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Abstract. The work is devoted to an experimental study of the process of dissolution of a mag-
netic fluid in a nonmagnetic solvent under the action of a uniform magnetic field. It is experimen-
tally established that in a volume of magnetic fluid surrounded by a miscible solvent fluid, under
the action of a uniform magnetic field, a mechanical movement arises, triggering deformation of
this volume. Initially, the axisymmetric volume of the fluid takes an ellipsoidal shape, lengthening
along the magnetic field direction. The main reason for this movement is the pressure differences
in the magnetic fluid, caused by jumps and nonuniformities of the magnetic field at the interface
between magnetic and nonmagnetic media. Simultaneously with the mechanical motion, the
diffusion dissolution of the magnetic fluid occurs, which is also accompanied by the motion of the
diffusion front at the interface between the fluids. The concentration gradients of magnetic parti-
cles that arise in this case cause gradients of the magnetization of the fluid and, as a consequence,
gradients of the magnetic field intensity. Together, this triggers the appearance of a bulk magnetic
force in the magnetic fluid, and the pressure gradients associated with it. The main regularities
of this process have been established, viz. the dependence of change of the geometric characteris-
tics of the volume and its deformation rate on time. It is shown that at the initial stage of the pro-
cess, the rates of mechanical movement of the boundaries of the magnetic fluid volume are much
higher than the rates of movement of the diffusion front. Thus, the initial rate of mechanical elon-
gation of the droplet under the experimental conditions is 0.25 mm/min, and the diffusion front
rate is 0.08 mm/min. Over time, these processes slow down and stop when the volume of the mag-
netic fluid is completely dissolved. Herewith, the mechanical elongation of the drop is the first
to stop and, in the case under consideration, takes about ten minutes.
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Oco0eHHOCTH MOBeIeHHS TIOCKOH 0CeCUHMMETPHYHON KAIIH
MATHUTHO# KUKOCTH B HEMATHUTHOM PacTBOpUTEIe
B O/ITHOPOIHOM MATHUTHOM TOJI€e

B.T. BamTonoﬁl), A.T. Pelccl), A. A. 3araackas’
DBenopycckuii HALMOHATbHbIH TeXHIUecKui yHuBepcuTer (MuHCK, Pecny6nuka Benapyce)

