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The out-of-pile test results of the advanced crud separator system
was previously investigated. It was suggested that the system
characteristics (separatin factor) depended on magnetic susceptibility
of crud, crud particle diameter and flow rate, and that utilization of
the crud size enlarger, a high gradient magnetic system, was effective
especially in the lower separation factor region.

After the out—of-pile test, the system was shipped to the HBWR
(Norway), and the final in-pile test was carried out under the operating
conditions similer to BWR.

As the test results, the separation factor decreased with increasing
inlet crud concentration in the lower inlet concentration region, and
crud production (or release) rate and crud separation rate seem to reach
the state of equilibrium at the inlet iron concentration approximately
6 ppb for this system size. It was also suggested that separation

factor became higher when coolant temperature increased.

Keywords : Corrosion Product, Crud Separator, High Temperature, High

Pressure, In-pile
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1. Intreduction

The cut-of-pile test results of the advanced crud separator system
were investigated in a previous paperl). Satisfactory performance was
obtained in that test, which was performed under the condition of
atmospheric pressure and room temperature.

Advantages of utilizing the crud separator system, when compared to
the other filtration systems, are to be able to remove magnetized crud
directly under the conditions of high pressure and high temperature and to
save the secondary wastes produced by the system itself. Thus, it is
necessary to verify the system performance under the such severe conditions
for the next step to the out-of-pile test.

The in-pile test of the crud separator system was proposed by the JMTR
Project with utilizing an irradiation loop in the HBWRZ). The test started
in April 1989 and terminated in March 1990. This report investigates the

in-pile test results of the crud separator system.

2. System characteristics

The crud separator system removes crud by moving altermating magnetic
field produced by the magnet assembly surrounded around the separator vessel
inside and outside. A schematics of the separator vessel is shown in Fig.
1. The system consists of crud size enlarger, crud separator, demagnetizer
and control consoles. The details of the system were presented in previous
papersl_B).

It was found in the previous out-of-pile test that separation factor
depended on crud particle diameter, magnetic susceptibility of crud and
flow rate, and the following equation was derived from the equation of

1

motion for a crud particle™ .
2
SF = Cxa“ /0 ‘ (1)

where, SF : separation factor
C : constant which depends on size of vessel, strength of
magnetic field and viscosity of operating fluid
¥ : magnetic susceptibility of the crud particle

2 : crud particle radius

-1 —
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Q : flow rate

3. Installation of the system

The advanced crud separator system was installed in an irradiation
loop of the HBWR. The loop had been operated at pressure of 70 bar
and temperature slightly below boiling temperature of 285°C.

A flow diagram of the test equipment is shown in Fig.Z. There are two
crud holders, which are placed inlet and ocutlet positions of the separator,
in the sampling lines from the separator. Millipore filters (0.45 um) were
installed in the crud holders. An isokinetic branching technique was
applied at the junction point between the main line and the inlet of the
system from the main line, to evaluate crud amount in the loop correctly.
After flowing into the separator line, sampling water was devided into two ;
one goes to the inlet of the crud separator vessel and the other goes to the

crud holder directly.’

4, Test procedure

Most of the samplings were performed during the reactor transition
condition, such as reactor power up or down, because it is known that
comparatively much crud will be released during such reactor conditions
than during the steady state conditiom.

Crud collected at the inlef and the outlet positions of thé filters
were compared by means of an atomic absorption spectrometer and Ge detector.
In this report, most of separation factors were derived from Fe and Co-

60 because those are thought to be most important species for crud removal
and man-rem control4).

For some of crud samples collected, X-ray diffraction technique was
applied to iInvestigate a type of crud, and scanning electron microscopy
observation was also carried out to check the typical crud morphology.

As the separator operating conditions, rotation of magnet assembly
and flow rate were varied at the start period of the test. After finding
suitable set point for rotation of magnet assembly, it was fixed to 120 rpm,

and, the crud size enlarger and demagnetizer were usually operated during

sampling.
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5. Results and discussion

The mean chemical concentrations for crud in the irradiation loop,
which measured by the atomic absorption spectrometer, are shown in Table 1.
Major elements in crud are iron, nickel and chromium. The scanning electron
micrographs for crud at the inlet and the outlet positions of the separator
are shown in Fig. 3(a) and (b) respectively. Typical crud for the inlet
position includes both lgrge and fine ones, however, that for the outlet
position is fine. This means that larger diameter crud would be easily
removed by the separator, which is in good agreement with the equation (1.

Table 2 shows the X-ray diffraction measurement results for crud
taken in January 1990. Major type of crud is magnetite during lower oxgen
concentration in the loop water. The oxgen injection to the loop water has
been started since March 1990 for an original experimental purpose of the
loop. It was difficult to analyse for samples taken during higher oxgen
concentration due te the small amount of crud. However, those are thought
to be hematite because of higher oxgen concentration in the water. Then, it
is considered that the separator can remove magnetite easier than hematite,
because of those magnetic properties difference.

