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In this paper, we investigate the influence of a vertically aligned magnetic field of a
circular current loop on a ferrofluid layer located on a liquid substrate. It has been found
that an increase in field strength leads to a threshold formation of the layer rupture in
the form of a regular circle. The critical value of the field strength depends linearly on
the initial layer thickness. The rupture initiated by the magnetic field does not disappear
after removal of the field provided that the thickness of the ferrofluid layer is lower than
the critical value. In the case of deformation of rather thick layers the occurrence of
rupture is accompanied by the formation of well-ordered drop structures.

Introduction. A stable rupture of the upper layer of a two-layer liquid sys-
tem has been discovered quite recently [1]. A particular feature of such a system is
that the layer rupture exists in the absence of any external force and has the shape
of a perfect circle, inside which the fluid of the lower layer comes into contact with
a gas. In [2], such a rupture occurred due to deformation of an initially continu-
ous fluid layer caused by short-time application of some mechanical force or local
injection of a microdose of a surfactant. It has been shown that the rupture is
retained only in the case of a rather thin layer, whereas in thick layers the rupture
closes as soon as the action of external factors ceases. In addition, the occurrence
of a stable rupture can be expected when the upper fluid meets the following re-
quirements: (a) it wets the walls of the cuvette, (b) it has a lower density ρ, and
(c) it has a higher surface tension σ compared to that of the lower fluid. With
these restrictions we may create a two-layer system based on a ferrofluid and apply
an inhomogeneous magnetic field to initiate a stable rupture.

1. Experimental technique. For the experiment we used a kerosene-based
ferrofluid with dispersed magnetite particles stabilized by oleic acid. The main
characteristics of the ferrofluid are: density ρ1 = 1.37 g/cm3, surface tension σ1 =
27dyn/cm, magnetic susceptibility χ = 7.18. For a liquid substrate, we chose
perfluorooctane C8F18 (ρ0 = 1.76 g/cm3, σ0 = 15.8 dyn/cm).

As a container for a two-layer system, we used a cuvette in the form of a
short vertical cylinder made of borosilicate glass manufactured by JENAerGLAS.
The thickness of the ferrofluid layer was defined as h = m/(ρ2S), where m is
the fluid mass, S = D2/4 is the area of the initially continuous layer, which is
considered to be plane, D is the inner diameter of the cuvette. The fluid mass
and, accordingly, the layer thickness were determined by weighting a syringe with
the ferrofluid on an electronic scales AnD EK 610i before and after its injection
into the cuvette. In our experiments, the thickness of the ferrofluid layer varied
from 1mm to 5 mm. The thickness of the liquid substrate was several times larger
than the layer thickness (from 10 up to 20mm).
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Fig. 1. Scheme of the experimental setup: 1 – perfluorooctane; 2 – ferrofluid; 3 –
cuvette; 4 – coil.

H(x)

R, mm

Fig. 2. Distribution of the relative vertical component of the field strength along
the coil radius. Lines A and B, C and E denote the boundaries of the cuvette with
D1 = 92.6 mm and D2 = 59.4 mm.

During the experiment, the cuvette with D1 = 92.6mm or D2 = 59.4mm
is placed inside the horizontally located coil, whose inner diameter fits the outer
diameter of the cuvette D1 (Fig. 1).

The dimensions of the winding cross-sections were 8×7mm2. The winding was
connected to a stabilized power supply source GPR–7550 D. A relative distribution
of the vertical component of the field strength along the coil radius located on the
level of the free surface of the continuous non-deformed fluid layer is shown in
Fig. 2. The field strength H in the center of the coil will be used as its main
characteristic.

The cuvette image was recorded by a video camera mounted above the coil.
In addition, the frame field was provided with information about the strength of
the electrical current passing through the coil. The experiment was carried out at
ambient temperature (24 ± 1)◦C.

