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3. 5. 4 AEIuLRAOFHEA
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Abstract

We propose a new technique that uses magnetic
chromatography for continuous separation of ultrafine
particles (i.e. <1,000 A diameter) from mixed colloids.
The separation is done using field fiow fractionation, and
the separation results from differences in the magnetic
susceptibility and volume of the ulrafine particles. Qur
theoretical analysis shows that high-gradient magnetic
fields generate very steep distributions of the concentration
of Nd fine particles that have a susceptibility 3.5 X 10

and a diameter of about 100 to 150 A. Our magnetic
chromatography can be done by applying flow
fractionation to the concentration distribution in 2 channel
from 5 to 50 um thick and using embedded ferromagnetic
wires from 2 to 20 tm in diameter. A simplified numerical
simulation of our magnetic chromatography technique
suggests the potential of separating  very weak
paramagnetic materials {e.g., Pu and Nd) which we have
not been able to deal with through the conventional
high-gradient magnetic separation techniques.

Introduction

When a vesse! filled with thin ferromagnetic wires that are
10 - 100 wm in diameter and with a colloidal suspension is
placed in a magnetic field, a strong magnetic force acts on
fine particles near the wires [1]. The distorted magnetic
field near the wires s known as a High Gradient Magnetic
Field (HGMF), and when this HGMF is applied to particle

capture it it known as High Gradient Magnetic Separation-

(HGMS)[2}. One remarkable feature of HGMS is that the
caplure process originates from its strong and remote
magnetic force, and thus yields very low secondary waste
generation when applied to nuclear fuel engineering.
Consequently, HGMS has been used in kaolin
beneficiation, steel mill water filtration, etc.[3,4] where a
large amount of slurry must be processed both at high
speed and at low cost. An important futwre application is
nuclear fuel reprocessing,

We propose what we call magnetic chromatography (MC),
which is based on applying HGMF and a high-intensity
magnetic field (attained by using a superconducting
magnet) on a flow fractionation (or separation) process[5].
Our MC system is characierized by magnetic separation
and single-phase chromatography (i.e., onty a mobile
phase). Thus, no stationary phase is needed, and conse-
quently, in the case of nuclear fuel reprocessing, the MC

l. . ol
system saves secondary radicactive waste. Moreover, there

is a possibility that chemically similar but magnetically
dissimilar materials, such as lanthanide {e.g., Nd} and
actinide (e.g., Pu) elements can be separated using the MC
system. In this paper, first we describe the principle behind
MC. Then, we model the MC process. Finally, we do a
numerical simulation of this MC system applied to nuclear
fuel reprocessing.

Erinciple

Magnetic field distortion occurs when a uniform magnetic
field is applied normal to thin ferromagnetic wires. The
thinner the wire, the greater the field distortion. The
HGMF generates a strong force in the direction of the
magnetic field gradient.

Let us consider a fluid that flows in a channel transverse to
the magnetic field gradient (Fig.1) where a magretic fieid
is applied in either the x or y direction. Then, the particles
are distributed in the cross-section of the channel according
to the magnetization (and volume) of each particle. At the
same time, the viscous flow in the axial direction has
velocity profile that depends on the distance from the
inside wall of the channel (Fig.1). Hence, fractionation (or
separation) of the particles oceurs. If the flow is laminar,
then weak magnetic particles gather near the cemter of the
channel, and because they have higher velocity than other
particles, they are the first particles to exit the channel.

In the MC system, a high-intensity magnetic field (attained
by using a superconducting magnet) combined with thin
channels (achieved by using micro-machining tech-
nologies), increases the particle magnetization and the
magnetic force, In contrast, if the particle volume or
magnetization is too larpe, particles cannot flow due to a
too-large magretic force and thus are captured onto the
wall. This corresponds to the conventional HGMS.
Distribution
of the fluid
fiow velocity

., Colloidal particles
Flow channel with 5 pe separated

field gradient

Ferromagnetic
thin wires

Fig.1 The principie of proposed magnetic chromatography
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Theoretical Analysis

Fig.2 shows our model of the MC system in which eight
thin ferromagnetic wires of diameter 24 are placed in a flow
channel. A uniform magnetic field, H, , is applied in either
the x or y direction and normal to both the wires and to the
flow direction. Flow is in the 7 axial direction.

“'e,ﬁC
pero2E Total cross
an W sectiona] area
vs projected on
%,

The calculated
concentration
is shown at
this region in
Fig. 3.

Fig.2 Calculation model showing wire arrangement and |
flow channel size

(Both x and y axes are normalized by the wire radius a)

Particle Diffusion and Magnetic Force at Steady State

The particle concentration, C , in the vicinity of a wire is
given by the solution of the following equation by
assuming ass conservation;

9C ==

—+ VJI=0

3 (1)

where 7 is particle flux and ¢ is elapsed time.

