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Abstract

The electromagnetic filter has been recognized as a technological replacement for the
conventional filtration systems of the nuclear power plant coolant. But, as of now there are
neither clear understandings of the phenomena occurring in the electromagnetic filter nor the
general theoretical analyses.‘ These facts make the application of the electromagnetic filter to
the real systems a little risky, and therefore it has not been commercialized although it shows
excellent performances in such situations as the plant abnormality, where the conventional
filters usually fail.

This experimental study of the low power electromagnetic filter aims at the clarification of
the general characteristics under varying operational parameters. Since the detailed character-
istice may differ from one electromagnetic filter to another, they are considered secondary.
The impurities applied are the highly magnetic magnetite (Fe30,) and the diamagnetic cuprous
oxide {Cuy0). The empirical equations are derived from the experimental data by the regres-
sional analyses. They are classified of three types : Efficiencies vs. Time, Efficiencies vs. Load,
and Load vs. Time. The characteristics of the electromagnetic filter observed in this experiment
agreed well with other related works in many aspects. Especially in this study, some assump-
tions and discussions including the physical deposition are combined for the explanations of
the filter characteristics found in our and other experimental works.
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1. Introduction

The application of electromagnetic filter was in-
itiated by lanchelli et al.[1] to extract the iron
stained anatase (titanium dioxide) present in kaolin
for the benefication of kaolin in 1970. At the same
time Heitman and his coworkers used it to remove
iron oxide corrosion products from steam conde-
nsate at the 320MW power station of Nordwest-
deutch AG in Keil. West Germany. Its basic idea is
that the magnetic particles with the substantially
large magnetic susceptibility, k, defined as the re-
lative magnitude of the induced magnetic field to
the applied field, can be removed in the ferro-
magnetic matrix magnetized by the applied field
by magnetic force overcoming the net forces in-
volved under the thermodynamic environments of
power systems. Fortunately, the corrosion pro-
ducts of main concerns in the nuclear power sys-
tems are strongly magnetic.

Of the conventional methods for the treatment
of the corrosion products, the demineralizer in
CVCS uses the ion exchange resins. But for the
effective operation and protection of the resin, the
temperature and pressure must be reduced by
heat exchanger, orifice and control valve, which
could cause undesirable effects such as the ther-
mal efficiency reduction. In addition, the treatment
capacity amounts only to 0.05% of the total prim-
ary coolant inventory, thus the effects are not
satisfactorily sufficient. Also the all volatile treat-
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ment (AVT) can reduce the corrosion products
generation by increasing pH of the coolant. But
also in this case the prerequisites that the conde-
nser tube material should be austenitic stainless
steel or titanium while the copper in the coolant
system must be minimum must be met for the
effectiveness.

The electromagnetic filter is free of defects in
high pressure and high temperature conditions,
and it shows an even increased removal efficiency
under the abnormal situations such as the unex-
pected power load change or plant start-up in
which the corrosion products are generated much
more rapidly and in a large scale. It can be instal-
led without large scale rearrangement of the
already existing facilities, and can reduce the
corrosion products inventory in the coolant system
with only fractional treatment of coolant and
therefore with the reduced personnel radiation ex-
posure. The problem is nonmagnetic particles
such as the copper and its oxides which are im-
mune to the magnetic forces. Presently, the elec-
tromagnetic filters are studied and applied in
many countries. As of the end of 1970, about 80
units were being tested or operated[2].

In 1970’s, magnetic filtration has gained increas-
ing acceptance as a replacement for conventional
methods of removing particulates from the coolant
systems[3,4,5]. However, present magnetic filter
designs could not fully exploit the advantages that
can be realized by application of the best state of
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the art in magnetic separation because the analy-
tical or quantitative studies have not been so
much developed and critical understandings of fil-
trations parameters and filter designs for the
optimal use of magnetic filtration in power plants
have not been made yet. The main concems of
this study are how the filter efficiency varies with
input concentration, under sudden change of flow
rate, under reverse flow conditions. Additionally,
the characteristics of the sieve matrix, a kind of
expanded metal matrix, are studied.

