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Abstract

The basic structural elements of the magnetized granular medium (effectively used, in particular, in
apparatus of thin magnetic separation) are granule chains (according to channel-by-channel model), in con-
nection with which there is a need to detail the features of their magnetization. The purpose of the work is to
develop and implement an approach to measuring magnetic (micro)flows along the cores of different radius »
in the chain of granules using a specially developed (by printed circuit board technology) sensor, with high
radius R (15 and 20 mm) spheres available for such measurements.

From the data of measuring magnetic (micro)flows data of average induction in each of the quasi-con-
tinuous cores of the spheres chain are obtained, as well as data of magnetic permeability and susceptibility of
these cores, their magnetization for different values of the intensity of the magnetizing field. It is shown that
dependences of mentioned magnetic parameters from number 7 spheres in a chain are generalized on r/R for
different R.

These relationships, increasing as n increases due to a decrease in the demagnetizing factor N of any of
the cores and the chain as a whole, demonstrate the achievement of individually limiting values of magnetic
parameters and corresponding auto-model regions where N—0. At the same time, the transition to each of
these regions, manifesting almost independently of 7/R and intensity, falls on the value of n = 10-12 = [n].
Thus, in fact, such a criterion value [n] distinguishes chains by sufficiently “long” — when n > [n] and “short” —
when 2 <n <[n]. Data of demagnetizing factor for different cores of “short” chains of spheres are obtained
and phenomenologically described.

Keywords: chain of granules, sensor contour on a printed circuit board, magnetic permeability, susceptibi-
lity, demagnetizing factor.
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Ioaxoa K KOHTPOJII0 MATHUTHBIX MAPAMETPOB CepALeBUH
HEeNno4YKH mapoB. [MarHocTuka pasHpIx M0 AJMHE HENMOYKH

N paanycy cepauacBuH
A.A. Canpyask, JI.A. Cannyask, 10.0. 'opnunenko, A.B. Cannyasik, B.A. Epmosa
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Tocmynuna 26.02.2022
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ba3oBbIMH CTPYKTYpHBIMH 3J€MEHTAMH HaMarHWYMBAeMON TpaHyIWpOBaHHOW cpeabl (3¢p¢heKTHBHO
WCTIOJIb3yEeMOH, B YACTHOCTH, B YCTPONCTBAX /I TOHKOM MarHUTHOM Cenapaliui) siBISIOTCS IETTOYKH TPaHyT
(coracHO TMOKaHAITBPHOU MOJICININ), B CBS3HM C YeM BO3HHKACT HEOOXOIUMOCTh B ACTAN3AINHA OCOOCHHOCTEH
vX HamaranuuBanwusl. Lleb paboThl — pa3paboTka U pearnu3amsi IoIX0/1a K i3MEPSHISIM MarHUTHBIX (MHKPO)
MTOTOKOB T10 CEP/LIEBUHAM PA3HOTO pajlyca 7 B IETIOYKe TPaHyJI IIPU ITOMOIIHU CTICIIHAIBHO pa3padoTaHHOTO
(TT0 TEXHOJIOT MM TIEYaTHBIX TUIAT) TATYNKA, HCIIOJIb3YS TIOCTYITHBIE ISl TAKWX M3MEPEHHH IIaphl ITOBBIIIIEHHOTO
pamanyca R (15 u 20 Mmm).

Ilo maHHBIM W3MEpPEeHWH MarHUTHBIX (MUKPO)INOTOKOB TOJMYYEHBI MaHHBIE CPETHEH WHIYKIUU
B K&KIOH M3 KBAa3WCIUIONIHBIX CEPAIIEBHH IEMOYKH IIAPOB, a TaKXKe JTAHHBIE MAarHUTHOW MPOHUIIAEMOCTH
¥ BOCHPUUMYHMBOCTH JTHUX CEPJIEBHH, MX HAMArHWYEHHOCTH JUIS Pa3HBIX 3HAUEHUN HANPSKEHHOCTH
HamMarHp4uBaromero mois. IlokazaHo, YTO 3aBHCMMOCTH yKa3aHHBIX MAarHUTHBIX TTapamMeTpoB OT YHCIa
IIapOB 71 B IIETIOUKe 00001IatoTes 1Mo 7/R It pa3HbIX R.