2. Results. Exposure of the ferrofluid to an inhomogeneous axisymmetric
magnetic field of a circular current loop directed perpendicularly to the layer sur-
face leads to redistribution of the ferrofluid along the cuvette radius. The layer
thickness decreases at the center of the cuvette (in the region of the weakest field)
and increases at the cuvette walls, where the field is stronger. At the critical value
of the field strength H∗, the deformation penetrates through the whole layer and
reaches the surface of the substrate. In this case, the layer rupture occurs in a
threshold manner (shown in Fig. 3 by dashed vertical lines).
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Fig. 3. Diameter of the initiated rupture of the ferrofluid layer (D = 92.6 mm) versus
the strength of the applied magnetic field. The thickness of the breaking layer h: 2.7 mm
(curve 1); 2.6 mm (curve 2).
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Fig. 4. Critical strength of the magnetic field versus the initial thickness of the breaking
layer of the ferrofluid. The diameter of the cuvette D: 92.6 m (curve 1), 59.4 mm (curve
2). Filled symbols on curves 1 and 2 correspond to the layers with h = hmax.

In this figure one can see that for the layer of thickness h = 2.7mm the rupture
occurs at the field strength H = 4.5 kA/m and its diameter is approximately equals
to 80mm. The growth of the field leads to an increase of the rupture diameter. If
the field strength starts decreasing slowly, the rupture diameter gets smaller and
smaller (Fig. 3, curve 1) until the rupture totally disappears at H = 0.7 kA/m.
It is worth saying that up to H = 1kA/m the diameter of the rupture decreases
almost linearly with the decreasing field strength, however, any further decrease
of the field results in the abrupt collapse of the rupture.

Thus, there is a hysteresis in the process of rupture appearance in the in-
creasing field and its closing in the decreasing field. This kind of behaviour can
be explained both by a change of the surface topology after its rupture and by a
change in the configuration of the magnetic field after the appearance of the layer
rupture.

The layer rupture caused by the action of the magnetic field persists after the
removal of the latter (Fig. 3, curve 2) provided that the initial thickness of the
ferrofluid layer does not exceed (85 ÷ 90)% of hmax, where hmax is the maximum
thickness of the layer with a stable rupture of the layer surface [2].
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Fig. 5. Diameter of the rupture versus the layer thickness: in the absence of the field
(curve 1), after the removal of the magnetic field (curve 2), in the field with H = 2.5 kA/m
(curve 3), at the time of rupture formation during exposure to the magnetic field (curve
4). D = 92.6 mm.

The critical field strength depends linearly on the thickness of the initial layer
of the ferrofluid (Fig. 4). Filled symbols on curves 1 and 2 correspond to the
layers with h = hmax. Note that in a cuvette of a smaller diameter the rupture of
layers of the same thickness occurs at a much higher field intensity. This can be
explained by a decrease in inhomogeneity of the magnetic field along the radius
of a smaller cuvette (the relative difference in field strength between the cuvette
center and its periphery is no more than 30%, whereas for a cuvette of a larger
diameter this difference is 60%, see Fig. 2).

Fig. 5 describes the dependence of the diameter of the stable rupture on the
thickness of the initial ferrofluid layer for various cases of the presence/absence of
a magnetic field. In particular, curves 1 and 4 in Fig. 5 describe the dependence
d(h) of the stable rupture in the absence of the magnetic field and after cessation
of its action. Curve 1 was obtained for a case, when the layer of the ferrofluid was
deformed by a narrow directional air jet until it broke, and curve 2 for a case, when
the field strength was reduced to zero (see curve 2 in Fig. 3). The coincidence of
these curves proves that the existence of stable rupture does not depend on the
methods of its creation.

When the field strength does not reach the critical value, the vertical magnetic
field becomes the factor, which facilitates the rupture of the ferrofluid layer. Thus,
curve 3 in Fig. 5 illustrates the dependence of the diameter of the stable rupture
produced by an air jet on the layer thickness at a fixed value of the field strength.
A comparison between this curve and curve 1 suggests that the magnetic field can
provoke rupture in a thicker layer.

