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Results of direct numerical simulations are presented for the transient and turbulent natural
convection cooling of an initially isothermal quiescent liquid metal placed in a vertical cylinder in
the presence of a vertical magnetic field. The electrically conductive low-Prandtl number fluid is put
to motion when the cylindrical wall is suddenly cooled to a uniform lower temperature. For this
particular cooling process, the flow is characterized by three sequential almost discrete stages: �a�
development of momentum and thermal boundary layers along the cylindrical cold wall, �b�
intrusion of the cooled fluid into the main fluid body, and �c� flow and thermal stratification. The
selected Rayleigh numbers in the present study are high enough so that turbulent convection is
established. The numerical results show that the magnetic field has no observable effect at the initial
stage of the vertical boundary layer development and conduction heat transfer is favored during the
intrusion stage. An interesting effect of the magnetic field during the stratification stage is the
deceleration of the cooling process for low Rayleigh numbers and its acceleration for high ones.
This dependence of the magnetic field effect on the Rayleigh number was found to be related to the
cold vortices emanating from the vertical boundary layer. In contrast with the hydrodynamic
cooling, the magnetic field was also found to accelerate the cooling near the bottom of the
cylinder. © 2010 American Institute of Physics. �doi:10.1063/1.3291074�

I. INTRODUCTION

A significant variety of natural flows and industrial ap-
plications are subjected to thermal convection driven by
horizontal temperature gradients. Some of these flows con-
sider heat transfer horizontally in cylindrical water tanks �for
example, Papanicolaou and Belessiotis�,1 stratification in
thermosyphon or air systems under electromagnetic and
buoyant forces �Lee and Hyun�,2 and crystal growth �for ex-
ample, Davoust et al.�3 where the effect of magnetic fields
was taken into account. In all these applications, the resulting
flow is highly unsteady and the fluid responds fast to tem-
perature changes.

In contrast with other natural convection configurations
�for example, Rayleigh–Bérnard convection4 or laterally
heated enclosures�,5 the present cooling process is not statis-
tically stationary, except at the final motionless state. The
entire process, starting from a homogeneous, hot and quies-
cent fluid, is characterized by three stages: �a� development
of flow and thermal boundary layers on the cylindrical wall,
�b� thermal intrusion of the cold fluid into the bulk from the
bottom corner of the cylinder, and �c� flow and thermal strati-
fication. All these stages happen in series resulting finally to
a fluid at rest having a uniform lower temperature, as deter-
mined by the imposed thermal boundary condition on the
vertical wall. A discussion of previous work on this subject
can be found in Lin and Armfield6 and also in the review
article of Hyun.7

Past research considered mainly liquids and gases with
Prandtl numbers much higher than those of liquid metals.
The numerous studies of natural convection cooling of fluids
with Prandtl numbers higher than unity can be explained by
the practical interest on the cool-down process due to flood-
ing of the reactor cavity of nuclear power plants in case of
accident.8 An exception seems to be the work of Hyun9

where the effect of the Prandtl number was studied and its
significance in the heating-up was assessed. The scaling laws
of the cooling in a vertical cylinder filled with a fluid of
Prandtl number less than unity was also studied by Lin and
Armfield.10 They provided arguments about the importance
of three-dimensional simulations for natural convection cool-
ing. In particular, they indicated that no three-dimensional
patterns are expected during the stage of boundary layer de-
velopment because of different time scales, and also during
the stratification stage because the local Rayleigh number is
steadily reduced. Finally, Lin et al.11 recently studied the
low-Prandtl number regime of the cooling process in a rect-
angular container using numerical and scaling techniques.

It appears that research has been conducted mainly for
laminar or transitional flows with relative small or moderate
Rayleigh numbers where the demand in computer power and
memory is not very high. Moreover, studies at very high
Rayleigh numbers ��1012� and high turbulence intensities
have been carried out with the use of eddy-viscosity subgrid
models in large-eddy simulations or simpler models like the
k−�. Such turbulence models have been used already in vari-
ous magnetohydrodynamic applications, for example, for the
study of homogeneous turbulence with large-eddy simula-
tions by Knaepen and Moin12 and for various magnetohydro-
dynamic flow configurations by Kenjereš and Hanjalić.13
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For the flow in an axisymmetric container, direct nu-
merical simulations can be found even at very high Rayleigh
numbers, while recently three-dimensional direct numerical
simulations for Ra=2�1011 have been presented by Verz-
icco and Camussi.4 For all these cases, the working fluid
considered has Prandtl numbers close to unity. However, for
thermal buoyant flows, the theory of turbulence connects the
smallest eddy size of the flow with the values of the Rayleigh
and Prandtl numbers.14 This means that for direct numerical
simulations at very large Rayleigh number fine grids are
required.