OTH 3aBUCHUMOCTH, BO3pacTasi 0 Mepe YBEIMUYECHHS 71 BCIEACTBHE YMEHBIIEHUS pa3MarHUYUBAIOIIETO
¢akropa N mo00# M3 CepilleBMH W LEMOYKHA B IEJIOM, JEMOHCTPHPYIOT JOCTIKEHHE WHAWBHIYaJIbHO
MIpe/IeNbHBIX 3HAaYeHNH MarHUTHBIX ITAPAaMETPOB U COOTBETCTBYIONINX aBTOMO/IETIFHBIX 00acTel, rae N—0.
[Ipu >TOM Tepexoa K KaXIOW M3 3TUX 00JacTel, MPOSBISIONIUICS MPaKTHYECKH HE3aBUCUMO OT r/R H
HaNpPsHKEHHOCTH, MPUXOANTCs Ha 3HaueHue n = 10—-12 = [n]. Tem campIM Takoe, IO CyTH KpUTEpHAIbHOE,
3HAa4YeHHE [71] pa3rpaHU4MBAET EMOYKN HA TOCTATOYHO «UTHHHBIEY» — KOTZA 71 > [1] U «KOPOTKHE» — KOTJa
2 <n <[n]. loxy4dens! u (EeHOMEHOIOTMYECKH OTIICAHBI JAHHBIE pa3MarHUUNBAIONIETO (haKTopa IS Pa3HBIX
CEP/IEBUH «KOPOTKUX» IIETIOYEK IIapOB.

KaroueBble ciioBa: 1ernodka rpaHyll, AaTYMK-KOHTYP Ha IMEYATHOM Mjare, MarHUTHAs MPOHULAEMOCTb,
BOCIIPMHMYMBOCTD, pa3MarHMUMBAIOLINH (HakTop.
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Introduction

The concept of the so-called effective medium is
traditional in studies of any type of inhomogeneous
magnets [1-8]. These magnets are used in various
physical and applied problems. Effective medium is
medium as a formally quasi-continuous volume of a
magnet with its inherent magnetic parameters.

We used the concept of a quasi-continuous
magnet for such types of inhomogeneous magnets
as granular media (in particular, which are the key
working bodies of fine magnetic separation devices).
Concept could be efficient only to a chain of granules
(and not the environment as a whole). This concept
helped to study magnetic parameters. The model of
channel-by-channel magnetization of a granular me-
dium [9, 10] provided an information that a chain of
granules was the basic structural element of this me-
dium and a carrier of information about its magnetic
parameters. At the same time, the chains of granules
performed the function of a “bundle” of conductors-
channels similar to each other for the generated
magnetic flux. The example of comparing the corre-
sponding magnetization curves proved the similarity
of the magnetic parameters of the chain of granules
and the granular medium as a whole [10].

The following must be said about the nature of
the magnetization of such a quasi-continuous magnet
as a chain of granules (for example, spheres). There
was a pronounced redistribution of the magnetic flux
over the cross section in contrast to the variant of
magnetization of a solid (continuous) bar magnet.
The flux density decreased as you moved away from
the axis of the chain. Hence there was also a decrease
in this density in one or another of its conditional
core with an increase its radius ». This was due to an
increase in the magnetic resistance of the “thicken-
ing” core of such a specific magnet due to decreasing
volumes of metal in the core and increasing volumes
of gaps between the surfaces of adjacent granules.

Direct measurements of magnetic fluxes proved
that. We measured magnetic fluxes (with a micro-
webermeter) @ through concentric loops of thin wire
with different radii » <R, located in a hollow vo-
lume between the spheres in the chain, surrounding
the contact point of the spheres with a radius R [9].
Thus, we obtained @ in the corresponding in radi-
us 7 cores of the chain of spheres. It became pos-
sible to obtain @ values in the cores of even a small
relative radius /R by deeping the sensor loops into
the inter-ball space. Use of chains with spheres of
increased radius and loops of very thin wire was

advisable here. The wire was so much thin as to
place them as deep as possible in the thinning (when
approaching the contact point of the spheres) volume
between the surfaces of the spheres.

Then we had to develop ideas about the nature
and features of the magnetization of chains of gra-
nules. It became necessary to expand the volume of
this kind of labor-intensive research. Therefore, the
issue of justified simplification in the manufacture
and fixation of magnetic flux sensors (with the rejec-
tion of the traditional use for such purposes of a thin
wire, which is not so practical here), became rele-
vant. For example, by creating appropriate sensors.
Printed-circuit technique could be sufficient to create
appropriate sensors for such tasks [11-13].

Circular circuit on a thin printed board with
a mounting hole like a magnetic flux sensor
in the core of the chain of spheres

To measure the magnetic flux in one or another
core of a magnetizable chain of spheres, we adhered to
the classical principle. This was the principle of using
a conductive sensor with a circular shape. A sensor
in the form of a thin printed board with a conductive
circular circuit or a block of concentric circuits made
on it was preferable [11]. At the same time, each of
the circuits had to have a small gap for the wire con-
nection of its free ends with the microwebermeter.