Pedepar. PaboTa mocBsiieHa SKCIepIMEHTAIBHOMY HCCIEJOBAHHIO MPOLECCca PACTBOPEHUS Mar-
HUTHOH JXHUAKOCTH B HEMarHUTHOM DPacTBOPHTENE MOA ACHCTBHEM OIHOPOIHOIO MAarHUTHOTO
moss. DKCIePUMEHTAIBHO YCTaHOBIIEHO, YTO B 00beME MarHUTHOM XKHUIKOCTH, OKPYKEHHOM CMe-
IIMBAOIEHCS C Hel JKHAKOCTBIO-PACTBOPHUTEINIEM, IO IEHCTBIEM OJHOPOJHOTO MATHUTHOTO TOJIS
BO3HHKAaeT MEXaHUIECKOe ABI)KEHHME, IpHBoOIIIee K fedopmaruu sToro oosema. [leponavansHo
0CECHMMETPHYHBIH 00beM KHUAKOCTH MPUHUMACT JUIMIICOMIATIbHYI0 (OPMY U YIIHMHSIETCS BIOJb
HanpaBlIeHUss MarHUTHOro mois. OCHOBHOM MPUYMHON 3TOTO JBIIKEHUs SIBISIOTCS Iepemnajbl
JaBICHUS B MAarHUTHOH JXUJKOCTH, BBI3BAaHHBIE CKAYKAaMH U HEPAaBHOMEPHOCTSMH MAarHUTHOTO
MoJIS HA TPAaHUIE pa3fena MarHUTHBIX M HEMarHUTHBIX cpeA. OHOBPEMEHHO ¢ MEXaHHYECKHM
JBIDKEHHEM TPOUCXOIUT (D (y3MOHHOE pPACTBOPEHHWE MArHUTHOM J>KUJIKOCTH, KOTOPOE TakKxke
CONpPOBOJKIAETCS ABMKEeHHEM 1U((dy3HoHHOro GpoHTa Ha TpaHHULE pa3zena >kKuaKocTell. Bo3uu-
KaloIllye TIPH 5TOM T'PAIUEHTH! KOHICHTPAlUK MAarHUTHBIX YacTHI[ BEI3BIBAIOT I'PAIUEHTH HaMar-
HUYEHHOCTH JKUJKOCTHU H, KaK CJIE/ICTBHE, TPAIUEHTHl HAPSDKEHHOCTH MarHUTHOTO nouisi. B coBo-
KyTTHOCTH 3TO NMPHUBOJUT K BO3HUKHOBEHUIO 00BEMHOIM MarHMTHOM CHIIBI B MATHUTHOM >KHIKOCTH
1 CBSI3aHHBIX C HEil rpaJineHTax JaBICHUs. Y CTAaHOBIECHBI OCHOBHBIE 3aKOHOMEPHOCTH 3TOTO MPO-
Iiecca: 3aBUCHMOCTh M3MEHEHHSI TeOMETPUIECKUX XapaKTePHCTHK 00beMa U CKOPOCTH ero aedop-
Manuu oT BpeMmeHH. Iloka3aHo, YTo Ha HadalbHOM 3Tale MPOLECCa CKOPOCTh MEXAHHYECKOTO
JBIKEHHS TPaHUI] 00beMa MarHUTHON >KHIKOCTH 3HAYUTENBHO NPEBBIMIAET CKOPOCTh ABMKEHUS
¢ ysnonaoro dponTa. Tak, HagaTbHAS CKOPOCTH MEXAHHMYECKOTO YATIMHEHNS KAIUTH B YCIOBH-
SIX JKcHepuMeHTa cocraBiusier 0,25 MM/MUH, a CKOPOCTh paclpocTpaHeHHs IH(pQHY3UOHHOTO
¢ponra 0,08 Mm/MuH. Co BpeMEHEM 3TH MPOLECCH 3aMEAIISIIOTCS. M PEKPAIaloTCs, KOraa 00beM
MarHUTHOH JKHUAKOCTH TIOJTHOCTBIO pacTBopsieTcs. IIpm 3TOM MexXaHH4YecKoe yTMHEHHE KaILI|
IIpeKpalaeTcs NepBEIM U B PACCMaTPUBAEMOM ClTydae 3aHUMAeT ITOPsIIKa AeCsITKA MUHYT.

KiroueBble €j10Ba: MarHUTHAS YKUIKOCTh, HEMATHUTHBIA PACTBOPUTEI, TUP(PY3Hs, paCTBOPCHUE
KaIUTH, OJHOPOIHOE MarHUTHOE 10JIe, MAaTHUTHBINA CKa4OK JaBJeHHs, qedopMalus Karui

Jdas untupoBanus: bamrosoil, B. I'. OcoGeHHOCTH TOBEACHUS IUIOCKOH OCECHMMETPHYHON
KaIUTM MarHUTHOM >KUJIKOCTH B HEMAarHUTHOM DPacTBOPHTEIE B OJAHOPOJHOM MAarHUTHOM Iojie /
B. I'. BamrroBoii, A. I'. Pekc, A. A. 3araackast // Duepeemura. H36. evicwi. yueb. 3asedenutl
u sHepe. obveounenuti CHI. 2022. T. 65, Ne 6. C. 551-561. https://doi.org/10.21122/1029-7448-
2022-65-6-551-561

Introduction

In connection with the development of technologies that use magnetic
fluids [1-4] for heat transfer, chemical, and medical applications for water puri-
fication from harmful impurities [5-6], and many other purposes, the relevant
issues are the interaction of limited free volumes of a magnetic fluid with
a nonmagnetic fluid or gaseous environment. This becomes especially important
when creating magnetic fluid emulsions and gas-liquid systems.

