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Effect of a vertical magnetic field on turbulent Rayleigh-Benard convection
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The effect of a vertical uniform magnetic field on RayleighaBed convection is investigated experimen-
tally. We confirm that the threshold of convection is in agreement with linear stability theory up to a Chan-
drasekhar numbe®=4x 1P, higher than in previous experiments. We characterize two convective regimes
influenced by MHD effects. In the first one, the Nusselt number Nu proportional to the Rayleigh number Ra,
which can be interpreted as a condition of marginal stability for the thermal boundary layer. For higher Ra, a
second regime NuR&*3is obtained.

PACS numbes): 47.27.Te, 47.65:a, 47.27.Gs

We consider the Rayleigh-Bard problem of a fluid layer ary conditions for velocity(free slip or no slip. Note also
heated from below and cooled from above. Convection octhat the threshold does not depend on the electric boundary
curs for a Rayleigh numbdn] higher than a critical value conditions(i.e., wall conductivity, whatever the value dp.

Ra.. We use an electrically conducting fluichercury and Our experimental cel[9,10] is a vertical cylinder with
impose a uniform vertical magnetic fieR resulting in eddy aspect ratiol =D/H=1, suitable to reach high Rayleigh
currents and flow damping by the Lorentz force. Energy isnumbers for a given available heating power. Due to the
then dissipated by the Joule effect in addition to viscosity. Asonfinement by the lateral walls, the geometry differs from
a consequence, the convection threshold increases with thige standard Rayleigh-Bard problem and from Nakaga-
magnetic field, as predicted by the linear stability analysis ofva’s experimentgwith thickness 3 to 6 cm and large aspect
Thompson[2] and ChandrasekhdB,4]. We find a good ratio). In the absence of magnetic field, this difference results
agreement with this linear theory, confirming the experi-in a higher convection threshold. However, the influence of
ments of Nakagawgb,6] and Jirlow[7]. However, our main  the lateral confinement is very weak in the turbulent regime.
result is a characterization of turbulent magnetohydrodynamyhe system is then mainly controlled by the thermal bound-
ics (MHD) regimes occurring beyond the threshold. Thisary layers, much thinner than the diameter. In the presence of
problem is of interest for technical applications, as in thea vertical magnetic field the most unstable modes have a
control of crystal growth, and for the convection in planetarysmall horizontal wavelengtin Q %), so we expect that
cores or stars. Moreover this study can shed light on ordinaryhe lateral confinement is not significant even near the insta-
convection, providing a means of external action on the syshility threshold. The cell is introduced in an electromagnetic
tem. As pointed out by Bhattacharjeeal. [8], the different  coil, producing a vertical uniform magnetic field, tunable
regimes of ordinary turbulent convection have an MHDfrom 0 to 0.4 T, with uniformity better than 16.

counterpart for which the scaling laws of the different re-  |n summary the dynamics is in principle determined by
gimes can be more sharply distinguished. five nondimensional numbers, the Rayleigh number Ra, the

The effect of the magnetic field is classically estimated byChandrasekhar numb&p, the Prandtl number Prv/x, the
the Chandrasekhar numb@y ratio of the damping times by magnetic Prandtl numben/x, and the aspect ratif. We

Joule and viscous effects respectively, vary Ra up to X 10° and Q up to 4x 10°, while the last
5 2 three parameters are fixed, with =F9.025, 7/k=2x10°
_Bal =oo, andI'=1 (but we expect thal' has little influencg
= ()
pv ' The bottom plate is in coppécoated with nickel to pro-

