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Electromagnetically driven dwarf tornados in turbulent convection
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Motivated by the concept of interdependency of turbulent flow and electromagnetic fields inside the
spiraling galaxies, we explored the possibilities of generating a localized Lorentz force that will
produce a three-dimensional swirling flow in weakly conductive fluids. Multiple vortical flow
patterns were generated by combining arrays of permanent magnets and electrodes with supplied dc
current. This concept was numerically simulated and applied to affect natural convection flow,
turbulence, and heat transfer inside a rectangular enclosure heated from below and cooled from
above over a range of Rayleigh numbers (10*<Ra=35 X 10°). The large-eddy simulations revealed
that for low- and intermediate-values of Ra, the heat transfer was increased more than five times
when an electromagnetic forcing was activated. In contrast to the generally accepted view that
electromagnetic forcing will suppress velocity fluctuations and will increase anisotropy of
turbulence, we demonstrated that localized forcing can enhance turbulence isotropy of thermal

convection compared to its neutral state. © 2011 American Institute of Physics.

[doi:10.1063/1.3541817]

I. INTRODUCTION

One of the most beautiful examples of interaction be-
tween turbulent flow and electromagnetic fields can be found
inside whirlpool galaxies. Astrophysical observations and
satellite measurements have confirmed a link between the
spiraling pattern of the dust clouds inside such a galaxy, and
the underlying magnetic field, demonstrating the origin of
the magnetic fields by magnetic dynamo action."? Inspired
by this example, we will explore the possibilities to apply an
inverse approach—i.e., to tailor electromagnetic fields in
such a way to be able to generate well-controlled three-
dimensional helical flow patterns in an electrically conduc-
tive fluid. Then, we will use this concept to locally impose
swirling patterns of different strengths to influence wall-heat
transfer in thermally driven turbulent natural convection. The
major question is to see to what extent these spiraling flow
patterns (dwarf tornados) will enhance (or suppress) turbu-
lence and wall-heat transfer in a generic turbulent natural
convection situation. Also, how do these changes in wall-
heat transfer compare with other forcing methods, for ex-
ample, with rotation?

First, we will shortly demonstrate principles behind the
generation of a single electromagnetically driven spiraling
flow pattern in a closed tank filled with a weakly electrically
conductive fluid. Then, we will move to a configuration with
an array of permanent magnets located beneath the lower
horizontal wall of the tank. For this configuration, heat trans-
fer will be activated. Turbulent Rayleigh—Bénard convection
from heated horizontal surfaces is selected as a generic situ-
ation encountered in atmospheric and oceanic flows, indus-
trial applications such as crystal growth, cooling of elec-
tronic components, nuclear and fusion reactors, etc.
Turbulence, heat transfer, and three-dimensionality are novel
elements included in the present research, not previously ad-
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dressed in similar studies of electromagnetically imposed
flow control in shallow two-dimensional layers, e.g.,
Refs. 3-7.

Il. EQUATIONS AND NUMERICAL METHOD

The system of equations describing turbulent flow and
heat transfer for a weakly electrically conductive fluid under
the presence of an external magnetic field consists of conser-
vation of momentum, conservation of energy and divergence
free conditions for the velocity (u;), magnetic field (B;), and
total electric current (J;), and can be written as

A+ udu; = 9 (vou; — 7,;) = 1/pdp + > F;, (1)
EFFF?"'FiL:Bgi(To—T)"' 1/pe;jt By, (2)
3T +u;d,T=3/ad,T - 74, (3)
du;=0, 9B;=0, dJ;=0, (4)