Finally, noting the fact that the Cu,O is di-
amagnetic, the another focus is also given to the
mixture of the highly magnetic Fe3O,; and the
Cu;0. The above five topics are selected because
they can illustrate key characteristics for the
simulation of the plant abnormal situations and for
the best benefication of the electromagnetic filter.
In studying the flow-rate fluctuation effects, it is
expected that the filtration process independent of
the pressure and temperature, provided that the
spatial magnetic field gradient is substantially
large, is confirmed. The experimental loop is open
circuit, so it is very hard to establish high pressure
and thus the experiment is done at the atmospher-
ic pressure and the room temperature. It is known
that the pressure drop across the electromagnetic
filter is very small and thus can not be used for
the criterion of the backflushing[1]. Empirical re-
lationships for the efficiency of the filter are to be
derived by the regressional analysis. The measure-
ments are to be done using the atomic absorption
spectrophotometer (AAS).

2. Theory
2.1. Physical Description of the Magnetism

All materials react to some extents with the
magnetic fields, but the degree of reaction varies
enormously from materials to materials. Therefore

the materials concerned with the practical magne-
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tic separation are limited to specific species. If the
magnetic field is applied in a space filled with
some materials, the total magnetic field in the
space is the sum of the applied field and the
induced field[6,7]. The induced field is due to the
mutual reaction between the magnetic moment in
the materials and the applied field. Now, let B
represent the total measurable magnetic field.
Then it can be expressed as follows.

B=H+4nJ (1)

Here, H is the vector representing the applied
field, and 47J can be thought of as the induced
field by the existence of the materials in the space.
Because the magnetic field is not isotropic gener-
ally in a material space, the vectors B, H and J
are not parallel to each other[6,8]. Usually, the
vector J is called the intensity of the magnetiza-
tion, equivalent to the magnetic moment per unit
volume of a material. Regarding the electro-
magnetic filter operation, the most important
property of a material is the magnetic susceptibil-
ity k, expressed as the ratio of the induced field
magnitude and the applied field magnitude. It is
defined as

k=1|d1/|H]I 2

Also important is the specific magnetic suscepti-
bility 7, equivalent to the magnetic susceptibility
divided by the material density £. That is,

t=k/P @)

Typically the vectors B, H and J are expressed in
Gauss, Oersted, and emu/cc. But the three units
are equivalent in reality. Thus, the magnetic sus-
ceptibility is nondimensional and the 7 becomes
the specific volume unit. The induced field J
either enforces or suppresses the applied field.
Therefore, the Eq. (1) can be written as follows in
terms of the measured magnitudes of the compo-

nents.

Bl=[H[+4r [J] 4
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Now dividing the Eq. (4) by [HI|, we get

Bl/IH|=1+47k (5)

Defining the value |B|/|H| as the magnetic

permeability #, it becomes finally
H=]1+4rk (6)

If the space is free of a material the term 47 k is
zero, leaving the magnetic permeability of unit
magnitude. In fact, the magnetic susceptibility k is
plus or minus.

The macroscopic magnetism for a material re-
sults from the atomic structure and atomic or
molecular compositions of that material and it can
be classified into three categories based on how
the material reacts with the magnetic field{7].
They are the paramagnetism, the ferromagnetism,
and the diamagnetism. The characteristics of the
paramagnetism is the plus k value basically inde-
pendent of the applied field. While the diamagnet-
ism represents the small and J—independent minus
k. The ferromagnetism has on the other hand very
high plus value of k. In the ferromagnetic material,
the vector J increases sharply to a point as the

Ferromagnetism

Ferrimagnetism

Paramagnetism

Intrinsic Induction, J

Diamagnetism

L
Applied Magnetic Field, H

Fig. 1. Three Magnetisms
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Table 1. Electromagnetic Moments of Metallic
Compounds

