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Abstract An essential feature of a matrix separator is the cyclic course of
operation. It results from periodic renewal of accumulative properties of
the matrix after its loading with magnetic material. The cleaning of the
matrix takes place when the magnet is out of action or the matrix is outside
the field, both of these methods are critical problems for the functioning of
the direct current superconducting magnet which is the source of the
magnetic field in the separator. These problems are related to power losses
in the winding and, as a result, to temperature rise in the superconductor.
A mathematical model which enables to compute variation ranges of the
parameters of the separator is presented in this paper. These ranges appoint
specifications of safe (i.e. failure-free) operation of the separator under
dynamic conditions. The results of the analysis of the parameters of the
current supply as well as the matrix velocity (when it is moved within the
separator channel) are presented. The analytical findings will be compared
with experimental observations.

(Received May 3, 1993)

1. INTRODUCTION

The invention of a superconducting magnet was a turning point in magnetic
separation technology. The advantage of superconducting magnets is high
magnetic induction values in large volumes, achieved without any power losses in

the windings. Thus, construction and the functioning of the separators have been
changed. But new kinds of problems relating to magnetic separation technology
have arisen.
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This paper deals with a high-gradient matrix separator. In such a device the

magnetic field is generated by a solenoid coil. The necessary nonhomogeneity of

the field is created by ferromagnetic elements (e.g. steel wool fibres) placed in a

canister introduced into the magnetic field. A high-gradient magnetic separator of

such an construction operates in a cyclic mode. After the matrix is loaded with

particles captured from the slurry (effective working time), a cleaning stage must

follow (dead time).

In order to increase the throughput of the separator, the effective working time

must be increased and the dead time reduced. One way to achieve an increase of
the effective time is to apply a considerable magnetic induction [1]. Among
possible methods of reducing the dead time, the following ones will be analysed in

this paper:

replacement of the matrix when the magnet is de-energised. This technique

requires rapid energisation and de---energisation of the magnet.

replacement of the matrix when the magnet is energised. In this method

considerable magnetic forces acting on the matrix must be overcome.

Both of these techniques are critical problems in superconducting magnet
separation. They relate to power losses in the windings as well as other detrimental

mechanical and electrical phenomena. Among them, the following ought to be

mentioned: forces affecting both the matrix and (what is more important) the

superconducting winding, the voltage induced in the winding as a result of matrix

motion and of the field asymmetry.

Very important problem for the operation of a superconducting separator is its

stability; the parameters of operation may vary in such a reduced range that the

superconducting state in maintained. The optimum solution can be achieved only
employing theoretical and experimental studies relating to dynamic interaction

associated with matrix cleaning. These problems will be discussed in the paper.
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MODEL OF DYNAMIC CONDITIONS FOR A SUPERCONDUCTING
MATRIX SEPARATOR

2.1 Description of Dynamic Conditions

Diagram of a superconducting matrix separator is presented in Figure 1. Dynamic

conditions of the separator action are as follows:

Process of the superconducting winding supply to achieve magnetic
induction required for the separation process

Matrix motion in the magnetic field zone of the separator.

FIGURE 1 Superconducting matrix separator: 1 superconducting
winding, 2 matrix

The model included the above mentioned dynamic conditions only. The other

phenomena, typical for superconductivity (e.g. "flux jumps") will be neglected.
The correct .action of superconducting magnets is associated with low level of
energy losses during the dynamic conditions. If the losses are considerable, the

temperature of a superconductor exceeds the critical value (this takes place in

exceptional cases only). Then the winding begins to lose superconductivity, the

so--called "normal" (resistive) zone appears (if the conditions of stability are

carried out) or, if not, it spreads till the whole winding loses superconductivity. To
prevent damage, the "normal" zone ought to be detected, the winding should be

disconnected from the supply and the energy diverted out of the magnet [2].
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These emergency conditions are presented in Figure 2. The loss of

superconductivity begins in the "weak" point of the winding (the higher the level

of disturbances, the worse the electrical, mechanical or thermal properties). Let us

assume that the point P(r,z) (see Fig. 1) of maximum magnetic induction is

especially liable for disturbances. Thus, the temperature change at this point will

be analysed in this paper.
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Possible reactions of a superconductor after a fault

The analysis will allows us to determine admissible variation range of the

parameters of the separator (velocity of the increase in the supply current, and the

velocity of the matrix in the separator). These ranges will determine specifications

of the actions of a stable magnet. It means that the critical temperature of the

superconductor is not exceeded so that the superconductor does not lose its

superconductivity.