The relation between nickel and iron collected by the separator
during the start period of the test is shown in Fig.4. There is a certain
linear relation between those elements.

Tt has been found in the previous out-of-pile test that there was no
correlation between separation factor and inlet concentration in the crud
concentration range of the order of ppml). However, as shown in Fig.5,
separation factors obtained in this test, which is in the concentration
range of the order of ppb, are thought to be dependent on the inlet iron
concentration. Especially, separation factors up to 10 ppb of iron
concentration seem to increase with increasing the inlet iron concentration.

The relation between separation factor and Co-60 activity at the inlet
position is shown in Fig.6. In the calculation for separation factors
hereinafter, the ratios of Co-60 are used, while separation factors in Fig.5
are derived from iron ratios. As seen. in Fig.6, separation factor
inereases with increasing inlet Co—60 activity in the lower activity region,
at least, up to 0.2 uCi.

Figure 7 shows the relation between Co-60 activity and Co amount
at the inlet and the outlet positions of the separator. It is found that

specific Co-60 actlvity for the inlet is greater than that for the outlet

— 3 -
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(0.18 pCi/ pg for the inlet and 0.1 pCi/ ug for the outlet). It is thought
that larger diameter crud particle activates wore than smaller one,

because crud separator removes larger crud easily so that most of crud
remained in the outlet position are fine. This relation is also clear as
seen in Fig.8, and separation factors derived from Co-60 are higher than
that derived from Co element. This tendency was also suggested in the

test carried out in the JMIR Project for the prototype crud separatorS).

As clarified in the equation (1), the separation factor depends on at
least magnetic susceptibility of crud, crud particle radius and flow rate.
However, it is difficult to estimate the magnetic susceptibility for crud of
this test, them, the relation between separation factor and flow rate are
shown in Fig.9 as the system performance for the high temperature and high
pressure conditions. As seen in Fig.9, it was clearly found that separation
factor derived from iron decreases with increasing flow rate feor the
inlet iron concentration gtrater than 10 ppb. Tigure 10 shows the relation
between separation factor derived from Co-60 imlet activity greater than
0.2 pCi and flow rate. It is also the same relation as Fig.9, showing that
separation factor derived from the activity decreases with increasing
flow rate. Those relation are in good agreement with equation (1),
which was derived from the equation of motion for a crud particle in water.

Tt is known that crud (corrosion product) behavior is devided into
five process ; production, removel, transportation, activation and
deposition6). It is considered that crud transportation phenomena under
high pressure and high temperature conditions (in-pile conditions) are very
complicated because reactor condition changes continuously. However,
those phenomena are thought to relate to, at least, the reactor operating
history. Figure 11 shows separation factor (calculated from iren) and inlet
iron concentration variations together with reactor operating history for .
the start period of the test. As seen in Fig.ll, inlet iron concentration
was comparatively high at the start period of the test, and was lower
during the use of the separator. It is very remarkable that separation
factor becomes higher when the coclant temperature increases. This
phenomanon suggests that strongly magnetized crud, such as magnetite, would
be easily released to the coolant during such period. At inlet iron
concentration approximately 6 ppb, it seems to saturate. Therefore, it is
considered that crud preducticn (or release) rate and crud removel rate by
the separator reaches a state of equilibrium. Then, the inlet crud

concentration limit, removed by this crud separator is considered to be

approximately & pphb-
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6. Conclusions

The in-pile test of the crud separator system was performed in an
irradiation loop of the HBWR to verlfy the system performance under the
condition of high pressure and high temperature, simulating BWR conditions.
Following conclusions were obtained ;

1) Separation factor increases with increasing inlet crud concentration,
and seems to be no correlation above inlet iron concentration of 10 ppb.

2) At inlet iron concentration approximately 6 ppb, crud production (or
release) rate and crud separation rate reaches a state of equilibrium.

3) Separation factor becomes higher when coolant temperature increasges.

4) Separation factor decreases with increasing flow rate. This relation
was in good agreement with the separation equation derived from the
equation of motion for a ecrud particle.

5) The Crud separator removes magnetite crud easier than hematite one
because of difference in magnetic properties, and gives better spparation

factor for larger diameter crud.

