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Abstract

The work is devoted to a geometrical configuration of permanent magnets on the basis of
opposing geometrically linear assemblies (e.g. Halbach arrays) for the generation of strong
magnetic fields, which have been theoretically modeled and experimentally verified. The
implementation of these opposing assemblies using NdFeB magnets of a total weight of 3.75 kg
provided a value of magnetic flux density in the middle of an air gap of a width of 20 mm that
was higher by 56% in comparison with the simplest possible design. When the air-gap width was
3 mm, the flux density reached a value of 2.16 T, which represents an increase of more than
100%. Simultaneously, however, unlike in the simplest possible parallel configuration, opposing
Halbach assemblies have shown, in the middle of an air gap, a significant decrease of the
magnetic flux density values when passing from the middle of the assemblies in the direction
parallel to the x-axis.
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Introduction

Numerous applications require the usage of magnetic fields with high values of magnetic
flux density, or with an extreme gradient of this parameter. Thanks to their high values of
remanent magnetization and energy density, permanent magnets on the basis of rare earths are
predetermined for these purposes. In the 1970s, the first work concerning the so-called one-sided
magnetic fluxes with planar magnetic geometries was published [1]. Subsequently, Halbach
described a new quadrupole configuration using cobalt permanent magnets [2]. Marble claims
[3] that through a relatively simple arrangement of permanent magnets it is possible to achieve
more than 80% of the maximum possible magnetic field. The authors in the work [4] describe a
geometric arrangement of NdFeB-type permanent magnets for magnetic resonance, which in the
implemented device of a total weight of 790 kg (of which 290 kg is the weight of the NdFeB
magnets from the material N42) generates, in an air gap of 0.06 m and a pole diameter of 0.2 m,
a magnetic field of an induction of 1.6 T. In the same work, the authors mentioned that using the
Halbach ring structure would make it possible to attain high fields and reduce the weight of the
device, but this structure is too complicated to be manufactured and assembled.

With simplified Halbach cylinders, values of up to 1.8 T were attained [5]; with Halbach
cylinders with iron pole magnetic-flux concentrators, the maximum level shifted to a value of
3.9 T [6]. The work [5] describes also an original source of a magnetic field on the basis of
permanent magnets (Halbach sphere), where the calculated value of magnetic flux density in the
central area (¢ 6 mm x h 2.8 mm) exceeded the level of 4.3 T. Besides the size of the field
generated, in many cases it is important to monitor the uniformity of this field as well. The
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solution to this problem has been discussed on the basis of Halbach geometrical configurations,
I.e. ring dipole, square dipole and C-dipole [6]. At lower field values (below 0.4 B;), the
constructions of a C-dipole type are the most advantageous, whereas square and ring dipoles
have been shown to be the best in the resolution of fields with high values of magnetic flux.

In systems with magnetic cooling, it is necessary to create some areas with a high and others
with a low value of magnetic flux. The application of the Halbach cylinder, where some of the
permanent magnets have been replaced by a magnetically soft material with a high value of
relative permeability, can make it possible to achieve an almost 50% increase in the difference
between the magnetic flux density values in the areas with high and low magnetic field levels

[7].

Other publications have described constructions of autonomous sources of a strong magnetic
field for magnetic separation chiefly in ceramic technological processes [8—10].

The aim of the work being presented is to build on these as well as mainly on other studies
and knowledge concerning the simulation and implementation of strong magnetic fields [11-15].
It is devoted to the theoretical modeling, implementation and testing of a magnetic-field source
based on the opposing linear Halbach assemblies of NdFeB magnets in comparison with the
simplest possible design of the opposing permanent magnets from a material of the same type
and quality.

Model Formulation

The model of the setup can be formulated using a scalar magnetic potential. Two types of the
sub-regions can be distinguished: source-free medium (air) and magnetic material (permanent
magnets). Generally, magnetic induction is defined as:

B = poM + po H, )

where H is the magnetic field intensity and M is the magnetization. In our case, it is assumed that
the magnetization in the permanent magnet is homogeneous and the medium is magnetically
isotropic. The magnetic induction must satisfy the condition

V-B=0. 2)

In order to compute the distribution of the magnetic field, the field will be expressed using a
scalar magnetic potential defined as:

H=—Vo, ©)

Inserting this expression for the scalar magnetic potential in (1) and combining the result with
the divergence condition (2) leads to the following [16]:

Equation (4) constitutes the formulation governing the scalar magnetic potential solution. Both
types of the mentioned sub-regions are considered without free currents and the result is that the
tangential components of the magnetic field intensity along their mutual boundaries are
continuous.