In the present study, the effect of a constant vertical
magnetic field on the cooling process of a liquid metal con-
fined in a vertical cylindrical container is considered. To the
authors best knowledge this is the first attempt to study the
magnetic field effect on the cooling of liquid metals in this
configuration. The use of a direct numerical simulation
method for the calculation of the axisymmetric turbulent
flow ensures maximum accuracy. The results presented, ex-
cept of their theoretical value, have also practical use. The
application that motivated this study is the cooling of hot
liquid metals in heat exchanging devices of future fusion
reactors. In the present configuration, heat is transferred from
the hot fluid to the colder container walls and, thus, the fluid
is getting colder.

II. PROBLEM DEFINITION

A. Governing equations

The magnetohydrodynamic problem considered here is
the natural convection cooling of a low-Prandtl number fluid
placed in a vertical cylindrical container of height H, radius
R, and a fixed aspect ratio R /H=1, as shown in Fig. 1. The
upper and lower horizontal boundaries are adiabatic walls,
while all rigid boundaries are electrically insulated. Initially
the fluid is at rest and at uniform temperature T0. Suddenly at
t=0, the cylindrical wall is cooled to a constant temperature

Tw�T0. A vertical magnetic field of magnitude B0 is also
imposed externally interacting with the natural convection
cooling which proceeds for t�0.

The governing equations of the present axisymmetric
thermally driven flow are the mass continuity equation, the
incompressible Navier–Stokes equations with the usual
Boussinesq approximation for the buoyancy term, and the
energy conservation equation. The effect of the constant ver-
tical �axial� magnetic field on the fluid is added through the
Lorentz force to the momentum equation. For the calculation
of this magnetic damping term, the low magnetic Reynolds
number approximation was used.15 In this approximation, the
induced magnetic field is considered very weak when com-
pared with the external magnetic field B0. This is true for low
magnetic Reynolds numbers as those of liquid-metal flows
used in laboratory scale experiments. A useful discussion for
the validity limits of this approximation in natural convec-
tion flows can be found in Sarris et al.16

The magnetohydrodynamic equations were made dimen-
sionless using as characteristic quantities, the height of the
cylinder H, the temperature difference �T=T0−Tw, the am-
plitude of the external magnetic field B0, and the free fall
velocity u0= �g�H�T�1/2, where g is the gravity acceleration,
and � the volumetric thermal expansion coefficient of the
fluid. Since an axial magnetic field is considered in the
present simulations, the flow can still be assumed as axisym-
metric because the Lorentz force is independent of the azi-
muthal angle. This axisymmetry has been demonstrated in
the case of a cylindrical container with an applied sinusoidal
temperature on its upper lid by Kakarantzas et al.17 However,
this is not true for the case of homogeneous turbulence18 or
for an inclined or horizontal magnetic field, the action of
which depends strongly on the azimuthal angle, as shown by
Kakarantzas et al.19

The nondimensional governing equations in cylindrical
coordinates read as follows:
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FIG. 1. Flow geometry and boundary conditions.
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where p is the dimensionless pressure, ur and uz are the
dimensionless radial and axial velocity components, and r
and z are the dimensionless radial and axial coordinates, re-
spectively. The temperature T is made dimensionless by us-
ing the quantity �= �T−T0� / �T0−Tw�. The effect of viscous
dissipation and Joule heating on the present flow is ne-
glected. These simplifications are almost universal for all
magnetohydrodynamic natural convection flows. A compre-
hensive justification for the latter can be found in Gelfgat
and Bar-Yoseph.20

The present flow depends on three dimensionless param-
eters: the Rayleigh number �Ra�, the Prandtl number �Pr�,
and the Hartmann number �Ha� defined as

Ra =
g�H3�T

	

, Pr =

	



, Ha = B0H� �

�	
, �5�

where 	 is the kinematic viscosity, 
 the thermal diffusivity,
� the electrical conductivity, and � the density of the fluid.

