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In the article, on the basis of the concept of "display" of geometry of a free surface of the "low-magnetic"
environment by the topography of isolines of the module of intensity of a magnetic field, it is studied a form
of a free surface of magnetic fluid in a static condition at the initial stage of rapprochement of a ring mag-
net with a surface of a column of magnetic fluid in a tube and at a stage of pressing of a cavity to a bottom.
It is shown that the separation of bubbles from an air cavity occurs in close proximity to the plane of sym-
metry of a ring magnet on its axis. It is described the method and experimental installation for studying
the possibility of electromagnetic indication of sizes of the air bubbles, being in magnetic fluid. It is dis-
cussed the results of experimental research on process of a separation of solitary air bubble from a cavity, con-
tained in magnetic fluid and squeezed by ponderomotive forces of a magnetic field which are of interest for
creation of essentially new technique of the dosed supply of small amount of gas in the reactor.
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Electromagnetic indication of sizes of air bubbles.

1. INTRODUCTION

Capture and relocation of a portion of air from a
surface of a column of the magnetic fluid (MF), lying
within a glass tube, are carried out by an operated flow
of MF under the influence of ponderomotive forces of
the non-uniform magnetic field moving in the axial
direction. This process is specified in [1, 2]. Notice that
the notification about stabilization of the bottom sur-
face of a column of MF in a tube by means of a non-
uniform magnetic field is provided in work [3]. Never-
theless, in this work there is no description of mecha-
nisms of formation and movement of an air cavity. It's
not investigated the following: the form of a surface of
an air cavity, the process of a relocation of a cavity,
steadiness of its volume in the conditions of pressing.

In process of movement of a ring magnet downward,
the air cavity is forced by ponderomotive forces of a non-
uniform magnetic field against a tube bottom. At reach-
ing a critical value of pressure, there is a separation of
an air bubble from a cavity. Turned out to be beyond
limits of "a magnetic barrier", the air bubble makes elas-
tic fluctuations in the magnetic colloid, accompanied by
electromagnetic and acoustic radiation. In chemical and
technological production and pharmaceutics, when sup-
plying into the reactor of small amount of gas, the effect
of the acoustic-electromagnetic radiation, created by the
pulsing bubble, can be of practical interest for providing
a high-quality monitoring of process.

For comprehension of mechanisms of capture of an air
cavity by an operated flow of MF, the separation of bub-
bles from an air cavity in the conditions of pressing, it is
necessary to assume a form of a surface of a cavity, which
in statics is defined by effect of a number of forces: pon-
deromotive forces (including magnetic pressure drop),
force of a superficial tension of MF, force of gravity.
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For this purpose it is made an attempt to study a
form of a free surface in a static condition at the initial
phase of rapprochement of a magnet with a surface of a
column of MF in a tube and at a stage of pressing of a
cavity to a tube bottom on the basis of theoretical mod-
el of the "low-magnetic" environment. The usable mod-
el assumes that MF represents as the "low-magnetic"
environment in respect of which it is possible to neglect
the degaussing fields, and magnetic volume force is
much greater than the others (gravitational, capillary,
magnetic pressure drop).

The solution of a task is consolidated to finding of
surfaces of constant potential of magnetostatic force.
Magnetic forces are prevailing over all the others, and
the form of a surface of an air cavity within the tube will
be defined by a condition of constancy of pressure on it,
that is the constancy of potential of magnetic force. In its
turn, for the fulfillment of this condition in relation to
magnetized up to saturation MF, it is required the con-
stancy of the module of a vector of intensity of a magnet-
ic field (H = const). The conception of "display" of geome-
try of a free surface of magnetized up to saturation MF
by topography of isolines of the module of intensity of a
magnetic field is offered in work [4].

Thus, in considered approach, on a form of a surface
of the air cavity, withheld by forces of magnetic levita-
tion, essentially influence the peculiarities of topogra-
phy of a magnetic field of a usable magnet.

2. TOPOGRAPHY OF THE MAGNETIC FIELD
WITHIN THE TUBE

In order to define a form of surface of environmen-
tal separation, it is necessary to construct isosurfaces
of the module of intensity of a magnetic field. As well
as in works [5, 6] let’s assume that the components of
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an induction of a magnetic field are calculated by the
formula B= —grady , where scalar potential appear as
follows:

M (B kq
= [ K(k)2L dqg |-
W 2H[}£ (kl)\/q_r q]
M (R k.q
A k)24 4
2H[I£K( Z)E qJ,

where &, = 2\/qr/ ((@+r+@E-1?);

ky = 2x/qr/((q +r)? +(z+h)2) ; Ri, R2 — internal and

external radiuses of a magnet; i — its semi-thickness; K
(k) — elliptic integral of first genus.