Compounds 5 Values(emu/gm
Chrome Steel(AIS! 52100AECL data) 200

Magnetite(Fe;0,) 92
CANDU Crud(AECL data) 77
Nickel Ferrite(NiFe,0.,) 50 |
Maghemite(?-Fe,0y) 74
Haematite(a-Fe,03) 04
Copper Ferrite(CuFe,0 ) 25
Cobalt Ferrite(CoFe,04) 80
Cupric Oxide(CuO)(calculated) 1.2x1072
Cuprous Oxide(Cu;0)(calculated) | —5.6x10™*
Lithium Ferrite(Li, sFe, s0,4) 65

applied field vector H increases, and then the
increasing rate gets small. The small increasing
rate of J with H is called the magnetic saturation
which affects the real application of the electro-
magnetic filter. The three magnetisms described
above are represented in a graphical form in the
Fig. 1. The most important corrosion products in
the high temperature filtration for case of PWR are
ferrites series containing nickel and cobalt. Table 1
lists the magnetic moments of important com-
pounds[1,6].

2.2. Working Equations in the Magnetic

Filtration Process

The success of the electromagnetic filter in cap-
turing out the magnetic materials from the fluids
depends on the relative magnitude of the magne-
tic force overcoming the other forces existing and
affecting the impurity particles in the filter matrix.
The magnetic force on a particle can be simply
expressed as the following equation [6,7]

Frmag=v(J: VH) (7)

where v is the volume of the particle. For a parti-
cle having homogeneous magnetic moment per
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unit volume, the above equation can be expanded

as

Froagx = kv(Hx-a;:—h Hy%]i"—+ z%':‘—) )
for the x component. This equation indicates that
the magnetic gradient is very important. There-
fore, for the best performance of the electro-
magnetic filter the magnetic gradient must be in-
creased as can be possible in addition to the abso-
lute magnitude of the magnetic field strength by a
proper filter design. In most cases, the main force
competing with the magnetic force is the hydraulic
drag force Fy.q expressed as in the equation

Fygg = 3%4DU 9
where ¢ is the fluid viscosity, D is the particle
diameter and U is the fluid velocity vector. For the
particle to be captured in a magnetic field, the
magnetic force must exceed the hydraulic drag
force. Thus the key point in the application of the
electromagnetic filter is to maintain the magnetic
force greater than the drag force. As can be seen
easily from the Eq. (8), the magnitude and the
sign of the magnetic force depend on the magne-
tic susceptibility k. If the sign as in the diamagnetic
materials is minus, the force is repulsive. All above
equations are not applied well to the particles
having significant volume or nonhomogeneous
properties, but provide reasonable estimations for

the practices.

3. Experiment
3.1. Experimental Apparatus

Fig. 2 shows the experimental loop diagram
used for this study. The main merits obtainable by
forming the loop like this open structure are the
easy parameter changeability, maintenance and
feasibility increment due to its simplicity. The
merits indicated above are from the view point of
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D.C.
Power Supply

Receiving
Tank

v

Atomic
Absorption

Metering Pump Spectrophotometer

Source Tank

Fig. 2. Experimental Loop

ad hoc experimental purposes in studying the
physical characteristics of the electromagnetic fil-
ters. The defect of this loop may be such that
there are many sources of disturbances affecting
the experimental results, which may be thought of
as the front and back of a coin. However the
object is in the general trend of the fiiter, not in
the numerical details. One point to be emphasized
is that the all materials were made from the non-
magnetic materials to keep the magnetic chemical
species from adhering to them. Fig. 3 shows the
sizes.and the cross sectional views of upper, mid-
dle and the lower supporters of the electromagne-
tic filter. Fig. 4 represents the electromagnetic filter
body assembly composed of the three supporters.