The initial and boundary conditions are the following:

for t � 0: ur = uz = � = 0,

for t 
 0: ur = uz = 0,
��

�z
= 0 for z = 0 and 1,

ur = 0,
�uz

�r
=

��

�r
= 0 for r = 0,

ur = uz = 0, � = − 1, for r = 1.

In order to study the heat transfer characteristics of the
flow, an instantaneous Nusselt number which is averaged
along the isothermal cylindrical wall is calculated from

Nu =
1

H
�

0

H �−
��

�r
�

r=1
dz . �6�

A streamfunction � is calculated from the velocity fields via
ur=�� /�z. It is also convenient to define a measure for the
average bulk temperature, Ta, during the transient cooling as
suggested in Ref. 10. The dimensionless average temperature
in each time step is defined as �
�t�= �Ta−T0� / �T0−Tw�. Ini-
tially, at t=0 the average bulk temperature is equal to the
temperature T0 of the resting fluid and, thus, �
�0�=0.

B. Numerical method and simulation details

The governing equations �1�–�4� were discretized in a
staggered nonuniform mesh with second-order accurate finite
differencing, as suggested by Verzicco and Orlandi.21 The
final system of algebraic equations was solved with a frac-
tional step method. The diffusion terms were advanced in
time with a Crank–Nicolson method, while the nonlinear
terms, the buoyancy term and the Lorentz force with an eco-
nomic third-order Runge–Kutta method. The present numeri-

cal method requires the solution of a Poisson equation for the
pseudopressure �see Refs. 21 and 22 for more details�, which
was discretized with central differencing. The solution of the
resulting tridiagonal matrix was obtained with the FISHPACK

library.23

Several direct numerical simulations were performed by
using a liquid metal with Pr=0.02, Rayleigh numbers in the
range of 1�107�Ra�2�109 and Hartmann numbers be-
tween 0 and 300. When a direct simulation is performed, the
size of the computational cells must be of the same order �or
smaller� compared to the size of the smallest eddies of the
flow �Kolmogorov length, ��. Moreover, the viscous bound-
ary layers on the solid boundaries must also be resolved ef-
ficiently. The latter implies that inside the velocity boundary
layer of thickness �u, a minimum number of computational
cells must be distributed, a condition that is in general
stricter than the Kolmogorov length scale. The temperature
field has also analogous discretization demands imposed by
the Batchelor characteristic length scale, �T, and the thick-
ness of the thermal boundary layer, ��. The above constrains
must be fulfilled simultaneously and, thus, the main focus is
to satisfy the more restrictive. In practice, constrains for the
quantities � and � are of different importance in different
regions of the flow, the former near the walls and the latter in
the main fluid body.

The external magnetic field B0 in the presence of the
solid boundaries adds extra constrains because it results in
the formation of magnetic boundary layers �Hartmann and
sidewall diffusion layers, see Alboussière and Lingwood�.24

The Hartmann layers are formed along walls that are normal
to the magnetic field and their thickness is proportional to
Ha−1, while the sidewall diffusion layers are formed on the
parallel walls with thickness proportional to Ha−1/2.15 When
the Hartmann number is high enough, the magnetic boundary
layer constrains on grid size are more restrictive than those
of the momentum and thermal boundary layers, and it is very
difficult to satisfy them, especially in three-dimensional di-
rect numerical simulations.

For the reasons described above, a nonuniform grid
based on hyperbolic tangent distribution functions was used
for both the axial and radial directions in order to cover the
boundary layers on the top and bottom horizontal walls, on
the cylindrical wall, and in the region near the symmetry
axis. The latter is due to observations based on numerical
experiments by Lin and Armfield6,25 for the fluid cooling
paths which will be discussed below. For a working fluid
with Pr�1 it is known that ���T, and according to
Grötzbach,26 a reasonable estimation of the Kolmogorov
scale is � /H
��Pr2 /RaNu�1/4. This analysis, in combina-
tion with a suitable relationship for the Nusselt number, can
give an estimate for �. Moreover, it is known that the Kol-
mogorov theory gives the order of magnitude and not the
exact value of � that is needed to be resolved �see Moin and
Mahesh�.27

