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Darai Research Establishment
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" Qarai-machi, Higashiibaraki-gun, Ibaraki-ken

{(Received December 7, 1990)

The JMTR Projecf has been developing the crud separator system
since 1981, and the advanced system has been fabricated for the in-pile
test to be performed in the HBWR (Norway).

The crud sepérator system removes magnetized crud circulating in a
primary circult by the permanent magnet assembly surrounded inside and
outside of the separator vessel,

Before the in-pile test, out—of-pile test was carried out in the
JMTR Project under the condition of atmospheric pressure and room
temperature, and the simplified theoretical analysis for crud separation
mechanism was also carried out.

The out-of-pile test results suggested that separation factor
increased with increasing magnetic susceptibility of crud and crud
particle diameter, and decreased with increasing flow rate. These
results were in good agreement with the theoretical analysis.

The test results also showed that the crud size enlarger was
effective in lower separation factor region, which related to lower
magnetic susceptibility of crud, smaller crud diameter and higher flow

rate.
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1. Introduction

Major interests for water quality control in nuclear power plants are
reduction and separation techniques of metallic corrosion product in a
primary circuit. Appropriate materials are chosen for the equipment and
pipes to avoid such corrosion.

Most ionized corrosion product can be removed comparatively easily by
ion exchange resin. Non-soluble corrosion product {crud), however, are
difficult to be removed by such a method. Those crud, are circulating
through a primary circuit and activated in a reactor core, causes to increase
personal radiation exposure in a reactor site,

The JMTR Project has started to develop the crud separator system, whose
development background are well described in a previous paperl), under
personal radiation exposure reduction technology program supported by Science
and Technology Agency. The crud separator utilizes a moving alternating
magnetic field produced by rotating permanent magnets, for separating crud.

The development ﬁrogram started in 1981. The first short term operation
test to investigate the system characteristics under the atmospheric
condition was performed in the JMTR Project by the first prototype systemz).
The advanced system, which was improved to get better separation factor
(separation efficiency), was fabricated for the final verification test in

the HBWR, Norway-l).

This report summarizes the out-of-pile test results of the advanced

system performed in the JMTR Project before shipment to the HBWR.

2. Main characteristcs of the system

The crud separator system consists of crud size enlarger, crud separator
and demagnetizer mainly as shown in Fig.l and is operated by control consoles.
The roles for each main equipment were described briefly as follows;
{1) Crud size enlarger

Crud size enlarger installed at inlet of the separator main frame makes
crud diameter larger and gives better separation factor because crud particle
size is considered to have strong effect on separation ability of the
separator system. The enlarger is a high gradient magnetic system, and

energizing a coil of the enlarger makes crud larger.
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{(2) Crud separator

Crud separator has a cylindrical vessel made of austenitic stainless
steel (Type-316). The vessel is surrounded by permanent magnet assembly.
Rotation of the assembly is controlled by a drive motor to generate optimum
moving alternating magnetic field.

(3} Demagnetizer

. Most of crud are removed by the separator. However, there is a
possibility that some of crud may not be removed by the separator and may be
flown out from the separator outlet. The demagnetizer installed at outlet
position of the separator demagnetizes magnetized crud by a high frequency
oscillator.
{(4) . Console panels

Console panels includes a power source and a contrel consoles for
operating the system. The separator system is operated remotely by those

consoles which are placed outside of a reactor hall.

3. Crud separation theory

A magnetized particle in water will move with moving alternating
magnetic field performed by S-N counter facing magnets as shown in Fig.2Z.

The magnetic force pararell to the magnets movement received by the particle

can be described by;
Fm = VyH dH/dx (1)

where, V : volume of particle

y : magnetic susceptibility of the particle

H ; strength of magnetic field

x : distance pararell to the magnets movement

The resistanct force produced by water viscosity against the particle

movement can be expressed by ;
2
Fd = 1/2(pv Ap Cd) (2)
where, .. ¢ : density of water

v : relative water velocity

Ap : cross sectional area of projection for particle

—_2 —
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The magnetic force pararell toc the magnets movement received by the particle

can be described by;
Fm = VyH dH/dx (1)

where, volume of particle

magnetic susceptibility of the particle

= < <

strength of magnetic field
X ¢ distance pararell to the magnets movement

The resistanct force produced by water viscosity against the particle

movement can be expressed by ;
2
Fd = 1/2(pv7Ap Cd) (2)
where, ... - p i density of water

v : relative water velocity

Ap : cross sectional area of projection for particle
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Cd : resistant coefficient (= 24/Re)

