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MTR FUEL TESTING IN BR2
P. JACQUET, A. VERWIMP, S. WIRIX
Department of Reactor Experiments
SCK»CEN, Boeretang 200, 2400 MOL - BELGIUM

ABSTRACT
New fuel design for MTRs requires to be qualified under representative conditions, that is
geometry, neutron spectrum, heat flux and thermohydraulic conditions. An irradiation
device for fuel plates has been designed to derive the maximum benefit from the BR2
irradiation capacities.
The fuel plates can be easily extracted from their support during a shutdown to undergo
additional tests.
One of these tests is the measurement of the thickness changes along the fuel plate. To that
purpose, a facility in the reactor water pool has been designed to measure the fuel swelling
with an accuracy of 5 urn using inductive probes. At SCK-CEN, the full range of
destructive and non-destructive PIE can be performed, including y-scanning, wet sipping,
surface examination, etc.

1. Introduction
The irradiation under representative thermohydraulic and neutronic conditions is an important step for
the qualification of new MTR fuel. Usually, before reaching this step, the new fuel behaviour under
irradiation has already been studied using mini fuel plates.
Full size fuel plate irradiation is the intermediate phase between mini fuel plate irradiation and full size
fuel assembly irradiation. Using independent fuel plates instead of a fuel element facilitates
intermediate and post-irradiation examinations. Such an irradiation brings out the general behaviour of
a fuel plate under realistic conditions matching several parameters such as burn-up, local hot spot,
thermohydraulic conditions, axial and azimuthal temperature gradients, neutron flux ... etc.
The irradiation device proposed by SCK«CEN derives the maximum benefit from the BR2 irradiation
capacities: i.e. high fast and thermal neutron fluxes (up to 1.1015 n cm"2 s'1 thermal flux and 7.1014 n
cm"2 s"1 >0.1 MeV) and loading flexibility allowing to match closely the irradiation specifications.
2. The irradiation device
The irradiation device is composed of a dedicated basket that accommodates up to 3 fuel plates (1.5
mm thick) having a maximum width of 73 mm and a maximum length of 900 mm (Fig 1). A number
of flux detectors (activation monitors, SPND) are also loaded in the basket to determine the neutron
flux near the fuel plates and to estimate the burn-up. The basket is placed in a BR2 standard channel of
84 mm diameter.
The fuel plates are cooled by the BR2 primary water . The gap between the plates is designed on the
basis of different criteria, either the fuel plate cladding temperature or the water velocity between the
plates[l][2]. A hole in the upper part of the fuel plate (outside the meat area) makes the plate handling
easier and safer (Fig 2).
The central fuel plate can be replaced by a dummy plate containing several dosimeters. These
dosimeters will provide a measurement of the thermal neutron flux between the plates. A water-flow
measurement and thermocouples can also be added to calculate the heat transfer between the fuel
plates and the cooling water. These measurements may be compared with the results of the experiment
modelling.

Be matrix
flux monitors

BR2 channel
084.2
Basket (Al)
080.6

BR2
cooling water;

3 fuel plates
642x73x1.3
(typical)
64

Fig 1. Basket for fuel plates testing - Cross section

The fuel plates that can be tested in the irradiation device have typically the following dimensions:

to
O

d

Fig 2. Typical fuel plate

3. The tests in-between the irradiation.
Inspections during BR2 shutdowns allow to observe the evolution of the fuel plates during the
irradiation.
After the reactor shutdown, the irradiation basket is removed from the core and stored in the BR2
water pool. After a reasonable radioactive decay of the fission products, the fuel plates are extracted
from the basket, with an appropriate tool, in order to perform the following in the BR2 reactor pool:
Visual inspection:
The fuel plate is positioned in front of a submerged camera.
This inspection can reveal imperfections or corrosion indications on the fuel plate cladding.

Wet sipping:
The fuel plate is introduced in a water loop facility which washes the plate during several hours. The
water in the loop is analysed to detect the presence of fission products.
Fuel swelling measurement:
The fuel plate will undergo some swelling under irradiation. A facility in the reactor water pool has
been designed to measure the fuel swelling with an accuracy of 5 um using inductive probes [3]. The
measurement station is described in the following section.

4. The fuel plate swelling measuring station.
The fuel plate is loaded and fixed in a steel frame container. The container prevents the fuel plate from
moving during the measurement. The frame container is introduced into the measuring station. A
submerged motor with a position controller (accuracy of 0.25 mm) moves the container along the
vertical axis (Fig 3). The thickness measurement is done by six sensor probes (probe accuracy : 1 um)
arranged in opposition with differential measurement on 3 asymmetrical rows (Fig 4). The adoption of
asymmetrical rows allows to perform measurements following 5 rows provided that the frame
container is turned around in-between measurements. The double measurement on the central row is
used for control. The sensor heads are retracted when the plate moves up and down not to scratch the
plate. The inner part of the sensor is pressurised to control its watertightness.
High

position

Low

position

Sensor
Fuel plate container
Fuel plate
Sensors calibration plale
^- Sensors holder
- Vertical
displacement
system
Fuel plate contoiner

Fig 4.Sensors holder - Cross Section

Fig 3. Measuring station - Vertical section

5. The final tests achievable at SCK*CEN.
After the irradiation, the following inspections can be performed at the hot laboratories on the site of
SCK»CEN :
Visual inspection:
This inspection allows to reveal imperfections in the fuel plate cladding as :
Corrosion (film appearance and pitting)
Possible presence of blisters
Deformations
Fuel plate thickness measurements :
In addition to the fuel plate thickness measurements done in the BR2 water-pool, another thickness
measurement can be performed in the hot-laboratory. The technique of two opposed axial movement
gauges is used with an accuracy of 5 jam. This measurement has to be calibrated with a pre-irradiation
one.
y-Spectrometry:
This inspection determines the relative profiles of the fission products and of the burn-up, passing the
fuel plates in front of a collimator. A germanium detector is used to measure the fuel plate activity.
Optical microscopic examinations :
After a sample machining and preparation, the fuel and cladding thicknesses can be observed as well as
the outer clad corrosion and the fuel metallurgical structure at some interesting places on the fuel plate.
EPMA examination :
This examination allows to determine the local relative fission density and the fission product
migration.
Radiochemical Burn-up
This examination consists of a wet chemical analysis of the fuel. After dissolution, spiking and
separation of the fuel meat, a radiometric a- and y-spectrometry is performed. The measurement of U,
Pu (and their isotopic vector), i44Ce , 137Cs, Am and Cm allows to determine the fuel plate burn-up
with an accuracy of 2 %.
6. Conclusion.
The facilities and tools described in the present paper allow to irradiate, test and qualify fuel plates for
new MTRs in the BR2. A particular effort has been made to improve the accuracy of the various
measurements.
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PREPARATION FOR IN-PILE TESTS
OF A LEU NEW TYPE FUEL ELEMENT
A. VATULIN, Y. STETSKY, I. DOBRIKOVA
State Scientific Center All-Russian Scientific Research Institute of Inorganic Materials (VNIINM)
123060 Moscow, Russia
and

E. RYAZANTSEV, P. EGORENKOV, V. NASONOV
Russian Research Center "Kurchatov Institute"
123060 Moscow, Russia

ABSTRACT
The irradiation tests in the core of the IR-8 reactor (RRC "Kurchatov Institute") are planned
for checking and confirmation of serviceability of a new rod type fuel element intended for
using in the research reactors. The experimental fuel assembly (EFA) design has been developed. It allows to test a fuel element bundle under the conditions close to those which
will be taken place during operation of the rod type fuel elements in the full-scale IRT-MR
type FA. The neutron-physical and thermo-hydraulic calculations substantiating the operation safety and representatively of EFA tests are presented in the report.

1. Introduction
The design of new rod type fuel element has been developed for the unification of fuel elements of the
research reactors and the low enriched uranium (LEU) usage [1,2].
The in-pile tests of fuel elements of two size types are planned to be carrying out in the VVR-M and
IR-8 reactors. The objective of lifetime tests is the serviceability check of full-scale rod type fuel elements with uranium dioxide of 19,75 % enrichment in aluminum matrix.
The results of substantiation of a possibility of experimental fuel assembly (EFA) testing in the IR-8
reactor core [3] are given in this paper.
2. Experimental assembly design
The experimental fuel assembly consists of the end parts and a square shroud, in which 25-rod fuel
elements are arranged by means of two guide grids. The special guide grids ensure the necessary attitude and array pitch of fuel elements in EFA. The gap between the fuel elements is ensured by means
of spiral fins. The design of fuel element arrangement is shown in Fig.2 as two characteristic crosssections along the assembly height. The spiral fins of the fuel element improve the coolant flow enhancement and heat transfer. The sizes and design of EFA end parts are the same as in the current
channels for control and protection system (CPS). The EFA is fixed in the channel by ridges on the
end parts.
The EFA allows to insert a fuel bundle in a central part of any ITR-3M type FA of the IR-8 reactor
(Fig.l) and to provide the irradiation conditions maximum closed to operation conditions of the rod
type fuel elements in the full-scale IRT-MR type FA [4,5].
The main geometrical characteristics of fuel element and EFA are listed in Table 1.
Table 1. The Geometrical Characteristics
EFA
Parameter
Number of Fuel Elements in EFA
Area of Water Passage, mm'
Heat Transfer Surface, m''
Wet Perimeter, MM
Hydraulic Diameter, mm
Fuel Meat Volume, cmJ
Volume Fraction of Coolant, %

Value
25
380
0,23
484,4
3,14
74,2
62

Fuel Element
Parameter
Fin Spin Pitch, mm
Fuel Element Height/Meat, mm
Circumscribing Diameter, mm
Cladding Thickness, mm
Fuel Element Area, mm'
Fuel Element Perimeter, mm'
Fuel Composition Area, mm'

Value
320
630/580
4,85
min 0,3
9,0
15,6
5,12

Cross-section EFA (hf - fin spin pitch)
a) HEFA=l/4 hf
b) HEFA= 1/8 hf

Figure. 1. Complex assembly IRT-3M with EFA

Figure.2. Fuel Element Arrangement in EFA

The U235 loading in EFA is determined from the results of optimizing neutron-physical calculations of
the IR-8 reactor core [6,7] with LEU dispersion (UO2-A1) fuel. The core conversion variant has been
selected on the base of following main criterions: 1) preservation of an equilibrium fuel cycle length
with the sufficient core excess reactivity in the cycle end and the sufficient efficiency of CPS rods, 2)
minimum reduction of the peak thermal neutron fluxes in experimental channels. The optimum characteristics of the core with LEU have been obtained for the case, when the U235 loading in six-tube
IRT-3M FA is equal 352 g. Using this value the U235 loading in EFA is defined as 53,6 g, that corresponds to the rated uranium density in meat equal to 3,65 g/cm3. Such uranium density is ensured by
the UO2 loading ~ 40 vol.%.
The main characteristics of fuel composition for current six-tube IRT-3M FA and EFA which differ by
fuel enrichment and uranium density are given in Table 2.
Table 2. Dispersion Fuel Composition Characteristics

u235

Fuel
Assembly
Type

Loading in
FA,g

IRT-3M
EFA

265
53,6

U Density in
Meat, g/cm"1

Fuel
Enrichment,
%

Volume
Fraction UO2,
%

1,1
3,65

90
19,75

12
40

Heat-Conductivity
Coefficient, W/m-°C
(t=150°C)
T=0
x=l

170
95

145
65

Note, T = 0 - beginning of irradiation; x= 1 - end of irradiation.

3. Determination of irradiation conditions of the EFA fuel elements
The neutron- physical and thermo-hydraulic calculations of the core and complex assembly consisting
of six-tube IRT-3M FA and EFA (Fig. 1) have been carried out for the development of in-pi le test program, selection and substantiation of irradiation modes.
The neutron-physical calculations are performed for the case of core loading shown in Fig.3. The cell
for EFA irradiation is chosen to provide the minimum duration of fuel element tests up to average
burn-up on EFA - 60 %, that corresponds to average burn-up of current HEU six-tube IRT-3M FA. So
the calculations of core are made under the condition that the IRT-3M FA with EFA is located in the
cell E-2 (Fig.3), where its power is maximum. The EFA is inserted into fresh IRT-3M FA at the beginning of tests and is irradiated there to the end of tests.
The neutron-physical calculations were performed using IRT-2D/PC code [8] based on twodimensional geometry in two-group diffusion approximation. The neutron cross sections (macroscopic
physical constants) for calculated cells were computed using the URAN-AM [9] code and WIMS-SU
[10] code. The procedures used for calculations were proved by the numerous experiments [11].

6

The basic results of calculations are presented in the Fig.4-6. The IRT-3M FA and EFA powers at the
rated (Nr=8 MW) and lowered (Ni=5MW) operation modes of reactor are given in Table 3. The duration of fuel element tests up to average burn-up on EFA - 60 % will be ~ 300 eff. days.
FA with shim-safety rod of CPS
FA with safety rod of CPS
Beryllium block with automatic regulating rod
FA with experimental channel
FA with EFA
Beryllium block with experimental channel
Lead shield
Figure.3. Loading of the IR-8 Reactor Core

B
C

D
E

2
1.28
6.40
1.30
7.06
1.43
6.70
1.48
8.17

3
1.28
6.38
1.14
8.57
1.28
5.56
1.25
5.46

4
1.31
6.21
1.15
8.28
1.29
5.42
1.24
4.84

5
1.26
5.98
1.26
5.69
1.29
4.40
1.33
4.88

B
C
D

E

2
1.29
6.58
1.30
7.12
1.43
6.60
1.41
5.99

3
1.28
6.64
1.14
8.81
1.29
5.56
1.24
5.34

4
1.31
6.51
1.15
8.62
1.31
5.55
1.21
4.85

5
1.27
6.29
1.26
5.97
1.30
4.56
1.35
5.00

a), irradiation beginning
b). irradiation end
Section power peaking factor (KsFA)
Figure.4. •
FA power potion in reactor power, (riFA %)

Figure.5. Energy distribution along EFA (Kz)

Table 3. FA Power
Power, kW
IRT-3M
EFA
342,1
66,1
T= 0
237,9
61,7
T=l
547,3
105,8
T= 0
380,6
98,8
T=l

Modeo f reactor
oper ation
N,

Nr

The analysis of results of neutron-physical calculations has shown, that:
- Power of complex assembly IRT-3M FA with EFA increases by 13 %, and the energy liberation
non-uniformity coefficient in its cross- section - by 6 %;
- The maximum value of the energy liberation non-uniformity coefficient in EFA cross-section is
equal to 1,036 (maximum is located in a peripheral row) and almost does not vary during irradiation;
- The EFA power decreases by ~ 7% to the end of irradiation.
The results of neutron-physical calculations were used for substantiation of temperature conditions of
irradiation of EFA rod fuel elements.
The main limiting factor of fuel element operation in this type reactor is the absence of surface boiling.
So the fuel element cladding temperature is limited by the maximum value which should not be higher
than the saturation temperature or the stated allowable value (tc™ax < ta). The multiple thermohydraulic calculations of the EFA were fulfilled for two reactor operation modes: lowered power (Ni)
and rated power (Nr).
The code realizing the thermo-hydraulic calculation procedure for ring-like channels [12] was used for
six-tube IRT-3M FA.
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Fuel Element Power Potion in complex FA Power, %
irradiation beginning
—irradiation end

-y:

1/

1

IJ

1

9,08

12,98
I

14,89

!

16,90

j

18,96

Fuel assembly with rod type fuel
elements constitutes a system of the
interconnected channels having the
intricate shape. The complex processes of coolant flow heat-mass interchange occur in them. These
features of an assembly design require taking into account interchannel mixing and heat transfer
enhancement by spiral fins of fuel
elements. Therefore the model of
the elementary cells was used for
thermo-hydraulic calculation of
EFA. This model has a set of empirical dependencies for inter-cell
interaction coefficients. The dependencies generalize the large
number of experimental data for
single-phase fluid in FA channels
with the rod type fuel elements.

Figure.6. Calculation Model of Complex Assembly
Following three mechanisms of inter-cell transfer in assembly cross-section are taken into account in
the model: convection, turbulent and conductive. The two-dimensional heat transfer in fuel element
cross-sections of intricate shape is calculated using the numerical method of heat balances.
To take account of mutual influence upon heat state of EFA and six-tube FA the problem was solved
in the conjugate statement. The cross-section of complex assembly (six-tube FA and EFA) used in calculations is given in Fig.6.
Initial data used in calculations (values of the input coolant pressure and temperature, pressure fall in
core) are given in Table 5 [3]. The value of the coolant flow (Table 5) through EFA has been defined
as a result of hydraulic tests of a simulated rod assembly [4]. The calculations of EFA with rod type
fuel elements are executed at the nominal values of operating parameters and assumption that there is
the ideal arrangement of fuel elements in the nodes of regular square grid with an average pitch (Ha).
The value Ha is determined by nominal sizes of the fuel element, shroud and space between rods uniformly distributed in the assembly cross-section. The allowable cladding temperature is assumed to be
110°C with the saturation temperature margin and surface-boiling margin equaled respectively 8°C
and 24°C.
The basic calculated results are presented in Table 4 and in Fig.7-9. In the Table 4 the max values of
temperature of the most heated fuel element from each row of EFA and outer tubular fuel element
from IRT-3M FA are given for the beginning and the end of tests. The max values of temperature
(td.av, tci.uax H tmax) of most heated fuel element located in an angular cell of EFA versus a EFA power
are shown in Fig.7. The temperature distributions at the height and perimeter of this fuel element are
shown in Fig.8-9 for the most heated period of an irradiation (beginning of tests).
Table 4. Maximum Temperatures of Most Heated Fuel Elements
Cladding Temperature, °C
Meat Temperature, °C
Mode of
Rod
Tubular
Tubular
Rod (tc|.max/tcl.av)
operation Type FE
N° row
outer
1
2
3
outer
1
2
3
82
83
92
78
78/75
79/76
87/84
77
T= 0
N,
82
83
91
68
76/73
77/74
85/82
67
T= 1
101 103 116
94
94/91
95/92
109/105
93
T= 0
Nr
101 103 115
80
92/88
93/89 105/101
79
T= 1
Note. Fuel element rows in EFA is numbered from center to periphery.
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The analysis of the temperature conditions of fuel elements in EFA which was made taking into account the local structure of coolant flow and energy distribution in the EFA volume had shown, that:
- energy liberation non-uniformity in the EFA cross-section and the presence of nonstandard geometry cells between fuel element and shroud results in non-uniform distribution of coolant temperature in assembly cells; the heating is more high in the assembly periphery than in central area;
- taking into account the inter-cell heat transfer decreases the coolant temperature non-uniformity in
assembly cross-section below ~ 35 % of coolant temperature in peripheral cells;
- taking into account the influence of six-tube FA on a thermal state of rod fuel elements in EFA results in additional reducing (~ 10 %) of coolant temperature in peripheral cells due to heat transfer
through a shroud of EFA;
- max temperature of fuel element cladding does not exceed the preset allowable value during an irradiation;
- EFA power ability is estimated by the temperature of fuel element cladding located in angular peripheral cells and is equal to 108 kW;
- max temperature of meat (tmax) 116°C is reached at a rated mode of reactor operation at the beginning of an irradiation and in the angular fuel elements of EFA; its value is nearly constant during
an irradiation; along the fuel element height the tmax value varies in a range (80-116)°C at Nr and
(60-90)°CatN,.
The most heated irradiation conditions of fuel elements from EFA and six-tube IRT-3M FA at rated
reactor power are given in Table 5.
Table 5. Main Irradiation Conditions of Fuel Elements
Parameter
Fuel Assembly Type
IRT-3M
EFA
Rated Reactor Power, MW
8
Peak Power FA, kW
547
106
Input Pressure of Coolant, atm
1,9
Pressure Fall, atm
0,25
47,5
Input Temperature of Coolant, °C
68
77
Output Temperature of Coolant, °C
J
3,05
Coolant Flow, m /h
25
2,23
Average Velocity, m/s
2,6
610*
Maximum Heat Flux, MW/rn^
537
Maximum Temperature of Meat, °C
94
116
109(105*)
Maximum Temperature of Cladding, °C
93
Average bum-up in EFA, %
60
Irradiation period, eff. Day
300**
Note. * - The average value along a fuel element perimeter;
** - The calendar time of tests will be defined by schedule of reactor operation.

4. Conclusions
The neutron-physical and thermo-hydraulic calculations of the EFA characteristics with the rod type
fuel elements were fulfilled. The objective of calculations is substantiation of testing possibility in the
IR-8 reactor core and ensuring of necessary conditions of tests.
The following results are obtained:
- irradiation conditions are close to the max operation conditions of the HEU tubular type fuel elements at a rated mode of the IR-8 reactor operation;
during irradiation the maximum temperature of fuel elements will not exceed the assumed allowable value;
- the EFA operation conditions in cell E-2 of core are safety and representative both for a substantiation of working capability of rod type fuel elements and the confirmation of design bum-up and
lifetime.
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ABSTRACT
The conversion from HEU to LEU has often many disadvantages: flux penalties, increase of
fuel consumption, cost and delay to obtain a new license, etc. But to fulfill the nonproliferation programme, and to simplify the future fuel supply, the HFR renewed in 1998
studies on conversion possibilities.
To minimise the conversion costs, these studies were made with a progressive conversion
that avoids the need of one new core and permits to begin the conversion with a
replacement of 5 elements at each cycle. Hence the conversion can be made in 7 cycles,
without special elements and with a normal burn-up for each element. To avoid an increase
of fuel consumption, an increase of the fuel cycle length from 24.7 to 28.3 days was also
considered. This point allows to reduce the number of annual cycles from 11 to 10 and
enables in one cycle to have the possibility of four successive irradiations for Molybdenum
production (7 days) in one irradiation position.
A working plan for fuel licensing has been sent to the safety authorities and is presented in
the paper.

1. Introduction
The High Flux Reactor (HFR) Petten, the Netherlands, belonging to the Institute of Advanced
Materials of the Joint Research Centre (JRC) of the European Commission is one of the most
powerful multipurpose materials testing reactors in the world.
JRC as owner of the HFR and license holder is responsible for all supplementary programme work.
Reactor operation, maintenance and commercial exploitation are subcontracted to the Nuclear
Research and consultancy Group (NRG) being a daughter company of the Netherlands Energy
Research Foundation (ECN) and KEMA, the Netherlands.

2. General
The HFR is a pool-in-tank type, light water cooled and moderated Research Reactor (RR), operated at
a nominal power of 45 MW. In operation since 1962 and following a complete refurbishment in
recent years, the HFR has a technical lifetime beyond the year 2015.
The reactor provides a variety of irradiation positions [1]: in the reactor core, in the reflector region
and in the poolside. Horizontal beam tubes are available for fundamental and medical research. This
research is performed in close co-operation with the Interfaculty Research Institute of the Delft (NL)
University. Excellently equipped hot-cell laboratories on the NRG-site together with additional
nuclear facilities such as a Low Flux Reactor and a Decontamination and waste treatment facility,
have led to the unique HFR structure in which NRG and JRC are co-operating with the aim to adopt a
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more market oriented approach and to offer their long standing and recognised competence to the
medical, industrial and scientific world.
With at least 275 full power days per year and safe, reliable and predictable operation following the
annual programme, the HFR is the major radioisotope supplier in Europe. Roughly 60% of the
treatments/diagnoses within Europe make use of the variety of radioisotopes produced at the HFR
leading to approximately 7 million treatments in Europe per year.
The present operation schedule consists of 11 cycles of 28 days (24.7 days of full power and 3.3 days
of maintenance, core reloading and check-out procedures) and 2 maintenance stops of about 4 weeks.
The yearly operational programme is followed as closely as possible to offer the customers a
predictable time table for experimental and isotope production planning.
3. Back-ground
3.1 Historical review
At the first criticality in 1961 the reactor was started with a ,,US-fuel cycle" as many other RR. HEU
was provided by the USA and the spent fuel returned by more or less well established shipments. Life
seemed to be easy at that time.
Although the HFR staff has been actively involved in the RERTR-programme since the beginning of
the research towards a LEU fuel cycle, it was decided not to convert to this LEU fuel in the eighties
for a number of reasons:
•
Quality of fuel: the use of LEU fuel for reactors which have been designed to operate with
HEU has disadvantages with respect to neutronic performance, Pu-production and
reprocessing.
•
Costs of conversion; the conversion process costs a lot of time and money while the outcome
was not always beneficial for the performance of the reactor in terms of thermal flux.
•
Political reasons; the beginning of the period of conversion was rather strange. While all
converted European reactors had to pay the penalties (loss of flux, money and time) the US
authorities stopped the return of foreign spent fuel to the USA. Furthermore very few US
based reactors were scheduled to convert at this time, effectively giving them a commercial
advantage.
•
Independence; the US policy was not discussed with parties involved but more or less
imposed.
In conclusion the decision was taken to use the HEU fuel available in Europe, to continue operation
without conversion of the reactor and to participate in the central organisation for radioactive waste in
the Netherlands, in order to take care of the back-end of the fuel cycle.
3.2 HFR fuel cycle
Compared to the eighties, the current situation with respect to the fuel cycle has changed
significantly:
•
fresh uranium supply: it has become more and more difficult to purchase HEU fuel. Although
Russian HEU fuel has become available on the market, due to the difficult formal procedures,
this does not provide a reliable option for the future of the HFR.
•
sent fuel return/storage: with the renewal of the US spent fuel return policy a positive sign
was given to the RR community. Although the return option is limited in time and has
financial constraints it provides a solution for the urgent spent fuel problems at the HFR.
•
delay in construction of HABOG facility; temporary storage of spent fuel in MTR-2
containers is necessary, which is subject to political discussions.
Taking into account the need to assure the HFR fuel cycle as well as the public and political opinion
being strongly in favour of conversion the decision was made by the European Commission to
reconsider the possibility to convert the HFR.
Immediately after this decision a project was started for the conversion consisting of 3 phases, i.e.:
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•
phase 1:
parametric study to define the optimum LEU-element
•
phase 2:
technical qualification of the conversion
•
phase 3:
review and update of license reference study
This three phase approach was submitted to the Dutch competent Authorities and consent was
granted.

4. Phase 1: Parametric study
4.1 Introduction
Already at the start of the RERTR program the first studies were performed on the possible
conversion of the HFR [2] . More recently a new contract was given to AEA Technology (Winfrith,
UK) to investigate possible HFR conversion based on both U3Si2and the newly developed UMo-fuel.
Although this latter fuel is not yet qualified and is part of the recent RERTR- development, it looks
promising for non-converted reactors. This AEA study confirmed results of earlier studies [3], [4].
Following political discussions and the approval by the US-DOE of the diplomatic notes on HFR
conversion, HEU supply and spent fuel policy, a cooperation between Argonne National Laboratory
and Petten site was established determine the optimum LEU fuel design based on U3Si2 fuel.
Objectives of the HFR conversion studies are:
•
minimal changes of fuel cycle cost (back-end/front-end);
•
minimal penalties on thermal flux (in-core and PSF);
•
short planning and implementation program.
4.2 Boundary conditions
The cooperation between ANL and NRG/JRC resulted in narrowing the scope of work performed by
AEA Technology with the following boundary conditions:
•
progressive core conversion: for economic reasons a progressive core conversion will be
applied;
•
geometry of fuel element: due to progressive core conversion the pressure drop of HEU and
LEU element should be the same;
•
type of fuel: fuel meat will be composed of U3Si2 - Al with a max. density of 4.8 g.cm'3;
•
coolant gaps: coolant gaps in fuel element and fuel section of control rod must be the same for
thermal hydraulic reasons;
•
limited flux penalties for scientific and commercial application;
•
increase length of cycle to reduce fuel consumption.
4.3 Results
Based on the boundary conditions given in §4.2 a limited number of parameters remains to achieve
the most economic core conversion i.e.
•
length of cycle: by increasing the cycle length from 24.7 days to 28.3 days the number of
cycles per year will be reduced thus leading to improved fuel cycle economics. Furthermore
an optimum planning for specific commercial isotope irradiations can be achieved;
•
number of plates per element: the number of plates per element and coolant gaps are directly
linked. For thermal reasons the number of plates should be as high as possible;
•
meat/cladding thickness: by defining the coolant gaps and the number of plates the thickness
is immediately fixed. Minor changes can be achieved by slight variations of meat and
cladding thickness;
•
type and amount of burnable poison: burnable poison is used to compensate for excess
reactivity and to manage the control rod movement in the course of a cycle. Based on HFR
experience Boron and Cadmium are suitable burnable poissons to be incorporated in the side
plates.
•
density of U3Si2 is 4.8 g.cm"3
The combined efforts of the nuclear specialists from ANL and NRG have led to the following
optimum design of the LEU fuel element resp. LEU fuel follower of the control rod:
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•
•
•
•
•
•
•

type of fuel/density
number of fuel plates (FE/CR)
meat thickness
cladding thickness
coolant gaps
type of burnable poisson
amount of burnable poisson

U3Si2 - Al
20/17
0.76 mm
0.38/0.57 mm
2.46 mm
Cd-wires
40 x 600 x 0 0.5 mm

5. Phase 2 Technical qualification
After completion of phase 1, which is scheduled for the end of March 2000, the final report on the
parametric studies will be submitted to the Dutch competent licensing Authorities. Immediately after
their consent is obtained phase 2 will be formally started. During this phase 9 different technical
aspects will be studied to cover all technical questions related to this new fuel. These points can be
classified as:
•
design drawings, ordering and hydraulic measurements of 2 industrial prototype elements;
•
in-pile testing of 2 industrial prototype elements to prove industrial manufacturing practice;
•
bibliographic review of UaSi2 fuel behaviour;
•
thermal hydraulic calculations to verify DNB resp. BDC safety limits;
•
continued neutronic calculations during the foreseen progressive core conversion;
•
influences on HFR utilisation for both industrial and scientific applications (safety criteria
and shift of spectrum);
•
consequences on the fuel cycle (front and back end);
•
mechanical criteria such as loading of lower grid plate, handling tools and control rod drop
time;
•
consequences on accident/incident calculations (change in source term, core transient
behaviour).
All aspects will be covered in parallel as far as technical feasible and should finally result in the
complete knowledge of all technical aspects of the conversion. The results of phase 2 will become
available by mid 2001.