For typical magnetohydrodynamic natural convection
flows of liquid metals, the Nusselt number is an exponential
function of the Ra and Ha numbers �see, for example,
Aurnou and Olson�.28 The difference in the present flow is
that in the first stage of development of the thermal boundary

017101-3 Magnetic field effect on the cooling Phys. Fluids 22, 017101 �2010�
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layer on the cylindrical wall, a very fast change in the Nus-
selt number, as shown in Fig. 2, is happening which depends
only on the Rayleigh number and it is completely indepen-
dent of Ha. After the initial steep change in the Nusselt num-
ber, its value is stabilized for t�4. The thermal boundary
layer is still present during the intrusion stage and its size is
reduced only during the stratification stage. This can be seen
in Fig. 3, where the time evolution of the streamfunction and
temperature fields of the hydrodynamic and magnetohydro-
dynamic cases for Ra=109 are compared.

For the present hydrodynamic natural convection flow,
the numerical simulations and scale analysis of Lin and
Armfield6 have shown that the relationship Nu
Ra1/4t−1/2 is
valid during the development stage of the vertical boundary
layer. For the analysis conducted here, this relation was used
for t=6 and, in combination with the other flow parameters,
gives a value � /H�0.001, for the most convective case of
Ra=2�109 studied. This specific value of time was selected
because it is close to the time where the development of the
thermal boundary layer is completed; the fluid ascends along

the symmetry axis of the container and continues to move
along the upper horizontal wall, while the intrusion stage is
starting along the bottom wall.

The thickness of the momentum and thermal boundary
layers are related by �u
�� Pr, and �� can be calculated
from the relation �� /H
1 /2 Nu. For the Hartmann numbers
used here, the velocity boundary layer is thinner �e.g.,
�u /H�0.0004 for Ra=2�109� than the side diffusion layer
on the vertical wall, so there is no stricter constrain in the
radial direction. However, we must maintain the same grid
arrangement in the vertical direction due to the thinner Hart-
mann layers. Only for the less turbulent case of Ra=107 and
Ha=300, the velocity boundary layer is of similar thickness
with the Hartmann layer. This estimate of �u was used a
priori for the grid distribution within the boundary layers
with up to six grid points inside them, where the first point
was placed at a distance of �u /8 from the wall.

Taking into account all the above restrictions, the mesh
sizes nr and nz in the radial and the axial direction, respec-
tively, of each case of Rayleigh number selected are pre-
sented in Table I, where �r and �z are the maximum dis-
tances of the mesh in the respective directions. A time step in
the range �t=0.5 to 5.�10−5, was used depending on the
case. The adequacy of the grid size was assessed for some
cases by using grids of double size than those of Table I
without significant differences in the Nusselt number, which
is the most sensitive quantity to the spatial discretization
according to Grötzbach.26 Furthermore, the results of the
present numerical method are compared against those of Lin
and Armfield10 for the hydrodynamic case of Ra=108, Pr
=0.1, and H /R=1 using only for this comparison their own
dimensionless equations which are slightly different than
those of the present study as will be discussed in the next
section. The comparison of the Nusselt numbers already pre-
sented in Fig. 2 shows an excellent agreement.

Finally, it should be noted that the axisymmetry of the
flow may not apply for every case studied here. Therefore,
some of the results may possibly be affected by the assumed
axisymmetry and by neglecting the three-dimensional ef-
fects. This may be the case when the flow becomes fully
turbulent at some stages of the simulations, mostly for the
hydrodynamic cases or at low Hartmann numbers.

III. RESULTS AND DISCUSSION

As already mentioned, the cooling of liquids in contain-
ers due to horizontal temperature gradients is characterized
by three almost discrete stages. The first and shorter stage
concerns the formation and development of the momentum

t

N
u

0 2 4 6 80

20

40

60

80

100

FIG. 2. �Color online� Comparison of the present model �solid line� with the
results of Lin and Armfield �Ref. 10� �points� for the case Ra=108, Pr
=0.1, and R /H=1.

(a)

(b)

FIG. 3. �Color online� Distribution of streamfunction �a� and temperature
�b� for Pr=0.02, Ra=109 at 1� t�5: Ha=0 �upper�, 300 �lower�.