At steady state conditions { g¢/gr=0 ), we obtain the
following relationship between the pariicle concentration C
and the magnetostatic energy, U,

—KCI¢C+ ﬁUm=0 (2)

C=q exp{- U—r;,'} (3

where « is the Boltzmann constant, T is temperatre, and
o is an integration constant.

Magnetostatic Energy

The magnetic force induced on a particle in suspension is a
function of the difference between the  magnetic
susceptibility of the medium, y, , and the magnetic
susceptibility of the particle, y,. we define the resulting

TO 81% COPY

magnetostatic energy of a particle, U, , with volume, Vo
as follows:
U,,,---UP-U!_- . o e
=- V(M- H) 2+ V(uMy H Y2 ()

where U, is the magnetostatic energy of- only the particle,
U, is the magnetostatic energy of fluid displaced by the
particle, A}'P is the particle magnefization, jj, is the
magnetization of the dispersion medium with the same

volume as a particle, and F° is the distorted magnetic field
near a wire.

By assuming a spherical particle of radius » and uniform
magnetization ﬂ_'fp , we obtain

= 3% o ~ 3y . drh’
" H M=t V=
M, S+, (5), M, 3+sz‘ 6% V,

— D

By substituting eqn. (4} into eqns. (5) - (7), we obtain an
equation for the magnetostatic energy of a particle in a fluid
under an applied magnetic field:

—f ol

3 -
Um - _?,Rﬂ.gb 9(Zp Xf) '(H . H) (8)

3 B+40+y

Inner Product of the Magnetic Field Vectors

The 7 (H,,H,) is the sum of the applied magnetic field
Hy and its distorted component g . x,h (where K is
M"2H, , M" is wire magnetization, and ; is a field
distortion factor). When multiple cylindrcal wires are
placed in a uniform magnetic field 7, , equations (9) -
(12) below are derived. We adopt the Cartesian
coordinates (x, y, z} here, where the z -axis is in the axial
direction of the wire,

Hollx: f . H) = B+ B (9
2 " -

=8 (1 + Kw-hzlh,,.) + (Kw-.}_:lh,f] (10

Holly: @ -H)=H+8 an

c il o) 1+ kegmf) o

where H,// x and H,// y mean that an external field j,
is applied parallel to the x-axis and the y-axis, respectively.

The components of the vectors J° [h:, h;) and 7’
(h; h’;) are expressed ag
1.2
T _ = _*ai~ Ya
b= - by = S (3)
(xai * Yai)
x an.-'}’c:
hy; = by = —=t (14)

(x:i + )’31)2
where (x,.y,) Tepresents the coordinates that are
normalized by the wire radius a have their origin at the
center of the Ith wire.

Particle centration

The particle concentration, C , is derived by ‘substitut.ing
either eqn. (10} or (12) into eqn. (8), and then substituting
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the result into eqn. (3). Thus, for H, // x , the estimating the time required for the concentration
concentration is distribution to reach steady state by using the Einstejn

G "y a2 relation for the square mean value of the diffusion length 2
c=a0exp|:4kﬁ {(1 + K“..mz,hj,.) + (K”'.”.\:Ih;‘) - 1} } .

w

(15) 2=2D (20)
In eqn. (15), a, is the integration constant for an initial D= kTH6mnb) (21)
particle concentration, C,, when no magnetic field is ap- where D is the diffusion coefficient according to Stokes
plied. We determine «, by assuming that the number of the Law (assuming a spherical particles of radiusb), and 177 is
particles in the channel is independent of the magnetic field the viscosity of the colloid. .
intensity and is defined as [ ‘ < |
xCy
0= Cy (é, i §,) (We _ V') - Particle diameter
S A Gy g ¥ L . ) 50 A
f'f, dx, v TR (: K, 3 hn) ¢{Kw > hy,.) S1fdy, .

