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Three-lobe-shaped equilibrium states in magnetic liquid bridges

PHYSICAL REVIEW E, VOLUME 65, 03530&R)

A. G. Papathanasiduand A. G. Boudouvis
Department of Chemical Engineering, National Technical University of Athens, Athens 15780, Greece
(Received 21 March 2001; published 7 March 2002

Stable 3-lobed cross sectional equilibrium shapes, invariant under rotations of 120°, are reported in magnetic
liquid drops confined between two horizontal plates in the presence of a vertical dc magnetic field. Their
connectivity with other 4-, 3- or 2-lobed shapes as magnetic field strength varies is studied experimentally.
Although 3-lobed shapes are found to evolve into bent 2-lobed ones by slowly decreasing the field strength, the
reverse transition is not observed when the field strength increases. Moreover, 2-lobed shapes suffer a bending
transition, by increasing the field strength, which is found to be hysteretic.
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The cross section of a drop of magnetic ligea@dmmonly by capillary force that tends to minimize the free surface in
called ferrofluid, which bridges the gap between two hori- the face of the incompressibility of the liquid and of the
zontal solid plates, evolves into a plethora of static patternsvetting properties of the liquid/solid system, as reflected in
in a dc magnetic field applied normal to the plafés-3].  the apparent contact angle at the liquid/plates/air contact line.
Each cross section of the liquid bridge remains circular adhis results in the formation of a neck in a circular—in each
long as the field strength does not exceed a critical valuesross section—meniscus, when the liquid wets the solid
Beyond this threshold, the circular symmetry breaks and thelates, as is the case here. The neck is located halfway be-
bridge equilibrates to a 2-lobédumbbel) shape in its cross tween the plates, and is shifted up by gravity, which also
section. In stronger fields it is observed that the dumbbelbroadens the bridge at the lower plate. In the presence of a
elongates or bends forming a horseshoe shape, or that thertical magnetic field, the ferrofluid, which is a colloidal
initially circular cross section becomes multibranched andlispersion of ferrite particles in a liquid carrier, polarizes and
eventually a labyrintt{3,4]. In this Rapid Communication, tends to align in the direction perpendicular to the pl&€ds
the existence of 3-lobed equilibrium cross sectional shapes iRaising the field strength strengthens the alignment of the
magnetic liquid bridges is investigated experimentally. Spemagnetic dipoles of the ferrite particles in the vertical direc-
cial attention is given to 3-lobed shapes that are invariantion; thus, the meniscus attains an almost cylindrical shape
under rotations of 120°; these shapes, the lobes of which aexcept in the vicinity of the plates, due to their wetting by the
of equal size, are hereafter referred to as symmetric 3-lobediguid. The parallel oriented dipoles repel each other and the
in contrast to other 3-lobed shapes that lack the invarianceorresponding energy decreases as the mean distance be-
under 120° rotations. Their stability is examined by means otween them increases, i.e., as they approach the free surface.
studying their transitions to other 3- or 2-lobed shape famiHence, magnetic force tends to increase the free surface area.
lies as the applied magnetic field strength varies. When any of the ever-present infinitesimal noncircular dis-

The stability of 3-lobed configurations has recently at-turbances causes a decrease of the dipole energy that sur-
tracted the interest of experimental studies in rigidly rotatingpasses the corresponding increase of the free surface energy,
drops. Ohsaka and Trinfb] report a novel technique for instability occurs, which leads to noncircular shapes. Briefly,
cutting down 2-lobed shape perturbations in an acousticallyhe cross sectional instabilities are caused by a long-range
levitated and rigidly rotating drop in the Earth’s environ- repulsive interaction(dipole-dipole interaction competing
ment. By applying an acoustically driven oscillation, they against a short-range attractive interaction, due to surface
depress the 2-lobed perturbations and they drive the axisymension. For a cylindrical and uniformly magnetized liquid
metric drop to the angular velocity where the drops becomeolumn, perturbation analysis gives the critical magnetiza-
unstable to 3-lobed perturbations. This way, they obtairtion at the onset of the circular symmetry breaking instability
3-lobed shapes, which, however, evolve to 2-lobed onep4,6].
when the forced oscillation is turned off. The equilibrium deformation of the initially circular