Acknowledgements

The authors wish to appreciate the installation of the crud separator
system, crud sampling and many valuable suggestions of Mr. T.J.Vik,
project manager (at that time), Mr. K.D.Knudsen, assistant project manager,
Mr. T.Hernes, chief of operation, Mr. P.Gunnerud, assistant division head of
experimental co-ordination, Mr. K.Fjellestad, reactor chemist, and the plant
engineers and operators in the HBWR of the Halden Reactor Project, Norway.
We also greatefully acknowledge the encouragements and many suggestions of
Dr. Y.Futamura, director, Department of JMTR Project, Mr. H.Itami, director,
Department of fuel expamination, Mr. A.Nakano, director, Department of

technical information of JAERI and Mr. H.Tanaka, Ishikawajima-Harima Heavy

Industries Co., Ltd.



JAERI-M 90-231

6. Conclusions

The in-pile test of the crud separator system was performed in an
irradiation loop of the HBWR to verify the system performance under the
condition of high pressure and high temperature, simulating BWR conditions.
Following conclusions were obtained ;

1) Separation factor increases with increasing inlet crud concentration,
and seems to be no correlation above inlet iron concentration of 10 ppb.

2) At inlet iron concentration approximately 6 ppb, crud production (or
release) rate and crud separation rate reaches a state of equilibrium.

3) Separation factor beccmes higher when coolant temperature increases.

4) Separation factor decreases with increasing flow rate. This relation
was in good agreement with the separation equation derived from the
equation of motion for a erud particle.

5) The Crud separator removes magnetite crud easier than hematite one
because of difference in magnetic properties, and gives better spparation

factor for larger diameter crud.

Acknowledgements

The authors wish to appreciate the installation of the crud separator
system, crud sampling and many valuable suggestions of Mr. T.J.Vik,
project manager (at that time), Mr. K.D.Knudsen, assistant project manager,
My. T.Hernes, chief of operation, Mr. P.Gunnerud, assistant division head of
experimental co-ordination, Mr. K.Fjellestad, reactor chemist, and the plant
engineers and operators in the HBWR of the Halden Reactor Project, Norway.
We also greatefully acknowledge the encouragements and many suggestions of
Dr. Y.Futamura, director, Department of JMIR Project, Mr. H.Iitami, director,
Department of fuel expamination, Mr. A.Nakano, director, Department of

technical information of JAERI and Mr, H.Tanaka, Ishikawajima-Harima Heavy

Industries Ce., Ltd.



JAERI-M 90-231

References

(1) A. Takasaki et.al., "Out-of-pile Test of the Crud Separator System",
JAERT-M 230 (1991)

{(2) H. Ttami et.al., "Propesal for In-pile Test of JAERI-developed Crud
Separator System in the HBWR'", JAERI-M 88-269 (1989)

(3) H. Itami, '"Crud Removal Technology', Genshiryoku Kougyo, 31-9(1885),
pp47 (in Japanese)

{4) AESJ, "Water Chemisgry in Reactor Cooling System”, May (1987),
(in Japanese)

(5) K. Yamamoto et.al., internal paper of JAERI

(6) K. Ishigure, J. AESI, 25-5(1983), pp337 (in Japanese)



JAERI-M 90-231

Table 1 Chemical compositions of crud collected at inlet position
measured by an atomic absorption spectrometer (wt.Z%)

Fe Ni Cr Cu Co Zn

84.76 .1.0.46 3.97 0.21 0.27 0.35
t1.98 t1.23 #1.67 t0.08 0.09 10.23

Table 2 Type of crud collected at inlet and outlet of the separator.

0, conc. < 5 ppb

Type of crud M, O3 M; O,

Inlet (%) i 83
Outlet (%) 30 70

Outlet of Coolant Inlet of Coolant

| ™~ Permanent Magnet

\Vessel
™~ Permanent Magnet

§
Qutlet of Crud

Fig. 1 Crud separator vessel. Rotation of permenent magnet assemblies
which surround the separator vessel inside and outside produce
moving alternating magnetic field, and separate crud from coolant.
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Fig. 3 Typical scanning electron micrographs of crud collected.
(a) shows crud collected at inlet position and (b) shows
crud collected at outlet position of the separator. Collected
crud at inlet position is both large and fine, however, that
collected at outlet position is fine.
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Typical scanning electron micrographs of crud collected.

(a) shows crud collected at inlet position and (b) shows

crud collected at outlet position of the separator. Collected
crud at inlet position is both large and fine, however, that
collected at outleft position 1s fine.



JAERI-M 90-231

500
— 400
on
=
© 300
S
@
S 200
=
100
0 o i | L
0 500 1000 1500 2000 2500

Fe collected (pg)

Fig. 4 Relation between nickel and iron collected by the separator.
Linear correlation exists between nickel and iron collected
by the separator.
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Relation between Co=-60 activity and Co amount. Co-60 activity
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Fig. 8 Difference in separation factors derived from CO-60 activity
and Co element. Separation factors derived from Co-60 are
higher than those derived from Co element.
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