6. Phase 3: License reference study
The conversion study will lead to a large amount of paper work such as the update of the HFR's
license reference documentation:
•
description of the plant
•
safety analysis report
•
technical specification
•
environmental impact study
The necessary work to complete phase 3 starting mid 2001 will be fully integrated in the HFR Safety
Reevaluation. Actual conversion is scheduled to start in 2003.
7. Conclusions
On bases of the results achieved so far it can be concluded that:
•
the design of the optimum LEU fuel element is nearing completion; only some minor
technical details need to be finished;
•
preliminary results indicate that conversion of the HFR is technical feasible with limited
consequences with respect to thermal flux;
•
as soon as the design is fixed, 2 prototype elements will be ordered at CERCA and tested in
the reactor;
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cost of the LEU fuel cycle could be decreased with respect to front end and back end costs by
increasing the cycle length to 28.3 days;
with an increased cycle length the strength of the HFR as Europe's major irradiation facility
will not be jeopardised;
with the conversion of the HFR a significant reduction of the world wide annual HEU
consumption will be achieved;
the exchange of Diplomatic Notes also allows the return of spent fuel to DOE Savannah
River.
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ABSTRACT
The RECH-1 research reactor achieved the first criticality on October 13, 1974 using HEU
MTR type fuel elements, which were fabricated by the UKAEA at Dounreay, Scotland. In
1979, the conversion of the reactor to use LEU fuel was decided; however, a rough
estimate of the uranium density needed to convert the reactor gave 3.7 g/cm3. This density
was not available, and to maintain the overall fuel element geometry it was necessary to
convert the reactor to use 45 % enriched uranium fuel. In 1985, the conversion of the
reactor to use medium enriched uranium was achieved.
Some years later, the Chilean Nuclear Energy Commission developed the capability to
produce fuel elements based on U3S12-AI dispersion fuel. Once the plant and the
manufacturing and quality control procedures were commissioned to permit the production
of fuel elements, a fabrication program starts to produce LEU fuel elements with a uranium
density of 3.4 g/cm3. A fabrication qualification period that extended to the required fuel
plates for the assembly of two fuel elements started. In November 1998, the first four LEU
fuel elements manufactured by the Chilean Fuel Fabrication Plant were delivered to the
reactor.
When the first two fuel elements were introduced into the core a LEU fuel element
qualification program began. While those fuel elements remain in the core, an evaluation
program is being applied to observe its performance under irradiation condition.

1. Introduction
The RECH-1 research reactor is a pool-type reactor located at La Reina Nuclear Center in Santiago.
The first criticality was achieved on October 13, 1974 using HEU (80% of 235U) fuel elements. For
most of the time, the reactor has been operated at the nominal power of 5 MW in a continuous shift of
24 hours a week, 48 weeks a year. The emphasis of the utilization of the reactor is placed on
radioisotope production, neutron irradiation, physics beam experiment and neutron activation
analysis.
At the end of 1979 a preliminary statement on the intention to convert the reactor to LEU fuel was
issued[l]. A uranium density of about 3.7 g/cm3 was estimated in order to match the cycle length of
the HEU fuel design with LEU fuel. In 1985 the reactor was converted to use 45% enriched uranium
(MEU) fuel with a uranium density of 1.26 g/cm3 and no change in the overall fuel element geometry.
In 1994, after the Chilean Nuclear Energy Commission (CCHEN) developed the capability to produce
U3Si2-Al fuel, it was decided to convert the reactor to use LEU fuel. Once the plant and the
manufacturing and quality control procedures were commissioned to permit the production of fuel
elements based on a dispersed fuel containing LEU fuel as U3Si2, a fabrication program starts to
produce 50 MTR LEU fuel elements with a uranium density of 3.4 g/cm3. Before initiating the
fabrication stage advise and training was provided by experienced foreign fuel fabricators. In
November 1998, the first four LEU fuel elements manufactured by de Chilean Fuel Fabrication Plant
were delivered to the reactor.
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In the beginning of 1998 an application was submitted in order to obtain a license for operating the
reactor with a mixed core. On December 29, 1998 the first two LEU fuel elements were introduced
into the core, while the other two fuel elements were introduced into the core on July 16, 1999. The
actual core configuration has 34 fuel elements, 30 MEU fuel elements and 4 LEU fuel elements.

2. Technical Specification of the Fuel Element
The reactor operator imposed the condition of maintaining the overall geometry of the LEU fuel
element in order to match the cycle length of the HEU fuel design and the thermal-hydraulic
characteristics. The changing of the enrichment compelled the manufacturer to modify the fuel
composition from uranium aluminide to uranium silicide to allow the greater load of uranium without
submitting the fuel element to dimensional modifications.
The technical specifications of the LEU fuel element were developed by the Chilean manufacrurer[2]
and approved by the reactor operator. It was based on the original highly enriched fuel element and on
the Appendix k-2 and k-4 of the IAEA-TECDOC-643"[3]. and on the IAEA-TECDOC-467[4].
The MTR type fuel element of the RECH-1 reactor consists of 16 flat fuel plates where the outer
plates load half of the uranium content in the inner plates. The end pieces of the fuel element maintain
the original design of the HEU fuel element. The major features of the LEU fuel element are:

-

Uranium density of the meat
235U loading in outer plate
235
U loading in inner plate
235
U loading in fuel element
Total uranium loading per fuel element
Uranium homogeneity of outer plate
Uranium homogeneity of inner plate
Length of the meat
Meat width
Fuel meat thickness
Cladding thickness (Al 6061)
Cooling channel width

3.4 g U/cm3
7.16 g+/-2%
14.32 g +/- 2%
214.80 g+/- 2%
1087.2 g+/-2%
102.81 mgU/cm 2 +/-20%
205.63 mgU/cm 2 +/-20%
586.0 mm (min. 579.0 mm)
60.15 mm (+0.55 -0.45 mm)
0.61+/-0.02 mm
0.46 +/- 0.03 mm
3.18 mm (min. 2.92 mm)

3. Fuel Fabrication Program
The fabrication of LEU fuel containing U3Si2-Al started at CCHEN with the assembly of four fuel
elements. These four elements are working as "lead" elements and their successful performance will
allow further introduction of regular production elements resulting in the full conversion of the
RECH-1 reactor. The lead elements are being manufactured according to specifications and
fabrication procedures based on those currently used and approved to produce LEU silicide fuel
plates[5].
In 1998, after finishing a careful review of the procedures making them more internally consistent,
clearer to the fabrication technicians and more open to independent inspection, the LEU silicide fuel
fabrication began with a qualification period that extended to the first 32 fuel plates[6]: 28 inner fuel
plates with a uranium density of 3.4 g/cm3 and 4 outer fuel plates with a uranium density of 1.7 g/cm3.
A total of 76 LEU fuel plates were required to fabricate the four leads fuel elements, where the reactor
operator fulfil a quality inspection function with independence from the Fuel Fabrication Plant.
Taking into account that, (1) the lead elements were built according to specifications and fabrication
procedures approved by the manufacturer, the reactor operator and the regulatory body which was
acting, for these effects, as a quality assurance auditor, (2) the fuel plate containing thoroughly
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tested U3Si2 at a loading well below the maximum licensed value, (3) the high level of the personnel
involved in the fabrication process and (4) the quality of equipment, it was decided to introduce the
four lead fuel elements into the core and to continue with the fuel fabrication program. At March
2000, a total of 23 LEU fuel elements will be assembled. It was estimated that during the first
semester of the year 2002 a total of 50 LEU fuel elements should be assembled. The full conversion
of the RECH-1 reactor to LEU fuel could be achieved at the beginning of the second semester of the
year 2001.

4. Fuel Element Qualification Program
The CCHEN fuel elements qualification program is based on testing and evaluating the fuel
performance along the reactor operation. Before the irradiation started, neutronic calculations were
performed in order to choose the appropriate core configuration. Thus, the qualification program was
initiated with the introduction in December 1998 of the LEU lead fuel elements LR-01L and
LR-02L into the peripheral core positions D2 and D9, respectively, Fig. 1. The elements LR-01L and
LR-02L were instrumented with thermocouples in order to measure inlet and outlet water
temperature. At the end of cycle and after 19.7 days of full power operation the lead elements
achieved an average burn-up of 1.8 %.
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Fig. 1. Core configuration with two lead fuel
elements in peripheral position
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Fig. 2. Core configuration with four lead fuel
elements

The following core configuration included the lead elements LR-03L and LR-04L, Fig. 2, which
completed the loading of the four lead fuel elements to observe its performance under irradiation
conditions. The cycle length of this second core configuration with four LEU fuel elements was 23.7
days of full power operation. At the end of the second cycle, the average burn-up achieved by
elements LR-01L and LR-02L was of 4.6 % while the elements LR-03L and LR-04L achieved a burnup of 2.8 % in the same period.
On November 16, 1999 a new core configuration was arranged, Fig. 3, where the lead fuel elements
were moved to higher power density positions in the core. The average burn-up estimated at the end
of the third cycle (April 2000) is of 7.0 % for the elements LR-01L and LR-02L, and of 5.1 % for
the elements LR-03L and LR-04L.
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Fig. 3. Actual core configuration

During the irradiation of the lead elements, an evaluation program is being applied to follow up its
performance while they remain in the core. This program covers the following:
a)

Calculations:
Neutron flux (thermal and fast), burn-up and maximum wall temperature for each lead fuel
element.

b)

Monitoring:
Reactor power, operation time, inlet and outlet water temperature in the lead fuel elements (LR01L and LR-02L), water quality of the reactor (pH, conductivity, quantity of iron, copper and
chloride), and radiochemistry analysis of the reactor water.

c)

Inspection:
Underwater visual inspection including photographic registers, sipping test of the lead elements
LR-03L and LR-04L, gamma scanning for average and profile burn-up determination (it is
developing a gamma scanning device at the reactor pool).

The CCHEN does not have hot cell laboratory for high irradiated materials or irradiated fuel; thus,
once a lead fuel element achieves the discharged burn-up (for the lead elements defined in 55 %) it
will be submitted to a detailed visual inspection and eventually a go/no-go coolant channel test.
Afterwards, the fuel elements shall remain in racks located in the reactor pool waiting for interim
storage out side the reactor pool.

5. Conclusions
The four LEU fuel elements manufactured by the Chilean Fuel Fabrication Plant are being
successfully irradiated in the RECH-1 reactor core. In accordance with the present operation schedule,
the lead fuel elements should achieve a burn-up of 55 % in the year 2005.
The introduction (on December 1998) of the first two LEU fuel elements into the core set the
beginning of the conversion process. Today, the RECH-1 reactor is closer to its original goal, which is
to achieve the full conversion.
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RULES FOR THE LICENSING OF NEW EXPERIMENTS IN BR2
APPLICATION TO THE TEST IRRADIATION OF NEW MTR-FUELS
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ABSTRACT
New type of MTR fuel elements are being developed and require a qualification
before routine operation could be authorised. During the test irradiation the new
fuel elements are considered as experimental devices and their irradiation is
allowed according to the procedures for experiments. Authorisation is based on the
advice of a consultative committee on experiments. This procedure is valid as long
as the irradiation is covered by the actual reactor license. An additional license, or
an amendment, is only required if due to the experiment the risk for the workers or
the environment is augmented in a significant way. A few experimental fuel plates
loaded in the primary loop of the reactor will not increase this risk. The source term
for potential radioactive releases remains more or less the same. The probability for
an accident can be limited by restricting the heat flux and surface temperature.

1. Introduction
Fuel MTR fuel elements are being developed in order to replace high enriched fuel elements by low
enriched ones, without significant loss of performance characteristics of the concerned research
reactors. Before such fuels can be used for routine operation, qualification tests under representative
irradiation conditions are necessary. [1], [2]
This paper describes the possibilities of BR2 for performing qualification tests for new research
reactor fuel elements. Fuel elements of BR2 are of the plate type with aluminium cladding. The
discussion is focused on the qualification of such fuel elements, although other types are not excluded.
The fuel plates using low enriched uranium must have a higher uranium density in order to obtain a
comparable fission density. These densities are not possible using the traditional uranium aluminium
alloys or cermet elements. Other compositions are being developed, such as uranium silicium and
uranium molybdenum fuels. Initial tests can be done at lower fluxes. Special experimental devices for
testing can be designed such that a failure of the experimental means no risk for the reactor. However
qualification means in most cases that the experimental fuel plates, certainly when they are intended
for use in a high flux reactor, must be irradiated as the normal fuel elements, since this is only way to
obtain representative conditions. This conditions make the testing and qualification of new type of fuel
elements for research reactors rather unique from the viewpoint of safety and licensing. Although a lot
of operating experience from the past is available, the testing and qualifications can be compared with
the situation in the early days of the development of nuclear reactors.
2. Maximum authorised power level
The total thermal power output of BR2 is not specified. The capacity of the heat exchangers limits of
course the maximum thermal power that can be evacuated. The design value was 100 MW but after
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installation measurements indicated that at least 125 MW can be evacuated. The highest thermal
power level of the reactor ever reached up to now was 106 MW.
The thermal power of BR2 is limited by a maximum allowable heat flux on the hot spot of the fuel
elements. The actual thermal output depends on the number of fuel elements loaded in the core and
their configuration.
The operational limit of BR2 is derived from the following conditions:
• No boiling on the fuel plates may occur during normal operation. The calculated maximum heat
flux assuming the most unfavourable values for the various parameters is 603 W/cm2 for the
actual nominal hydraulic conditions, which are:
• reactor inlet pressure 1.24 MPa;
• pressure drop over the reactor 0.3 MPa;
• reactor inlet temperature 40.0 °C.
• No damage to the fuel elements may occur during the transient following a loss of flow or a loss
of pressure accident. Calculations indicate that this condition if fulfilled for a heat flux of 600
W/cm2. However only the loss of flow accident is tested up to this value. For the loss of pressure
accident the tests were limited to a value of 400 W/cm2. [3]
The maximum allowed heat flux for routine operation is 470 W/cm2 with the hydraulic conditions as
mentioned above. Values up to 600 W/cm2 could be allowed for special applications. A justification is
required in this case.
The original BR2 Safety Analysis Report [4], which dates from May 1961, states also that surface
temperature of the fuel must be limited to prevent rapid corrosion of the aluminium cladding.
However, the actual thermohydraulic parameters guarantee that this conditions is fulfilled and no
special attention is paid to it.

3. The procedure for approval of experiments
The irradiation of experiments must be approved by the Committee for Examination of Experiments
(CEE). The CEE is composed of representatives of the operating organisation of BR2, the services for
maintenance of BR2, the department for development of reactor experiments and the health physics
and safety department. A representative of the authorised inspection agency is also invited to the
meeting. The chairman of the CEE is a senior manager with a good knowledge of operation of
research reactors, but not directly involved in the operation of BR2. The CEE has an advisory role.
The conclusion must be confirmed by the general manager and by the department of health physics
and safety. [5]
First stage approval
The first stage approval for an experiment can be given on basis of a number of fundamental
questions. Typical examples are:
• Can the experiment be irradiated under application of the actual BR2 license? This question has
been answered in a positive way for all experiments in the past, including the irradiation of a new
type of fuel element.
• Are additional licences necessary for the experiment?
• Is the experiment feasible in BR2?
• Is the required irradiation program compatible with the planned operation of BR2 and with other
experiments?
The project manager has to give the necessary information about the experiment such that these
questions can be answered. A first stage approval authorises the detailed design of the experiment.
Second stage approval
The second stage examination of the experiment deals with the detailed design of the experiment. The
project manager shall present the necessary descriptions, drawings and specifications to assess the
detailed design of the experiment. The detailed safety analysis of the experiment is also an important
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topic for the second stage approval. The testing and commissioning program for the experiment must
also be presented during the second stage. The second stage approval gives the project manager the
possibility to start the construction of the experiment.
Third stage approval
Before the irradiation of the experiment could start the project manager has to obtain the third stage
approval. During the meeting for the third stage approval the results of the testing and commissioning
program are discussed. Another important topic for the third stage approval is the operating manual of
the experiment.
Beside this three stages of approval the irradiation of an experiment, the possibility exists for a fourth
stage meeting during which the results of the irradiation are being discussed.
4. Possibilities for the irradiation of new fuel elements
As stated in the introduction in order to obtain representative irradiation conditions the new fuel
elements must be irradiated in the same way as the fuel elements. Irradiation in separate closed
capsules, in which a failure of the experimental fuel would cause obviously hazard to the primary
loop. Although it is a safe design, it is obvious that representative conditions for neutron flux, together
with sufficient heat evacuation capacity, are very difficult to obtain.
Standard BR2 fuel plates could be replaced by plates with an experimental fuel composition. This
gives representative irradiation conditions without the need to built special irradiation devices. The
experimental fuel plates must only have the geometric form of the BR2 plates. A BR2 fuel element is
made up of normally six concentric rings, each composed of three bent plates.
Another possibility is the design of a dedicated irradiation device that can contain a number of
experimental fuel plates and is cooled by BR2 primary water. This possibility has less restriction on
geometry of the fuel plates. Additional place can be foreseen for flux monitors. The basket takes the
place of a BR2 fuel element. This solution is presented in reference [6].
If fuel plates are being used with direct on-line temperature measurement, as was done during the
initial flow failure tests of BR2 [3], one has not fully to rely on the calculations for the safety
assessment and irradiation is possible with smaller safety margins.
5. Safety analysis
A safety analysis must be made for each new experiment. The report must be submitted to the CEE to
obtain a second stage approval. The most important issues are shortly discussed in this paragraph.
Most of the analysis is also made from the experimenter's point of interest.
Reactivity
The formation of plutonium 239 influences the neutronic characteristics of the fuel plates. The
reactivity changes during irradiation in a different way compared to high enriched uranium. The
different fission product composition influences the delayed neutron fraction, thus changing the
kinetics of the reactor and more specific the shutdown margin. Due to the greater absorption in
uranium 238 the temperature coefficient will also be different.
If only a very limited number of experimental low enrichment fuel plates (a few percent of the total
number of fuel plates) are loaded the influence will be small and not much of concern. Fuel elements
containing low enrichment plates can not be involved in the critical approach of the reactor as they are
considered as experimental devices. The effects on reactivity can become considerable in case of the
use of a significant fraction of low enriched uranium.
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Heat transfer and maximum temperature for fuel and cladding
Heat transfer calculations are of great importance. Since in most cases no direct measurement of the
surface temperature of the fuel plates is foreseen, one relies on the calculation results to assess the
safety margins with respect to maximum heat flux and meat temperature. From the safety point of
view it is possible to use very conservative assumptions (low heat transfer coefficients, high gamma
heating, low flow rates along the element), but the experimenters are interested to know the irradiation
conditions as exact as possible.
A great number of different fuel plates influences also the global power distribution in the core.
Swelling of the fuel plate
Some fuel plates tend to swell during irradiation. A direct consequence of this swelling is a reduction
in the gap between the fuel plates with a reduction of flow along the plate. Local swelling could also
cause deformation of the plate. Standard BR2 fuel plates have a thickness of 1.27 mm, with a
minimum space of 2.70 mm between two fuel plates. Heat transfer calculations have enough safety
margin to include swelling of the plate. After each irradiation campaign of three weeks the dimension
of the fuel plates must be checked using calibres.
Contamination of the primary circuit
Failure of the cladding of a fuel element causes contamination of the primary circuit. [7] Volatile
fission products are suspected to be released in the primary water. Major contaminants are
radioisotopes of the noble fission gases (krypton and xenon) and iodine. Experience with
contamination caused by the failure of standard BR2 fuel elements indicate that such a release occurs
in a slow and predictable way. A possible explanation is that the cladding is pierced at a few isolated
point and the volatile fission products can enter the primary water. During further irradiation the newly
formed fission products under the failed cladding reach of course immediately the primary water.
However, the primary loop of BR2 is a closed circuit under pressure and the fission products remain
isolated from the workers and the environment. A technical specification on the maximum allowable
contamination of the primary water exists. This specification is derived from the criterion that a
significant loss of primary water may not cause exhaustive contamination of the environment. Iodine131 is the most limiting isotope. The maximum concentration which could be allowed is 400 Bq/ml.
The activity of the primary water is continuously monitored and three times a week samples are
analysed by y-spectrometry. Sampling frequency is increased if the observed activity is higher than
normal background level.
Burn out of a part cladding can never be excluded. This can be caused by mechanical damage to the
fuel element or by blockage of the cooling. An automatic action, namely driving the control rods in the
core at maximum speed (but no dropping of the rods), is foreseen to avoid further irradiation after such
an major failure. The action is triggered by two scintillation counter measuring continuously the
concentration of krypton-88 in the primary water. A severe contamination of the primary circuit will
also cause a stop of the reactor due to high alarm on the nitrogen-16 measuring chains, normally used
for power indication.
If fuel elements with low enrichment are irradiated plutonium and transuranium elements are formed,
which could cause a-contamination in primary circuit. This is an advantage of very high enriched
uranium, a-contamination at BR2 is at this moment not much of concern, a-activity of the primary
water is not continuously monitored, although the possibility is foreseen. Only at the end of a BR2
irradiation cycle samples of the primary water are analysed for a-contamination. Irradiating low
enriched fuel elements, certainly in case the irradiation is continued up to high burn-up (more than
50%), changes this situation. The risk depends of course on the retention of the transuranium isotopes
by the fuel matrix once cladding has disappeared. For test irradiation of only a limited number of fuel
elements with low enrichment the issue was raised during the CEE meetings. It was decided that if
fission products are found in the primary water of BR2 the a-activity of the samples must also be
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checked together with a-spectrometry, which is a rather long and tedious measurement but giving
useful information.
The source term of the maximum credible accident
An experiment shall not increase significantly the potential source term used for calculating the
maximum credible accident. Otherwise, a full licence application, including public hearing, should be
required. Replacing a few percent of the fuel plates by experimental plates with a different uranium
content does not affect the BR2 source term. A great number of low enrichment fuel elements
increases quantity of plutonium and other transuranium elements significantly once an equilibrium
core composition is reached. Such a modification would require a recalculation of the consequences of
the maximum accident with possibly a new licence application.

6. Conclusions
Possibility exists for BR2 to irradiate new type of fuel plates under actual operating licence condition.
The test plates are considered as experimental device and the authorisation follows the procedure for
experiments. This is possible as long as the source term of the potential hypothetical accident and the
probability of the initiating events are not enlarged in a significant way. Fundamental parameters of
the reactor core, such as neutron power distribution, kinetics, heating by gamma flux and
thermohydraulics must neither be changed in a significant way. These restrictions limit the number of
test plates that can be loaded without being considered as an important modification.
Replacing the whole core by low enriched fuel elements has an important influence on above
mentioned characterics of the installation and a full licence application will probably be required for
such a modification.
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PROLONGATION OF LIFE-TIME OF A NITRIDE FUEL CORE
IN THE BR-10 REACTOR
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V.V. POPOV, M.Ya. KHMELEVSKY
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ABSTRACT
The maximum design-based burnup of BR-10 test reactor nitride fuel enriched to 90%
235
U is of 8% of h.a. To lower the expenditure for production of new fuel pins, the
possibility of FA life-time prolongation at the expense of increased burnup of nitride fuel
has been considered.
With this purpose the actual scene of reactor operation, the experimentally assessed
burnup of nitride fuel and the release of gas fission products out of it as well as swelling of
fuel-pin cladding made of 16Crl5Ni type austenised EI-847 steel have been analysed and
taken into account. The evaluation of kinetics of stress-strained condition of a fuel pin has
made it possible to find its least serviceable cross section. The computation has shown that
a fuel pin cladding will attain its limiting condition at the maximum burnup of fuel equal
to 9% h.a. It has been shown that the increase of coolant temperature at the core inlet up to
360°C enables to extend the FA operation time and to attain the fuel burnup of ~10% h.a.
The BR-10 test reactor contains 101 fuel assemblies (FA) with mononitride fuel of 90%
enrichment by 23SU. A fuel assembly contains 7 fuel pins with claddings made of 16Crl5Ni type, EI847
grade stainless steel in austenised condition. A fuel pin cladding is 8.4 mm in diameter and 0.4 mm
thick.
The study of BR-10 reactor fuel pin performance made while designing has determined the level
of limiting maximum burnup of nitride fuel as 8% h.a.
To the end of July 1997 the nitride fuel based BR-10 reactor has been operated in its 5th core
life-time during 921 effective days, a number of FAs in the first and third rows having achieved a
burnup of- 8% h.a. have been substituted by new ones.
A task has been assigned of considering the feasibility of prolongation the fourth row fuel pins'
operation by 320 effective days more. By that time a burnup of ~ 6.91% h.a. has been achieved in fuel
pins of the fourth row. The additional 320 effective days' operation of these fuel pins had to result in the
maximum burnup therein to ~ 9.3 h.a.
The calculational assessment of stress - strained condition and serviceability of fuel pins in case
of the maximum burnup of 9.3% h.a. has been carried out taking into account the data on actual release
of gas fission products (GFP) out of fuel, swelling of fuel, and vacancy swelling of cladding material the 16Crl5Ni type, EI847 grade steel in austenised condition [1,2]. The main parameters of the most
loaded fuel pin are presented in Table 1.
Table 1
Main operational parameters of a BR-10 test reactors' fuel pin
Maximum design-based linear power, W/cm
Pressure of coolant at the core inlet, MPa
Maximum temperature of sodium, °C
at the core inlet
at the core outlet
Maximum temperature of fuel pin cladding, °C
Maximum damage dose accumulated in cladding material, dpa
Maximum flow of neutrons (in the centre of the core), n/cm2s
Maximum integral fluence of neutrons, O, E>0.1 MeV, n/cm2

410
0.18
350
500
526
31
8.6-1014
6 • 1022
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The temperature of reactor fuel pin cladding varies in a rather wide range. At the core inlet the
temperature of cladding is close to that of coolant (~ 350°C) while at the outlet it may have a
temperature close to 530°C.
The main mechanism of fuel pin
_ m a x n_
cladding deformation under loading is that of
clad
650
in-pile creep. As it is shown in Fig. 1, the
steels used as cladding materials have not the
500
same temperature dependence of in-pile creep
in two characteristic regions.
350
At Tm > 0.5 Tmelt (region I) the rate
Region II
Region I
of creep is highly dependent on the irradiation
temperature, T^, In this region practically no
-200
+200
irradiation hardening of the material can be
observed.
plenum
actve part
The vacancy swelling of austenitic
steels at the temperatures characteristic for
cladding operation in the region I is
Fig.l. A diagram of temperature distribution along
insignificant and produces only a feeble
a fuel pin
effect on their strain and strength
characteristics.
At Trr < 0.5 Tmeit (region II) the dependence of in-pile creep rate on the irradiation temperature
is insignificant. It is a region of low temperature irradiation-induced creep. At the temperatures that are
characteristic for the region II substantial irradiation hardening of the material progresses: it is
characterised, for example, by growth of cry with gaining the fluence <t>.
In the course of fast reactor operation its fuel pin cladding may be loaded:
a) By the excessive pressure of gas fission products released out of fuel inside its cladding
taking into account the pressure of the gas of technological origin pumped into fuel pins in
the course of fabrication.
b) By the flow of heat from fuel to coolant through the wall of fuel pin cladding.
c) By the pressure of swelling fuel after the fuel-cladding clearance having been taken up.
When loading a cladding with the excessive pressure of GFP, the most dangerous cross section
is that of the hottest coolant, just at the core outlet (region I).
Long-term in-pile strength characteristics of austenitic steels may be taken from reactor tests'
data presented in [3] (see Fig. 2).
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28

Fig. 3. The maximum stress a, MPa, opening a
defect, 0.035 mm deep, as a function of
accumulated irradiation dose

Fig. 3 shows calculated data relating to the dependence of the maximum stress resulting in
opening a defect, 0.035 mm deep, on the accumulated irradiation dose. The calculation has been carried
out taking into account the data of the paper [4].
The experimental study of GFP release out of fuel into the claddings of waste fuel pins allowed
to calculate the growth of pressure under cladding in the course of operation (see Fig. 4).
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Fig. 4. The growth of gas pressure under cladding
with fuel burnup
Experimental studies of nitride fuel swelling in waste fuel pins have shown the absence of a gas
component of swelling (owing to low temperature of fuel, Tmax < 1200°C, the process of swelling
promotes at the expense of solid fission products' accumulation) [2]. The value of swelling rate
acquired in experiments, S-rcexper), is of = 1.7 % per 1 % burnup (h.a); it has been utilised in
computations.
Experimental studies of waste fuel pin cladding deformation and computations of fuel pin strain
taking into account irradiation creep and vacancy swelling of the EI847 steel according to the
dependence presented in [1] have shown that the dependence being used is in good agreement with
acquired experimental data and may be applied to further computations of stress-strained condition of
BR-10 test reactor fuel pins.
The computations have shown that during the whole time of fuel pin operation the upper cross
sections of fuel pins belonging to region 1 are being loaded with pressure of GFP only, and fuel in the
course of its swelling does not completely take up the clearance with cladding even in the centre area
of the core (see Fig. 5).
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The calculated maximum acceptable value of stress in fuel pin cladding caused by GFP
pressure of turned out to be of 102 MPa (at U = 4-104 h and K<, = 1.5), which is considerably higher
than the actual stress in the hottest cross section of a fuel pin cladding (see Fig. 6).
As computations have shown, the most dangerous cross sections are located in fuel pins at a
level of - 200 mm from the centre of the core (region II, see Fig. 7,8).
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Fig. 7. Irreversible circumferential strain of fuel
and fuel pin cladding in the course of irradiation
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the core)
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As can be seen from the figures, in the end of a fuel pin operation (after t = 3.3-104 h) its nitride
fuel comes in the course of swelling into contact with cladding which, during the further combined
deformation of fuel together with cladding, results in rise of stress inside cladding. For example, in t =
3.5-104 h the circumferential stress in cladding will exceed 200 MPa which can cause the loss of its
sealing at a fluence of <t> > 7.5-1022 n/cm2 (E > 0.1 MeV); it corresponds to a maximum burnup of 9%
h.a. (see Fig. 3).
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The lowering of stresses in the (-200) cross section can be achieved by rising the coolant
temperature at the core inlet. In this case the temperature of fuel pin cladding becomes increased, and,
consequently, the rate of vacancy swelling of cladding, the rate of fuel swelling being invariable,
becomes higher. The rise of cladding temperatures in the (-200) cross section results in extending, by
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103 hours, the time before the onset of the fuel-to-cladding contact and in lowering the maximum stress
value, amax, to 94 MPa (see Figs. 9, 10). Practically, this level of stresses cannot cause the loss of
sealing in cladding at a value of burnup less than 10 % h.a.

