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TRANSIENT LAMINAR MHD NATURAL CONVECTION
COOLING IN A VERTICAL CYLINDER
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' Department of Mechanical Engineering, University of Thessaly,
Athens Avenue, Volos, Greece

2Department of Energy Technology, Technological &
Educational Institution of Athens, Egaleo, Greece

A numerical study is presented of transient laminar natural convection cooling of an
electrically conductive fluid, placed in a vertical cylinder in the presence of an axial
magnetic field. The cylindrical wall is suddenly cooled to a uniform temperature, thus
setting the fluid to motion. The cooling process starts with the development of momentum
and thermal boundary layers along the cylindrical cold wall, followed by the intrusion of the
cooled fluid into the bulk, and finally, by fluid stratification. A range of Hartmann,
Rayleigh, and Prandtl numbers are studied for which the flow remains laminar in all stages.
It is found that the increase of the magnetic field reduces the heat transfer rate and decele-
rates the cooling process. This can be attributed to the damping of the fluid motion by the
magnetic field, which results in the domination of conduction over convection heat transfer.
The increase of the Rayleigh number enhances heat transfer, but the cooling process lasts
longer due to the higher temperature of the hot fluid. The flow deceleration and the
reduction of heat transfer are less intense for fluids with low Prandtl number.

1. INTRODUCTION

Natural convection cooling, frequently occurring in environmental flows and
in engineering applications, has recently received considerable attention because of
the need to increase heat transfer rates without the penalty of increased pumping
power. For example, Papanicolaou and Belessiotis [1] studied heat transfer in a
cylindrical water tank, while Lee and Hyun [2] investigated the stratification in
thermosyphon and air systems in the presence of both electromagnetic and buoy-
ancy forces. The transient cooling of the fluid in a cylindrical container with a
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NOMENCLATURE
B,  magnitude of magnetic field, T T,  constant wall temperature, K
¢,  fluid specific heat, J kg 'K! uy  free fall velocity (gBHAT)l/ 2 ms”!
D diameter of cylindrical container, m u,  radial velocity, ms ™'
g gravity acceleration, ms > U, dimensionless radial velocity, u,/uq
H  height of cylindrical container, m u.  axial velocity, ms ™'
Ha Hartmann number, Ha = ByH \/E U. dimensionless axial velocity, u./u
) o 7{” 1 z axial coordinate
k fluid thermal conductivity, Wm™" K V4 dimensionless axial coordinate, z/H
Nu  average Nusselt number o fluid thermal diffusivity, m2s '
P pressure, Pa B fluid thermal expansion coefficient, K™
P dimensionless pressure, pLu(:] AT  temperature difference 7y — 7,,, K
Pr  Prandtl number, Pr = v 0 dimensionless temperature,
r radial coordinate (T—To)/(To—T,)
R dimensionless radial coordinate, r/H 0,  dimensionless average tempera}turle
Ra Rayleigh number, Ra — g[;fll;AT u ﬂu¥d d.ynamlc. v1s.cosn.y, kgrzn 715
T temperature, K v ﬁu%d klnematlc v1scgsny, m-s
) time, s p fluid density, kgm ™"
p dimensionless time, fuo/H c fluid electrical conductivity, Sm™"
7. initial temperature. K Y  dimensionless streamfunction
0 p s

suddenly cooled wall has no statistical stationarity, except at the two limiting
motionless states of =0 and 7 — oco. This is in contrast to other natural convection
configurations such as, for example, Rayleigh-Bérnard convection [3] or laterally
and volumetrically heated enclosures [4]. Lin and Armfield [5] and Hyun [6]
showed that the cooling process starts with the development of momentum and
thermal boundary layers on the cool cylindrical wall. This stage is followed by
the intrusion of cold fluid into the bulk hot fluid from the bottom corner of the
cylinder. Finally, the flow and the temperature fields are stratified and the fluid
is cooled-down to a uniform lower temperature, which is determined by the
imposed thermal boundary conditions.

