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Abstract

A numerical study is made of transient convective cool-down of air in a cylindrical container when both gravity and
magnetizing force act. The magnetizing force is generated in an inhomogeneous magnetic field for an electrically non-
conducting fluid with high magnetic susceptibility. Cooling of air is accomplished by abruptly lowering the temperature
of the cylindrical sidewall under a strong vertical magnetic field. Comprehensive numerical computations are obtained
for ranges of pertinent external parameters. The behavior of flow and temperature fields are delineated as the radius and
axial position of the electrical coil are varied. When the magnetizing force is parallel to gravity, the flow is invigorated
and cool-down process is facilitated. When the magnetizing force opposes the gravity, the overall cool-down process is
least effective when the strength of magnetizing force is comparable to gravity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The magnetic effect on fluid transport phenomena
has been extensively studied over the decades. The
majority of these investigations, however, have dealt
with the fluid motions associated with the Lorentz force.
A substantial body of knowledge has been accumulated
on this account, and industrial applications have been
noteworthy. It is important to point out that the Lorentz
force effect is brought forth only for electrically conduct-
ing fluids.

A new and different class of magnetic effect on fluid
flow, in the form of magnetizing force, has received
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attention recently. As emphasized in Refs. [1-10], the
magnetizing force is induced in ordinary fluids when
the gradients of the magnetic field exist. This force is ex-
pressed as the product of the gradient of the square of
magnetic induction and the magnetic susceptibility of
the working fluid. The significance of this magnetizing
force has long been recognized. However, in order for
this force to be of practical relevance, it is required that
very strong magnetic fields should be applied. In the past,
producing very strong magnetic fields was impracticable.
Therefore, in a magnetic field of modest strength, the
role of the magnetizing force was not notable, and,
accordingly, utilization of the magnetizing force was
not actively pursued.

The advent of a superconducting magnet opened the
way for serious evaluations of the magnetizing force as
well as engineering applications to control the fluid
transport processes. It is stressed that, unlike the
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Nomenclature

‘Z position vector (rc,z.) [m]

A4 d/xa = (Re, Z¢)

b magnetic induction [T]

b, reference magnetic induction, upi/h [T]

B dimensionless magnetic induction, b /ba

d diameter of the cylinder [m]

d, diameter of coil [m]

f magnetizing force [N/m’]

h height of the cylinder [m]

i electric current [A]

)4 pressure [Pa]

Pa reference pressure, pi/i* [Pa]

p' perturbed pressure [Pa]

P dimensionless pressure, p’/p,

Pr Prandtl number, v/k

r radial coordinate [m]

Fe radius of coil [m]

o radius of cylinder [m]

7 position vector in the cylinder (r,z) [m]

R 7/xa = (R, Z)

Ra Rayleigh number, gfATH/(icv)

t time [s]

fa i [s]
temperature [K]

To reference temperature [K]

u velocity in the radial direction [m/s]

Uy, k/h [m/s]

U dimensionless velocity in the radial direc-
tion, u/u,

w velocity in the axial direction [m/s]

Wy K/h [m/s]

w dimensionless velocity in the axial direction,
wiw,

Xa reference length [m]

z axial coordinate [m]

Ze axial position of coil [m]

Greek symbols

p volumetric expansion coefficient [K ']

y 1b3¢/ (umgh)

K thermal diffusivity [m/s]

u viscosity [Pa s]

Um magnetic permeability [H/m]

v kinetic viscosity [m?/s]

p density [kg/m?]

0 dimensionless temperature (7 — To)/AT

T dimensionless time, #/t,

o, molar fraction of oxygen gas

0, magnetic susceptibility of oxygen gas [m’/
kg]

Subscripts

a reference value

c coil

m magnetic effect

w sidewall

0 reference state

(0)3 oxygen gas

Lorentz force, the magnetizing force arises in both elec-
trically conducting and electrically non-conducting
fluids.