Thén, the following equation of motion is derived for the particle ;

m(dv/dt) = Fm - Fd + Fg (3)
where, m : mass of particle
time

Fg : gravitaticnal force
When the following conditions are assumed ;
i) movement velocity of crud i1s constant.
11) the effect of gravitational force is ignored.

Then, equation (3) is ;
l/2(pv2Ap Cd) = VyH dH/dx (&)

If the crud radius is assumed to be a, equation (4) can be changed into

equation (5).

v = (2/9y) a“xH di/dx (5)
where,
L ¢ viscosity of fluid
Transfer time for crud from center of vessel to the wall can be

expressed in equation (6).

h/(2v)
9hu/[4a2xH(dH/dx)] ' (6)

+
1]

1]

where, h : vessel width

And, transfer time for crud from inlet to outlet of the separator can

be shown in equation (7). (Crud movement is assumed to follow water flow.)
t, = hyx/Q (7)
where, % : vessel length (pararell to water flow)

v : vessel height
Q : flow rate
Separation factor is thought to be a ratic for the crud reaching to the

vessel wall, before reaching to the outlet, when the crud separation is

— 3 -
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assumed to finish at the vesgsel wall. Then,

hazxxy dH/ch/ (9uQ)

SF = t,/t
2' 71 2 5
ba“yxy HT/(9uQ) (8)

Equation (8) can be converted simply into the following equation (9).
2
SF = Cxa /Q . (9

where, C 4xyH2/(9u)

It is clear that separation factor depends on, at least, crud particle
size, strength and gradient of magnetic field, flow rate, and density of
water.

Equation {9) implyé that particle separation in gas may show better
separation factor than that in liquid, and it alsc implys that larger

separator vessel size may improve the separation factor.

4. Test Procedure

A flow diagram of equipment for the out—of-pile test is shown in Fig.3.
Artificial particles {not activated), shown in Table 1, were specially made
for this test and used as crud particle. Some particle concentration levels
were prepared by adding particies into purified water. The water in the tank
container was mixed by a mixer during the test for disparsing the particles
in the water well. Magnetic properties and average diameter cof artificial
crud particles used (manufacturing data) are also summarized in Table 1.

During the separator operation, sample waters were taken from both the
sampling vessel (outlet) and the tank (inlet}. The sampled water was
filtrated by membrane filters (0.45 um), and concentrations of chemical
elements were analysed by ICP-AES (Inductively Coupled Plasma-Atomic Emission
Spectrometer) after dissolving the particles on the filters.

Separation factors were calculated from the followng equation (10).
SF = (CRUDIN - CRUDQUT)/CRUDIN (10)

where, SF : separation factor

CRUDIN : (specific) particle concentration at inlet

...4_
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CRUDQUT : (specific) particle concentration at outlet
To assess the system performance, crud particle diameter, particle
magnetic properties, particle inlet concentration, flow rate, rotation of
magnet assemly and condition of the crud size enlarger (on/off) were

varied as performance parameters.

5. Results and discussion

Full data set of the out-of-pile test is shown in Table 2, The test
was performed under the atmospheric pressure and room temperature condition.
A relation between separation factor and magnetic susceptibility of
crud particle is shown in Fig.4. It seems to be scattered widely, however,

it is suggested that higher magnetic susceptibility of crud gives better
separation factor. As shown in Fig.5, separation factor tends to increase
with increasing crud diameter. Therefore, it is suggested that magnetite
crud such as FeBOA cah be removed by the separator comparatively easier than
hematite one such as Fe203. It is alsc suggested that use of the crud size
enlarger gives better separation factor.

Figure 6 and 7 show relations between separation factor and ilow rate
when the crud size enlarger was in use and out of use respectively.
Separation factor tends to decrease with increasing flow rate in both cases.
When the enlarger was in use, separation factor shifted up to higher
factor side approximately 5-10%.