tect it from mercury and is heated by an electrical resistor,
whereo is the electrical conductivity and the mean fluid  shaped in a double spiral to avoid generation of a magnetic
density. In our experimenty=1.04x10°> mQ~* and p  field. The top plate, also in copper, is cooled by a water
=1.36x10* kgm 3 so Q=3.21x10" B?, with B in T.  circulation, and is regulated in temperatneeasured on the
Note thatQ is the square of the Hartmann number, initially axis of the cell, at 3 mm above the mercury layeFhe
introduced for duct flows. The magnetic diffusivityy  lateral wall is a 2-mm-thick stainless steel cylinder. The cell
=0.8 m 2 is much larger than the thermal diffusivity, by a is thermally insulated from the outside by neoprene layers,
factor 2x10°. As a consequence, the magnetic field pro-with a total loss coefficient 0.2W/K.
duced by eddy currents can be neglected with respect to the The temperature is measured in each plate by eight ther-
imposed fieldB. mistors, equally spaced in azimuth, at 5 cm from the cell
The convection threshold Rincreases with the magnetic axis, and 3 mm from the plate surface in contact with mer-
field, and Ra— 72Q whenQ>1. This limit corresponds to cury. The temperature differenéebetween top and bottom
negligible viscosity effects, and is independent of the boundis obtained as an average over these probes. In each experi-
ment, we set the heating power and the temperature of the
top plate(in such a way that the mean temperature of the cell
*Electronic address: schaumat@ens-lyon.fr is close to the coil temperature, to minimize lateral heat
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FIG. 1. Nu vs Ra with and without magnetic field. Without 107 10 10°
magnetic field(-) data of Rossby1968 [12], (+) numerical simu- Q=132 oL?/ pV
lations of Verzicco and Camus$1996 [13], (O) data of Cioni
et al. [9]. With magnetic field, present experimern&l) at Q FIG. 2. A comparison of the experimental and theoretical results

=7.22x10° (B=1500 G, (*) at Q=2.0x10¢° (B=2500 G, and on the critical Rayleigh numbers for the onset of instability. The
(>) atQ=3.93x 1P (B=3500 G. The two dashed lines represent theoretical (Ra,Q) relation is shown by the solid line curver)
the R&*3scaling and the solid ones represent thé &aling. are the experimentally determined points of Nakag&l@s7) [5,6]

) ] and (*) are the experimental findings of the present work.
loss. Then we measure the mean temperature differénice

:\TS eg:iga(?fet%ter?ggﬁyluin?odtiiucﬁrter:e (’;II#EZ?JE ngrfgbécr)ur covers one decade at the highest magnetic field, 0.35 T. We
! purely ' can understand this result by an argument of marginal stabil-

main experimental result in this Rapid Communication is the|ty of the thermal boundary layer, in the spirit of Malkiis]

determination of Nu as a function of the two parameters Ra g Howard[17]. Turbulence is assumed to mix the tem-
and Q. We also measurellocal tgrr'lperatur'e using a prob erature in the interior, confining the gradient to a thermal
mov_able along t_hg cell axis, prowdm_g vertical temperatur oundary layer near the walls. The thickn&ssf this bound-

profiles and statistics of local fluctuations. ary layer is assumed to be maintained at the limit of stability.

We first recall in Fig. 1 the results Nu versus Ra in the . .
absence of a magnetic fie(th the same cell The results of In_ other words, _the Rayleigh number_)Bbased upon this
thickness remains equal to the critical one,,R&g

Rossby{12] and Cioniet al.[9] both fit very well with alaw he ab ¢ ic field this vields th
Nu=0.14R428 in the range 10<Ra<4.5x 1(. Numerical _ ook I the absence of a magnetic field this yields the
resulté[lS] érformed in the same ¢ .Iindricalll eometr asCIaSS'CaI law Ne-(Ra/Rg)™. Here Ra depends on the

» P Y g y magnetic field. From the Chandrasekhar theory-Ra?Q,

in our experiment, confirm this law for Ra2 x 10* (the nu- . RPN
merical results at lower Ra differ from the Rossby experi-for largeQ, . Furthermore, using the fact thet,~ QN /L
and Nu~L/\ we deducd8]

