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Abstract

French gas-cooled reactors belonging to the Atomic Energy Commission (CEA), Electricity de
France (EDF), Hifrensa (Spain), etc., commissioned between the 1950s and 1970s, have generated
large quantities of graphite wastes, mainly in the form of spent fuel sleeves. Furthermore, some of
these reactors scheduled for dismantling in the near future (such as the G2 and G3 reactors at
Marcoule) have cores consisting of graphite blocks.

Consequently, a fraction of the contaminated graphite, amounting to 6000 t in France for
example, must be processed in the coming years. For this processing, incineration using a circulating
fluidized bed combustor has been selected as a possible solution and validated.

However, the first operation to be performed involves recovering this graphite waste, and
particularly, first of all, the spent fuel sleeves that were stored in silos during the years of reactor
operation.

Subsequent to the final shutdown of the Spanish gas-cooled reactor unit, Vandellos 1, the
operating utility Hifrensa awarded contracts to a Framatome Iberica SA/ENSA consortium for
removing, sorting, and prepackaging of the waste stored in three silos on the Vandellos site,
essentially graphite sleeves.

On the other hand, a program to validate the Framatome fluidized bed incineration process was
carried out using a prototype incinerator installed at Le Creusot, France. The validation program
included 22 twelve-hour tests and one 120-hour test. Particular attention was paid to the safety aspects
of this project. During the performance of the validation program, a preliminary safety assessment was
carried out.

An impact assessment was performed with the help of the French Institute for Protection and
Nuclear Safety, taking into account the preliminary spectra supplied by the CEA and EDF, and the
activities of the radionuclides susceptible of being released into the atmosphere during the incineration.

1. INTRODUCTION AND BACKGROUND

French gas-cooled reactors belonging to the Atomic Energy Commission (CEA), Electricity de
France (EDF), Hifrensa (Spain), etc., commissioned between the 1950s and 1970s, have generated
large quantities of graphite wastes, mainly in the form of spent fuel sleeves. Furthermore, some of
these reactors scheduled for dismantling in the near future, such as the G2 and G3 reactors at
Marcoule, have cores consisting of graphite blocks.

Consequently, a fraction of the contaminated graphite, amounting to 6000 t in France for
example, must be processed in the coming years. For this processing, incineration using a circulating
fluidized bed combustor has been selected and validated and is considered as a safe solution.

However, the first operation to be performed involves recovering this graphite waste, and
particularly, first of all, the spent fuel sleeves that were stored in silos during the years of reactor
operation. An estimate of the quantities is given in Table 1.
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2. CLEANING UP SPENT FUEL SLEEVE STORAGE SILOS - RECOVERY AND
PRELIMINARY PROCESSING OF SLEEVES

Subsequent to the final shutdown of the Spanish gas-cooled reactor unit, Vandellos 1, the
operating utility Hifrensa awarded contracts to a Framatome Iberica SA/ENSA consortium for
removing, sorting, and prepackaging of the waste stored in three silos on the Vandellos site,
essentially graphite sleeves.

FIGURE 1: VANDELLOS 1 UNIT

2.1 Type and quantity of waste to be processed

The silos have 1-meter thick concrete walls, and a cover slab with openings. They hold three
main types of waste:

graphite sleeves (approximately 200,000), including stainless steel seat wires,
compactible waste, equivalent to about 900 metallic, 200-L drums, and
various metallic wastes, including 492 absorbers.

FIGURE 2: GENERAL VIEWS OF SILOS
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2.2 Process implemented

The process that has been implemented aims for performance of the following sequence of
operations:

recovery of the waste from inside the silos, with preliminary sorting,
transfer of the waste to the processing unit,
processing of the graphite waste, with separation of the seat support wires from the graphite,
followed by drumming of the graphite inside metallic drums, and placing of the seat wires inside
shielded metallic containers,
processing of the compactible waste and drumming in metallic drums,
processing of the absorber and placing in shielded metallic containers,
final cleanup of the silos.

FIGURE 3: SILO AND MOBILE FACILITY

23 The facilities

These are in two separate parts:

a mobile facility, positioned over the silos and containing the waste recovery equipment,
a workshop located next to one of the silos, in which the waste sorting and prepackaging
operations take place.

