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Abstract

At the Fukushima Dai-ichi Nuclear Power Station unit 3 and unit 2 of Tokyo Electric
Power Company (TEPCO), the replacement of the core shroud and internals have been conducted
respectively in the FY 1997 outage and in the FY 1998 outage. The replacement of the welded
core internals in operating BWR plants is the first time in the world as complete countermeasure
to improve SCC resistance. At present both units are operating smoothly. The developed
technology concept is to restore those internals in air inside the reactor pressure vessel. To
reduce the radiation dose rate inside the RPV, not only a shielding method was applied to cut the
radiation from the irradiated structures but also a chemical decontamination method was applied
to dissolve the radioactive crud deposit on the surface by using chemical agents. The CORD UV
process was applied for this Full System Decontamination including operating the reactor
recirculation pumps. The critical pass time required was approximately 7 days for each unit. In
both units the radioactivity of 10 TBq (280 Ci) and the Fe, Ni, Cr crud of 60-70 kg as metal in
total was dissolved and removed by 5 m3 (175ff) ion exchange resins as only waste generated.
The obtained decontamination factor (DF) at the RPV bottom reached 40-100. As result, the dose
rate decreased to approximately 0.1 mSv/h under water. Before and after the installation of the
in-vessel shielding, a mechanical cleaning was extensively applied inside the RPV to remove the
residual crud as well as the cutting particles. As result, the RPV bottom dose rate decreased
further to 0.03 mSv/h under water and 0.2 mSv/h in air. A better working environment for human
access than expected was established inside the RPV, resulting the 70, 140 man*Sv saving
respectively at unit 3 (1F-3) and unit 2 (1F-2).

1. INTRODUCTION

At the Fukushima Dai-ichi Nuclear Power Station of Tokyo Electric Power
Company (TEPCO), the replacement work of the core shroud and internals with the SCC
resistance material were conducted as a preventive maintenance countermeasure to the
first generation BWR plants. At present, the replacement work has been completed at
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unit 3 (1F-3, 784 MWe) and unit 2 (1F-2, 784 MWe) respectively in the FY 1997 outage
and in the FY 1998 outage. The same projects are now under going at unit 5 (1F-5, 784
MWe) and unit 1 (1F-1, 460 MWe) respectively in the FY 1999 and 2000 outage. As the
internals, being replaced, are welded, a replacement technology concept that restores by
welding in air has been developed for the first time in the world to secure the reliability
of the replacement process. However, due to the more than 20 years operation, the
radiation level inside the Reactor Pressure Vessel (RPV) is very high. In order to access
and work there in air, the radiation dose rate had to be reduced. Radiation from the
irradiated core structures is shielded by the in-vessel shielding. On the surface of the
RPV and the core internals, the radioactive crud (metal oxide containing radioactivity
such as Co-60) builds up. For this reason, a chemical decontamination method was
applied to dissolve and remove the crud by using chemical agents.

The Full System Decontamination (FSD) was performed by operating the existing
Reactor Recirculation Pump (RRP). In Japan component chemical decontamination is
usually applied to the impeller of RRP. However, a system chemical decontamination for
reuse has recently been applied to save the dose rate. Therefore a Full System
Decontamination for human access into the RPV represents a break-through in the
decontamination technology. After the FSD, some reactor core internals were cut under
water and taken out in the DS pit. The in-vessel shielding equipment was successively
installed surrounding the effective core region. Before and after the installation of the
in-vessel shielding, a mechanical cleaning was also applied inside the RPV to remove the
residual crud as well as the cutting particles. The result of the FSD and the mechanical
cleaning is summarized in this paper.

