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This article theoretically researches the magnetic field distribution within HGMSmatrix free space – a stack of
orderly placed cylinder bars. It is shown that, in near vicinity of any matrix bar, the distribution of the
magnetic field practically coincides with the field distribution around a single cylinder. Relative differences
of force distribution characteristic f(x, y)¼H|grad H| are calculated for the bar stack and single cylinders
depending upon the relative distance between a given field point and the axis of the bar.
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1. INTRODUCTION

It is possible to use stacks of orderly placed bars as an HGMS matrix [1,2]. High-
gradient magnet separators, made in the Czech Republic, are currently used
Ukrainian installations that had treated manganese ores. Their matrices are the grids
of bars (or rods); that is, the stacks of orderly placed cylindrical ferromagnetic elements.

In order to predict separation characteristics it is necessary to calculate the distri-
bution of the magnetic field in a working zone under given values of magnetic induction
and the geometric parameters of the bar grids. Calculation of the magnetic field
in the space between the bars can be performed by means of numerical solutions
of magnetic field equations under given boundary conditions. In some cases,
however, those calculations can be replaced by easier calculations according to
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analytical formulae. In particular, such a simplification is relatively practicable for the
small area in the neighborhood of each matrix element.

Previous calculations show that if one is limited to the vicinity of a cylindrical
bar, such as r<(0.2–0.3)L (r is distance from matrix cylinder element axis to a given
point; L is distance between the axes of two contiguous bars), the distribution of mag-
netic field strength H(x, y) of bars system can be approximately replaced by the distri-
bution of a round single cylinder. In a case similar to this, the H(x, y) distribution is
calculated in accordance with well-known analytic formulae [1].

2. THEORETICAL MODEL

Let us consider a magnetic separator matrix made up of a grid of cylindrical elements
which are parallel to each other and the centres of their cross-sections in the (x, y) plane
normal for cylinder axes are situated in square net points of which the cell dimension
is L�L. Such a matrix scheme was considered in [3].

Calculations show that while researching the parameters of the magnetic field
existent in the free space of such a matrix, it is possible to examine a system consisting
of nine cylinder elements as outlined in Fig. 1. The matrix is in external uniform field
whose strength is H0 (and magnetic induction B0).

If the distance L is much shorter than the length of the cylindrical element, the
magnetic field can be supposed to be planary parallel so that the parameters of
magnetic field are functions of two (x, y) space coordinates only.

It is obvious that the degree of influence of the neighbouring elements on
the magnetic field parameters near one of the elements to be examined (element 1,
Fig. 1) depends upon a geometric parameter L/dw, where dw is a diameter of the cylinder
element.

One can assume that this degree of influence also depends upon the magnetic induc-
tion B0 of the external magnetic field, saturation induction Bs of ferromagnetic
elements, and on other parameters. The analysis of the influence of the two afore-
mentioned factors (L/dw and B0) is given later.

FIGURE 1 Schematic diagram of location of ferromagnetic matrix elements.
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Let us employ the formulae of magnetic field strength and force characteristic
f for the system including many cylinder elements [3]:
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where xi, yi are the coordinates of random field point to be determined along the
(x, y) axes relative to the centre of the i-element cross-section; rw¼ dw/2 and
A ¼ �w � �f =�w þ �f , where �w and �w are the magnetic permeabilities of the wire
material and fluid medium, respectively.

It is supposed here that the strength of the external field imposed on each element of
the rod grid is still equal to H0 as in the case of a single cylinder. Such a simplification is
acceptable if the distance between axes of the rods is relatively large, namely L/dw� 4.

When i¼ 1 (for the centre of nine elements system), the coordinates (xi, yi) are equal
to the (x, y) coordinates: x1¼ x; y1¼ y.

For other values of i index the coordinates (xi, yi) are defined by the formulae:

x2 ¼ x6 ¼ x; x3 ¼ x4 ¼ x5 ¼ x� L; x1 ¼ x8 ¼ x9 ¼ xþ L ð8Þ

y2 ¼ y3 ¼ y9 ¼ y� L; y4 ¼ y8 ¼ y; y5 ¼ y6 ¼ y7 ¼ yþ L ð9Þ

We shall define a relative error as:

�f ¼
f1 � f

f
¼

f1

f
� 1,

where f and f1 are the values of H|grad H| force parameter calculated in the given field
point according to a system that includes nine cylindrical elements and a single element,
respectively.

In addition to the orthogonal coordinate system let us introduce the polar coordinate
system (r, �) whose centre coincides with the centre of the cross-section of the first
element (to be central in the system of nine elements); the � angle is measured from
the x axis.
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The maximum error values �f on the f¼ const isolines will be obtained if �¼ 0.
So let us consider error �f as it depends upon the distance to the centre of an element
specifically for �¼ 0.