TABLE I. Parameters and mesh sizes of the simulations.

Ra �r=�z �u nr�nz

1�107 0.0083 0.0033 128�128

1�108 0.0053 0.0016 196�196

5�108 0.0035 0.0012 320�320

1�109 0.0025 0.0008 384�384

2�109 0.00125 0.0004 512�512

017101-4 Sarris et al. Phys. Fluids 22, 017101 �2010�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

195.130.98.66 On: Thu, 07 May 2015 18:45:14



and thermal boundary layers along the cylindrical wall of the
container. Then cold fluid intrudes into the fluid bulk from
the corner of the adiabatic bottom wall reaching the center of
the container and the final stage of stratification is then start-
ing. The duration of the final stage, like in all other stages,
depends on the value of the Rayleigh number according to
Lin and Armfield.6 The asymptotic behavior of the stratifica-
tion stage for liquids of Pr
1 is discussed in the recent work
of Lin and Armfield.29 The results presented below are fo-
cused on the effect of the magnetic field on the natural con-
vection cooling for low-Prandtl number fluids and on the
assessment of the effect of Lorentz force in each particular
stage of the cooling process.

A. Boundary layer development

From the scale analysis of Lin and Armfield25 it is
known that the boundary layer on the vertical wall becomes
fully developed at the dimensionless time t
1, having a
velocity magnitude uz
1 and thickness ��
Ra−1/4. It
should be noted that in their work, the velocity is made non-
dimensional by using the characteristic quantity u0

=
 Ra1/2 /H, which differs from the present nondimensional-
ization only in the Prandtl number. Despite this, the scaling
arguments of the present flow are the same as in Refs. 10 and
25 because only one Prandtl number is studied here. All the
magnetohydrodynamic cases simulated show that there is no
significant effect of the magnetic field on the flow during the
initial stage of the boundary layer development �i.e., for t
�2�, at least for the range of Hartmann numbers Ha�300
considered here.

A visual proof for the weak effect of the magnetic field
during the initial development of the boundary layer is pre-
sented by both the streamfunction and temperature fields of
Fig. 3 at time t=1. No magnetic damping of the fluid motion
is expected during this period, because the Lorentz force is
proportional to the radial fluid velocity only and no direct
interaction exists between the vertical velocity and the par-
allel magnetic field. The relatively low radial fluid velocities
in the boundary layer during the initial stage of the cooling
do not permit the development of large Lorentz forces.
Moreover, the cylindrical wall is parallel to the magnetic
field and, thus, there is no Hartmann layer created on it,
which would resist the fluid motion stronger than the side-

wall diffusion layers. As a consequence of the weak effect of
the magnetic field during the stage of boundary layer devel-
opment, the average temperature of the fluid ��
� shown in
Fig. 4 is almost similar for t�2 and t�3 in the cases Ra
=107 and Ra=109, respectively, for all magnetic fields stud-
ied. The effect of the magnetic field is stronger in the next
stage of fluid intrusion, as indicated by the same Fig. 4 for
t�2 at Ra=107.

In particular, for the case of Ra=109 and for time t=3,
the effect of the magnetic field on the temperature in the bulk
of the fluid becomes significant, as shown in Fig. 3, but the
region of the vertical boundary layer is not much affected as
indicated by the isotherms close to the cylindrical boundary.
At this instant, like in all the duration of cooling, no desta-
bilization of the boundary layer was observed. In the mag-
netohydrodynamic cases studied here, the effect of the mag-
netic field is to suppress further any possible destabilization
because it damps all radial motions inside the boundary
layer.

