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Abstract

The large-scale decontamination of FBR sodium loops is a novel task, as only a limited number of
laboratory-scale results are available to date. The principal objective of this work is to develop a suitable
decontamination procedure for application to the primary loops of the RAPSODIE fast breeder reactor as part of
decommissioning to Stage 2. After disconnecting the piping from the main vessel, the pipes were treated by
circulating chemical solutions and the vessels by spraying. The dose rate in the areas to be dismantled was
divided by ten. A decontamination factor of about 300 was obtained, and should allow austenitic steel parts to
be melted in special furnaces for unrestricted release.

1. INTRODUCTION

1.1. The RAPSODIE Reactor

RAPSODIE was an experimental liquid sodium-cooled fast breeder reactor using mixed uranium
and plutonium oxide fliel elements, located at the Cadarache Nuclear Research Center.

The reactor diverged on January 28, 1967, reaching the nominal 20 MW thermal power rating on
March 17 of that year. The core and loops were modified in 1970 to increase the thermal power level to
40 MW with a peak instantaneous neutron flux of 3.2 x 1015 n-cm'V. RAPSODIE was operated under
these conditions until 1978 with a load factor of about 55%, then at reduced power (22.4 MWth) until
the final shutdown in April 1983.

Decommissioning operations began in 1987. All traces of residual sodium were eliminated by
preliminary cleaning and water rinsing after isolation of the main vessel.

1.2. Why Decontaminate the Primary System before Dismantling?

The decision to proceed with in situ decontamination of the RAPSODIE primary cooling system
was based on three principal considerations:

1.2.1. Minimum Radiation Hazard to Dismantling Personnel

Before the operation the mean dose rate in the cells containing the primary system was
5 x 10"5 Gy. Dismantling without prior decontamination would require 10 months of work by 5 persons
including 2 waste conditioning specialists. The integrated dose was estimated at:

1 (conversion factor) * (5 * 10"5) * 5 * 100 (hours/month) * 10 = 25 * 10~2 man-Sv

The decontamination work should leave only a few localized irradiating deposits whose harmful
effects can easily be limited. The overall integrated dose should thus be limited to a maximum of 10"2

man-Sv by shortening the work period and reducing the contamination level by a factor of 300.



1.2.2. Simplified Working Conditions

Prior decontamination will simplify the dismantling work easier by making some operations
unnecessary:
• packaging each cutup part in vinyl (saving time and limiting the vinyl waste volume)
• installing and dismantling local containment provisions as the dismantling operation progresses
• using only reciprocating saws (raster and more specialized cutting tools can be now be used for each

step in the dismantling procedure)
• wearing uncomfortable vinyl protective clothing (only cloth garments will be required).

1.2.3. Sodium Deposit Washing Provisions

Decontamination is carried out after washing the residual sodium deposits from the system. The
safety equipment required for sodium washing can therefore be reutilized at lower cost for
decontamination.

2. CHARACTERIZATION OF THE PRIMARY SYSTEM

The reactor core was cooled by two identical systems, each comprising a primary sodium circuit
(Figure 1) from which thermal power was transferred to a secondary sodium circuit through an
intermediate sodium-sodium heat exchanger by means of a primary pump. The system lines were
enclosed in concrete cells inside a double containment barrier. The principal geometric specifications
were the following:

Figure 1. Cutaway view of RAPSODIE primary systems



North or South System (identical)

• core to heat exchanger: 300 mm I.D./314 mm O.D. x ~ 16 m long (part of this line will not be
decontaminated)

• heat exchanger to pump: 300 mm I.D./314 mm O.D. x ~ 8.5 m long
• pump to Y manifold: 200 mm I.D./208 mm O.D. x ~ 18 m long
• heat exchanger vessel dimensions: 884 mm dia * ~ 5.2 m high
• pump vessel dimensions: 850 mm dia x ~ 4.5 m high

The intermediate heat exchangers and primary pumps were removed from their containment
vessels and decontaminated separately.

Sodium Levels

Under nominal operating conditions the sodium surface was situated at the -5000 mm level in the
pump and heat exchanger vessels (level 0 corresponded to the reactor slab supporting the rotating
plugs). The volume distribution in the two vessels is indicated in Table I.

Table I. Vessel volume

Volume

Cover gas volume
Sodium volume
Total volume

Pump

14001
11001
2500 1

Heat Exchanger

14001
11001
33001

The sodium level in the overflow tank (R 301) ranged from -7660 to -6300 mm, resulting in the
following volume distribution range (Table II):

Table II. Total volume

Volume

Sodium volume
Cover gas volume
Mean total volume

Pump

63001
6001

Heat Exchanger

94001
37001

10000 1

During reactor operation the sodium temperature in the systems was 400°C in the cold leg, and
500°C in the hot leg. The pipes were manufactured from AISI 316 (AFNOR Z6 CND 17/13) steel.