2. FULL SYSTEM DECONTAMINATION

2.1. Chemical decontamination

2.1.1. Chemical decontamination method

The crud deposits on the surface of the structural materials generally consist of the
outer layer and the inner layer. The outer layer is loose and is formed by the deposition
of the radioactive crud in the reactor water. The inner layer is a tight grown-on oxide of
the base material, in which the radio-activity penetrated. Since the reactor water in the
BWR plant contains 200 ppb dissolved oxygen under the normal water chemistry
condition (NWC) it is relatively oxidative, the outer layer consists of a -Fe2O3 and Fe3O4,
the amount of which depends on the input from feed water. The inner layer consists of Fe,
Ni, Cr spinel type oxides. The morphologies differ dependent upon the type of materials
such as stainless steel and carbon steel, operation temperature, and water quality, etc. The
iron oxides can be dissolved by the acid dissolution reaction and the reduction reaction
by a reducing agent (a decontamination agent). On the other hand, the trivalent chromium
oxide can be dissolved by the oxidation reaction as the hexavalent ion by an oxidation
agent.

As well as an excellent decontamination factor and no detrimental effect to the
structural material integrity, the minimization of waste generation are the important
factors for selection of a decontamination process, especially for such large scale
decontamination application. Today's decontamination processes show a tendency
toward multi-cycle and very low chemicals concentrations. From these points of view,
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the CORD UV process (Chemical Oxidation Reduction Decontamination-Ultra Violet
light) was chosen. This process is a multi-cycle multi-step decontamination process in the
presence of oxygen at approximately 95 °C and atmospheric condition.

The oxalic acid of the CORD process is decomposed in situ to water and CO2 by
ultra violet light. The permanganic acid (HMnO4) has less impact on waste generation
since a relatively low concentration is enough in the oxidation step, and it can be also
decomposed and removed as Mn + ion by ion exchange resin. This process provides a
high decontamination factor and generates a minimal volume of chelate free waste by
decomposing the decontamination agents.

The CORD process and its applications have been described in several papers
[1-5]. The operational sequence of the FSD, typical for CORD UV, is shown in Fig. 1. A
three cycle decontamination was applied at both 1F-3 and 1F-2. In the first cycle for
BWR, the majority of the iron oxides was dissolved by the dilute oxalic acid with the
preoxidation step skipped. All dissolved deposits including the activity were trapped on
cation exchange resins. When the crud dissolution ceased, the following decomposition
step was initiated in which, by ultra violet light, the oxalic acid was decomposed into
carbon dioxide gas and water.
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FIG. 1. Decontamination profile of the CORD/UV.

The second cycle started with an oxidation step by use of permanganic acid in
order to oxidize the trivalent chromium oxides in the crud to the easily dissolvable
hexavalent chromium ion. When the chromium oxide dissolution was no more observed,
the permanganic acid was quickly reduced to manganese ions (Mn2+) by oxalic acid
injection in the system. In the subsequent decontamination step the oxalic acid was added
up to the specified concentration. Manganese ions were removed together with the
corrosion products by cation exchange resins after the resin columns started operation in
this step. In the final step at the third cycle the oxalic acid in the system is decomposed
by wet oxidation using ultraviolet light and the released ions and residual impurities were
removed by mixed resin column.
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2.1.2. Material compatibility

All relevant materials, being exposed to the decontamination solutions during the
full system decontamination, were investigated. The materials, which had been tested, are
shown in Table I.

Specific conditions like weld and gaps were considered. The material compatibility tests
cover the material behavior during the decontamination as well as the post decontamination
operation. The investigations covered all relevant aspects of material compatibility like general
corrosion loss, selective corrosion like pitting or intergranular attack and Intergranular Stress
Corrosion cracking (IGSCC), as shown in Table II. Some tests and their results are described
below.

In the crevice corrosion test at the decontamination temperature (95°C), the prefilmed
coupons were investigated after three decontamination cycles from the viewpoints of intrusion
into the crevice and a localized corrosion. Besides this inspection, the decontaminated
creviced-coupons were immersed in high temperature water (288°C). Then the surface of the
coupons were inspected by Scanning Electron Microscope (SEM) and Electron Spectroscopy for
Chemical Analysis (ESCA). The results of these corrosion tests indicated that the
decontamination solution could not intrude deeply into the narrow gap, and a detrimental effect
was not observed on the creviced surfaces. The ESCA analysis showed no difference of carbon
and manganese elements density on the surface between the with-decon and the without-decon
coupons. This proved that no residual decontamination chemicals remained on the surface.