Conclusions
The consideration of experimental data relating to the actual release of GFP out of a nitride
fuel under the cladding, to nitride fuel swelling and to cladding material vacancy swelling has allowed to
analyse the stress-strained condition and performance of nitride fuel pins of the BR-10 test reactor.
The computations have shown that the serviceability of these fuel pins under the actual
conditions of their operation may be limited by the maximum burnup of 9 % h.a. (while the designbased value of maximum burnup is of 8 % h.a.).
As the computations have shown, the rise of the coolant temperature at the core inlet up to
360°C will enable to increase the maximum burnup of fuel in these fuel pins to 10 % h.a.
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ABSTRACT
The BR2 reactor, put into operation in 1963 and refurbished from July 1995 till April 1997,
is a 100 MW high-flux Materials Testing Reactor, using 93% 235U enriched uranium as
standard fuel, light water as coolant and beryllium as moderator. The present operating
regime consists of five irradiation cycles per year at an operating power between 50 and 70
MW; each cycle is characterized by 21 days operation. In the framework of a 'qualification
programme', six 72% 235U fuel elements fabricated with uranium recovered from the
reprocessing of BR2 spent fuel at UKAEA-Dounreay have been successfully irradiated in
the period 1994-1995 reaching a maximum mean burnup of 48% without the release of
fission products. Since 1998, this type of fuel element is irradiated routinely together with
standard 93% 235U fuel elements in order to optimize the utilization of the available HEU
inventory. The purpose of this paper is to present the strategy developed in order to
optimize the mixed core management of the BR2 reactor.

1. Introduction
The BR2 reactor is a high-flux Materials Testing
Reactor which first became operational in 1963
and has since been refurbished in 1995-1997. It
uses 93% 235U enriched uranium as standard fuel
and is moderated by light water and beryllium.
The core is composed of beryllium hexagons with
central irradiation channels of 200, 84, 50 or 33
mm diameter. The cooling water is pressurized at
12 bar and has a temperature of 40-45°C. The
pressure vessel is located in a pool (see Figure 1.)
filled with demineralized water. A standard
irradiation cycle consists of 3 weeks operation at
an operating power between 50 and 70 MWth,
depending on the core configuration which is
easily adapted to the experimental load. The
present operating regime consists of 5 irradiation
cycles per year. The BR2 reactor is operated in
the framework of programmes concerning the
development of structural materials and nuclear
fuels for fission and fusion reactors. The
extensive refurbishment programme performed in
the period 1995-1997 after more than 30 years
utilisation provided a life extension of more than
15 years.
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Figure 1. BR2 reactor.

2. BR2 core configuration
The actual BR2 core configuration 20D (see Figure 2.) is characterized by 32 fuel elements, 7 control
rods and a regulating rod. This is arranged around the central beryllium plug HI in order to provide
thermal neutron fluxes up to 10'5 n/cm2.s in its seven irradiation channels.

Figure 2. BR2 configuration (20D).

3. BR2 fuel elements
The standard 'VIn1 BR2 fuel element [1] to be loaded in a 84 mm diameter irradiation channel is made
from 18 semi-circular fuel plates assembled into 6 concentric tubes (see Figure 3.). The thickness and
the length of the fuel plates are respectively 1.27 mm and 762 mm; the water gap between the fuel
plates is 3 mm. The cermet fuel material - obtained by blending UAlx and Al powders - is sandwiched
between AG3 alloy cladding. The inner tube of the fuel element encloses a cylindrical volume which
is available for irradiation purposes. The corresponding useful diameter of 25.4 mm can be increased
by removing one or more inner fuel tubes.

Figure 3. Standard 'VIn' BR2 fuel element.
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Two types of'VIn' fuel elements, characterized by the same geometry, are routinely irradiated in the
reactor since 1998. The main differences between them are the masses of235U and burnable poisons.
The main characteristics are summarized in Table 1.
Main characteristics

'VIn G1 (93% 235U)

'VIn E1 (72% 235U)

Enrichment in 235U [%]
Total mass of 235U [g]
Thickness of the fuel meat [mm]
Density [g 23SU/cm2]
Density [g Utot/cnr»3]
Burnable poisons: B4C and Sm2O3
Mean burnup 235U prior to reprocessing [%]
Manufactured by

93
400
0.51
0.060
1.27
3.8gB nat andl.4gSm nat
52 (up to 60)
CERCA (France)

72
330
0.51
0.050
1.31
1.8gBnatand 1.3gSmnat
45 (up to 50)
UKAEA (UK)

Table 1. BR2 'VIn' fuel elements.
In the framework of a 'qualification programme', six "test" 'VIn E' fuel elements have been fabricated
by UKAEA-Dounreay with uranium recovered from the reprocessing of BR2 'VIn G' spent fuel
elements; they have been successfully irradiated in the period 1994-1995 during 5 cycles of 21 days reaching a maximum mean burnup of 48% - without the release of fission products in the primary
circuit of the reactor [2]. BR2 ordered the fabrication of 60 additional 'VIn E' fuel elements, but
received only 20 of them because of Dounreay's problems with obtaining an operating licence for their
fuel reprocessing and fabrication plants.

3. Reactivity measurements of 'VIn G' and 'VIn E' fuel elements
The reactivity effects of'VIn G' and 'VIn E' fuel elements loaded in a A or B irradiation channel (see
Figure 2.) have been measured - as a function of their mean burnup - before the start-up of several
cycles. The comparison of the measured reactivity curves (see Figure 4.) indicates that the most reactive 'VIn E' fuel element P=9% is equivalent in reactivity to a (3=22% 'VIn G' fuel element. The loss of
0.15 $ of reactivity associated with the loading of a 9% 'VIn E' instead of a 15% 'VIn G' fuel element
in a A or B channel had a large influence on the development and the management of the 'mixed core'.

5T

0.80 ,
0.60
0.40

VIn E' luel clement
72% U-235

10

20

30

40

50

60

Mean burnup |%|

Figure 4. Measured reactivity curves of 'VIn' BR2 fuel elements.
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4. Mixed core management
The 'VIn' fuel elements are routinely irradiated during 5 cycles of 21 days at a power of 60 MW as
shown in Table 2. The difference between both irradiation profiles is a consequence of the fact that a
p=12% 'VIn E1 fuel element has the same reactivity as a p=25% 'VIn G' fuel element. These typical
irradiation profiles are in reality perturbed by the requirements of experimental programmes; the mean
burnup prior to reprocessing of'VIn G' and 'VIn E' fuel elements has already reached 60% and 50%
respectively.

Cycle
1
2
3
4
5

Channel
C
AorB
AorB
D
ForG

'VIn G'
(93% 235U)
p initial [%]

0
12
26
40
49

p final [%]
12
26
40
49
56

Channel
C
AorB

D
ForG
ForG

'VIn E'
(72% 235U)
p initial [%]
0
12
26
35
42

p final [%]
12
26
35
42
49

Table 2. Typical irradiation profile of the BR2 'VIn' fuel elements.
The mean consumption of'VIn G' fresh fuel elements from 1980 till 1995 was 5.7 per 1000 MWd
'produced' in the second beryllium matrix of the reactor; the mean burnup prior to reprocessing was
53%. Likewise, the exclusive use of 'VIn G' fuel elements in the first 5 cycles (see Table 3.)
performed in the third beryllium matrix (1997-1998) led to a mean consumption of 6.26 fresh fuel
elements per 1000 MWd 'produced'. In order to enable the comparison later on with the mixed use of
'VIn G' and 'VIn E' fuel elements, we have to determine the 'energy extrapolated' at the end of the
cycle 'EOC, i.e. the energy that the loading could produce till natural poisoning of the core. The mean
consumption becomes 5.21 fresh fuel elements per 1000 MWd 'extrapolated'. The corresponding
consumption of fuel elements characterized by the maximum of reactivity, i.e. P=15% 'VIn G' fuel
elements, was 3.83.
Parameters / Cycles
Reactivity excess 'BOC [$]
Total number 'VIn G' fuel
Number 'Vln' fresh fuel
Number'VIn G'p= 15%
Energy produced [MWd]
'VIn' fresh/1000 MWd 'produced'
Energy extrapolated 'EOC [MWd]
'VIn' fresh/1000 MWd 'extrapolated'

1/97
7.87
32
8
0
787
10.17
1150
6.96

2/97
7.16
34
8
6
1181
6.77
1300
6.15

3/97
7.31
34
6
6
1231
4.87
1380
4.35

1/98
7.84
33
6
6
1060
5.66
1350
4.44

2/98
8.10
32
6
7
1170
5.13
1350
4.44

Table 3. Exclusive use of 'VIn G' fuel elements.
A preliminary study made with the help of the calculation code GEXBR2-TRPT3-REAC2 showed
that it was possible to develop an irradiation strategy based on the exclusive use of 'VIn E' fuel
elements [2]. This arrangement could not be realized experimentally because of the limited availability
of'VIn E' fuel elements. Nevertheless, the calculations indicated several disadvantages as a reduction
of the cycle length, an increase of the mean consumption (from 6 up to 9) of fresh fuel elements per
1000 MWd 'produced' in the beryllium matrix, a build-up of 35% burnt fuel elements in the fuel
inventory and a reduction of the mean burnup prior to reprocessing below 38%.
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The operation of the reactor in the period 1998-1999 was based on a mixed core arrangement as
illustrated in Table 4. The 20 'VIn E' fuel elements have been successfully irradiated - reaching a
maximum mean burnup of 50% - without the release of fission products. They occupied up to 36% of
the channels loaded with fuel elements.
Parameters / Cycles
Reactivity excess 'BOC [$]
Number 'VIn G' fuel
Number 'VIn E' fuel
Total number 'VIn' fuel
Pourcentage [%] 'VIn E'
Number 'VIn' fresh fuel
Number'VIn G'p=l 5%
Energy produced [MWd]
'VIn' fresh / 1000 MWd 'produced'
Energy extrapolated 'EOC [MWd]
'VIn' fresh/1 OOOMWd 'extrapolated'

3/98
7.30
26
6
32
19
6
11
1116
5.38
1500
4.00

4/98
7.16
23
9
32
28
6
5
1108
5.42
1350
4.44

5/98
6.32
26
6
32
19
6
7
1153
5.20
1320
4.55

1/99
6.03
22
10
32
31
6
8
1210
4.96
1400
4.29

2/99
5.82
28
6
34
18
8
8
1468
5.45
1510
5.30

3/99
7.09
22
10
32
31
6
3
1144
5.24
1300
4.62

4/99
5.12
21
12
33
36
8
6
1415
5.65
1550
5.16

5/99
6.70
26
6
32
19
7
2
1298
5.39
1300
5.38

Table 4. Mixed core arrangement.
It appairs from Table 4 that the mean consumption was 4.72 fresh fuel elements per 1000 MWd
'extrapolated'. The corresponding consumption of fuel elements characterized by the maximum of
reactivity, i.e. P=15% 'VIn G' fuel elements, was 4.45.
5. Conclusion
The BR2 reactor was operated from 1998 until 1999 (see Table 4.) with both types of fuel elements
'VIn G' (93% 235U) and 'VIn E' (72% 235U) until 36% of the core was occupied by 'VIn E' fuel
elements. This demonstrated the possibility of optimizing the 'HEU' fuel cycle without major
penalties. A core consisting of mixed fuel elements has the same mean consumption as a core
comprised exclusively of'VIn G' fuel elements. This amounts to 5 fresh fuel elements per 1000 MWd
'extrapolated1. A little increase of the consumption of the most reactive 'VIn G' fuel elements (p=15%)
was necessary in order to maintain the length of the cycles and optimize the burnup prior to
reprocessing of the fuel elements, taking into account the experimental loading.
If the remaining 40 'VIn E' fresh fuel elements are delivered by UKAEA-Dounreay, the optimum
mixed fuel strategy would consist of two cycles with 6 'VIn G' fuel elements alternating with one
cycle of 6 'VIn E' fuel elements. This strategy guarantees an irradiated fuel inventory with enough
'VIn G' fuel elements, characterized by a maximum of reactivity, thereby ensuring a well balanced
fuel management.
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APPLICATION OF MCNP4B FOR CRITICALITY ANALYSIS OF FRJ-2
R. NABBI and J. WOLTERS
Research Center Jtilich
Leo-Brandt-Strafie
52428 Jiilich, Germany

ABSTRACT
A MCNP model in very high fidelity was developed for FRJ-2. The fuel elements, absorber
arms, and the moderator zones were highly segmented, and all core and reflector components
were included. For the exact calculation of the operating cores MCNP was coupled with a
depletion code und run by recycling. Simulation of day-to-day operation shows that the
reactivity value of individual core at any burnup step during the operating cycle is predicted
with a high accuracy (within the 2a confidence interval). The flux and burup distribution
inside the cores are also in very good agrement with experimental results.

1. Background
With regard to optimum fuel utilization and safe operation of the FRJ-2, fuel management at FRJ-2 is
handled by experimental method consisting of reactivity and flux measurements. Before and during
refueling the core, the estimated excess and shutdown reactivity is checked by the inverse kinetic
method. Due to the point kinetic character of the method, it is not capable of covering space time effects
mainly resulting from the interaction between IC, core and control absorbers consisting of six so-called
coarse control arms[l]. Due to the variation and uncertainty of the measurements, conservative values
are applied for reactivity balances and compared with the required minimum shutdown reactivity at each
loading step and at BOC respectively. The value of the shutdown reactivity is defined by the postulated
fracture of the coarse control arm with the highest effectiveness and the requirement that four of the
remainder with the lowest worth must be able to balance the added reactivity of the defective arm
dropping out of the core. In addition, the experimental simulation of the accident situation after
refueling is required by the supervisory authority to prove the sufficiency of the shutdown reactivity. To
overcome the shortcomings of the measuring method and to reduce the experimental demand, there was
great interest in an accurate calculational method for an exact reactivity balance and optimization of
fuel management at FRJ-2 repectively.
The Monte Carlo code MCNP has been widely used for many years now in nuclear engineering to
perform complex criticality studies and calculations[2]. It is capable of treating any 3-dimensional
configuration of materials in geometric cells of complex form using pointwise continuous-energy cross
sections existing for a variety of reactions. The numerical models and features of the code have been
extensively validated on the basis of comprehensive benchmark tests and experiments[3]. However, its
models do not cover changes in material composition taking place during the operation of the high
power research reactor FRJ-2. First investigation with density tables for fuel composition resulted in a
sensitive variation of the reactivity values with the fuel burnup[4]. For this reason, MCNP was coupled
with a depletion code and applied for core calculations by recycling the burnup and flux
calculations(MCNP). The present paper describes the details of the simulation of the neutronic and
criticality behavior of FRJ-2 for optimum fuel management.
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2. Description of FRJ-2
The FRJ-2 is a DIDO-class tank-type research reactor cooled and moderated by heavy water. The core
consists of 25 so-called tubular MTR fuel elements arranged in five rows of 4, 6, 5, 6 and 4 fuel
elements(Fig. 1). It is accommodated within an aluminum tank 2 m in diameter and 3.2 m in height. The
tank is surrounded by a graphite reflector of 0.6 m thickness enclosed within a double-walled steel tank.
The active part of the tubular fuel elements is formed by four concentric tubes having a wall thickness
of 1.5 mm and a length of 0.63 m. The tubes consist of fuel meat clad with pure aluminum and are
accommodated in a shroud tube of 103 mm diameter. The fuel meat contains UAlx in aluminum-matrix
with a U235 enrichment of 80 %. The annular water gap between the tubes has a width of about 3 mm
leaving a central hole of 50 mm diameter filled with a thimble for irradiation purposes.

NT: Washing Factor

Vertical cross section

Horizontal cross section

Fig. 1: Arrangement of fuel elements and coarse control arm inside the
reactor tank
The reactor is equipped with two independent and diverse shutdown systems, the coarse control arms
(CCAs) and the rapid shutdown rods (RSRs). In case of demand, the six CCAs are released from their
electromagnets and drop into the shutdown position by gravity, whereas the three RSRs are shot in by
their pneumatic actuators. The CCAs are lowered and raised manually around a pivot in order to control
power levels during normal operation, whereas the RSRs are permanently in their upper position. The
shutdown position of the CCAs is at an angle of 56 ° against the horizontal line. In this position, they
have the highest worth. In case of a failure of the holding mechanism of one CCA, the sword would
swing out of the core causing high amount on reactivit insertion.
A large number of horizontal and vertical channels give access to the neutron field in the reactor. The
horizontal channels (beam tubes) end either at the tank wall or at the periphery of the core by
penetrating into the reactor tank.

3. MCNP model of FRJ-2
The MCNP model of FRJ-2 is a complete 3-dimensional full-scale model with a very high level of
geometric fidelity. It comprises the reactor core, CCAs, core structures, beam tubes, the graphit
refelector and the biological shield.The core region consisting of 25 fuel element was modeled as a
cylinder which contains a square lattice with an array of cells representing the individual fuel elements.
Each cell in the lattice contains a detailed model of each fuel element comprising the internal thimble, 4
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circular fuel tubes and the borated outer shroud tube. Each individual cell is divided into 15 axial, 35
radial and azimuthal material zones.
The D2O reflector in the RAT was represented by a cylinder with an outer diameter of 2.00 m.The
lower region of the core down to the bottom of the RAT accommodating the grid plate, unfueled ends
and nozzle of the fuel elements,the alumninum structures and corresponding D2O were modeled in
detail. In the whole geometric model the cell boundaries were specified by 1st and 2nd degree surfaces
with appropriate transformation in accordance with the position of the cells in the model.
The rapid absorber rods were located in the periphery of the core and modeled in the form of a hollow
cylinder with a wall thickness of 4 mm. The fine control rod was modeled in the same detail and placed
in the D2O reflector region. The beam tubes of varying diameter and length were modeled in detail and
integrated in the corresponding position of the entire model in accordance with the design and
construction documents.

Specification of
Fresh FE
Angle of CCA V
Critical State )
MCNP
XS Calculation

Multigroup XS

Nuclide Densities
MCNP
Core Critical. Calculation
Keff/ Multigr. Flux

Condensation of
XS and Flux

Fuel Burnup
Calculation

Therm. Power
Operting time
NO
Yes

Fig. 2: Flow diagram for coupled MCNP and burnup calculations of FRJ-2
4. Material Compositions and Cross Sections
Each core configuration is an arrangement of fresh and partially irradiated fuel elements. The irradiated
fuel elements which do not reach the burnup limit for discharge are left in the core and remain as a part
of the core configuration at the BOC. The density of the actinides and fission products in the fuel
elements depends on the burnup level, and its distribution varies in each individual fuel tube. The
variation of the bupnup in the course of an operating cycle influences the flux distribution and vice
versa. To account for such a continuous change in the neutronic conditions, it was necessary to the use
MCNP in connection with a depletion code (BURN) with the aim of recycling the material composition
and the flux distribution including the cross section data. The flow diagramm of the communication
mechanism of the two codes and the data transfer have been given in Fig. 2. For the calculation, the
operating cycle is divided first in certain burnup and time steps respectively. In each step the change of
the material composition is calulated for each individual cell on the basis of actual power and time
interval. The densities are used in the MCNP runs to generate flux distribution for the next burnup step.
Cell dependent cross section data in one-group structure which are needed in the burnup runs are
generated during the MCNP runs using actual flux distribution as input in the subsequent burnup
calculations. The coupled calculations are perfomed for all 12.150 material cells.
Due to the high demand on the CPU-time and system memory the PVM-version of MCNP is employed
on the CRAY-T3E massive parallel computer system using 32 processors. To get a high level of
calculational accuracy, all simulations discussed in the present work were run with 800 cycles of 1200
particles each, from which 10 cycles were excluded for initial fission source convergency. By the
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statistical evaluation of the results, a standard deviation of 0.001 -corresponding to 0.10 % dk/k for the
reactivity- was achieved.

5. Results of Simulations
After completing the geometical modelling of the reactor core and surrounding, the neutronic and
criticality behavior of FRJ-2 was studied in detail by simulatinion of past operating cycles with various
core configurations and burnup distribution. For the verification of the whole model the criticality state
(corresponding to the multiplication factor) of the reactor core for each step of the operating cycle was
compared with those predicted by the calculation. Moreover, the total burnup values of the individual
FE at the end of each cycle calculated by the coupled MCNP and BURN were compared with the
experimental values obtained on the basis of the flux measurement. In addition, the distribution of the
average FE-flux for each operating cycle was taken for comparison to check the accuracy of the
calculational method in the prediction of the local neutronic conditions and neutron flux.
Fig. 3 shows the deviation of the multiplication factor for each critical core from a reference value
corresponding the criticality state of the reactor as a function of burnup step for 4 operating cycles.
Accordingly, the criticality state of the core at each time and burnup step is reproduced with a precision
less than 0,3 % dk/k representing the accuracy of the model in the simulation of the neutronic conditions
of the core. Due to the high prediction quality the method was used to predict the reactivity value of the
core of the actual operating cycle (BOC 3/99) after reloading with 6 fresh fuel elements including 4
shuffling steps. The criticality after reloading the core was achieved as predicted by the model with a
deviation less than 0,2 % dk/k amounting to 2cr confidence interval I. For this precision level one million
neutron histories were simulated.
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Fig. 3: Deviation of calculated multiplication factor from the reference
value for the criticality state as a function of burnup step for 3
operating cycles
The distribution of the average neutron flux of the FE has been given in Fig. 4 for comparison with the
results of the measurement performed during the operating cycle 3/99 by foil activation technique,
(activity of Co-60). For this comparsion, the reaction rates are generated for the measuring position
using the corresponding flux and cross section tallies. Under the consideration of the uncertainties of the
measuring method resulting from the irradiation time and positioning of the foils, the calculated values
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are in good agreement with the experimental results in the whole core. These results show that the model
is capable of precisely predicting the flux values. The comparison of the burnup values of the individual
fuel elements which are experimentally determind by using the average neutron fluxes are also in very
good agreement with those calculated with the coupled MCNP and BURN codes.
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Fig. 4: Comparison of calculation and measurement for the average neutron flux
at the inner channel of fuel elements for core configuration 3/1999
6. Conclusions
For an accurate prediction of the criticality states and reactivity values of the reactor core, a geometric
model with a high level of fidelity was developed and coupled with the fuel depletion code. The whole
model was verified by comparison with the actual operational data and neutronic variables.The existing
model is capable of predicting the reactivity values, flux and burnup distribution accurately. On the
basis of the model, optimum fuel utilization and core loading is achieved for each individual core
configuration. In addition, the requirement of comprehensive and complex measurements for the
verfication of the reactivty balance and burnup control could be replaced by the existing sophisticated
calculational method.
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FRM-II PROJECT STATUS AND SAFETY OF ITS COMPACT FUEL
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ABSTRACT
The construction of the new research reactor FRM-II is close to completion and the nuclear
start-up is scheduled to begin in January 2001. This contribution provides an overview
about the concept of the facility and the safety features of the reactor. It also describes some
of the tests performed during the licensing procedure of the compact fuel element and their
results. At the end a short status report is given.

1. Introduction
The Technische Universitat Munchen (TUM) is presently building a new high-flux reactor, the
FRM-II. This new reactor shall replace the existing "Forschungsreaktor Munchen" (FRM) which has
been operating very successfully for about 43 years now.
The FRM-II was developed with first priority for beam-tube experiments, but it will also provide
excellent possibilities for irradiation experiments or isotope production. For this reason the reactor was
designed in a way that a high and spectrally pure thermal neutron flux is available in a large volume
outside of the reactor core, where it is accessible for experimental use. In addition to beam-tubes
which will end in the thermal neutron field there will be beam-tubes that will provide - with the help
of "spectrum shifters" - cold, hot and fast neutrons.
Even though the thermal power of the FRM-II was limited to 20 MW a maximum thermal neutron
flux of about 8 x 1014 cm"2s"' will be reached. Because of its "compact-core-concept" which
represents a further development of the concepts of the HFR (Grenoble, F) and the HFIR (Oak Ridge,
USA) the FRM-II will have the best flux-to-power-ratio worldwide. This is a big advantage with
regard to the background radiation at the experimental facilities, reactor safety, nuclear waste and
costs. For all these reasons and because of the progress in the optimization of the user installations that
has been made in the last decades the FRM-II will be one of the most efficient research reactors in the
world.

2. The compact core concept
The unique characteristics of the FRM-II - such as high thermal neutron flux, a high spectral purity of
the energy distribution of the neutrons and a large usable volume outside of the reactor core - are
obtained due to a small core cooled with light water (H2O) that is placed in the center of a moderator
tank filled with heavy water (D2O). Due to the fact that the thermal power should be limited to 20 MW
the reactor core was designed as a particularly small "compact-core". It consists of only one
cylindrical fuel element that contains the U3Si2-Al-dispersion fuel in combination with high-enriched
uranium (about 93 % 235U). The fuel contains about 8.1 kg uranium and is placed in 113 involutely
curved fuel plates. Because of this involute shape the coolant channels between the plates have a
constant width of 2.2 mm. The plates themselves have a thickness of 1.36 mm (fuel 0.60 mm, cladding
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0.38 mm). The outer diameter of the active zone of the fuel element is 243 mm and its height is
700 mm.
Since the reactor core is very small the leakage of fast neutrons out of the core is very high (more than
50 %) and neutrons which have been thermalized in the D2O and diffuse back into the core make a big
contribution to the nuclear chain reaction. However, they would cause a big peak in the distribution of
the power density at the outer edge of the core. This peak is reduced in the FRM-H using the concept
of fuel grading: the uranium density in the fuel meat is 3.0 gU/cm3 in the inner part of the fuel element
and 1.5 gU/cm3 in the outer part. The peak at the lower end of the active zone caused by the reflectormaximum of the thermal neutron flux in the H2O of the primary circuit is reduced by a boron-ring in
the outer tube of the fuel element. The power density at the upper end of the core is considerably
lower, because of the close proximity of the hafnium absorber of the central control rod.

3. Inherent safety features
As mentioned above the thermal neutrons diffusing back from the moderator tank play an important
role in the reactivity balance of the reactor. As a consequence the FRM-II has some essential inherent
safety features. For example, the reactor would become subcritical if the D2O in the moderator tank
would be replaced by H2O or if a substantial fraction of H2O would be mixed into the D2O. If the H2O
in the fuel element would be replaced by D2O - this would lead to a worse slowing down of the
neutrons in the core - and of course if the H2O would be totally removed from the core the reactor
would become subcritical. An essential safety feature concerning the handling of the fuel element is
that the fuel element is highly subcritical in pure H2O without any additional absorber.

4. The designed safety features
The most important safety aim in designing a reactor is to avoid under all circumstances inadmissible
radioactive exposures for the population and the personnel. In order to reach this target the release of
fission products is avoided by three barriers: fuel matrix, pool water and reactor building confinement.
Furthermore it is guaranteed that the reactor can be shutdown under all circumstances and the decay
heat can be safely removed [1].
The reactor building and the reactor pool (including the storage pool) were designed in a way that the
pool water is kept under all accident conditions - even in the case of an earthquake or of an aircraft
crash (the latter would represent a beyond design basis accident). This aim is met by building the pool
out of watertight concrete (1.8 m thick) with an additional stainless steel liner. Moreover, the ceilings
of the 0 m- and the 11.7 m-floor of the reactor building are connected with flexible joints to the pool
structure in order to keep Shockwaves away from it. The beam tubes have two barriers for avoiding the
loss of pool water. In addition the primary circuit and the primary cell are designed in a way that a
complete loss of the pool water is impossible even if there would be a leak in the primary cooling
circuit.
A release of fission products would be possible only in the case of a damage of the fuel element. Since
the pool water does not retain all of the fission products (even though in most cases a very high
fraction is retained) the ventilation system of the reactor hall is designed to filter and control the low
flow rate of air released through the stack [1].
Two independent shutdown systems guarantee that the reactor can be shutdown under all
circumstances and that the fuel element will not be damaged. Each of the two systems is sufficient to
scram the reactor and keep it subcritical. The first shutdown system consists of five shutdown rods in
the moderator tank. These rods are totally withdrawn during the normal operation of the reactor. Four
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Figure 1: Horizontal cross section through the reactor pool. One can see the cylindrical reactor core in the center of the
moderator tank surrounded by the five shutdown rods shown in their shutdown position. Three of the ten horizontal beam
tubes begin at the Cold Neutron Source, one at the Hot Neutron Source and one at the converter facility. The heavy water
tank of 2.5 m diameter is located in the reactor pool made of heavy concrete (not shaded in this figure) and filled with light
water.

of the five rods would be sufficient to shutdown the reactor even if the central control rod were totally
withdrawn. This control rod is located inside the inner tube of the fuel element and is moved upwards
during the cycle. The control rod is coupled to its drive with a magnetic clutch which can be released
if necessary.