In this case y¼ 0; that is the point f value thus determined lies on the magnetic field
symmetry axis. Therefore, from Eq. (3), and taking into account Eqs. (4)–(7) and the
link of coordinates given by Eqs. (8) and (9), it is possible to obtain:

ð fy,�Þ�¼0 ¼ 0:

From Eqs. (1) and (2) we have:
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For �¼ 0, y1¼ y4¼ y8¼ 0; y2¼ y3¼ y9¼�L; y5¼ y6¼ y7¼L, we obtain, from Eq. (7):

ðHy,iÞ�¼0 ¼ 0 when i ¼ 1, 4 and 8 ð11Þ

where i¼ 2 and 6 for any point at x axis we get:
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Analogous relationship takes place when i¼ 3 and 5, and when i¼ 7 and 9:

ðHy,3Þ�¼0 ¼ �ðHy,5Þ�¼0; ðHy,7Þ�¼0 ¼ �ðHy,9Þ�¼0 ð13Þ

Taking into account Eqs. (11)–(13), and from Eq. (5) for n¼ 9 we get:
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Substituting Eqs. (4) and (14) into Eq. (10) for n¼ 9 we have:
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then taking into consideration Eq. (6) we can obtain:

ð f Þ�¼0 ¼ 2AH2
0 1þ Ar2w

X9
i¼1

x2i � y2i
r4i

 !
r2w

X9
i¼1

xið3y
2
i � x2i Þ

r6i

" #
�¼0

or

ð f Þ�¼0 ¼ 2A
H2

0

rw
1þ A

X9
i¼1

~xx2i � ~yy2i
~rr4i

 !X9
i¼1

~xxið3 ~yy
2
i � ~xx2i Þ

~rr6i

" #
�¼0

72 Y.S. MOSTYKA et al.



where ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2i þ y2i

p
;

~xxi ¼ xi=rw; ~yyi ¼ yi=rw; ~rri ¼ ri=rw

Introducing designation:

Qi ¼
~xx2i � ~yy2i

~rr4i
; Si ¼

~xxið3 ~yy
2
i � ~xx2i Þ

~rr6i

we have:

ð f Þ�¼0 ¼ 2A
H2

0

rw
1þ A

X9
i¼1

Qi

 !X9
i¼1

Si

" #
�¼0

ð15Þ

Taking into account x1¼ x, y1¼ y and Eqs. (8) and (9), it is possible to obtain the
following expressions for Qi , Si (i¼ 1, 2, . . ., 9):
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The formulae (15) and (16) are an analytical expression for the force parameter

f¼H|gradH| for a nine cylinder element system in any point of those lying on the
x axis (�¼ 0).

For a single cylinder element we have:
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3. RESULTS

Let us consider a distribution of the magnetic field force parameter f¼H|gradH| in the
(x, y) plane, normal to the axis of the cylindrical element. Distribution variation f(x, y)
due to the variation of the magnetic induction B0 under fixed value L/dw¼ 4 value can
be seen in Figs. 2(a) and 2(b), where the results of calculations are shown as the lines of
equal levels (isolines) of the f parameter, in accordance with the B0 values equal to
0.5 and 9T. Let us note that f¼ const isolines are calculated close to the element 1,
which is at the centre of the nine cylinder elements in Fig. 1.

Absolute values of f on the isolines were calculated for the case of dw¼ 2mm. A pro-
cedure of calculating f for other values of dw is described in [3]. As can be seen, f(x, y)
distributions for the values B0¼ 0.5 and 9T are qualitatively similar and differ mainly

FIGURE 2 Isolines of f¼H|gradH| (A2/m3) near cylindrical ferromagnetic element (N¼ 9, L/dw¼ 4,
dw¼ 2mm).
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in absolute values of f on isolines occupying the same (or close) positions in the (x, y)
plane. It can also be seen that the f(x, y) distributions have local peculiarities near the
mean points, i.e. points at the centre of each line segment of length L connecting the
centres of the neighbouring elements. Those line segments are parallel to x or y axes.
In Figs. 2(a) and 2(b), the coordinates of the mean points are ~xx ¼ 4 if ~yy ¼ 0 and
~xx ¼ 0 if ~yy ¼ 4, where ~xx ¼ x=rw; ~yy ¼ y=rw; rw ¼ dw=2.
The variations of the f(x, y) distribution with the change of the relative distance L/dw

between the axis of neighbouring cylindrical elements, under fixed value of B0¼ 2T, are
shown in Fig. 3(a)–(d), as f¼ const isolines calculated close to the central element of
nine cylinder elements; L/dw¼ 4; 5; 6 and 8.

Comparing f¼ const equal level line configuration under equal f values for different
L/dw one can conclude that in a near vicinity of the cylinder, distribution f(x, y) practi-
cally does not depend upon L/dw but the distribution difference increases gradually as
the given point approaches the middle point.