Bouabdallah et al. [7] studied numerically the phase change of molten gallium
in three-dimensional oscillatory natural convection flow in a parallelepiped enclosure
in the presence of an external magnetic field. They found that the magnetic field
stabilized the oscillatory natural convection, producing two-dimensional flow and
thermal characteristics. Ogiit [8] studied the MHD flow and heat transfer due to
natural convection in a square enclosure with a finite length heater. The effects of
the heater length and location, magnetic force direction, and Hartmann and Grashof
numbers were examined. It was found that heat transfer is reduced with an increas-
ing Hartmann number. The Grashof number affects the rate of the reduction, with
its increase resulting in a higher rate of reduction of heat transfer. A numerical study
of the external magnetic field effect on the laminar free convection was carried out by
Sarris et al. [9]. The magnetic forcing controls the flow, and strong magnetic fields
may even reverse the usual convection currents. High Hartmann numbers or low
Reynolds numbers can cause an increase of the intensity of the flow circulation
and heat transfer of the sidewalls. The latter can rise up to 40%, depending on the
combination of the magnetic and gravitational forces.
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In their three-dimensional numerical study of a flow in a rectangular enclos-
ure, under the existence of an external magnetic field, Battira and Bessaih [10]
concluded that the flow control can be accomplished by the proper selection of
strength and direction of the magnetic field and the electric conductivity. The
vertical magnetic field results in a stronger decrease of the fluid motion than the
horizontal one. Furthermore, the thermal stratification in the core is destroyed
and the isotherms are parallel to the vertical walls. Bessaih and Bouabdallah [11]
investigated numerically the two-dimensional, oscillatory natural convection of a
liquid metal solidification in a rectangular cavity in the presence of an external
magnetic field. They showed that the vertical magnetic field stabilized the convec-
tion flow and they provided diagrams with dependencies of the critical Grashof
numbers and frequencies on the magnetic field. The buoyant MHD flow of an elec-
trically conducting, internally heated fluid in a vertical square duct was studied by
Sposito and Ciofalo [12]. Recirculation occurred for intermediate values of press-
ure gradient and mean velocity. Velocity and electric potential upper limits were
found for Hartmann numbers above 100.

Most previous studies aimed at investigating the natural convection cooling of
fluids with Prandtl numbers (Pr) higher than unity. However, the cooling process
of fluids with low Pr is also of great interest; for example, in the flooding of the reac-
tor cavity of nuclear power plants in case of an accident [13]. Hyun [14] studied the
effect of the Prandtl number on the fluid heating-up. Also, the cooling process of a
low Prandtl number fluid in a vertical cylinder [15] or in a rectangular vertical
container [16, 17] was studied numerically, providing scaling laws.

Recently, Sarris et al. [I8] studied numerically the transient turbulent
cooling of a liquid-metal (i.c., a very low Prandtl number fluid) in the presence
of an external magnetic field. It was observed that the magnetic field does not
significantly affect the initial stage of the boundary layer development, while it
decelerates heat transfer during the thermal intrusion of the cold fluid into the
bulk. However, at the final stage of thermal stratification, the cooling process
is decelerated by the magnetic field for low Rayleigh numbers, while it is
accelerated for higher ones.

Flow and heat transfer can be affected by applying an external magnetic field
as, for example, in the case of metal casting, and in the breeding/cooling blanket
of future fusion devices where very high magnetic fields are applied to confine the
plasma. The present flow configuration relates to cases of accidents in nuclear
reactors and also to fusion reaction heat removal in fusion blankets. In the present
study, the interest is focused mostly on the effect of a constant axial magnetic field on
the transient laminar cooling of a low-Pr fluid in a vertical cylinder. The parametric
study includes several combinations of Hartmann, Prandtl, and Rayleigh numbers in
the laminar flow regime.