where p is the fluid density, v the kinematic viscosity,
a=v/Pr the thermal diffusivity, Pr the Prandtl number, and 8
the thermal expansion coefficient. Note that all variables are
spatially filtered, i.e., a large-eddy simulation (LES) ap-
proach is used to be able to cover an extensive range of
working parameters on a moderate numerical mesh, which is
not possible using direct numerical simulations (DNSs). The
sum of forces acting on the fluid consists of the thermal
buoyancy force (Ff? , modeled with the Boussinesq approxi-
mation where T, is the reference temperature) and the
Lorentz force (FlL) terms. The subgrid turbulent stress 7;; is
modeled by a turbulent viscosity obtained from a magneti-
cally extended Smagorinsky-type model,®
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Here, the van Driest damping function is used to redefine Cy,
in order to provide proper behavior of the turbulent viscosity
in the proximity of the wall. The nondimensional wall dis-
tance from the nearest wall is given by )/i\”:xﬁv u./ v, where
u,=\,/p is the friction velocity. The values of standard
Smagorinsky constant and of the magnetic damping term
constant are Cy=0.1 and C,,=14, respectively, and
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FIG. 1. (Color online) Top—
schematic of the Lorentz force (FL)
generated by two permanent magnets
(SN) and two electrodes (+,-).
Middle—experimental LIF visualiza-
tion of the flow generated by a con-
figuration sketched above (no heat
transfer) for two time instants (t=0
and 60 s) (Ref. 16). Bottom—
visualization of the flow structures cal-
culated by large-eddy simulation
(present study): streamtraces (gray
tubes), isosurfaces of the nondimen-
sional  turbulent kinetic  energy
k/ (|t may)? (red=0.25, blue=0.2125)
and velocity vectors in characteristic
horizontal planes (z/H=4X 10" and
0.5), the maximum velocity vector,
[u?2 =5X 1072 m/s.

max

A=(AV)'3 is the spatial filter based on the control volume.
The subgrid turbulent heat flux is modeled by a simple gra-
dient diffusion of temperature,

v, dT
T =— _ —, 6
0i Prt&x,- ( )

where Pr,=0.86 is the turbulent Prandtl number.

The electric (E;) and magnetic field (B;) distributions are
calculated from a simplified set of Maxwell’s equations by
applying the Biot-Savart law for electrodes and permanent
magnets in the form of the semianalytical solutions for three-
dimensional distributions of magnetic and electric charges.9
Note that we have a one-way coupling between magnetic
fields and velocity, i.e., the initial distribution of imposed
magnetic field is constant in time [the magnetic Reynolds
number is very small Re,,~ O(107)]. For our specific appli-
cation, where the electric conductivity of fluid is low and
generated velocity is rather moderate, Ohm’s law for the to-
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tal electric current density J=o(E+u X B) reduces to J=0E,
i.e., the inductive current is negligible due to |[E||/|luXxB|
>10°. The identical approximation is used in studies of
Rossi et al.,4’5 Berger et al.,10 Lardeau et al.,” and Kenjeres
etal,* and a very good agreement between performed simu-
lations and experimental studies is obtained. This addition-
ally confirms the validity of the used approximation. Because
the imposed strengths of electric dc current and magnets are
constant in time, the generated Lorentz force will also be
constant in time, leading to a fully closed system of one-way
[flow/electromagnetic forcing (EMF)] coupled equations.
Here we will mention that the system of Egs. (1)-(4) is dis-
cretized and solved by a second-order finite-volume solver
for general (nonorthogonal) structured multiblock geom-
etries. Additional details of the numerical method are given

. L . 1..13,14 15
in Kenjere§ and Hanjali¢ ™" and Kenjeres.