ments due to the different aspect ratidakeshiteet al. [14]
found the same scaling in Ra, although their prefactor is
larger by about 20%. Transitions to new regini€3 are 1 Ra )
obtained for Rz 4.5x 10°. Nu~— Q regime I 2
The effect of a magnetic field reduces heat transfer as
expected. With a magnetic field of 0.35 tesla, we are able to
totally suppress convection, reaching=NL The threshold is Therefore, this law is the MHD counterpart of the classical
consistently obtained both by the change in the vertical temRa"’® law. We check that the dependenceQris consistent
perature profilgwhich is linear in the diffusive regimeand  with Eq. (2), when comparing the results Bt=0.25 T and
by the onset of temperature fluctuations. No hysteresis i8=0.35 T(Fig. 1).
observed, in agreement with nonlinear stability analysis: no The Ra’ scaling is well verified 18] in ordinary convec-
subcritical convection is expected in our limit of large mag-tion at large Prandtl number but not at moderate or small
netic diffusivity [15]. The threshold fits well with the theo- Prandtl numbers. We can understand that the MHD case at
retical prediction, as shown in Fig. 2. The temperature dif-largeQ is akin to ordinary convection at large Pr. Indeed, the
ference isA=1.15 °K and heating power 1.5 W. This is close Joule damping can be viewed as a kind of “magnetic viscos-
to the minimum value for reliable measurements with ourity” [2,4], with value vg=B?aL?/p, much higher than the
experimental cell, so we are not able to study the convectiomiscosity v, and the “Prandtl numbervg/x=Q Pr is large.
threshold for smaller values of the magnetic field. Although this argument brings physical insight, it must be
Beyond the threshold, we observe a turbulent regimetaken with caution however, as the Joule damping is aniso-
which we call regime I, with a scaling law NtRa, which  tropic and acts equally at all scales, unlike viscosity.
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FIG. 3. Plot of Nusselt vs magnetic fiel at fixed heating
power for five different heating powerd) 1620 W, (O) 980 W,
(+) 320 W, (¢) 45 W, (OO) 20 W. The solid line represents the
curve of constant interaction parametéiy=2 [Nu=9.94
x1073(B?)°-%1%] beyond which the damping of convection be- Joule dissipation time is of the order of the turnover time
comes important. L/U, i.e., the interaction parameteN=(oB?%/p)(L/U)

=Q/Re takes a given valul, of order one. Using the ve-

At higher Ra, the slope of the curve Nu versus Ra bedocity experimentally estimated i®] in the absence of mag-
comes weaker, and a power law NR&**seems to emerge, netic  field, this conditon becomes Q=NyRe
and we call it regime Il. Notice that this is in reasonable=12.0N,R&’4?4  Using the experimental relation
agreement with an adaptatig8] to the MHD case of the Nu=0.14R&%% this can be also written as Nu
mixing zone modef19], involving a matching of the thermal =0.030@Q/N,)%5*2 This condition, represented in Fig. 3,
boundary layer with the mixed core by thermal plumes. Thisprovides indeed a good estimate for the disappearance of the
model leads to the NuR&" scaling in the absence of a global circulation(taking Ng=2).
magnetic field, and to the scaling N®Ra’%¥Q%* with a The strong decrease of Nu occurs beyond this point. We
magnetic field. Then thermal plumes are damped by theharacterize this decrease by the reduced Nusselt number
Joule effect rather than viscosity. Although this model is inNu* = (Nug—1)/(Nu,— 1), where Ny is the Nusselt num-
reasonable agreement with our experimental law-Ra’*3, ber in the absence of magnetic field for the same Ra. This
the predicted dependence(@nis too strong. Comparisons of quantity depends both on Ra a@d but all our data come
the curves at 0.25 and 0.35 T in Fig. 1 is rather consistentlose to a single curve when we plot Nwersus the ratio
with Ral/Q, as shown in Fig. 4. We have tried various parameters

. of the form RaQ?, and the collapse is optimum for=1.
Nu=0.1R&*Q %% regime II. (3 The parameter R can be interpreted as the Rayleigh num-
ber constructed with the magnetic diffusivitys. We can

FIG. 4. Normalized Nusselt number Kws (Q/Ra*2 The
dashed line represents the empirical fit given in &g.