Reservoir R300, a 40 m3 vessel at the bottom of the facility, will be used systematically to
introduce fluids prior to decontamination and to remove them afterward to the liquid waste treatment
station.

2.1. Estimated Contamination

Table III indicates the analysis results for samples taken from an intermediate heat exchanger and
from a primary sodium pump to determine typical waste spectra:



Table III. Sample analysis results(in %)

Nuclide

3H
54Mn
^Co
63Ni
90Sr

UACs
137Cs

Cover gas

—
2%
1%
—
—
1%

96%

400°C sodium

2%
40%

4%
25%

9%
—

20%

500° sodium

—
24%

6%
15%
2%
1%

52%

A conservative estimate placed the mean contamination level at 5500 Bq-cm"2, i.e. for a surface
area of 164 m2 a total activity of 9.25 x 109 Bq (0.25 Ci).

3. SELECTING AND TESTING T H E P R O C E S S IN A P I L O T L O O P ( G R O L A B O )

In view of the complex primary cooling system geometry and the advantages of decontaminating
the system before dismantling, it was considered preferable to circulate reagents in the system pipes and
spray the interior of system vessels. The reagents were selected after tests conducted on actual
specimens from the intermediate heat exchanger or primary pump removed from their containment
shells, or on pipe sections available after isolating the main vessel from the remainder of the system
(cf. § 4). After steam-cleaning the residual sodium, the specimens were highly rusted. One of the first
reagents to provide satisfactory results was a mixture of nitric acid and sulfuric acid at 85°C: the results
are shown in Figure 2. Prior alkaline washing was found necessary to remove greasy deposits that easily
retain 137Cs.
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Figure 2. Sulfuric-nitric acid decontamination results
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In order to improve the decontamination effectiveness and to compensate for the temperature drop
to 60°C as required by the supervising engineer, the aggressiveness of the reagent was enhanced by
adding cerium(rv) in sulfate form. This reagent is sufficiently oxidizing (redox potential Eh = 1.610 V)
to oxidize iron, chromium and nickel in austenitic steels, and presents several additional advantages:
• it is soluble enough not to precipitated cerium(IH) on the surface to be decontaminated,
• it allows the metal erosion rate to be controlled by using metered doses at selected cerium(rv)

concentrations,
• it results in intergranular corrosion, which is not detrimental to dismantling operations and which

should lead to greater decontamination effectiveness.

Erosion tests with AISI 316L steel in the GROLABO loop indicated erosion rates of between 0.18
and 0.25 urn-h"1 with an initial Ce(rv) concentration of 0-2 x 10'2 moM"1 and feed rates of 4-5 x 10"2

mol-rV.

A comparison of the residual activity on specimens measuring from 625 to 1250 cm2 from the
South intermediate heat exchanger and from the primary sodium inlet and outlet lines (Figure 3)
revealed the following points:
• Except for the cold side of the intermediate heat exchanger, the results were significantly better with

Ceflv) at 60°C.
• The cold side of the intermediate heat exchanger and the primary sodium outlet were more difficult

to decontaminate: the higher residual activity due to ^Co rarely exceeded 10 Bq-cm"2.
• In all the tests where the redox potential was regulated to 1300 mV/Ag-Agd, the erosion rates on

specimens from the primary system were close to 0.2 (im-h'1.
• About 4 mol-m"2 of cerium(IV) were required to obtain residual activity levels on the order of

10 Bq-cm"2 after 24 hours.
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Figure 3. Results of sulfuric-nitric acid decontamination with cerium(rv) in GROLABO facility
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4. MODIFICATION OF RAPSODIE SYSTEMS FOR DECONTAMINATION

The modification work included two principal tasks:
• Separating the North and South primary loops from the reactor vessel
• Modifying the cooling loops and installing spray nozzles in the upper portion of the reservoirs,

pumps and heat exchangers.

4.1. Isolation of the Reactor Vessel

These operations were carried out for sodium washing:
• Cutting the sodium inlet and outlet pipes and clad failure detection lines
• Isolating the overflow tank from the reactor vessel
• Isolating the sodium purification rack

4.2. System Modifications

These modifications were also performed prior to alcohol rinsing. The reactor vessel sodium inlet
and outlet pipes in the South loop were interconnected by a pipe fitted with two valves, and connected to
the decontamination loop, the off-gas discharge system and the nitrogen scavenging system via
additional valves. Similar connections were also provided for the North loop inlet and outlet pipes.

