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Magnetic control of convection in nonconducting diamagnetic fluids
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Inhomogeneous magnetic fields exert a body force on electrically nonconducting, diamagnetic fluids. This
force can be used to compensate for gravity and to control convection. The field effect on convection is
represented by a dimensionless vector paramjes (uoaxod*AT/povD1)(H- VH)®,, which measures
the relative strength of the induced magnetic buoyancy force due to the applied field gradient. The vertical
component of this parameter competes with the gravitational buoyancy effect and a critical relationship be-
tween this component and the Rayleigh number is identified for the onset of convection. Magnetically driven

convection should be observable even in pure water using current techn@d@s3-651X98)10210-§

PACS numbeps): 47.20.Bp, 47.27.Te, 47.62q

[. INTRODUCTION the physics of diamagnetism has been well known for many
In recent papers we have explored the effect of stati ears, the i_mplicatio_n s are eas_ily_f_o rgotten because the mag-
- . : itude of diamagnetic susceptibilities is such that the Kelvin
magnetic fields on the stability of a horizontal layer of elec-tq o is ysually negligible. However, our analysis will show
trically nonconducting paramagnetic fluid bounded aboveya this small effect can now be utilized to control convec-
and below by no-slip surfaces maintained at different temsjon even in pure water using current magnetic technology.
peratures. When the imposed magnetic field is uniform and | contrast to paramagnetic fluifiz,3], the susceptibility
the layer is heated from below, convection begins at a lowepf diamagnetic fluids is not an explicit function of tempera-
Rayleigh number than in the nonmagnetRayleigh-B&ard  ture. This can lead to the erroneous conclusion that there can
case, with the deviation increasing with the absolute value ope no interaction between the Kelvin force and the tempera-
the vertical field componerjtl]. The motion begins as two- ture field. However, a nonuniform temperature field can give
dimensional rolls whose axes are parallel to the horizontatise to a nonuniform Kelvin force in a manner analogous to
component of the imposed field. For an imposed inhomogethe way in which it can produce gravitational buoyancy. Al-
neous magnetic field, we demonstrated the existence of ahough the phenomenon now seems obvious, it was appar-
additional magnetic body force whose vertical componengntly not obvious to the pioneers of magnetothermal convec-
also competes with gravitational buoyari@3]. This com-  tion because it was not discussed for many years. The early
ponent of the force can enhance or suppress Rayleigiale papers of Carruthers and Wolfé] and Clark and Honeywell
convection depending on its sign. These predictions are i8] make no mention of magnetothermal convection in dia-
agreement with recent experimerits5]. Of particular note  Magnetic fluids. Braithwaite, Beaugnon, and Tourrfié}
is the fact that this force can drive convection even in theand Beaugnoret al. [5], who experimentally demonstrated
absence of gravity. magnetot.hermal convection in a paramagnetic I|q_U|d, made
In this Brief Report we extend our analysis to diamagnetic’® mention of experiments on diamagnetic fluids, even
fluids. This is an important extension because the class dhough it was within the capability of their apparatus, as we
diamagnetic fluids is much larger than the class of paramagihall show. Our first paper on this tofj] does mention the
netic fluids. It includes many of the most practically impor- Phenomenon, but it focuses on paramagnetic fluids. Not until
tant fluids such as watéliquid (I) and gasg)] and nitrogen Houston and Tillotso10] can we find any detailed discus-
(I andg). Some other diamagnetic fluids are carbon monoxswn_of magnetothermal convection in diamagnetic fluids in
ide, carbon dioxide, hydroge(), chlorine(g), ammonia(g),  the literature. _ N
sulfur (1), sulfuric acid, and all of the noble gases. Virtually I this Brief Report we examine the conditions under
all organic compounds are diamagnetic including methané’,Vh'C_h th_e Kelvin fprce can_be used to balance the effect of
benzene, ethyl alcohol, and glycer@]. Unlike paramag- 9ravity in tgrre;tnal experiments and t_herefore. to cqntrol
netic fluids, diamagnetic fluids contain atoms or moleculeonvection in diamagnetic fluids. In a microgravity environ-
that have no intrinsic magnetic moment. When a static magent where the gravitational effect can be neglected, the
netic field is applied to these fluids, the change of the field<elvin force provides a primary body force on electrically
induces a small additional current inside each atom or molfonconducting diamagnetic fluids.
ecule. The resulting induced magnetic moments are directed
opposi_te to the field acco_rding to Lenz's law. Thus nonuni- Il. GOVERNING EQUATIONS
form fields repel these induced moments away from the
high-field regions, which gives rise to the repulsive magnetic The quantitative description of the Kelvin force per unit
body force. This force is called the Kelvin force. Although volume isf, = uo(M-V)H. Here uq is the permeability of
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free spacelM is the magnetizatiofthe magnetic moment per approximation, which allows density variations only in the
unit volume, andH is the local magnetic field. For diamag- large gravity term of the Navier-Stokes equations, we can
netic fluids M= yH, where yx is the volumetric magnetic derive the dimensionless governing equations for the convec-
susceptibility and is negative. Under ordinary conditiops, tive flow for nonconducting diamagnetic fluids similar to that
=—10° for liquids andy=—108 for gases in Sl units. for nonconducting paramagnetic fluif3],