To date, the bulk of the work in this direction is associated with the study
of the behavior of magnetic fluid droplets placed in a nonmagnetic fluid that
1s immiscible with them, when surface tension forces act on their interface.
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The most interesting in this case is that under the action of an applied uni-
form magnetic field, the droplets are deformed, which is expressed in their elon-
gation along the field. This fact was first noted based on theoretical calculations
in [7] and experimentally observed in [8, 9]. Such change in the shape of an
initially spherical droplet of magnetic fluid is due to the fact that its presence
distorts the applied uniform magnetic field and causes the appearance of forces
that tend to change the shape of the droplet in such a way as to minimize these
distortions and the associated increase in the energy of the system. This minimi-
zation is ensured by elongation of the droplet along the direction of the magnetic
field with a corresponding decrease in that part of the drop surface that is per-
pendicular to the field intensity vector and on which field jumps occur. Thus,
a magnetic fluid droplet tends to form its surface so that the magnetic field is on
the maximum possible area tangent to it, where, as is known from electrodyna-
mics, the field intensity is continuous when passing through the interface
between magnetic and nonmagnetic media.

The most impressive results of numerical simulation of this process in terms
of accuracy are presented in a recent paper [10], where the authors achieved
a detailed description of the process.

Such a deformation of magnetic fluid droplet volumes creates effective con-
trol mechanisms for multicomponent magnetic fluid systems for heat exchange
technologies, including those accompanied by boiling [11, 12], bubbling [13],
and magnetic fluid droplet impacts with the surface of its large volume [14],
in lubrication systems [15].

A large number of works are devoted to the study of magnetic fluid droplet
volumes of various geometries, including semi-bounded and flat droplets [16, 17].

Another large class of problems is associated with the situation when a mag-
netic fluid droplet is surrounded by a nonmagnetic fluid that mixes with it and
dissolves it. In this case, the surface tension disappears at the interface between
these media, but the processes of diffusion dissolution of the magnetic fluid
come into play. At the moment, the most interesting investigated effects accom-
panying this situation are the instability of the boundary of the diffusion layer
in a uniform magnetic field [18], as well as the labyrinth instability of a flat drop
in a magnetic field normal to its plane [19]. In addition, as shown in [20], an
alternating uniform magnetic field can create mechanism for mixing of fluids.

However, the existing viewpoints allow us to expect that in this case, in a
constant uniform external magnetic field, mechanical motion can occur in the
volume of the droplet, which provides an additional mechanism for its mixing.

The present work is devoted to the experimental study of the processes
occurring in a plane axisymmetric magnetic fluid droplet surrounded by
a nonmagnetic miscible fluid-solvent in a uniform magnetic field H parallel to
the plane of the droplet, as shown in Fig. 1.

Consider the physical prerequisites for the expected results of this study.
As it is known, at the interface between magnetic and nonmagnetic fluids,
a magnetic pressure jump Ap arises, which is proportional to the square of the

fluid magnetization component normal to the boundary M,:Ap =(1/2)p,M;,
(1, =1,26-10"° H/m is the magnetic permeability of the vacuum) [1].
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Fig. 1. Geometry of the problem

By this value, the pressure in the magnetic fluid is less than the pressure
in the surrounding nonmagnetic fluid. At those points where the magnetic field
is tangent to the interface, such a pressure jump does not occur and the pressure
in the magnetic fluid is equal to the pressure in the nonmagnetic fluid. With re-
gard to the situation considered in Fig. 1, the above means that when a magnetic
field is applied, the pressure p, at the top of the droplet at point 4 will be less by
the value of this jump than the pressure p; at the side point B. Under the action
of this pressure difference in the droplet, the fluid will begin to flow from the
area with a higher pressure to the area with a lower pressure, that is, from the
side points to the peaks. The result of such fluid overflow will be the elongation
of the fluid droplet along the vector of magnetic field intensity. The droplet from
spherical will turn into ellipsoidal. As mentioned earlier, for a droplet of magne-
tic fluid surrounded by an immiscible nonmagnetic fluid, this process has been
studied in sufficient detail both experimentally and theoretically. In this case,
when the droplet is elongated, the curvature of its surface changes at the top and
side points considered above, as a result of which different capillary pressure
jumps arise at these points, triggering corresponding pressure differences in the
fluid, which compensate for the pressure differences caused by magnetic pres-
sure jumps. Because of this, the droplet takes some stable stationary shape.

