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ABSTRACT

We report on numerical study of effects of orientation and dis-
tribution of an external magnetic field on the reorganization of con-
vective structures and heat transfer in thermal convection in elec-
trically conductive fluids. The simulations were performed using a
transient RANS (T-RANS) approach in which the large-scale deter-
ministic structures are numerically resolved in time and space and
the unresolved contribution is modelled using an algebraic stress-
flux three-equation subscale model. For low Prandtl (Pr) fluids the
subscale model was extended by including Pr-dependent molecu-
lar dissipation of heat flux, which lead to excellent agreement with
DNS results for low-Pr classical Rayleigh-Bénard (RB) convection.
The T-RANS approach, tested earlier in 2 number of cases of thermal
and magnetic convection, was first applied to natural convection in a
side-heated cubical enclosure subjected to magnetic field of different
orientation, strength and depth, showing good agreement with previ-
ous benchmark studies. Then, a series of simulations was performed
of turbulent RB convection subjected to different magnetic fields over
a range of Rayleigh (Ra) and Hartmann (H a) numbers. The com-
puted Nusselt number showed good agreement with the available
experimental results. Numerical visualization of instantaneous flow
pattern reveals dramatic differences in the convective structures and
local heat transfer for different orientation of the magnetic field with
respect to the gravitation vector. It was found that a local magnetic
field confined to the wall boundary layer along the thermally active
walls provides almost equal effects as the homogeneous field over the
whole flow, indicating an interesting possibility for controlling ther-
mal convection and associated heat transfer.

INTRODUCTION

The potential of using a magnetic field to control fluid flow and
heat transfer in conductive fluids has long been recognized in many
applications such as crystal growth, continuous metal casting, liquid
metal cooling blankets for fusion reactors, and others. An imposed
magnetic field on electrically conducting fluid leads to the Lorentz
force in the plane perpendicular to the magnetic field vector, oriented
in the direction opposite to the fluid velocity in that plane, thus re-
tarding the motion perpendicular to the magnetic field. A number of
numerical and experimental studies of thermal convection subjected
to magnetic field of various orientation have been reported in the liter-
ature, but most deal with laminar flows, e.g. Ozoe and Okada (1989),
Mo8ner and Miiller (1999), Juel et al. (1999). If the flow is tur-
bulent, turbulence becomes suppressed, but much more anisotropic,
approaching the one-component limit. The effect of combined ther-
mal buoyancy and Lorentz force on turbulence, and particularly on
its structure morphology, depends on the mutual orientation between
the two body forces. Capturing these effects at higher Re and Ra
numbers and in complex geometries, which are beyond the capability
of direct numerical simulation (Rucklidge et al., 2000), requires to
model the magnetic effects on turbulence either for the full spectrum

as in RANS or at least for the subscale turbulence for LES and VLES
approaches. We consider different combinations, i.e. situations where
the Lorentz force is aligned or perpendicular to the gravitational vec-
tor, both for a range of Ha and Ra numbers. The imposed magnetic
fields are either homogeneously distributed over the whole flow do-
main, or locally confined to affect only the thin boundary layers along
the thermally active walls.

EQUATIONS AND THE 'SUBSCALE MODEL’

We have applied transient RANS approach (T-RANS) which was
extensively tested earlier in classical Rayleigh-Bénard convection
over horizontal flat and wavy surfaces over a range of Ra numbers,
10*<Ra<101, all resulting in very good agreement with the avail-
able DNS and experimental results. This approach can be regarded as
Very Large Eddy Simulations (VLES) in which the unresolved ran-
dom motion is modeled using a (k) — () — (§2) algebraic stress/flux
single-point closure models, Hanjali¢ and Kenjere§ (2001). In con-
trast to LES, the contribution of both modes (resolved and subscale)
to the turbulent fluctuations are of the same order of magnitude.
The numerical method is then extended to include additional effects
of magnetic fields and the integrated version of the Navier-Stokes-
Maxwell’s solver is developed. In addition to including the Lorentz
force in the momentum equations
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the influence of the magnetic field is taken into account by additional
terms for subscale contributions to the turbulence kinetic energy (k)
and its dissipation rate (¢), Kenjere¥ and Hanjali¢ (2000), Hanjali¢
and Kenjere§ (2001):
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with C,=0.025 and Ce4=1. The subscale contribution to the turbu-
lent heat flux is expressed in the following form:

(k)

ros =~ ) [T ) . O

+ €70 Oz ;
g

(e | ¥ ox;
+ (B9:(6%) + (6FF)) + (e6:)] ©)

where

L _ . o
13 =_1><B=;(——V¢>e+uxB)><B
e
1+ Pr (g)
£94) = e “)
( 91.> fsgl Zm (k) [:23
are the fluctuating Lorentz force and the molecular heat flux dissipa-
tion, respectively.
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SOLUTION METHOD

The equation set is solved using a finite-volume Navier-Stokes-
Maxwell solver for three-dimensional flows in structured non-
orthogonal geometries. The Cartesian vectors and tensors compo-
nents and a colocated arrangements are applied for all variables.
The second-order central difference scheme (CDS) is applied for the
discretization of diffusive terms in all equations and of convective
terms in (U, V, W, T, ®) equations. The second-order linear upwind
scheme (LUDS) is applied for convective terms in equations of sub-
scale turbulent contributions, i.e. {(k,e,82). The time integration
is performed by fully implicit second-order three-time-level method
which allows larger time steps to be used (compared to explicit march-
ing schemes).

RESULTS AND DISCUSSION

Natural convection in the side-heated cubical enclosure:
laminar and transitional regimes
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Figure 1: Reduction in the integral heat transfer coefficient for a side-
heated cubical cavity subjected to external magnetic fields of different
orientation distributed homogeneously or confined only to bound-
ary layers along the thermally active vertical walls, BZZ and BPL:
Ra=108, Pr=0.054, 0<Ha<300;

In order to validate the integrated Navier-Stokes - Maxwell solver,
the three-dimensional numerical computations of magnetic laminar
and transitional convection in electrically insulated cubical enclosure
are performed and compared with similar simulations of Ozoe and
Okada (1989), MoBner and Miiller (1999) and Juel et al. (1999),
yielding generally good agreement. It is observed that the maximum
reduction in heat transfer is achieved when the magnetic field is im-
posed in the x-direction (Bf|x), Fig.1. For the B||y orientation, only
small changes in the reorganization of the flow structures are observes
compared to the situations when the magnetic field is switched off,
Fig.2. Consequently, very modest reductions of N are obtained even
for the high values of Ha.

In addition to the homogeneously applied magnetic fields along
the main coordinate directions, we also applied locally confined mag-
netic field which influences only the boundary layers along the ther-
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L

Figure 2: Reorganization of the flow pattern, temperature and electric
potential fields in the central vertical (x-z) plane of a cubical cavity for
different orientation of magnetic fields: left- B||y, Ha=100, right-
B||z, Ha=300; Ra=10¢, Pr=0.054.

mally active walls. Here the magnetic field is active only in the
near-wall region up to the distance where the vertical velocity in the
situation when the magnetic field is switched off, reaches its maxi-
mum. The orientations of magnetic fields are chosen to be in the x-
and z-direction since these orientations showed to be most efficient
in damping the heat transfer. A strong reduction in heat transfer is
again observed for B||z orjentation. This damping of heat transfer
for 0< Ha< 150 is even more efficient than Bz orientation applied
along full distance. For Ha>200 a further increase in the intensity
of the magnetic field does not bring any significant reduction in Nu,
i.e. a sort of an asymptotic state is approached. It is noted that this
boundary-layer-confined magnetic field produced very significant re-
duction in heat transfer - about 40%. Such confined magnetic fields
can easily be generated in practical applications and are considered as
an attractive means for suppressing heat transfer. Note that a nonuni-
form mesh with 822 and 1023 control cells clustered towards the
walls has been applied for the homogeneously and partially imposed
magnetic fields, respectively, ensuring in both cases that the Hartmann
boundary layers (6 g oc1/Ha) are well resolved for all values of Ha.
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Figure 3: Effect of inclusion of the molecular heat flux dissi-
pation (eg;) into subscale representation of turbulent heat flux
Tg; : comparison with DNS results of Kerr and Herring (2000),
104<Ra<2x108, Pr=0.07.

Accounting for low Prandt! numbers

In our previous studies, Kenjere¥ and Hanjalié (2000) and
Hanjali¢ and Kenjere§ (2001), we presented a three-equations
(k)—(e)—(6%) ASM/AFM model for turbulent flows simultaneously
subjected to thermal buoyancy and Lorentz force, but considered only
the fluids with the Prandtl number close to unity. Here we consider
mostly liquid metals and introduce additional low- Pr modifications.
In a series of direct numerical simulation (DNS) of RB convection
with liquid metals (Pr=0.0086, 0.025) Womer and Grotzbach (1995)
showed that the molecular destruction {eg;) was the main sink in the
turbulent heat flux equation. Based on a priori test, they proposed a
model which explicitly accounts for the Pr modifications, Eq.4, with

feq; = exp[—Cey, Rey (14 Pr)] %)