3.2. Experimental Methodology

The five parameters varied in this experiment
are the solenoid current or the magnetic field
strength, the flow-rate, the corrosion product in-
put concentration, the type and size of the filter
matrix elements and the chemical species. The
basic philosophy of experiment is to see how the
filtration efficiency of the electromagnetic filter
vary as the experimental parameters do. As shown
in the Table 2, each parameters has its own sym-
bol. The table also shows the parameters and their
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Fig. 3. Three Supporters(dimensions in mm)

ranges. The direct results of experiments, i.e. the
relations between filter efficiency and the para-
meters will produce derived results as noted
above in the introductory description.

In this study, The forward flow direction is just
the normal one, that is, down—up. But both for-
ward and backward flow directions are used to
explore the filter behavior under reverse flow con-
ditions. In the practical operation of a nuclear

reactor, the corrosion products become larger in

Solenoid |

- L

g U e

hA Y

‘ Solenoid

Forward Flow Direction

Fig. 4. Assembled Filter Body

the abnormal or transient states than a normal and
stable states. But this experimental study is only
concerned with the situations where the flow-rates
are increased and decreased with no change in
the fluid impurity compositions and properties
since this study use only one characteristic che-
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Table 2. Experimental Sets

sett| VI* [ ve* [v3* [wa* v5*
1| 2 |067]1250] 949 Fes0,
2| 2 |067]1250]553 Fes0,
31 2 |067|1250]2 FesO,4
4| 2 |067]|1250] 02 Fe30,
5 | 2 |133]1250]|553 FesO4
6 | 2 |267 (1250|553 FesOq
7] 2 |133]1250]2 Fe;0,
8 | 2 |267|1250|02 Fe;O4
9 | 5 |067 1250553 FesO4
10| 5 |067 12502 Fe;0,
11| 2 |067| 250|553 FesO,4
12| 2 [067] 50553 Fe;O4
13| 2 |067] 25012 Fe30,
14| 2 |067| 50|02 Fes04
15| 2 |067|1250 ]| 553 Cu,0
16| 2 |067]1250] 02 Cu,0
17 | 2 | 067 (1250 | 553 | Fes04+Cu,0

*These represent the. Experimental Variables ;
V1(Current of DC power supply in Ampere)
V2(Flowrate in ml/sec)

V3(Concentration in ppm)

V4(Matrix elements sizes : 9.49, 5.53 mm for Ball
diameters, 2, 0.2 mm for Steel line Gaps of the
Sieves)

V5(Chemical Species)

mical species at one experiment. As a filter com-
ponent, two sizes of both ball and sieve matrix
elements are used. Finally to explore the filter
performance under mixed solution condition, the
mixture of 50% Fe3O, and 50% cuprous oxide
was used, and the results was compared with

those for the cuprous oxide alone.
3.3. Data Analysis
The model for this multiple regression analysis

is polynomials. The dependent variable is the effi-
ciency and the independent one is the time. The

dJ. Korean Nuclear Society, Vol. 25, No. 1, March 1993

model equation, e.g. for efficiency, is
E =%aT
=Ya
m = 2 (10)

The basic philosophy is to minimize the squared
sum of the error, SSE. This is so called the least
squares method. SSE is expressed as follows.

SSE = lg &-E_) 1)
In this study the statistics package MINITAB was
used for the multiple regression of the ex-
perimental data with k=6.

As noted previously, the direct results of the
experiments are of the forms, efficiency versus
time for each set of variables. But it seems that
the time can not become a pivot parameter for
the evaluation of the electromagnetic filter per-
formance. The real and possible parameter is the
filter load which is defined in this context as the
mass of the impurities per unit volume of the
filtering media. The filter load can be obtained by
the numerical integration. F is the flow—-rate
assumed to be constant with time, C; and C, are
the input and the output concentration, respec-
tively. S is the filter load and Vi, is the volume of
filtering media and E is the filter efficiency. Estab-
lishing the mass balance,