The theoretical analysis of a magnetic field is car-
ried out with the assumption that the ring magnet is
magnetized with a constant by volume magnetization
M, directed along its axis. Magnetization value M is
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Fig. 1 — Isolines of a force field of a ring magnet

defined on measured in the center of a magnet value of
induction of a magnetic field B= 115 mT.

Whereas the free surface of MF within limits of the
usable model, depending on a relative position of a
magnet to a considered area of a surface of fluid, occu-
pies a position of some isosurface of the module of in-
tensity of a magnetic field, we get a grid of isolines H
within a usable tube.

Calculation of a field of force of a ring magnet is
carried out in the environment of MATLAB.

The following parameters for calculation are set:

Rz — the external radius of a magnet,

Ri1 — the internal radius of a magnet,

h — a half-height of a magnet,

z—range of variation of of vertical coordinate z,
which is vertical to plane of a magnet (z = 0 — the plane
of symmetry of a magnet),
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r — range of variation of horizontal (radial) coordi-
nate (r = 0 — a magnet axis),

v — values of isolines of the module of intensity of a
magnetic field.

Values of isolines are dimensionless, v = 27zH/M. H —
the module of intensity of a magnetic field.

In our case it is used the magnet with sizes:
R1=12,56 mm; Rz =25 mm; h =25 mm.

The result of calculation is illustrated in Fig. 1.
Where 1 — the ring magnet magnetized along an axis, 2
— a glass tube with a diameter equal to 13,5 mm, the
force field of a magnet is shown by isolines H.

3. FORM OF THE SURFACE OF THE CAVITY

In the bottom part of a tube in Fig. 1 it is shown the
isoline 0,018. According to the conception of "display" of
geometry of a free surface, the isoline 0,018 illustrates
a form of a surface of MF at its current along tube
walls at the initial stage of capture of an air cavity. The
received "display" of a form of a surface of a near-wall
layer of overflowing liquid, in Fig. 2 marked by shad-
ing, corresponds with data of visual observation [1, 2].
While the process of a magnet movement downward
and its oncoming to a free surface of MF it is observed
the evolution of a form of surface. At the beginning the
free surface has a flat horizontal form. With the mag-
net oncoming to MF, its surface at first takes the con-
cave shape close to a shape of an elliptic paraboloid,
and then, ponderomotive forces, pressing a liquid to the
tube wall, simultaneously adsorb it in the area of max-
imum field. On a tube surface in the plane of symmetry
of a magnet it is formed the ring of MF.

At further lowering of a magnet the ponderomotive
forces considerably surpass the force of gravity due to
what the magnetofluidal ring thickens, and then blocks
tube section. Under a crosspiece it is formed the isolat-
ed air cavity, which blocks the section of a tube. Fur-
ther the thickness of a crosspiece grows by means of a
liquid overflowing on an internal wall of a tube up-
ward, and the air cavity forces its way downward.

It is important to note that at a magnet stop the
overflow of a liquid stops. Thereafter, the internal sur-
face of a tube between the top and bottom columns of
MF is completely out of liquid. Thus, in an equilibrium
condition the top and bottom columns of MF are divid-
ed by an air cavity.

Further lowering of a magnet leads to contact of an
air cavity with a bottom of a tube and the subsequent
press on it by a non-uniform magnetic field. At the
achievement of threshold value of gas pressure in a
cavity, there is a separation of a gas vial from it and
the accelerated lifting under the influence of a result-
ant of three forces: the ponderomotive force of the non-
uniform magnetic field, the buoyancy force (Archime-
dean) force and power of viscous friction:

to-M-VH-V+F,-F,

where V — the volume of the air bubble, M — magneti-
zation of magnetic fluid, H — intensity of a magnetic
field, (o — a magnetic constant, Fa — the buoyancy force,
Fs — resistance force.
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Obviously, the bubble separation from a cavity occurs
on an area of its surface, which is most closely located to
the plane of symmetry of a ring magnet, coinciding with
the top side of a rectangular restrictive frame in figure 1.
In order to make a more concrete conclusion on location
of an area of inception of a bubble, return back to topog-
raphy of a magnetic field (Fig. 1).