TABLE I. MATERIAL TO BE TESTED

General Corrosion Test and Crevice Corrosion

Type 304 stainless steel and its weld metal, CF8M, 63OSS (17-4PH),
Alloy600, Alloy 182, Alloy82, Alloy X-750,
Colmonoy, Stellite,

- Low alloy steel and Carbon steel.

Stress Corrosion Cracking (SCC)

Type 304 ss (0.08 % C) weld joint, 630SS (17-4PH), CF8M,
Alloy600/Alloy82 weld joint
Alloy600/Alloyl82 weld joint, Alloy X-750

TABLE II. CORROSION TESTING

To investigate Corrosion Behavior in 95°C CORD Solution Environment
- General Corrosion Test
- Crevice Corrosion Test

To Investigate Corrosion and SCC Behavior in 288°C Water after CORD Application
Crevice Corrosion Test,
Slow Strain Rate Test (SSRT),
Crevice Vent Beam Test (CBB Test)

- Crack Growth Rate Test by using CT and WOL specimens (CGR Test)
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A slow strain rate test (SSRT) was conducted in 288 °C water containing less than
20 ppm dissolved oxygen in order to confirm IGSCC susceptibility of Type 304 stainless
steel. A cylindrical tensile specimen with diameter of 6.0 mm and gage length of 20 mm
was machined from the Type 304 stainless steel weld joint. The strain rate was
4 x lO^s"1. The comparative tendency toward IGSCC was expressed by the ratio of
IGSCC area to that of whole fracture surface. No substantial difference of the
comparative tendencies between the coupons with and without decontamination was
observed. The result of SSRT indicated that there was no harmful effect on IGSCC
susceptibility of Type 304 stainless steel weld joint.

The influence of the CORD solution on the integrity of the structural materials
was evaluated by investigating the SCC growth behavior in 288 °C water. The two
Alloy 182 CT specimens with 5% side grooves on each side surface were heat-treated at
61 °C for 10 hours which was simulated PWHT (Post-Welded Heat Treatment) condition.
Both specimens were fatigue-precracked in air. One specimen was subjected to the three
cycles of CORD process. These specimens were installed in an autoclave with an
electrical hydraulic machine in a circulating loop. The crack growth test was carried out
under actively loaded condition in 288 °C water containing less than 20 ppm O2. The
specimens were loaded at an initial K value of 30Mpa m under constant load condition
accompanied with periodical unloading of R=0.7, f=0.01Hz every 10,000 seconds. The
crack length was monitored by means of reversing d.c. potential drop method (PDM).

Based on the actual crack lengths observed on the specimen fracture surfaces, the
crack lengths measured by PDM were corrected and crack growth rates were calculated
from the slopes of crack length versus time curve by the least squares method. The crack
grew monotonically with time during the test period for both specimens. There is no
significant difference in crack growth rate of both specimens. Therefore, it is concluded
that no adverse effect of decontamination by the CORD process was observed on the
SCC growth behavior of Alloyl82 exposed to a BWR reactor water environment.

As a result of the above-mentioned investigations, it has been verified that the
CORD process has no detrimental effects on the integrity of the materials coming in
contact with the decontamination solutions, as summarized in Table III.

2.2. Application of decontamination

According to the developed sequence of the core internal replacement project, the
FSD was first performed before starting work inside the RPV. Then, the existing reactor

TABLE III. SUMMARY OF MATERIAL COMPATIBILITY TEST RESULT

Material

Type 304 ss, CF8M
630SS(17-4PH)
Alloy600, Alloy 182, Alloy82,

Colmonoy
Stellite
Low alloy steel, Carbon steel

Alloy X-750

and C-Steel casting

Results

No detrimental effects
were observed
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core internals were cut and removed from the RPV top, and the in-vessel shielding was
installed. After establishing the necessary environment in air, the workers entered into
the RPV to restore the reactor core internals.