However, the continuity of the normal components of the magnetic flux density must be
enforced:
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nl'Bl—nz'BZ=0. (5)

Here index 1 refers to the permanent-magnet sub-region and index 2 is related to the adjacent air
sub-region. This leads to the condition expressed as:

Ho —V®;1 ‘n+n-puM—py —V&, -n=0, (6)

where n is the normal unit vector on the interface boundary printing from sub-region 1 to sub-
region 2. Equation (4) can be treated as governing the differential equation on the domain:

Ld=f (7

and together with the appropriate boundary condition it defines a boundary-value problem for the
scalar magnetic potential ®. The solution to this problem can be obtained using the finite
element method (FEM). Here, L is the differential operator and f is the so-called excitation or
forcing function. The solution to the boundary-value problem can be formulated using a
variational approach [16]. Instead of solving Equation (7) directly, a functional minimization on
the domain Q is used. The functional can be written as:

Fd = VopgVo—pV-Mda =0, (8)

where @ is an approximate solution to (7). An approximation of the unknown solution in the e-th
element can be expressed as:

(De — ;1.:1]\,]_2(1)'2 — IV]'e T (.De — cbe T Ne ) (9)

n denotes the number of nodes in the element, ®¢ is the value of the magnetic potential at the j-
th node and N is the interpolation function for that node. When the approximate solution is
inserted in (8) and the Galerkin’s method is followed with the choice of the weighting functions
being the same as the functions for the expansion of the approximate solution, the minimization
procedure leads to the linear equation systems:

M, K¢ ® — b® =0, (10)

where the matrices K¢ and b¢ for each element are obtained using (8), and where @¢ denotes
the column vector of the scalar magnetic potential values for the nodes of the e-th element. The
summation over e is related to the total numbers of elements in the domain. Once the system of
the elemental equation is assembled, the values of the scalar magnetic potential in the domain
can be computed. On the basis of Equations (8) — (10), the course of the values of magnetic
induction in the middle of the gap between two opposing Halbach arrays was computed (see
Figs. 7 and 8).

The numerical modeling of the experimental array by FEM was carried out using the ANSYS
software package. Each system of Halbach assemblies was represented by appropriate 3D model
in order to obtain the magnetic flux distribution in the air gap. The magnetic assemblies were
surrounded by a rectangular air region with the infinite elements on its outer boundary to
simulate the infinite domain. The geometric dimensions of the mentioned region were given by
the distances from outer model boundaries to the appropriate magnetic assembly surfaces. The
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distances were chosen as multiples of magnetic assemblies dimensions in x and z-directions, and
y-size plus half-gap thickness in y-direction (see the figures 2-4). The value of the multiple
varies from 5 to 7. Such conditions were checked to secure stable results of the computation.
From the same reason, the size and the number of the elements in the model was tested as well. It
was found that in order to achieve stable results, models had to contain approximately 2 500 000
elements. Further increase of element number does not substantially improve the stability
increase, and moreover it leads to the superfluous growth of the computational time.

Experimental

The proposed method of strong magnetic field generation is directly based on the results and
knowledge acquired during previous work with real permanent magnet arrays. In the paper [11]
are described the chosen types of separate assemblies of magnets including method of
determining their dimensions and measured values of stray magnetic field. Such types (material,
geometry) of separate magnet assemblies were selected in our configurations that could be
compared with the magnet designs described by Marble [3] in Figs 6(a) and 6(b). In mentioned
paper [3] Marble derives a magnetization pattern leading to the strongest possible stray field at a
remote point. For this reason, the dimensions of these realized separate assemblies were designed
so as to preserve the same dimensional ratios evident in Fig. 3(a) [3]. For width of the inner
block in the Halbach array leading to the mentioned strongest magnetic field, Marble reports [3,
page 579] the value 0.154 units. In our magnet arrangements we generally apply the different
dimensions of permanent magnet blocks in the Halbach arrays. This approach has been used for
example in [19].

The original simple device [11, Fig.4] designed for placing of individual magnetic blocks
into assemblies was further modified and doubled in order to be able to create two opposing
magnetic arrays with a continuously adjustable mutual distance. The new assembling tool
depicted in Figure 1 allows set the distance between the arrays (air gap width w) in the range
from 3 to 160 mm by moving the top array with respect to the fixed bottom one. Magnetic flux
density in the center of the air gap is then measured as the function of increasing gap width.
When the gap width is fixed, magnetic flux density distribution along the axis of the gap can be
measured as well.