Lin and Armfield6 demonstrated that the thickness of the
thermal boundary layer grows after the initiation of cooling,
it reaches a maximum value, ��, at height z=0.5 and time t
=1.5 and then it drops slightly toward steady state. The
thickness of the thermal boundary layer at this particular
time and position is shown in Fig. 5 for all the cases of Ra
and Ha studied. As it is expected from the previous findings,
the effect of the magnetic field during boundary layer forma-
tion is negligible. This effect is particularly negligible in the
cases of high Rayleigh numbers, and only in the case of
Ra=107 are some differences in the thickness of the thermal
boundary layer observable. It should be noted that the thick-
ness of the thermal boundary layer in the present results is
similar to the findings of Lin and Armfield10 and, as shown in
Fig. 5, it scales linearly with Ra−1/4. These results for the
maximum thickness of the thermal boundary layer, and con-
sequently for the thickness of the velocity boundary layer
��u=Pr ���, are also in agreement with the thickness estima-
tion predicted by the scale analysis which was presented in
Sec. II B and was used to select the appropriate mesh distri-
bution shown in Table I. It appears that the momentum and
thermal boundary layers are fully resolved by the selected
grids.
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FIG. 4. �Color online� Time variation of the average fluid temperature in the initial cooling stage at different Ha: �a� Ra=107 and �b� Ra=109.
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B. Intrusion stage

The intrusion stage follows the development of the
boundary layer on the vertical wall. This stage is character-
ized by the injection of cold fluid from the boundary layer to
the fluid bulk along the horizontal bottom wall. The sequence
of the flow evolution at the intrusion stage is well illustrated
by the streamfunction and temperature distributions of Fig. 3
at time t�2. When the cold fluid reaches the axis of the
cylinder this stage is completed. Then, the fluid forms a
plume near the axis that ascends toward the upper horizontal
wall.

It should be noted that in the older work of Lin and
Armfield6 the intrusion stage was handled separately from
the stratification stage, while in their newer work10,11 a uni-
fied analysis is used. The present results indicate that this is
an important stage for the cooling process and can be used to
explain the mechanism of the damping introduced by the
magnetic field. The effect of the magnetic field during the
intrusion stage is to produce a significant delay of the cool-
ing, as demonstrated in Fig. 3. The intrusion is characterized
primarily by the transfer of axial momentum from the verti-
cal boundary layer to the radial direction. As a consequence
of the increase in the radial momentum, the Lorentz force
becomes significant. Thus, momentum is transferred slowly
to the radial direction and consequently the damping of the
magnetic field increases with time. For t=5 and Ha=0, the
low-temperature fluid from the cylindrical wall reached the
symmetry axis near the bottom wall and started to follow a
rising course into the bulk along the axis. In contrast, for
Ha=300, the thermal intrusion along the horizontal bottom
wall is significantly delayed and the rising flow is slower
than for Ha=0. The rising flow near the symmetry axis is the
reason that a finer grid has been used in this region.

The delay of cold fluid intrusion due to the magnetic
field is in principle little affected by the Rayleigh number, as
indicated by the results of Fig. 4. The stronger the magnetic
field, the hotter remains the fluid in average. This connects
the damping action of the magnetic field with the promotion
of conduction against convection heat transfer and corre-
sponds to the usual magnetic effect for most of the magne-
tohydrodynamic natural convection flows. However, the ac-
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tion of the magnetic field in the present turbulent flow cases
is not that straightforward. In fact, as discussed in the next
section, the cooling process during the next stage of stratifi-
cation is decelerated by the magnetic field for the lower Ray-
leigh numbers studied and it is accelerated for the higher
ones.

Figure 3 shows that near the bottom corner of the con-
tainer, where the axial momentum of the vertical boundary
layer is transferred to the radial direction, the intruding flow
for Ha=300 is thicker than for the hydrodynamic case, which
means that the presence of the magnetic field has the ten-
dency to reduce faster the axial extent of the vertical bound-
ary layer than in the hydrodynamic case. This probably hap-
pens because of the stronger magnetic damping of the flow
in this region due to the higher radial velocities. Indepen-
dently of the Rayleigh number, for t�6 the rising hydrody-
namic flow reached the upper horizontal plate near the sym-
metry axis. The time needed for this rising becomes longer
as the Hartmann number increases.

For t=5, the intrusion stage is almost finished, the axial
and radial momentums are of the same magnitude, and the
effect of the magnetic field is stronger even near the vertical
boundary layer. As the fluid descends through it, the decel-
eration in the magnetohydrodynamic cases is proportional to
the Hartmann number for the same Rayleigh number. How-
ever, the degree of influence of the magnetic field varies for
different Rayleigh numbers as shown in Fig. 6 at t=5, for
Ha=300 at Ra=107 and 109. The linear Lorentz force is less
effective at higher Rayleigh number for the same Hartmann
number. The radial distributions of temperature and axial ve-
locity for the case of Ra=109 are very similar in the bound-
ary layer for time t=5, while for the smaller Rayleigh num-
ber of 107 the results of the magnetohydrodynamic case
differ. The flow in the boundary layer during the intrusion
and stratification stages is decelerated due to the magnetic
field action. Since the flow in the vertical boundary layer is
mostly laminar, conduction heat transfer is promoted by the
magnetic field.