FC, =8V, +FC, (12)
Since the output concentration C, can be express-

ed as C,=C,(1—E), the filter load can be obtained

by the following equation

FC.
S = V—' fE(t)dt (13)
fm Yoin

The induced results was derived based on the
direct results to see the characteristics of the filter
more clearly. Table 3 lists the regression equations
for the efficiency vs. loads. These are made by
watching the efficiency variation as the ex-
perimental variable changes at some time. Also
the efficiency variation with the load will be
observed. For every experimental set of variables,
the load variations with time are also plotted.
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Table 3. Regressed Efficiencies in Terms of Loads

set# ag a; a3 ay as as R%(%)
1 | 1.106X10% | -2.284x107 | 6395X10? |  0.000x10° | —4.756X1073 - 00x10° |97.0
2 | 1100x10" | -2216x107 | 6.016X10* |  0.000x10° | -4.471x1073 0.0x10° | 9.7
3 | 1.060Xx101 | -7.371x10° | 5.802%10! 0.000x 10° 0000x107° | -26x107 |[926
4 | 1.045X10° | -5.405x10° | 4.346x10! 0.000x10° 0.000x107° | -20x107 |949
5 | 1.064X10%° | -6583x10° | 5440x10' | -6.973x1072 0.000x107° 0.0x10° |986
6 | 1.104x10° | -7.099x10% | 1.877x10! 0000x10° | -1444x1075 00x10° (968
7 | 1.014x10'° | -9.078x10° | 2.172x10° 0.000%10° 0000x107% | -32x10° [993
8 | 1.028x10° | -1.154x10° | 1.119x10°|  0.000x10° 0.000x107° | -20x107° (979
9 | 1.109X10% | -2.006X107 | 5401x10°]  0.000%x10° 0.000x107° 0.0x10° | 957
10 | 9.887x10° | ~1599x10° | -4.123X10" | 9.392x1072 0.000x107° | -9.0x10® |99.4
11 | 1.045%10" | -4.135x107 | 1.814X10*| -2.091x10? 0.000x107° 00x10° |998
12 | 1113x10" | -7.883x10® [ 2056X107 |  0000x10° | -1733%x10° 00Xx10° {975
13 | 1.123%10% | -1227x10% | 9919x10*| -1.105x10° 0.000x107° 00x10° |[961
14 | 1.113x10'° | -5.280x10® | 9.463X10°| -5.004x10° 0.000X107° 0.0x10° |96.0
15 | 3438x10° | -2991x10® | 2729x10°| 0.000Xx10° | -6.743X10 00x10° |98
16 | 7.295Xx10° | -2.375x107 | 4.345X10° 0.000x10° | -3.162x107" 00x10° |99
17 | 6596X10° | -1849x10° | 3161X10°} 0000x10° | -1577x1(? 00x1° 1978}

Note that the regressed efficiencies are modelled as
E.=~ag+a;Sk+as53 +a,S% +asS2 +asS8,
where E,, represents the efficiency multiplied by 10%

S, represents the load and m represents the experimental set number.
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4. Results and Discussion
4.1. Effects of Input Concentration

The effects of input concentration can be
observed from Fig.s 5 and 6. In Fig. 5, the curves
#2, #11, #12 represent the performances for
ball matrix of diameter 553 mm. These three
curves show explicitly the fact that the higher the
impurity concentration the better the efficiency of
the electromagnetic filter. The degree of perform-
ance improvement is nearly proportional to the
concentration increment. The performance gap,
i.e. the difference of performances between the
higher and lower concentrations is shown to be
very large, a remarkable fact, while the curves #

3, #4, #13 and 114 represent the sieve matrix
performances. As can be seen from the curves #3
and #4, the filter performances change little as
the gap between the steel lines of the sieve matrix
element does, though the sieve matrix element
with a smaller gap, #4 shows some improvement,
which is suspected of as the result of so called the
mechanical trapping. The general observation that
the higher input concentration improves the filter
performance is also seen in this case of sieve
matrix. But comparing the curves #3 and #13
carefully, the degree of performance improvement
is shown to be much larger than that for the ball
matrix, #2 and #11, with the same concentration
increment. Note that the performance gap be-
tween #4 and #14 is much larger than that
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between #3 and #13. But this performance gap
between #13 and #14 is due to the much larger
concentration increment. In summary, the electro-
magnetic filter performance is improved as the
input concentration increases. And the sieve mat-
rix shows better performance than that of the ball
matrix.