Force competition determines the static equilibrium of abridge strongly depends on its mean diameter as well as on
ferrofluid bridge. The forces acting on the liquid, namelythe rate of change of the field strend®7]. By slowly in-
magnetic force, gravity, and capillary for¢he resultant of creasing the field strength, small drops are driven in 2-lobed
surface tension acting in a curved interfacare conserva- or bent dumbbell shapes, whereas large drops become multi-
tive. Thus, the equilibrium is governed by the minimization branched when the field increases rapidly. Langeret al.
of an appropriate potential energy functional. In the absencgg] and Jacksoret al. [9] studied the shape evolution of a
of magnetic field and gravity, the bridge shape is determinediniformly magnetized liquid bridge as a dissipative dynami-

cal process. At fixed applied field strength, the initially cir-
cular cross section is perturbed by random noise and its
*Present address: Fritz-Haber-Institut der Max-Planck-shape evolution is computed numerically. Many complicated
Gesellschaft, Faradayweg 4-6, Berlin 14195, Germany. patterns are captured, exhibiting qualitative agreement with
TAuthor to whom correspondence should be sent. experiments, but important realities, such as the wetting ef-
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paths as well as experiments, mechanisms of prelabyrinthine
cross sectional instabilities are illuminated by the present Sy
authorg[10]. Accounting for the effects of the wetting, of the (b) A=7.5
fringing field, and of the nonlinear magnetization of the lig-
uid, as well as of the gravity, the three-dimensional, nonlin- FIG. 2. Top-view photographs of equilibrium states of the cap-
ear and free boundary problem that arises is solved by théve drop in magnetic field(a) Slow increase of the field strength.
Galerkin finite element method. Results show that circulafP) The same drop with a sudden increase of the field strength. In all
cross sections become 2-lobed at a critical field strengtihe photographs, except the first one(@, a thin visible ferrofluid
which corresponds to a pitchfork bifurcation point in the film is left on the plates as the drop contact line recedes.
solution space. The 2-lobed solution family bifurcates sub-
critically from the circular solution family, which turns un- ity 9 cp at 27°C. Two Plexiglas plates 1-®.05 mm apart
stable to 2-lobed perturbations. The 2-lobed solutions ar@re used to trap the sample drops that vary in size between 10
unstable near the bifurcation point but they regain stabilityand 3G=0.25 mni. The drop shape is measured from the
past a turning point. The solution connectivity, as briefly out-digitized close view photographs captured by the cameras
lined above, suggests a hysteretic transition from circular t@nd the volume is estimated numerically by its vertical pro-
2-lobed shapes, a mechanism that is also confirmed expefiile shape. The apparent contact angle is measured to be
mentally[11]. Symmetric 3-lobed solutions are also found to 20°+ 3° in any drop deformation. The field strength is mea-
bifurcate subcritically from the circular solutions at higher sured by a Phywe teslameter equipped with an axial Hall
field strength than the 2-lobed ones. Their connectivity withprobe. Length and field strength measurements are reported
nonsymmetric 3-lobed or 2-lobed shapes is under investigan normalized form. The radius of a sphere of volume equal
tion. The aim of the experimental study that follows is toto that of the drop is chosen as a characteristic length; as
determine whether symmetric 3-lobed cross sections areharacteristic field strengthi. is chosen that at the onset of
stable and, moreover, to examine the relative stability of 3the circular symmetry breaking instabilify1].
and 2-lobed shapes by observing equilibrium shape transi- Experiments show that the 2-lobed shape cross section is
tions as magnetic field strength varies quasistatically. Simpléhe most preferred nonaxisymmetric deformation, especially
techniques are also reported for the shape control of the crogghen the drop size is small. In Fig. 2 the field strength in-
section, partially inferred from the solution space diagramsreases in a stepwise manner and in each step the drop of
available from the existing theoretical stud[d@®,11. volume 10.1-0.25 mn? is left to reach an equilibrium
The experimental setup is sketched in Fig. 1. A pair ofshape(no more tha 5 s are required The drop undergoes a
Helmholtz coils placed 4 cm apart and supplied by a conwell known shape evolution. The circular symmetry breaks
trolled dc current is used for the production of the magneticat a critical strengthid, (H.=235 G), with the formation of
field. The inner and outer diameters of each coil are 5.5 cna 2-lobed shape, which keeps elongating as the field strength
and 13 cm, respectively. The ferrofluid bridge is placed halfis increased up to 1.Hi.. To investigate whether the final
way between the coils, centered at their common axis. Itequilibrium state is independent of the rate of variation of the
size does not exceed the boundaries of a cylindrical region, feld strength, the strength is decreased in a stepwise manner
mm in height and 1 cm in diameter, where the field is verticaldown to zero and then is suddenly increased up toH.74
and almost uniform, with a variation less than 0.5%. The topThis procedure is repeated once more and, as photographs
and the side view of the bridge are recorded by two CCD(Il) and (lll) in Fig. 2b) show, the resulting states do not
microcameras suitably mounted to the coils’ arrangementotably differ from the one that arises by slowly increasing
(see Fig. 1 The ferrofluid used in the experiments is basedthe field strengtticf. the corresponding photograph in Fig.
on light mineral oil and was used as received by Ferrofluid-2(a)]. This is also confirmed by comparing the aspect ratios,
ics Corporation with the following properties: magnetization\, of the cross sections, shown in Fig. 2. The latter observa-
at saturationM=400 G, surface tensioor=28 dyn/cm, tions imply that the noncircular equilibrium states lie on the
initial susceptibility y;=2.2, densityp=1.19 g/ml, viscos- 2-lobed shape family, which is followed even if the field is