2.2.1. Chemical decontamination

2.2.1.1. Scope of decontamination and the decontamination system

The scope of the FSD involved the RPV including the core shroud, the jet pumps, the
core plate, the top guide, the core spray sparger, the feed water sparger as well as the two
reactor recirculation loops, as shown in Figure 2. Prior to decontamination, the reactor
internals such as the dryer, the separator, the fuel assemblies, the control rods and the
control rod guide tubes were taken out from the reactor vessel according to the routine
procedure. The systems such as the residual heat removal system (RHR), the reactor
water clean-up system (RWCU), the core spray line (CS), the feed water line (FW),
which are directly connected to the RPV, were isolated by closing the isolation valves
and/or the mechanical plugs. The total area to be decontaminated was 1150 m2, and the
volume 360 mJ.

A forced circulation of the decontamination solution in the RPV is necessary in
order to sufficiently dissolve the crud. Therefore the RRS pumps were operated for the
forced circulation of the reactor water. A part of decontamination solution was extracted
from the CRD housings / ICM housings in the RPV bottom, and was injected to the RPV
wall through the temporary spray ring, which was installed between the RPV and the
RPV head. Fig. 3 shows the outline of decontamination loop.

The spray ring served to contact the upper wall of the RPV with decontamination
solution. By this the solution volume was reduced, resulting in a volume reduction of
waste. The decontamination equipment, including the spray ring, consisted of pumps,
ultraviolet (UV) skid, ion exchange resin skid, electric heater, cooler, etc. The ion
exchange resin columns were designed to be covered by the lead shielding to reduce the
radiation dose rate less than 2 mSv/h on the surface and less than 0.1 mSv/h at 1 m
distance from the surface.

2.2.1.2. Actual decontamination schedule

The system to be decontaminated was filled with demineralized water and heated
to around 95 °C. The heat sources to raise and maintain the temperature of 95°C were
two 600 kW external heaters and the joule energy of the RRS pumps. The
decontamination chemicals were injected according to the specified concentration after
heating to 90-95 °C. Then according to the CORD procedural sequence, the additional
chemicals were injected into the system without intermediate rinse or change of water.
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FIG.2. Scope of FULL system decontamination at 1F-3.
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FIG. 3. 1F-3 Full system decontamination flow.

The FSD was performed with three decontamination cycles, according to the
preceding investigations. After the decontamination, all the isolated pipes and the small
instrument piping were back-flushed into the RPV by make-up water. Furthermore the
water was purified by mixed bed resin columns, and the absence of residual chemicals
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was confirmed. Three decontamination cycles and the final purification were performed
in 168 hours at unit 3 and in 179 h at unit 2 nearly as planned. It was proved that even
extensive decontamination can be completed in a week.

2.2.1.3. Dose rate for chemical decontamination

The total radiation exposure for FSD was 0.2 man-Sv for each unit, one third (1/3)
of which was due to the decontamination operation and two third (2/3) was due to the
preparation and restoration work. The dose rate was kept low during the decontamination,
since the dissolved radioactivity was removed by the resin beds and the decontamination
solution was regenerated, the dose rate was maintained low.

" to *

2.2.1.4. Waste generation

The volume of necessary ion exchange resins was estimated by preliminary
evaluation of the crud inventory. Four resin columns were located on the first floor of the
reactor building. One or two columns were used during the decontamination and the
other columns were stand-by. Cation exchange resin columns were in operation during
the decontamination cycles in order to remove activity and metal ions dissolved in the
decontamination solution. Finally the mixed resin columns removed residual small
amounts of impurities to meet the requirements for water polishing. Used resin was
discharged as slurry to a spent resin tank after each decontamination cycle, then new-
resin was filled in.

The nine batches resulted in 5.4 m3 of resin waste generated at unit 3, and the 7
batches (4.2 m3) at unit 2. This resin volume was in accordance with the calculated
numbers based on the crud inventory and consumed permanganic acid. This is an
extremely small volume in comparison with the decontamination solution volume of
360 m3.