lll. RESULTS AND DISCUSSION
A. Electromagnetically driven dwarf tornado

The principle behind the generation of an electromag-
netically driven dwarf tornado is demonstrated in Fig. 1. A
pair of cuboidal permanent magnets (with dimensions of
0.084 X 0.04X0.04 m?, |By|=1 T) of different polarities is
located beneath the rectangular tank (dimensions are
0.6X0.6X0.155 m?) filled with weakly conductive fluid
(saltwater, =5.5 S/m). Also a dc current of opposite po-
larities (+ and —) is supplied through two electrodes perpen-
dicular to the magnetic field lines. The electrodes are located
in the upper-left and upper-right corners of the tank and ex-
tend along the entire length of the side walls. The Lorentz
force, which is generated by combining the magnetic field
with a dc current between two electrodes, imposes a strong
planar shear that produces a swirling flow with a character-
istic low-pressure region. The strength of the swirling is con-
trolled by the intensity of the applied current. The experi-
mental laser induced fluorescence (LIF) visualization (top
view) of the flow pattern generated by this simple configu-
ration is shown in Fig. 1—middle.'® The flow is initially at
rest (t=0 s) and by supplying dc current, a stable central
vortical pattern is generated (t=60 s). Note that the single
applied magnetic field is not able to generate any motion due
to weak electric conductivity of the working fluid. Only the
combined effects of magnets and electrodes are able to pro-
duce sufficiently strong forcing and to generate the flow mo-
tion. In contrast to experimental visualizations that are con-
fined to characteristic planes, numerical simulations can
provide full three-dimensional flow features. We present
such an example in Fig. 1—bottom. Here, by plotting
streamtraces of resolved velocity field a spiraling core can be
easily identified. Also, isosurfaces of the turbulence kinetic
energy are shown—indicating strong velocity fluctuations in
the core. The velocity vectors in characteristic horizontal
planes confirm existing spiraling patterns too, in good quali-
tative agreement with experimental observations.”> A
zoom-in of the horizontal velocity projections and
streamtraces (blue lines) in characteristic horizontal planes
(z/H=0.03 and 0.25) is shown in Fig. 2. It can be clearly
seen how the strong initial shear in the lower horizontal
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FIG. 2. (Color online) The long-term averaged resolved velocity vectors (in
m/s) and streamtraces (blue lines) in two characteristic horizontal planes
(z/H=0.03—top, z/H=0.25—bottom) in a fully developed state for two-
magnet configuration shown in Fig. 1.

plane (z/H=0.03, Fig. 2—top) leads to generation of the
distinct centrally located vortical structure, Fig. 2—bottom.
In addition, two smaller diagonally located spiraling patterns
of weaker intensity are also created.

B. Multiple-dwarf tornados in turbulent convection

Similarly, by combining several magnets, multiple-
vortical flow patterns can be generated. We will exploit this
feature to see how such organized flow structures affect
background turbulence and wall-heat transfer in turbulent
Rayleigh—-Bénard convection inside a finite-aspect ratio
(4:4:1) enclosure with adiabatic side walls of height H and
bottom-top temperature difference AT. We covered an exten-
sive range of Rayleigh numbers, 10*<Ra=5x%10° (Ra
=BgAT Pr H?/1?), i.e., both soft and hard turbulence states
are represented. Also, weak and strong electromagnetic forc-
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FIG. 3. (Color online) Sketch of the setup with imposed dc current through
electrodes [red (right) and blue (left) sides] and permanent magnets of
opposite polarities.

ing are applied, I=0,1,10 A, while the imposed magnetic
fields are fixed (permanent magnets, |By|=1 T).

Direct comparisons between numerical results and par-
ticle imaging velocimetry data for an isothermal case with
two- and three-magnets are reported in Kenjere§ et al.? A
very good agreement between measurements and LES results
was obtained. This proved correct implementation of the im-
posed electromagnetic forcing. In addition, we also studied
in details neutral turbulent thermal convection (without
EMF) over a range or Rayleigh numbers, see Kenjere§ and
Hanjalic’.”’18 This gives credence to LES approach in dealing
with wall-bounded flows subjected to the combined effects
of the thermal buoyancy and imposed electromagnetic fields.

The sketch of the setup with many magnets is shown in
Fig. 3—top. Dimensions of the setup and permanent magnets
are identical to the setup described in Sec. IIl A and in
Fig. 1. The dc currents of different strengths are supplied
through the electrodes distributed along the vertical side
walls (red and blue lines). The array of the permanent mag-
nets is located beneath the lower heated wall. The simulation
domain of this setup was presented by 182% X 92 control vol-
umes (CVs) clustered in the proximity of thermally active
horizontal and adiabatic side walls. The typical averaged
value of the nondimensional wall distance was (x},z),
~(.5. The clustered nonuniform mesh was designed to fully
resolve the estimated flow structures in the proximity of the
walls with A= (1-2)7g, where 7ng=7/Pr’? and 7,
=(1*/¢)"* are Batchelor and Kolmogorov length scales, re-
spectively. The dissipation rate of the turbulent kinetic en-
ergy is estimated as e = |u,-|fmx/ H. The thermal boundary lay-
ers along the horizontal walls where strong temperature
gradients are created were properly resolved by using
5-10 CVs in these regions. The time step was specified in
order to satisfy that the maximum value of the CFL
(Courant-Friedrichs-Lewy) number was 0.5. Between
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FIG. 4. (Color online) The magnetic flux lines (top) and the Lorentz force
lines (bottom) are represented by gray tubes. Contours of the horizontal
magnetic field (B, in T) (top) and of the vertical Lorentz force (F, in N/m?)
for applied dc current of I=1 A (bottom) at the lower wall of the [4:4:1]
aspect ratio wall-bounded enclosure shown in the previous Fig. 3.