(16)
where the numerator is the total cross sectional area of the
channel projected on the x, -y, plane. Furthermore, we
defineG, as
SBM pHy 9y, - 2 (17)

3T G+r)E+ X

Similarly, for H, /7 y ., the particle concentration is

GD ] LA 2 L 2
i A CE LIRS LI

©(18)

Go=

(&) v)

o= Cy
ge y’c GO l x ? - x z
(l 9} _“‘i‘ "‘.
Fig.2 shows the model configuration and Table 1 lists the ~ 7 LR ISR
parameters used in our calculations. The example results ! e s

shown in Fig.3 correspond to the shaded region shown in
Fig.2,

Table 1 Model Parameters

Initial particle concentration C, 1.00E-3+

Particle diameter 25 10-500 A

Particle susceptibility A 3.51E-3 (Nd}, 6.23E-4 (Pu)
Dispersion medium susceptibility Xr | - 8.88E-6 (Tributylphosphate)
Applied magnetic field pH, 2.0-280T

Wire diameter 24 20 pm

Wire magnetization ph” 10T
Temperature T 300K

Channel thickness 4, - 2 50 pm
Boltzmann constant 1.38E-23 /K

*E-3 means % 10,

Time Required. to Reach Steady-State  Particle

Cancentration Fig.3 Theoretical results for the Nd concentration
generated with HGMF .

Although the time dependent solution of eqn. (1) can be (Magnetic field pi, = 7 T was applied in the x

found numerically, we ean simplify the analysis by direction. The other parameters are listed in Table 1.)
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Assuming x* = {(A. 2a),Q.f‘ Ty = (50 um2y2 )y, 2b =
100 A, 7 =0.85%10" kg/m-s, and other parameters as
listed in Table 1, we obtain r = 3 s from eqns. (20) and
(21). Furthermore, when we assume a channel thickness
of 5 Lm, we obtain z =0.03 5. This estimation shows that
the channel thickness should be very small (i.e., < several
10 pm) if the actual processing time for particle separation
is to be realistic.

Simulation of the Fractionation Process in the MC System

We numerically simulated magretic chromatography by
using the model system shown in Fig.4. We assumed that
colloidal particles only diffuse in the direction of x-axis.
This assumption is valid because the channel thickness is
very small compared with the width. We also assumed
laminar flow.  Although diffusion and flow occur
simultaneously, to simplify our simulation we separate
them by dividing the time into consecutive Ar periods in
which A1 is the time required to reach steady state in a
segment. Fig.4 shows this process. A small amount of
the dispersion media flows into a colloidal area in time As

(as shown in (b), (d), {f), (h)), and then the colloidal
particles diffuse in the direction of the x-axis {as shown in

Pure disperse media ~ Colloid  Pure disperse.media
{a} i=0 4 |
(b) 4 ]
{cy i=1 ]
@ 8
(e) i=2
® s
(9 i=3
{h) 5 I
i i=4 ! ol 2
C4.1/C4.2/Crf4 3 -Gy C 4540
% Fig.d4 The simulation model
i
131

(), (e}, (g), (). Fig.5 shows the numerical seriet
determined using the following equations.

C,-_,- =Cg¢ -C,,_,.j_l + (1 - CE)-C,,,J {(22)
where j+ lorj «i+1.

Ciy =Cin =C¢' (23)
where j = 1,

Cij =Ciiw =(l-Cay (24)

wherej =i+ 1.

JAPAN POWER & ENERGY
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- j=1 23745 6 7 8 9 10 11 7]
i=¢ 1 1 1 1 1 0 0 0 0 0 0
161 11 10 0 0 0 0
2 G1Ga 1 1 1636670 0 0 0
3 G31GaCis 1 1636G16G5 0 0 0

4 CuiCCa3Cia 1 CagCanCypCap 0 0 -

5 C51Cs2Cs3Cs4 G55 Cs55C57C58Cs9G00 0 '

& Csa ezcsacséCsscsscsvcsscsgcmcsn Co

. Coe

i

Fig.5 The series of concentration at each segment

(C, ;is normalized by an initial concentration value C))

1 Q|

We calculated €. by dividing the total volume of particles

remaining in a segment after equilibrivm is reached by the
initial total volume of particles.

1 2W, +1 w, (-W-1)
Ce awm-wmCh dx“J- D
a (W, st 9 . ¥ a (25)
_ 1 fzwnu v, Um0
Ce W, tv,- G 1 7
G n r 2
okl g )
(26}

Fig.6 shows our numercal results,

illustrating  the
:

to

Nd+P
CCo 4 oz

) b &y bt
T T e e Ay O e

nmcmcmamamnmcmcmnmama
- o™ T ] © O M~

-

Narmalized distance from tha channel intet Z
(a) 100 A

l.ncsm:nln:;l.n«:m

|82 1n O
- (b) 150 A-
1o Ao
P — aw
clc, 17d¢u dt-l?u ta
0.8
0.6
04
n.2
o
cmcmcmcmomomcmcmomcmc
-— N M T wn @ o o
{cy 180 A.