Fig. 1 Device for placing NdFeB magnets into two opposing assemblies
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As the basis, NdFeB blocks with sizes of 50 x 50 x 30 mm from the N45 material with
remanence Br = 1.354 T and maximum energy product (BH)max = 348 kJ/m® were used. Because
it was not possible to meet the required dimensions of Halbach array using the mentioned blocks
only, some smaller blocks has to be formed by cutting the larger one in such a way that the
preferential orientation of the demanded magnetization direction was preserved. Thus the
Halbach arrays in Figures 2, 3 and 4 depict the magnets as they are really assembled. As to the
used model formulation, ideal conditions considering homogeneously magnetized blocks with
magnetization parallel to the block faces were assumed. From this point of view, the neighboring
blocks are considered as one domain, provided that their magnetization vectors are parallel. For
example the upper (lower) array depicted in Figure 2 is treated as one continuous domain despite
the fact that it consists of four pieces. According to the principles of Halbach array formation,
the magnet assemblies are configured in such a way that the effect of one-sided magnetic flux
creates a strong magnetic field in the air gap. The measurements of the magnetic flux density in
the individual configurations were performed using F. W. Bell teslameter, type 5080 with the
Hall transverse probe. The value of magnetic flux density was always measured in the gap center
and this point corresponds to the coordinate system origin in Figures 2, 3 and 4.

Permanent-Magnet Assembly Configuration

During the measurements of the dependences of magnetic flux density in the case of the
opposing assemblies, the beginning of the coordinates x and y (point 0) was always selected in
the middle of the surface of the bottom array as depicted in Figures 2, 3 and 4. It must be
underlined that these Figures do not display any magnet designs, but actually realized magnet
assemblies where precision cuts and a way of assembly can influence the measured values of
magnetic flux density. Therefore, for the possibility of eventual further comparison and impact
assessment the proportions are plotted in Figures, including inner lines, and displayed, and so are
all individual magnets from which the assemblies are composed.

a) Assemblies I and 1’

This arrangement (the simplest possible design of the opposing magnets) is schematically
depicted in two views including the dimensions in Fig 2. First, the dependence of the magnetic
flux density in the middle of an air gap Byw» on the width of this gap y. with y, ranging from
160 mm to 3 mm was measured. This dependence is depicted in Fig. 5 (blue curve, diamonds).
Furthermore, the dependence of the magnetic flux density Bywio in the middle of an air gap of the
constant width y,, = 20 mm (on the level of y,/2 = const. = 10 mm) on the parameter x (x-axis is
parallel to the surface of the permanent magnets — Fig. 2) was determined to be in the range of x
from -35 to +35 mm. The measured dependence is illustrated in Figure 6 (blue curve, diamonds).
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Fig. 2 Schematic picture of opposing assemblies 1 and 1”

b) Assemblies 2 and 1’

The arrangement (a Halbach array/assembly with the opposing simplest assembly of
magnets) is represented in Fig. 3. The measurement was performed similarly as in the previous
case; the measured dependence Byw, = f(yw) is plotted in Fig. 5 (red curve, squares), the
dependence Bywio = f(X) in Fig. 6 (red curve, squares).
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Fig. 3 Schematic picture of opposing assemblies 2 and 1”
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C) Assemblies 2 and 2’

This arrangement (two opposing Halbach arrays) is depicted in Fig. 4. The measurement was
performed again in the same way as the previous one; the respective dependences are likewise
plotted in Figs. 5 and 6 (green curves, triangles).
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Fig. 4 Schematic picture of opposing assemblies 2 and 2’

Theoretical and Experimental Results

The measurement of the magnetic flux density as a function of the air gap width with all of
the arrangements above has provided the dependences declared in Fig. 5.
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Fig. 5 The dependences By, = f(yw) with the opposing three types of magnet assemblies
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The measurement of the magnetic flux density in the middle of an air gap of constant width
as a function of the parameter x with all of the above-mentioned arrangements has provided the
dependences depicted in Fig. 6.
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Fig. 6 The dependences Bywio = f(x) with the opposing assemblies for y,, = const. = 20 mm

A comparison of the values of the magnetic flux density By, obtained through the modeling
(Equations (8)—(10)) and measurement with the arrangement implemented (see Fig. 4) is clear
from Fig. 7.
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Fig. 7 Comparison of the course of the values of the magnetic flux density in the middle of
an air gap between two opposing linear Halbach assemblies — model and experiment
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A comparison of the values of the magnetic flux density Byw.o obtained through the modeling
(Equations (8)—(10)) and measurement with the arrangements implemented (see Fig. 6) is clear
from Fig. 8.
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Fig. 8 Comparison of the distribution of the magnetic field in the middle of the air gap
along x- axis — model and experiment

Discussion

A comparison of theoretical results, acquired through modeling, and experimental results
indicates their high correlation. In the case of two opposing linear Halbach arrays, the agreement
is within 5% (Fig. 7).