alistic calculations of the magnetohydrostatic equilibrium =10 \ ﬁ
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monic shapes, namely 3- or 4-lobed ones, is to pass over the
2-lobed shape family. This is efficiently attained, as experi- FIG. 5. Measurements of the normalized lobe lengths of the
”?e”t showed, W.hen 'Iarger drop samples are use.d and ©SPElobed cross section as the magnetic field strength varies along a
cially When_the field jumps at hlgh Str_engths_ In Figa)3 a part of the first route in Fig. 4. Lines are drawn as a guide to the
stable multibranched cross section with two nodes and foug, .
lobes evolves almost instantly from a circular one by switch-
ing the field from zero to 2.68. . In each node, three liquid manner, are shown in Fig. 4. The dimensionless sum of the
branches emanate almost every 120°. As magnetic fieltbbe lengths is plotted versus the strength. In the case of the
strength quasistatically decreases, the four lobes as well asrcular cross section this magnitude is the dimensionless
the branch that connects the two nodes become smaller. Aiameter. Three successive routes are followed in order to
approximately 1.581., all the lobes become roughly the elucidate the connectivity between noncircular, namely 3-
same size[see Fig. 8)] while at a critical strength and 2-lobed, and circular shape families. The first route starts
(=1.4H,) one of them is sharply incorporated into the from a symmetric 3-lobed shape at pokfphoto(a)] and is
main drop body. Then one of the nodes disappears and thearked with triangles; the field decreases slowly until the
4-lobed cross section gradually evolves into a symmetric androp attains a circular cross sectifgoint B and photo(e)].
stable 3-lobed shagsee Fig. 8)]. The measured difference The second route starts from the circular drop at pBiand
between the lobe lengths in the 3-lobed configuration in Figis marked with squares; the field strength increases slowly up
3(e) is less than 10%. The transition from 4- to 3-lobedto 1.6H., at pointC. From pointC starts the third route,
shapes is clearly seen in the transient state photographs @gain marked with squares, and is followed by slowly de-
Figs. 3c) and 3d). Three-lobed shapes were not only ob- creasing the strength until the drop regains a circular cross
tained by 4-lobed ones by slowly decreasing the fieldsection(point B). Although the second and third routes are
strength but also directly from circular shapes by a jump inboth marked with squares, notice that the directions of the
the field strength. The latter procedure was not always suauiding arrows are opposite. It is shown in the first route that
cessful and the circular cross section sometimes evolved intwhen the field strength is decreased the sizes of the three
2-lobed shapes. lobes of the symmetric 3-lobed shape decrease but they re-
Equilibrium states of a drop of volume 27.270.25 mnd, main almost equal until a critical strength is reached. This is
obtained as the magnetic field strength is varied in a stepwisgeen better in Fig. 5 where the length of each lobe is plotted
separately. The three lobes keep roughly the same size down
to 1.3H, where one of them sharply becomes smaller than
the other two. Further decrease of the strength causes the