For the same configuration, Sarris et al. [18] studied combinations of these
numbers that led to turbulence. To the best knowledge of the authors, this is the first
attempt to study the transient laminar MHD cooling of a low-Pr fluid in a vertical
cylindrical container. Thus, this study contributes to a better understanding of how
the cooling process of low-Pr fluids is affected by a uniform magnetic field. The
present results are also of practical interest in the design and development of
liquid-metal heat exchangers (e.g., blankets) for future fusion reactors.
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2. PROBLEM DEFINITION
2.1. Flow Configuration

The present flow configuration consists of an electrically conductive fluid,
initially at rest in a vertical cylindrical container of height H, diameter D, and a fixed
aspect ratio D/H =2, as shown in Figure 1. The top and bottom horizontal walls are
adiabatic, while all walls are electrically insulated. Initially, the fluid is at uniform
temperature T, and, suddenly, the cylindrical wall is cooled to a constant tempera-
ture T,, < Ty, while a vertical (axial) magnetic field of magnitude B, is applied
externally.

2.2. Governing Equations

The governing equations of the present axisymmetric thermally driven flow
are the mass continuity equation, the incompressible Navier-Stokes momentum
equations, and the energy conservation equation.

10(ru,)  O(u:)
v or Tz (n)

Ou, 10(ruyu,) O(uu,)\  Op 0 (10(ru,) Q*u, )
p<af+r o o ) a Me e ) Tar) owB (@)

|
Hi adiabatic wall
[
I
I
: gravity =
| =
| ) ©
I 8
| f—
|2 2
| © >
C s
(O]
I :
| B 2
@]
R%)
x|~l
) . .
adiabatic wall
0 l", llr D/Q

Figure 1. Flow geometry and boundary conditions.
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where p is the total pressure, u, and u. are the radial and axial fluid velocity compo-
nents, respectively, r and z are the radial and axial coordinates, respectively, 7 is the
time, 7 is the fluid temperature, Ty is the initial uniform fluid temperature, p is the
fluid viscosity, p its density, ¢, its specific heat, o its electrical conductivity, B its
thermal expansion, k its thermal conductivity, By is the magnitude of the external
axial magnetic field, and g is the acceleration due to gravity.

The Boussinesq approximation for the buoyancy term has been used in Eq. (3),
while the effect of the constant axial magnetic field on the fluid is represented by the
Lorentz force in Eq. (2) based on the low magnetic Reynolds number approximation
[19]. In this approximation, the induced magnetic field is considered very weak as
compared to the external magnetic field By, which is generally true for low magnetic
Reynolds number flows as those of liquid-metals and electrolytes in laboratory
experiments. A useful discussion for the validity limits of this approximation for
natural convection flows can be found in Sarris et al. [20]. The effects of viscous
dissipation and Joule heating on the present flow are considered negligible.

The above equations are made nondimensional by using the height of the
cylinder H, the temperature difference AT =T, — T,,, the amplitude of the external
magnetic field By, and the free fall velocity uy= (gBHAT)l/ 2,

19(RU,) dU.
R OR oZ =0 (3)
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where P =p/ (pué) is the dimensionless pressure, U,=u,/uy and U.=u./u, are
the dimensionless radial and axial fluid velocity components, respectively, R=r/H
and Z=:z/H are the dimensionless radial and axial coordinates, respectively,
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ar 'R OR 0Z  (RaPr)
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t =1up/H is the dimensionless time, and finally, the dimensionless temperature is
defined as 0 =(T'— Ty)/(To — T,,).

The present flow is characterized by three-dimensionless parameters: the
Rayleigh number (Ra), the Prandtl number (Pr) and the Hartmann number (Ha),
defined as follows.