With the plane of symmetry of a ring magnet con-
tacts the isoline of intensity of a magnetic field with
value 0.095. The surface of the cavity, located under a
magnet, has a similarity to the cone surface, the top of
which rests against the plane of symmetry of a ring
magnet. The bottom part of MF column, being over a
cavity surface in Fig. 2 is marked by shading.

The obtained data are adequately correspond with
the results of determination of form of a free surface of
MF, based on usage of a matrix form of representation
of parameters of a magnetic field [1, 2]. So, according to
the provided in specified works data, at placement of a
free surface of MF along the isoline with value 0.095, a
column height of MF under the plane of symmetry m
and apex angle of cone a are accordingly equal to 2.5
mm and 55°. At placement of a free surface of MF along
the isoline with value 0.08, the values m and a are
equal to 4.5 mm and 23°. Thus, a cone-apex angle de-
pends on the set height of MF column. With the in-
crease of m, the value a decreases that is straightfor-
wardly confirmed by direct observations.

It follows from what has just been said above, that the
separation of bubbles from the air cavity occurs at the
cone top at a point being on an axis of a ring magnet
(on a tube axis) in the plane of symmetry of a ring
magnet. While the magnet oncoming to a bottom of a
tube, the forces of magnetic levitation at first bring a
cavity into contact with a bottom, and then create an
excessive pressure in it. At achievement of critical
pressure drop, there is a formation and separation of
an air bubble from a cavity, being accompanied with
acoustic and electromagnetic radiation.

4. SIZES OF BUBBLES

Researches are performed on the sample of MF, rep-
resenting nanodispersed particle system of magnetite
F304 in kerosene. As the stabilizer of system it is used
oleic acid. Density p, initial magnetic permeability ¥,
magnetization of saturation M;s and a coefficient of su-
perficial tension o of an investigated sample are received
on the basis of known techniques [6, 7]. Numerical val-
ues of the specified parameters are: p= 1320 kg/m?3,
x=3,76, Ms = 44,3 kA/m, o= 0,028 N/m.

It is carried out a "preliminary" assessment of radi-
us of the bubble, separated from an air cavity, upon
value of its "average volume" Vo which is obtained by
division of initial volume of the entrapped air cavity
into the number of electromagnetic impulses — indica-
tors of a separation of bubbles. Meanwhile we get:

Ro= 3[3V, /47 ~ 1 mm.

Turned out to be higher than the plane of symmetry
of a magnet ("a magnetic barrier"), the air bubble
makes the elastic radial fluctuations accompanied by
electromagnetic radiation [8].
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For studying electromagnetic radiation spectrum
which is radiated by a bubble, it is developed the experi-
mental installation which is schematically presented in
Fig. 2.

The glass tube with a bottom 1, filled with MF 2, is
rigidly fixed on a metal structure 3 by means of a fixing
flange 4. Over an air cavity 5 coaxially to a tube it is
located the ring neodymium magnet, magnetized along
an axis 6. The magnet is fixed on kinematic knot of the
cathetometer 7. In a magnet is built in the coil of in-
ductance 8. The signal from the inductance coil after
strengthening by the selective amplifier 9 arrives in
parallel on the oscillograph 10 and the analog-digital
converter 11, connected with the computer 12. When
obtaining oscillograms it is applied the program devel-
oped in the environment of NI LabVIEW.

The oscillograms of electromagnetic signals, shown
in Fig. 3a, 3b and 3c in relative units, provide certain
information on movements of particles of magnetic
liquid at the formation of bubble and its fluctuations.

Peculiarities of the oscillogram of Fig. 3a allow to
assume that in a time period 1-5 with a duration of
7 ms, there are MF microstreams in a vicinity of ex-
tended in the vertical direction area of a surface of a
cavity. This is proved by presence on the oscillogram of
negative and positive peaks of the accepted signal re-
lating to high amplitude with duration of ~ 3,5 ms
each. Microstreams of MF occur at insignificant pene-
tration of a cavity beyond "a magnetic barrier", for-
mation and a bubble separation, setting of an equilib-
rium (final) shape of a cavity.

The segment of the oscillogram 2-4 with the dura-
tion ~ 2,6 ms contains a radioimpulse, radiated by the
fluctuating bubble (in Fig. 3a it is designated by nu-
meral 3). As the push, disturbing the oscillatory system
from an equilibrium condition — "the air bubble in flu-
id", can serve the water hammer, which occurs at clo-
sure of a throat of a bubble coming off a cavity.