With this approach to the implementation of the
above magnetic measurements, which increases the
reliability and quality of control, it is easy to ensure
the required strict shape of the sensor circuit and/or
each of the sensor circuits in the block (as geometri-
cally ideal circles on a flat surface) and the concen-
tricity of the sensor circuits with respect to the point
of contact of the spheres and to each other.

It was also easy to ensure the correct positio-
ning (Figure 1) of this working printed board 1 in the
plane of symmetry of the volume between the con-
tacting sphere 2 with radius R. The mounting hole
ensured the correct positioning. The hole was made
in the middle part of the working board concentric to
the circuit-sensor or the block of circuits-sensors. The
diameter d, corresponded to the recommendation:
dy = [8(4R—8)]" [11], where & was the board thick-
ness. The edges of the board, formed around the cir-
cumference of the hole, fit snugly against the surfaces of
the opposing spheres (without preventing their mutual
contact). They fixed the working board in the required
symmetry plane of the volume between the spheres.
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Magnetic induction data in different cores
of the chain of spheres, corresponding
data on their magnetic permeability,
susceptibility and magnetization

The board described above contained measuring
circuits-sensors with a relative radius from »/R = 0.2
to »/R = 0.9, its positioning was in the middle of the
studied chains of spheres (Figure 1). The board made
it possible to obtain the necessary experimental data
on the magnetic fluxes @ in the cores of the chains of
spheres corresponding in 7/R. In this experiment, we
used chains of different lengths, i. e. with a different
(even) number n of spheres in one or another chain,
namely from n =2 to n = 14.

Figure 1 — The location of printed circuit board 1 with a
sensor contour (sensor contours) of the magnetic flux va-
lues in the volume between the middle spheres 2 of the
magnetized (in the solenoid) chain with even number 7 of
contacting spheres

There were two identical series of experiments.
In one of them, the chains consisted of spheres
with a radius R =15 mm, the other one contained
spheres with a radius R =20 mm (for subsequent
comparison of the results of experiments on such a di-
mensionless parameter, which claims to be universal,
as r/R). The spheres had an increased radius due to
the need to place a sufficient number of measuring
sensors as deep as possible in the volume between
the surfaces of adjacent spheres. This volume thinned
as it approached the contact point of the spheres, i. e.
with the smallest possible relative radius /R of the
measuring circuit-sensor. The magnetization of the

chains took place in a sufficiently long solenoid by a
field strength from H = 4.8 kA/m to H = 54.5 kA/m.

According to the experimental data of the mag-
netic flux @, one could judge its density:

B=(I>/(Ttr2), (1)

i. e. about the data of the average induction B in each
of the studied quasi-continuous cores of the chain of
spheres. These data, obtained on the basis of formu-
la (1), were shown in Figure 2 in the form of com-
bined (for both series of experiments) families of
dependencies B on the number of spheres 7 in chains
at different values of /R and H.

The resulting families of dependences B on
n (Figure 2) were very informative for the qualitative
and quantitative characteristics of the cores of chains
of spheres as quasi-continuous magnets. This helped
to visually illustrate the following notable features.

Firstly, the data of induction B in the cores of
chains of spheres with a radius R =15 mm corre-
sponded to the data of induction B in the cores of
chains similar in relative radius /R with the same
number n of spheres, but with a radius R =20 mm.
This can be seen in Figure 2 by the coincidence of
the compared data B (points ¢ and o). This, quite
expected (based on the principle of similarity), fact
testified to the possibility of applying the obtained
induction data (Figure 2) to the corresponding chains
of spheres of a different identical radius.

Secondly, the larger the relative radius /R of
the core of the chain of spheres, the lower the values
of induction B in the core were (Figure 2) due to a
decrease in the proportion of ferromagnetic metal in
the core and vice versa.