Diamagnetic susceptibilities depend only on the number of

atoms or molecules per unit volume. This fact can be ex- 1 [V _ 5

pressed ag= xmp, Wherep is the mass per unit volume and Pr Eﬂl'vv =~ Vp+(Rz=Ry) 6

Xm IS the susceptibility per unit mass, a negative constant ) R A

characteristic of the fluid. Combining these results gives +K sirf 62+ K(z— 6)Hp- Vh+ V2,
fn= oX(H- V)H= poxmpV H2L2. ® @

In this form it is clear that the Kelvin force on a diamagnetic a_a +v. V0—2~v) =V20+®d, (5)

fluid is directed away from high-magnetic-field regions and ot

is proportional to VH?. An alternative arrangemert, -

= p[ oxmVH?/2]= pgey reveals that the Kelvin force on a V-h—Hy V6=0, (6)

diamagnetic fluid can be conceptualized as a gravity force

whose direction is determined ByH2. To balance gravity, V-v=0. @)

we requireg.=—0g, wWhereg is the acceleration of gravity. .
This equation yields the required field-field gradient product €€ V> P. 6 andh represent the respective departures of
velocity, pressure, temperature, and magnetic field from the

to levitate diamagnetic fluids on the Earth. For example, for : )
liquid or gaseous watery(,=9.06x 10~° m3kg), this re- static thermal conduction state. In these equatidhs

quires| BV B|=u2|HVH|=1.36x 10° Tm. Here the mag- =Hg/Hy is the unit vector in thed, directiqn,¢> the gngle
netic inductionB= zo(M+ H)=uoH because of the small t.)etweenHO'and the horizontal, and the viscous dissipa-
magnetic susceptibility for diamagnetic fluids. In a recent tion. Equgtlon(4) involves ﬂ;e Prand number_ Pw/Dr,

experiment, Beaugnon and Tournidrl] have successfully the Rayleigh numbeR=agd"AT/»Dr, the Kelvin number

levitated various diamagnetic solids and liquids using a 22 AT2d2H2
strong nonuniform static magnetic field. Water was levitated _ Ho% Xo 0 )
by a field with 2961 ¥/m<|BVB|<3097 ®/m, which is povDt
higher than expected. They attribute this discrepancy to the
wetting effects in their apparatus. and the vector control parameter

The possibility of magnetothermal convection in diamag- poaxodAT
netic fluids arises when the density is a function of tempera- m:L (H-VH),, (9)
ture. In the simplest case this can be expressed as povDr

p=po[1—a(T—Ty)], 2 wherev is the kinematic viscosityD; the thermal diffusiv-

ity, Ty the average temperature of the lay®T, the tempera-
wherea is the coefficient of thermal expansion, a fluid prop- ture difference between the bottom and the tgpthe sus-
erty that is usually positiveT is the temperature, and the ceptibility at Ty, andp, the density afly.
subscript 0 denotes a reference state. A temperature differ-

encesT=T- T, then creates a magnetic buoyancy force periil. RESULTS AND IMPLICATIONS FOR EXPERIMENTS

unit volume . .
The Rayleigh numbeR in Eqg. (4) measures the strength

S = 6pQe= — po ST moxmVH?/2]. ©) of gravitational buoyancy relative to dissipation. In the ab-

sence of magnetic fields, the thermal convective instability in

Under appropriate conditions, this force can drive conveca fluid layer heated from below is determined by this param-
tion, similar to gravitational buoyancy-driven convection. eter R and Rayleigh-Beard convection sets in foR>R,

To study magnetically controlled convection in electri- ~1708. In the presence of a uniform magnetic field (
cally nonconducting diamagnetic fluids, we consider an in-+0 but R,,=0), the magnetic effect on convection is de-
compressible horizontal layer of such fluid heated on eithetermined by the Kelvin numbef and the anglep. For ordi-
top or bottom in the presence of an external nonuniforrmary diamagnetic fluids such as water, our linear stability
magnetic field. We choose our coordinate system by definingnalysis shows that the difference for the marginal state due
|z| <d/2 with Z pointing up, whered is the layer thickness. to the magnetic effect is less than 0.1% for a field up to 30 T
We assume that the field satisfigf™'=Hgy+(r-V)H®!  and therefore the uniform field effect on convection in these
wherer =xX+ yy-+zz is the position vector. Here the vector fluids might be negligible.