where Ret=(k)?/v{e) is the Reynolds turbulent number and
Cey; =Tx 1072, We applied this model to the computation of a clas-
sical low-Pr turbulent RB convection and compared results with re-
cent DNS of Kerr and Herring (2000), 10 <Ra<2x10%, Pr=0.07.
It can be seen that the inclusion of the (eg;) into 7p; provided
Nwu in excellent agreement with DNS over the entire range of Ra,
Fig. 3. Ttis noted that the computational mesh 82x 82x 72 used here
for T-RANS over a range of Ra numbers up to 2x1026 is much
coarser than the DNS mesh 256x 256 x 128 for DNS used by Kerr
for Ra=2x106.

Magnetic turbulent thermal convection

Next, we consider thermal convection subjected to external
magnetic fields of different orientations over a range of Ra
(107<Ra<10°) and Ha (0<Ha<500). The effect of a transversal
magnetic field (B||z) on integral heat transfer (Nu) for all simulated
situations is shown in Fig.4. Good agreement between the present
simulations and experimental results of Cioni ef al. (2000) have
been obtained despite the difference in geometries considered: the
experiments were performed in a vertical cylinder with aspect ratio
D /H=1 where one may expect more intensive convection compared
to the classical RB between infinite walls. It is noted that for all Ra
numbers considered, the flow will be highly turbulent in the absence
of the magnetic field. As expected, very significant reduction in heat
transfer is observed. With this orientation of magnetic field, it is even
possible to totally suppress any convective motion and to produce
pure diffusive regime. This effect can be easily explained since the
vertically oriented magnetic field creates Lorentz force which acts in
the horizontal plane and suppresses horizontal motion creating verti-
cally elongated convective cell pattern, with very thin thermal plumes
in between, Fig.5. With an increase in the intensity of the magnetic
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Figure 4: Reduction in the integral heat transfer coefficient for
highly turbulent Rayleigh-Bénard convection subjected to a vertical
magnetic field of different intensity 107<Ra<10°, 0<Ha<500,
Pr=0.025 - comparison with experimental results of Cioni et al.
(2000).

field these structures are 'squeezed’ further until they break and the
entire convective motion will be totally suppressed.

The reorganization of the vertical velocity (W) and temperature
(T} in the central vertical plane for different orientations of magnetic
field is illustrated in Fig. 6. For Bj|z situation where the magnetic
field is locally confined to the near-wall regions (0<z/D<0.005,
0.95<z/D<1), the structure gets detached from the wall bound-
ary layers, levitating freely in the core region. The locally applied
magnetic field near the walls almost totally suppresses the velocity
and its fluctuations in this region, creating conductive-like buffer with
almost linear distribution of temperature field, Fig. 6-middle. This
finding can be of use for controlling heat transfer in various appli-
cations, such as future generation of fusion reactors. In addition, in
the central zone the temperature contours show less pronounced gra-
dients indicating a better mixing. With longitudinal orientation of
homogeneously distributed magnetic field (B||y) significantly differ-
ent picture is obtained, Fig. 6-bottom. Very regular, two-dimensional
morphology of velocity and temperature field is observed. This is in
accordance with our expectations since this configuration should pro-
duce structures elongated in direction of applied magnetic field. It is
interesting to notice the additional small cells nested just below/above
the large rolls with rotation in the opposite direction, Fig. 6-bottom.

In order to quantify the effects of flow structure reorganizations on
integral heat transfer (for this specific value of Ra=107), the Nu de-
pendence on Ha is shown in Fig.7. It is already mentioned that for a
homogeneously distributed magnetic field, the B||z orientation is can
lead to the pure diffusive regime. In contrast to this situation, the Bjjy
orientation reduces significantly heat transfer until the point that the
fully two-dimensional state is obtained. After this point, additional
increase in magnetic field intensity will not bring any additional heat
transfer reduction. Interesting behavior of Nu—Ha dependence can
be observed for different situations. For the weak magnetic fields,
15<Ha<65, the B||y orientation resulted in the weakest heat trans-
fer reduction. In the 65<Ha<200 interval, due to very dramatic
flow reorganization towards the two-dimensional state, heat transfer
is reduced much more efficiently than in the case of partially confined
B||z orientation. In the same interval, a very strong damping of Nu
occurs for the locally confined B||z orientation. It can be concluded
that for all considered situations a highly non-monotonic behavior is
observed. This finding stresses the importance of the distributions
of the imposed magnetic field and its orientation with respect to the
gravitational vector in controlling heat transfer.