<

3
Ra:M7 Pr=—, Ha:BgH\/E 9)
Vol o pv
where v is the kinematic viscosity and o the thermal diffusivity of the fluid.

For the range of parameters studied here, the axial magnetic field has no
significant impact on the axisymmetry of the present flow. The axisymmetry of this
flow has also been demonstrated in the case of a cylindrical container with an applied
sinusoidal temperature on its upper lid by Kakarantzas et al. [21]. However, this is
not true for other configurations, as for example, in homogeneous turbulence or
an horizontal magnetic field [22].

The initial and boundary conditions are as follows.

Fort<0: U, =U.=606=0 (10)
00
For¢t>0: UV:UZ:O,&:O forZ =0and1 (11)
oU. 09
U,—O,ﬁ—ﬁ—o forR=0 (12)
U =U.=0,0=-1, forR=1 (13)

An instantancous Nusselt number averaged on the isothermal cylindrical wall is cal-

culated as follows.
Nu—/l(—@) dz (14)
0 OR) p_y

A streamfunction W is calculated from the velocity field using the following.
U, =0¥Y/0Z (15)

A measure of the average nondimensional bulk fluid temperature is as follows.

1 1
eq:/ / 0dRdZ (16)
0 0

where initially (i.e., 1 <0) 0,=0.
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2.3. Numerical Method and Simulation Details

The governing equations are solved by the use of a CFD code developed
in-house [18]. A staggered mesh and a second-order accurate finite differencing
scheme are used for the discretization of the nondimensional governing equations
(5)—(8), as suggested by Verzicco and Orlandi [23]. The final system of algebraic
equations is solved with a fractional step method. The time integration of the dif-
fusion terms is performed by a Crank-Nicolson method, while a third-order
Runge-Kutta method is used for the nonlinear terms, the buoyancy term, and the
Lorentz force. Mass continuity is enforced by solving a Poisson equation for the
pseudopressure [23, 24], based on the FISHPACK library [25].

A nonuniform grid based on hyperbolic tangent distribution functions was
used for both the axial and radial directions in order to resolve the boundary layers
on the horizontal top and bottom walls, and on the vertical cylindrical wall as well as
near the symmetry axis, based on the considerations of Lin and Armfield [5, 26] and
Sarris et al. [18].

A grid independence test showed that a mesh size of 200 x 200 and a time step
of At=2.5x 107> were adequate to fully resolve the flow characteristics, while the
use of finer meshes did not affect significantly the results. The present numerical
model has been validated successfully against the results of Lin and Armfield [15]
(see for more details Sarris et al. [18]).

3. RESULTS AND DISCUSSION

Direct numerical simulations were performed using fluids with Pr=0.03, 0.1,
and 0.7. The parametric study involved three Rayleigh numbers: Ra = 10%, 10° and
10°, and four Hartmann numbers: Ha =0, 25, 50, and 100. Combinations of these
parameters were carefully selected to ensure that the flow always remains laminar.

The effect of magnetic field on the streamfunction and isotherms at times t=1,
3,5, 10, and 20 during the transient cooling process is illustrated in Figures 2 and 3,
respectively. In particular, Figure 2 shows the distribution of the streamfunction for
combinations of Pr=0.03, 0.7, Ra=10* 10°, and Ha =0, 100. It is found that there
is only a small influence of the magnetic field on the flow and the cooling process for
t<1. However, for 7> 1, it can be seen that the flow is suppressed by the magnetic
field resulting in a recirculation zone narrower in the radial direction. The deceler-
ation of the fluid by the damping action of the magnetic field is more pronounced
for the higher Pr fluid with increasing Ra, as it may be seen by the comparison of
Figures 2a and 2b (Pr=0.03) with Figures 2¢ and 2d (Pr=0.7), respectively. In
the hydrodynamic case (Ha=0) and for high Ra values, the strong convective
currents lead to a second recirculation for > 10, especially for the low-Pr fluid. In
the presence of the magnetic field with Ha = 100, this second pattern is not observed
and the time evolution of the streamfunction is qualitatively similar to that of the
lower Ha cases, yielding more noticeable differences for the higher Ra between the
MHD and the non-MHD cases.