C. Flow stratification

After the intrusion stage and before the complete
cooldown of the fluid, the stratification stage occurs. The
cold fluid from the vertical boundary layer is mixed with the
initially hot fluid of the bulk and progressively the average
temperature in the container is becoming equal to that of the
cold cylindrical wall. As shown in Fig. 7, the duration of the
stratification stage depends on the value of the Rayleigh
number. The average temperature reaches asymptotically an
almost stationary value, higher than the temperature of the
cold wall, and then the stratification stage finishes. The next
stage of fluid cooldown is not discussed here because the
magnetic field has a minor effect since the flow is rather slow
during this asymptotic stage.

Figure 8 illustrates the different cooling mechanisms
during the stratification stage for Ra=109 between the cases
Ha=0 and 300. In the hydrodynamic case, the vortices that
are produced in the lower corner of the container ascend and
the cold fluid are transferred to the bulk. The cold fluid vor-

tices are transferred both horizontally and vertically, result-
ing in a fully turbulent temperature distribution. In contrast,
the magnetohydrodynamic stratification is fundamentally dif-
ferent. The fluid is injected from the same lower corner of
the container but in larger vortices that travel mostly radially
toward the axis. The fluid in the container is cooled progres-
sively primarily by a turbulent motion and mixing in the
radial/horizontal direction, in the region between the bottom
wall and the stratification height and with minor fluctuations
at the upper hot part of the stratified fluid. Small waves of
cold fluid are formed close to the boundary layer that travels
in the interface between the cold and the hot regions at the
stratification height. These waves are produced by the dy-
namics of the cooling process and at short times �e.g., t
=10� they exist in both cases of Ha=0 and 300. However,
the suppression due to the magnetic field prevents the growth
of these waves.

The existence of the traveling waves in the fluid is also
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illustrated by the turbulent velocity bursts at the center of the
computational domain shown in Fig. 9. This turbulent strati-
fication was also shown without details, by Lin et al.11 for
their low-Pr fluid case, but no fluctuations are reported by
Lin and Armfield6 for the high-Pr regime. The turbulent fluc-
tuations that are present in the hydrodynamic case are also
observed for Ha=300, although smoother due to the mag-
netic damping. The increased fluid turbulence of the high-Ra
case during the stratification stage is also apparent in the
temperature variation shown in Fig. 9. The fluctuations of the
temperature are initiated in the time period 5� t�10 and are
connected to the primary fluid bursts which ascend near the
axis to the upper wall and descend through the vertical
boundary layer to the bottom corner of the container. The
evolution of the average fluid temperature after the intrusion
bursts follows an exponential decay to the asymptotic
cooldown, as shown in Fig. 7.

The average bulk temperature is a measure of the effi-
ciency of fluid cooling during each stage. The increase in the
magnetic field strength increases the time duration of the
fluid cooldown, as shown in Fig. 7�a� for the low Rayleigh
numbers. This result, however, is not true for the cases of
higher Rayleigh numbers. As shown in Fig. 7�b� for the en-
tire stratification stage and in Fig. 7�c� for longer times, the
increasing magnetic field decreases the average bulk tem-
perature. Thus, it appears that for high Rayleigh numbers the
magnetic field accelerates the natural convection cooling,
which is an interesting new finding.