A further illustration of the flow reorganization due to an im-
posed magnetic field is given by plots of the contours of the instanta-
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Figure 5: Rayleigh-Bénard turbulent convection subjected to a ver-
tically oriented magnetic field: Re=2x108, Pr=0.025, first-
Ha=100, second- Ha=500: from above to bellow: distribution of
instantaneous horizontal (U}, vertical velocity (W), temperature (T')
and electric potential ($) in the central vertical cross-section.
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Figure 6: Turbulent Rayleigh-Bénard convection (Ra=107,
Pr=0.025) subjected to external magnetic fields of different ori-
entation and strength: first- Ha=0; second- Ha=>500, vertical
magnetic field applied in the near wall region 0<z/D<0.05 and
0.95<z/D<1,; third - longitudinal magnetic field, Ha=500.

neous vertical velocity and temperature in the central horizontal plane,
Figs.8,9. Compared to the neutral situation (Ha=0), both Bl{z and
B||y orientations at Ha=200 produced dramatic changes in flow
and temperature fields. In principle, two basic trends can be seen:

11 ] —

‘: 3

- i
¢ T
= L ™ 4
- ) .

' 09| -- e
= i J
(2

0.8[- .
- 1

07} e
06 [ [0 experiments: Cioni et al. (2000)

°” | w= T-RANS: Ra=10",B | z
o5l |&RT-RANS: Ra=10",B ||y

“[ |v-¥T-RANS: Ra=10", B || z (BL)
04 " z L al L N " M

10° 107 0,

Ha/Ra

Figure 7: Effects of different magnetic field orientations on integral
heat transfer, Ra=107, Pr=0.025.

the BY||z orientation tends to produce more dense structures (damp-
ing of convective structures) and the B||y orientation tends to impose
two-dimensional alignments in the y-direction. The imprints of the
underlying thermal plumes and produced up- and down-drafts can
be seen in Fig. 8. Here, the contours of positive or negative values
of (W) are plotted with solid and dashed lines respectively. As ex-
pected, very close resemblance between the thermal and velocity field
is observed, Fig. 9.

A summary of local distributions of Nu at the hot wall for con-
sidered test cases is shown in Fig. 10. It is interesting to observe that
the B||z orientation can produce larger local values of Nu compared
to the neutral situations (H a=0) despite the fact that the integral heat
transfer is reduced. This can be explained by more intensive penetra-
tive capabilities of the vertically elongated nearly cylindrical thermal
plumes which produce stronger local temperature gradients. The ef-
fects of the B||y orientation show gradually appearing alignment with
the y-axis. For the most intensive magnetic field applied ({a=500)
very regular two-dimensional sinusoidal distributions is obtained. It
is already mentioned that the locally confined B||z orientation pro-
duced very rapid damping of Nu. At the same time a quite uniform
distribution of the local Nu.

CONCLUSIONS

The time-dependent Reynolds-averaged Navier-Stokes method
(T-RANS), tested earlier in various flows dominated by large-scale
deterministic structures, was applied to study effects of different dis-
tribution and orientation of an imposed magnetic field on flow and
heat transfer in thermal convection. Two configurations were consid-
ered: a side-heated cavity and Rayleigh-Bénard convection, both for
arange of Ra and Ha numbers. The computed convective structures
and Nusselt number distribution on the bounding horizontal walls re-
veal very different effects of the imposed magnetic field depending on
its orientation and distribution. For a side-heated cavity, the horizon-
tal magnetic field (B{|z) aligned with the mean temperature gradient
(VT) produces a drastic heat transfer damping, whereas the span-
wise horizontal field (Blly, perpendicular to VT') causes hardly any
changes. In the case of RB convection, a vertical homogenous mag-
netic field causes a strong reduction in both the integral and local
heat transfer coefficients, while in a spanwise field the effect is much
weaker.

The application of a local wall-normal magnetic field, confined
to the near-wall region, proved in both configurations to be almost
equally effective as the homogeneous field over the entire flow, espe-
cially for lower magnetic intensities. Because a local magnetic field
in the near-wall region can easily be generated in practical situations,
this finding opens an interesting potential for controlling heat transfer
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Figure 8: Vertical velocity (W) distribution in the central horizontal
plane (z/D=0.5), Ra=107, Pr=0.025: first- Ha=0, no magnetic
field; second- Ha=200, transversal magnetic field Bl|z) ; third-
Ha=200, longitudinal magnetic field (B{ly).

in thermal convection.

The T-RANS approach was demonstrated to be a credible tool
for optimization of magnetic field to control heat transfer in various
applications.
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Figure 9: Temperature (T') distribution in the central horizontal plane
(z/D=0.5): see caption in the previous figure.
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