Several of the fundamental convective flow and heat
transfer models, under the influence of magnetizing
force, have been documented in the pioneering treatises,
e.g., Refs. [3-7]. The flow characteristics with varying
magnetic susceptibility were probed, and comparisons
were made between the experimental and numerical re-
sults. Wakayama [1,2] demonstrated that, by means of
the magnetizing force, an effective control of steady-
state convective flow is feasible. The analogous roles
played by the gravity force and magnetizing force were
discussed in these prior publications.

In the present paper, the possibility of controlling the
time-dependent transient process of a fluid by deploying
the magnetizing force is examined. Specifically, the cool-
ing process of initially hot air in an enclosed cylinder is
scrutinized. When there is no magnetic effect, the cool-
down of air is governed by the conventional gravity-
caused buoyant convection. However, by passing
electric current in the coil surrounding the cylindrical

container, the effect of magnetizing force is activated,
and the fluid flow is altered. Modifications to the usual
transient buoyant convection by applying strong mag-
netic fields are described in the present undertaking.
Numerical computations are performed, and the calcu-
lated results illustrate that substantial alterations to the
flow and heat transfer of air are observed. These numer-
ical exercises indicate that the magnetizing force effect
can be a major element to accomplish an efficient control
of transient transport processes. The time-dependent
evolutions of fluid motions and attendant heat transfer
are depicted by analyzing the computational results.
The effects of external parameters are scrutinized, and
the practical utility of magnetic flow control is discussed.

2. Formulation and numerical model

Consider a vertically mounted cylinder [radius o and
height 4, with aspect ratio (Ar(=h/ro) = 1.0)], which is
filled with air at temperature 7,. The cylinder is located
inside a concentric coil, and by passing electrical current
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in the coil, a magnetic field is created in the cylinder. The
top and bottom endwalls of the cylinder are thermally
insulated. In the initial state, the temperature of the cyl-
inder sidewall is impulsively set at 7T, which is lower
than To[AT =T, — T,]. Consequently, cool-down of
the air proceeds under the influence of both the gravity
and the magnetizing force, and this constitutes the task
of the present endeavor.

As stipulated in [1-7], the magnetizing force for air,
funs is expressed as
o= 5y PIEVH 1)
in which u,, denotes the magnetic permeability, p den-
sity, ¥ magnetic susceptibility, ¢ molar fraction, and b
the magnitude of b, the magnetic induction vector. Basi-
cally, in the ensuing development, the governing Navier—
Stokes equations are formulated to include the above
magnetizing force as an additional body force term. In
the present development, axisymmetry is assumed.

The complete time-dependent basic equations consist
of the continuity equation, energy equation, the momen-
tum equations and the equation for Biot-Savart’s law.
The detailed derivations of the pertinent equations and
the background rationale have been elaborated in prior
publications [3-7]. The properly non-dimensionalized
governing equations are [the symbols are defined in the
nomenclature]:

V.U =0, 2)
DO
— =V 3
=V, (3)
~ 0
DU )= )
D—:—VP—i-PrV U+Ra PrO|—yVB~ + | 0 ,
T
1
(4)
adiabatic
Tw g
electrical
coil

adiabatic

Fig. 1. Schematic of the system.
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In Eq. (5), 4 denotes the non-dimensional axisymmetric
position vector (R, Z.) of an infinitesimal element of the
electrical coil d4, and R is the position vector of the inte-
rior point in the cylinder. In the non-dimensionalized
basic equations, the relevant non-dimensional parame-
ters are the Prandtl number Pr, Rayleigh number Ra,
which are familiar in the buoyant convection problems.
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In the present work, the magnitude of magnetizing force
is represented by y, which is a measure of the relative
importance of the magnetizing force effect and the con-
ventional gravity effect. As is evident in Eq. (5), for the
positions inside the cylinder, B is determined by the loca-
tion and geometry of the electrical coil. Consequently, as
can be seen in the last two terms in Eq. (4), the magne-
tizing force, which is proportional to VB is not spa-
tially uniform, whereas the gravitational acceleration is
constant.