In the case of the opposing parallel magnet arrays (NdFeB magnets, N45 type, B, = 1.354 T)
in the simplest arrangement (Fig. 2) with a gap width of 20 mm, a magnetic flux density value of
0.747 T was measured in the middle of this gap (Fig. 5). If one assembly of this arrangement is
replaced by a Halbach configuration (Fig. 3), the magnetic flux density value shifts to the level
of 0.951 T (Fig. 5). The geometry of two opposing Halbach assemblies moves this value to 1.164
T (Fig. 5). It can thus be stated that the usage of this arrangement (Fig. 4) has led to an increase
in the value of magnetic flux density, in the middle of a gap of a width of 20 mm, by
approximately 56% in comparison with the simplest arrangement. When the width of the gap
was reduced to 3 mm (when the aforementioned device (Fig. 1) is utilized, it is the minimal
distance between the opposing assemblies), when the magnetic flux density values 1.048 T and
2.162 T were similarly measured, the increase in the magnetic flux density was even more
significant and reached as much as 106%. As arises from Fig. 5, this gradual, significantly
increasing difference in the magnetic flux density in favor of the arrangement with the opposing
Halbach assemblies occurs in the given case when the air gap is gradually reduced
approximately from 60 mm. When the gap width was increased above this value, a slightly
higher magnetic flux density was, on the other hand, measured in the case of the simplest
arrangement.

It needs to be emphasized that the above-mentioned significant increase in magnetic flux
density was achieved by the configuration when the ideal Halbach geometry [17, Fig. 1 a)] was
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modified by assembling three permanent magnets (Fig. 4). In the aforementioned specific case of
the implementation of two opposing Halbach assemblies, the values of magnetic flux density in
the air gap of the width up to 5 mm were higher than 2 T. This result was made possible by
assembly and size modification of essentially only a few NdFeB magnets, currently commonly
available in terms of both the initial dimensions and the quality of the material. The total weight
of the magnets in both opposing arrays together is only 3.75 kg. As was already said in the
introduction in connection with the very complicated manufacture and assembly of the ring
Halbach array [4], not even the ideal Halbach arrangement is easy to implement technically [18].
Nevertheless, the implementation of the opposing linear Halbach arrays/assemblies, described in
the text above, has been shown to be relatively feasible.

With the usage of trapezoidal magnets (a series of three permanent magnets) in the Halbach
configuration, it is possible to expect a further strengthening of the field by 3-5% [3].

An important issue is the homogeneity of the field along the direction of the x-axis. Fig. 6
captures this situation again at a gap width of 20 mm on the line in the middle of this gap. As
arises from the physical principles with the simplest configuration (Fig. 2), the magnetic flux
density value is almost constant. On the contrary, in the case of opposing Halbach assemblies,
we have observed a decrease of the maximum magnetic flux density value in the direction of x-
axis at a distance of £20 mm from the middle of the assemblies by up to 50%. This decrease
further increases with the growing distance x from the middle of the assemblies. Also the
proposed theoretical model for the description of the longitudinal distribution of the field is in
agreement with this course of magnetic flux density (Fig. 8).

The question is the dependence of the results on the dimensions of the magnet blocks. The
permanent magnet sets with half and double the thickness of magnetic blocks (in comparison
with Fig. 3) have been modeled. For double thickness the maximum value of 1.45 T has been
achieved (the others parameters are the same as in Fig. 3), for half thickness the maximum value
of magnetic field is 0.94 T. In the direction of the x—axis at a distance of = 20 mm from the
middle of the assemblies the decrease from 50% (for double geometry) up to 20% (for half
thickness) is observed.

If the length of the array permanent magnets components is twice as long (scaling in x —
direction, dimensions in y — direction are fixed) in comparison with original arrangement (see
Fig. 3) the maximum value of magnetic field in the middle of the 20 mm gap has been specified
to be 1.05 T. In the direction of the x—axis at a distance of £20 mm from the middle of the
assemblies the decrease of 30% is observed. For the distance = 15 mm (x - direction) the value
1.05 T is practically constant. If the length of the array is half as long in comparison with
original arrangement (see Fig. 3), the important end effects have been observed. In this case in
the x-axis direction in the interval (15 mm, £20 mm) from the middle of the assemblies we
observe antiparallel orientation of magnetic flux density vector. For distance more £20 mm the
magnetic flux density vector orientation is changed to the original direction.

Conclusions

Geometrical configurations of permanent magnets on the basis of Halbach assemblies for the
generation of strong magnetic fields have been proposed, and the respective distributions of the
implemented magnetic fields have been theoretically modeled and experimentally verified. A
comparison of the results of the model approaches and experiments has shown that using current
software products it is objective to find a high correlation between theoretical and experimental
results.

Both the computer simulation and the implementation have confirmed that by means of the
mentioned opposing linear Halbach assemblies equipped with NdFeB magnets with a high
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energy product, it is possible to achieve in the defined volume magnetic fields with magnetic
flux density values exceeding the level of the remanent magnetization of the permanent magnets
used. The application of permanent magnets of larger sizes (or magnetic blocks from the same
material) thus opens a real possibility for the creation of a strong magnetic field in a greater
volume for various applications.
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