Fig.6 Simulation results for the magnetic chrdmatography
process using nuclear fuel reprocessing as an example
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magnetic chromatography process. To demonstrate the
usefuiness of magnetic chromatography in nuclear fuel
reprocessing, we used Pu and Nd particles because Nd isa
good neutron absorber and should be separated from Pu so
that a reactor consumes no excess neutrons, Fhis example
shows that we can separate very fine and weakly
magnetized particles with this method,

1 -

Discussion of Particle Size limitation
Applied Field Direction

From the value of the retention parameter C., we can set a
tentative criterion for determining the particle size at which
magnetic chromatography becomes ineffective. The reason
for using C. is that it is the only parameter which defines
both the concentrations in all the segments and the
fractionation performance (as it is clear from equations (22)
- (24)). Fig.7 shows the numerical results for ultrafine
particles of Nd and Pu ranging from 10 to 350 A under an
applied field p 4, of 7.0 T in either the x or y direction. The
arrows indicate the values of €. and the particle diameters
used in the numerical results in the Fig.6.

The difference between the ¢, values for Nd and Pu
indicates the separation ability of the magnetic
chromatography process. Fig.7 therefore shows that
applying a field in the x direction is more advantageous in
separating finer particles than applying it in the y direction.

| |

TO 81% CCPY

size range in which two different kinds of the particles can
be separated becomes narrower when a higher field is
applied.

[
-

0.7 2
& 2
g 067}
2
g
a 0571
=
(=]
g
S04
&

0.3 . : . ‘

0 100 260 300 400
Particle size A

Fig.8 Dependence of the retention parameter C. on particle
size and applied field strength

{A magnetic field u.H, of 2.0 to 28.0 T was applied in
the x direction.)

| |
ison Between__the agnetic Chr aph

System and the HGMS System

The conventional HGMS systern has a limit in particle size
a which the magnetic force can directly capture particles on
a magnetic wire. The reason is that Brownian motion
dominates the kinematies of suspended particles when the
particle size becomes extremely small. We derived the
theoretical limit based on a reference paper [6].

0.8 T T T
HoHo=7 T ~
» 0.7 ||Field direction
© X - ==
E y =~ o =
g 0.6 | 4
&
(=9
g 05 !
o 0.4 R
]
0.3 : i I~ . .
o 100 200 300

Particle size A

Fig.7 Dependence of retention parameter C. on particle size
under a magnetic field applied in either the x or y direction
(The ™\, indicates the values used in numercal results
shown in Fig.6)

Applied Field Intensity

Fig.8 shows the numerical resuits for an applied field pH,

|

{Comparison of ¥

AL, fdia) Aufdia} CuO (pam}  FelOH), para)
PU(NO,), - 2TBP (para)

" a-Fe,0, (pan)

Al (pata) l// Mn,Py0, (para)
UD,NO),-2TBP  (para, Hey0, (para)
on ety o W e
1§° R L e - -
E .5 H J
St i .
k=l +*
WG b ag
= L %Sgom Below these curves,
g SER the conventional HGMS |
3 a .
& 10 B B8, cannot catch particles
h-]
[
o @
.Z’ @ E%C’Oom a0
T .8 @ "o 885
a 10 f Pu Nd
-9 L s i . e b vasiad . L
R T N R
10 10 i0 10 10 10 i0 10 10 10

of 2.0 to 28.0 T. The figure shows that the stronger the Magnetic susceptibility X, 1
applied magnetic field, the finer the particle that can be Fig.9 Calculation resuits for particle size limit for

separated. Furthermore, Fig.8 shows that a separation limit 8H=2 [T} : O ; Paramagnetic particle. + i Diamagnetic particle,
exists at both small and large particle sizes. Moreover, the 1,H =7[T): O; Paramagnetic particle. « ; Diamagnetic particle |
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d4< 3axT
= - (27}
ArM (Xp 'Xf)(B""Xf) (J‘—B-i--—-M—r-S)
(3+xp+2xf) 4 2H ¢

where r, is the axial position normalized by the wire
radius.

Fig.9 shows the particle size Emit calculated using equation
(27) and 7, = - 9.05E-6, sy =2 Tor 7 T, 22a=100 um,
KoM =1T,and r,=2,

Our numerical analysis of magnetic chromatography was
done for the hatched regions (indicated as Pu and Nd) in
Fig.9. These regions are below the particle size limit for
the conventional HGMS. This means that the Tnagnetic
chromatography system can be applied to a very large class
of weak paramagnetic materials whose size is on the order
of a giant molecule.

|
nclusion

We proposed the concept of magnetic chromatography.
This paper gives an explanation of the principle, a
theoretical model for the steady-state particle concentration
distribution, and a rough estimate for the time required to
reach steady state. Our numerical simulation illustrated the
fractionation process, and we defined a retention parameter
which characterizes the concentration of the fractional
colloid in the segments as well as the overall separation
performance.