2.2 Mathematical Model Of Dynamic Conditions

The coil of the magnet is wound with a superconductor which consists of

superconducting filaments of diameter dp, distributed uniformly in copper, the

length being /p. The outer diameter of the superconductor is d, the ratio of the

superconductor to the copper is Ap.
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The energy losses in the superconductor are the result of the hysteresis
phenomenon and eddy currents in the copper under dynamic conditions [3]. The

hysteresis loss Gh is calculated as the energy distributed in the superconductor
when the field is changing. For an elementary volume, the loss is as follows:

2 ,/:. j, (1)
dGh -4-2#odr, Ar 3.7’(o + dH

where jz is the supply current density, jcT(B) is the critical current density in the

superconductor. It depends on temperature and magnetic induction.

The eddy current loss Ge for elementary volume is as follows:

(dG
1 dB In

where Pe is the radial direction resistivity in the superconductor

where Pcu is the resistivity of copper.

The magnet winding is immersed in liquid helium of temperature To 4.2 K. The
heat emitted in the superconductor is partly transported to the cryogenic liquid.
The heat is given by:

Q T0) (3)

where h is the factor of absorption of the heat in helium. Taking into account the
above assumption, one can describe [4] the superconductor heat balance by
equation

OT
C(T)- V(kVT) + G(T, t) Q(,T) (4)

where T is the temperature of the superconducting wire, C is the heat capacity of
the superconducting wire, k is the thermal conductivity, G is the heat generated in

the superconducting wire: G Gh + Ge, and is the time.
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The solution of the equation (4), with regard to the initial and boundary
conditions is presented, for instance, in [4].

As a comparative criterion for various working conditions of the separator we have

assumed the relative temperature of the wire defined as:

o
To

where Tc,j(B) is the critical temperature of a superconductor, for the current

density jz and magnetic induction B. The relative temperature {} is characteristic

for the state of the magnet action:

0={ 0+1
>1

sut)er(:onducting state
normal (resistive) state

2.2.1 The Current Supply

The supply of the current forces the magnet to create a magnetic field. The field
varies along the winding. For certain relations between the values of the current

and the field the superconductor can transform to "normal" state. The current if

this transformation is called a critical current. It determines the efficiency of the

superconducting magnet as a field source.

The rate of the current increase in the winding is a parameter which radically
influences the critical current and the efficiency of the device [5].

The model of calculations of losses in a superconductor, presented in Section 2.2

enables us to determine the rate of increase in critical current for the

superconducting state of the wire. The results will be presented in Chapter 3.

2.2.2 Displacement of the Matrix in the Channel of the Separator

The medium in which the extraction of magnetic particles from the slurry takes
place in a canister filled with ferromagnetic elements (steel wool). It is treated as a
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ferromagnetic porous medium: its magnetic properties are determined by magnetic
parameters of the steel wool, by the magnetic field, packing factor of the steel wool

in the canister and by the direction of the filaments with respect to the direction of

the field. The bulk magnetic permeability of the matrix p can be defined by the

following formula [6, 7]:

1[ lv% + ]P’’ 7.2) q,, + 1,.,,(1 q,:.) % + q,(l’,,- 1) (6)

where #p and #a are the magnetic permeabilities of steel wool fibres, perpendicular

and parallel, respectively, to the magnetic field, qp and qa are the volume fractions

of the steel wool fibres:

q + q e

where e is the packing factor of the matrix:

e 100%
Wmatriz

The permeability of the matrix for several values of the packing factor was
calculated using formula (6). (The megnetization characteristics of the

gradient---creating material is known). The results are presented in Figure 3. On
the basis of these results the following considerations are based on the assumption
that the bulk magnetic permeability for the considered values of magnetic
induction (B

_
2 T) is constant (it does not depend on B).
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FIGURE 3 The bulk magnetic permeability of the matrix for various

values of the packing factor e.
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Displacement of the matrix causes a change of the distribution of the magnetic
field in the working space of the separator as well as in the winding. To determine

the field distribution in the working space of the separator one has to calculate the

magnetic field H or the magnetic induction B or the magnetic potential A. The

magnetic potential of constant and quasi-stationary fields for current---carrying

spaces can be calculated using the Poisson’s equation:

vA -/J (7)

where A is the vector potential of the magnetic field, J is the vector of the current

density and # is the magnetic permeability of the medium.

The considered matrix separator is an axially-symmetrical system; thus eq.(7) will

assume the form:

where #r (r,z) and #z(r,z) are

permeability in the system of r, z.

the coordinates of the tensor of magnetic

The function A (r,z) having defined boundary conditions complying with equation

(8) can be found using the finite element method (presented e.g. in [9, 7]).

Components of the vector of magnetic induction are defined by formula:

B rotA (9)

which, for the case considered here, has the form:

B:= -g-r-r (11)



SUPERCONDUCTING MATRIX SEPARATOR 119

Results of theoretical studies which refer to the field asymmetry are presented in

the following figures. The relative position parameter z/b_ was introduced to

throw light on connection between the position and the length of the matrix. (For
0 the geometrical centres of the matrix and the winding are at the same

point).

Distribution of magnetic induction in the working space of the separator for two

matrix positions is presented in Fig. 4. The bulk permeability of the matrix #s

1.15, the magnetic induction Bo 2.5 T and Bo 4.0 T (Bo is the induction at

the point r 0, z 0, when the matrix is outside the channel.) The change of the

magnetic field resulted from the change of the magnetic flux in the magnetic
circuit.

FIGURE 4 Distribution of magnetic induction in the working space of
the separator, for various positions of the matrix ( 1.15,
e

The change of the magnetic induction at point P versus a position of the matrix

(in relation to the winding) is shown in Fig. 5. The characteristic parameters are:
magnetic induction Bo and the packing factor e.

When the matrix is beginning to move, it is outside the channel ( < 2), then,
for point P B Bo. As a results of the displacement of the matrix, the magnetic
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induction decreases to achieve the minimum value for 1. Next, the induction

increases to achieve the maximum value at the central position of the matrix ("
0, the matrix fills the entire channel space of the separator). Magnetic induction

depends on magnetic permeability of the matrix which is influenced by the packing
factor of the magnetic steel wool in the canister.

FIGURE 5

-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

Magnetic induction at point P of the winding versus position
of the matrix

The situation is analysed when the matrix fills the entire channel and remains at

this position. Hence, the characteristics B f(() do not show the expected

symmetry.

The results of the observed induction changes (dots in Fig. 5) can be approximated

by the formula:
2

Z
where

and b f Bo B,,,i,,
B,naz B,nin {<ofor j

2
i.e z

>0
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Bmax is the maximum value of magnetic induction (matrix at the central position

0, Bmax Bmax(e)), Brain is the minimum value of magnetic induction matrix

at the position ( 1, Brain Brain(e)), and is the shape factor for the curve.

The quantities Bmax and A from formula (12) are the experimental ones. The

characteristics described with the formula (12) are presented in Fig. 5 .by solid or

dashed lines, according the value of the parameter e.

The model presented in Section 2.2 enables to calculate the change of temperature

along the conductor, as a result of the matrix shift and the field change, which are

presented above.