0 R
ZA
1.0
0 R
ZA
<
- :
0 1.0 R

Fig. 3. Sequential plots of stream functions ¥ and isotherms 0. R. = 1.5, Z. = 0.5, yRa = 107, and Pr =0.7. (a) = 0.001; (b) = = 0.01;

(¢) 7=0.1. Stream functions (i):
Omin = —9.37x 107", AO = 4.61 x 1072,

Vmax = 1.64 %10,  Ymin = —1.64x 10, Ay =1.13.

Isotherms Opax = —6.23 X 1072,

(0):
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The initial conditions are stated:
U=w=0, 0=0 att<0

and the boundary conditions are written as

vew=o L_o az-o1,

(4
ow o0
U—O, &—afo d,SR—>O7

U=Ww=0, 0=-1 atR=1.

The numerical procedures adopted here are the finite
volume method based on the well-established SIMPLEC
algorithm [11]. The discretizations followed the QUICK
scheme [12,13]. For most calculations, a (40 x 40) grid
network in the (R-Z) plane was used. Grid clustering
was made in order to place more grid points near the cyl-
inder walls where steep flow gradients are anticipated.
At each iteration level, convergence was declared when
the maximum relative changes in flow variables fell
below 107% The verification of the numerical model
was carried out by systematically repeating the unsteady
buoyant convection problems as well as the steady flow
under magnetizing force. The computed results demon-
strated broad agreement with the published data. The
purpose of this study is not to develop or refine the com-
putational techniques. No claims are made as to the
newness or innovativeness of the numerical methods.
The objective of this study is to unveil and explain the
physical features of the transient process. Therefore,
well-documented numerical schemes were utilized, and
computations were performed in a routine manner.

3. Results and discussion

As specific examples, comprehensive numerical com-
putations were carried out for a cylinder of aspect ratio
Ar =1.0, Ra = 107 and Pr = 0.71. In order to concentrate
on the effect of the magnetizing force, the significant
external parameters are the strength of the magnetic
induction and the radius and position of the electrical
coil. The modern superconducting magnets [3-5] pro-
duce a magnetic field up to 10 T; therefore, the range
of the parameter y was set y = 1.0-30.0. In view of a prac-
ticable system, the radius of coil was set R. = 1.1-4.0,
and the vertical location of the coil was within the height
of the cylinder Z. = 0.0-1.0 (Fig. 1). These parameters
were selected such that the system will be practical and
relevant to the experimental situations [3-7].

3.1. Case when only the magnetizing force is present
First, a series of computations were made for the

cases when there is no gravity force. This portrays the
cool-down process under the influence of magnetizing

force only. In order to acquire a rudimentary under-
standing of the magnetizing force, typical patterns of
the (R- and Z-) components of the vector VB, ie.,
a%:) and a%z), are exemplified in Fig. 2 when the coil is
located at the mid-height of the cylinder, Z.=0.5.
Expectedly, VB? is large near the cylindrical wall. The
top and bottom endwall disks (Z=0.0 and Z=1.0)
are thermally insulated; thus, when the temperature of
the cylindrical wall is lower then the interior air, much

of the density gradient Vp points radially outward. As

0.0-
,,,,,,,,,, vy=1.0
,,,,,,,,,,,, Y=5.0
¥=10.0
Y=15.0
eave
- :
0.3 0.6
(a) T
50.01 -
l//mﬂx 25.01
0.0 y S
0.0 8.0 16.0
(b) 4
0.154
0.104
Tcool : "
0.05
0.00 y :
0.0 8.0 16.0
(c) 14

Fig. 4. Effects of the magnitude of magnetizing force (yRa).
R.=1.5,Z.=05, Ra=10", and Pr=0.7: (a) average temper-
ature (0,ve), (b) maximum value of stream function (Ymax), (€)
cooling-time (Tcoo1)-
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shown in Fig. 2(a),
the wall reglon of the cyhnder Consequently, the contri-
bution of (i) to the ﬁuld flow is comparatively minor.