Regarding the particle size separation limit, by comparing
the retention parameter’s values, we concluded the
following: (1) The ficld applied in the channel-thickness
direction (x direction) is more advantageous than the field
applied in the channel-width direction (y direction). (2) As
the magnetic field is increased, the particle separation
performance increases. (3) However, as the magnetic
field is increased, the size range of particles that can be
separated becomes narrower,

Comparison with the conventional RGMS alse showed
that our proposed system has the potential to extend the
applicability of magnetic separation to a very large class of
weak paramagnetic materials, down to particle sizes on the
crder of giant molecules.

To realize our system with high separation performance, a
micro-machining technique is required to fabricate thin
channels embedded with thin ferromagnetic wires. A
superconducting magnet is also needed to produce a high
external magnetic field.

A separation system based on our magnetic
chromatography technique is atiractive because it can
reduce secondary radioactive waste during nuclear fuel
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reprocessing. Because it is a physical process and does
not depend on the chemical nature of the separated
material, it can be applied to many types of material, It
also has an advantage compared with filtration separation

‘techniques because it can be regenerated simply by turning

the magnetic field off. We believe these features make this
separation technique an attractive alternative to current
techniques for nuclear fuel reprocessing,

1 <~ 1
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Summary
We propose a new technique that uses magnetic chromatography for continuous separation of ultra fine

particles (i.e., <1,000 A diameter) from mixed cofloids. The separation is done using field flow fractionation,
and the separation results from differences in the magnetic susceptibility and volume of the ultra fine particles.
Our theoretical analysis shows that high-gradient magnetic fields generate very steep distributions of the
concentration of 2 Nd fine particles that have a susceptibility 3.5%10-3 and a diameter of about 100 to 150 A.

Our magnetic chromatography can be done by applying flow fractionation to the concentration distribution in a
channel from 5 to 50 pim thick and using embedded ferromagnetic wires from 2 to 20 m in diameter. A

simplified nurnerical simulation of our magnetic chromatography technique suggests the potential of separating

very weak paramagnetic materials (¢.g., a nuclear fuel element and Nd) which we have not been able to deal

with through the conventional high-gradient magnetic separation techniques.

Introduction

When a vessel filled with thin ferromagnetic wires that
are 10 - 100 pm in diameter and with a colloidal suspension
is piaced in a magnetic field, a strong magnetic force acts on
fine particles near the wires [1]. The distorted magnetic field
near the wires is known as a High Gradient Magnetic Field
(HGMF), and when it's used to capture particles it is known
as High Gradient Magnetic Separation (HGMS) [2]. Cne of
the rernarkable features of HGMS is that the capture process
originates from strong, remote magnetic forces, and thus
yields very low secondary waste generation. Consequently,
the HGMS has been used in kaolin beneficiation, steel milt
water filtration, etc. [3,4) where a large amount of slurry
must be processed both at high speed and at low cost. An
important future application is nuclear fuel reprocessing,

We propose what we call magnetic chromatography
{(MC), which is based on applying the HGMF and a high-
intensity magnetic field (attained by using a superconducting
magnet) to a flow fracticnation (or separation) process [5,6].
Our proposed MC System is characterized both by magnetic
separation and by single-phase chromatography (i.e., only a
mobile phase), Thus, no stationary phase is needed, and
consequently, in the case of nuclear fuel reprocessing, the
MC system saves secondary radioactive waste. Moreover,
there is a possibility that chernically similar, but magnetically
dissimilar materials, such as lanthanide {e.g., Nd) and
actinide (e.g., a nuclear fuel) elements can be separated
using this new system. In this paper, first we describe the

principle behind the MC. Then, we model the MC process.
Finally, we do a numerical simulation of this MC system
applied to nuclear fuel reprocessing.

Principle

Magnetic field distortion oceurs when a uniform magnetic
field is applied normal to thin ferromagnetic wires. The
thinner the wire, the more distorted the field. The HGMF
generates a swong force in the direction of the magnetic field
gradient.

Let us consider a fluid that flows in a channel ransverse
to the magnetic field gradient (Figure 1) where a magnetic
field is applied in the x direction. Then, the particles are
distributed in the cross-section of the channel according to

Nuid {low
velocity
profile

Channe|
outlet

Fluid Collotdal particies
Thin ferromagnetic 1o be separated

. wi
wires Fiow channel with

a magnetic Meld
gradient

Figure 1 The principle of magnetic chromatography
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the magnetization and the volume of each particle. Hence,
sirong magnetic or coarse particles are attracted to the thin
ferromagnetic wires, and weak magnetic or fine particles
gather near the center of the channel.