The crossover with Eq2) occurs at Na-0.10Q%%2 so that
the range with marginal stability behavi@®) (from Nu=1 to

this valug indeed increases with the magnetic field. : ’ ‘
We now study in more detail the dependence&ifimag- _
netic field for intermediate casdsegime ). We perform a 0.8F C I ................. e T
set of experiments, measuring the temperature differénce : : oo
for a given heating power and for successive values of the 4 _ : ° .
magnetic field(we then travel along a line NuRaonst on ’\‘206 A oy
the Nu-Ra plot of Fig. 1 We plot Nu~1/A versus the mag- [ TR T b ,f'
netic field in Fig. 3. efoalt T 0 S
There is a very weak decrease of a few percents followed + i °
by a plateau, and then a strong decrease. The first weak de- +++ o 5 :
Crease SeemS related to the braklng O.I: the g|0ba| COﬂVECtlve 0.2.'.' ,,,,,,,,, - RN RO — .......................................... -
circulation occurring in the absence of the magnetic fiéld §° ° : :
This global circulation induces a temperature perturbation on 0;0 ; ; ;
the bottom and top plates with a dipolar azimuthal depen- 0 50 100 150 200
dence. Furthermore it induces an oscillation in temperature & {mm)
signals at frequencfj,=U/L proportional to the velocity). FIG. 5. Temperature profile of the time averaged temperature,

We find that the dipolar temperature structure on the plate igver time 30 min, vs corresponding tdO) the linear diffusive
reduced while the frequency decreases for increasing magrofile (NU=1), (+) regime | for Ra= 1.9x 1¢° at B=3500 G(cor-
netic field and the oscillation eventually disappears for a fieldesponding to Ne6), (*) regime Il for Ra=3.9x 10° at B=1500
of a few hundred gauss. This damping is effective when thes.
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understand that this should be the relevant parameter whenterior of a convective cell has been also reported in the
magnetic effects dominate viscous effect, so that Nu is @absence of magnetic fieldee, e.g.[14]), but the effect here
function of Ra as in Eq.(2). However, it is not clear to us is much stronger.

why RaQ should be the relevant parameter for'Nu simi- In conclusion, we can distinguish three turbulent MHD
lar representation has been proposed by Okada and Ozé&egimes:

[20] in convection with a horizontal temperature gradient (i) Regime | is characterized by the marginal stability
and a vertical magnetic field. A good collapse on a singlecondition in the boundary layefsetting the boundary layer
curve was obtained with the parameter @7, while Lyk-  thicknesg with a well mixed interior. The interaction param-
oudis[21] earlier introduced the parameter R&! Both rep-  €terNis small, so that inertia is negligible with respect to the

resentations yield a poor collapse in our case. We find thdinear Joule effect. Temperature advection therefore remains
the empirical law the only nonlinear term, as in ordinary convection in the

limit of high Pr.

(i) Regime Il is characterized by a heat fl(8, and by a
stably stratified interior.

(iii ) Weak magnetic field suppresses the global circulation
provides a good empirical fit to our data. whenN~1, reducing Nu by only a few percents. This sug-

Vertical profiles of the mean temperature are plotted ingests that the global circulation has only a very small influ-
Fig. 5. For Nu=1 we observe the linear diffusive profile. We ence on heat transfer, in contradiction with some theoretical
check that the temperature gradient at the wall is in agreemodels. A significant drop in Nu occurs for a magnetic field
ment with the heating flu = — kdT/dz=A/\. Inregime |  about twice higher.
the thickness\ is controlled by the marginal stability of the The mechanisms of heat transfer remain to be understood.
thermal boundary layer while temperature becomes welln particular, the possible role of plumes is an intriguing
mixed in the interior. In regime II, we find remarkably that question. Probability distributions of temperature fluctua-
the interior becomes stably stratified/dz>0). This prob-  tions show no exponential tails in a strong magnetic field, by
ably means that convection is blocked in the bulk but persistsontrast with ordinary convection. This suggests an absence
near the lateral walls from which horizontal motion could of plumes. Alternatively they may be expelled from the cell
maintain the stable stratification. Stable stratification in theaxis, where measurements are made.

—-1/21-2
Nu*=l—{0.81+5.9>< 102(%) } (4)
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