H, is the field at the center of the layer and the field gradient The vector parametdR,, in Eq. (4) measures the relative
VH®is a constant tensor. Maxwell's equations require thisstrength of the magnetic buoyancy folig. (3)] due to the
tensor to be symmetric and traceless. applied field gradient. Since this parameter is the only one

The fluid flow is governed by the Navier-Stokes equationscontaining the external field gradieWtH®* in the governing
in addition to Maxwell's equations for the magnetic fighd  equationg4)—(7), the effect of the field gradient on convec-
and magnetic inductioB. Under the Oberbeck-Boussinesq tion in a diamagnetic fluid layer is completely characterized



5166 BRIEF REPORTS PRE 58

TABLE I. Summary of results.

Case AT JH fm Rm Result
iz
1 + + ! - Field promotes Rayleigh-Berd convection
2 + - 1 + Field inhibits Rayleigh-Beard convection
3 - + 1 + No convection
4 - - T - Magnetothermal convection possible

by this vector parameter. The combination of the verticalbuoyancy force that tends to destabilize the layer. In the
component ofR,, with R in Eq. (4) shows that the gravita- absence of magnetic fields, Rayleighraed convection sets
tional effect on the convective flow can be balanced by thisn for R>R;. In the presence of the field, we see that a
component oR,,,. Therefore, convection in electrically non- downward Kelvin force enhances this convecti@ase },
conducting diamagnetic fluids can be controlled by an inhowhereas an upward Kelvin force inhibits the convection
mogeneous magnetic field. (case 2. To suppress the convection completely in water
It is instructive to investigate the magnetothermal convecrequires| (HdH/9z)®';|>1.36x 10° T%m. As this value has
tive instability of diamagnetic fluids in a magnetic field already been exceedddl], an experimental test of the
H®=H,z— H;xX—Hyy+2H,zZ, where H, and H,; are  present theory is now feasible. In cases 3 and 4, the layer is
constants. A solenoid whose axis coincides with trexis  heated from above and gravity tends to stabilize the layer.
produces such a field approximately in the central area nedrable | shows that a downward Kelvin force enhances this
the end of the coil. The parameter, and H; are deter-  stability (case 3 and there is no convection. However, an
mined by the geometrical properties of the solenoid and thepward Kelvin force induces a magnetic buoyancy force that
electric current. This field yields the vector parame®y  tends to destabilize the layer(case 4. When

=Rz, where |(HoH/9z) £ | >1.36x 10° T/m, this destabilizing Kelvin
force overwhelms the stabilizing gravitational force and
o xodSAT ( (;H)ext 2o xod®ATHH, magnetothermal convection sets in fAT>AT.. Experi-
= - = . ments are solicited to test these predictions.
povDt 9Z) _, povDt
Under rigid(no-slip) boundary conditions, the linear stability IV. CONCLUSION

analysis yields the critical condition

Koxo [ OH\ ™
9- H—
Po z r=0

In conclusion, thermal convection in electrically noncon-
ducting diamagnetic fluids can be controlled by an external
inhomogeneous magnetic field through the vector parameter
Rn. The inhomogeneous field exerts a magnetic body force
Convection sets in foAT>AT,. on these fluids and this force can balance the gravitational

Equation(10) shows that the effect of the magnetic field body force in terrestrial experiments. This magnetic-field-
on the convective instability in diamagnetic fluids dependsnduced body force can be utilized to control the flow of
on the sign of the paramet®,,. A negativeR,, will en-  diamagnetic fluids in a microgravity environment with pos-
hance this instability, but a positivR,, will suppress the siblelapplications in mixing, heat transfer, and materials pro-
instability. For diamagnetic fluids, the magnetic susceptibil-C€SSING.
ity is the only negative material property. The signRy; is
determined by the signs &T and HdH/dz)e*,. The four
possible cases are summarized in Table I. In cases 1 and 2,
the temperature differenc®T is positive, indicating that the This research was supported by NASA under Grant No.
layer is heated from below. Gravity induces a gravitationalNAG3-1921.

ad3AT,
VDT

R.. (10)
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