At the same time, the viscous flow in the axial direction
has a velocity profile that depends on the distance from the
inside wall of the channel (Figure 1). The particle flow
therefore has its own velocity depending on the magnetic
susceptibility and volume of the particle. If the flow is
laminar, the weak magnetic or fine particles near the center
are the first particles to exit the channel, because they have
higher z-velocity. By this method, it is possible to
fractionate or separate the ultra fine particles suspended in
various dispersion media.

In the MC system, a high-intensity magnetic field
(achieved by using a superconducting magnet) combined
with thin channels using micro-machining technologies
increases the particle magnetization and the magnetic force.
In contrast, in the conventional HGMS principle on which
capture of particles with a higher magnetic susceptibility
and/or a larger volume onto 2 magnetic matrix is based,
particles cannot flow due to a too large magnetic force and
thus are captured on the wall.

Theoretical Analysis

Figure 2 shows cur model of an MC system in which

eight thin ferromagnetic wires of diameter 2a are placed near

Total cross-
sectional area
projected on the
X, - ¥, plane

Figure 2 Calculation model for wire arrangement and flow
channel size _
(The x and y axes are normalized with a wire diameter a.)

a flow channel. A uniform magnetic field, Hp, is applied
perpendicular to both the wires and flow direction, in the x
direction. The wires and the fluid flow aze in the z axial
direction.

The scale of the coordinate (xg4, Y4) is normalized by the

- wire radius 2 in Figure 2. A, and Bg which are the

distances between the two neighboring wirs centers in x and
y directions, respectively, are also normalized values with
the a.

In order to make it easy to analyze the MC process and
understand the general performance trends, we consider
ulira fine particle which is not captured on the wall. In other
words, we do not consider any particle deposition in the
following analysis.

Particle Diffusion and Magnetic Force in the
Steady State

The particle concentration, C, in the vicinity of the wire is
given by the solution of the following equation by assuming
mass conservation:

aCc o=

— + VJI=0 4]

dt
where 7 is particie flux and ¢ is elapsed tme.

Al steady state conditions { dC/ar=0), we obtain the

following relationship between the particle concentraton C
and the magnetostatic energy, Um .

xr
VO PU,=0 (2)

C=a cxp{- gﬂ.ﬂ} (3)

where i is the Boltzmann constant, T is temperature, and o
is an integration constant.

Magnetostatic Energy

The magnetic force induced on a particle in suspension is
a function of the difference between the magnetic
susceptibility of the medium, X, and the magnetic
susceptibility of the particle, X, . We define the resulting
magnetization as Mp , so that the resulting magnetostatic
energy, Up , on a particle of volume, Vp, can be written

as

Un=U,- U,

= V(e B ) 24 Vot H O 12 0
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where Up is the magnetostatic energy of the particle, Ur is
the magnetostatic energy of the fluid displaced by the
particle, M, is the particle magnetization, #, is the

magnetization of the dispersion medinm with the same
volume as a particle, and s a distorted magnetic field

near a wire.
‘We obtain an equation for the magnetostatic energy of a

particie in a fluid under an applied magnetic field:
v = 2mmb’ 92
3 CRFACES )

—E .t

H - H) (5)

Inner Product of the Magnetic Field Vectors
The & (Hy, Hy) is the sum of the applied magneric field

Hy and its distorted component HD-KW‘}I {where Ky is
Mw/2Hy , My, is wire magnetization, and it isa field

distortion factor). When multiple cylindrical wires are
placed in a uniform magnetic field Hy, equations (6) shown

below are derived. We adopt the Cartesian coordinates (x,
¥, z) here, where the z-axis is along the wire axis.

—t -

(H-H)=H+H
= H&{(1 + Kw-gh:,.)z+ (K.,-é'ih;)z} (6)

where an external field Hy is applied parallel to the x-axis,

The component of the vector i?(h‘:, h;} is expressed as

xz. -yz.
: - -1} &1 7
' (I:e "'}’:r)z ™
x aniyaz'
yi = (8)

) (x:.' +y:i)2
where (xgi, yai) is the coordinate normalized by the wire

radius, a, from the center of the ith wire.

Particle Concentration

The particle concentration, C, is derived by substituting
equation (6) into equation (5), and then substituting the
result into equation (3).

GI] L 2 . 2
r (e e )

In equation (%), og is the integration constant for an

C=ogexp &

initial particle concentration, Cp, when no magnetic field is
applied.