The drain line was connected across a valve to the inlet orifice of a new pump PPal 463 in order
to allow for agitation and removal of the decontaminating fluids outside the reactor building. The pump
flow rates and the division into three loops were designed to reach Reynolds numbers of at least 3000
(even for trickling flows in the vessels) without exceeding a flow velocity of 2 nrs"1 to avoid high
pressure drops. The three loops were: R301, the overflow reservoir (36 m2 surface area); the South loop
(pump, heat exchanger, pipes: 58 m2); and the North loop (pump, heat exchanger, pipes: 70 m2). Five
4JI spray nozzles with shutoff valves were installed in each vessel and connected to the discharge line
from a new pump PPal 481.

4.3. Additional Equipment Installed

The following equipment was installed for decontamination purposes:
• a feed station for chemical reagents delivered by industrial suppliers.
• a demineralized water feed system.
• nitrogen supply and off-gas removal systems: the reactor lines were continuously scavenged by

nitrogen; the off-gases were collected and discharged to atmosphere after dilution in the ventilation
air after aerosol trapping in a demister-cooler and after HEPA filtration. Atmospheric release of off-
gases was to be interrupted if the activity level exceeded a setpoint threshold or if the hydrogen
content exceeded 1% in the containment cell exhaust duct, but this eventuality never occurred.

• an on-line measurement cell (pH, redox potential, sampling, radioactivity levels).
• a station for collecting liquid wastes before transfer to the Cadarache waste treatment facility; the

liquid waste was transferred to the tank trucks directly by suction without pretreatment.
• a local control room where data from the work site was centralized and decontamination operations

were controlled and monitored.

5. SETTING UP OPERATING PROCEDURES

The decontamination process was broken down into basic procedures. The complexity of the
system piping and the steps required for treatment with different products required a total of 150
instruction sheets. Rather than preparing them by hand, we designed a computer-aided expert system to
handle worksheet creation, management and execution. The system was used by operators from the
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local control room in the controlled access zone of the RAPSODIE reactor building containing the
operation control racks.

The system was used in two different modes: assistance during initial operator training and
assistance in carrying out the assigned task procedures. It was not connected to the process, but was
available to the operators and covered the following points:
reactor system: equipment items; system architecture & shutoff provisions; instrumentation
procedures: initial conditions; operational constraints; failure modes and emergency procedures;
shutdown criteria; control

For each procedure it provided operator assistance during three phases: preparation of the reactor
cooling system, fluid flow monitoring, and interpretation of results. For each phase, detection aids,
interpretation aids and troubleshooting aids had to be available. In case of failure, instructions were
provided for restoring the facility to safe conditions to help reduce operator stress during the procedure.

The expert system printed out a data sheet specifying:
• valves to be actuated
• chemical reagent preparation
• motor setpoint variations
• initial status of the reactor cooling system.

A worksheet such as the example in Figure 4 is printed out by the system when sensor
measurement values are to be recorded: the operator records the values on the sheet, then enters them
into the computer.

Sheet Fl: Filling Sodium Reservoir RENA300-4M3-ED
Date: Time: 8:22
Operator's name:

List of sensors to be noted:

DAL504
PGZ861
NAL525
NAL522
NAL523
NAL524
NAL526
AH842
AH847

m3/h
mbar
%
%
%
%
/ 0

%

Figure 4. Typical data recording worksheet

Similarly, the following printout (Figure 5) is carried by the operator as he performs the specified
tasks at the locations indicated.
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Sheet: Draining RENA301 into RENA300
Operator's name: TESTA
Operations on valves at beginning of procedure
Date: 10/1/1989 Time: 12:47

Valve(s)

VNA356
NNAL460

Valve(s)

VNAL462
DTAL482
VNAL480

Open these valves:

Location

2.81 North
10.5 South Zone C

Close these valves:

Location

14 South
2.81 South
2.81 South

Figure 5. Typical task sequence

The next example (Figure 6) is a data entry screen displayed as the operator keys in recorded
values. A menu bar across the top of the screen provides access to related functions.