5% 10* (EMF off) and 7.5X 10* (EMF on) instantaneous
fields are used to calculate the long-term averaged fields.

The imprints of the horizontal magnetic field and of the
vertical Lorentz force at the lower wall, together with three-
dimensional magnetic-flux lines and Lorentz force lines dis-
tributions, are shown in Fig. 4. The strong magnetic field is
primarily located in the proximity of the lower wall and it
decreases with the vertical distance. This also defines the
localized influence of the Lorentz force that is confined to
the lower part of the simulated domain. Due to the negligible
value of the induced current, this electromagnetic forcing
stays constant both in time and space. The profiles of the
magnetic field and Lorentz force components in the central
vertical plane (y=0.3 m) for different distances from the
horizontal wall are shown in Fig. 5. It can be seen that above
the enclosure middle-height (z=0.075 m), the direct influ-
ence of the imposed electromagnetic forcing is small.

Now we move to the analysis of the flow and turbulence
patterns generated by such imposed electromagnetic forcing.
In order to be able to identify changes caused by this local-
ized forcing, a neutral case (EMF off) of the fully developed
turbulent background case of the thermal convection at Ra
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FIG. 5. Profiles of the horizontal (B,) and vertical (B.) magnetic field com-
ponents and spanwise (F,) component of the Lorentz force (for applied dc
current of I=1 A) in the central vertical plane (y=0.3 m) for different
distances from the horizontal wall.

=108, Pr=7 is simulated first, Fig. 6—top. The streamtraces
of the long-term averaged resolved velocity field show char-
acteristic large-eddy structures (convective cells) of different
orientations and size. The contours of the resolved turbu-
lence kinetic energy (nondimensionalized by characteristic
buoyancy velocity, V,=VBgATH) in characteristic vertical
planes reveal the highly turbulent core in the enclosure cen-
ter. By switching on dc current of I=1 A through electrodes,
a flow reorganization takes place, Fig. 6—middle. The
streamtraces are now more vertically oriented and some dis-
tinct spiraling imprints are visible in the near-wall region.
The turbulence kinetic energy contours depict enhanced mix-
ing regions for all characteristic planes—although the mag-
nitude is just slightly increased. Finally, for I=10 A, the
distinct three-dimensional spiraling structures are clearly vis-
ible, Fig. 6—bottom. The distributions of turbulence kinetic
energy clearly show significant asymmetry in the vertical
direction. The regions with highest turbulence are located in
the lower part of the enclosure. The velocity vectors and
contours of the turbulence kinetic energy in two characteris-
tic horizontal planes and for different intensity of applied
forcing (I=0, 1, and 10 A) are shown in Fig. 7. The left
column is for a plane in the proximity of the lower thermally
active wall (z/ H=0.016) and the right column is for the cen-
tral horizontal plane (z/H=0.5). For the neutral case, a diag-
onal flow organization is observed. In the proximity of the
lower wall, velocity vectors indicate an absence of vortical
structures in boundary layers, Fig. 7—top left. In contrast to
that, the vortical structures are clearly visible in the central
horizontal plane, Fig. 7—top right. The weak EMF already
imposes significant changes inside the boundary layer—
where vortical structures are already present, Fig. 7—middle
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FIG. 6. (Color online) Streamtraces (gray tubes) and contours of the nondi-
mensional turbulent kinetic energy k/ Vi (where V,=\BgATH=0.03 m/s is
the buoyancy velocity) in three characteristic vertical planes, x/L=0.5 and
y/D=0.1,0.9. The working parameters are Ra=10%, Pr=7, I=0 A (top),
1 A (middle), 10 A (bottom). The range of flow regimes is 500=Re
=8X10% for 0=<I=10 A, where Re=|u;|,.,H/v.