In the situation considered in this paper, when the magnetic fluid and its
nonmagnetic environment are miscible fluids and there is no surface tension be-
tween them, such a compensating action for the magnetic pressure jump does not
occur and the elongation of the droplet cannot reach a stationary value. Howe-
ver, in this case, the diffusion dissolution of the magnetic fluid into the surroun-
ding solvent and the corresponding blurring of the interface between the fluids
will necessarily take place. It will turn into some kind of diffusion boundary
layer with a smoothly changing concentration of the magnetic fluid and an
increase in thickness with time. The magnetic fluid concentration gradient is
accompanied by the appearance of a magnetization gradient VM and, in its turn,
causes a magnetic field intensity gradient VH . Thus, over time, pressure diffe-
rences in the magnetic fluid caused by the magnetic pressure jumps are trans-

formed into pressure gradients caused by the volume magnetic force pyMVH in
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a nonuniform magnetic field, which will provide a further elongation of the
droplet. However, over time, as the droplet dissolves, the diffusion rate decrea-
ses, the thickness of the diffusion boundary layer increases, and the gradients
of concentration, magnetization, and magnetic field intensity decrease. Accor-
dingly, the process of elongation of the droplet will slow down and stop when
the droplet is completely dissolved.

Thus, in the case under consideration, the mixing of a magnetic fluid droplet
with a nonmagnetic surrounding solvent will be provided by two mechanisms:
diffusion dissolution and mechanical motion due to pressure differences associ-
ated with jumps and gradients of its magnetization.

Experimental studies

In the experiments performed, a cylindrical droplet of magnetic fluid is
formed in a thin layer between the glass plates of the Hele-Shaw cell and placed
in a uniform magnetic field parallel to the plane of the plates. The remaining
volume between the plates is filled with a transparent nonmagnetic fluid, into
which the droplet dissolves. The small thickness of the layer makes it possible
to carry out optical observation of the ongoing processes and the distribution of
the magnetic fluid concentration over time, as well as their photography and filming.
In the experiments carried out, magnetic fluids based on transformer oil were used,
with magnetite as a dispersed phase of various concentrations and oleic acid as
a stabilizer. Characteristics of magnetic fluids samples are given in Tab. 1.

Table 1
The main properties of used magnetic fluids
Type Magnetization Density, Volume concentration Viscosity,
of the fluid of saturation, kA/m kg/m3 of magnetite, % P-c
MMT-32 32.1 1313 0.105 0.0395
MMT-8 7.90 988 0.025 0.0248
Transformer oil 0 886 0 0.0210

The fluid that is the basis of the magnetic fluid, i. e. pure transformer oil, was
used as the solvent surrounding the droplet. The thickness of the studied droplets
was 0.14 mm, and their radius was 4.5 mm. A uniform magnetic field was
generated by Helmholtz coils with a working zone diameter of 200 mm.
The experiments were carried out at a magnetic field intensity of 12.6 kA/m and
in its absence. During the experiment, photography and filming were carried
out with subsequent image processing using Photoshop. Visual typical results
of the experiment are presented in Fig. 2.

As expected, in the absence of a magnetic field, the initially cylindrical
droplet of magnetic fluid with radius 7y = 4.5 mm retained axial symmetry
and monotonically increased its radius due to diffusion dissolution into the envi-
ronment, Fig. 2a, b, c. When a uniform magnetic field is applied, the photo-
graphs in Fig. 2d, e, f demonstrate an obvious violation of the axial symmetry
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of the droplet and its elongation along the field, which also corresponds to the
above physical concepts of the diffusion and mechanical processes which take
place in it.

Without magnetic field
a b c

In magnetic field
d e

0 min 3 min 10 min

Fig. 2. Photos of droplets of magnetic fluid MMT-32 in a nonmagnetic solvent:
in the absence of magnetic field: a — the initial moment; b — after 3 min; ¢ — after 10 min;
in a uniform magnetic field: d — the initial moment; e — after 3 min; f — after 10 min

Fig. 3 shows the results of processing images of droplets in the absence of
a magnetic field from Fig. 2a, b, ¢ at different moments of time with the help
of Photoshop.