TEMPEtLTURE RESULTS OF DYNAMIC CONDITIONS OF THE
SEPARATOR

A common differential equation (4) describes the heat balance for the wire of the

coil. It allows us to calculate the temperature for specified conditions as well as for
the analysed dynamic conditions of the action of the separator.

The calculations are based on the parameters and on the current- voltage
characteristic curve of the superconductor manufactured by Vacuumschmeltze.
This superconductor was used for the construction of the direct current laboratory
superconducting separator winding described in [8]. The data are presented in

Tables 1 and 2.

TABLE I Superconductor Nd-Ti 50% type F60

]()’5 10"110"5:,1 0"6 45 20

TABLE II Characteristic I(H) of the superconductor

375]’310125311981143] 88
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3.1 Current Supply of the Magnet

The current supply Is/If, as well as the relative temperature 19 characteristic

for the point P are presented in Fig. 6. The current increases linearly or

exponentially (If is the fixed value of the supply current Is which gives magnetic
induction Bo at the centre of the separation channel). The current increase causes

the temperature of the superconductor to increase. Further, the temperature
decreases from its maximum value to the value determined by the hysteresis loss

of the superconductor.
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FIGURE 6 Relative temperature O of the conductor versus time when

the electric current increases linearly (a) and

exponentially (b)

A set of maximum relative temperature characteristics Oax = f(tf) is presented in

Fig. 7. The parameter of the set is the fixed value of Bo. The time tf refers to the
moment when the fixed value of the current Is and of the induction Bo are
achieved. One can see that for both the linear as well as the exponential supply
mode there is an increase of the critical value of the current. If one exceeds this

critical value, temperature Omax abruptly increases.
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In Fig. 7, the critical values of time te for the linear increase of the current supply
are drawn by solid line while for the exponential increase a solid line use used. The

region below the line determines the stable magnet action. One can see that for the

exponential supply in this region the values of Oax are lower; the exponential

supply is thus more profitable.

FIGURE 7 Omax versus final supply time tf for various values of Bo

FIGURE 8 Critical supply velocity disc/dt versus supply current Is
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Critical values of the velocities of the current increase for both supply methods are

shown in Fig. 8. The experimental velocities of the current increase are also shown,
for comparison with theoretical values.

Shift of the Matrix in the Channel of the Separator

The relative temperature O at point P of the winding versus matrix position, for

two values of magnetic induction Bo is given in Fig. 9. Magnetic permeability of
the matrix 1.15, e 10%. The shift velocity of the matrix is constant.

FIGURE 9

When the matrix exceeds its position 1, the relative temperature of the

conductor achieves its maximum value. It is strongly influenced by magnetic
induction Bo. For the conditions of the action of the separator presented in Fig. 9,
one can see that when Bo 2.5 T, the value of relative temperature is low but
when Bo 4.0 T it achieves the limiting value. Thus, the loss of superconductivity
is possible.

Further, the effect of the velocity of the matrix shift in the channel of the
separator on the increase in the temperature of the superconductor was being
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studied. The maximum value of the relative temperature Omax versus the velocity
of the matrix shift is presented in Fig. 10.

The preservation of superconductivity of the magnet winding is possible in a wide

range of velocities of the matrix shift, but for lower values of Bo. An increase of

the packing factor of the matrix limits the shift velocity, for Bo 4.0 T, however,
the temperature Oax exceeds the allowed value of 1 for very low velocities.
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FIGURE 10 Maximum values of temperature Omax versus velocity v of the

matrix shift

Based on the data from Fig. 10 critical velocities for various action parameters of
the separator were calculated. They are presented in Fig. 11. Critical velocity for
the author is the velocity of the matrix shift with O 1.