2.3.1 Mobile enclosure

This consists of a metallic structure that can be moved from shaft to shaft by means of a
handling gantry situated over the silo cover slab. Inside the structure, and over two adjacent shafts,
a remote manipulator arm and a spent fuel shipping cask are placed in position. The arm is controlled
remotely using cameras and enables the operator, after selection of the waste to be removed, to deposit
the waste inside a basket maneuvered by the shipping cask winch. When the basket has been filled
with waste, it is winched up, inside the shipping cask. The radioactivity of the cask and basket is then
verified, after which both are transferred to the sorting and preliminary packaging workshop.
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FIGURE 4: FUEL ELEMENT AND GRAPHITE SLEEVE

' * * *r * -X

FIGURE 5: WASTE TRANSFER
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2.3.2 Prepackaging workshop

This is a concrete building with access areas, auxiliary services, a graphite waste processing line, and
a metallic and compactible waste processing line.

FIGURE 6 : OVERALL PROCESS
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2.3.3 Graphite waste processing line

Here, the graphite sleeves are crushed, the seat wires separated out, and graphite and wires
placed in different containers. This is done as follows:

the baskets containing the graphite sleeves from the silos are sent down into a "cell", and the
sleeves are placed on a feed belt, which tips them onto the shredder feed hopper. The shredder
reduces the graphite to pieces measuring a few millimeters and releases the seat wires. The
crushed graphite and seat wires are then taken by an endless screw elevator and a conveyor belt
to a high-intensity magnetic separator, which sorts out the stainless steel parts from the graphite.
The seat wires are tipped down an outlet cone to a shielded metallic container, while the
graphite is conveyed to a large metallic bin.

I l l
FIGURE 7 : GRAPHITE SLEEVE PROCESSING LINE
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2.3.4 Metallic and compactible waste processing line

The basket containing the compactible waste or the metallic waste (absorbers) are taken to the
sorting cell where, using the cell remote manipulator arm, the compactible waste is placed in metallic
drums. Similarly, the absorbers are placed in storage baskets, which are lowered into a shielded
metallic container under the cell base.

2.4 Waste containers

The graphite containers, as well as the absorber and seat wire shielded metallic containers, will
then be temporarily stored on site.

3. INCINERATION

3.1 Advantages of Incineration

Various solutions have been envisaged in France for processing the graphite recovered either
from reactor blocks or from interim waste storage silos:

Dumping at sea. This solution is mentioned for the record but can no longer be contemplated.

Surface storage in a concrete matrix. The drawback in this case is that the amount of C14 would
saturate the radiological storage capacity of the Soulaines repository.

Storage deep underground. There is no site in existence in France.

Incineration produces a very large volume reduction combined with gradual and controlled
dilution of the emitters(H3 and C14) in the atmosphere (see section on impact assessment). The
final residue can then be stored on a surface site without difficulty.

3.2 Oxidation of Graphite by Oxygen in Air

Since nuclear graphite is not an ordinary fuel, a study (see reference [1]) has been made by the
Advanced Technologies Department of the CEA. Several characteristic results are given below.

For a particular size of graphite and air flow rate, the oxidation rate is given by the following
equation:

An-Aexp. (- )

where Ea is the activation energy in cal/mole, R is the gas constant, and T is the temperature in *K.

If the graph of log Rm = f(l/T) is plotted, the curve shown in Figure 8 is obtained.

Three characteristic regions can be seen.

1) At low temperatures, the graphite is oxidized under chemical conditions.
These are characterized by the fact that the reaction rate is lower the lower the rate of diffusion

of the gas inside the material pores. Under such conditions, the gas concentration is virtually uniform
throughout the sample and the reaction rate is identical at all points.

2) At higher temperatures, oxidation takes place under diffusion conditions.
When the temperature increases, the reaction rate increases much faster than the rate of diffusion
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of oxygen in the pores. This leads to a concentration gradient. Under such conditions, the reaction rate
at any point in the sample is a function of the distance of this point from the surface.

3) Above a certain temperature, the reaction rate is limited by the gas flow regime round the sample
and remains constant. In this case, we speak of mass transfer conditions.

Numerous calculations have been performed using experimental data from different
configurations and conditions, particularly in the diffusion range, to find out the rate of oxidation of
a plate, a sphere, a cylinder, etc.