5. Installations in the reactor pool
The reactor pool is 14 m deep with a nearly circular cross section (diameter about 5 m) at its lower
part. Figure 1 shows a horizontal cross section through the reactor pool. In the center one can see the
moderator tank and the fuel element. Ten big horizontal beam tubes lead the neutrons into the
experimental hall or - as in one case - into the "neutron guide hall" that is connected to the reactor
building. Three of the beam tubes begin at the Cold Neutron Source, one at the Hot Neutron Source
and one at the converter facility for the production of fast (fission) neutrons. Moreover, in figure 1 one
can see some vertical irradiation channels and - in the direct vicinity of the fuel element - the five
shutdown rods in their shutdown position.
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6. Tests within the scope of the licensing procedure
The fuel element and the U3Si2-Al-fuel were intensively tested during the licensing procedure of the
FRM-II.
Dummies of the fuel element with depleted uranium were tested in experimental facilities which very
closely represented the central part of the primary cooling circuit of the FRM-II. Within the scope of
this "hydraulic test" the stability and the vibration behavior of the fuel plates were tested. The longterm behavior of the fuel element was tested for 60 days (the planned cycle length of a fuel element of
the FRM-II is about 52 days) with an enhanced flow rate. The test showed that there is no deviation
from the expected vibration behavior. The measured values of the thickness of the cooling channels
were as before and also the US-inspection of the welds did not give any indication of defects.
Following these inspections artificial defects at some welding points were produced and a part of the
flow test was repeated. As expected there was no change in the vibration behavior of the fuel plates.
The U3Si2-Al dispersion fuel that will be used in the FRM-II was developed and intensively tested by
the RERTR-program and so can be considered as qualified up to uranium densities of 4.5 gU/cm3 to
4.8 gU/cm3 in the fuel meat. For the FRM-II, the swelling behavior and the increase of the thickness of
the fuel zone was deduced from the data given in the literature [2]. According to this the thickness
increase due to swelling at the maximum fission densities in the fuel particles is about 10 % in the
3.0 gU/cm3-zone and about 9 % in the 1.5 gU/cm3-zone. The calculated maximum fission densities in
the fuel particles at the end of the cycle (i. e. after 52 days) are 7.8 x 1021 f/cm3 and 12.2 x 102i f/cm3
for the 3.0 gU/cm3-zone and for the 1.5 gU/cm3-zone, respectively. The occurrence of these fission
densities is limited to some few mm2 of the fuel plate which has a total active area of about
43000 mm2. As one can see from these data the fuel particles in the 1.5 gU/cm3-zone are stressed more
than the ones in the 3.0 gU/cm3-zone. For this reason the TUM has decided to irradiate a test-plate
containing fuel with 1.5 gU/cm3 at the SILOE-reactor of the CEA-Grenoble. After each of ten
irradiation cycles the thickness of the fuel plate was measured allowing a detailed analysis of the
swelling behavior. As expected the increase of the plate-thickness was small and continuous (see
figure 2). In contrast to that a sudden increase of the swelling rate would have been indicative of
"breakaway swelling" and of a failure of the plate. So the data used in designing the fuel element and
the cooling systems were fully confirmed by the irradiation experiment.
Following this irradiation experiment Post Irradiation Examinations (PIE) were performed in the Hot
Cells LAMA of the CEA-Grenoble in order to obtain information about the fine structure of the U3Si2grains and the thickness of the U-Al interdiffusionlayer that is formed at the grain-boundaries. The
microscopic pictures (one of them is shown in figure 3) demonstrate that the morphology of the fission
gas bubbles is as expected. One substantial aim of the PIE was to confirm also the qualification of the
fuel with an uranium density of 3.0 gU/cm3 in the meat for the use in the FRM-II. The essential
condition for this is that there is enough "free" aluminum1 left at the end of the irradiation. In [4] a
conservative value of 15 vol.% for the minimum Al-content has been established for stable fuel
swelling. In order to calculate the Al-content in the fuel with 3.0 gU/cm3 at a fission density in the
particles of about 8 x 1021 f/cm3 out of the data obtained from the test-plate with 1.5 gU/cm3 a relation
was formulated [5]. The applicability of this relation was tested by means of a quantitative analysis of
the microstructure. The knowledge of the thickness of the interdiffusionlayer is necessary for
determining the loss of "free" Al; it was calculated with the help of correlations taken from the
literature ([6], [7]) and tested against the results of the microscopic examinations. The analysis showed
that at a fission density in the particles of 8 x 1021 f/cm3 the fuel with a uranium density of 3.0 gU/cm3
still contains between 50 vol.% and 68 vol.% of "free" aluminum - this value is far above the required
15 vol.%. As a consequence it is proved that both fuels are qualified for the use in the FRM-II.

The term "free" means that the aluminum in the U-Al interdiffusionlayer is not taken into account.
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Figure 2: Increase of the thickness of the test-plate with an uranium density of 1.5 gU/cm3 as a function of the fission density
in the fuel-particles. The thickness of the oxidelayer has been subtracted. The error bars for the thickness represent the
statistical error obtained from taking the mean value in a small area of the test-plate; the error bars for the fission density are
related to the inaccuracy of the y-scanning-measurements [3], The exceptional point at about 3.4 x 1021 f/cm3 was caused by
problems with the electronic equipment which have been solved in the course of the irradiation test, and therefore is not due
to irradiation effects.
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Figure 3: Picture of a U3Si2 particle taken in the region of the test-plate with a fission density of 12 x 1021 f/cm3 in the fuel
particles. The morphology of the fission gas bubbles is as expected. Moreover, the thickness of the U-Al interdiffusionlayer
(light-gray area at the grain-boundary) is of the order of 6 p.m and in good accordance with the theory [5].
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In addition to that test the TUM started the irradiation of two more plates in the OSIRIS-reactor of the
CEA-Saclay. One plate contains the fuel with a uranium density of 3.0 gU/cm3, the other one contains
fuel with both uranium densities, 1.5 gU/cm3 and 3.0 gU/cm3. The results of this test are expected for
the second part of this year 2000.

7. Status of the FRM-II project
The first design considerations of the Technische Universitat Miinchen (TUM) started even before the
year of 1980. The project team FRM-II ("Projektgruppe FRM-H") of the TUM was established in
1987, after the project had gained the necessary support. After affirmative statements e. g. by the
"Wissenschaftsrat" (a German scientific advisory committee) the safety report was prepared together
with the present general contractor SEEMENS/KWU. In February 1993 the TUM and SIEMENS
applied for the nuclear license which in the case of the FRM-II will be split into three partial licenses.
The first partial license which also contains a provisional positive assessment concerning the reactor
was granted by the licensing authority in April 1996, the second partial license (involving the
completion of the whole reactor as well as the cold start-up) in October 1997. At present the
construction of the technical facilities of the FRM-II is in progress. The structure of the entrance
building was finished at the end of 1998 and that of the neutron guide hall one year later. The third
partial license is expected to be granted in the second half of 2000; after that the nuclear start-up will
follow immediately. The begin of the routine operation and utilization of the FRM-II for scientific
research and technical and medical applications is planned for fall 2001.
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ABSTRACT
Atomized U-Mo fuel has shown good performance from the results of previous out-of-pile
tests and post-irradiation examinations. A qualification program of rod type U-Mo fuel is
in progress and the fuel will be irradiated in HANARO. 6 gU/cm3 U-7Mo, U-8M0, and U9Mo are considered in this program. The laboratory test results of porosity, mechanical
property, thermal conductivity, and thermal compatibility test are discussed in this paper.
In parallel with this qualification program, the feasibility study on the core conversion from
the present U3Si fuel to U-Mo in HANARO will be initiated to provide technical bases for
the policy making. Several options of core conversion for HANARO are proposed and
each option will be addressed briefly in terms of the operation policy, fuel management,
and licensing of HANARO.

1. Introduction
HANARO has been in operation to meet the national demand on high performance neutron source
since 1995. U3S1-AI LEU dispersion fuel is used in HANARO. An on-site spent fuel storage pool in
HANARO has a capacity to accommodate spent fuels to be produced for 20 years. Even though the
spent fuel management policy on HANARO has not been determined yet, a ship back to the U.S.A.
has been considered as an option. The fact that the uranium silicide fuel is very hard to reprocess
limits the HANARO's lifetime operability, in case that the ship back program is closed as planned.
Considering the situation to develop high-density LEU fuels for research reactors, KAERI made a
success in manufacturing high quality uranium powder, U-Mo. using the centrifugal atomization.
From the evaluation of reprocessing ability it has been shown that the U-Mo fuel can be reprocessed
[1]. Since US ship back program is limited to 2006 and several new research reactors are planning
worldwide, a qualification of high performance reprocessable U-Mo fuel is demanding very much.
Based on this situation, a qualification program of rod type U-Mo fuel in HANARO has been initiated.
The range of Mo composition in the test fuel is from 6 to 10 w/o. The high-density U-Mo of 6 gU/cm3
is primarily considered in the test, and the U-8M0 fuel equivalent and compatible to the present
HANARO fuel will be also included in the test fuel assembly. U-Mo fuel powder, elements, and
assemblies will be made and manufactured for this program at KAERI.
The feasibility investigation for the core conversion from U3Si to U-Mo fuel will be initiated in a
timely manner not only to provide technical basis for the policy making, but also to fulfill the
requirements of spent fuel management and fuel localization policy for HANARO.

2. U-Mo Fuel Qualification Program
The Mo from 6 to 10 w/o is considered for the qualification tests and U-8M0 is selected for the
preliminary analysis of the irradiation test in HANARO. A density of 6 gU/cm3 is chosen as a
qualification target, which is about twice of HANARO fuel density. 3.15 gU/cm3. The fuel volume
fraction of 6 gU/cm3 U-8M0 is 37.6 v/o. HANARO has two types of fuel assemblies, a 36-element
hexagonal assembly (H fuel) and an 18-element circular assembly (C fuel). Irradiation holes are
located in two regions; inner core holes (CT, IR1 and IR2) for H fuel and outer core holes (OR3-6) for
C fuel as shown in Fig 1. In order to reduce power peaking within a fuel assembly, fuel elements with
a reduced meat diameter are introduced in the outer ring of H fuel. The diameter of a standard fuel
meat is 0.635 cm and that of the reduced fuel meat is 0.549 cm.
For this fuel qualification, samples of extruded fuel meats with 10, 30, 40, and 50 v/o of fuel volume
percent for U-6M0, U-8M0, and U-lOMo are prepared. Tensile tests are performed both at room
temperature and at 150 °C. 0.2% yield strength, ultimate tensile strength, total elongation, and
reduction in area are measured for the comminuted and atomized fuel powder samples. The thermal
diffusivities of these samples are measured in longitudinal and transverse directions at KRISS (Korea
Research Institute of Standard and Science) to obtain conductivities in the temperature range from
room temperature to 500°C. A thermal compatibility study is performed on out-of-pile swelling
including the measurement of reaction rate of fuel particle with Al matrix, and thermal stability of the
y-phase between 400°C and 550°C. The reaction layer thickness is measured after annealing 5v/o and
45v/o U-lOMo dispersion fuel at 500°C for up to 10 hr. Higher loading U-Mo fuel shows much lower
growth rate of the interaction layer. As-atomized and heat-treated 5v/o U-lOMo fuels are compared in
thermal interaction after annealing at 500°C for up to 500 hr, resulting that the heat-treated U-Mo fuel
shows a slower growth rate.
The major concern in this qualification test is whether thinner rod can be extruded in order to keep the
peak temperature below the operational limit. As a preliminary analysis, the linear powers of 6
gU/cm3 U-8M0 fuels with various meat diameters at different irradiation sites are calculated using
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Fig. 1 Plan View of HANARO Core and Reflector
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MCNP4B [2]. The linear power is quite high at CT for 22 MW of reactor power even though the meat
diameter is reduced to 0.5 cm. The irradiation site is moved out to OR4 in the analysis and the linear
power with the diameter of 0.5 cm becomes appropriate compared to the operational limit of current
HANARO fuel. The peak temperature, however, is estimated to be higher than that of previous
irradiation experiments at ATR [3]. A theoretical conductivity is used in the temperature calculation.
The detail calculations with a measured conductivity will be followed.
The qualification tests will be carried out in two different manners and full-length fuel elements will
be used in both. In the first test, 12 fuel elements, which are three rods of each of HANARO
equivalent U-8M0 and 6 gU/cm3 U-7Mo, U-8M0, and U-9Mo, will be assembled in each of two
irradiation test assemblies with the same geometry of the HANARO fuel assembly. Test fuel
assemblies will be irradiated up to 40% and 70% burnup in average, respectively. The post-irradiation
examination will be performed with 40% burnup fuel at the end of 2002. In the second test, the target
burnup of a candidate U-Mo fuel for HANARO is 50 % in average. The DU assembly will be used
for the out-of-pile tests of endurance and vibration.
The irradiation test plan and the safety evaluation report for this irradiation test should be submitted to
the Safety Review Committee for the approval of the test fuel loading. The irradiation test plan
includes the test objective, schedule, test conditions, the PIE plan, the fuel manufacturing process, fuel
specifications, and quality assurance documents. The safety evaluation report comprises the out-ofpile test results on thermo-mechanics and vibration, fulfillment of the HANARO operational
requirements, and the safety analysis results.

3. Core Conversion Program
In parallel with the qualification program of U-Mo, the feasibility study for the core conversion from
the present U3Si-Al fuel to U-Mo fuel will be initiated. Through this study, the cost & benefit will be
assessed in terms of the fuel economics, the amount of the spent fuel assemblies, and the effect on the
neutrons available to the users. To use the high-density U-Mo fuel in HANARO, the excess reactivity
should be controlled without changing the present regulating and safety systems. In addition, the
power distribution should be below the operational limit determined by the fuel centerline
temperature. Further, the limiting MCHFR is needed to be considered the same as the present
HANARO fuel.
The U-Mo fuel equivalent to the current HANARO fuel with minimum modification is considered as a
first option. This option requires less effort for implementation and licensing approval, but does not
have the benefits of using high-density U-Mo fuel, which have to be proven through this qualification
program. The second option is the insertion of absorber rods in the outer ring of a fuel assembly for
excess reactivity control. In order to avoid the excessive overpower in the fuel elements without major
modification of the cooling system, however, the reactor operation power level should be reduced
accordingly. Flux level downgrading would be another disadvantage. The third option is to increase
the number of fuel elements with reduced fuel meat; a 36-element to a 60-element assembly and an
18-element to a 36-element assembly. The number of fuel assemblies would be decreased accordingly
and the remaining sites could be used as irradiation holes. But this option greatly depends on the
fabrication capability of the reduced size of the fuel elements and the mechanical characteristics of the
assemblies. The geometry of the proposed fuel assembly should not be less resistant to the flow
induced vibration in the core than the present one.
Two kinds of core conversion procedure will be investigated. The first procedure is to convert the
present core step by step with the U-Mo fuels. The characteristics of the transient core from UsSi to
U-Mo fuel and equilibrium core will be analyzed and their thermal margins will be evaluated. At the
initial stage of equilibrium core, the remaining fresh U3Si fuels will be loaded until they are used up.
The second procedure is total replacement of U3Si-Al fuels with U-Mo fuels. This procedure would
be beneficial in respect that design characteristics can be simply confirmed through the commissioning
tests. In both cases, the licensing documents including revised SAR will be prepared accordingly.

SO

4. Conclusions
The out-of-pile tests for the qualification of atomized rod type U-Mo fuel are in progress. The fulllength fuel elements will be irradiated based on the experience of the atomized U3Si fuel tests in
HANARO and previous U-Mo irradiation test results such as RERTR-3 in ATR. The HANARO fuel
design criteria and NUREG-1313 are reviewed to support the establishment of a U-Mo qualification
program. A few options for HANARO core conversion with atomized U-Mo fuel are proposed and
evaluated brief!v.
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ABSTRACT
Leaking fuel elements can be placed in a transportation cask or stored in a long-term dry
storage facility if they are placed within an additional metal can. Two different ways of RA
reactor spent fuel elements preparation for transportation or long-term storage are
considered: «all fuel elements canning without leak-tightness testing» and «all fuel elements
leak-tightness testing*. Comparison of these two options is performed according to the
following criteria: the radiological influence on workers and environment; the need for nonstandard equipment fabrication; the time required for work performance; the possibility for
fuel elements deterioration during transportation or storage. It is believed that the first
option offers several distinct advantages, which can be summarized as: greater reliability in
the course of transportation or dry storage; higher safety for workers; lower expenditures for
non-standard equipment manufacturing; shorter duration of work.

1. Introduction
Spent fuel, resulting from operating the 6.5 MW heavy-water moderated and cooled research reactor
RA from 1959 to 1984, is presently stored in three different ways: in original stainless steal channeltype containers (about 2600 spent fuel elements); in sealed aluminum barrels (about 5000 spent fuel
elements); in fuel channels of the drained reactor core (about 500 spent fuel elements) [1]. Only one
fuel element lost leak-tightness during reactor operation. The state of the fuel stored in the original
containers could be relatively easily inspected. Results of water sampling from 28 stainless steel
channel-type spent fuel containers indicate that at least one fuel element is leaking in more than 8
containers [2]. Repacking of spent fuel into aluminum barrels was introduced in the early sixties.
Since probability of the fuel elements leaking depends on the duration of their storage, it can be
supposed that the oldest fuel from aluminum barrels include the same or higher percentage of leaking
fuel elements as the fuel from channel-type containers. It can be assumed that the most probable
minimum number of leaking fuel elements in channel-type containers and barrels is 200.
In order to get information about the state of spent fuel in aluminum containers and to prepare
detailed plans for providing more reliable and safe spent fuel storage, a joint Russian-Yugoslavian
project was initiated by the IAEA [3-4]. The Yugoslavian side performed preparatory activities as
preliminary removal of the sludge from the bottom of the pool, sludge conditioning and disposal, as
well as mechanical filtration of the pool water in order to decrease its turbidity [5]. The technological
route for performing underwater drilling of aluminum barrels and inspection of water and gas samples
has been developed [6]. For remote manipulation with the barrels a special grapple was designed by
the Russian specialists and fabricated in Yugoslavia.
In 1999 first the channel-type containers were moved from the basin No. 4 to the transport channel in
the reactor hall. Then, using the special grapple, all aluminum barrels were moved from the annex of
basin No.4 to the emptied basin No. 4 and to the transport channel in the spent fuel storage room. So,
free space was provided in the annex to organize the working place for underwater inspection of the
aluminum barrels. The rest of the project could not be realized according to the schedule because of
the political and financial difficulties. But in spite of that, work on the development and improvement
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of the technical proposal for long term storage of the RA reactor spent fuel was continued in order to
make it more simple and, at the same time, more safe and reliable.
The best solution for RA research reactor spent fuel would be shipment back to the supplier. If this
option is not available, the long term, presumably dry, storage has to be provided at the VINCA
Institute site. The technical realization of the long term spent fuel storage depends on the decision
about the future of the RA reactor. If the reactor is to be restarted, a new spent fuel storage facility has
to be provided for the so far irradiated fuel. If it is decided to permanently shut down the RA reactor,
the existing spent fuel storage pool can be modified so to provide radiological protection for
containers with spent fuel stored in dry conditions. In any case, eventually leaking fuel elements can
be placed in the transportation cask or stored in the long-term dry storage facility only if they are
placed within a separate sealed metal can. The amount of canning expected to be needed for RA
reactor spent fuel has not yet been determined.
2. Preparation of Spent Fuel Elements for Transportation or Long-Term Storage
Preparation of spent fuel for transportation or long-term dry storage can be performed in two different
ways:
A)

-

B)

-

removal of spent fuel elements from the barrels and containers;
leak-tightness testing of fuel elements;
separation of the leak-tight fuel elements from the leaking ones;
leaking fuel elements canning;
placing of leak-tight fuel elements and cans with leaking fuel into transportation
casks or dry storage containers.
removal of spent fuel elements from the barrels and containers;
canning of all fuel elements;
placing of cans into transportation casks or dry storage containers

Comparison of the two options (A and B) is performed according to such characteristic as:
radiological affect on workers and environment; necessity for fabrication of non-standard equipment;
time required for work performance; possibility for fuel elements to deteriorate during transportation
or storage.
3. Radiological Affect on Workers and Environment
In order to minimize the number and time of the fuel handling operations and therefore to minimize
the radiation doze to personnel, three different approaches for leak-tightness testing are considered
(Fig.l):
Batch of fuel elements (assembly)

Batch of fuel elements

XZI
Single fuel element/
Type 1

I
Type 2

Type 3

Fig 1 .Types of leak-tightness testing device
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1. Fuel elements are placed in leak-tightness testing device (LTD type 1) one after the other.
2. Fuel elements are placed in LTD type 2 by batches, and leaking fuel element (or fuel elements) is
(are) identified after several technological steps (step by step).
3. Placing of fuel elements into LTD type 3 and leak-tightness testing are performed by batches (fuel
assemblies). In this case the controlled unit is not a single fuel element but a fuel assembly. The
number of fuel elements in assembly (from 10 to 15) depends only on the height of internal cavity
of transportation cask or dry storage container.
There are four main technological steps in the leak-tightness testing: placing fuel elements into LTD;
hermetisation of LTD; gas sampling; removal of fuel elements from LTD. Among these technological
steps, the gas sampling, and the subsequent gas analyses, are radiologically most dangerous.
In order to compare three different ways of leak-tightness testing, the batch of twenty fuel elements is
considered. When testing of each fuel element is performed, the number of gas samplings is 20. When
testing is performed step by step (initial loading of LTD is 20 fuel elements), the maximum number of
gas samplings is 8, 13 or 18 in the case of one, two or three leaking fuel elements in the batch
correspondingly (Fig. 2).

20 FE -

number of fuel elements

-

sample is active

" — hermitization
•-

loading/reloading
(
)
FE into/from leak-tightness
test device
0
-

sample isn't active
numeration of
technological steps

Fig 2 . Technological steps of leak-tightness testing of twenty fuel elements
(2 leaking fuel elements in a batch)
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Since number of loadings of fuel elements into LTD depends on the number of leaking fuel elements
in the batch, it is necessary to form batches according to the results of previous water sampling from
the stainless steel containers and barrels [2,6]. When testing is performed for batches of fuel elements
(fuel assemblies), the number of gas samplings is 2. The number of gas samplings for testing of 8000
fuel elements is 800, and it is the minimum in comparison with the other two ways of testing.
There are two principle methods of leak-tightness testing: testing in gas medium (dry sipping test) and
testing in water medium (wet sipping test). The negative side effect of both methods is production of
additional waste (low-level radioactive water or radioactive gas filters).

4. Equipment Description
For implementation of the technological route, including leak-tightness testing, the following
equipment should be designed and manufactured:
- leak-tightness testing device;
gas or water pipe line;
sampling device;
vessels for radioactive waste;
- cans for leaking fuel elements (most probable minimum number is 100).
For implementation of the technological route without leak-tightness testing only cans for all fuel
elements (approximately 800) should be designed and manufactured. The technological equipment for
placing fuel elements into cans and it's hermetization should be designed and manufactured in both
cases. The design of additional cans for spent fuel eIements(Fig.3) can provide one or two safety
barriers.
It should be mentioned that the leak-tightness testing device could be installed in one of the RA
storage basins, while all equipment for fuel elements hermetization in cans could be installed inside
the room in the RA reactor concrete shield which, is provided with a protective glass window.
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Fig 3. Cans for spent fuel elements transportation/storage

5. Duration of Work
Estimation of time required to perform preparation of fuel elements loading into transport containers,
or long-term dry storage containers, was made with taking into account the experience of carrying out
similar work. The initial data for the estimation are:
- duration of leak-tightness testing for one fuel assembly comprising 10 fuel elements
1.25 h
- duration of sealing one fuel assembly comprising 10 fuel elements into an additional can 0.5 h
- the total number of fuel assemblies 800
- the most probable minimum number of fuel assemblies with non leak-tight fuel elements 100
If leak-tightness test is carried out, the total duration of work is eight months and if not - three months.
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6. Quality Assurance
The fuel elements used in RA reactor are cylindrical blocks with aluminium cladding 1 mm thick. It is
supposed that serious corrosion of the fuel elements aluminium cladding has already taken place. At
the same time, it should be mentioned that it is impossible to estimate the state of fuel element
cladding, even in the case of visual inspection of all fuel elements. The interior surface of fuel
elements, which is about half of their total surface, can not be inspected visually because of fuel
element design features (the existance of interior displacer).
The fuel element leak-tightness tests give information about state of fuel elements at the moment of
testing. The possibility of fuel element leak-tightness loss after tests in the course of additional
operations, such as removal from leak-tightness test device and their loading in protective tubes of
transport containers and transportation, can not be excluded. That is why it is difficult to guarantee
that fuel elements shall not loose their leak-tightness in the course of their transportation or storage in
a container. Thus, in order to increase the safety and reliability of the RA spent fuel transportation and
storage it is desirable to put spent fuel elements into additional protective can.
7. Conclusions
Preparation of RA spent fuel elements for transportation or long-term dry storage could be performed
by two different methods:
- all fuel elements canning;
- all fuel elements leak-tightness testing.
It is believed that «all fuel elements canning)) offers several distinct advantages over «all fuel
elements leak-tightness testing)), which can be summarized as:
- greater reliability in the course of transportation or dry storage;
- greater safety for workers;
- smaller expenditures for non-standard equipment manufacturing;
- smaller duration of work.
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ABSTRACT
This work is devoted to development of the way for dry storage of spent fuel of the WWRK reactor. The research outcomes are as follows:
residual energy release in spent fuel element assembly were determined via fortune
combination of calculations and experiments;
the depth of fission product occurrence relatively the fuel element shroud surface was
found experimentally;
the time of fission product release to the fuel element shroud surface was estimated.

1. Introduction
In the WWR-K reactor fuel assemblies (FA) of hexagonal tubular fuel elements (FE) are used. The FE
is three-layered: the inner layer (core) is made of the uranium-aluminum alloy, having the length 600
mm and the thickness 0.6 mm, and the aluminum alloy shrouds 0.85 mm thick. The fuel element wall
thickness is 2.3 mm. The gap between two neighbor fuel elements is 3 mm. Uranium enriched to 36%
is used in fuel elements. 109 g of uranium-235 is contained in the FA. When burnup of uranium-235
reaches 40%, FA is removed from the reactor core and placed to wet storage.
Search for opportunity for dry storage of spent nuclear fuel (SNF) of the WWR-K reactor is related to
the following circumstances: insufficient capacity of tanks for wet storage and absence of
reprocessing plants in Kazakhstan.

Fig. 1. Fuel element assembly

In view of development of the SNF dry storage
draft, one is to know thye values of residual heat
release and the time of diffusion escape of fission
products (FP) out of the spent FA shroud, being
important for provision of radiation safety of FA
dry storage.

2. Determination of residual energy release in spent fuel element assemblies
For studies, spent FE with various values of the burnup, stayed in wet storage long time were chosen.
After eight years of settling in FA, mainly, long-lived isotopes are available, namely: 137Cs and 90Sr,
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with the values of the yield per one act of 23SV fission by thermal neutron comprising 6.15 and 5.74 %
137
respectively. As a result of 137
Cs decay, the 661-keV y quanta and the 520-keV P particles are emitted.
90
As a result of decay of Sr, only P particles with the net energy 2800 keV are emitted. The P particles
are assumed to be absorbed completely in the FA material, whereas the y quanta are absorbed only
partially. Assessment of the energy release rate under decay of x37Cs and 90Sr was carried out by
means of calculation of its accumulated amounts.
A specially developed adiabatic-type calorimeter
was used for experimental determination of
residual heat release (Fig. 2). The calorimeter
consists of a vessel with vacuum isolation and the
thermocouple battery (2). The vessel is made of
two stainless steel coaxial cylinders (3 and 4)
coupled by the positioning ring (5) in its upper
part. The inner cylinder is hung at three stainless
steel wires. The thermocouple battery is
composed of 30 chromel-alumel thermocouples.
Thermocouples are distributed over the volume of
the inner cylindrical vessel filled in with water.
During measurements, free ends of thermocouples
were immerged into the Dewar flask filled in with
liquid nitrogen. Space (6) between the inner and
outer cups is pumped out to the residual pressure
10"1 mm Hg. The calorimeter was graduated by
means of the FA mockup with the built-in electric
heater. The electric heater was fed by the highstabilized constant-current source, intended for
graduations.
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Fig.2. Calorimeter

Due to high level of radioactivity in studied SNF,
the calorimeter is mounted under the reactor
protective cap. All operations are executed under
remote control and observed by means of
periscope.