100
-_5—_
80 )
. 241
3 \
60 ~Y
X r 1 -0 min
U 402 -3 min
| 3 — 55 min \\
20 \
" " 1

0 1 2 3 4 5 6 7 8
r, mm
Fig. 3. Distribution of the darkness level of magnetic fluid droplet images at different moments

of time during its diffusion dissolution in the absence of a magnetic field:
1 — initial moment of time; 2 — after 3 min; 3 — after 55 min

The distribution of the darkness level C of these images at different moments
of time gives a clear picture of the distribution of the concentration of the magnetic
particles in magnetic fluid at these moments and the dynamics of its change.

Since the magnetic fluid has a dark color and its environment is transparent,
at the initial moment of time the boundary between them is quite clear. As the
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magnetic fluid dissolves, this boundary becomes fuzzy and is characterized by
varying darkness levels in black and white images. Naturally, the darker areas
correspond to a higher concentration of the magnetic fluid in the solution.
The correspondence between the concentration of the magnetic fluid and the
darkness level on the obtained photographic images in the first approximation
can be established based on the Bouguer — Lambert — Beer law, although, due
to the complex molecular composition of the magnetic fluid, its use cannot pro-
vide sufficient adequacy.

The boundaries of a magnetic fluid droplet at each moment of time were
defined as the boundaries of the region in which the darkness level of the image
differs by more than 1 % upwards from the darkness level of the environment.
Since pure transformer oil is a transparent fluid, the darkness level correspon-
ding to it in the presented photographs is 0. The results presented in this paper
correspond to the condition that the dimensions of the magnetic fluid droplet are
smaller than the longitudinal dimensions of the cavity, in which the studies were
carried out, and its boundaries do not affect the process.

As can be seen from curve 1 in Fig. 3, at the initial moment of time, there is
a sharp interface between the droplet of magnetic fluid and the surrounding sol-
vent. Within the droplet, the concentration of the magnetic fluid is constant and
sharply drops to zero at the boundary. With time, this interface becomes fuzzy
and the thickness of the diffusion boundary layer increases. In the absence of

a magnetic field, Fig. 2a, b, c, the droplet radius r(¢) increases only due to

the diffusional dissolution of the droplet while maintaining its axial symmetry.
The dimensions of the region with a nonzero concentration of the magnetic fluid

are determined by the rate of movement of a diffusion front v, which equals

approximately 0.08 mm/min at the initial moment of time.

When a magnetic field is applied, the change in the size and shape of the
droplet is provided by two mechanisms: diffusion dissolution and the above-
described mechanical motion inside the drop. The droplet elongates along the
field direction, taking a shape close to ellipsoidal with the major semi-axis
a(t) and the minor semi-axis b(¢). At the same time, knowledge of the behavior

of a droplet of the same fluid and the same size in the absence of a magnetic
field and its presence makes it possible to determine the characteristics of the
mechanical deformation of the droplet.

Let us pay attention to the fact that the action of these mechanisms (diffusion
and mechanical) can have a multidirectional character. Whereas diffusive disso-
lution triggers an increase in the size of the droplet in all directions, the mecha-
nical motion triggers an increase in the longitudinal (along the field) and a de-
crease in the transverse size of the droplet.

As it can be seen from the graphs in Fig. 4 for a droplet of magnetic fluid
MMT-32, the total action of these mechanisms over a 12-minute time interval
ultimately triggers an increase in the relative longitudinal size a/r, by 60 %

(curve 1) and a decrease in the relative transverse size b/r, (curve 3) size
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by 18 %. In this case, the relative increase in the droplet radius r/r, only due to

diffusion dissolution in the absence of a magnetic field is about 10 % (curve 2).

MMT-32
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Fig. 4. Time dependence of the relative linear dimensions a/r,, b/%,, r/r,
of the droplet of magnetic fluid MMT-32

The mechanical deformation of a magnetic fluid droplet in the processes un-
der consideration is of the greatest interest, connected specifically with the mag-
netic properties of the fluid and the influence of a magnetic field. For a visual
representation of the role of only the mechanical mechanism of droplet defor-
mation, it is advisable to present the results of Fig. 4 without the diffusion
expansion of the droplet Ar = r—r,, namely (a—Ar)/r, and (b—Ar)/r, versus

time. The results of this are shown in Fig. 5 and indicate elongation of the drop
along the field direction and narrowing in the transverse direction. Moreover,
in the concentrated fluid MMT-32, these processes occur more intensively than
in the diluted one — MMT-8.