Relation between separation factors and inlet crud concentration when
the enlarger was in use and out of use are shown in Fig.8 and Fig.9
respectively. In both cases, there seems to be no correlation between
them in given concentration regions.

In above correlation from Fig.4 to Fig.9, parameter effects for
separation factor were individually evaluated. However, many factors are
thought to affect each other to separation factor. The relations between
separation factor and values calculated from equation (9) when the enlarger
was in use and out of use are shown in Fig.10 and Fig.ll respectively as the
system total characteristics. It is suggested that separation factors tend
to increase with increasing the parameter given by equation (9) in both cases.

The best fitting lines are derived by the least square method as shown below.
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When the Frud size enlarger is in use,

SF = —1.313 + 17.0041n(xa>/Q), (1.1<ya’/Q< 386.9) )
When the crud size enlarger is out of use,

SF = -34.400 + 23.7961n(xa>/Q), (4.3<xa’/Q<283.7) (12)

Where, SF : separation factor (%)
¥ : magnetic susceptibility of crud {(uH/m)
a : crud diameter (um)
Q : flow rate (1/min.)
Figure 12 shows the effect of the enlarger utilization on separation
factor. Higher gain of separation factor is expected in utilizing the
enlarger when the parameter (xaz/Q) has low value. The gain of separation

factor decreases with increasing (va/Q) value and is almost zero above 120

of (Xaz/Q).

6. Concluslons

" 'Before the in-pile test to be performed in the HBWR (Norway), out-oi-
pile test of ‘the advanced type crud separator was carried out under the
conditions of atmospheric pressure and room temperature. The main results

obtained are as follows ;

1) Separation factor increases with increasing magnetic susceptibility of
crud. This suggests that magnetite crud can be removed by the separator
easier than hematite.

2) Separation factor alsc increases with increasing crud particle diameter
and- decreases with increasing flow rate.

3) There seems to be neo correlation between separation factor and inlet

‘ crid concentration in the concentration region from 0.3 to 7.8 ppm.

4y *The crud size enlarger is effective in lower separation factor regicm,

‘which relates to lower magnetic susceptibility of crud, smaller crud

- diameter and higher flow rate.
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Table 1
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Characteristics of crud particles used.

mean saturation  |residual
crud magnetic magnetic flux |magnetic flux |coercive
Type of crud | jigmeter | susceptibitity | density density force
(gm) | (H/m)x10°% | (emu/g) | (emu/g) | (Oe)
a-200 | 4.21 | 0.458
a - Fe,0 a — RB-BL
23 | g -BL-SP{ 5.49 | 0.379 5.75 1.07 [211.6
a - MR
Y - 200 3.44 9.07 71.5 15.5 123.9
Y - 500 2.98 ¢ 11.5 73.2 1.1 81.7
Y -Fe,03 | ¥ ~RB-BL
: Y -BL-SP| 4.00 6.94 72.0 11.0 135.8
7Y - MR 8.84 73.9 33.3 318.4
BL- 200 2.56 6.79 83.5 10.8 127.9
BL-500 { 2.72 8.76 84.8 9.7 70.5
Fes04 RB - BL 3.60 6.31 87.6 18.0 199. 4
BL- 5P 4.74 9.47 84.7 6.82 62.4
MR- BL 3.12 7.34 82.2 36.2 402.2
CoFeo04 6.95 2.6 73.6 28.9 737.6
NiFes04 4.88 6.0 47.7 55.5 72.7
artificial-a 2.87 4.34 28.2 4.3 79.9
artificial=7” 3.98 3.63 33.14 4.27 85.7
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Table 2 Full data of out-of-pile test for the crud separator.