Procedure of measurements consisted in the following: measurement of the thermocouple EMF versus
time for the FA mockup at the set of constant values of the heater electric power ranging from 0.5 to
10 V, measurement of the thermocouple EMF versus time for the spent FA, and on comparing the
obtained EMF dependencies for the real FA and the mockup, the SNF heat release is determined.
Results of measurements and calculations are presented in table.
Produced energy,
MW* (day-and-night)
31.2
24.5
19.2

Burnup,
ing
41.3
31.8
25.0

Heat release, in W
(experiment)
2.53±0.13
1.78±0.10
1.5810.07

Energy release, in W
(calculations)
2.42
1.86
1.47

Experiments on investigation of FA with the same settling time but various values of the burnup have
shown that the FA with highest extent of burnup give maximum heat release. The calculated values of
the residual energy release are in agreement with experiment.
The measurement technique we have developed gives chance to determine the residual heat release in
the WWR-K reactor spent FA with accuracy not worse than 5%.
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3. Determination of the depth of penetration into fuel element shroud material and
assessment of the time required for FP diffusion escape to FE surface
Determination of the depth of FP penetration to material was carried out in two steps. In the first step
FA cleaned from surface impurities 137Cs and U4Cs was placed to hermetic dry container and was
removed from it in a certain time interval in order to take smears, each time from new section of the
surface, in order to determine probability for cesium release from aluminum shroud of the fuel
element core. This step of measurement lasted about a half of year. Experiments haven't revealed any
traces of X37Cs or ]34Cs in the smears taken in 1, 2, 3, 6 and 12 months. Thus, hermetic sealing of the
shroud is proved to be conserved.
As the second step, the distribution of U7Cs and ]34Cs over the thickness of the fuel element shroud by
the technique of layer-to-layer analysis was studied via shroud chemical etching with subsequent
gamma spectrometric analysis for cesium content in solution after etching. In view of determination
of the required shroud etching time, preliminary experiments on etching the FE shroud material were
undertaken. The sample was weighed before and after etching. The value of the removed layer was
determined by the variation in the measured sample mass. The studied FA was placed into protective
container with a hole in the side wall, and the 20% solution of NaOH was supplied to the FA external
wall. In a certain time interval required for shroud material etching to some specified depth, the
solution was removed, and a new portion of fresh solution was supplied to the wall. Each portion of
solution was studied at the gamma spectrometer for cesium isotope contents. Surface of NaOH
solution contact with the FA wall comprised 0.5 cm2, the solution volume in each portion was 15 cm3,
the etching time equaled 60 minutes, providing the etching depth 10 urn for every portion of the
solution, the etching temperature was 15 °C.
Following the technique described above, the layers of the outer shroud were removed from four FE
having the highest values of burnup up to the depth 190 \xm. In all cases cesium traces weren't
revealed at the depths up to 190 |um.
In order to assess the time required for FP diffusion escape to the shroud surface, one must know the
values of FP diffusion coefficients. It is very difficult to determine parameters of FP diffusion in SNF.
So the literature values of the diffusion coefficients referring to the elements adequate to fission
products in pure non-irradiated aluminum at 400 K were used, also this temperature is much higher
that that used for dry storage for the studied FA. For such elements as Ag, Co, Fe, Ni, Au, Mn, Zn
these values are within the range from 10"15 to 10"18 cm2/s. On a base of the known relation of atomic
theory of diffusion: L=(D-t)l/2 the time of diffusion to the distance L comprising 190 |um has been
determined. The estimated time is about 104 years.
4. Results and its discussion
The performed studies have shown that the maximum residual heat release for the FE with the highest
burnup comprises (2.5±0.5) W; the time of FP diffusion escape to the shroud surface is about 104
years; in all cases cesium traces weren't revealed at the depths up to 190 jam.
With the obtained information taken in mind, the following preliminary project of storage room for
dry storage of the WWR-K SNF has been developed. The storage room is to be located in the reactor
hall. It represents the iron concrete parallelepiped of the dimensions 4840x3600x1780 mm: 636
vertical cells are disposed over triangular grid of the 130-mm step inside the rectangular of the size
3380x2590 mm. The cell (Fig. 3) is weld of two pipes. The upper pipe plays a role of air radiator and
overhangs above the concrete mass. The protective concrete cap is place between the radiator and FA
(1). If FE is to be sent for re-processing, the protective concrete cup (2) with the radiator are cut off,
and, thus, free access to FE is provided.
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The efficiency of iron concrete shield has been calculated by the computer code Microshield. As the
initial data the net activity of 636 FA with the 40% average burnup and the 8.5-year settling time,
comprising 5100 Ci, was used. Calculations have shown that the value of the y-emission dose rate
varies from 0.8 (above radiators) up to 1.0 mR-hour"1 (near the storage room wall).
The heat calculation has been performed
following the technique of free air flow,
Y///////////////W//////////////A
and
the heat flux through the concrete
www
\\ww\
mass, owing to small heat conductivity of
the latter, was neglected. For the FE with
Fig.3. Storage cell
the highest burnup (energy release is about
2.5 W) the maximum temperature of the FE wall comprises ~66°C, being considerably lower than the
admissible value (92°C).
. WWWWWWWWWWWV

By means of the computer code based on the Monte-Carlo technique, the storage room critical
parameters have been estimated. Calculations take into account real geometrical parameters of the
cell. The case of water ingress to technical gaps between cells was considered (storage submerging),
and the criticality value (Keff) doesn't exceed 0.738.
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Abstract
•@The Research Reactor Institute, Kyoto University (KURRI) has more than 250
MTR-type HEU spent fuel elements. They have been stored in water pools after
irradiation in the Kyoto University Research Reactor (KUR) core. The longest
pool residence time is 25 years. In accordance with the Foreign Research Reactor
Spent Nuclear Fuel Receipt Program of the United States, sixty KUR spent fuel
elements were shipped from KURRI to the Savannah River Site of the USDOE in
August, 1999. This shipment was done successfully through a public port in
Osaka Prefecture, Japan. This is the first shipment in the past twenty-six years
after the last shipment through the Yokohama Port. Concerning the use of a public
port, we had to solve many issues for public acceptance. In this paper, we describe
how we have stored the spent fuels for a long time with high integrity and how we
have obtained public acceptance for the transport.
So far we have HEU fuels to be used until March 2004, that is already agreed by
USDOE. We are looking for candidate LEU fuel materials after HEU, and also
spent fuel handling of the new LEU fuel.

Introduction
The Kyoto University Reactor (KUR) has been operated at the maximum thermal power of 5MW
using high enriched uranium fuel (HEU: enrichment of 93%) since 1968. The first criticality was
attained in 1964 and KUR was operated at 1MW nominal power using 90% enriched uranium fuel
until 1968. In 1991 two low enriched uranium (LEU) silicide fuel elements were fabricated and
loaded in the KUR core for a demonstration of core conversion. The KUR operation with HEU
continues until the end of March, 2004.
The KUR spent fuel elements (SFs) were returned to the United States under the HEU Lease
Contract from 1968 to 1973. The total number of shipped KUR SFs is 153 by nine shipments. All of
them were shipped through the Yokohama Port together with JAERI's spent fuels. In 1973,
concurrently with the termination of the lease contract, the mayor of Yokohama city denied the use of
Yokohama Port for the spent fuel shipment. After the termination of the lease contract, Kyoto
University concluded the HEU spent fuel reprocessing contract with US on April, 1977, which was
interrupted at the end of 1988 in accordance with the start of Environmental Assessment by the US
Government. After the US Record of Decision for Environmental Impact Statement on May 13, 1996,
Kyoto University concluded the contract (No. DE-AC09-97SR18907) with the United States
Department of Energy (USDOE) on July 30, 1997 for returning the KUR SFs to US. At that time,
KURRI had 256 SFs generated by more than 25 years KUR operation. These SFs are stored in a
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spent fuel pool under very careful management for a long time. As to the transport cask,
two casks were newly manufactured in March, 1999.
In August, 1999, we shipped our spent fuels successfully with two casks through a public port in
Osaka Prefecture. This is the first shipment in the past twenty-six years. We intend to return SFs to
US one shipment a year using two casks. Finally, seven shipments in total are expected by the end of
March, 2006.
We have been hoping to use a public port for shipment of the KUR SFs, since the Kyoto University
is a national university. Therefore the use of public port was a top priority matter on the shipment for
us. So far this paper describes how we store the KUR SFs with high integrity for very long time and
how we have solved sensitive issues to obtain public acceptance for the spent fuel transport.
In addition to the above, this paper discribes the future program on fuels and operarion of the KUR.

1. LONG-TERM STORAGE OF SPENT FUEL
The KUR fuel element is of typical MTR-type. Three kinds of HEU fuel elements, namely
standard, special and half-loaded elements, and one kind of LEU fuel element are used in the KUR
core. The standard fuel element is prepared for keeping a criticality in the core, which contains 180
gU-235 (about 193 gU) in 18 fuel plates. The special fuel element is prepared for control rod
insertion, which contains 90 gU-235 in 9 fuel plates. The half-loaded fuel element is prepared for
adjusting reactivity of the core and contains 90 gU-235 in 18 plates (9 fuel plates and 9 aluminum
dummy plates). The meat part of fuel plate is U-Al alloy, and the material of clad and structural parts
is aluminum alloy..
An irradiated HEU fuel element of average burn-up of 23% (for LEU fuel, average burn-up 34%)
is discharged from the core as a spent fuel element. Eleven SFs in average are generated annually
through the KUR operation.
The SFs are stored in a water pool. The pool liner and floor are made from stainless steel. Each
spent fuel element is inserted into a storage rack made from stainless steel. The pool water is purified
by an ion-exchange system and its electric conductivity is kept around 0.3/ES/cm. The pH-value of
water is about 6.3. Further, an aluminum shutter is installed on the top of the pool to prevent decrease
of water level by evaporation and degradation of pool water by mixture with falling dust.
As of August, 1999, the longest pool residence time of SFs is 25 years. In order to confirm the
integrity of each spent fuel element stored in the pool, we perform a visual inspection and a sipping
test every year. Up to now, the appearance of each fuel element is good and no visible corrosion or
chemical change has been observed on the surface of the fuel plate. Also, any questionable leakage
radioactivity has not been measured by sipping test. From these results, we can conclude that keeping
the quality of pool water is indispensable for a very long-term storage of SFs in a pool.

2.SHIPMENT OF SPENT FUEL
2.1. Preparation of Package
In the fiscal year 1998, two casks for the transport of the KUR SFs were designed and
manufactured. The cask is named JMS-87Y-18.5T type. The package type is B(U). The maximum
capacity of one cask is 30 of MTR-type SFs and total radioactivity 25 PBq. The total weight
including tie-down equipment is approximately 20 ton. The design of our cask is just the same as the
JAERI's cask and is certified already by the competent authorities of Japan, US and UK.
For the first shipment in this August, the preparation of loading the SFs into the casks began in
June, 1999. Prior to loading, a nozzle part of the element was cropped as shown in Fig. 1, which did
not contain any fissile material. The weight of one fuel element after cropping was approximately 4.5
kg. Sixty oldest spent fuel elements were loaded into two casks by mid-July, 1999. After several
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KURRI's inspections for the integrity of loaded elements, the external radiation level and surface
contamination of package, the leak-tightness, etc., the legally regulated pre-shipment inspection for
package was carried out by the Science and Technology Agency (STA) according to the IAEA safe
transport regulations.
Before shipment, all of the SFs was recognized as an Authorized Material by the Savannah River
Site (SRS) pursuant to the contract. This means that the KUR SFs shipment has been approved by
USDOE.

2. 2. Land and Sea Transport
KURRI lies in Osaka Prefecture which has a coastline. But we have not own sea port in our site
because KURRI is located inland. Therefore, a land transport using a public road is unavoidable
between the KURRI site and the shipment port. The shipment was carried out in August, 1999 and
the distance of transport by road was approximately 10 km.
For the land transport, truck trailers licensed by the Ministry of Transport (MOT) were used. For
the sea transport, a vessel which meets the requirements of the ENF-code of the International Maritime
Organization (IMO) has been used. In order to confirm the integrity of loading to a truck trailer, the
tie-down condition between the package and the loading platform of the trailer was inspected by
MOT. Also the tie-down condition in the vessel's hold was confirmed by the MOT inspector. The
transport route was approved by the Public Safety Commission of the Osaka Prefectural Police
Department for land transport and by the District Maritime Safe Agency for sea transport.
Prior to the shipment, the transport head office was organized in KURRI to carry out the first
shipment safely and smoothly. Under the control of the chief, four groups, namely, transport
watching group, radiation surveillance group, guard group and communication/ contact group, were
provided in the head office. The member of each group accompanied with the convoy from KURRI
to the shipment port.
The KUR spent fuel packages were transported very securely with strict guard by police on the
public road and the pier. In the port, several guard ships of the Maritime Safe Agency and the Osaka
Water Police Station watched and guarded the vessel. No trouble and accidents during the transport is
happened up to the present.

2. 3. ON THE PUBLIC ACCEPTANCE
On this shipment, the most important and delicate issue was to find a shipment port. After the
denial of using the Yokohama Port, we have endeavored to find an appropriate public port of
shipment. However, the ports outside Osaka Prefecture mostly denied to offer the port for the
shipment of SFs as very dangerous material. We suppose that the main reason of denial is why the
SFs produced in the Osaka area should be shipped from the port outside the area. Furthermore, the
background such that a long distance transport of spent fuels by road has not been done recently in
Japan is supposed to be one of the reasons.
Several years ago, we began to negotiate with the Osaka Prefectural Government to solve the issue
of shipment port, since the prefectural government manages the Osaka Prefectural Council of Nuclear
Issues which has been organized at the same time of the establishment of KURRI, 1964. The aim of
the Council is to watch the KURRI's management conditions for the research reactor KUR and the
critical assembly KUCA. The Council consists of the mayors concerned and the delegations of many
kinds of parties or organizations such as prefectural council, related city councils, related residents,
women's society, agriculture union, fishermen's cooperative association, etc. In principle, all issues
reported to and discussed by the Council are completely opened to the public. This means that all
issues or items decided by the Council are basically accepted by the public. The KUR spent fuel
return program which includes the use of a public port in Osaka Prefecture was discussed by the
Council. In 1998 October, the program was approved by the Council on the condition that KURRI
should obtain each consent of the neighboring cities and town.
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KURRI has already concluded the nuclear safety agreement with each of the neighboring two
cities and one town when KURRI was established. According to the agreement, any information
concerning reactor safety and nuclear material should be reported to each municipal authority. In
order to obtain a consent concerning the return program, we opened the KUR facilities including the
spent fuel pool and the casks to the authorities1 officers and the public. We also promised to give any
information, especially land transport information, to the authorities and communicate carefully each
other. As the result, the both of KURRI and the municipal authorities held all transport information in
common. We believe that such transport information has been well controlled by the municipal
authorities and KURRI. Furthermore, to ask the public to feel easy for the present transport, we
proposed to measure the radiation level and the radioactivity of environmental samples along the
transport route before and after the transport. By the promise and the proposal mentioned above, we
were successful to obtain each consent of the neighboring two cities and one town.

3. CONCLUDING REMARKS
Since 1974, KURRI has stored the MTR-type KUR spent fuel elements in a pool. In spite of longterm storage, they are kept in good condition without corrosion or crack under the control of highly
purified pool water. The electric conductivity of the water is around 0.3/ES/cm and the pH-value is
about 6.3. Accordingly, it is concluded that the quality of an aluminum-based MTR-type fuel element
is kept at least for twenty-five years in wet storage by controlling the pool water being highly pure.
After the ROD of US Government on May, 1996 and successive conclusion of the contract
between Kyoto University and USDOE on July, 1997, KURRI resumed to ship the KUR spent fuel
elements to US this August after an interval of twenty-six years. This shipment has been done
successfully through a public port in Osaka Prefecture by the cooperation and understanding of many
organizations and the public. Especially, the role of the Osaka Prefectural Council of Nuclear Issues
was important for us to obtain the public acceptance for the spent fuel transport by using a public port
in Osaka Prefecture, since the members of the Council were the delegations of variety groups or
organizations. Furthermore, the close communication between the site and the local government was
severely required in order to carry out such program effectively and obtain the public acceptance.
From this experience, it has become clear that feeling easy is different from feeling safe for the
public. The public people can understand the safety of the nuclear material transport, but cannot
always feel easy. An easy to understand and practical explanation is required to the persons
concerning nuclear energy.

4. PLAN OF KUR FUEL
The KUR will be operated until March 2004 using the existing HEU fuel. After that there are four
options under the assumption that UMo fuel is to the available in 2006.
(1) To extend to use the present HEU operation.
We need to amend the agreement between USDOE and Kyoto University.
Because of lack of the HEU fuel the weekly operation time must be reduced.
(2) To utilize current U3Si2 fuel until 2006.
Cost and time are consuming too much,for safety review and others.
We need to amend the agreement between USDOE and Kyoto University.
(3) To cease to operate until UMo fuel is available.
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The plan after 2006 has three options for the KUR.
(1) To utilize new UMo fuel. This case makes problems of the handling of spent fuel.
To store spent fuel in Japan.
Reprocessing in Japan.
To ask the reprocessing to one of European countries. The return of high level waste from
the country is under discussion at the Long Term Nuclear Strategy Board of Japan.
(2) To continue to use U3 Si2 fuel.
Spent fuel must be stored in Japan.
(3) To stop the operation.
During this RRFM conference, we want to discuss this matter with related persons.
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Introduction
Different nuclear applications in various fields such as medicine, industry, education and research
raise the major issue of radioactive waste management. It is the case of Research and Test Reactors
(RTRs). About 600 have been built and commissioned worldwide in developed as well as developing
countries, in ,,nuclear" and ,,non-nuclear" countries. About half of them are now shut down. All have
activities of the utmost importance: serving the advancement of nuclear science or preparing
radioisotopes for medicine or testing or elaborating new materials for the high tech industries.
Such highly appreciable tasks have been achieved against the making up of large inventories of spent
fuel, thus creating some understandable concerns as for its management. A number of RTR operators
have chosen in the past to send their spent fuel to the US in the framework of the US take back
program. It has a major advantage since the US in counterpart returns no waste. However, this
possibility ends as of May 12th, 2006.
3 different strategies are left for managing RTR spent fuel: extended storage, direct disposal and
treatment-conditioning through reprocessing. Whilst former strategies raise a number of uncertainties,
the latter already offers a management solution. It features two advantages. It benefits from the long
experience of existing flexible industrial facilities from countries like France. Secondly, it offers a
dramatic volume reduction of the ultimate waste to be stored under well characterized, stable and
durable forms.
RTR spent fuel management through reprocessing-conditioning offers a durable management solution
that can be fully integrated in whatever global radioactive waste management policy, including
ultimate disposal.

Waste arising from nuclear applications other than power generation are various and
quantities involved are large
Most countries use radionuclides in other activities than power generation - let us call such activities
,,other nuclear applications". Even non-electronuclear states have made up inventories of radioactive
waste arising from:
•
•
•

Research and educational applications: irradiators, reactors, targets, and calibration sources.
Use of sealed or unsealed sources in medicine for diagnosis and therapeutic purposes,
Multiple industrial applications such as gauges, detectors, sterilizers, radiographs...

These radioactive wastes have to be managed in a durable way. However, these waste management
issues are often neglected on the basis of two common assumptions, which concern waste quantities,
categories and potential hazards.
1. Quantities and categories involved
Quantities and categories of waste arising from nuclear powered electricity, nuclear power plants
(NPPs) as well as fuel cycle facilities, are well known.
Waste produced by RTR operation and spent fuel reprocessing are comparable as concerns categories,
but are quite negligible in terms of quantities.
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As for ,,other nuclear applications", a common idea is that wastes quantities they produce are not
worth mentioning in comparison. This assumption has to be mitigated, considering different specific
examples.

In Australia, where there is no nuclear powered electricity, radioactive wastes come from a range of
medical, agricultural, industrial and research applications, including the High Flux Australian Reactor
(HIFAR), the only Australian research reactor presently in operation.
As a result, Australia has accumulated about 3,700 m3 of radioactive waste over 40 years of various
nuclear applications1. They are currently stored at over 50 locations throughout Australia. The
Government works steadily at establishing a unique disposal site for all the radioactive wastes.
In Italy, which decided to step out of commercial nuclear activities following the Chernobyl accident,
200 m3 of waste are produced annually on the sites of reactor and research centers, whereas 1,000 m3
arise from medical and industrial activities1.
In the Netherlands, conditioned low and intermediate level waste (LILW) arising from the operation
of Borselle nuclear power plant amounts each year to 100 m3. High level waste (HLW) from fuel
reprocessing represents around 10 m3 each year. In the meantime, other nuclear applications result in
a variety of waste, which are treated and conditioned whatever their kind in COVRA's central facility.
Resulting radwaste volume amounts to 200 m3 annually2 after conditioning.
Source of radioactive waste
Nuclear powered
electricity

Category and percentage

Borselle NPP

LILW, 32%

Fuel cycle facilities HLW, 3%
,,Other nuclear
applications"

Various origins

LILW and HLW, 65%

The Netherlands have chosen to build and operate a centralized plant to treat and store safely all their
radioactive waste.
As for cumulated quantities, waste sources and categories stand as follows:
Source of radioactive waste
Nuclear powered
electricity

Category and percentage
NPPs

Fuel cycle facilities
Industry and
,,Other
nuclear
hospitals, biomedical
applications"
applications

ILW, 22%
LILW from reprocessing, 21%
Non reprocessed fuel, 16% ; HLW, 0.3%
LILW, 21%

Research and
ILW and HLW, 20%
experimental centers
For most of the accumulated radioactive wastes, a final decision regarding treatments and
conditioning is yet to be taken. Pending a decision on a disposal site for LILW found, wastes and
conditioned residues are stored on the various production sites.

As it can be seen from these few examples, wastes from ,,other nuclear applications" are neither
negligible nor less active than those arising from nuclear powered electricity and RTRs. Actually,
quantities involved worldwide are all the more important that in many cases no comprehensive
management exists for waste arising from nuclear applications. In consequence, inventories have built
up. At the moment, such radioactive wastes are often stored on the production premises, which is not
a durable answer to waste issue whatever the quantities at stake: cumulated low volumes leads to
stockpiles, multiplication of storage places and types increases difficulties and risks. This issue is
such that the IAEA has been implementing a comprehensive program in order to assist Member States
on all aspects of collection, treatment, storage and disposal of these wastes3.

2. Waste hazards: ultimate residues from RTR spent fuel reprocessing and those
arising from other nuclear applications belong to the same radioactive categories
Views are commonly expressed that waste from ,,other nuclear applications" are easy and, to some
extend, benign compared to those arising from NPPs .
Actually, the few above quoted examples have shown that as for radioactivity all these wastes belong
to the same categories. Moreover, other risks than radioactivity related ones may be linked to the
waste arising from the other nuclear applications. For instance, risks linked to chemical, biological or
physical properties often add to risks linked to the presence of radioactive contamination in waste
arising from biomedical applications.
Another issue is that of spent sealed sources, which led to the establishment of the IAEA's Spent
Radiation Source Program in 1991, arising from the need to assist Member States in their efforts to
prevent unnecessary exposure and even accidents with spent sealed sources. One specific topic deals
with spent radium sources: their small size and high apparent value - the outer casing includes
platinum or gold - increase theft risks and associated irradiation accidents. In addition, obsolete
manufacturing standards may result in radioactive leakage. Moreover, the long period of radium
makes it necessary to condition spent sources appropriately for a long-term storage awaiting the
availability of a final disposal liable to accept long-lived ILW and HLW.
Conversely, reprocessing of spent fuel from either NPPs or RTRs results in well-mastered stable
residues appropriate for final disposal.
3. Wastes from ,,other nuclear applications" require a case by case approach
As it has been underlined above, wastes produced by the ,,other nuclear applications "vary greatly in
origin, producers, nature, tonnage, radioactive level and type of radioisotopes contained. In
consequence, no general solution is workable, types or families may be recognized, a case-by-case
approach is required.
The case of RTR spent fuels is already solved. A durable and comprehensive management scheme is
fully operational and available. It leads to very low ultimate waste volumes conditioned as fully
stabilized residues, a unique standardized package directly suitable for final disposal and a fortiori for
long interim storage and easy to integrate in whatever management scheme will be eventually chosen.

Spent fuel from Research Reactors: available long-term management options
Three management options are left to RTR operators since spent fuel return to the US in the
framework of the US take back policy is no longer a possibility.
Long term interim storage of RTR spent fuel does not constitute a reliable solution at the present time
since some operators have already been confronted with corrosion and material degradation problems
during RTR operating lives. Extended storage for RTR fuels would obviously require important R&D
programs as well as costly storage facilities specifically designed and operated for the long term.
Finally, this option does not constitute a definitive solution.
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As for the direct disposal option, it also faces several unsolved problems arising from neutronical as
well as chemical properties of RTR spent fuel. As it has already been detailed in other instances4,
neither nuclear safety is ensured due to uranium enrichment linked criticality risks nor repository
mechanical stability due to hydrogen production through corrosion processes. Third, this option
remains theoretical for the time being since no repository is currently available. Moreover, the RTR
spent fuel instability would imperatively need significant treatment, stabilization and conditioning
works, resulting in an unsatisfying option due to the large volume of conditioned residues it implies.
This may be summarized as follows:
Extended
interim
storage

Reprocessing

Direct
Disposal
Spent Fuel

Existing
solutions

Spent fuel (pre)
conditioning
and packaging

Valuable
materials

Storage
facilities

Recycling

z;

AttheR&D i\ Which
Which [
stage, costly durability ? i
I
step
I

Unsolved
issues

1

i Which i
j long-term f
i solution ? i

Spent Fuel

Ultimate waste
Existing,
comprehensive,
industrially
proven and
durable solution

1
Stabilized and
conditioned residues

J Which final j
i conditioning ? i
i

r~

i

Which final
disposal ?

Storage and/or any
final disposal, when
available

Operational
storage facilities

Reprocessing is the only currently proven and steady long-term solution

A comprehensive management via reprocessing
The RTR spent fuel treatment-conditioning based on reprocessing is an industrial reality,
demonstrated by the 30-year operating experience in commercial reprocessing at COGEMA-La Hague
plants. HEU fuels are typically of UA1X chemical form, particularly suitable for reprocessing. As it
has already been detailed in other instances5, COGEMA has long since acquired the know-how from
its operating experience in RTR spent fuel reprocessing.

1. Flexible processes adaptable to RTR fuels
As it has already been explained in other instances4, the high level of flexibility of COGEMA-La
Hague plants makes it possible to smoothly process RTR spent fuel. Minor adaptations are performed
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on purpose, especially in the existing shearing and dissolution units. The RTR fuel quantities to be
reprocessed (a few tons of spent fuel per year) are diluted into power reactors UO2 spent fuels
(nominal capacity 1600 tHM per year) to blend down the U-235 content to a maximum of 2%.
After dissolution, the chemical operations, and especially the U/Pu/Fission products separation and
the conditioning of separated ultimate wastes, are basically performed following the reference
process. Minor adjustments may concern plutonium recovery rates or residues characteristics within
the limits of existing specifications so as to meet customers' specific requirements. Ultimate waste
may thus be conditioned into several types of residues such as the Universal Canister described
hereafter or the well-known fiber reinforced concrete package of the CBF series.

2. A sustainable and non-proliferating option
The very high efficiency achieved at La Hague allows 99,9% of uranium and plutonium to be
recovered from spent fuels. Apart from being a sustainable use of uranium natural resources, it thus
minimizes the long-term radiotoxicity of the ultimate waste to be disposed of as shown in the table
hereafter.
Period (years)

0 to 100

100 to 100,000

100,000 to 1,000,000

Main contributor to

Fission Products &
Pu

Pu

Pu then U

Radiotoxicity

Moreover, RTR fuels being diluted into LWR spent fuels, reprocessing is then a non-proliferating
option. Nevertheless, any spent fuel and nuclear materials at La Hague plants are submitted to
EURATOM and IAEA safeguards.

3. Integrated conditioning of ultimate waste
Waste to be finally returned to the designated site in the originating country consist of:
• Fission products and TRU. They are vitrified into a borosilicate matrix, which is an
internationally agreed conditioning form. According to customers' specific requirements as to
vitrified waste characteristics, resulting quantities to be returned are determined following the
established accountancy procedures in force between COGEMA and its customers.
• Technological wastes arising from reprocessing and structural parts of fuel elements that contain
long-lived ILW (LLILW). They are compacted. This technique has been selected in the
framework of a continuous waste conditioning optimization process over the years.
These specific immobilization processes ensure that the ultimate residues have a high degree of
safety, durability and quality most appropriate for an extended interim storage and subsequent final
disposal. Actually, the final residues thus manufactured are directly suitable for disposal without need
for any additional conditioning.
In addition, the integrated waste conditioning technologies conduct to a drastic volume reduction of
residues to be disposed of. A
A 'volume reduction by a factor 30 to 50 is indeed achieved: 0.4 m3 per ton
of spent fuel, compared to the direct disposal option: 12 to 18 m3 per ton of spent fuel, as the already5
presented figure illustrates it:
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VOLUMES OF RESIDUES GENERATED
BY MTR'S REPROCESSING
SO-i

15 -

10 -

Ccmpacted

s o,4 m3

Direct disposal
AlumlnMe spent fuel
reprocessed

COCEMA

4. Universal Canister and dual-purpose Transport & Storage cask: a rationalized waste

management
A major feature of the whole waste conditioning process is the standardization of ultimate waste
residues packaging, the so-called ,,Universal Canister" or UC, which comprises vitrified canisters
(UC-V) and compacted canisters (UC-C). The UCs are easy to handle and to store. UC-V are
approved by many national safety authorities. Since they belong to the same categories as waste
resulting from the ,,other nuclear applications", they can be stored in the same facilities as those
already existing or yet to be built for radioactive waste of various origins.
For the return shipment to the customer, the UCs may be loaded into dual-purpose Transport and
Storage casks derived from the well-known TS-28 (photograph here-below) concept already in use for
long-term storage in Germany. This solution constitute a significant advance since they can easily be
stored in very simply engineered existing facilities, which require no sophisticated infrastructure,
without any elaborate control or safeguards provision.
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TS 28 Transport and Storage cask at Gorleben

CONCLUSIONS
Apart from reprocessing, none of the spent fuel management options presently available to RTR
operators is satisfactory:
•

•

The US take-back policy ends in 2006. Six years is a very short period of time for a research
reactor operator to set up an alternative scheme, make it operational and proven, so as it is taken
as reliable by the Authority who subordinates a reactor continued operation to the existence of a
reliable and proven long-term spent fuel management.
Due to the nature of the fuel, long-term interim storage would call for important R&D programs
and specifically designed costly facilities.
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Conversely, the treatment-conditioning of RTR spent fuel through reprocessing is a proven and fully
operational management scheme:
•
•
•
•

It is based on a many years experience and backed by the activity of NPPs spent fuel reprocessing.
By separating and recycling the fissile material it enables to isolate the real ultimate waste.
The ultimate waste are conditioned into stable residues, manufactured according to internationally
approved specifications, suitable for final disposal and featuring a very low volume.
The resulting residues can be classified in one of the existing radioactive waste categories arising
from the ,,other nuclear applications" for which any country does have or shall have global
management plans and the associated storage.