Figure 3 shows the isotherms corresponding to the streamfunction distribu-
tions of Figure 2. During the first stage of the cooling process, the development of
the vertical thermal layer occurs, which seems to be little affected by the magnetic
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Figure 2. Streamfunction distributions in the initial cooling stage for Ha =0 (upper) and Ha = 100 (lower)
at (¢) Pr=0.03, Ra=10% (b) Pr=0.03, Ra=10° (¢) Pr=0.7, Ra=10% and (d) Pr=0.7, Ra=10° The
minimum, increment and maximum contour values are 0, 0.002 and 0.038, respectively (color figure
available online).

field for all values of Ra, Pr, and Ha studied. Without the magnetic field, the
penetration of the cold fluid to the hotter bulk for Ra = 10* is mostly made by con-
duction for 7 <1, while the fluid motions are strong enough to mix and cool the bulk
fluid for ¢ > 1. The fluid velocities are attenuated by the magnetic field resulting in a
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Figure 3. Temperature distributions in the initial cooling stage for Ha = 0 (upper) and Ha = 100 (lower).
(a) Pr=0.03, Ra=10* (b) Pr=0.03, Ra=10° (¢) Pr=0.7, Ra=10% and (d) Pr=0.7, Ra=10°. The
minimum, increment and maximum contour values are —0.95, —0.05 and —0.05, respectively (color figure
available online).

delay of the cooling process. This behavior is also observed in all other cases exam-
ined. A considerable delay of the cooling is evident in the stages of the intrusion of
cold fluid and stratification as compared with the pure hydrodynamic case, which is
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more pronounced with increasing Ra and for the higher-Pr fluids, as indicated in
Figure 3. The main observation is that the flow is damped by the magnetic field, lead-
ing to a situation where conduction prevails over convection and, thus, reducing heat
transfer. A greater percentage of the vessel contains fluid of higher temperature and,
consequently, more time is required to cool the fluid in the presence of the magnetic
field.

The dimensionless thickness dg of the thermal boundary layer developing on
the cylindrical wall is shown in Figure 4 for Pr=0.03 and 0.7, Ha=0 to 100, and
Ra =10* and 10°. This thickness is defined as the radial distance from the cylindrical
wall where the fluid temperature reaches 0.01(7,, — T,)). For time 7 < I, the thickness
of the thermal boundary layer is similar for all Hartmann numbers examined, reveal-
ing a small impact of the magnetic field during the initial cooling stage. At the higher
Rayleigh number of 10°, it is seen that more time is required for the thermal bound-
ary layer to become fully developed with increasing Ha, while an insignificant influ-
ence of the magnetic field is observed at the lower Rayleigh number of 10*. The
vertical thermal boundary layer acquires its maximum thickness at shorter times
with decreasing Ra and Pr numbers. This is true for the case Ra=10% Pr=0.03
(not shown here), irrespective of the magnitude of the magnetic field. Consequently,
as the Prandtl number is increased, the thermal boundary layer appears to be thinner
at the same time for all values of Hartmann number studied.