left. For this forcing, the vortical structures are moved to-
ward the side walls and some traces of weak vortical struc-
tures are represented in the enclosure central part,
Fig. 7—middle right. Finally, for the strongest forcing, flow
is completely symmetrical with respect to the central hori-
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FIG. 7. (Color online) Contours of the nondimensional resolved turbulence kinetic energy (k/ Vi) and velocity vectors (in m/s) in two characteristic horizontal
planes: in the proximity of the lower wall (z/H=0.016—Ileft) and in the enclosure centerplane (z/ H=0.5—right) for Ra=108%, Pr=7.

zontal symmetry line (x=0.3 m), Fig. 7—bottom. The mag- Kinetic energy in the central vertical plane (y=0.3 m) are
nitude of the velocity and of turbulence kinetic energy is shown in Fig. 8. The mean flow velocity field shows a re-
significantly increased too. markable agreement with experimental studies of Verdoold

The long-time averaged resolved velocity and turbulence et al."® for the neutral case, Fig. 8—top. The two corotating
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FIG. 8. (Color online) The long-time averaged resolved velocity (in m/s)
and turbulence kinetic energy (k/V3) in the central vertical plane (y=0.3 m)
for Ra=108, Pr=7, and I=0 A (top), I=1 A (middle), I=10 A (bottom).

convective rolls identified in Verdoold et al.'® are clearly
visible. In addition, two secondary rolls located in the upper-
left and lower right corners are also captured. There is also a
symmetrical distribution of turbulence kinetic energy in re-
spect to the central horizontal line. For cases with EMF, the
boundary layer patterns in proximity of the lower wall are
characterized by a series of consecutive vertical ejections,
Fig. 8—middle and bottom. The regions of strong turbulent
kinetic energy production move toward the lower wall.

The long-term averaged temperature fields are used to
evaluate distributions of the thermal buoyancy force shown
in Fig. 9. Note that in contrast to the electromagnetic force,
this force varies both in time and space, since it depends
from the underlying resolved temperature field. In the prox-
imity of the lower thermally active wall (z=0.001 m), it
shows significant variations in the horizontal direction due to
spatial reorganization of the thermal boundary layer. To por-
tray the redistribution of the energy among the fluctuating
velocity components, vertical profiles of the turbulent
stresses, for neutral and EMF case, are shown in Fig. 10.
While the neutral situation shows symmetrical distributions
for all stresses with respect to the central horizontal line
(z/H=0.5), EMF generates strongly asymmetric distribu-
tions. The horizontal turbulent stresses for the forcing case
have peaks that are significantly higher (=100%) compared
to the neutral situation, but the vertical locations of their
peak values stay practically identical to the neutral case. The
location of the peak of the vertical turbulent stress compo-
nent moves from z/H=0.5 to z/H=0.3. To obtain detailed
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FIG. 9. (Color online) Profiles of the thermal buoyancy force (in the vertical
direction) for a long-term averaged temperature field at Ra=107 and 10% in
the central vertical plane (y=0.3 m) for different distances from the hori-
zontal wall. Top—neutral case; bottom—applied dc current of I=10 A.

insights into turbulence anisotropy, invariants of the turbu-
lent stresses are shown in Fig. 11. The invariants of the tur-
bulent stress are defined as A,=aja;, Az=a;a;ay, where
a;=uu;/k=2/36; is the corresponding anisotropy tensor
and A=1-9(A,—A3)/8 is Lumley’s flatness parameter.”’ The
latter one is a simple parameter to define deviations from the
isotropic turbulence (A=1), and it vanishes in two-
component turbulence (A=0)." Compared to the standard
case of the pressure-driven channel flow, where all compo-
nents of the normal turbulent stress have peak values in the
proximity of the walls, for neutral turbulent thermal convec-
tion case, the vertical component ({(ww)) reaches its peak
value exactly in the enclosure center. Also, all three compo-
nents of the turbulent shear stress are important too. These
specific features of the turbulent stress give negative values
of As.