On the basis of the presented analysis, the selection of the velocity of the matrix

shift which guarantees a stable magnet action, is possible. It depends on

technological parameters (magnetic induction) as well as on the matrix properties

(packing factor).
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FIGURE 11
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Critical value of the velocity ?/cr of the matrix shift versus

packing factor e

4. CONCLUSIONS

Technological process is effective if the dead time of the cycle is short. The

exchange of the matrices, both for energized and de-energized magnet, enables to

shorten the dead time. Certain variable parameters (e.g. the increase in the

velocity of the supply current and the velocity of the matrix movement) must,
however, be monitored so that the superconducting state of the magnet is

maintained.

The model proposed in this paper allows us, on the basis of theoretical

investigations, to determine the ranges of parameters which secure a safe action of
the device. The losses generated in the superconductor during dynamic conditions

of the action of the separator have two sources: eddy current and hysteresis
phenomenon. The former, which depends on the rate of change of the current and

of the magnetic field, determines the the value of maximum temperature in the

conductor. It can be decreased by limiting the technological parameters.
consequently, it results in an increase in dead time. Thus, a proper way of reducing
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the loss is to select such a superconductor which has a small length Ip of the
filaments. In this case, however, the cost of the superconductor, as well as of the

entire device will be higher.

The hysteresis loss determines the value of temperature when the dynamic

conditions are terminated. This loss can be limited e.g. by decreasing the diameter

of the filament of the superconductor, at the expense of the cost of the

superconductor.

The considerations presented in this paper lead to a conclusion that considerable

values of magnetic induction can be achieved when low rates of the increase of the

current supply are observed. The exponential characteristic curve of the current is

more advantageous. As a rule, the larger the magnetic field, the longer is the dead

time of the separation cycle. For these cases, the use of separators with a long
matrix is reasonable because they do not disturb the field symmetry.

The mathematical model is based on several simplifications (the bulk magnetic
permeability of the matrix is assumed to be constant, only two kinds of energy
losses are being taken into consideration). For these reasons, the results of the

experimental investigations performed with the device described in [8] vary from
theoretical ones.

The experimental values of the rate of increase of the critical current are worse

than the theoretical ones (Fig. 8). It can be speculated that this discrepancy is the
result of imperfections of the magnet, i.e.

Coil construction (it is not impregnated and some wire displacement

leading to temperature rise is possible. In addition, the cooling
channels are not properly constructed: penetration of liquid helium

into the winding is not complete and, consequently the quantity of
extracted heat decreases)

Do Other sources of energy loss in the winding (e.g. flux jumps and
variable component in the current).
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In addition, the experimental values of the critical velocity of the matrix shift are

also worse than the theoretical ones (Fig. 11). The above mentioned causes are also

blamed in this case. Moreover, the calculated bulk magnetic permeability of the

matrix can be lower than the real one.

Theoretical analysis and experimental data presented in this paper show the

contradiction between the stable action of the superconducting magnet and the

efficiency of the separation process. Thus, it is necessary to compromise on those

inconsistent requirements. It is easier after the overall optimisation of the

superconducting magnet (which includes the selection of the superconducting wire,
construction of the winding, and last, but not the least, correct exploitation of the

magnet) has been carried out. The model presented in this paper can be useful in

achieving this goal.
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NOMENCLATURE

A
C
G
Gh
Ge
h
J
jz

k

vector potential of the magnetic field
heat capacity of the superconducting wire
heat generated in the superconducting wire
hysteresis loss
eddy current loss
factor of absorption of heat in helium
vector of current density
current density of the supply
critical current density in the superconductor;
temperature and magnetic induction
thermal conductivity
temperature of the superconducting wire
relative temperature of the wire
critical temperature of the superconductor,

it depends on

density jz and magnetic induction B
time
packing factor of the matrix

for supply current

# magnetic permeability of the medium
#r(r,z), #(r,z) tensor coordinates of magnetic permeability in the system r,z



qp, qa
Pe
#cu

SUPERCONDUCTING MATRIX SEPARATOR

the bulk magnetic permeability of the matrix
magnetic permeabilities of the wool fibres, perpendicular
parallel, respectively, to the magnetic field
volume fractions of wool fibres
resistivity in the superconductor in the radial direction
resistivity of copper
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