On the other hand, & qz ) entails considerable z-variations,
Z
10
0 (a) O R
Z

(b) 1.0 R

0 (c) 10 'R
Fig. 5. Contour plots of a(fzz). Z.=0.5, yRa=10". (a)
Ro=11: (%)) =211x10, (%) = -211x10, con-
tour increment = 1.45; (b) R, =1.5: <“ ) = 3.67 x 107,
(1(5) ) —3.67 x 107!, contour 1ncrementm:2.53 x 1072; (c)
Re = 2.0: (“BZ ) =128x107 (%) = -724x107,

contour increment = 4.99 x 1073,

especially in the mid-height region, as illustrated in Fig.
2(b). This points to the relative importance of a(B ) in the
make-up of the magnetizing force.

The sequential pictures of cool-down process of air
by the workings of magnetizing force are displayed in
Fig. 3. The meridional flows are represented by the
stream function \, where U =1 ff w=-1 % At early
times, strong flows are generated close to the cylindrical
wall. These consist of a clockwise (anti-clockwise) circu-
lation in the upper (lower) portion of the cylinder. The
temperature field indicates that heat transfer proceeds
faster near the level of the coil. As time elapses, the tem-
perature difference between the cylindrical wall and the
interior fluid is reduced. It is noted that the magnetic
susceptibility of air is a function of temperature. There-
fore, at later times, the fluid motions are attenuated, and
the global heat transport relies more on conduction.

The quantitative data on the effect of the strength of
magnetic induction on the overall cool-down process are
presented in Fig. 4. As stated previously, the strength of
magnetic effect is gauged by the parameter y [3-5]. Com-
putations are made as 7y varies, while the other parame-
ters are fixed. Fig. 4(a) exhibits the evolution of the
average bulk temperature 0,,. of air. In the present cal-
culations, 0,,. for air inside the cylinder is defined as

e HqubdeZ

nath

Have(f) = (6)
Clearly, as y increases, 0,,. decreases at a faster rate.
This indicates that the overall cool-down process pro-
ceeds more efficiently as the fluid is subjected to a stron-
ger magnetic field. Similarly, the variation of the
maximum value of stream function, .., versus y is
shown in Fig. 4(b). This demonstrates that the flow is
invigorated as y increases. Also, the cooling time, which
is the time duration for 0,,. to reach 90% of the wall

1024

1.0 2.0 3.0 4.0

R

C

( ?)

Flg 6. Plots of the maximum versus the radius of coil (R,).

Z.=0.5, yRa=10".
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temperature, .01, versus y is plotted in Fig. 4(c). These more uniform in much of the cylinder interior. In Fig.
computed results are indicative of the effectiveness of 6, the change in the maximum value of 6
the magnetizing force in accomplishing the cool-down
process of air.

Next, computations were made by varying the radius
(Ro) and the vertlcal locatlon (ZC) of the electrical coil.

is shown. As can be inferred in the Blotfsavart S law,

Z
depicted in Fig. 5. It is clear that when R, is small,
(a«z is large in the region close to the cyhndrlcal wall
As R
HHVE
Z
(a)
T
40.0
Winax  20.04 . R
Z
L[ ] 'y
0.0+ . . T
1.0 2.0 3.0 4.0
(b) R
0.4+
Tcool 0.2 4 ul
0 10
. (c) R
. ) R.=15, yRa=10". (a) Z. =
6<BZ _ 2 () _ -1
0.04— T T T =-2. 1 = = -3. 1 -
1.0 2.0 3.0 4.0 0.0: ( oz )max 67x 1077, ( oz )min 3.67 % «Oz - con
(c) R tour increment =2.53x107% (b) Z. = 0.25: (%) =
c . max
, 3.65x 107", “g>> - =-3.67x 107!, contour increment =
Fig. 7. Effects of the radius of coil (R)). Z.=0.5, yRa = 10’, .y ) B )
and Pr=0.7: (a) average temperature (0,y.), (b) maximum 2.53x107% (9) Z. =0.5: (7>max =3.67x 107, (ﬁ)min B

value of stream function (Ymax), (¢) cooling-time (t¢oo1)- —3.67 x 107!, contour increment = 2.53 x 1072,
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the magnetic field B is inversely proportional to the

square of distance. Consequently, the decrease of a(aB;)

is notable even when the radius of coil R. increases
moderately.