Curve 4 in Fig. 5 describes the dependence d(h) at the time of occurrence
of the layer rupture under the action of the magnetic field. It is worth noting
that a three-fold increase of the layer thickness causes only a 10% decrease in the
rupture diameter. It has been found that the rupture of thicker layers occurs at
an considerably stronger magnetic field (see Fig. 4). An increase in field intensity
is naturally accompanied by a growth of the field gradient and, accordingly, by an
increase of the magnetic ponderomotive forces attracting a larger volume of the
ferrofluid. This is just the reason of why the rupture diameter depends weakly on
the layer thickness.
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Fig. 6. Rupture of the ferrofluid layer of thickness h = 5.2 mm in the cuvette with
D = 92.6 mm. The field strength H , kA/m; the time elapsed since the beginning of the
test t, s: 0, 0 (a); 5.3, 118–132 (b–c); 5.5, 135 (d); 6.4, 138 (e); 9.2, 155 (f); 4.0, 166 (h);
5.6, 75–76 (i–j). Closure of the layer at 3.5 kA/m.

When the layer thickness exceeds 1.3×hmax (reaching 4–5mm), the boundary
of the initiated rupture becomes unstable. This instability may result from the
inability of the magnetic field to hold the increasing volume of the ferrofluid within
the near-wall region. The instability occurs at the stage of rupture formation, and
the boundary of the rupture is perturbed periodically (Fig. 6b). Depending on
the layer thickness, this disturbance may either decay, as it happens in the case of
h ∼ 4.0 ÷ 4.3mm in the cuvette with D1, or evolve further (at h ∼ 4.5 mm). In
the latter case, the growth of the field intensity leads to an increase of the rupture
diameter and to transformation of the boundary disturbance into a system of
serrations (Fig. 6c,d). Then the serrations are detached in the form of drops, which
form a well-ordered structure along the boundary of the rupture (Fig. 6e). With
the growth of the field strength, the drops turn into cones, which are partially
immersed in the liquid of the substrate and tend to migrate towards the wall
meniscus (Fig. 6f). With the decreasing strength of the magnetic field, the area
of the rupture reduces and the drops are pushed closer to each other (Fig. 6h).
Then the rupture closes, still being under the action of the magnetic field of finite
strength.

The number of drops arising at the rupture boundary depends on the thickness
of the initial layer: at h ∼ 4.5mm the number of drops varies from 5 to 9, whereas
at h ∼ 5.2mm it increases to 13. Moreover, the number of drops strongly depends
on the field growth rate. In order to characterize the growth rate of the magnetic
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field, the viscous time of the system τ = hD/4ν, where ν is the kinematic viscosity
of the ferrofluid, can be used. When the rupture formation in the layer of the same
thickness occurs within a time period shorter than the viscous one τ , the number
of drops increases up to 20, but their size decreases (Fig. 6i,j).

The instability evolution in the cuvette with D2 = 59.4mm follows a different
scenario. Since this cuvette is exposed to a relatively homogeneous magnetic field,
the occurrence of the rupture is accompanied by the formation of a drop structure
like in the case of a vertically aligned magnetic field [3].

3. Conclusion. The experiments have shown that the exposure of the fer-
rofluid layer on a liquid substrate to a magnetic field of a circular current loop
initiates its rupture. The rupture of the layer appears abruptly at a certain crit-
ical field strength. With the following decrease of the applied magnetic field, the
rupture size exhibits a hysteresis, so that it decreases slowly with the field and
might even remain finite when the field reaches zero. The value of the critical field
strength responsible for the change in the topology of the layer is directly propor-
tional to its thickness. The diameter of the initiated rupture depends weakly on
the initial layer thickness and linearly on the field intensity.

Acknowledgements. The work was supported by the grant of the research
program of the Ural Branch of RAS No. 09-T-1-1005 and the RFBR project No. 10-
02-96022.

REFERENCES

[1] Yu.Yu.Stoilov. Oscillation of evaporating liquids and ispalator paradoxes.
Phys. Usp., vol. 43 (2000), pp. 39–53 (in Russ.).

[2] Yu.K.Bratukhin, A.L. Zuev, K.G.Kostarev, A.V. Shmyrov. Stability
of a steady-state discontinuity of a fluid layer on the surface of an immiscible
fluid. Fluid Dynamics , vol. 44 (2009), no. 3, pp. 340–350.

[3] C.A.Bushueva, K.G.Kostarev. Dynamics of a ferrofluid layer with a
stable rupture of the surface. Proc. the XXXVIII Summer School—Conference
”Advanced Problems in Mechanics” (St. Petersburg, Russia, 2010), p. 98–104.

Received 28.07.2011

212



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


