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A magnetic fluid drop lying on a horizontal solid surface subjected to a vertical magneticHield
peaks with a cone shape above a threshold vAIuelf H, is tilted, i.e., not parallel to the gravitational
field, the shape becomes asymmetric. Using a tilted alternating magnetic field we observed the motion
of the drop. We have measured this drift velocity, and we propose a simple two-level model to explain
this new motion. Finally, we present another experiment with the same device concerning the free
surface of a magnetic fluid: the so-called drifting instability. [S0031-9007(96)00688-6]

PACS numbers: 47.20.-k, 75.50.Mm

The motion of drops has been known since Marangoni The cell is placed between two Helmholtz type coils
[1]. A theoretical explanation for the motion of (nonmag- as sketched in Fig. 2; the magnetic field is alternating,
netic) drops on a solid surface has been given by Brocharéhearly polarized, and can rotate around a horizontal axis
[2]: it can be induced by a thermal or a chemical gradi-in order to make an angle with the gravitational field
ent of the spreading coefficient. This drift motion hasg (the frequency equal$/T = 50 Hz). A time-space
also been experimentally studied [3]. Although studiesdiagram is used to determine the drift velocity, and an
of the shape and instabilities of a magnetic fluid (MF)image processing unit permits the measurements of the
drop have been published in recent years [4—7], no driftheight and the area of the MF drop.
ing motion of a MF drop has as yet been reported. In this If we use a static vertical field, the magnetic dipoles
Letter, we present a new experiment where drift motiorpoint in the field direction. There is competition between
of a magnetic drop with an asymmetric shape (Fig. 1), ighe dipole-dipole interactions which tend to extend the
induced by an external homogeneous alternating magnetdrop in the field direction and the gravity and the surface
field Hex, = Hoco92mt/T), which is not parallel to the energy which tend to return the drop to a hemispheric
gravitational field. The motion is produced because theshape. Therefore, to minimize its total energy, the drop
asymmetric drop relaxes in a direction other tifag;. becomes a peak above a threshold value of the magnetic

This new type of motion is similar to the motion field. When the static field is tilted wittw # 0, the
of particles induced by a periodic asymmetric potentialMF drop shape becomes asymmetric, but no motion is
without a macroscopic force [8], or of a mercury drop inobserved. This means that the total body force acting on
an asymmetric structure [9]. In these experiments, the twthe drop equals zero for each valueaof If an alternating
conditions required for the motion to occur are the presencéeld is applied witha = 0, oscillations of the top of the
of a periodic asymmetric potential and of dissipation. In
our case, the spatial symmetry is broken by the asymmetric
shape of the drop, and the magnetic field time dependence
involves a dissipation process because of the drop shape
relaxations.

We present the experimental results, and propose a
simple two-level model which explains qualitatively this
motion. A quantitative prediction of the value of the
drift velocity is also given. Finally, we present other
experiments concerning a more extended MF system.

Drifting drop: experimental setup and resuksA MF
is a colloidal suspension of magnetic particles. We use
an ionic MF (a water and glycerol based mixture) with
cobalt ferrite particles [10]. The viscosity of the MF is
nvr = 0.4 kgm~'s™'. The cell, made of Altuglass, is
filled with an organic liquid. The MF droplet is completely b
nonwetting because of the oil: the drop slides on a thin film
of oil in a linear channel dug in the bottom of the cell. Thefr|i. 1. Photograph of an asymmetric ferrofluid drop under
oil viscosity isn.j; = 1073 kgm™'s™!. the influence of a tilted alternating magnetic field.
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of this curve defines a characteristic time of the order of

— Now we discuss the two-level model.
- (A) Qualitative explanation of the drifting motich-