(&-&)(%-v

. 2 . 2
J’é‘ dx, V:e ex;{z%{(xw‘?l h’;,.) 4-(1+Kwi§ h;,) - 1}]4 .,

(10}
where the numerator is the total cross-sectional area of the
channel projected on the xg-yq plane. The Gy is

_ A MuHy (- 2
T B+)B+2)

(I

Time Required to Reach a Steady State
Concentration Distribution

Although the time dependent sclution of equation (1)
can be found numerically, we can simplify the analysis by
estimating the time ¢ required for the concentration
disribution to reach steady state by using the Einstein

relation for the square mean value of the diffusion length )

x2=2D 12)

D = xTH6mmb) (13)
where D is the diffusion coefficient according to Stokes Law
(assumiﬁg spherical particles of radius b), and 77 is the
viscosity of the colloid.

Assuming 22 = ((Aw - 200247 )2 = (50 um /242 )2, 25
=100 A, 1 =0.85x10-3 kg/m-s, and the values of other
parameters as shown in Table |, we obtain : =3 5 from
equations (12) and (13). Furthermeore, when we assume a
channel thickness of 5 ym, then we getr =0.03 5. This
estimation shows that the channel thickness should be very
small (i.e., < several 10 pum) for practical processing time to

be realized,

Table 1 Parameters for theoretical analysis

Initial particle concentration Cp 1.00x10-3

Particle diameter 26 10-500 A

Particle susceptibility xp 3.51x10-3 (Nd),
: 6.23x10-4(NFE)

Dispersion-medium susceptibility yr - 8.88x10-

(Tributylphosphate)

Applied magnetic field ppHy 20-280T

Wire diameter 2a 20 pm

Wire magnetization "W 10T

Temperature T 360K

Channel thickness Ay - 2a 50 um

Boltzmann constant x 1.38x10-23 /K
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Simulation of the Fractionation Process
in the MC System

We numerically simulated magnetic chromatography by
using the model system shown in Figure 3. 'We assumed
that colloidal particles only diffuse in the direction of x-axis.
This assumption is valid because the channel thickness is
very small compared with the width. We also assumed
laminar flow. Although diffusion and flow occur
simultaneously, to simplify our simulation we separated
them by dividing the time into consecutive Ar perieds in
which At is the time required to reach steady state in a
segment. As estimated in the former chapter by using the
values shown in Table 1, Ar is nearly equal to 3 seconds.
Figure 3 shows the above-mentioned simulation model of a
fractionation process. We can call this quasi-steady state
- model. A small amount of the dispersion media flows into a
colloidal area in time At (as shown in (b), (d), (£), ()}, and
then the colloidal particles diffuse in the direction of the x-
axis (as shown in (¢), (&), (g}, (i)).

The numerical series Cj j which appears at Figure 3 is an
average concentration at each segment and is determined
using the following equations.

Cij =Ce-Ci-1j-1+(1-Co-Ci1y (14)
where j=lorj =#i+1.
Cij =Ci1 =C¢ (15)

———3> Flow
Colloid

Pure dispersion medium / Pure dispel}sion medium

(@) i=0
(b) »
(@ i=1
{d) “
(@ i=2
{ *
(@ i=3
(h} “
(i) " i=4
Cat Caa Cay -+ Cry - - Cysuy

Figure 3 The simulation model as a quasi-steady state modet
(The time A elapses between the { and { + | conditions,
The series of average concentration at each segment C; J s
normalized by an initial concentration value Cp.)

where j=1.

Cij =Ci, i+l =(1-Cef
wherej =i+1/.

‘We call Cg aretention parameter and calculated Cg by

(16)

dividing the total volume of particles remaining in a segment
after equilibrium is reached by the initial total volume of
particles.
i W, +1 o (- W17
Cemmamch | Sy
an
where Wg is a channel thickness, and C is expressed by
equations (9), (10) and (11).

Figure 4 shows our numerical results, llustrating the
magnetic chromatography pracess. To demonstrate the
usefuiness of magnetic chromatography in nuclear fuel
reprocessing, we used particles of Nd and a ruclear fuel
element (NFE) because Nd is a good neutron absorber and
should be separated from the nuclear fuel element so that a
Teactor CONSWMES NO 8XCESs NENLTOnS.

(%) 100 A

o NA-NFE tg
9.8 ¢ I NE g —NFE

oy
~ = - @ N O 9 O MW
- Y] ['23 L]

(c) 180 A
Figure 4 Simulation results for the magnetic chromatography
process using nuclear fvel reprocessing as an example
{NFE is an abbreviation of a nuclear fuel element, =0,
1=30x4t , ts=60xAt , 13=90xAt , t4=120xAr 5. The (a),
(b}, and (c) are the results for particle diameters of 100 A,
150 A, and 180 A, respectively.)
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The average particle concentration C at each segment is
normalized with Cp. The figure shows that the C/Cy
changes with both time and segment's number labeled as a
normalized z. distance from the channel inlet. This example
shows that we can separate very fine and weakly magnetized
particles with this method.