Thirdly, all dependences of the induction B (in
the cores of the chain of spheres with different 7/R)
on the number n of spheres in the chain increased
with increasing n due to a decrease in the demag-
netizing factor N of each of the cores and the chain
as a whole. Then they demonstrated the onset a
characteristic self-similar region (Figure 2) with an
individually limiting value B. This indicated the
disappearance of the demagnetizing factor. The be-
ginning of this region manifested itself almost inde-
pendently of the relative radius 7/R of the core and
the intensity H of the magnetizing field, fell on the
value n = 10-12 (starting from which N—0). Thus,
such a transitional, but essentially criterial, value
n=10-12 =[n] delimited both chains of spheres
and their cores along the length (multiple of n) of the
chain itself. They divided into quite “long” — when
n>[n] =10-12 and “short” — when n < [n] = 10-12.
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Figure 2 — Magnetic flux density in quasi-continuous cores of a chain of spheres, different in relative radius /R, depending on
the number n of spheres; a—r/R=0.2;b—r/R=03;c—r/R=04;d—r/R=0.5;e—r/R=0.6;f—r/R=0.7; g—1/R=0.8;
h—r/R=0.9; 1—magnetic field strength H=4.8 kA/m; 2-10kA/m; 3—-20kA/m; 4-29.7kA/m; 5-—39.5kA/m;
6 —48.7 kA/m; 7 — 54.5 kA/m; designations ¢ and o are spheres with radius R = 15 mm and R =20 mm, respectively
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Mentioned specifics, including the fact of the
manifestation of self-similar regions, which are fun-
damental here, were also valid with respect to other
key magnetic parameters: magnetic permeability p
of the cores of chains of spheres (Figure 3), the mag-
netic susceptibility y (Figure 4) and their magnetiza-
tion M (Figure 5). The following relations were used
to determine the values of p, y and M:

— B .
W= MOH 5 (2)
u
1=y —1); 3)
N—0
M =yH, 4)

where p, = 4m-10”7 H/m is magnetic constant; 1,
and y y_,, are attainable limit individual values (in

u
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the corresponding self-similar region — according to
Figures 3 and 4: at n >[n] = 10-12) magnetic per-
meability and susceptibility. Regarding the relation-
ship (3), that is nonspecific and rarely appears in
the literature, it was valid precisely with respect to
“short” magnets (including the cores of chains stu-
died here as quasi-continuous magnets). This was so
because the parameters of susceptibility and perme-
ability of the “short” and “long” magnets were, as is
known, in the ratio ¥/y y_, o = WHy_o- The use of the
well-known classical relation y = . — 1 was valid for
a magnet devoid of a demagnetizing factor, for ex-
ample, a classic toroidal or “long” cylindrical, but for
a “short” magnet, this was not correct. Ignoring this
circumstance, as, for example, in [14], turned out to
be an unjustified simplification and led to the appea-
rance of an error in the corresponding results.
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Figure 3 — Magnetic permeability p of different (by relative radius »/R) quasi-continuous cores of a chain of spheres,

depending on the number 7 of spheres; designations — according to Figure 2 (on e, f, g, & the designations A are genera-
lized data for R = 15 mm and R = 20 mm); calculations — according to (2)
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Figure 4 — Magnetic susceptibility y of different (by relative radius »/R) quasi-continuous cores of a chain of spheres,
depending on the number n of spheres; designations — according to Figure 2; calculations — according to (3)
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Figure 5 — The magnetization M of different (by relative radius »/R) quasi-continuous cores of a chain of spheres, de-
pending on the number 7 of spheres; designations — according to Figure 2; calculations — according to (4)

Data of the demagnetizing factor of
different cores of “short” chains of spheres.
Functional approximation of these data

Figure 4 showed the values of the magnetic sus-
ceptibility x of the cores of “short” chains of spheres
with different relative radius »/R. These chains con-
sisted of n < [n] = 10-12 spheres: n=2,n=4,n =16,
and n = 8. The individual limit values of the magne-
tic susceptibility y _,, for the cores of a “long” chain

of spheres are also given. These chains consisted
of n > [n] = 10-12 spheres. Therefore, it was pos-
sible to obtain data on the demagnetizing factor N
of the cores of “short” chains, in particular, by the

expression:
b 5)
X XN—>0

depending on the number n of spheres in the chain,
as in Figure 6a.
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Each of the N wvalues here is averaged
for the entire studied range of field intensity
H=4.8-54.5kA/m due to the fact that the influ-
ence of A (in this range) on the values of N was very
weak. Here, in Figure 64, it is shown that as the chain
lengthened from n =2 to n =8, the demagnetizing
factor N of its cores decreased. The decline was very
significant — more than an order of magnitude.