Moreover, the development of the new U-Mo LEU fuel aimed at replacing the silicide type offers to
all the reactor operators who will choose this new fuel both a real long-term option, thanks to this fuel
reprocessability, and the possibility to improve the efficiency of their reactor.
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ABSTRACT
Thirty nine spent MTR fuel assemblies from the Portuguese Research Reactor were
recently returned to the US. Prior to the shipment all assemblies were inspected for
corrosion and sipped for determination of fission product leakage. Limitations on the floor
loading of the reactor building and on the capacity of the crane prevented the placement and
loading of the Transnucleaire IU04 transport cask inside the containment building. The
transport cask was thus placed outside, under permanent surveillance, in a support structure
built around it. A small transfer cask was used to carry individually the assemblies from the
storage racks to the transport cask. A forklift was used as a shuttle between the pool and the
IU04. A detailed description of the followed procedures is done.

1. Introduction
The Portuguese Research Reactor (RPI) is owned by "Instituto Tecnologico e Nuclear" (ITN), which
is the third generation of the main national organisation for nuclear activities in the country. It was
built by AMF Atomics Inc. during the period of 1959/61. The initial criticality was achieved on April
25, 1961 and full power (1 MW) was reached one year latter after a detailed calibration at low power.
Initially 20% enriched fuel was supplied with the reactor in the context of the US "Atoms for Peace"
program. However, in the end of the sixties the US offered to sell the leased LEU and supply new
charges of the HEU type. Work was then initiated to study the advantages of this option and the
conclusion reached led to the decision of buying HEU fuel. The fabricator GULF was selected and the
new fuel was received in 1974. In 1981 a leakage in the primary system forced operation at low power
(up to 100 kW). It is worth referring that, as in other reactors, the primary and demineralizer piping
were made of aluminium that in the case of the RPI were fully embedded in the pool structure. The
reactor was stopped in 1987 in preparation for a major refurbishment after which the operation with
HEU was initiated. The refurbishment done during the 1987/89 period included the installation of
stainless steel piping for the primary circuit, the complete relining of the pool with new tiles in the
open end and stainless steel in the stall one, changing of the drive mechanisms and control rods, and
the addition of a Be reflector. As there had been an expansion of the reactor building a relocation of
the cooling tower was also done, which implied changing and re-routing the secondary piping. The
LEU fuel assemblies discharged from the core were kept outside the pool and returned to it after the
conclusion of the work. They were stored in a double lined storage vessel, continuously monitored,
whose water was circulated through the reactor's demineraliser. In early 1999 an agreement was
signed for the return of all spent fuel of US origin under the "Foreign Research Reactor Spent Fuel
Acceptance Policy" until May 2009. The LEU fuel assemblies were returned in August of 1999.
2. Preparation for the shipment
The standard information about the fuel had to be met for the fuel to be received in the US was
prepared, namely concerning the irradiation conditions, fuel composition, decay heat and assembly
integrity. To ensure the fuel status all assemblies were visually inspected for corrosion and sipped for
determination of fission product leakage. The visual inspection was done in an auxiliary platform
located 2 m below the pool water surface. All assemblies were found to be in in good structural
conditions. Digital photographs of all external and side plates were taken and supplied to DOE/SRS.
An independent evaluation of the status of the assemblies was also done by SRS personnel.
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The fission products leakage rate was determined using the washing and sipping system shown in
Fig.l. It consisted essentially of an aluminum pipe (3 m long, 15 cm internal diameter) which could be
moved up and down the pool wall along guides. The top and bottom ends of the guides were,
respectively, fixed to the top of the pool wall and inserted in orifices used for fuel placement in the
spent fuel irradiation facility. The pipe was put in the lower position for transfers of assemblies and in
the up position for the remaining operations. In this position the top of the pipe was above the water
level of the pool and the water in the pipe could be replaced with water taken from the demineralized
water supply and homogenized by bubbling air through it. The admission of water and air were made
through a plastic pipe connected to the bottom part of the aluminum pipe. The procedure was to place
an assembly inside the pipe, rise the system to the up position and wash the assembly with an amount
of water of at least three times the volume of the pipe. This corresponds to about 150 liters of water,
which meant leaving the water running for about 10 minutes. After washing, the water kept in the pipe
was homogenized by passing compressed air for at least 5 minutes. At this stage a sample of about 1.5
liter was taken for background determination. The system was then left in the up position for a resting
period of, at least, 4 hours. At the end of the resting period the water was homogenized again and a
sample of 1.5 liter was taken. A HPGe detector with 25% efficiency was used to determine 137Cs
activity in standard 1 liter water bottles placed in a fixed geometry.

Fig. 1. Washing and sipping system used to determine the fission product leakage of the assemblies.
Albeit the long time in the pool of up to 38 years only small 137Cs leakage rates of less than 50 Bq/h
were detected in 5 of the 39 tested assemblies. The washing and sipping procedures were repeated for
these assemblies and the second and following samples always yielded lower leakage values,
suggesting that the values measured in the first sample were due to surface contamination that was
essentially removed during the first washing and sipping period.
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Decay heat values were determined using the PHDOSE code [1] taking into account the documented
burn-up and decay for each assembly. Due to the relatively long decay time the only relevant activity
was due to Cs, with average and maximum values of 66 Ci and 90 Ci, respectively. The total 137Cs
inventory was 2570 Ci. The average and maximum decay heat values were 0.28 W and 0.38 W,
leading to a total of 11 W for the 39 assemblies.
As the handling of the fuel cask inside the containment building was not possible, mainly due to the
low capacity of the reactor crane (10 t) and the characteristics of the floor at the service entrance
which had been planned for a load of less than 7 t/m2, the loading of the cask had to be done outside
the building where a loading station was erected. To cover the operations inside the building a
supplementary structure was placed on the NW side of the pool to secure the fuel handling tools. The
platform previously used for the visual inspection of the assemblies was then used as an intermediate
station in the movement of the fuel assemblies out of the pool. The floor close to the service entrance
was reinforced with 1 cm thick steel plates to better distribute the loading.

3. Loading station
The loading station, shown in Fig. 2, was constructed outside the reactor building, a few meters from
the service entrance. The selected cask was a Transnucleaire IU04 with an AA267 basket capable of
storing up to 40 assemblies. The IU04 cask weights 19 t and has a 1.6 m diameter. It was provided
with two major accessories: a small transfer cask capable of handling a single MTR assembly and a
loading skirt adaptable to the top of the cask. The skirt was used to create a water basin where the
assemblies could be manipulated. Its bottom part was covered with an 8 cm thick lead shield as a
biological protection.

1 Concrete support"
2 Cask s u p p o r t
3 Liquid w a s t e basm
Support s t r u c t u r e
Working deck
Radioactive w a s t e piping
Basin o u t l e t

U
5
6
7

8 Cask o u t l e t pipe
9 T r a n s p o r t cask
10 Biological p r o t e c t i o n
11 S k i r t
12 Basket cell

x - Control element w/o shock absorber
xx - Standard element

Fig. 2. Loading station built around transport cask.
A relatively simple metallic support structure was built around the cask. The cask itself was resting on
a beam placed inside a basin connected to the radioactive waste piping. The whole system was resting
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on a concrete support and was covered with plastic covers to guarantee that any spilled water would
go to the basin. All manipulations inside the cask were done from a platform 2.7 m above the concrete.
The operators were protected by the water inside the cask and the loading skirt, whose lead shield
extended from the top of the cask until 0.2 m above the platform. Since the shipment would take place
during summer no special measures had to be taken regarding meteorological conditions - no rain was
anticipated and temperatures would be mild, up to 30 °C. In any case a cover for the whole structure
was on stand-by and could be mounted in a few minutes. The structure was under permanent
surveillance and armed police officers, in complement to the normal security arrangements of ITN,
were also present.
To establish an operations procedure assuring the radiological safety of the personnel involved, Monte
Carlo calculations were done beforehand to estimate the radiation exposure of the operators
performing the transfer [2]. No dose values exceeding the detection limit of 20 mrem for standard film
badges were later detected for any of the operators involved in the operation.
4. Loading activities
Loading an assembly on the transport cask required a series of steps of which the most relevant were
the loading and unloading of the transfer cask, the identification of the assembly and its placement in
the AA267 basket according to the previously established loading diagram. Each assembly was taken
from the storage racks to the auxiliary platform where its identification was confirmed. The transfer
cask held by the reactor crane was placed above the assembly with its bottom about 1 m inside the
water and the assembly was risen into it by means of a cable provided with a hook which grabbed the
assembly by the handling bar. The admission of the assembly was done via a small door at the bottom
of the cask, which was closed once the cable was secured.
Before leaving the pool area the surface of the transfer cask was dried to minimize water spillage. The
cask was then lowered to the entrance level of the building and loaded on a forklift, which was used as
a shuttle between the reactor hall and the transport cask. A special basin was constructed to guarantee
the fixation of the cask during the movement of the forklift and to collect any spilled water. Outside
the building all the handling was performed with mobile cranes. Each assembly was put initially in a
temporary position above the AA267 basket, where its identification was rechecked before going to its
final position. The transfer of control assemblies required extra actions including the replacement of
the hook by a piece capable of handling these assemblies with the stainless steel shock absorber still in
place. The shock absorbers were only removed once the assembly was in the IU04 cask. The transfer
cask was then used to carry the absorber back to the pool. The 39 assemblies were transferred within
two days.
5. Shipment
Once the loading was complete water samples from the cask were taken at regular intervals as
determined by the acceptance requirements compiled in Appendix B [3]. A maximum 137Cs leakage
rate of 63 Bq/h was determined, which is well below the limit imposed by DOE/SRS for acceptance of
the shipment. Once the 137Cs leakage was performed the IU04 was emptied and the required dryness
and containment tests were performed. The cask was finally washed and cleaned in fulfilment of the
transportation requirements. Finally it was placed inside a 20 foot ISO container and taken to a
commercial ship bound to the Charleston Naval Weapons Base. The transportation from ITN to the
port, a naval base south of Lisbon, was done during the night in a military convoy, through a route that
included the new Lisbon bridge, therefore avoiding areas of large population density.
The ship chartered by NAC left less than 3 hours after the arrival of the convoy. Portugal was the last
stop of the vessel before leaving Europe to the US. Press coverage was minimal - only one newspaper
reported "a depleted uranium shipment of uncertain origin" on the day of the shipment. The same
newspaper published the following day a short note from the Portuguese Science and Technology
Ministry, which tutors ITN, on the contents and origin of the shipment.
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TRANSNUCLEAIRE is involved in all type of transportation for the research reactor fuel cycle (front
end and back end) as well as transportation for hot cells.
For the back end, and especially irradiated fuel elements, TRANSNUCLEAIRE has designed a new
cask, the TN/MTR in order to replace progressively the IU04 packaging.
In the present document, we will present:
• an updated status of the TN/MTR,
• a summary of the first shipments performed,
• a specific loading operation planned in the coming months in Strasbourg University.

1. TN/MTR packaging
1.1. General description
This package licensed as a B(U)F-85 in April 1999 takes also into account the new IAEA
specification for transport package (ST-1) and ICPR 60 specification for dose rate evolution.
The main characteristics of the TN/MTR package are:
•
•
•
•
•
•
•

Overall height
2,080 mm
Overall diameter
2,080 mm
Height without shock absorber
1,610 mm
Diameter of the cavity
960 mm
Height of the cavity
1,080 mm
Current total weight in transport (loaded)
22,000 Kg
Total weight without shock absorber (full of water): 21,000 Kg

*

• i: |
• i • •

• i

\

, ifi

For heavier fuels, the total weight in transport can reach 23,400 Kg.
Three units are available. They can be equipped with different types of baskets which can
accommodate a large variety of fuel elements:
• MTR 68, with 68 to 76 compartments
• MTR 52, with 52 compartments
• MTR RHF, with 3 compartments
Other types of baskets are going to be designed for specific fuel elements. A lighter lid is
also being studied to gain weight on some operations.

1.2. Licensing procedure
The French license has been issued for the three contents applied for. The Australian
validation has been issued and applications for others countries including Belgium, Denmark,
USA are pending.

2. Shipments performed
Shipments to COGEMA La Hague reprocessing plant have been performed at the end of 1999
and the beginning of 2000:
2.1. Australia
The first TN/MTR equipped with a MTR 68 basket has been wet loaded last November in
HIFAR, a research reactor operated by ANSTO (Australia). The operation has been
successfully managed by HIFAR's representatives with the technical assistance of
TRANSNUCLEAIRE. Three other casks (one LHRL 120 and two TN7/2) were combined
with this shipment.
The sea transport, implemented on behalf of COGEMA, has been carried out on a dedicated
ship meeting the INF requirements of the classification set down by the International
Maritime Organization (IMO). "The Bouguenais" has been chartered by
TRANSNUCLEAIRE for transportation from Australia to France at COGEMA-La Hague
reprocessing plant.Three other shipments will be performed in the coming years.
2.2. France
Three MTR elements of the RHF reactor of ILL, Grenoble, have been loaded in the
TN/MTR and moved in one transport to COGEMA-La Hague reprocessing plant. The casks
previously used could load only one or two elements.
Other shipments from Grenoble, from BR2 Mol (Belgium) to COGEMA-La Hague are
scheduled over year 2000.

3. Preparation of a shipment from Strasbourg University
The Strasbourg University reactor started operation in November 1966. It is an Argonaute type
reactor, the core is composed of 20 fuel elements and its power is 100 kW. It has been shut down in
December 1998.
20 MTR spent fuels have then to be removed and are planned to be shipped during year 2000 to
COGEMA-La Hague for reprocessing.
The fuel characteristics are the following:
-

Dimensions : 899 x 73.5 x 73.5 mm
Number of Plates per fuel: 11
Initial enrichment U 235: from 90 to 93 %
Fuel meat: UAlx

Alike most of university reactors, handling meets limitations of weight and available spaces: The
capacity of the crane is 10 tons, and the reactor storage pond cannot accept the TN-MTR for
loading.
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In order to remove the fuels from Strasbourg with the TN MTR cask, the existing
TRANSNUCLEAIRE transfer system, which has already been used (Taiwan, Portugal), has been
adapted to the TN-MTR cask.
This transfer system is composed of two main pieces of equipment:
- a loading skirt (weight: 8 tons)
- a transfer bell (weight: 3 tons)
The cask will enter into the reactor building on a transfer trolley and all the operations of the
loading will be performed with the cask standing on this trolley.
The loading skirt will be installed onto the cask and filled with water.
After this preliminary preparation, the loading operations will be done as follows:
® Underwater loading in the storage pond of one fuel element into the transfer bell and closing of
the transfer bell.
© Removal of the transfer bell from the water and transfer into the loading skirt (via the reactor
crane).
® Opening of the transfer bell (into the loading skirt) and removal of the fuel element into the
basket.
© The transfer bell will be removed from the loading skirt and returned into the storage pond for
the next fuel element loading.
© After loading of the last fuel element the cask lid will be put in place and the water will be
removed.
© The loading shirt will be removed from the cask.
© Leaktightness testing will be performed after drying and before transportation.
Currently the operation is still under preparation and requires the prior approval of the French
competent Authorities.
We expect to present some pictures of this operation during the next RRFM.
4. Conclusion
The first shipments using the new TN/MTR cask have been successfully performed. Our goal is to
complete the entire pending package approval extension and validation in the coming months.
For the back end cycle of research reactors and laboratories, the TN/MTR allows to ship large
quantities of irradiated MTR elements.
TRANSNUCLEAIRE is designing other packagings for other purposes (small quantities of MTR
pieces of full length of irradiated pins, etc... from power reactor fuel elements) in order to provide
a complete and modern cask fleet and the corresponding service to research reactor fuel cycle.
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ABSTRACT
Within some years, the Jules Horowitz Reactor will be the only working experimental
reactor (material and fuel testing reactor) in France. It will have to provide facilities for a
wide range of needs: from activation analysis to power reactor fuel qualification.
In this paper will be presented the main characteristics of the Jules Horowitz Reactor: its
total power, neutron flux, fuel element... Safety criteria will be'explained. Finally merits
and disadvantages of UMo compared to the standard U3Si2 fuel will be discussed

1. Introduction
The Jules Horowitz Reactor is a new research reactor project dedicated to materials and nuclear fuels
testing, the location will be at the CEA-Cadarache site, and the startup in 2010.
The main objectives of the JHR are:
to meet the utility needs:
• electricity generating cost improvement in a competitive environment (fossil fuel)
• safety improvement (present PWR plants, new PWR plants (EPR)...)
to carry out Irradiation programmes:
• burn-up improvement of UOX and MOX fuels up to 120 GWd/t for future reactor generation
• research on plant life extension
• development of new fuels / materials for other reactor types (BWR, HTR, FBR,...)
• to continue the research on transmutation of actinides and long life fission products
to meet "associated" demands:
• activation analysis
• neutron radiographs
• radio isotope production...
The following topics will be approached:
• main parameters characterising the reactor (qualitative and quantitative aspects)

83

•
•

design criteria
comparison of the performances of the fuels U3Si2 (4.8 and 5.8 gU/cm3) and UMo (8 gU/cm3)
used in the JHR

2. Parameters characterising the reactor
Flexibility (large range of performance)
Three cores are being designed:
• A big 300 litres core (330 kW/1), close to Osiris performance, able to accommodate many
experiments which do not need very high flux,
• A small 133 litres core (750kW/l) able to irradiate a small number of fast neutron
experiments,
• The reference 166 litres core (600 kW/1) can produce a flux almost twice the Osiris flux, hi
this core almost all the experiments can be carried out except experiments needing a fast
accumulation of damage.
120
UZr.Nb,
110
* • Maximum fas I neuron (lux in tha hot plan

S 100

^Maximum thermal neutron fiia inthB hot plan la heating in the core

UMo,

-O-Only uranium

6.3
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Fuel density gU/cm3

Figure 1 - Flux and gamma heating

Figure 2 - Cycle length vs fuel density

Quality of experiments
Much attention will be paid to experiments quality. Are currently under development:
• R&D on new refabrication methods,
• R&D on new sensors (e.g. on-line pressure measurement with possibility of intermediate
recalibration),
• on-line fission gas analysis,
• R&D on new non-destructive methods (X tomography, gap measurement, quantitative
gamma spectrograph, pressure measurement...),
• R&D on gamma shielding to protect irradiation devices in the reflector AND in the core
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Figure 3 - Standard Fuel Element
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Figure 4 - Reference RJH Core (1661)

Main quantitative characteristics
Total thermal power
Power density
Expected neutron flux

100 MW
600 kW/1 (reference)
1.1015 n/cm7s (E < 0.625 eV)
5.1014 n/cma/s (E > 0.907 MeV)
Core inlet temperature
30°C
Mean core outlet temperature 50°C
Reflector
Be and water
•235
Fuel enrichment ( U)
20%
Fuel
U3Si2 -Al (4.8 gU/cm3) (reference)
UMo -Al (8 gU/cm3)
Fuel element
Assembly of curved plates maintained by stiffeners (cylindrical
element: see Figure 3)
Core
Triangular lattice, the fuel elements are within a rack machined
in a block of aluminium (Figure 4)
Primary circuit
Closed (« real » second barrier)
Slightly pressurised (approximately 0.5 MPa at outlet core)
Ascending cooling flow (transition to natural convection
realisable without active water injection system). See Figure 5.

Figure 5 - Primary circuit
3. Design criteria
Thermohydraulics
To ensure the first barrier integrity it is thus necessary to cool the fuel in any situation (nominal power
and normal and accidental transient).
During normal operation situation (up to 110% of the nominal power and 90% of the nominal primary
flow: extreme case of normal operation), the criteria to be met are:
• Twan < ^(hydrostatic pressure) + ATsat(hydrostatic pressure) -10°C
(to prevent any boiling in the event of depressurisation)
• T cladding <150°C
Beyond 150°C, mechanical behaviour of the cladding (composed of an aluminium alloy) is
degraded. To ensure the maintenance in the time of the coolant channels thickness, the
cladding temperature is limited to 150°C.
During a loss of flow transient, the cooling must be ensured. The following criterion must be met:
• TWaii < Tsat (nominal pressure) + ATsat(nominal pressure)
(the case of a simultaneous loss of pressure is not considered)
These criteria lead to a nominal primary flow of 1700 kg/s with the following temperatures (Figure 6):
*

* wall max ~ J-41 t_-

•

T meatmax = 173°C (U 3 Si 2 ,4.8 gU/cm 3 : X = 30 W/m/K)
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Figure 7 - Stress level in the fuel plate

4. Comparison U3S12 - U M o
Fissile load
The original weight of 235U in the core is:
U3Si2(4.8gU/cm3): 13 kg
U3Si2(5.8gU/cm3): 16 kg
UMo8 (8 gU/cm3): 22 kg
A unique batch fuel management is almost mandatory to meet the minimum cycle length with U3Si2
(4.8 gU/cm3). A half core reload management is possible with UMo and U3Si2 (5.8 gU/cm3).
Composition
U3Si2, 4.8 gU/cm3
U3Si2,5.8gU/cm3
UMos, 8 gU/cm3

Fissile powder
volume fraction
43.2%
52.1%
51.2%

void
8.5%
15.0%
= 10%

aluminium
48.3%
32.9%
-38.8%

Gamma heating
The maximum gamma heating in core for U3Si2 is close to 20 W/g c .
For UMo, gamma heating should be lower because the gamma self-absorption is larger due to the
higher density of UMo.
Cycle length evaluated without irradiation device
The cycle length of a core loaded with U3Si2 fuel (4.8 gU/cm3), is 55 days. With U3Si2 fuel
(5.8 gU/cm3), this length goes up to 70 days. For UMo (8 gU/cm3), it should be about 100 days
(Figure 2). These cycle lengths must not be considered as absolute values: they are only indicated
here as a relative comparison element.
Reprocessing ability
Reprocessing of U3Si2 fuels is not available on an industrial scale in current facilities [2].
On the opposite UMo reprocessing feasibility is proven [3]. Dissolution is the key processing step.
Dissolution behaviour of UMo meat was already checked satisfactorily in a series of preliminary
tests [3]. After dissolution UMo liquor is diluted into LWR dissolution solutions and the impact of
UMo on the next process steps is hence easily manageable. The slight increase of Mo in fission
products is deemed to have no significant effect on the vitrification process so that the internationally
approved specifications of the vitrified fission products are met.
UMo can be easily reprocessed in the reprocessing plants.

Manufacturing
U3Si2 powder is obtained by a mechanical process: crushing U3Si2 alloy.
The UMo powder is manufactured by dispersion of UMo liquid jet.
The general process for making UMo plates is not fundamentally different from the U3Si2 process.
The advanced process used for high densities (6gU/cm3) in U3Si2 has been improved to reach
9 gU/cm3 with UMo [4].
Thermomechanical properties
U3Si2 (4.8gU/cm3) conductivity is about 30W/m/K [1]. U3Si2 (5.8gU/cm3) conductivity is about
10W/m/K[l].
Because of the level of performance (power density) of the JHR, using U3Si2 5.8 gU/cm3 would lead
to fuel plates stress level higher than in any existing experimental reactor. Thus this option has been
abandoned (see Figure 7).
5. Conclusion
Studies are going on. Precise evaluation of cycle lengths and performances of cores loaded with U3Si2
and UMo fuel are not available at present time. But they will be presented during oral presentation at
RRFM 2000.
U3Si2 5.8 gU/cm3 option has been abandoned due to its low thermal conductivity.
U3Si2 4.8 gU/cm3 is the JHR reference fuel.
UMox 8 gU/cm3 will become the reference fuel as soon as it is qualified.
6. References
[1] Safety Evaluation Report related to the Evaluation of Low-Enriched Uranium Silicide-Aluminium
Dispersion Fuel for Use in Non-Power Reactors - NUREG 1313
[2] Research Reactor Fuel Management, J. Thomasson, RRFM 99
[3] Technical Ability of New MTR high density Alloys Regarding the whole fuel cycle, J-P. Durand,
B. Maugard, A. Gay, RRFM 98
[4] LEU Fuel development at CERCA, status as of October 1997, Preliminary developments of MTR
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ABSTRACT
The TRIGA Mark II research reactor of the Johannes Gutenberg-Universitat Mainz is in
operation since 1965 with only a few month shut-down for the refurbishment of the cooling
circuits. It can be operated in the steady state mode with a maximum power of 100 kWlh
and in the pulse mode with a peak power of 250 MWlh. The operation of the reactor will
last at least until the year 2010. The paper gives a survey of the research programmes
carried out at the TRIGA Mainz. It covers a wide range of applications in nuclear
chemistry, nuclear- and particle physics, neutron activation analysis and isotope production
for various purposes.

1. Introduction
The TRIGA Mark II reactor of the Johannes Gutenberg-Universitat Mainz is in operation since 1965.
It can be operated in the steady state mode with a maximum thermal power of 100 kW and in the pulse
mode with a maximum thermal power of 250 MW and a pulse length with a full width half maximum
(FWHM) of 30-40 ms. Over the 35 years of operation no serious problems occurred and there was
only a seven month shut-down period in 1995 for refurbishment of the cooling circuits [1]. The reactor
is mainly used for basic research in nuclear chemistry and -physics, for isotope production, neutron
activation analysis (NAA) and for the production of polarized neutrons. Furthermore, in the nearest
future it is planned to install an equipment in one of the beam tubes for providing ultracold neutrons
(UCN). For this, the pulse mode will mainly be used. The TRIGA Mainz is one of two research
reactors in Germany run by an university institution, namely the Institute fur Kernchemie. Recently it
was decided by the responsible authorities that the reactor should be operated until the year 2010. This
decision was made with regard to the research programmes at this station.

2. Reactor operation and irradiation facilities
The average operation time of the TRIGA Mainz is about 200 days per year. For more than 90% of
this time the reactor runs in the steady state mode with a nominal power of 100 kW,h. The rest of the
time the reactor is used either for the pulse mode or - depending on the requirements of the different
experiments - for lower powers in the steady state mode down to 100 mWth. Table 1 gives a survey of
the operation data from 1965 until 1999.

Table 1: Operation data of the TRIGA Mainz (Status December 1999)
Operation data
Days of operation
Hours of operation
Number of Pulses
Energy [MWh]
Burn-up fg U-2351

1965-1998
6464
32810
14370
2629.5
136.8

Total
6651
33741
14500
2709.6
141.0

1999
187
931
130
80.1
4.2

Currently, the reactor core is equipped with 74 fuel elements with aluminium or stainless steel
cladding each containing about 36 g of 235U (20% enrichment). Taking into account the low burn-up
rate ( » 4 g 235U per year) and the past and future operation schedule of the reactor it can be operated
until the year 2010 with the fresh fuel elements on stock. Up to now a total of 14500 pulses were
performed at the TRIGA Mainz, which is - to our knowledge - world record for TRIGA research
reactors.
The TRIGA Mainz is equipped with four beam tubes. Two beam tubes are reserved for chemical
experiments, mainly for the development of fast chemical separation procedures, continuous and
discontinuous ones. These procedures are applied for the investigation of short-lived fission products
and for studies of the chemical behaviour of the heaviest elements [2]. For a continuous transport of
fission product activity from the production site near the reactor core through the biological shield to a
detection unit or a separation facility a gas-jet transport system is used. At a third beam port a neutron
spin filter (NSF) for the production of polarized neutrons by interaction with optically pumped 3He
atoms is installed [3]. The fourth beam tube will be used to create an intense beam of ultracold
neutrons (UCN) by applying a very low temperature converter kept at a temperature of only a few
degrees Kelvin or below [4,5]. Figure 1 shows a horizontal section view of the TRIGA Mainz
indicating the arrangement and use of the four beam tubes.
For isotope production and for neutron activation analysis (NAA) the rotary specimen rack with 80
irradiation positions, the central thimble and the three pneumatic rabbit systems are mainly used. In
addition to that, neutron and y-irradiations of biological samples and electronic equipment is also
performed at various irradiation positions, e.g., on top of the thermal column close to the core (see fig.
1). Table 2 compiles the number of irradiations and the neutron flux at the different irradiation
positions at 100 kWth.

Table 2: Irradiations at the TRIGA Mainz (Status December 1999)
Irradiation position
Rotary specimen rack
Rabbit systems
Beam tubes
Central thimble
Other positions
'atapowerof 100kWth

Thermal flux fn/cm2sl*
7xlOn
1.6-1.8 xlO 12
1.0-5.4x10"
4.2 x 1012
10 7 - 1010

1965-1998
47810
194613
9788
2292
1785

1999
1173
1540
87
87
102

Total
48983
196153
9875
2379
1887

The rabbit systems have mainly been used for studies of short-lived isotopes with half-lives in the
order of a few seconds. Alltogether about 200000 irradiations with the rabbit systems have been
performed up to now.
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Fig. 1: Horizontal section view of the TRIGA Mainz. Beam ports A and D are mainly used for
radiochemical investigations. Beam port B has been modified for the production of polarized neutrons
by interaction with polarized 3He in a special NSF-cell. In port C the UCN-facility will be installed.