It is generally accepted that an imposed uniform mag-
netic field enhances turbulence anisotropy. This is observed

1 L T I T I T
N
zM L TTS== D2 g 4
<AL — <uu>, Ra=10
<
08~ ~ N — <VV>, Ra=10° i
N ~ 3
AN N |7 <ww>, Ra=10
B A N s ]
AN —— <uw>,Ra=10,I=1A
o6 M\ - - <vvs,Ra=10°, 1214 H
3 177 <ww>, Ra=108, I=1A|]
i W |
04 N .
[ERTEN
i ;NN J
\ \
-, 1
021 _- ) S i
-7 \
r -7 NS <
—————— N N
=== == _—= -
0= _—— —-———-~---F ’
0 0.002 0.004 0.006 0.008

2 2 2
<uu>/V 7, <vv>/V 5 <ww>/V

FIG. 10. (Color online) The long-time and spatially (in horizontal plane)
averaged vertical profiles of the turbulent stresses without (solid lines) and
with (dashed lines) imposed electromagnetic forcing (I=1 A), Ra=108,
Pr=7.
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FIG. 11. (Color online) The vertical profiles of the second (A,) and third
(A3) invariants of the turbulent stresses and flatness parameter (A) for two
different values of Ra=10° (left) and Ra=10® (right) without (solid lines)
and with (dashed lines) electromagnetic forcing (I=1 A).

for an initially homogeneous turbulence subjected to an ex-
ternal uniformly distributed magnetic field, as reported in
Alemany et al.”* and Sommeria and Moreau.”? Also, for a
turbulent Rayleigh—Bénard convection subjected to an exter-
nal uniform magnetic field, the turbulence anisotropy is also
increased. This is experimentally confirmed in Cioni e? al*
and numerically in Hanjali¢ and Kenjereé25 2 and Kenjeres
and Hanjalic'.27 For the configuration studied here, we ob-
served opposite trends. Comparing the vertical distributions
of the flatness parameter (A) in Fig. 11, it can be seen that the
EMF actually brings the values of A closer to one in the
central part of the enclosure compared to its neutral case. It
indicates that the level of isotropy is significantly increased
in this region for both values of Ra. The changes are more
pronounced for the smaller value of Ra=10° where the neu-
tral situation shows departure from the isotropic turbulence
even in the central region, Fig. 11—Ileft.

The integral heat transfer (Nusselt number, Nu) depen-
dence over a range of Ra and for different strengths of the
imposed current is shown in Fig. 12—Ileft. The results of the
neutral case are compared with the DNS data of Verdoold et
al”® Despite differences in numerical discretization (finite
volume versus spectral code) and in the numerical mesh used
(up to 384%X 160 in DNS), an excellent agreement is ob-
tained. It confirms that here the LES used is a proper method
for dealing with wall-bounded flows subjected to combined
effects of the thermal buoyancy and locally imposed electro-
magnetic fields. Special attention was devoted to properly
resolve both thermal and hydrodynamical boundary layers
along walls (both horizontal thermally active and remaining
side walls). The major contribution of the subgrid turbulence
model is in the central part of the enclosure where the ap-
plied numerical mesh was not sufficiently fine to fully re-
solve all flow scales. Another advantage of using LES in-
stead of DNS was that significantly higher values of Ra—up
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FIG. 12. (Color online) Integral heat transfer coefficient (Nu=hH/a, where
h is convective heat transfer coefficient) at the lower wall for different Ra
=10%,...,5X10° and different strength if the imposed dc current I
=1,10 A (left). The DNSs of Ref. 28 are shown for the neutral case; heat
transfer enhancement for simulated cases (right).

