting on these problems in the future.

V. Conclusions
Experiments were conducted to obtain heat transfer characteris-

tics and their associated � ow behaviors of a temperature-sensitive
magnetic � uid in two-dimensional rectangular cavities when some
magnetic � elds were applied. A numerical analysis was adopted to
verify the experimentaldata. From the results of the experimentand
the numerical analysis, the following conclusionswere drawn:

1) The magnetic � eld has a destabilizingeffect on the � ow tran-
sition. The critical Rayleigh number is lowered when the magnetic
� eld is applied.

2) Higher � ow modes appear when the strength of the magnetic
� uid, that is, the magneticRayleighnumber, is increased,generating
multiple � ow vortices (natural convection cells).

3) Heat transfer through the two-dimensional cavity is improved
when the magnetic � eld is affected, and this is chie� y caused by
either the strong circulation motion of the vortex or the generation
of the multiple vortices.
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