The impact of R, on the overall cool-down process is
exhibited in Fig. 7. As R, increases, the flow is less invig-
orated, as shown by the decrease of V.., and the cool-
down time 7., increases, which indicates the weakening
magnetizing force.

0.0 4
2,200
,,,,,,,,,,,, z.= 0.1
7,202
,,,,,,,,,, 2,=03
eave z =04
z.= 0.5
T T
0.3 0.6
(@ T
40.01
. N
N
N
.
l//max 20.0 -
0.0 T T T d
0.0 0.2 0.4 0.6
(b) Z,
0.151
N
0.10 -
Teool . -
- .
0.05 1
0.00 T T T 1
0.0 0.2 0.4 0.6
(c) z

©

Fig. 9. Effects of the vertical location of coil (Z;). R.= 1.5,
yRa =107, and Pr=0.7: (a) average temperature (0,c), (b)
maximum value of stream function (Yma.x), (¢) cooling-time
(Tcool)~

The effect of the vertical location Z of coil is scruti-
nized in Fig. 8, which displays the distributions of %
When the coil is located at the same level as the bottom
endwall of the cylinder, Z.=0.0, % is negative
throughout the cylinder interior. Therefore, the flow
generated constitutes a single clockwise-circulating cell
in the entire cylinder. In the case of Fig. 8(b), the vertical
location of the coil is between the bottom endwall and
the cylinder mid-height. Therefore, a(aBZZ) is negative (posi-
tive) in the larger (smaller) upper (lower) part of the cyl-
inder, which produces a clockwise (counter-clockwise)
circulating cell in that region. As illustrated in Fig. 9,
the transient process is facilitated when the vertical loca-
tion of the coil is near the bottom (or top) endwall, i.e.,
Z.=0.0 (or 1.0). The magnetic effect is least effective
when the vertical location of the coil is at the mid-height
of the cylinder (Z.=0.5). As stipulated earlier, when
Z. = 0.0, the entire cylinder is occupied by a large clock-
wise-circulating cell. This is effective in bringing about
fluid motions and transport processes. On the other
hand, when Z_ = 0.5, two smaller-sized cells, each circu-
lating in the opposite directions, are generated. These
two cells interfere with each other in effectuating trans-
port processes. In this case, accordingly, },.x decreases

and 7., increases. This implies that the magnetizing

« 2,200
100.0 4
000 0 Z,=10 .
.
.
L ] L} "
o
o
(W) s 500
o
o
o
o
0.0 T T T |
0.0 4.0 8.0 12.0 16.0
(a)
0.15 -
o ' 2,200
. o 72,210
o
0.10
Tcool o
0.05 4
o
o
0.00 T T T 1
0.0 40 8.0 12.0 16.0
(b) /4

Fig. 10. Effects of the vertical location of coil (Z,): Z. = 0.0 and
Zc =10 for (Wmux)ubs and Tcools Rc = 15: Ra= 107» and
Pr=0.7. (a) (‘pmax)abs; (b) Teool-
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force is least effective in accomplishing the cool-down
process.

3.2. Case when both gravity and magnetizing force are
present

Now, consider the cases when both the gravity and
the magnetic effect exist so that fluid motions arise by
both the conventional buoyancy-driven convection
[14-17] and the magnetizing force.

3.2.1. When gravity and magnetizing force are in the same
direction

As remarked earlier, when the electrical coil is lq-
cated at the level of the bottom endwall (Z, = 0.0), a(g )
is negative in the entire cylinder. Thus, the magnetizing
force acts in the same direction as gravity. However, it

3105

should be mentioned that, unlike gravity, which is
spatially uniform, a(ai;) is spatially non-uniform. In this
case, the above two forces are cooperative. Therefore,
as the magnetic effect increases, the flow intensifies,
i.e., (Wmax)abs Increases, and the cool-down time short-

ens, which is illustrated in Fig. 10.