1t o g © 1f o
. | o
o [
0.8 | T 08 Py
0.6 | a 0.6 | 8
53 Ra=10"% Pr=0.03 < [ Ra=10%, Pr=0.7
04 é : Ha=0 Y o Ha=0
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o] Ha =50 L o Ha =50
02 a Ha= 100 02 a Ha = 100
0.11]11.11-“. L o- PR — L L
2 4y 6 8 10 2 K] 6 8
(@) (b)
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© Al
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Figure 4. Variation of the thickness of the vertical thermal boundary layer for various Hartmann numbers:
(a) Pr=0.03, Ra=10°, (b) Pr=0.7, Ra=10* and (¢) Pr=0.7, Ra=10° (color figure available online).
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Figure 4¢ shows that the boundary layer is suppressed for <5 and Ha=0,
while it is thickened again for 7 > 5. This can be attributed to the fact that at the start
of the flow development along the cylindrical wall, the fluid at the bottom moves
upwards into the bulk and against the cylindrical wall, resulting in suppression of
the boundary layer in accordance with the findings of reference [18]. With time pass-
ing, the side wall flow acquires enough momentum to resist the bulk flow. The same
observation occurs for all the cases with the magnetic field, even for Ha=100 to a
much lesser degree. This means that the magnetic field helps the vertical thermal
boundary layer to grow into the initial resting bulk fluid due to the damping of
the upward fluid motion near the bottom of the container. This is true for the higher
Ra and Pr studied, while for the lower value of Pr or Ra, shown in Figures 4a and 4b,
respectively, the development of the vertical boundary layer is not decreased, mean-
ing that it is not suppressed by the bulk flow. The above result is supported by Figure
2d at t =3, which shows the flow being suppressed for Ha=0 or Ha=100. At t=3
the circulation region gets thinner and for z=75 it starts growing, while the bulk flow
delays the growth of the boundary layer. In the case of Ha =100 this bulk flow is
smaller and weaker, while the fluid remains hot in the center of the bottom wall.
The isotherms of Figure 3d for the same case show the expansion of the center bulk
flow at t =5 for Ha =0, while for Ha = 100 this expansion is lesser, not being able to
affect the boundary layer thickness.

Figure 5 shows the thickness of the thermal boundary layer as a function of
(RaPr)_l/4 for Hartmann numbers of Ha =0, 25, 50, and 100 at times =1 and 3.
It is evident that the magnetic field has no significant effect on the early stage of
cooling at r=1. However, at time 7=3 the cooling process is affected by the
magnetic field and depending on the value of (RaPr)~!/*, the cooling process is

| =1 0 Ha=10
1k ¢ Ha=25
i O Ha= 50
B - u A Ha= 100
- * =3 m Ha=10
0.8F * Ha= 25
I I ® Ha=50
i L] A Ha = 100
0.6 - A
v B
04 °
i (4]
0.2} o
[ 4]
0 i PR R | RN IS TR T N N S TR SR 1
0 0.05 L1 0.15 0.2
(Ra Pr)™

Figure 5. Variation of the thermal boundary layer thickness at various Hartmann numbers scaled with
(RaPr)~'/* (color figure available online).
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affected by the magnetic field. Similar results have been obtained for Pr=0.1 and
Ra =10, but are not shown here for brevity.

Figure 6 shows the time variation of the Nusselt number for different
Hartmann numbers and for Pr=0.03, 0.1, 0.7 and Ra=10% 10°, 10°. The most
important observation is that the heat transfer is decreased with increasing Hart-
mann number for all values of Pr and Ra studied. The observed enhancement of heat
transfer with increasing Rayleigh number can be attributed to the larger temperature
differences between the hot bulk fluid and the cold wall. However, the cooling pro-
cess lasts longer as indicated by the increase of the time period required to reduce the
values of Nu to zero, which corresponds to the final motionless state. Similarly, lar-
ger values of Nu and a longer cooling process are found for the higher Pr fluid.
Figure 6 shows that there is a time period in which the values of Nu in the MHD
cases are smaller than that of the hydrodynamic case, while the opposite is observed
for larger times. The low values of the Nusselt numbers denote that the heat transfer
is decreased due to the flow deceleration by the magnetic field. For Ra=10* and
Pr=0.03, the Nusselt number is decreased for ¢ < 5 while it is increased for ¢ > 5 with
increasing Ha. The time for which the value of Nu starts to increase with Ha is chan-
ged depending on the Prandtl and Rayleigh numbers. For example, for Pr=0.7 this
time is 7 = 12 at Ra = 10*, while it becomes approximately 33 at Ra = 10°. During the
thermal stratification stage, the Nusselt number is not affected significantly by the

s Is s

Hami}
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wemssrees Haw 25
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Figure 6. Time variation of Nusselt number at different Hartmann numbers: Pr=0.03 (upper), Pr=0.1
(middle), Pr=0.7 (lower), Ra = 10* (left), Ra = 10° (middle), and Ra = 10° (right) (color figure available online).
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magnetic field, mainly because of the weak fluid motion due to the small temperature
differences in the bulk fluid.