The magnetic energy of a MF drop, for the values of
the magnetic field used here, depends on the square of
H.. In this simple model, the time dependencefff;
is approximated by a square function with a perib®
(Fig. 4). The phenomenon can thus be separated into two
stages, depending on the presence or abseng of The
drop motion can be explained by the relaxation process
of the drop shape during these two stages, using the
following assumptions. First, the drop shape is supposed
to be conical (the surface curvature is neglected). Second,
we assume that the cone generatrix tends to be parallel to
s Gt e Wl 5 e & Do ot ieeton whertiu, = £y
Helmholtz Igurall ; . NC Suppose (¢) is the cone height, angl., the equilibrium
glrt]earlrr}stglcg magnetic field. The coils can be easily tilted througi],]eight fixed by the field strengi,,, = iHO. The center

of gravity of the drop is situated on the cone generatrix,

with a height equal t(7)/4. Let us consider a MF cone
drop are observed, and a drifting motion occurs whewith Hex = *Hy (stage 0 in Fig. 4): When the field
a # 0. Consequently, we deduce that the motion is duds switched off, the cone top drops vertically because of
only to the relaxation of the asymmetric shape due td@ravity (stage 1), with a relaxation timsy. The center
the peak top oscillations. This conclusion is the crucial
ingredient for the following model.

We have performed many experiments for different
anglesa = 10°, 20°, 30°, 40°, and for different values
of Hy. The motion is observed even for valuestf less
than the threshold field. (in this case the drop has an
asymmetric ellipsoidal shape). We have experimentally
established that the peak base aaand the peak
height P are only functions of{, and do not depend on
«a. The drift velocity v, is plotted in Fig. 3:v, varies
roughly linearly with the producP(H,) tan(«); the slope

~ 00054 e Calculation ]
B | A experimentaldata »
~  0.004-
> » Sa
2 0.003 " AO
g g AL, .
2 0.002 & A Sl ] FIG. 4. Response of the MF drop to a periodic square
°>’ ' F . S o ’ magnetic field. On the upper graph, the hachured line
& r ﬁe ] represents the magnetic field square as a function of time. The
‘¢ 0.001 'Y Q . full line shows the drop height evolutiop(s) as a result of
o : &.&P . two relaxation processes towards equilibrium, with two time
[ A ] scalesry and7y. The dotted line represents the relaxation of
0+ o p(t) towards equilibrium fort — . In the lower plot, the
Y 0.002  0.004 0.006 0.008 drop shape is sketched at different times: stage 0 represents
P tg(c) (m) the peak shape wheH.,, = +H,, just before the field switch

off, stage 1 squares with the cone breaking downHgr = 0,
FIG. 3. Experimental data of the drift velocity? is the and stage 2 represents a new state wHgn # 0. In stage
maximal height of the peak, and the angle between the 1, the cone top falls vertically because of gravity, and in stage
gravitational field and4.,. The calculated values are obtained 2, it moves upwards following the direction &f.,,. Because
using the experimentally determinated oil film depthnder the  of the asymmetric drop shape, the cone top motion generates
drop. The slope of the calculated curve has been determineal translational motion of the center of gravity in the horizontal
by a least squares method using expression (3). direction.
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of gravity is thus shifted of a quantitfx, corresponding The drifting velocity of the drop is given bw, =
to the displacement of the cone generatrix. After a timgAxo(r) + Axy(2)]/2.
T /4, Hey is switched on: The cone top moves up towards In order to estimate the characteristic relaxation times
peq following the generatrix direction, without reaching 7o and 7y, we have performed measurement oft)
the equilibrium state because the relaxation timgis  with a stroboscopic apparatus. The results show the
longer thanT /4 (stage 2). Let us calP the maximum exponential decay of the droplet height as suggested
value reached by (r); P depends on the period and the above. We obtain that, and vy are of the order of
relaxation times. A displacemenkxy, of the center of 1 s. The variation of the oil film deptle with respect
gravity is produced in this stage. to the parametergly, and @« must also be determined.
(B) Dirifting velocity formula—The expression On the theoretical sides is a solution of the balance of
for the center of mass coordinatés= (x,z = p/4)  magnetic, hydrostatic, curvature, and disjoining pressures
is given by the balance of the forces acting on theon the cone base [12]. However, the complex geometry
drop. It can be demonstrated that the motion is overof the drop makes the problem somewhat difficult and it is
damped; thus the inertial term is neglected. We obtainmpossible to determine ab initio. Therefore, we obtain
ﬁO/H(?) = 00i1(So/e)v,Ex + nMFf(peq)V()l/317, where the values ofe by mea_suring the sliding velocity, of
f(peq) is a dimensionless function of the drop geometry,the drop along an inclined plane. The balance between
Vo = 25 mm? the drop volumeeg the oil film depth under ~gravity and oil-shearing stress gives an expressiorefor
the cone, and = 7. The term on the left-hand side is the Moi1S0/¢ = Mg sir(,B)/ys, where,_B Is the_plane tiIti_ng_
total force acting on the drop, respectively, without (0) andangle. In these experiments, a tilted static magnetic field