This study was also designed to verify the influence of irradiation on the rate of oxidation by
using experimental results from the oxidation of an irradiated graphite element (see reference [2]). The
results of the calculations mentioned above have shown an excellent correlation with the experimental
results (see Figure 9). There is no reason, therefore, to fear a significant influence of irradiation on
the rate of oxidation of the graphite waste during incineration.

This same study also paid attention to the influence of the stored Wigner energy in the irradiated
graphite on the heat released by combustion and concluded that the latter should not rise by more than
6.1 %, which does not significantly affect operation of the fluidized bed incinerator.
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FIGURE 8 : GRAPHITE OXIDATION
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FIGURE 9 : CALCULATED CURVE - IRRADIATED GRAPHITE
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3.3 Principle and validation of the Framatome fluidized bed incinerator process

3.3.1 Principle and validation

Graphite blocks that make up the cores reactors on spent fuel sleeves are placed in a crushing
installation with hammer-type and cylindrical crushers. The objective is to achieve a final average
grain size of 1 mm, without too large a fraction of particles of less than 100 /xm size, so as to limit
the risks of dissemination.

In either case, the finely crushed graphite is then fed into a combustor of the dense or circulating
fluidized bed incinerator type, whose features include a high fluidization air flow rate and high
turbulence in the combustion region. The fluidized bed consists of powdered refractory material.
Solids are separated from the combustion jgases by a cyclone separator, and recycled via a
recirculation loop, which contains only non mechanical parts (see Figure 10).

PILOT PLANT FACILITYCRAMATOME FLUIDIZED

FIGURE 10 : FRAMATOME FLUIDIZED BED PILOT PLANT FACILITY

The combustion gases leaving the recirculation cyclone separator have a low concentration of
dust. This dust contains fly ash, fine refractory particles arising from slight wear of the fluidized bed,
as well as a small quantity of unburned graphite. Incineration of the graphite is completed in a post-
combustion chamber.

A program to validate this process was carried out using a prototype incinerator installed at Le
Creusot, France (see Figure 11 (photo)). The validation program included 22 twelve-hour tests and
one 120-hour test, and was constructed around four phases :

a) Search for the stable operating points,

b) Determining the sensitivity of the parameters and the limiting values,

c) Determining incinerator behavior during transients and incidents, and
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d) Simulating industrial operation (the 120-hour test).

The results were very satisfactory. Combustion is complete and perfectly controlled.

FIGURE 11 : GRAPHITE INCINERATOR LOCATED AT LE CREUSOT, FRANCE (photo)

3.3.2 Safety aspects

Particular attention was paid to the safety aspects of this project. The process itself presents
intrinsic safety characteristics, in the sense that it is a static process, with no moving mechanical parts,
and that the combustor can be maintained airtight and under negative relative barometric pressure.

The crushing station, is also located inside an enclosure kept under negative pressure, which is
swept by a large flow of air, filtered by means of HEP A filters.

The risk of a dust explosion was analyzed. This analysis showed that:

a) The graphite does not contain any volatile materials that would notably increase the risk of an
explosion in the suspended dust particles.

b) The proportion of fine particles of less than 75 urn size produced during the crushing operation is
small, and in view of the continuous ventilation maintained in the crushing room, the concentration
of these particles will remain extremely low.

c) It therefore is nearly impossible to obtain conditions under which there is a risk of explosion of the
dust particles. Inerting of the crushing room therefore does not seem to be necessary.

Additionally, during the performance of the validation program, a preliminary safety assessment
was carried out, including:

establishment of a list of precursor events that could lead to operating incidents,
establishment of a list of consecutive intermediate events,
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identification of the significant parameters,
definition of appropriate detection and alarm systems,
definition of safety systems, and
establishment of corresponding operating procedures.

Incidents were then simulated and the safety devices and procedures were tested on the
Le Creusot (France) pilot plant.

4. ULTIMATE WASTE

Three types of embedding materials were tested for the incineration ash:

cement
epoxy resin
mixed cement - epoxy resin matrix

Glass and ceramic matrices were also investigated, but not so thoroughly. Tests on stability,
mechanical strength, sensitivity to composition,.leaching, and irradiation were validated. On the basis
of the results obtained and the volume reduction (evaluated at 20), the mixed cement-resin matrix was
selected.

5. IMPACT OF GRAPHITE INCINERATION ON THE ENVIRONMENT

This impact assessment was performed by the French Institute for Protection and Nuclear Safety
(see reference [3]).