A good indicator of the rate of cooling is the average fluid temperature, 0, (Lin and
Armfield [5, 26] and Sarris et al. [18]). Figure 7 shows the temporal variation of 0, for
various combinations of Prandtl, Rayleigh, and Hartmann numbers. For low Ra and
Pr values, it seems that during the initial cooling stage the average fluid temperature
0, in the MHD cases does not differ much from that in the hydrodynamic case. During
the intrusion of the cold fluid into the bulk, the cooling process is delayed and longer
times are required to decrease 0, for fluids with high Prandtl number. It is obvious from
Figure 7 that for high Prandtl, Rayleigh and Hartmann numbers, the temperature of the
fluid remains higher for longer time periods. Consequently, the slope of the curves of 0,
is less steep, indicating generally more time to cool the fluid in these cases.

Figure 8 shows the radial distribution of temperature at the level z=H/2 at
various times in the presence of magnetic field with Ha =100, for Pr=0.03, 0.7,
and Ra=10% 10° It can be seen that the rate of temperature reduction depends
on Ra and Pr, consistent with the observations in Figure 3. It is evident that this
reduction is also a function of the radial position r. For example, the temperature
is decreased more in the central region of the vessel for Ra = 10* and Pr=0.03, while
the temperature is reduced mainly near the cylindrical wall for Ra = 10° and Pr=0.7.
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Figure 7. Time evolution of average temperature at various Hartmann numbers: Pr=0.03 (upper),
Pr=0.1 (middle), Pr=0.7 (lower), Ra=10* (left), Ra=10° (middle), Ra=10° (right) (color figure
available online).
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Figure 8. Radial distribution of temperature at z= H/2 for Ha = 100. (¢) Pr=0.03, Ra= 10%, (b) Pr=0.03,
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In addition, it is clear that the temperature distribution near the cylindrical wall is
steeper for fluids with lower Prandtl numbers. Qualitatively, similar observations
can also be made for all other cases examined in the present study.

4. CONCLUSION

The present numerical study was focused on the effect of an axial magnetic
field on the transient laminar natural convection cooling of a low-Prandtl number
hot fluid contained in a cold vertical cylinder. Direct numerical simulations were
carried out for different values of Prandtl, Rayleigh, and Hartmann numbers at
which the flow remained always laminar. It was shown that in the presence of the
magnetic field, the fluid motion is damped resulting to a deceleration of fluid cooling.

The magnetic field has little influence on the initial stage of boundary layer
development on the cylindrical wall. The vertical thermal boundary layer becomes
fully developed very quickly at times that are independent of Hartmann number
for low Prandtl and Rayleigh numbers, while longer times are generally required
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with increasing Hartmann number for large Prandtl and Rayleigh numbers. For
large values of Pr and Ra, the cold fluid intrudes from the vertical to the bottom wall
and, finally, to the bulk fluid through the central vessel area, opposing the develop-
ment of the thermal boundary layer on the sidewall. Due to the damping action of
the magnetic field, the cold fluid intrusion is significantly diminished and the thermal
stratification is delayed with increasing Ha. Consequently, conduction dominates
over convection and heat transfer is reduced, which is more pronounced for high
Prandtl and Rayleigh numbers. A larger percentage of the cylinder remains at higher
temperature and, thus, the cooling process lasts longer relative to the pure hydrody-
namic case. Finally, the presence of the magnetic field does not play a great role
during the ending of the fluid stratification process.
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