RECALL RECORD QUIT i

F9 Data Entries
Cell pH
Redox
RELR636
DAL502

TLR639
DLR637

DAL504

NAL524

AH487
AH482
Nitrogen flow

PGZ861

6:55
units
mV
c/s
m3/h

degrees
1/h

m3/h

%

%
%
m3/h
mbar

Value

SETPOINTS

18:55
12.93

0
50239

8

55
300
3.7

41.9

0
0
0

7.6

ALARMS

19:25
12.93

0
50177

8

55

300
3.7

41.9

0
0
0

7.6

7.6 recorded for PGZ861:

GAS_SYSTEM SAFE_

19:55
12.93

0
50177

8
55
300
3.7

41.9

0
0
0

7.6

20:55
12.93

51062
8

55

300
3.7

41.9

0
0
0

7.6

refer to alarm A-CAPA

.EXIT

22:25
12.93

51352
8

55

300

3.7

41.9

0
0
0

7.6

23:55
12.93

52101
8.5

55
300

3.7

41.9

0
0
0

7.6

Figure 6. Typical data entry display

The bottom line in this display alerts the operator that the valu for PGZ861 is anomalous, and
cautions him to consult the relevant alarm screen. A typical alarm screen is shown in Figure 7.

8
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Alarm: Abnormal radioactivity
[YES]

Proceed as follows:
[NO]

Incident: Abnormal radioactivity levels:
137Cs in gaseous waste stream or faulty measurement

Consequences: Contamination hazard
Detection: Refer to CP151 (e)
Automatic Response: Refer to CP 151

(the following valves are open:
CQar372, CQar461, CQarK15, CQarK16)

Manual response: Refer to CP 151
Stop the injection
Close VNar340
Reduce the waste gas flow rate by increasing
the pressure regulation setpoint
If necessary, adjust manually using VNar342
Drain the system lines if necessary

[YES] Return to data entry screen? [NO]

Figure 7. Typical alarm display

6. ALKALINE WASHING

Alkaline washing began on February 6 and was completed without incident on February 21,
1989. The planned operating procedure was implemented.

Each operation began by heating demineralized water to 60-70°C in Re301, then circulating the
hot water through the selected loop while adding sodium hydroxide. Circulation and spraying were
maintained for the required time, and the operating parameters (fluid levels, reagent temperature,
radioactivity and pH) were monitored from the adjacent measurement cell. At the end of the operation,
the liquid was drained by gravity flow into Re300.

Alkaline washing was conducted in three steps:
• washing of Re301, then the South loop, and removal of the liquid waste.
• rinsing of Re301 and the South loop, then washing of the North loop and liquid waste removal.
• rinsing of the "North loop and liquid waste removal.

6.1. Available Measurement Data

• 20 spectrometric analyses (limited here to 137Cs, which was largely predominant) of samples taken
during the operation, including samples of liquid wastes sent to the effluent treatment station;

• online spectrometer recordings taken at 30-minute intervals: Figure 8 shows results for 137Cs in c-s"1

calibrated on the basis of prior measurement data (3.75-3.8 * I07 Bq for 1 c-s"1);
• volume recordings for the water, reagents and liquid waste tanks, corroborated by tank level

measurements during the treatment;
• contact dose rates for all the samples.
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Figure 8. Spectrometer readings during loop decontamination
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6.2. Decontamination Results

The decontamination effectiveness was estimated for each step in the process by online
spectrometer readings which varied for both loops as shown in Figure 8.

Preliminary water circulation (cf. § 2)
remainder from preceding alcohol rinse:

Alkaline washing:

Alkaline washing of North loop:

5.29 x 1010Bq(1.43Ci)

REna301: approx. 1.40 x 109 Bq (0.038 Ci)
South loop: 2.89 x 109 Bq (0.078 Ci)

TOTAL: 4.29 x 109 Bq (0.116 Ci)

1.49 x 109Bq (0.040 Ci)
TOTAL: 5.77 x 109 Bq (0.156 Ci)

A total of 2.02 Ci were removed from REna300 itself while the water was preheated to 60°C and
while liquid waste was circulated prior to removal.

7. DECONTAMINATION BY SULFURIC-NITRIC ACID SOLUTION WITH Ce(IV)

7.1. R301 Loop

Three thousand two hundred liters of demineralized water preheated to 60°C in R300 were
transferred to loop R301 and circulated. After 700 1 of nitric acid had been injected into the loop, both
circulation pumps seized. The acid-water solution was drained into R300 for removal: it contained
320 mg-r1 of iron and 670 mCi, 10% of which could be attributed to loop R301.

Two months later, after replacing the bearings in both pumps, 3450 1 of demineralized water
preheated to 60°C were circulated in loop R301; 750 1 of nitric acid and 560 1 of sulfuric acid were
added to the circulating water. Over a 54-hour period, a total of 240 1 (4.5 mol-m"2) of Ce(IV) were

10



added. The effluent contained 330 mg-1'1 of iron and 152 mCi, including 18 mCi attributable to resumed
decontamination of R301.