3. Research Programmes
3.1. Chemical on-line separation procedures
For the separation and subsequent detection of short-lived nuclides from complex reaction product
mixtures as, e.g., obtained in thermal neutron induced fission of 235U, 239Pu, and 249Cf or in heavy ion
reactions, fast chemical procedures are required. Such procedures can be developed and optimized at
the TRIGA Mainz by combining a gas-jet transport system [6] with either continuous [7,8] or
discontinuous [9] chemical separation facilities. Hold-up times of only a few seconds can be achieved,
including the transport in the gas-jet ( « 1 s). Thus, short-lived fission products with a half-life down to
0.8 s have been investigated at the TRIGA Mainz [10,11]. In chemical investigations of the heaviest
(transactinide-) elements their chemical properties are compared with those of their lighter
homologues. For the development of suitable separation procedures for the different transactinide
elements, their lighter homologues obtained with a 23SU or 239Pu fission target are used. Such
separation procedures have been applied for chemical studies of Rf (rutherfordium, element 104), Db
(dubnium, element 105), Sg (seaborgium, element 106) and, very recently, Bh (bohrium, element
107).
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3.2. Neutron activation analysis and isotope production
By conventional instrumental neutron activation analysis (INAA) and radiochemical neutron
activation analysis (RNAA) a wide variety of sample materials are under investigation:
•
•
•
•

noble metals are determined in geological samples like rocks, ores and minerals,
multielement analyses are performed with loaded filters, sludge, sewage water and soil samples,
mobilisation and migration of platinum group elements from exhaust gas catalysts in soil is
studied,
INAA is applied for certification of materials for industrial applications like brass and
siliconnitride in co-operation with the Bundesanstalt fiir Materialforschung und -priifung (BAM,
the german federal institute for material research and testing).

In addition to that, delayed neutron activation analysis (DNAA) is used for the determination of the
content of fissionable elements in urine, soils, plants and humic acid solutions. DNAA is performed by
measuring the delayed neutrons in a specially designed 3He-counter after short sample irradiation in
one of the rabbit systems.
Radioactive isotopes are produced as tracers for chemical and physical investigations. Among them
are 76As and 77As for radiopharmaceutical research, 24Na for calibration of a mass-separator facility
and different P-emitting isotopes of Hf, W and Re for the development of fast chemical separation
procedures.

3.3. 3He Neutron Spin Filter
A facility for the production of polarized neutrons by interaction with polarized 3He (3He) has been
build-up and tested at the TRIGA Mainz. It consists of a neutron collimator installed in beam port B, a
glass-cell placed between two Helmholtz-coils and filled with 3He under a pressure of 3 bar, a CoFecrystal for neutron polarization analysis and a neutron counting device to determine the yield of
polarized neutrons. The cell is coated with Cs in order to provide relaxation times of the polarized 3He
up to a 120 h. At the focus of the beam collimator in port B such a cell was exposed to a thermal
neutron flux of 1 x 106 n/cm2s. In the cell the reaction 3He(n,p)T takes place. 3Hehas a high cross
section for neutrons with antiparallel spin, whereas it is almost zero in the case of parallel spin of the
incoming neutron . In this way, the cell acts as a filter for neutrons with the unwanted spin component.
Polarized neutrons with a yield of 84% at a total transmission of 12% for a neutron wavelength of 1 A
could be obtained with this arrangement [3]. This very effective neutron spin filter (NSF) has been
investigated in a collaboration of the Institut fur Physik and the Institut fur Kernchemie in Mainz in
collaboration with the Ecole Nationale Superieur in Paris, the Hahn-Meitner-Institut in Berlin and the
Institut Laue-Langevin (ILL) in Grenoble. Recently, such a NSF-device has been installed at the high
flux reactor of the ILL in Grenoble in order to perform neutron physics and neutron scattering
experiments.

3.4. Ultracold neutrons
Ultracold neutrons (UCN) are neutrons with a very low kinetic energy and wavelengths around 1000
A. They are totally reflected from the surface of most materials under any angle of incidence. This
offers the possibility to guide them from the production site inside a reactor tank towards a storage
facility like a so called neutron bottle or a magnetic trap for further investigations. UCN offer the
possibility to observe fundamental p-decay characteristics like the neutron lifetime and p-decay
asymmetries or to measure the neutron electric dipole moment with great precision. The very low
energy and momentum resolution that can be achieved with UCN opens the way for new applications
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in high resolution spectroscopy and scattering experiments including the investigation of biological
molecules [4,5,12]. It is planned to apply the pulse mode operation of the TRIGA Mainz for the
production of high densities of UCN. For this, a cryostat including a very low temperature converter
consisting of solid deuterium or isotopically pure liquid 4He will be installed in beam tube C. A high
quality neutron guide will focus the UCN beam to a storage facility for further experiments. The pulse
mode operation of the TRIGA is advantegeous, since the neutron density during a pulse is in the order
of 1015 n/cm2. The maximum pulse frequency is 12 pulses per hour at a pulse length of 30-40 ms.
Therefore, there is only a weak y-ray field resulting from reactor operation that will heat up the low
temperature UCN source.

4. Summary
The TRIGA Mainz is intensively used since almost 35 years and is in an excellent technical state. The
research programmes conducted with this reactor covers a wide range of applications from
fundamental research in radiochemistry, nuclear- and particle physics to the application of NAA for
environmental studies and industrial purposes. Recently it was decided by the responsible authorities
that the reactor will be operated until the year 2010. Thus, it is intended to use the "German Concept"
for the disposal of the spent fuel elements. Due to the limited time window in the frame of the
"Research Reactor Spent Fuel Acceptance Program" of the US-Department of Energy it might not be
possible to send the spent fuel elements back to the United States
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ABSTRACT
An important development program for a UMo MTR fuel has been launched in
France. The goal of the French working group is to develop a high performing and
reprocessable fuel before the end of the US return policy for spent fuel. This paper
is focussed on the fabrication of full-sized UMo plates with LEU (Low Enriched
Enrichment) and their irradiation in OSIRIS reactor which was started in
September 99.

1. Introduction
Until now high density \JyS>i2 fuels were satisfactory for LEU conversion of certain reactors, but their
use is limited because their density is physically limited to 6 gU/cm" and they have very poor
reprocessing capacities. The international community is thus interested in a very high density fuel
with good reprocessing capacities in order to convert most reactors and to find a back end solution.
France has pooled different skills to start an important program on UMo fuels ; UMo being one of
the most interesting candidates.
This program is expected to give results, that is to say a world wide qualified fuel, within 5 years,
that is before the end of the US return policy.
This new fuel is aimed to allow reactors to benefit from a high performing and reprocessable fuel.
This program confirms the position of France as a major actor in the nuclear field and the motivation
to reduce the enrichment of MTR fuel.
The success of this program is bound up with the support of the international MTR community.

2. Enriched fuel plate manufactured by CERCA
The UMo alloys have been selected for their high density, their thermal stability [1], their behaviour
under irradiation [2] & [3] and for their reprocessing capacities.
The feasibility of UMo fuel plates has been demonstrated [4] by CERCA in 1997 on full sized plates
with depleted uranium and with densities up to 9 gU/cm3. For two years, the process has been
continuously improved in order to be able to produce enriched full-sized plates for irradiation tests.
These tests has been started in September 1999 in the OSIRIS reactor by means of the specially
designed IRIS device.
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2.1. Powder fabrication
The UMo alloys chosen contain 7 % and 9 % of molybdenum. They have been made by casting
uranium and molybdenum followed by a heat treatment. It has been checked that the heat treatment
leads to a homogenous y phase of uranium molybdenum alloy, as shown by the result of an X-ray
diffraction.
The powders have been made by temporary means of production : they have been ground. On the
other hand important studies have started on powder fabrication by atomisation.
2.2. Fuel plate

manufacturing

CERCA masters the manufacture of high loaded plates due to a proprietary advanced process which
allows densities up to 6 gU/cm3 with U3S12. This process has been successfully improved to solve the
problem of mixing aluminium and UMo powders that have very different densities. This process is
available both for ground and atomised powders.
The volume fraction of fuel particles of both plates is 50 %. With such a volume fraction the densities
are 8.3 g cm3 for UMo 7 % and 8.1 gU/cm3 for UMo 9 %.
2.3. Fuel plate inspection
Destructive examination : micrographs
The aim of these examinations is the measurement of the meat and cladding thickness. It shows the
arrangement of the particles in the meat: nearly all the space is occupied by UMo particles. Figure 1
gives a metallography of the UMo fuel.
X-Ray films
Films are used to check the meat dimensions. The results are conform to the specifications.
Homogeneity of uranium distribution
The homogeneity of uranium distribution is
quantitatively inspected by means of a
radiographic system with an X-ray spot that
scans the length of the plate. The uranium
density is determined by measuring the
absorption of the beam.
The analysis of the variation of the uranium
density along the meat on UMo 7 % and UMo
9 % plates indicates that the homogeneity is
better than ± 20 %.

Fig 1. Metallography of UMo fuel
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Ultrasonic inspection
The aim of this inspection is to detect a delamination of the meat or a lack of bonding that did not
lead to blistering.
Ultrasonic inspection has been carried out on fuel plates although it has previously been
demonstrated [5] that this technique is limited by the difference in density between the meat and the
aluminium of the edges. The transitory effects in the edge zone creates signals that are very similar
to defect signals.

2.4. UMo full sized plates under irradiation
The two plates manufactured by CERCA have been made of ground powder. It has been checked that
the casting of uranium and molybdenum leads to an homogeneous y phase after heat treatment [6].
The plates have been manufactured with a proprietary advanced process which allows high densities
up to 9 gU/cm3 for UMo alloys [4].
The characteristics of these two prototype plates are given in the following table.
U-7Mo
7.6
50%

U-9Mo
8.7
50%

19.65 %
150.38 g
29.55 g
8.3 gU/cm3
Better than ± 20 %
12.4 %

19.66 %
145.47 g
28.60 g
8.07 gU/cm3
Better than ± 20 %
10.9 %

% Mo in the alloy
%volofUMo
Enrichment
U
235
U
Meat density (measured)
Homogeneity
Porosity

3. UMo fuel plates irradiation by CEA
In the frame of new fuel development for research reactors, the CEA/DRN/DRE/SIREN has designed
a test device allowing fuel plates irradiation in the OSIRIS reactor at SACLAY. This facility, called
IRIS, allows the simultaneous irradiation of four fuel plates and began irradiations in September 99.
To follow the fuel behaviour under irradiation a device for plate thickness measurement complete the
irradiation facility. This device allow the thickness measurement at each reactor shutdown with a
precision of less than 10 \xm and with a very good reproducibility.

3.1. Irradiation device
The IRIS device is aimed for the irradiation of experimental fuel plates in the frame of fuel development for research reactors. Subsequently, the objective of these irradiations is to qualify fuel plates
that present new characteristics (such as meat thickness, fissile medium, density, enrichment, ...) and
to characterize their behaviour (by swelling measurement, cladding rupture follow-up ...).
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The IRIS device, developed for the OSIRIS
reactor, has the same external geometry as a
U3Si2 OSIRIS standard fuel element (mainly the
section, the height, the top and bottom end
fittings ...)• It can be loaded with four, either
inert or fuel plates, that are separated by inert
aluminium alloy plates.
Figure 2 gives a general view of the IRIS
irradiation device.
The irradiation device is made up of a body
bounder to a top set that prevents the plates from
sliding out as the water flow is upwards. The top
set can be retracted, during inter-cycle unloading
of the device, in order to remove the fuel plates
for observation and swelling measurements.

Fig 2. General view of the IRIS irradiation device.

3.2. Swelling measurement device
The swelling measurement facility has been designed for the measurement of the fuel plates thickness.
Due to the radioactivity the measurements are made under a minimum water layer of 3 m.
The plate to be measured is slipped into upright grooves till the measurement position. Two probes in
opposition, which can be moved vertically or horizontally along the plate surface using step by step
motors, measure the plate thickness. The results are automatically stored by computer means. Two
gauge blocks, located at the lower part of the facility, allow the calibration of the system at each
measurement.
The reproducibility of the measurements has been proved to be of the order of 5 urn and the
associated uncertainty is lower than 10 um.
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Figure 3 shows the thickness measurement facility.

Fig 3. IRIS thickness measurement facility

3.3. Irradiation conditions
In the actual conditions the IRIS device is loaded in the OSIRIS core with two UMo (UMo9 and
UMo7) and two U3Si2 fuel plates, one of the silicide plate containing two zones with different
densities.
Each plate is cooled on both sides, the water velocity being about 8 m/s. The neutron flux on the
plates is of the order of 1014 n/cm2/s. The power density varies from 3.7 kW/cm3, when starting the
irradiation campaign, down to 2.2 kW/cm3, when finishing the irradiation campaign i.e. for a mean
burn-up of about or more than 50 %.
With these conditions the plate surface maximum temperature is about 110°C while the mean value of
the outlet water temperature is about 60°C.

3.4. First results for the UMo plates
Preliminary to the irradiation campaign, the plate thickness was measured twice in both longitudinal
(5 traces) and horizontal directions. All measurements, including thickness measurements of a gauge
plate before and after the measurements of the real plates, confirm the precision and the repetability.
For each UMo plate the maximum margin was locally of the order of 10 um for a mean margin of
3|im.
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After a first irradiation step of 26 JEPP, the thickness of the UMo plates indicates a thickness
decrease of 7 |im and of 5 um respectively for the UMo9 and UMo7 fuel plates.
This irradiation step corresponds to a mean burn-up respectively of 8,5 and 8 %. Gamma spectrometry
will be performed during a next reactor shut down in order to confirm the calculated mean burn-up
values.

4. Conclusion
The time schedule of the program has been respected.
The fuel plates fabricated by CERCA are described. They were loaded in the OSIRIS reactor in
September 1999.
The first results of the swelling measurements planned between irradiation cycles and after the last
cycle are given in this paper. The irradiation will probably be completed in September 2000, and the
swelling measurement will then give a good indication of the global behaviour under irradiation.
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WHAT IS THE INTEREST FOR A RESEARCH REACTOR
TO USE THE NEW MTR FUEL UMo?

J. Guidez
European Commission/Head of High Flux Reactor Unit

Abstract
This paper addresses the interest for a research reactor to use the new MTR fuel UMo rather
than U3S12. It shows that there is little interest with respect to neutron fluxes and only some interest for the
front end of the fuel cycle (cost of fabrication).
The main interest to use UMo is firstly the increase of cycle length which allows an increase in the
availability of the plant and secondly the back-end of fuel cycle where reprocessing is possible, with a
reduced number of elements.

1.

INTRODUCTION
The first nuclear research reactors mainly used High Enriched Uranium (HEU) fuel in an
aluminium matrix.
After the beginning of the RERTR programme, many reactors converted to low enriched
uranium (LEU) mainly with silicide (U3Si2 at 4.8 g/cm3). The comparison between these two
fuels has been made in many papers and is certainly not the subject of this paper!
A new LEU fuel is now under development. It is the UMo, which allows a greater density of
uranium with LEU than silicide (up to 8.5 g/cm3).
The aim of this paper is to explain the advantages - but also the limitation - of this new fuel
for a research reactor. In practice, two situations are studied : firstly, for reactors already
converted to silicide, what is the interest of a second conversion to UMo, and secondly, what
are the advantages for a reactor not already converted, to go directly to UMo rather than to
silicide.

2.

REACTOR NEUTRONIC PERFORMANCE

2.1

Fast flux
Each fission of 235U produces energy and 2-3 fast neutrons.Therefore, if the power of the
reactor is fixed, the number of fissions and the number of fast neutrons produced are known.
Hence, if the geometry of the reactor does not change, the fast flux is the same. We therefore
arrive at the first basic rule :
For HEU fuel, LEU silicide or UMo fuel, if the power of the reactor and the geometry are
fixed (number of elements), the fast flux remains the same.
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2.2

Thermal flux
The life of a fast neutron is more complex. They can be thermalised (essentially by water) or
captured (essentially by 238U).
However, going from HEU to LEU, greatly increases the weight of 238U in the core and hence
the number of captures. On the other hand, the capture of fast neutrons in 238U produces
plutonium which also later produces neutrons which will contribute to the thermal
flux.Therefore, the complexity is greatly increased and analytical thumb-rules cannot be
provided. However, we can bear in mind a second rule :
Converting from HEU to LEU, for the same geometry and the same power, the thermal flux
will decrease between 5 to 25% in the various irradiation positions.
Optimisation
Optimisation can be made essentially to increase the thermalisation of neutrons, before they
are captured. Such work, on the HFR, for example, allows to limit the decrease of thermal
flux by less than 5%.
However, converting from HEU to LEU, will give the same fast flux, whilst an optimisation
of the local geometry can minimize the decrease of thermal flux.
U2Si2 to UMo
Changing from U3Si2 to UMo gives two penalties for the thermal flux :
- a larger density means more 238U. The capture of fast neutrons is also greater
the molybdenum captures a lot of neutrons and contributes also to decrease the
thermal flux.
In this case also, there is no analytical thumb-rule to provide, but the following
rule can be stated :
In changing from U3Si2 to UMo, the fast flux remains the same, but the thermal flux
decreases from 5% to 15% for the same power and geometry.
Optimisation
Some local geometric improvements can be made to increase the thermalisation of
neutrons : decrease the meat thickness, increase the water gap, etc. But the
quantity of 235U decreases also, hence advantages on the length of cycle disappear.
It appears difficult therefore to avoid a decrease of thermal flux of about 5%.
Example of HFR
In the parametric studies made in 1998 [Ref. 1], an example of flux calculation with
silicide 4.8 g/m3, 5.5 g/cm3 and with a theoretical UMo at 9.5 g can be stated.
The case given is with 20 plates, fuel plate thickness 0.76 mm and boron poisoning
of 300 mg. The only change is in fuel density.

4.8 g/cm3
5.5 g/cm3
9.5 g/cm3
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Discrepancy in the thermal flux in
comparison with HEU core (%)
Pool side facility
Positions in the core
- 9
-11
-12
-17
-15
-31

Example of RJH (Reactor Jules Horowitz)
Calculations on RJH presented in 1997 [Ref. 2] showed also in the first calculations
without optimisation which, when we replace the silicide (4.8 g/cm3) by the UMo
(8.5 g/cm3), gives a hardening of the neutron spectrum with a drop in the thermal
flux, reaching in this case, 41%.
2.3

Reactivity/length of the cycle/23SU consumption and fuel consumption
The 235U consumption is directly related to the reactor power.
One fission produces -200 MeW = 3.2x10'17 MJ. Hence, 1 g of 235U produces about 0.95 MW
or we burn 1.05 g of 235U for 1 MW. Hence, for example, the HFR is a
45 MW reactor and will burn each day about 47.3 g of 235U.
Therefore, (if you don't take into account the energy produced by plutonium and other fission
products) the 235U consumption is about the same for all types of fuel.
But even with an initial quantity of U5 which will be identical, the initial reactivity is
lower with LEU, which reduces dramatically the length of cycle. This is the main
reason that makes the conversion from HEU to LEU difficult for many reactors.
Advantages to change from U^Si? to UMo
Increasing the initial quantity of2 5U, increases the reactivity also.
This increase is not totally proportional due to the 238U which increases also and results in
some captures. The maximum value of increase of the length of the cycle is density related.
For example, if you go from 4.8 g to 7.5 g/cm3, the length of the cycle is increased by 56%. Ii
fact, many other problems occur : difficulties to control the initial reactivity with the control
rods [Ref. 2], increasing weight of 238U, necessity to optimize the geometry to reduce thermal
flux penalties, etc.
Example of QRPHEE reactor
In an internal study made in 1992 [Ref. 3], calculations were made to see the consequences of
a conversion of the reactor from HEU to LEU. One of the negative consequences was a
dramatic decrease of the length of cycle from 100 to 53 days, with silicide 4.8 g/cm'.The
study was also made with silicide 5.2 g/cm" and 5.5 g/cm", which allows an increase of the
cycle to 57 and 60 days respectively.
We can see that 53 x 5.2 = 57 and 53 x 5.5 = 60.7. Hence, applying
4.8
4.8
the same rule with a UMo of 7.5 g/cm3, we can reach a minimal value of about
80 days of length of cycle.
Example of RJH reactor
In the parametric study presented [Ref. 2] in 1997, on the influence of density on the
cycle length, a linear law was given on the relation, between the number of EFPD in
the cycle (N) and the density of fuel (DU)
N = 14.761 DU -14.058
Conclusion
The increase of density also allows an increase of cycle length. The maximum
increase reached, is proportional to the density increase.
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2.4

How to increase the final thermal flux?
We have identified flux penalties, if we go from U3Si2 to UMo. Returning to the flux issue,
we have two possibilities :
increase the power of the reactor. The increase of flux will be proportional to
the increase of power (but also the increase of fuel consumption!)
decrease the volume of the core (for example, decrease the number of elements [Ref.
4]). The increase of flux is proportional to the decrease in volume.There is no
increase of fuel consumption, but the number of available locations for experiments
decreases.
In the two cases, the power by element increases and there is a need to have
thermohydraulic margins available [Ref. 4], or to increase the flow rate of water.
These modifications are the only way to maintain the required flux levels.
In conclusion, we can state the following rule :
The increase in flux remains possible by increasing power or reducing volume,
but leads to a new thermohydraulic situation for the elements.

2.5

Conclusion
Changing from U3Si2 to UMo, will in the first approximation :
give the same fast flux
give reductions of 5 to 10% in thermal flux
increase the cycle length by about 30%.
In all cases, optimisation work is necessary to have a balance between the advantages (length
of cycle) and the disadvantages (loss of thermal flux, reactivity control, etc.)

3.

INTEREST OF UMo FOR THE FUEL CYCLE

3.1

Fuel supply
In the best case, changing from U3Si2(4.8 g/cm3) to UMo (7.5 g/cm3) will increase the length
of cycle with this density proposal. Therefore, it can be hoped (to be confirmed after loading
operations are defined) to save your fuel consumption from 30 to 50%.
For the uranium cost, to obtain the same performances, the quantities used will be about the
same. There is therefore, no saving in this value, which is about 50% of fuel supply cost.
However, the maximum decrease of the cost could be froml5 to 25% (hypothesis of the same
fabrication costs between U3Si2 and UMo). This gain could be destroyed if the UMo
fabrication costs are greater than for U3Si2, due to the difficulties to obtain the powder of
UMo (techniques more costly).

3.2

Fuel back-end
The cost saving is clear; in all cases 30% to 50% (for reprocessing or for storage).

3.3

Reprocessing
The big advantage of UMo, is its possibility to be easily reprocessed. The
reprocessing is in all cases the best technical solution; less waste and definitive
storage solution. Unfortunately, it is not always the recognised political solution in
all countries.
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4.

CONCLUSION
To change from U3Si2 to UMo will not improve the flux possibilities. The fast flux will
remain the same and there will be a loss of 5 to 10% in thermal flux (after optimisation).
One of the greatest advantages of UMo is to increase the length of cycle of 30% to 50%
which increases the availability of the plant and minimizes the scheduled number of shutdowns.
On the fuel cycle, the advantages of fuel fabrication cost will be low.
The main advantage is in the back-end of the fuel cycle, where reprocessing is possible
and where costs of back-end could decrease by 30% to 50%.
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ABSTRACT
Thirty-one participants representing 21 reactors, fuel developers, fuel fabricators, and fuel
reprocessors in 11 countries discussed the requirements for qualification of U-Mo alloy
fuel at a workshop held at Argonne National Laboratory on January 17-18, 2000.
Consensus was reached that the qualification plans of the U.S. RERTR program and the
French U-Mo fuel development program are valid. The items to be addressed during
qualification are summarized in the paper.

1. Introduction
The U.S. RERTR program and the French U-Mo fuel development program, conducted jointly by the
CEA, CERCA, COGEMA, Technicatome, and Framatome, are developing very-high-density dispersion
fuels based on y-phase U-Mo alloys [1-4]. The common goal of both programs is to develop and
qualify a fuel with a uranium density >8.0 g/cm3 in order to (1) make possible the conversion to LEU of
reactors that still require HEU, (2) make possible the design of new high-performance LEU reactors,
and (3) provide a fuel with an available back-end solution as an alternative for those reactors currently
using U3Si2 fuel. The requirement of the U.S. spent fuel return program that only fuel removed from the
core by May 12, 2006, is eligible for return adds a special urgency to qualify a fuel to replace U3Si2 fuel
at an early date.
The definitive qualification document for U3Si2 fuel is NUREG-1313, issued by the U.S. Nuclear
Regulatory Commission (NRC) in July 1988 [5]. It consists of NRC's evaluation of qualification data
presented by the RERTR program in two documents, incorporated as Appendix A [6] and Appendix B
[7]. We have adopted the qualification of U3Si2 fuel as a model for the qualification of U-Mo fuel, and
both programs are acquiring similar qualification data. However, in view of changes in the regulatory
environment since 1988, we felt it prudent to reexamine qualification requirements while there was still
time to accommodate new requirements without substantial delay in our respective qualification
programs. Therefore, a workshop was held at Argonne National Laboratory on January 17-18, 2000,
to obtain input from reactor operators currently using U3Si2 fuel, fuel developers, fuel fabricators, and
those designing or procuring new reactors.* In addition, the workshop explored means to facilitate early
implementation of the new fuels in order to address the May 2006 deadline.
This paper summarizes the conclusions of the workshop.

* Workshop participants are listed in the Appendix of this paper.
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2. Reprocessing of U-Mo Fuel
The central problem for most current users of U3Si2 fuel is the lack of an available back-end solution.
As stated above, one requirement for a high-density fuel is that it can be reprocessed by the one
remaining commercial reprocessor of research reactor fuels, COGEMA. A key feature of the French
program is that COGEMA is technically and financially involved in the U-Mo development to make
sure that reprocessability criteria are met. To date, COGEMA has shown that U-Mo reprocessing is
feasible. The internationally accepted specification for vitrified waste will be met. Research and
development are ongoing at COGEMA to confirm and adjust operating conditions [8].
3. U-Mo Fuel Qualification
The types and amounts of data used to qualify U3Si2 fuel and planned for qualifying the U-Mo fuel were
discussed. It was agreed that only those items related to the fuel meat should be addressed, since the
cladding will not be changed. The items to be addressed are summarized in Table 1.
In general, the qualification program for the U-Mo fuel is, not unexpectedly, quite similar to that for
U3Si2 fuel. A few significant differences deserve comment. Qualification of U3Si2 fuel was based on
basic irradiation-performance data obtained from relatively few (15) miniplates. This basic behavior
was confirmed by the irradiation of a number of full-sized elements and by a whole-core demonstration.
At the time of U3Si2 fuel qualification, we were only beginning to study the mechanisms of fuel particle
and dispersion irradiation behavior; in the intervening years our understanding of what is important has
increased markedly. Now we are able to focus our tests on those issues of primary importance and to
apply
our
increased
knowledge
of
fuel
modeling.

Table 1. Items Addressed in Qualifying U3Si2 Fuel and To Be Addressed in Qualifying U-Mo Fuel
Item
Fuel Powder
Properties
Fuel Phases

Qualification of U3Si2

From literature; composition
specification established to
eliminate free uranium and
U3Si.

Method Used to
Produce Fuel
Powder

Comminution from ingot only
method used at time of
qualification.

Particle Size
Distribution

Determined by fabricator and
reported.

Density
Heat Capacity

Measured.
From literature.

Thermal Expansion
Coefficient

From literature.

Qualification of U-Mo

Phase composition of fuel particles
produced mechanically or by atomization
and phase stability during fabrication are
being determined. Phase composition and
microstructural damage/dislocation
density will be related to irradiation
performance.
Powder can be produced mechanically
and by atomization. Determine general
specifications applicable to both powder
types, considering information obtained
from fuel phase and irradiation studies.
To be determined by fabricator and
reported. Optimum amount of 'fines'
could be different than for U3Si2 because
of fuel/Al reaction.
Measured and calculated.
From literature and will be derived from
fuel meat heat capacity measurements.
From literature.
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Fabrication
Considerations

Fuel Meat
Properties
(Unirradiated)
Porosity

Same considerations apply to U-Mo fuel;
apply U3Si2 experience to U-Mo.

Measured.

Will be measured for miniplates and fullsized plates. Porosity will be lower
because fuel particles are not brittle.
Amount of porosity is controlled by
fabrication process and should not be
specified.
Will be measured during reaction
enthalpy measurements. Can also be
calculated from literature values.
Will be measured for unirradiated fuel.
Some measurements will be made on
annealed samples to verify relationship of
thermal conductivity and fraction of Al
remaining in meat. No plan to make
measurements on irradiated fuel.
Measure reaction rates and fuel-meatvolume change as a function of fuel
composition and temperature.
Will measure enthalpy and kinetics of
fuel/Al reaction as a function of fuel alloy
composition.
Although some measurements will be
made, these data should not be considered
necessary for qualification, based on
U3Si2 experience. A substantial body of
U-Mo corrosion literature exists.
Results of tensile tests on extruded meats
will be reported.
No measurements planned. Any
discussion in qualification report to be
based on data for other fuel/Al meats.

Heat Capacity

From literature by combination
of values for U3Si2 and Al.

Thermal
Conductivity

Measured for unirradiated fuel.
Inferred from data for irradiated
fuel based on fraction of Al
remaining in meat.

Fuel/Aluminum
Compatibility

Measured qualitatively during
long-term anneals at 400°C.
No reaction-rate data obtained.
Measured enthalpy and kinetics
of fuel/Al reaction.

Exothermic Energy
Releases
Corrosion Behavior

Mechanical
Properties
Meat Thermal
Expansion
Coefficient
Fuel Meat
Irradiation Behavior
Test Samples—
Small plates
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Discussed problems associated
with high fuel-volume loadings
(dogbone, min. clad, stray fuel
particles) and fuel particle
oxidation.

Measured corrosion resistance
in boiling water. Now appears
not to be a good indicator of
corrosion resistance during
irradiation.
Not discussed.
Not discussed.

Data from 15 LEU, four MEU,
and two HEU miniplates
irradiated in the ORR discussed
in qualification report.
Densities from 1.66 g/cm3 for
HEU to 5.67 g/cm3 for LEU.
Burnups to 98%. Temperatures
75-125°C.