to 5X 10°—were simulated and that a significantly larger
number of instantaneous realizations can be generated to ob-
tain reliable long-term averaged statistics. Three distinct re-
gimes can be distinguished in Nu-Ra distributions, Fig. 12—
left: the initial state that is, strongly dominated by EMF
[Ra=10’ (Ref. 29)], an intermediate state where both EMF
and thermal buoyancy are significant (10’ <Ra=10°), and a
final state where EMF effects are very small (Ra>10°). The
EMF dominant regime is characterized by a significant heat
transfer enhancement in comparison with the neutral state.
This is the result of the enhanced mixing and increased level
of the turbulent stress (and consequently of the turbulent
kinetic energy). The most significant increase in the ratio
between the integral heat transfer with and without EMEF,
which varies between 3 SNu(FiL)/ Nu(0) =18, is obtained in
10*<=Ra=10’ range, Fig. 12—right. Note that the maximal
heat transfer enhancement obtained in rotating turbulent
Rayleigh-Bénard convection for a very similar range of
working regimes was significantly smaller—about 20%, i.e.,
Nu(Q)/Nu(0)=1.2.%

The vertical profiles of the long-time and horizontally
averaged temperature for different values of Ra and different
intensities of applied EMF (I=0, 1, and 10 A) are shown in
Fig. 13. Characteristic regions of the temperature distribution
can be distinguished: the well-mixed central core with al-
most uniform temperature and boundary layers in the prox-
imity of the thermally active horizontal walls with very steep
temperature gradients. Compared to the neutral situation,
EMF elevates temperature in the core region and generates
asymmetrical distribution. The temperature in the core region
is almost identical for both values of applied EMF (I=1 and
10 A) for the low Ra (Ra=10%) case. The differences are in
the proximity of walls where stronger EMF generates signifi-
cant thinning of the thermal boundary layer. With Ra in-
crease, the lower intensity EMF profiles (I=1 A) approach
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FIG. 13. (Color online) The long-time and horizontally averaged vertical
temperature profiles for different values of Ra and different intensities of
EMF, 1=0, 1, and 10 A.

the neutral situation. In contrast to a uniform magnetic field,
a locally applied EMF does not produce temperature inver-
sions in the region that separates boundary layers from the
core.**” Finally, for the high Ra case (Ra=10°), the thermal
buoyancy starts to be the most dominant driving mechanism
of the flow and EMF does not bring any significant changes
in temperature distributions.

To obtain insights into the dynamics of the thermal field
under the influence of the EMF, histograms of probability
density functions (PDFs) of temperature at two characteristic
locations, inside the thermal boundary layer (MON1) and in
proximity of the enclosure center (MON2), are shown in
Fig. 14. The strong asymmetrical distribution with a charac-
teristic peak at (T—T)/oy=—0.5 is typical for the neutral case
and is in excellent agreement with DNS results and experi-
ments shown in Verdoold et al.,*® Fig. 12—top. The positive
values indicate ejections of thermal plumes from the bound-
ary layer toward the center of enclosure. Due to EMF action
and generated vortical structures, these ejections are signifi-
cantly intensified—as indicated in a shift toward positive

Phys. Fluids 23, 015103 (2011)

PDF T T T T T T T
1.00

0.75

0.50

0.25

0.00 -
-4

S

PDF T T T T T T T
1.00

0.75

0.50

0.25 —

0.00 2 == y
(<T>-<T>)/ o,

FIG. 14. (Color online) Probability density functions for temperature inside

the boundary layer (top) and in the center of the enclosure (bottom), Ra
=108%,1=0,1,10 A.

values (I=10 A) shown in Fig. 14—top. For the central lo-
cation, an interesting nonmonotonic behavior in the PDF dis-
tribution is observed, Fig. 14—bottom. The weak EMF (I
=1 A) case indicates increased deviation from a symmetri-
cal Gaussian distribution that is recovered for strong EMF
(I=10 A). The strong EMF resulted in PDFs that are less
skewed at both locations, indicating better mixing. This can
be used as an additional proof that anisotropy of the thermal
turbulence (associated with fluctuations of thermal field) is
also reduced.

IV. CONCLUSIONS

We have shown that application of the locally imposed
EMF can be an efficient method in enhancing turbulent mix-
ing and can lead to impressive wall-heat transfer in a generic
setup of thermal buoyancy driven turbulent flow. In contrast
to the generally accepted view that an imposed magnetic
field will suppress velocity fluctuations of an electrically
conductive fluid, and in turn will increase the anisotropy of
the turbulence, we demonstrated that locally applied EMF
can enhance turbulence and make redistribution of the en-
ergy among fluctuating velocity components more isotropic
compared to its neutral state.
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