1.6
< CESe—
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0.8
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Fig. 5. Time dependence of relative linear dimensions (a —Ar)/r, and (b—Ar)/r,

of droplets of concentrated MMT-32 and diluted MMT-8 magnetic fluids due
to mechanical movement of its boundary
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The change in the linear dimensions of the droplets of both fluids due to me-
chanical motion occurs most intensively in the initial time interval of about
12 min and practically stops after that.

Let us determine the rate of change in the linear dimensions of the drop as

follows: v, =da//dt — the rate of change in the half-length of the drop (the rate
of movement of point 4 in Fig. 1); v, =db//dt — the rate of change in the half-

width of the drop (the rate of movement of point B in Fig. 1); v, =dr/dt — the
rate of movement of the diffusion front. A positive value of the velocity indi-
cates an increase in the corresponding sizes a and r of the drop, and a negative
value indicates a decrease in the size b. Naturally, a total change in the linear
dimensions of the drop in these directions occurs with a double value of these
rates.

As follows from Fig. 6 at the initial moment of time, the rate of elongation

of the drop v, in a magnetic field is about 0.5 mm/min and exceeds the
rate of its narrowing v, ®0.25 mm/min, and the rate of the diffusion

front v, ~0.08 mm/min in the absence of a magnetic field.
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Fig. 6. Time dependence of the rate of change in the linear dimensions of a drop
of magnetic fluid MMT-32 during diffusion and mechanical displacement of its boundary

For determining exclusively mechanical movement of the droplet bounda-
ries, we present the results shown in Fig. 6, without the diffusion expansion of

the droplet, namely: v, =v, —v

ro

Uy = Up — Uy

As can be seen from Fig. 7 at the initial moment of time, the rate of mecha-
nical elongation of the droplet is approximately 0.5 mm/min for the MMT-32
fluid and 0.3 mm/min for the MMT-8 fluid, while the rates of narrowing of these
droplets are 0.4 mm/min and 0.1 mm/min, respectively. Over time, the mecha-
nical rates of the droplet boundaries drop to almost zero due to the action of vis-
cous friction forces and a decrease in pressure gradients caused by magnetization
and magnetic field intensity gradients as the diffusion boundary layer expands.
The subsequent increase in the area occupied by the magnetic fluid is deter-

mined solely by its diffusion dissolution in the surrounding fluid.
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Fig. 7. Time dependence of the rates v, v, of the change in the linear dimensions
of a magnetic fluid droplet due to the mechanical movement of its boundaries in a magnetic field

The results presented in Fig. 7 also indicate that large pressure gradients
arising in a more concentrated magnetic fluid MMT-32 with a higher magneti-
zation cause more intense movement than in a less concentrated fluid MMT-8
with a lower magnetization. On the other hand, the fluid MMT-32 with a higher
magnetization has a higher viscosity. Therefore, the motion in the fluid MMT-32
monotonically decays faster (in about 12 min) than in the fluid MMT-8
(in about 30 min).

CONCLUSIONS

1. Thus, it has been experimentally established that a droplet of magnetic
fluid surrounded by a nonmagnetic fluid-solvent that mixes with it in a uniform
magnetic field changes its configuration and dimensions due to two mecha-
nisms — diffusion dissolution and mechanical movement of the boundaries under
the action of pressure differences inside it, caused by magnetic forces. The latter
is due to magnetic pressure jumps at the boundaries, as well as gradients of the
fluid magnetization and, accordingly, the magnetic field intensity associated
with the inhomogeneous distribution of the concentration of magnetic particles
in the fluid, which are a consequence of diffusion processes.

2. Magnetic forces cause the elongation of the droplet in the direction of the
magnetic field. In this case, the greater the magnetization of the fluid, the greater
the initial values — of the rates of the mechanical motion of the boundaries
and the faster this motion monotonically decays.
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