2.2.2. Mechanical cleaning

2.2.1.1. Mechanical cleaning procedure

The reactor internals being replaced were cut out from RPV after the FSD. The
residual insoluble crud and some radioactive cutting particles remaining had to be
removed to improve the working conditions in the RPV. Normal cleaning methods such
as brushing, suction and water jet were extensively applied for the removal of these
active solids from all the inner surfaces of the RPV, especially from the horizontal parts
like bottom and baffle plate where the insoluble solids had settled. After the CORD
decontamination the residual crud is loose and easy to be cleaned. To clean effectively
every part of inner area, some special devices were constructed to fit to the complicated
shape, as shown in Figs. 4 and 5.
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FIG.4. Water jet cleaning device. Nozzle rotation method. Air- motor driven.

FIG. 5. High -pressure jet cleaning device nozzle rotation method: Water - driven.

Such mechanical cleanings were carried out twice or more to all the inner parts of
the RPV. The main cleaning procedures are shown bellow and illustrated in FIG.6.

(a) Suction cleaning under water (reactor well, RPV wall, bottom & baffle plate)
(b) Brush cleaning (reactor well, RPV wall & bottom)
(c) Water drain & cleaning (reactor well)
(d) Reactor water drain
(e) Water jet lancing in the air (RPV wall, bottom & baffle plate)
(f) In-vessel shielding set-up under water
(g) High-pressure water jet lancing in air (RPV bottom)
(h) Final rinsing (RPV bottom & baffle plate)
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2.3. Decontamination result

2.3.1. Chemical decontamination results

2.3.1.1. Activity and metal removal

Radioactivity and metal concentrations in the decontamination solution were
measured every hour at the inlet and the outlet of ion exchange columns. The evaluation
of measurements led to the total release rates from the contaminated surface. The total
removed activity was approximately 10 TBq at unit 3, as shown in Fig. 7. The ratios of
activity removal in the decontamination cycles were 90% in the 1st cycle, 8% in the 2nd

cycle and 2% in the 3 rd cycle. The dominant nuclide of the removed activity was 60Co,
followed by 34Mn, 58Co, 51Cr, 39Fe and 6DZn. The removed oxide was 72 kg as metal at
unit 3, 71% in cycle 1, 19% in cycle 2 and 10% in cycle 3, as shown in Fig. 8. The
elemental distribution was 91% of Fe, 7% of Ni and 2% of Cr. The other metals were less
than 1%.

From metal composition the removed crud almost was the iron oxide, which was
easily dissolved by decontamination chemicals. After the first cycle, more than 90% of
radioactivity was dissolved from the contaminated surface. And it was confirmed that
almost the radioactivity was dissolved and removed by the three decontamination cycles.
Therefore, it was confirmed from the result, that three decontamination cycles were
sufficient for the FSD.

Suction Cleaning Water Drain Water Jet
(underwater) & Cleaning Cleaning

Brush Cleaning i Reactor Water

High Pressure Jet

RPV Wall Shield
Set up

Cleaning Final Rinsing

FIG. 6. Sequence of the mechanical cleaning at 1F-3.
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1st cycle 2nd cycle 3rd cycle

FIG. 7. IF-3 full system decontamination release of activity.

1st cycle 2nd cycle 3rd cycle

FIG. 8. IF-3 full system decontamination release of metals.

In the case of the unit 2 (1F-2) FSD, 10 TBq of radioactivity and 63 kg of crud as
metal was dissolved and removed during the three decontamination cycles. About 90 %
of radioactivity also was removed in the first cycle, almost all metal oxide was dissolved
in the three decontamination cycles. Unit 2 (1F-2) was operated under the Hydrogen
Water Chemistry (HWC) condition for approximately one year a little longer than at unit
3 (1F-3) . However no negative effect by HWC was observed on the decontamination
efficiency.
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2.3.1.2. Dose rate reduction

The dose rate in the RPV was continuously monitored by three high temperature
scintillation counters installed at the top of three CRD housings, arranged from the center
to the RPV wall. The dose rate sensors indicated under water 2 to 8 mSv/h before the
decontamination, and 0.1 mSv/h after decontamination. Figure 9 illustrates the locations
of the sensors and the measurement results of unit 3 (1F-3) before and after the
decontamination. The average decontamination factor (DF) at the vessel bottom was 43.
This DF was higher than the target value of 20 and confirmed the completion of the FSD
after three decontamination cycles.