For example, for L/dw¼ 4.0 and 5.0 (Figs. 3(a) and 3(b)), f¼ const isolines
practically coincide for f¼ 8� 1013; 2� 1014; 8� 1014 and 2� 1015A2/m3, while for
f¼ 4� 1013A2/m3 they are essentially different, and for f¼ 3� 1013A2/m3 the isolines
for L/dw¼ 4.0 and 5.0 differ even qualitatively: if L/dw¼ 4,0 the f¼ 3� 1013A2/m3

FIGURE 3 Isolines of f¼H|gradH| (A2/m3) near a cylindrical ferromagnetic element (N¼ 9, B0¼ 2T,
d3w¼ 2mm): (a) L/dw¼ 4; (b) L/dw¼ 5; (c) L/dw ¼ 6; (d) L/dw¼ 8.
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isoline encloses the vicinity of the middle point. When L/dw¼ 5.0, the cylindrical ele-
ment is enclosed.

Consequently, as can be seen in Figs. 3(c) and 3(d), for L/dw¼ 6.0, the f¼ 1013A2/m3

isoline encloses the vicinity of the mean point, and the isoline f¼ 2� 1013A2/m3

encloses the cylindrical element. However, for L/dw¼ 8.0 both isolines enclose the
cylindrical element.

Let us consider the influence of the matrix contiguous elements according to
additional criterion, namely, the relative difference of the characteristic parameter
f(x, y) for a single cylinder element and for a system consisting of many such elements.
This difference can be considered also as the calculation error of the force parameter
f according to the simplified model of a single cylinder element, in comparison with
the calculation results on the basis of a more complex model of many elements.

The calculations indicate that the peak value of the error is achieved on a straight line
passing through the centre of the cross-section of this cylinder parallel to the H0 vector.
If we examine the centre element belonging to the system of nine cylinder elements
(Fig. 1) we shall see that the straight line coincides with the x axis.

Using Eqs. (15)–(17) we can find the error ( f )�¼ 0¼ ( f1/f )�¼ 0�1 at the points on the
x(�¼ 0) axis for different B0 and L/dw values. As it was pointed out earlier, the errors f
on the f¼ const isolines achieve the maximum for �¼ 0.

Figure 4 shows the f¼ const isolines calculated according to formulae both for
a single cylinder element and a system consisting of nine such elements (arranged
according to the diagram in Fig. 1), for L/dw¼ 4; B0¼ 0.5 T. The f1¼ const isolines
cross the x axis at ~xx ¼ 2:0 and 3.0 ð ~xx ¼ x=rwÞ points. The analogous curves were plotted
for L/dw¼ 5 and 6 for B0¼ 0.2; 0.5; 1.0; 2; 4 and 9T.

In addition, the values of the distance r0 from cylinder axis to f1¼ const isoline
intersection point with x axis (�¼ 0) were varied in the range from 1.5 rw to 0.45–L.

FIGURE 4 Isolines of f¼H|gradH| near a cylindrical ferromagnetic element (B0¼ 0.5 T, L/dw¼ 4,
dw¼ 2mm) 1a, 2a–a single cylindrical ferromagnetic element; 1b, 2b–system of 9 cylindrical ferromagnetic
elements.
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The errors �f were expressed as dependence on a parameter Z ¼ L=2� r0ð Þ=
ðL=2Þ ¼ 1� 2r0=L. This dependence, for B0¼ 1T and L/dw¼ 4 is shown in Fig. 5.
The dependence for other values of B0, in the range from 0.2 to 9T, for L/dw¼ 4;
5 and 6 do not practically differ from the dependence shown in Fig. 5.

4. CONCLUSION

A theoretical investigation concerning the influence of the neighbouring elements in the
ferromagnetic matrix on magnetic force parameter f¼H|gradH|, in the vicinity of one
matrix element was carried out. In order to achieve this, relative differences �f of the
f value for a single cylinder element and for a system consisting of many such elements
were calculated under different values of the magnet induction, relative distance L/dw
between axes of cylinders and under different positions of field point at which the f
characteristic was being defined. It has been found that the �f dependence on B0

was weak. The dependence of �f on the location of the field point can be shown as uni-
versal (from the point of view of different L/dw applicability) function of the geometric
parameter Z. This parameter is the distance from a central point to a given field point
expressed as a fractions of the L/2 distance. The influence of contiguous elements
qualitatively expressed by the value of �f is obtained, while approaching to a middle
point. In the spherical area adjacent to the cylindrical element (diameter of the area
smaller than 0.25L) the value of �f usually does not exceed 5%, so the influence of
neighbour elements can be neglected.

FIGURE 5 The dependence of the relative difference �f¼ (f1�f )/f upon the relative distance
Z¼ (L/2�r0)/(L/2).
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