5.1 Hypotheses

The atmospheric concentration at ground level resulting from release at stack level depends on
the atmospheric transfer phenomena. The mean annual atmospheric transfer coefficient (ATC) depends
on stack height, here 100 m, wind speed, diffusion conditions and distance from the point of release.
The selected data correspond to the conditions in Marcoule (France).

Dose calculations are performed for a person working on the site (ATC = 1 . 2 10'7 s.m"3) and
for a member of the general public living near the site (ATC = 3.6 10"7 s.m'3). The results mentioned
in table 1 present only the most unfavourable situation.

In the case of aerosols, the efficiency of the filters is evaluated at 104. For the sake of prudence,
a factor of 103 is used for ruthenium and caesium. For gases (tritium, carbon, chlorine), filters are
considered to be inefficient.

For carbon (as CO2) and tritium (as tritiated water vapour), specific radioactivity conservation
in the biosphere has been considered. For chlorine and aerosols, the releases lead to a deposit on
vegetables and on the soil. The deposit on plants is submitted to biological and physical elimination,
computed as an exponential decrease.

Considering the ultimate waste (embedded ash), the concentration factor is about 200 (graphite
initial mass/residues mass). Therefore, the a emitters concentration level allow to study a shallow land
burial of these residues.

5.2 Exposure pathways

Three pathways are taken into account: inhalation of gas and aerosols, external exposure from
the deposit on the ground and in the case of members of general public, ingestion of contaminated
vegetables.
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Tritium release leads also to contamination by absorption of tritiated water vapour through
the skin.

TABLE 1 : INITIAL GRAPHITE RADIOACTIVITY AND ANNUAL DOSES DUE TO
INCINERATION PROCESS

H3
C14
CJ36
Mn54
C06O
W63
Zn65
=lu1O6
Ba133
Cs134
Cs137
Ca144
Eu154
Eu155
tot. alpha

TOTAL

Radioactive
half-life (a)

1.2 1O1

5.1 103

3.0 105

8.5 101

5.3 10°
1.0 1O2

6.7 1O1

1.0 10°
2.0 10°
3.0 101

1.0 101

5.0 10°
8.6 10°
5.0 10°

Mass concentration
radioactivity (Bq/g)

G3
1996

2.9 105

2.4 10 4

1.4 10 3

3.0 103

4.1 10 3

6.3 101

6.6 101

3.1 10 2

8.5 101

4.3 10°

EDF
1996

1.6 105

6.7 104

2.0 103

2.3 10°
6.7 104

2.8 10 4

8.6 10°
1.9 10'
1.7 102

9.9 102

3.1 102

1.2 101

6.4 102

4.0 102

3.3 101

Maximum annual <toa« (mSv/a)

Incineration G3
Atmosphere

release

4.3 10 ' 3

3.6 10 ' 2

1.6 10"3

2.8 10"5

1.2 10-7

5.9 10"8

1.9 10"6

9.9 10 ' 7

2.0 10"8

8.2 10"6

4.2 10"2

Residues
disposal

Maximum
dose

2.0 10"4

1.0 10'3

<10"1 0

<10"1 0

<10"1 0

<io-'°
<10"1 0

<10"1 0

<10"1 0

< i o - 1 0

<10"1 0

<10"1 0

< i o - 1 0

Incineration EOF
Atmosphere,

release

6.3 10"4

1.0 10"1

2.3 10*3

4.1 10"9

3.7 10"4

8.2 10"7

1.3 10"8

4.2 1O'7

1.610"7

4.8 10"5

8.8 10"6

2.3 10*8

2.1 W6

9.2 10"8

3.3 10"5

1.0 10"1

Residues
disposal

Maximum
dose

1.0 10"3

1.4 10"3

<io-1°

<10"10

<10"10

<10"10

<10"1 0

<1O"'O
<10"10

< 1 0 \ ' «
< 1 0 " n

5.3 Results

Atmospheric release induces a maximum dose of 0.1 mSv/a due to 14C by ingestion pathway.
The effect of orders radionuclides is trivial.

Residues disposal would never induce an annual dose higher than 1.5 10"3mSv/a.

6. CONCLUSION

The analyses and tests presented herein show that it is feasible to recover and incinerate
contaminated graphite wastes in a safe manner.
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