Additionally the contact dose rate on the reactor recirculation system was
measured at 20 locations by an ion chamber monitor (ICM) at the end of each cycle. For
the recirculation piping the dosimeter indicated 0.9 - 2.8 mSv/h (average 1.6 mSv/h)
before the decontamination, and 0.02 - 0.13 mSv/h (average 0.06 mSv/h) after the
decontamination, as shown in Fig. 10. The average DF of 46 for the outer surface of the
recirculation piping was more than the target of 20. The y-scan by Ge detector with
tungsten collimator and multi-channel pulse height analyzer on the adhered inner surface
of recirculation piping led to a DF of 72, as summarized in Fig. 11. Consequently the
remarkable dose rate reduction in the dry-well by a factor of 5 was also achieved as well
as in the RPV.

At unit 2 (1F-2) by the three cycles decontamination, the decontamination factor
reached DF 108 at the RPV bottom and DF 68 for the reactor recirculation system.

Dose rate under water (mSv/h)
0 2 4 8 10

eripheral
(A)

Middle
(B)

Center
(C)

Average DF:43
(Target DF:20)

Before Decon.
After Decon.

Radiation monitors are installed
at the three CRD housings (A, B, C)

FIG. 9. 1F-3 full system decontamination. Dose rate at the RPV bottom.
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2.3.2. Cleaning effect

After all the mechanical cleaning, the dose rate of RPV bottom was measured by
the underwater dose rate measuring devices. The result is shown in Fig. 12. The RPV
bottom dose rate, 0.1 mSv/h, after the FSD decreased to 0.03 mSv/h under the water
together with shielding, the resulting total DF was 160. After draining the rector water,
the dose rate in the air was 0.2 mSv/h, low enough for human access inside the RPV.

2.3.3. Dose saving

The dose reduction was estimated for the entire shroud and core internals
replacement project. In this estimation the effect by the in-vessel shielding and the
mechanical cleaning was subtracted. The dose rate savings by the FSD were 70 and 140
man*Sv respectively at 1F-3 and 1F-2.
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3. SUMMARY

- The Full System Decontamination by the CORD UV process resulted in the
removal of 10 TBq of activity and 60-70 kg of metal oxides respectively at 1F-3
and 1F-2.

- The average decontamination factors are 43-106 at the RPV bottom and 46-68at the
RRS.

- After the FSD the underwater dose rate of RPV bottom was 0.11 mSv/h.
- The waste generated was only 4.2-5 A m3 of ion exchange resins in each full system

decontamination.
- A combination of mechanical cleaning methods was very effective to remove

residues and other insoluble solids after the FSD,
After mechanical cleaning the underwater dose rate at the RPV bottom was 0.03
mSv/h.

- The average dose rate in air at the RPV bottom was finally reduced to less than 0.2
mSv/h after mechanical cleaning and in-vessel shielding.

- As result a dry condition inside the RPV was realized, and the preventive
maintenance work was successfully performed.

- The dose rate saved by the FSD in the core shroud replacement project was
calculated to be 70 and 140 man *Sv respectively at 1F-3 and 1F-2.

After
Mech.
Cleaning

Radiatiofl
Monitor

Dose Rate Reduction by the
Decontaminations at the RPV bottom

Dose Rate In
the Air

Dose Rate in the Air
aft£iLDeamlaminalum

and Shielding

0.2 mSv/h

at the RPV

FIG. 12. IF-3 full system decontamination and mechanical cleaning
dose rate at the RPV bottom.

4. CLOSURE

The Full System Decontamination by the CORD UV process has attained a
remarkable reduction of dose rate first at 1F-3. It took three years of planning, studies,
and evaluation. In the 1F-2 FSD, the same result was obtained also by the CORD UV
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process as at 1F-3. Similar projects are now planned at several nuclear plants in Japan.
Decontamination is an essential technology to facilitate successful replacement of the
reactor internals. Authors hope this experience will be useful for the successful
performance of the projects.
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