The observations seen in the Fig. 5 can be
represented in a more explicit form in terms of the
loads. In Fig. 6, it is shown that in the starting and
the ending period of filtration with the ball matrix,
the efficiency for the input concentration of 250
ppm is larger than that for 1250 ppm. The sieve
matrix with a smaller steel line gap shows better
efficiency as time goes on, though the input con-
centration is smaller. Also note that the sieve mat-
rix generally maintains larger efficiencies with time
than the ball matrix, a fact not observed in the
Fig. 5.

The above observations from the Fig.s 5 and 6
indicate that as long as the loads are small the
efficiency can maintain high value and the magne-
tic attractions between the matrix and the impuri-
ties are very important for the improved filter per-
formance as it must be. But here, we can note

Efficiency(%)

Load(mg/cc)

Fig. 5. Efficiencies vs. Load for the Parameter Con-

centration

J. Korean Nuclear Society, Vol. 25, No. 1, March 1993

that the efficiency generally drop sharply with the
load as the input concentration get smaller as can
be seen in the Fig. 5. One possible explanation
for this is based on the assumption that once the
impurities are trapped sufficiently in the matrix
and thus the local magnetic field gradient becom-
es small, the main mechanism of impurity trapping
is turned into the physical deposition from the
magnetic force, and the probability of the physical
deposition is proportional to the number of parti-
cles in space, that is, the concentration of impuri-
ties. Therefore the higher the concentrations, the
higher the probability of depositions in some
points of matrix, which explains the general trends
shown in Fig. 5.

4.2, Effects of Flow-Rate

In Fig. 7, we observe that the higher the flo-
w—rate the better the performance of the electro-
magnetic filter, an unreasonable observation at a
first glance. Also note that the sieve matrix per-
forms better here, too. In Fig. 8, to some point in
time the efficiencies are higher for the lower flo-
w-rates. But after that point the efficiencies are

Efticiency(%)

-

A
320 480 | 480

Time({min)

(-]
-

T T

{ % 160 2

Fig. 6. Efficiencies vs. Time for the Parameter Con-

centration



An Experimental Study on the Characteristics of Electromagnetic Filter--G.Y. Lee, et al 187

lower for the lower flow-rates. Common observa-
tions in the two figures are the unusual trends that
the higher the flow-rate the better the perform-
ances of the electromagnetic filters. This observa-
tion is also seen in the other reports[6,9] on the
characteristics of the electromagnetic filter.

This phenomenon occurs because the flow—rate
does not reach the critical value yet and may be
explained as follows. Once the load reaches to
some point high enough for the magnetic gradient
and thus the magnetic strength to become less
effective, the trapping or filtration processes of the
impurity particles are performed by some non-
magnetic causes. The main mechanism suggested
earlier was the physical deposition which is
assumed to be proportional to the number density
or concentration of the impurity particles. Now
also we can expect that the probability of deposi-

tion increases when the particles can penetrate
more deeply into the lumps of the trapped impuri-
ties or into the residual trapping positions hard to
approach. An increased flow-rate may provide
the appropriate hydraulic inertia for those situa-
tions to be possible. Of course, for the very high

;

Efficiency(%)

—TT u T
0 200 400 600 800 10001200 1400 1600 1800 26U0
Load(mg/cc)

Fig. 7. Efficiencies vs. Load for the Parameter

Flow-rate

flow-rate, the results of taking away the trapped
impurities may cancel the effects of the penetra-
tions and then depositions because of the very
high dragging force on the particies.

4.3. Effect of Matrix Parameter

The figures related to the matrix parameter are
Fig.s 9 and 10. Since the magnetic gradient is
proportional to the inverse powers of the radius of
curvature, the performance for the ball with a
smaller diameter might be better than that for the
ball with a larger diameter. In discussing the
effects of the input concentration, it was also
shown that the increase of trapping nuclei density
by the narrower steel line gap does not secure the
performance improvement.