This dependence of the effect of the magnetic field on
the Rayleigh number during the stratification stage is rather
unusual. The common understanding is that the Lorentz
force has a damping effect, suggesting that the increase in
the magnetic field should suppress the fluid motion, promote
conduction heat transfer, and consequently delay the cooling
process, like in the cases of low Rayleigh numbers. The ob-
served reverse effect of the magnetic field for the high-Ra

cases is due to the fundamentally different turbulent cooling
mechanism. The horizontally traveling vortices in the mag-
netohydrodynamic cases are more effective in cooling the
fluid than the vortices of the hydrodynamic case which are
more in contact with the hotter bulk fluid. The consequence
of the axial vortex motion is that hot fluid still remains in the
bulk resulting in a reduction in the stratification rate. The
translational speed of the horizontally moving vortices in the
magnetohydrodynamic cases �and the associated cooling ef-
ficiency� is proportional to the local Rayleigh number. Thus,
as the Hartmann number increases, the transient cooling dur-
ing the stratification stage is promoted by the local tempera-
ture differences which may be higher in the boundary layer
and in the interface with the hot fluid. In fact, the present
flow is not the only case where the magnetic field enhances
heat transfer. Heat transfer is also promoted in liquid metal

(a)

(b)

FIG. 8. �Color online� Streamfunction �a� and temperature fields �b� at 10
� t�30 for Ra=109: Ha=0 �upper� and Ha=300 �lower�.
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duct flows when high magnetic fields are applied, producing
turbulent wakes in the side layers, Burr et al.30

The remaining horizontal motion of the vortices is also
helped by the preservation of the vertical boundary layer in
the magnetohydrodynamic cases. The extent of this boundary
layer is becoming smaller with time and, in the hydrody-
namic case, it collapses quicker. In contrast, for the magne-
tohydrodynamic cases, the boundary layer decreases without
deforming. At time t=20, the stratification region of the mag-
netohydrodynamic case of Ra=109 and Ha=300 just passed
the height z=0.5, as may be seen in Fig. 8�b�. The variation
in the momentum and thermal boundary layers at this instant
may be assessed in Figs. 6�a� and 6�c� for Ra=107, and in
Figs. 6�b� and 6�d� for Ra=109. This deformation is stronger
in the case of the lower Rayleigh number. As the Rayleigh
number increases, the deformation of the boundary layer is
less extensive and in the magnetohydrodynamic case, the
boundary layer is present during the entire stratification
stage. The deceleration or acceleration of the cooling of the
fluid due to the magnetic field for different Rayleigh num-
bers is also depicted in the calculated heat transfer at the
vertical boundary, as indicated by the time evolution of the
average Nusselt number shown in Fig. 10.

Finally, an additional result of the action of the magnetic
field is also depicted in Fig. 8�b� after t=25. It is apparent
from the isotherms that the magnetic field results in a strong
local cooling action of the fluid in the vertical cylinder. In
particular, two almost discrete regions of exclusively cold
and hot fluid at the bottom and at the top area of the cylinder
are formed, respectively, due to the action of the magnetic
field. Thus, it appears that for the case of Ha=300 the bottom
of the cylinder is cooled faster than the rest of the fluid or in
the hydrodynamic case for the same Rayleigh number. The
same effect of the magnetic field is observed for every Ray-
leigh number studied during the stratification stage. This
technologically important feature is neither observed in the
hydrodynamic case where the fluid due to the turbulent mix-
ing is almost cooled uniformly nor when conduction is the
dominant heat transfer mechanism. In the latter case, the
cooling is expected to follow primarily the radial expansion
and deformation of the vertical boundary layer.

IV. CONCLUSIONS

Direct numerical simulations were performed of the tur-
bulent natural convection cooling of a hot low-Prandtl num-
ber fluid which was contained in a vertical cylinder in the
presence of a constant vertical magnetic field. The analysis
focused on the effect of the imposed magnetic field where it
is expected that it will suppress the turbulent fluctuations,
reduce the fluid motion, and consequently decelerate the
natural convection cooling. It is observed that, in the initial
stage of the development of the boundary layer on the cylin-
drical wall, there is no significant influence of the magnetic
field. In the next stage of thermal intrusion of cold fluid, a
significant reduction in heat transfer is observed in the pres-
ence of the magnetic field, while at the final stage of thermal
stratification, the magnetic field decelerates the cooling of
the low-Pr fluid for low Rayleigh numbers and accelerates it
for high ones. This dependence of the magnetic field effect
on the Rayleigh number is rather unusual and it was found to
be related to the cold vortices emanating from the vertical
boundary layer. The different cooling mechanism due to the
magnetic field results in the fast local cooling of the bottom
of the cylinder during the stratification stage. Finally, it
should be repeated here that the present results were based
on the assumption of axisymmetry, and the study of possible
three-dimensional effects is proposed for future work.
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