Discussion of Particle Size Limitation
Applied Field Intensity

From the value of the retention parameter Cg, we can set
a tentative criterion for determining the particle size ar which
magnetic chromatography becomes ineffective. The reason
for using Cg is that it is the only parameter which defines
both the concentrations in all the segments and the
fractionation performance (as it is clear from equations (14) -
(16)).

Figure 5 shows the numerjcal results for ultra fine
particles of Nd and a nuclear fuel element ranging from 10 to
450 A under an applied magnetic field tpHp of 2.0 to 28.0
T. The figure shows that the senger the appliéd field, the
finer the particle that can be separated, and a separation limit
exists at a small particle size. Furthermore, the size range in
which two different kinds of the particies can be separated
becomes narrower when a hi'gher field is applied.

The separation limit at large particle size can not be
calculated because we assurmne here that any particle
deposition does not oceur. The MC simulation including the
deposition may require rather complicated calculation, and is

'n;i
Q77T o
!

Retention parameter G

0 100 200 300 400
o
Particle size A

Figure 5 Dependence of the retention parameter C¢ on

particle size and applied field stength
(A magnetic field 1gHp of 2.0 to 28.0 T was applied in
the x direction.)

one of the issues to be analyzed in the furure. In the next
chapter, we will compare two kinds of separation limit for
this "pure” magnetic chromatography and for the "pure”
magnetic deposition system which corresponds to the
conventional HGMS system. '

Comparison Between the MC System and the
HGMS System

The conventional HGMS system also has a limit in
particle size at which the magnetic force can directly capture
particles on a magnetic wire. The reason is that Brownian
moton dominates the kinematics of suspended particles
when the particle size becomes extremely small. We derived

" the theoretical limit based on a reference paper [7).

di< axT (18)
X +xe
4 ,uOH——————(ZP i S (rf+%r;5)

G2, +21)

where rg is the axial position normalized by the wire radius.

Figure 6 shows the particle size limit calculated using
equation (18) and yr=-9.05x10-6, soH =2 Tor 7 T, 2a
=100 pm, oM =1T,and rg =2,

Our numerical analysis of magnetic chromatography was
done for the hatched regions (indicated as NEF and Nd) in
Figure 6. These regions are below the particle size limit for
the conventional HGMS. This means that the magnetic
chromatography system can be applied to a very large class
of weak paramaghetic materials whose size is on the order of
a giant molecule.

-5

10 T T T -t —r T T -

]

-
(=11
o

om @ +£
mmgss& %88 Below these curves,
3& the conventional HGMS
ﬁ c2n not cateh particles. 4

-y
o
Ho

Particle diameter d [m]
- -

-
=Y
T

10 a ad, - "y . " el o

Magnetic susceptibility [Xp)
Figure 6 Calculation results for particle size limit for
2T: 0 ; Paramagnetic particle, + ; Diamagnetic particle,
7T: O; Paramagnetic particle, ® ; Diamagnetic particle.
(NFE is an abbreviation of a nuclear fuel element.)
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Conclusion

‘We proposed the concept of magnetic chromatography.
‘This paper gives an explanation of the principle, a theoretical
model for the steady-state particle concentradon dismibution,
and a rough estimation for the time required 1o reach steady
state. Our numerical simuolation illustrated the fractionation
process, and we defined a retention parameter which
characterizes the concentration of the fractional colloid in the
segments as well as the overall separation performance.

Regarding the particle size separation {imit, by comparing
the retention parameter’s values, we concluded the
following: (1) As the magnetic field is increased, the particle
separation performance increases. (2) However, as the
magnetic field is increased, the size range of particles that
can be separated becomes narrower.

Comparison with the conpventional HGMS also showed
that our proposed system has the potential to extend the
applicability of magnetic separation to a very large class of
weak paramagnetic materials, down to particle sizes on the
order of giant molecules.

To realize our system with high separation performance,
a micro-machining technique is required to fabricate thin
channels embedded with thin ferromagnetic wires. A
superconducting magnet is also needed to produce a high
external magnetic field. An investigation on how far the
influence of particle deposition extends in the MC system is
the next step of our research and development.

A separation system based on our magnetic
chromatography technique is attractive because it can reduce
secondary radioactive waste during nuclear fuel
reprocessing. Because it is a physical process and does not
depend on the chemical nature of the separated material, it
can be applied to many types of material. It also has an
advantage compared with the conventional filtration
techniques because it can be regenerated simply by turning
the magnetic field off whenever any particle deposition may
happens on the channe] walls. We believe these features
make this separation technique an attractive alternative to
current techniques for nuclear fuel reprocessing.
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