Although the exact mechanisms affecting the fil-
tration processes must be known for the clear
understanding of these phenomena, common
observations in this study suggest some idea that
for the low power electromagnetic filter there
might be some upper limit of filter matrix porosity

or quantity of filter matrix elements per unit

100 .

©
(=]
i
2
S
.

704

Efficiency(%)
o
o
1
=

80 v
50
40 B .
30 o \

i : A\
20 Al

10+ i \

so | 180 240 380 4o | 4do
Time(min)

0 —

Fig. 8. Efficiencies vs. Time for the Parameter

Flow-rate
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volume beyond which other forces like the hyd-
raulic dragging force from the increased flow re-
tardation due to the denser filter matrix can over-
come the magnetic attraction force. In this point of
view, the optimal matrix porosity, that is, a quanti-
ty of filter matrix per unit volume with a full
embodyment of the magnetic force with a little
desorption of the impurities by the forces like the

§
1

Efficiency(%)

Load(mg/cc)

Fig. 9. Efficiencies vs. Load for the Parameter
Matrix

Efficiency(%)

60| \
50 ) \t\_
40 ‘ i ‘ »
304 ' v

8!
) i
204 2 h

104 :
. ty
" 240 320 400 480

Time(min)

(-]
A

Fig. 10. Efficiencies vs. Time for the Parameter
Matrix
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dragging force, is important for the ease of back-
flushing and economic considerations. Anyway, if
it were not for the poor backflushing and weak
structural formation, the sieve matrix shows an
excellent performance.

4.4. Performances according to the Chemical
Species

In this study, two chemical species are used.
One is the highly magnetic Fe3O4 and the other is
diémagnetic Cu0. Since the magnetic force pro-
vides the main cause for the impurity particles to
be filtrated in the electromagnetic filter, it is ex-
pected that the magnitude can be filtrated with
very high efficiency. In Fig. 11, the curves #2
and #15 represent the performances for the
Fe304 and the Cu,0, respectively in the ball mat-
rix of diameter 5.53 mm. While the curves #4
and #16 represent those in the sieve matrix of
steel line gap 0.2 mm. These exactly show the
expectation that the highly magnetic Fe;0, is fil-
trated with a remarkable performance while the
diamagnetic CupO shows very poor filtration. The
reason that the sieve matrix shows a better effi-
ciency is of course due to the steeper local
magnetic gradient.

From the Fig.s 11 and 12, the cuprous oxide,
even though it is diamagnetic, shows some filtra-
bility. Moreover, note the high performance in the
sieve matrix, even reaching 100% efficiency at
some time. For these observations, it can be
thought that some mechanisms other than the
magnetic force play a significant role in the filtra-
tion processes. In analysing the effects of concen-
tration and flow-rate, it was physical deposition
whose effects are materialized when the magnetic
forces become weak by the accumulation of the
impurity particles in the matrix. Now since the
Cu,0 is diamagnetic, it is unreasonable to think
that the filtrability of it in this study is the result of
the magnetic attractions. A possible explanation is
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the mechanical trapping. In other words, the
Cuy0 particles are captured due to some hyd-
rodynamic origins, or the mechanical or structural
formations of the matrix, since the matrix is de-
nser. This point of view can make it plausible that
the sieve matrix shows significant performance for
the filtration of the nonmagnetic particles,

The peculiar characteristics to the CuyO is the
sharp increase of the efficiency during some
period, and sharp decrease after that. This may be
due to the weak retention strength of the mecha-
nical trapping. In other words, the impurities trap-
ped earlier by the mechanical trapping are apt to
be desorbed easily even with a little addition of
impurities on thaose paositions. The impurities de-
sorbed may adhere to space where the impurities
are not still so large. But the period during which
the desorption and resetttement of the impurities
is so short that there is a sharp increase in the
efficiency. However, the catastropic downflow of
the impurities after the first desorption rapidly get
rids of the space for resettlements, thus making
the efficiency decrease sharply.