From the time ~ 0,025 develops a process of fading
fluctuations in oscillatory system, in which an inertial
element is MF column in a tube, and an elastic element
— is the air cavity suppressed by forces of a magnetic
levitation. This process is presented by the oscillogram
in Fig. 3b. As the push to excitation of oscillations of
this given oscillatory system, probably, serves the hy-
droblow caused by the completion phase of the mi-
crostream at the formation of an equilibrium shape of a
surface of cavity. According to the oscillogram we find
the values of frequency of fluctuations and of coefficient
of attenuation of system: 30 Hz and 16 ¢~ . The repre-
sented data are adequately correspond with the results
of measurements of parameters of the similar oscillato-
ry system, presented in works [1, 2].

In Fig. 3c in the integrated time scale it is present-
ed the oscillogram of the radio impulse, radiated by the
fluctuating bubble. By the standard method on dura-
tion of five full waves, we receive the period and fre-
quency of fluctuations of an air bubble v. In our case
v=2500 Hz.

In its turn the frequency of fluctuations of a bubble in
nonviscous liquid is connected with its radius by known
equation [9]:
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Fig. 2 — Block-diagram of experimental installation

Y 1 3y(P,+20/Ry)
27 R, P ’

where Ro — radius of a bubble, Po — hydrostatic pres-
sure, y= Cp/Cy — the relation of specific thermal capaci-
ties of gas in a bubble, o — coefficient of a superficial
tension of MF, p—density of MF.

The value 20/R, considering the action of forces of

a superficial tension, at o=0,028 N/m and Ro = 1 mm
is 56 Pa. As far as in conditions of experiment
Py=10°Pa, then it is possible to neglect the second
member in brackets under the radical and to lead this
formula to a form:

e 1 3y P,
27R, \ p '

Accordingly for origination of Ro we get:

R~ L [BrR
2nv\ p

Accepting p= 1320 kg/m3, y=1,4, and the value re-
ceived from experiment v=2,5kHz, we get:
Ro=1,14 mm. The given result confirms and specifies
the above mentioned assessment of value Ro.

At a bubble separation, some portion of air mass Am
leaves a cavity. The assessment of numerical value Am
can be received by formula:

Amnggﬂ'Rg,

where p; — gas density (in the instant case - air).
Accepting p; = 1,29 kg/m? and the above mentioned
value Ro, we get Am =8-10-9 kg = 8102 mg. The value
Am appears to be even slightly less, than the mass of a
portion of the gas, leaked by a magnetofluidal mem-
brane [7]. Besides, the considered method of electro-
magnetic indication of the sizes of the gas bubbles sur-
rounded with nanodispersed magnetic fluid, allows to
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determine with high precision the size and mass of gas
portion, which is enclosed in each separate bubble,
while the "membrane" method gives an averaged value
of a large number of portions of gas and needs a prelim-
inary graduation. This fact matters at a device choice
for high-quality monitoring of process of the dosed sup-
ply of gas in the reactor [10].

0,0065

V]

Fig. 3 — Oscillograms of fluctuations

5. CONCLUSIONS

1. Within the limits of model of the "low-magnetic"
environment, the conception of "display" of geometry of a
free surface of magnetic fluid by the topography of iso-
lines of the module of intensity of a magnetic field, al-
lows to study a shape of a free surface in a static condi-
tion at the initial phase of rapprochement of a ring mag-
net with a surface of MF column in a tube and at a stage
of pressing of a cavity to a bottom. Depending on a loca-
tion of a magnet towards the free surface of fluid, it is
built one or another configuration of a surface.

2. As the magnet gets close to a free surface of MF, a
surface curvature occurs. At first the surface takes the
concave shape close to a shape of an elliptic paraboloid,
that coordinates with data of visual observation.

3. The shape of an area of a cavity surface pressed to
a bottom of a tube by ponderomotive forces of a non-
uniform magnetic field, locating on an axis of the ring
magnet in the plane of symmetry, is close to the conic. In
vertex of a cone occurs a separation of bubbles from an
air cavity.

4. The method and experimental installation are
worked out for studying the possibility of electromagnet-
ic indication of sizes of the air bubbles, being in nanodis-
persed MF. The oscillograms, providing the information
on movements of particles of magnetic fluid at formation
of a bubble and its fluctuations, are received and ana-
lysed.

5. The method of electromagnetic indication of sizes
of gas bubbles in MF allows to determine with high pre-
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cision the size and mass of gas portion, which is enclosed
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