SF | CONC Q DIA MAG E
84 7.00 1 2.98 11.5 0
62 6.30 2 2.98 11.5 0
85 | 3.85 1 2.98 | 11.5 1
69 4.14 2 2.98 11.5 1
59 5.48 3 2.98 11.5 |
52 0.26 1 2.98 | 11.5 1
60 0.43 2 2.98 11.5 1
57 0.60 |- 3 2.98 11.5 1
90 6.34 1 3.60 6.31 0
57 3.57 2 3.60 6.31 0]
3 5.94 3 3.60 6.31 0
65 2.34 2 3.60 6.31 1
62 4.14 3 3.60 6.31 1
69 .77 1 3.12 7.34 0
3 | 4.74 | 2 | 3.42 | 7.34 |
32 | 6.10 3 0 3.12 | 7.34 {
74 0.95 1 6.95 2.60 0
82 1.31 2 6.95 2.60 0
71 1.79 3 6.95 2.60 0
94 4.01 1 4.88 |.6.00 0
61 0.98 2 4.88 6.00 0
50 1.90 3 4.88 6.00 0
36 3.02 1 3.44 9.07 0
27 4. 19 2 3.44 9.07 ¥
36 5.91 3 3.44 9,07 0
55 0.35 1 3.98 3.63 0
41 1.38 2 3.98 3.63 0
31 1.85 3 3.98 3.63 0
79 .01 1 4.00 6.94 0
88 1.86 2 4.00 6.94 0
82 2.58 3 4.00 6. 94 0
93 2.01 2 4.00 6.94 i
87 3.24 3 4.00 6.94 i
Note : SF  : Separation factor, %
CONC ' Concentration, ppm
Q . Flow rate, L /min.

DIA :Crud diametfer, pm

MAG : Magnetic susceptibility, pH/m
E © Condition of crud size enlarger
O - Qut-of -use

[ -in-use
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Demagnetzer —¢
, =] %] Crud Size
- =¢ Enlarger

=< w

&B@X Crud Separator

Magnet Driving Motor
r:”—_:"‘_':‘::':.;_‘.} l

@ G f\
! g 1

Crud Removal Container .
: ' Evacuation System

FPig. 1 C{rud separator main system. The crud size enlarger is a high
gradient magnetic system, and energizing a coil of the enlarger
makes crud larger. The crud separator is a main system, and
separate crud from coolant (See also Fig.2). The demagnetizer
demagnetizes magnetized crud flown cut from the separator by a
high frequency oscillator.

Qutlet of Coolant Inlet of Coolant

™~ Permanent Magnet

[ Vessel
™ Permanent Magnet

0
Qutlet of Crud

Fig. 2 Crud separator vessel. Rotation of permanent magnet assemblies
which surround the separator vessel inside and outside produce
moving alternating magnetic field, and separate crud from coolant.
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&

Crud Size Enlarger Demagnetizer

i 5

Flow Meter Separator
Sampling
Vessel
Pump %Druin
Mixer \'f
P-2,P~3 . Pressure gages
Tank

Fig. 3 Flow diagram of equipment for out-of-pile test. The test was
performed under the condition of atmospheric pressure and room
temperature.



Separation Factor, %

Fig. 4

JAERT-M 90-230

100
80 —
60 -
40 - -
20 |- _
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Relation between separation factor and magnetic susceptibility.
It is suggested that higher magnetic susceptibility of crud gives
better separation factor (separation efficiency).
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Fig. 5 Relation between separation factor and crud diameter. Separation
. factor tends to increase with increasing crud diameter.
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Fig. 6 Relation between separation factor and flow rate when crud
size enlarger is in use. Separation factor tends to decrease
with increasing flow rate.
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Fig. 7 Relation between separation factor and flow rate when crud
size erlarger is out of use. Separation factor shifts down to
to lower factor side apploximately. 5-10% in this case when
compared to the case of Fig. 6.
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Fig. 8 Relation between separation factor and crud concentration
when crud size enlarger is in use. There seems to be no
correlation between separation factor and crud concentration.



JAERI-M 90-230

100 ; T T | T ]
A
| A A 7]
A
8o . ° . —
P B N A
- A—
o
5 60| a A ]
2 A 8
Pt B A ]
2
S 40 a =
a A A
Pt " A A i
A
20+ —
Crud size enlarger out of use |
0 | | | f | ] L
0 2 4 6 8

Concentfration, ppm

Fig. 9 Relation between separation factor and crud concentration when
crud size enlarger is out of use. There seems to be no
correlation between separation factor and crud concentration
also in this case.
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