with (H) an external magnetic field. On the right-hand'S applied in order to reproduce the asymmetric shape of

side, the first term represents the dissipation due to thi'€ drop; the field is static to avoid the motion induced by
e asymmetric shape relaxation.

oil shear under the drop [11], and the second term is th > . . )
Stokes force [11], which describes the viscous dissipation # first order development of (2) i'/6 gives (3):

inside the drop. Let us cak = (Ptan(a)/4,P/4) the vx/Ptana) = (26) . _Usmg the experimental slope
maximum position of the center of mass (we assume&e® "~ 1.9's and determination o, (2) we can deduce

. o .1 A
that the cone generatrix is parallel to the field direc- he value of ;he quantity’(peq)/7o ~ 1.4 5™, which IS
tion when 7 — ﬁ) 2 (7) can be developed to the reasonable S|nqﬁ(peq) an_d 7o are of the order of unity.

i . G . - = We can use this determination in order to compare the
first order since the drop displacemeftf = 7 —

, _ . _,\. calculated value and the experimental data as shown in
remains small (in our experimenép/p =~ 5 X 107°):  Fig '3 The agreement is quite good if we consider the
Fo/u(r) = Fo/u(R) — Ko/u 7. In the horizontal direc-  gimpjicity of our model: we consider only an idealized
tion the Stokes force can be neglected regarding the ofeometry and study the response to a square signal instead
shear under the drop; it means that the drop is considered 5 cosine signal.
in the horizontal direction as a rigid object. We have Beyond the drop: the drifting surface instability.

1/3 . _z SN s Using an elongated MF drop several peaks are nucleated
e (Peq)Vo 82 + Koyndz = Fou(R) - é: =0, aboveH.. The distance between two peaks is fixed by

So . .. 1)
77011?0 ox + Koyudx — Foyu(R) - e, =0,

with x = ztan@). We thus obtain exponential relax-
ations for vertical motions with relaxation timeg and
Ty related to the unknown constakly/y by 7o/5 =
nMFf(peq)V()l/3/Ko/H. Solving (1) during a period™/2
and using the continuity conditioy(7 /4) = 7y(T /4),
both displacements of the center of mass are given by

Axo(r) = %Ptar(a)[l — /%]

1 1 — —T /47y
Axp(r) = — Ptan(a)————— T/
4 eT/Amn — | 2
X [1 _ e—(f—T/4)/0H] Sm
with FIG. 5. Photographs (on the left) of the motion of a train
Noil So  To/H made by several peaks, and a time-space diagram (on the right)
Oo/u = 73 . of this motion. The top line of the peaks is recorded as a
TIMF eV J(peq) function of time (the vertical line is a static defect of the cell).
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the capillary length [13]. If the external field is tilted field, gives rise to translational motion. This new kind of
and alternating, we observe the motion of the entiremechanism could be used to build liquid motors.

drop as shown in Fig. 5, with a group veloci§. The We are greatly indebted to B. Pothier for cooperation
macroscopic angles of the drop are different at the headuring experiments, P. Lepert for realization of the ex-
and the tail of the drop because of the drift. The shapgerimental setup, and S. Neveu for synthesis and char-
of the drop is more elongated at the end of the dromcterization of the magnetic fluid. We also acknowledge
and thus becomes unstable with respect to the magnetie Graner, S. Douady, Y. Couder, and F. Brochard for
field: A new peak is nucleated at the tail of the drop.fruitful discussions concerning this study.
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