3.2.2. When gravity and magnetizing force are in the
opposite direction

When the electrical coil is located at the level of the
top endwall (Z, = 1.0), the magnetizing force and grav-
ity act in the opposite directions. Inspection of the re-
sults for Z. = 1.0 in Fig. 10 reveals that (W ax)abs takes
the lowest value[and 7., takes the largest value] when
y takes a value around y,, = 4.5. Clearly, when 7 is small
(7 < ym), the gravity outweighs the magnetic effect. As vy
increases in the regime y < y,, the counteracting effect of

4.0 0.08-
L]
-
9(B) -
= | 201 Lol 0.04-
L
ave " »
0.0 T ] 0.00 T T T
0.0 0.5 1.0 0.0 5.0 10.0
(a) 4
0.301 0.164
L]
L]
L]
9(B?)
| 0151 Teool 0.08-
L]
ave
L]
L
0.00 T 0.00 T 1
0.0 0.5 1.0 0.0 8.0 16.0
R (b) 4
0.08- 0.2
L] L]
a(Bz) -
7| 0-041 Teool 0.14
ave L]
L]
-
0.00 T ) 0.0 T T T
0.0 0.5 1.0 0.0 10.0 20.0 30.0
R (c) 4

Fig. 11. Effects of the radius of coil (R.) for Teoor. Zec = 1.0, Ra =107, and Pr=10.7. (a) R. = 1.1; (b) R. = 1.5; (¢) R. = 2.0.
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magnetizing force increases. Therefore, in this parameter
range, by increasing the magnetic strength, the flow
development is further suppressed, and it takes longer
time to cool-down to the final state. On the other hand,
when y is large, i.e., y >y, the magnetic effect domi-
nates, and the flow intensifies as y increases, which is
shown in increasing (Ymax)abs and in decreasing t.oop. It
is summarized that the suppression of overall convective
heat transfer can be achieved by noting carefully that the
gravity and magnetizing force are opposing.

The influence of the coil radius R, is illustrated in
Fig. 11, with Z.=1.0. First, it is discernible thgt the
strength of magnetizing force, represented by O(aBZ ) de-
creases rapidly as R. increases moderately (compare

the units for (a(iz)) in Fig. 11. Here, (LRZ)) indi-

[ oz

cates the vertically averaged value of a(;zl )). Also, the
R-distribution of ag ) becomes steeper as the coil shrinks
in size. The behavior of 7., With y should also be noted.
For this purpose, it is recalled that the total body forces
in the equation are expressed as [—yVB? + &, where é.
is the unit vector in the vertical direction. In the oppos-
ing case, therefore, the effect of the magnetizing force
and gravity are comparable when VB> takes a value
close to unity. An interrogation of the plots of ag) as
well as the values of y,, leads to the conclusion that
the suppression of convective flow is most effective when

the parameter y,, 6(%2) is close to unity.

4. Conclusion

When the system is under the influence of magnetic
effect only, the magnetizing force increases as the mag-
netic susceptibility and a(f;) increase. The fluid motion
intensifies as y increases. The impact of the coil radius
R. is significant, as the transport process is invigorated
as R decreases. The flow intensifies when the coil is lo-
cated closer to the endwalls of the cylinder. In this case,
a large single cell occupies the cylinder interior, and the
overall convective heat transfer is facilitated.

When both the magnetizing force and gravity are
present, the vertical position of coil Z. is a crucial
parameter. When Z. = 0.0, both forces are cooperating
to promote the convective process. When Z. = 1.0, the
two forces are counteracting. The heat transfer charac-
teristics are divided into two parameter regimes, y < ym,
and y > 7y,. The most effective suppression of overall
heat transfer can be achieved in this system when 7y is
close to yp,.
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