10.0 smallest lobe to become even smaller without affecting the
9.0 angle between them. Hence, although invariance under 120°
rotations is broken, reflective symmetry remains. The latter
80 configurationphoto(b) in Fig. 4] is stable down to 1.23,.
870 At this critical strength the smallest lobe is rapidly incorpo-
B0 rated into the main drop body and the cross section evolves
= quickly into a bent 2-lobed shagehoto (c)]. The bending
g 50 subsides as the field strength decreases. AtH,lthe

2-lobed cross section is no longer bent and is becoming al-
most straight. Finally it evolves into a circular shape at
0.9, [photo (e)]. In the second route, the 2-lobed shape
shows up at a higher strength—the critical one for this
case—namely atl ;=165 G, verifying the hysteretic transi-
tion circle—dumbbell (2-lobed—circle [11]. Further in-

FIG. 4. Measurements of the normalized length of the cros$rease of the strength elongates the 2-lobed cross section
section are plotted as a function of the applied field strength. Théphoto (f)] without causing any bending or branching up to
open triangles represent the evolution of 3-lobed shapes whereds53H.. Beyond this threshold, the elongated 2-lobed shape
the open squares the evolution of 2-lobed ones. Lines are drawn &volves into a markedly bent shajgghoto(g)]. The bending
a guide to the eye. subsides smoothly as the field strength decreases along the
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third route[photo (h)]. The third route meets the first one at come branched by slowly increasing the field. Since in all the
~1.24H. along which transitions from 3- to 2-lobed cross experiments done, circular drops evolved into 3-lobed ones
sections were observed. Namely, the straight 2-lobed shapesily by rapidly increasing the field strength passing over the
reappear at 1.12,, where all three routes give almost the 2-lobed solution family, no experimental evidence has been
same equilibrium shapes. Thus, as the experiment shows, tlobtained regarding the emergence of the 3-lobed shape fam-
bending transition is hysteretic. The corresponding hysteresi$y through a primary bifurcation from the circular family.
strength is 1.58.-1.1H,=0.43.. In all the photographs What is required is to drive the circular drop by slowly in-
shown, the black shadows are attributed to the liquid film leftcreasing the fieldthus following equilibrium statgsto the
behind when the drop contact line recedes on the plates. T8lobed bifurcation. Suppressing, in some way, the 2-lobed
assure that the hysteresis is not due to the hysteresis on tperturbations, which lead to 2-lobed shapes, could only al-
advancing-receding equilibrium contact angles, all the exiow this. Suppression of 2-lobed disturbances is imple-
periments are carried out on already wet, with ferrofluid,mented by Ohsaka and Trinlb] in the system of rigidly
plates. rotating liquid drops towards promoting the 3-lobed bifurca-
In our experiments, almost any multibranched cross section. The unstable nature of the 3-lobed rigidly rotating drops
tion can be driven into a symmetric 3-lobed configuration by[12] does not allow the appearance of gyrostatic equilibrium
slowly decreasing the field strength and successively incorshapes; thus constantly changing shapes are observed as the
porating a certain number of lobes in the main drop bodydrop rotateg5]. In contrast to the rotating drop in which 2-
Symmetric 3-lobed shapes keep their symmetry of equadnd 3-lobed shapes are unstable, in the ferrofluid bridge the
lobes down to a critical field where one of théthe slightly  later configurations are stable and static. Thus, shape control
smaller ong “enters” the main drop body; a bent 2-lobed is more convenient. Since the corresponding experiments are
cross section then arises. However, starting from a circulagsimple and well controlled, the ferrofluid bridge offers con-
cross section and slowly increasing the field strength nwenience for testing experimental techniques so designed as
multibranched shapes are reached even if the field exceeds suppress or promote selected harmonic shape bifurcations;
the value where stable 3-lobed shapes exist. Instead, 2-lobgglsts are underway and are promising.
shapes arise at a critical strength. Then, at higher field
strength, a secondary transition occurs accompanied by the
bending of the 2-lobed shape. The bending subsides hyster- We are indebted to Ferrofluidics Corporation, and to Dr.
etically as the field strength decreases. It is thus suggestd€uldip Raj in particular, for providing the ferrofluid. This
that no stable equilibrium path connects the 2- and thavork was supported by the Research Committee of the Na-
3-lobed shape families, since the 2-lobed drops never bdional Technical University of Athens.
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