N,

Y.
011®
0.084 <7

+

6
0061

\‘/5
0044
0024
0

a4

0014

0.001+

0.0001
2

b

Figure 6 — Data of the demagnetizing factor of diffe-
rent (by relative radius 7/R) quasi-continuous cores of a
chain of spheres, depending on the number 7 of spheres:
in ordinary (@) and semi-logarithmic (b) coordinates;
1-r/R=02;2-03;3-04;4-0.5;5-0.6; 6 —0.7;
7-0.8,8-0.9

The data N established according to (5) (Fi-
gure 6a) for the cores of “short” (rn <[n]) chains of
spheres succumbed to generalization by a functio-
nal (phenomenological) dependence. These data were
presented in semi-logarithmic coordinates, as in Fi-
gure 6b. The fact of their quasi-linearization pre-
cisely in such coordinates testified to the exponential
relationship between N and n:

N = Aexp(—kn), (6)

moreover, with a practically constant phenomeno-
logical parameter k= 0.54. At the same time, the
phenomenological parameter 4 in (6) is quasi-li-
nearized in logarithmic coordinates (Figure 7).

A
0.3 -
0.1 4

0.05 -

0.03 A

0.01 T — T
0.1 03 o5 1R

Figure 7 — On the power-law relationship (7) — due to
the fact of quasi-linearization of the values of the pheno-
menological parameter 4, which, in accordance with Fi-
gure 6b, depends on the relative radius »/R of the quasi-
solid cores of the chain of spheres, in logarithmic coor-
dinates

The parameter values were individual for one or
another core (relative radius »/R). The fact of quasi-
linearization of 4 parameter indicated a power-law
relationship 4 = a(r/R)"" with the value of the phe-
nomenological parameter a = 0.37.

Then, taking into account this connection, ex-
pression (6) for the demagnetizing factor N of the
cores of “short” (n <[n]) chains of spheres took the
expanded form:

N=a(r/R)" exp(~kn), (7

representing the product of power and exponential
functions for the values of the phenomenological
parameters k= 0.54 and a =0.37 aforementioned.
Expression (7) made it possible to determine the de-
magnetizing factor of any (by the relative radius 7/R)
“short” core of a chain, i. e. consisting of 2<n <8
spheres.

Conclusion

The relevance of direct control of the mag-
netic parameters of the cores of a chain of granules
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is noted as one of the basic structural elements of
a granular medium (according to the model of its
channel-by-channel magnetization). It contained in-
formation about the magnetic parameters of a granu-
lar medium that was the main working body of fine
magnetic separation devices, particularly. For such
control, a magnetic (micro) flux sensor @ was pre-
ferable. It consisted of a circular circuit (a block of
concentric circuits) on a thin printed circuit board
that made it possible to carry out measurements
in narrow slotted gaps between contacting gra-
nules-spheres. A clear fixation (positioning) of the
board between the spheres was provided due to the
presence in the board of a mounting hole of a certain
diameter, depending on the radius of the spheres
and the thickness of the board. In the experiments
chains of spheres of different lengths were used,
i. e. with a different number n of identical spheres
in a chain (moreover, with spheres with a radius of
R =15 mm or R =20 mm). Based on the results of
measuring @ in one or another core with a radius
r <R, data on the average induction B in each of
the quasi-continuous cores of the chain were ob-
tained as well as data on the magnetic permeability
u and susceptibility y of these cores, their magne-
tization M.

The resulting informative families of depen-
dencies made it possible to establish the following.
First, the data of the parameters B, p, y and M for the
cores of chains of spheres with a radius R = 15 mm
corresponded to the data of these parameters for the
cores of chains similar in relative radius /R with
the same 7, but with a radius R = 20 mm. This testi-
fied to the possibility of applying the obtained data
to similar chains of spheres of a different radius,
i. e. about their versatility. Second, the larger was
the relative radius /R of the core of the chain of
spheres, the smaller the values of B, pu, x and M
were for it. This was due to a decrease in the pro-
portion of ferromagnetic metal in the core and vice
versa. Thirdly, all dependences of B, pu, y and M
(for different cores of the chain of spheres) on n
initially increased as » increased due to a decrease
in the demagnetizing factor N of each of the cores
and the chain as a whole. Subsequently, they de-
monstrated the achievement of individually limi-
ting values of these magnetic parameters and the
corresponding self-similar regions (where N—0).
In this case, the beginning of each of these regions,
which manifested themselves almost independently
of /R and the field intensity H, fell on the value

n=10-12 (starting from which N—0). Thus,
such an established, in fact, criterial, value
n =10-12 = [n] made it possible to distinguish both
chains of spheres and their cores. The groups were
as follows: sufficiently “long” — when n > [r] and
“short” — when 2 <n <[n]. N data were obtained
for different cores of “short” chains of spheres and
described by a phenomenological expression. This
expression was a product of a power (in »/R) and
exponential (in 7) functions.
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