Figure 5 shows the close correlation between the Ce(IV) additive and dissolved Fe versus time.
The total material thickness removed by the two successive operations was estimated at 12.8 um.

27,3 28,7 30,2 33,7 36,7 42,7 45,3 46,7 48,7 49,7 50,7 54,2
Time (Hours)

Figure 9. R301 decontamination: correlation between added Ce and dissolved Fe

7.2. South Loop

Loop R301 was rinsed for 4 hours by directly injecting and circulating 3150 1 of demineralized
water. The water was then heated to 60°C in R300 and circulated in the South loop in the same way as
for decontaminating loop R301; 540 1 of Ce(rv) were added over a 70-hour period. The effluent
contained 692 mg-1"1 of Fe and 56 mCi, including 10 mCi from the South loop. The cobalt fraction was
relatively high (12.4% compared with 0.04% for the alkaline washing). The mean metal thickness
removed was 12 um.

7.3. North Loop

Two thousand eight hundred liters of demineralized water were injected directly into the South
loop and circulated for 19 hours (substantially longer than before because of the 4 subloops). The water
was then heated to 60°C in R300 and circulated to decontaminate the North loop; 640 1 of Ce(rv) were
added over a 72-hour period. The effluent contained 766 mg-1'1 of Fe and 51 mCi, including 12 mCi
from the North loop. The cobalt fraction was again relatively high (11%) and the mean metal thickness
removed was 10.3 um.

Figure 6 shows the increasing chromium fraction in the effluent after 17, 20 and 44 hours to
values exceeding the initial chromium content. Schematically, the nitric acid dissolved rust from the
surfaces of pipes depassivated by sodium circulation, while cerium(rv) dissolved the contamination
trapped between chromium-enriched grains.
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Figure 10. Cation (Fe, Ni, Cr) concentrations in liquid effluent

7.4. Phosphatation

The North loop was rinsed, then the surfaces washed in each loop were phosphated with a
trisodium phosphate solution (10'2 mol-1'1). This treatment not only neutralized the loops (final pH
10.3-11) but will also protect them against potential contamination seepage that would hinder
dismantling operations. The dose incurred by personnel throughout all these operations was 4.8
man-mSv.

8. DECONTAMINATION RESULTS

8.1. Decontamination Effectiveness

Pending final dismantling, when all the scrap metal will be submitted to residual radioactivity
measurements, five 25 cm2 specimens cut from the decontaminated pipes with a circular slitting saw
showed a residual contamination ranging from 1.7 to 12 Bq-g"1 due principally to ^Co. The high cobalt
values (4-6 Bq-g'1) were due mainly to activation by thermal neutrons in localized zones. The low
residual contamination values should allow the pipes to be melted down for reutilization and release: an
authorization has been applied for.

The dose rates were uniform throughout the facility, ranging from 1 to 15 LiGy-h"1 (with a mean
value of 5 fiGyh'1 for 60 measurement points), while the dose rate reduction factors ranged from 3 to
140 with a mean value of 10).
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The highest dose rates (15 uGy-h"1) were found in the main pipes of the North loop near their
shutoff plates: this probably indicates that these high areas were not immersed in the decontamination
fluid. They were also located very near the reactor vessel pipes.

Successive draining of the primary system decontamination solutions into reservoir R300 reduced
the dose rate in the reservoir by a factor of 10 to an average of 0.3 mGyh"1 although they remained
significantly higher than in the primary system itself. This was not the objective, however, as this vessel
will be reutilized for nuclear purposes.

8.2. Liquid Waste Production

A total of 46.5 m3 of effluents generated by the decontamination operations were transferred to
the Cadarache liquid waste treatment facility, where they were neutralized, concentrated by evaporation
and encapsulated in bitumen or cement. The dry extract attributable to the operation represented
2600 kg of encapsulated material containing 96% Cs, 2.6% 3H and 0.6% ^Co (Table III).

9. CONCLUSION

The RAPSODEE fast breeder reactor primary cooling system and related circuits (excluding the
main reactor vessel) representing 164 m2 were decontaminated after two effective working months with
an average metal removal depth of 12 urn. The procedure involved three steps: alkaline washing to
remove all the labile cesium, followed by acid decontamination with Ce(IV) to entrain the fixed
contamination including about 10% ^Co, and a final phosphatation step. The estimated initial
contamination level of 5500 Bq-cm'2 was reduced to less than 10 Bq-g"1, allowing dismantling operations
to proceed virtually without constraints, producing waste material suitable for release, and avoiding an
occupational dose estimated at 230 man-mSv. The decontamination operations generated 2600 kg of dry
extract encapsulated by the local effluent treatment station.
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