A final point to be noted is the curve #17
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representing the performance in the case of mix-
ture of the Fe3O4 and the CupO, with a mixing
ratic 1 to 1 in mass. It explicitly shows the im-
provement relative to the case of Cuy0 only. The
reason why the performance is improved when
the diamagnetic materials are mixed with the high-
ly magnetic materials suspected to be the com-
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binational behavior of the diamagnetic materials
with the magnetic materials by some causes such
as the surface adsorption of nonmagnetic materials
to the magnetic materials or substitutions for the
magnetic materials. For examples, the copper fer-
rite CuFep,O4 is ferrimagnetic with a saturation
magnetization of ,=25 emu/gm.

4.5. Behaviors under the Reverse Flow

We can find the effect of reverse flow in the
Fig. 13, where the label R on the measured effi-
ciency represent the points at which the flow
directions are reversed. The purpose of the re-
verse flow direction is to see how the upper por-
tion of the electromagnetic filter elements behaves
which is supposed to be used ineffectively. But as
the figure shows, the reversed flow increases the
efficiency only instantly. This observation make
the reversing action is undesirable considering the
troublesome or complicated efforts to reverse the
flow direction. Comparing the results of the re-
verse flow experiments with those of forward flow,
it is apparent that the flow direction nearly have
no effects on the performances of the electro-

magnetic filter.
5. Conclusions and Suggestions

From this experimental study, following conclu-
sions are made.

(1) The performance of the electromagnetic filter
is improved as the impurity concentration and
the flow-rate increase.

(2) There is an upper limit of the trapping nuclei
density or filter matrix porosity beyond which
the filter performance is no longer improved.

(3) The sieve matrix generally shows better per-
formance than the ball matrix because of
higher local magnetic gradient due to smaller
radius of curvature.

(4) The nonmagnetic effects such as the physical
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deposition can explain fairly well the charac-
teristics of the electromagnetic filter after the
magnetic force becomes weak because of
load increase.

(5) The current increase to the solenoid apparent-
ly improves the filter performance as it is ex-
pected.

(6) Although the diamagnetic materials show
poorer performance than the magnetic mate-
rials, the mixed impurities of magnetic and
nonmagnetic materials can be filtrated some-
what with an improved performance.

(7) The mechanical trapping plays significant roles
in filtrating the impurity particles.

(8) The reverse flow filtration does not affects the
filter performance any longer.

(9) The flow-rate fluctuations have no effects on
the filtration as long as the magnetic force
remains strong.

The final conclusion implies that in order to
overcome the highly transient thermohydraulic en-
vironments existing in the nuclear power plant for
the still effective operation of the electromagnetic
fiter can be done by the maintenance of the
magnetic stability in those environments. In the
abnormal situations of the nuclear power plant, it
is known that the impurity generation increase, in
amount and sizes of the particles, and the flo-
w-rate generally increases. Now as long as the
flow-rate is below the critical velocity of the elec-
tromagnetic filters, the abnormal situations are
none other than the conditions in which the elec-
tromagnetic filter show improved performances.
This point, examined in this study, is an excellent
characteristics peculiar to the electromagnetic
filter.

As a further suggestion, the nonmagnetic
mechanisms affecting the filtration processes in the
filter matrix such as the physical deposition should
be studied carefully for the state of the art use of
the electromagnetic filter. With respect to this, the

optimal matrix porosity or the trapping nuclei de-
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nsity showing maximum performance with the
least dragging force should also be studied. The
clear understanding of these topics will contribute
to the realistic explanations of the concentration
effects and the flow-rate effects or the critical
velocity. Also it is recommended that for the real
applications a set of characteristics peculiar to a
given electromagnetic filter, such as the perform-
ances with regard to concentration, flow-rate, etc.,
be specified especiallly because, as noted earker,
the general theory has not been developed vet.
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