Twenty-four microplates and 24
nanoplates irradiated to date. All LEU.
PIE in progress. Ground and atomized
samples with Mo content between 6 and
10 wt.%. Burnups to 73%.
Temperatures ~60°C for microplates and
140-235°C for nanoplates. Miniplate
experiment being planned will contain 24
or more LEU plates.

Test Samples—
Full-Sized Plates

Thickness increase data from
four plates irradiated in SILOE.
Densities ranged from 2.0-5.4
g/cm3. Average burnups 7378%.

Two LEU plates currently being
irradiated in OSIRIS. Thickness
increases being monitored. Two LEU and
two MEU plates will be irradiated in
HFR-Petten. Fuel loading is 50 vol.%.
Average burnups -50% in OSIRIS, 7080% in HFR. PIE planned for all plates.
Up to four ~8-g/cm3 elements in OSIRIS
and HFR. Up to four ~6-g/cm3 elements
in HFR. PIE of one or more plates from
each element planned.

Six in ORR. Nominal loading
4.8 g/cm3; actual loadings 4.65.2 g/cm3. One in SILOE, but
results not discussed. Average
burnups 35-82%. At least five
plates from each ORR element
were examined.
Sixty-eight 4.8-g/cm3 fuel
No whole-core demonstration is planned.
Whole-Core
Demonstration
elements and eight 3.5 -g/cm3
Irradiation of a number of prototype
fuel followers irradiated in
elements is anticipated.
ORR to various burnups. Good
behavior reported, but PIE data
not available.
Fuel Meat Swelling Measured by immersion
Measured by quantitative metallography
density.
for microplates and nanoplates. Will also
be measured by immersion density for
miniplates. Thicknesses of full-sized
plates will be measured.
Will be examined. Behavior of
Fuel Meat and
Examined.
mechanically produced and atomized
Fuel Particle
powders will be compared. Effect of Mo
Microstructures
content of alloy on performance will be
determined.
Fuel/Aluminum
Not discussed. Micrographs
Detailed data will be available from
indicated that the amount of
Interaction
miniplate, microplate, and nanoplate
interaction was not significant.
irradiations. A similar correlation is
In subsequent years a detailed
being developed.
study was made and a
correlation was developed as a
function of fission density and
temperature.
Measurements planned on selected
Blister Threshold
Measured on selected
miniplates and full-sized plates microplates, miniplates, and full-sized
Temperature
plates.
from test elements.
Threshold
Measurements on UA1X, U3O8,
Will be assumed that first release occurs
Temperature for
and U3Si plates showed first
when plate blisters. No additional
Fission Product
fission products are released
measurements are planned.
Release
when plate blisters. No
measurements made on U3Si2.
Fission Product
No measurements were reported No tests are planned. However, data are
available on corrosion of bulk U-Mo fuel
Release from
in the qualification report.
Defected Plate
French authorities required such under irradiation.
a measurement in SILOE.
Therefore, the RERTR program has placed increased emphasis on irradiation tests of small fuel plates
to focus on particular behavior issues. In addition, the requirement for significantly increased fuelTest Samples—
Full-Sized Elements
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volume loadings in LEU fuels required the fuel developers and fabricators to place special emphasis on
such issues as dogbone, homogeneity, and stray fuel particles. The whole-core demonstration allowed
the fabricators to demonstrate their ability to consistently manufacture these high-density fuels. During
the intervening years, fabrication techniques have been continually improved so that, now, there is no
question about the ability to manufacture high-quality, high-volume-loaded fuel plates. Hence, we do
not plan a whole-core demonstration for the U-Mo fuel. It is expected, however, that prototype
elements will be irradiated in a number of reactors.
To facilitate qualification of U-Mo fuel, the ANL and French participants in the workshop have agreed
to collaborate in the following areas: (1) interpretation of results of irradiation behavior tests,
(2) modeling of U-Mo fuel, and (3) obtaining approval from their respective national licensing
authorities for the use of U-Mo fuel. As stated earlier, both programs share the mutual goal of
qualifying fuels with a density of >8 g/cm3. The French program foresees reaching that goal by the end
of 2004 [4], and the RERTR program expects to achieve it about one year later. However, the RERTR
program has adopted an intermediate goal of qualifying 6-g/cm3 U-Mo fuel before the end of 2003 in
order to provide as much lead-time as possible for reactor operators needing to replace all U3Si2 fuel by
May 2006.

4. Implementation of U-Mo Fuel
The workshop participants discussed various issues related to implementing the U-Mo fuel, including
safety analyses and the irradiation of prototype elements. The IAEA guidebook on conversion [9]
covers the issues that should be discussed in the safety analysis. The focus should be on those things
that change when changing from U3Si2 fuel to U-Mo fuel. Preliminary calculations indicate that only
negligible changes in reactor performance should be expected when replacing a U3Si2 element with the
equivalent U-Mo element. From a thermal-hydraulic point of view, the lower fuel volume loading in the
U-Mo element will result in higher thermal conductivity and, hence, lower fuel meat temperature.
The practice of many reactors has been to irradiate prototype elements before conversion to a new fuel
type. It was generally agreed that the usual practice of waiting until regulatory approval was granted in
the U.S. (or France) before ordering prototypes could not be followed for the U-Mo fuel by those
reactors faced with the May 2006 deadline. This time, efforts must be made to convince funding and
regulatory authorities to allow early introduction of prototypes. To do this, however, the irradiation
performance data being acquired by the RERTR and French programs must be published much more
quickly than before. Another useful method of data dissemination would be the preparation, regular
updating, and circulation of a draft qualification document similar to Ref. [6]. The RERTR program is
willing to coordinate the production and updating of such a draft qualification document. In order to
encourage the irradiation of prototype elements, the RERTR program will make available a limited
quantity of LEU for these elements, thereby reducing the financial risk of ordering the elements before
all of the qualification data are available.
5. Conclusion
The workshop confirmed that the qualification plans described by the ANL and French participants in
the workshop, modeled on the qualification of U3Si2 fuel, were valid. No items were added, and it was
agreed that a few items could be addressed on the basis of previous data and experience. It was also
established that a significant need of reactor operators wishing to initiate early irradiation of prototypes
is timely publication of qualification data.
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Appendix—Workshop Attendees
Reactor Representatives: H. Krohn (BER-II/HMI, Germany), P. Gubel (BR2/SCK-CEN, Belgium), M.
Bagger Hansen (DR-3/Ris0 National Laboratory, Denmark), J. C. Lee (FNR/Univ. of Michigan,
U.S.A.), H.-R. Kim (HANARO/KAERI, Republic of Korea), F. J. Wijtsma (HFR-Petten/NRG,
The Netherlands), J. W. DeVries (HOR/IRI, The Netherlands), K. Fujiki (JMTR/JAERI, Japan),
Y. Murayama (JRR-3/JAERI, Japan), W. J. Garland (MNR/McMaster University, Canada), A. Chabre
(OSIRIS/CEA-Saclay, France), R. Calabrese (RA-3/CNEA, Argentina), P. S. Bull (Replacement
Reactor/ANSTO, Australia)
Fuel Developers, Fabricators, and Reprocessors: D. Sears (AECL, Canada), M. M. Bretscher,
G. L. Hofman, J. E. Matos, M. K. Meyer, I. Prokofiev, J. Rest, J. L. Snelgrove, A. Travelli,
T. C. Wiencek (ANL, U.S.A.), B. W. Pace (BWX Technologies, U.S.A.), A. Languille (CEACadarache, France), R. Romano, S. J.-P. Naccache, H. Vacelet (CERCA, France), P. Adelfang
(CNEA, Argentina), J. Thomasson (COGEMA, France), C.-K. Kim (KAERI, Republic of Korea)
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BR2 REACTOR CORE STEADY STATE AND TRANSIENT
MODELING
A.MAKARENKO and T.PETROVA
BR2 department
SCK • CEN, Boeretang 200, B2400Mol, Belgium

ABSTRACT
A coupled neutronics/hydraulics/heat-conduction model of the BR2 reactor core is under
development at SCK • CEN. The neutron transport phenomenon has been implemented as
steady state and time dependent nodal diffusion. The non linear heat conduction equation inside fuel elements is solved with a time dependent finite element method. To allow coupling
between functional modules and to simulate subcooled regimes, a simple single-phase hydraulics has been introduced, while the two-phase hydraulics is under development. Multiple
tests, general benchmark cases as well as calculation/experiment comparisons demonstrated
a good accuracy of both neutronic and thermal hydraulic models, numerical reliability and
full code portability. A refinement methodology has been developed and tested for better
neutronic representation in hexagonal geometry. Much effort is still needed to complete the
development - extended cross section library with kinetic data and two-phase flow representation.

1

Introduction

The BR2 reactor is the most important
SCK»CEN's facility. It was operated during the past 35 years in the framework of
many international programs concerning the
development of structure materials and nuclear fuels for the various types of nuclear
fission reactors and for fusion reactors. The
qualities and particular performances of the
reactor also designated it for performing experiments aiming to demonstrate the safety
of nuclear cores.
During a reactor installation life there is always a need to be able on the one hand to
predict global reactor behavior to ensure the
safe operation and on the other hand to go
deeper in details and look for subtle characteristics. To fulfill these requirements we
develop an analysis tool dedicated to BR2
both for daily routine and studying of particular parameters of interest.

Figure 1: BR2 core cross section at mid plane

This BR2 model is based on advanced mathematical approaches and in conjunction with carefully prepared data of nuclear, thermal and hydraulic characteristics covers: i) normal operational and accidental
regimes, ii) classical BR2 assemblies and new type fuel under development, iii) startup homogeneous
and burnt heterogeneous core loads.

Ill

2

BR2 home code

Globally the model consists of following modules:
Neutronic calculation - nodal 3D diffusion, multigroup, perturbation theory, direct implicit and improved
quasi static kinetics. The calculations of the macroscopic cross-sections have been carried out using
the MULCOS [9] and SCALE [10] systems. Fuel elements and control rods are represented in onedimensional cylindrical geometry with taking into account neighboring elements. For a while all calculations have been performed for fresh fuel at 323 °K. Collapsing has been done from 40 to 2 energy
groups (MULCOS) and from 238 to 2 groups (SCALE).
Heat conduction - 3D Cartesian and cylindrical finite element, implicit kinetics.
Hydraulics - axial channel-by-channel description, today: single phase, future: two-phase flow sixequation model with near implicit scheme.
Coupling aspects.
Native integration, modularity, adequate representation of physical phenomena with internal feedback
reduce uncertainties in our model. Three dimensions, near implicit time integration yield high fidelity
results.
Programming.
Single code, special reactor description language and autonomous output plotting make it friendly and
independent in use. The code is written in Fortran 90 and demonstrated full portability on personal
computers, work stations and super calculators.

3

Results
The functional modules have been tested separately and in
coupled mode on a wide range of problems. Neutronic model
comparisons where produced against BR2 monte-carlo simulation (Fig.2) and WWER-1000 validated codes.
To test the implementation of the method we made run different known benchmark cases and simplified BR2 models.
Some results are reproduced in Table 1.
The heat conduction calculations have been compared with
available analytical solutions and the HEATIG7.2 code results. Fully coupled model produces values close to experiment and independent numerical estimates (Fig.3).

Figure 2: Subassembly power relative error. Reference - MCNP.
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SNR

WWER-1000

rod-in

rod half-in

Takeda
rod-out

HEX-3D

HEX-2D

HEXNOD

HEXNOD

HEXNOD

DIF3D-N

NSE Reference

0.85425

0.96305

1.07792

1.01151

1.11226

0.86155

0.96842

1.07767

1.01766

1.11067

Case

code/source

BR2 Homecode

Table 1: Kejf benchmarks
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Figure 3: Example of radial temperature distribution in a BR2 fuel element.

4

Quasi refinement - new approach

In classical deterministic reactor core modeling every hexagonal element is often represented as a radially homogeneous prism. The internal heterogeneous structure and the element neighborhood are treated
during macroscopic cross section calculation. To include the heterogeneity in the entire core model we
need to apply either an extremely fine mesh grid all over the reactor or to refine the region of interest. While in academic geometry (x, y,z / r,9,z / r, 9, <f>) the refinement is quite straight forward, in
hexagonal geometry it requires an additional mathematical methodology (triangular subgrid, conform
transformations, ...). Moreover, new cross sections must be introduced into fine meshes.

75/1 refinement
12/1 refinement

Figure 4: 75/1 and 12/1 quasi refinements.
Taking into account the particular BR2 nature we developed a quasi refined model. The idea is to apply
the regular hexagonal grid with finer lattice pitch and to make cover each cell more or less homogeneous
region (Fig.4). We tested two grids 12/1 and 75/1, (number of fine hexagons equivalent to 1 coarse area).
Both of those models demonstrated excellent numerical stability and physical results. For example, the
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75/1 refinement yields peak thermal and fast fluxes surprisingly close to measurements (see flux shapes
Fig.5).
Refinement

Rings

Plane nodes

1/1 (no refinement)

7

127

1.086

12/1

22

1387

1.096

75/1

59

9919

1.126

Table 2: Plane nodes number (42 axial planes) and Keff from quasi refinement tests.
This approach has a number of advantages and disadvantages. The positive point is that it allows to go
to a detail level close to the realistic without modification of neither method nor code. Since the fine
hexagons cover almost homogeneous regions, the procedure of homogenization is of less importance for
macroscopic cross section calculation. The negative point is that it can be applied only to the entire core
leading to an important number of nodes (Table.2) even in homogeneous regions where it may be not
required.
The results of such a refinement will depend on the reactor type and on the numerical method. The tests
prove that for BR2 the nodal hexagonal diffusion is suitable approximation.

fasi flux shape

Ihermal flux shape

Figure 5: BR2 flux shape at hot plane

5

Conclusions

Such a tool offers to the BR2 analysis group a high flexibility in the reactor core management and
studying of physical parameters.
The actual activities are concentrated on the two-phase hydraulics and development of extended cross
section library both for refined and non refined models. To complete this tool we will need also to include
the isotopic evolution - fuel burnup and poison. Advanced computing may be required to achieve a fine
level of numerical simulation.
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ABSTRACT
This paper considers the fuel removal, transportation and subsequent decommissioning of
the ICI Triga Mark I Reactor at Billingham, UK. This work was carried out on behalf of
ICI by BNFL Waste Management and Decommissioning.
The decommissioning methodology was considered in the four stages to be described;
namely Preparatory Works, Reactor Defuelling. Intermediate Level Waste Removal and
Low Level Waste Removal.
This paper describes the principal methodologies involved in the defuelling of the reactor
and subsequent decommissioning operations, highlighting in particular the design and
safety case methodologies used in order to achieve a solution which was completed
without incident or accident and resulted in a cumulative radiation dose to personnel of
only 1.57mSv.

Figure 1: Conceptual Design for Reactor Defuelling Methodology
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1. Introduction
The ICI Mk 1 TRIGA was a pool reactor which operated at 250kW, using a Zirconium Hydride
moderated fuel containing 8.5wt% uranium at 20% enrichment. It was commissioned in 1971 and
operated commercially until 1996 for the irradiation of specimens and production of tracers.
BNFL were contracted to carry out the decommissioning of the reactor on behalf of ICI. The experience
required in order to complete this work came from BNFL's history of safely operating and maintaining
it's own commercial reactors, which currently total 11 sites, along with the successful decommissioning
and delicensing the Universities Research Reactor at Risley, Warrington, UK and the experience of
completing several major decommissioning projects at its own licensed sites. BNFL have subsequently
used this experience in assisting external clients in Civil Reactor Decommissioning projects both in
Europe and the USA.
2. Decommissioning Methodology
Stage 1 - Preparatory Works
This stage of the work included the assessment of engineering schemes in order to facilitate the removal
and transportation of the reactor fuel from the reactor to dry storage at Sellafield, along with the
subsequent removal of the remaining activated components of the reactor construction.
In order to achieve this aim, a defuelling
scheme compatible with the requirements of
onward transportation was required. Since no
facilities existed at ICI for fuel removal, the
scheme needed to include for fuel inspection,
packaging, shielded removal from the reactor
tank, drying and transfer into a suitable
transport flask. The fuel would then be
transported to Sellafield for dry storage.

Figure 2: Triga Reactor Core
A scheme for the shielded removal of the Intermediate Level Waste was also required, to principally
include the removal of the reactor Rotary Specimen Rack, Argon Activation Vessels and miscellaneous
stainless steel components. This package would then require treatment in order to make it acceptable for
transfer from the ICI Site.
The remaining components, consisting of the Reactor Core, cooling system and instrumentation would
then need to be removed for packaging and transfer from the ICI Site.
The preparatory work included comprehensive safety studies concluding in the production of the PreDecommissioning Safety Report and a detailed design study. These documents included a
comprehensive dose assessment for all planned operations, along with detailed operating instructions,
risk assessments and flask licensing authorisations. The design study took into account all the issues
raised in the safety documentation, which enabled the manufacture of suitable decommissioning
equipment which was tested off site by the decommissioning team to ensure essential training and
experience prior to the on-site operations.
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Stage 2 - Reactor Defuelling
The reactor was defuelled utilising a cylindrical transport flask positioned directly above the reactor
tank. A support frame was manufactured to provide secondary support to this flask in addition to a
mobile lift and carry crane. This support frame also provided shielding in the form of a collimator which
extended into the reactor tank water. The fuel was prepared and loaded into a purpose built fuel
transport basket, positioned on a specially manufactured in-tank frame located next to the reactor core.
The basket, containing 13 fuel elements, was hoisted directly into the transport flask for onward
shipment to Sellafield. The reactor had an inventory of 86 fuel elements and three control rods - hence
seven transport shipments were required.
Stage 3 - Intermediate Level Waste (ILW) Removal
A dedicated shielded container was designed
and built for the purpose of removal and
disposal of this waste. The container, consisting
of steel and lead shielding, was positioned on
the in-tank frame located next to the reactor
core. The ILW was loaded into this container
following remote size reduction by hydraulic
croppers. The package was then grout filled
utilising technology developed at the Sellafield
waste storage plants, to ensure that free liquids
were not consigned with the waste.
Figure 4: On-Site ILW Removal
The support frame positioned above the reactor
tank for the purpose of defuelling was
complemented by the addition of a transfer
shield. The grouted container was then removed
from the reactor tank using the mobile crane.
During removal, the container was designed to
mate with the transfer shield to allow safe
movement of the package to a licensed
transport flask. This waste was then transferred
to Sellafield for interim storage pending
ultimate disposal.

Figure 3: ELW Removal Equipment Testing

Stage 4 - Removal of Low Level Waste (LLW) and Reactor Ancillary Equipment
The remaining waste, consisting mainly of the aluminium clad graphite reflector, primary cooling
system and experimental facilities such as the rabbit systems were dismantled and placed directly into a
10m3 ISO skip for grouting and disposal to the Drigg Low Level Waste Repository.
The decommissioning operations concluded with a detailed radiological survey of the reactor tank and
containment.
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3. Current Status
The results of the radiological survey were assessed by both ICI and BNFL in order that a decision
regarding further work could be taken. Following this assessment, it was agreed that a further stage of
decommissioning should be carried out, namely the removal of the activated reactor tank and
foundations in order that the site could be delicensed in accordance with the UK licensing regulations.
4. Safety
The entire decommissioning project was carried exactly in accordance with the prescribed safety
documentation and operating instructions. At no stage during the project was safety compromised, and
no issues implicating the Environment or Health and Safety of the public or workforce were
encountered. The initial dose estimate for the project was 20.0mSv compared with the actual outturn of
1.57mSv. This reduction was mainly due to the project methodology and sequencing which allowed for
design modifications to take place as the safety case developed and hence ensure that the optimum
equipment was fabricated.
5. Additional Research Reactor Projects
Windscale Advanced Gas Cooled Reactor
The Windscale Advanced Gas Cooled Reactor
(WAGR) is situated on the UKAEA Windscale
Site, which is contiguous with the BNFL
Sellafield facility. WAGR was a development
unit for the UK commercial AGR programme
with the primary function of developing and
testing high temperature fuels. The reactor first
went critical in 1963 and was finally shut down
in 1981. It had a design output of 100MW(th)
and a lifetime generation of 217GWhr. The
core was defuelled in 1983 and the fuel was
despatched to BNFL Sellafield. Since then the
reactor top dome and boilers have been
removed in preparation for complete
dismantling of the core.
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The dismantling project is now underway
utilising robotics to size reduce and package the
graphite core. The overall aim of the
decommissioning project, being carried out by
BNFL on behalf of UKAEA, is to remove all
the activated components of the reactor,
currently programmed for approximately 2006.
Figure 5: WAGR Heat Exchanger Removal
Scottish Universities Research Reactor
In 1997, BNFL safely removed the reactor neutron source from the Scottish Universities Research
Reactor (SURR). BNFL have since secured an additional contract for the complete decommissioning of
the reactor. BNFL are now assessing the decommissioning options and in the process of preparing the
Pre-Decommissioning Safety Report. Currently, BNFL are proposing tooling to enable size reduction of
the reactor steel components and the use of remote hydraulic cutting for the removal of the reactor
shielding concrete. The programme for completion of decommissioning is estimated as 2001.
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Korean Atomic Energy Research Institute - Triga Reactors, Seoul, South Korea
The Korean Atomic Energy Research Institute (KAERI) own a Mark II and Mark III Triga Reactor
located in Seoul, South Korea. In 1998, BNFL, in conjunction with Hyundai Engineering won the first
phase of the decommissioning of these two reactors - namely the preparation of the design and safety
case to enable subsequent implementation in Phase 2. The scope of the supply, which included all
aspects of the decommissioning work was completed in 1999, with the final safety documentation being
accepted by the Korean Institute of Nuclear Safety (KINS). The design scheme covered all aspects of
the decommissioning including Intermediate Level Waste size reduction and packaging, Low Level
Waste and reactor construction removal, followed by the delicensing of the site.

Figure 6: Design Scheme for the Decommissioning of the KAERI Triga Mark DDE Reactor

6. Conclusion
Through their experience on the projects outlined in this paper, along with a significant Research and
Technology investment and the ongoing decommissioning of three UK commercial reactor sites, BNFL
have demonstrated that:
• all aspects of the end of life requirements for research reactors are achievable within immediate
timescales of reactor shut down.
• all types of research reactor fuel can be managed, regardless of whether the decommissioning of the
reactor had ever been considered.
• research facility operators have a clear option to delicense their site within a few years of reactor
shut down.
• experience gained on Research Reactor decommissioning can be used to assist in the planning and
implementation of civil nuclear power station decommissioning.
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Introduction
Many changes have occurred in the UK nuclear industry over the past 10 years: nuclear
power/radiation research groups have closed, the fast reactor programme ceased, and the United Kingdom Atomic
Energy Authority (UKAEA) changed emphasis to decommissioning. Many UK research reactors and associated
facilities have closed. In 1997, the 100 kW CONSORT pool-type reactor [1] became the last civil nuclear research
reactor surviving in the UK. Although VIPER, NEPTUNE & VULCAN remain in the defence field, they have
lower steady state neutron fluxes. With so many reactors closing, CONSORT has a strong future. In fact, it
underpins many research projects, monitoring schemes and power plants - but each provides a relatively small
amount of business. The future strategy of the reactor is being reviewed this year. First criticality took place April
1965, and so in parallel, it is important to understand what the residual technical life of the reactor might be. This
paper presents the results of an in-service inspection, which took place in August 1999.
Why Inspect?
Imperial College has been undertaking a mandatory 10-year periodic safety case review [2], which by June
2001, must justify the continued operation of the reactor. In the course of this review, very few life-limiting factors
were identified. The design of the tank - high purity aluminium, coated with bitumenised paint and back poured with
concrete - means that replacement is unlikely to be an option if failure was to occur. In addition, the MTR plate type
fuel charge has been underwater in the core or in below core storage locations for up to 35 years. Whilst the latest
research [] shows no reason for aluminium corrosion problems to occur under conditions of extended immersion, there
is little evidence beyond 30 years to fall back on. For this reason, it was felt necessary to perform a more in-depth visual
inspection than could be provided by the naked eye or binoculars. In parallel with this operation, it was decided that the
tank should be cleaned to remove silts and other small debris from areas not swept clean.
A Review of Previous Tank Water Chemistry
The results of monthly tank water analyses indicate that corrosion or damage is unlikely. Fig. 1 shows the
trends of conductivity and pH over the last ten years - pH is maintained in the range 5-6.5 recommended by the IAEA
1
[3], and average coolant conductivity less than
Reactor tank water pH and conductivity; Jan 1989
-Aug1999
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The quality of the chemistry is assured by making up tank water using tap water via a regenerable ion exchange resin
based water purifier, filters which remove particulates down to 5u.m, and an non-regenerable ion exchange column,
which accepts 10% of the water drawn by the heat exchanger. However, this reactor is quite unusual in that the
majority of coolant flow through the core is convective, rather than forced. The fuel storage pockets (shown in Fig. 3)
and plenum beneath the core cannot be inspected without local access, and it is these areas which are thought to have
localised stagnant volumes. Gamma spectroscopy of the tank water has showed no fission products present (beyond
"Mo found in greases), although any loss of fuel clad integrity due to corrosion might be expected to lead to a very
slow release.
The Inspection
The aim was to assess as much of the visually accessible areas of the core on the most cost-effective basis.
Time was limited to an extension to the reactor outage of 1 week. Various options were considered: radiation tolerant
camera, telescope, flexible and rigid endoscopy as per recommendations of the IAEA working group on in-service
inspection [4]. The tank at CONSORT is very tight for access. Rigid endoscopy was chosen for best accessibility for
least cost, with both equipment and expertise being made available essentially free of charge from the Atomic Institute
of the Austrian Universities, and who have a great deal of experience in in-service inspection for research reactors [5].
The inspection took place between 24-28 August 1999, with the three authors from Vienna leading,
together with the Imperial College staff (see Fig. 2). The full set-up included: a 6.5m endoscope in six rigid sections
with a choice of three viewing angles (0, 45 and 90 degrees), and two underwater divers types halogen lights on 6m long
telescopic poles. Records were made with video, SLR and digital cameras, supplemented by binoculars.

Fig. 2: Introduction of the Endoscope to the Tank

Fig. 3: Below Core Fuel Storage Pockets

Preparation
Prior to the investigation, a safety assessment was performed, which paid special attention to the following
possible events:
• Coolant Channel Blockage due to Debris in the Reactor Tank
• Damage to Fuel Element(s) by Corrosion Due to Water Quality Being Out of Specification
• Mechanical Damage to a Fuel Element and Consequent Release of Fission Products
• Injection of cold water
• Injection ofvoidage
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Tank Cleaning
Some fine deposits were stirred up using a standard pressure washer, and were then removed by the in-line
filters. For thicker deposits with potential for larger items, it was important no to disturb these, and a suction pump and
sweeping tube, and coarse and fine filters were used. The outfit was designed for use in a home swimming pool, but
provided a cost-effective solution, as shown in Fig.4.

Coarse filter &
pump

Fig. 4: Kit to Clean the Tank

Fig. 5: Coarse Filter & Debris Found

Cleaning was very successful, and this has revealed surfaces that had been previously obscured by black
silt. No large items were seen in the tank. The coarse filter picked up aluminium swarf, pieces of electrical
insulation, and paint chips. The fine filter sand retained 1.6MBq total activity, with only traces of fission products
detected, in any case consistent with the limit on fissile contamination of fresh fuel elements, plus the normal
activation products.
Previous Assumptions on Fuel Performance
Good corrosion performance should be obtained for this type of fuel, as uniform corrosion is not the
primary cause of aluminium alloy degradation. The general corrosion route at these low temperatures (<60°C) is
for aluminium to form Bayerite layers (AI2O3.H2O). Some minor scratches in protective aluminium oxide layers
must, however, be assumed to occur during fuel movements. BS 1470 Grade IB aluminium was used for the Fuel
Plates & Fuel Meat. BS 1474 Grade N4 aluminium was used for the Side Plates.
Fuel storage pond coolant chemistry regimes where conductivity was ~ luS/cm have been shown [3] to
lead to pitting rates and uniform corrosion rates of <lum/year, assuming no microbiological effects. On this basis,
over a 45-year period, corrosion might be expected to penetrate <45 um. This is reasonable for an operating reactor
without any light source for 99% of the time. This fact is important, as corrosion rates have been observed to
increase by a factor of ~300 if algae or similar organisms exist. Pitting is not expected to occur for irradiated
aluminium alloy elements with reactor-formed oxide films. However, if scratches have occurred, they may initiate
pits. In the manufacturing quality control process, surface defects were limited to 0.003 in (76 urn) depth over the
fuel meat. Comparing these two pieces of information with the clad thickness of 500 um, it can be seen that it is
highly unlikely that corrosive actions could breach fuel-clad integrity, even assuming corrosive rates were much
higher.
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Fuel Examination
Before the cleaning was started, fuel elements were lifted, one at a time, and moved to the endoscope
for inspection. Each element was viewed along its' length and on all four faces. The lifting lug and locating guide nose
were also viewed. No problems were observed with the welds on these areas, which involve an aluminium stainless steel
interface.
Particular attention was paid noting that the identification number on the side of each element agreed with the
written records. These were found to be in agreement throughout. No gross mechanical damage or distortion has been
observed, which is to be expected, as the elements are relatively light, and the material relatively malleable. Neither has
any gross pitting been observed from the core-plate level. This all suggests that neither corrosion nor mechanical
damage has occurred to date.
The images which were recorded on 35mm film 400ASA showed a yellow tinge, due to irradiation
damage of the lens of the endoscope. However, the images did not deteriorate during the course of the inspection. In
parallel, black and white video footage was taken of all fuel movements.

Fig. 6: Upper End of Mkl Element Showing Lifting Lug Weld

Fig.7: Mkl Element with Black Line

Inspection of the Mark 1 and 2 MTR fuel elements showed unexpected discoloration in the form of 1 or 2
dark curves (shown in Fig. 7) approximately l-2cm deep, at half-core height, but only on the edges of the fuel plate
spacers rather than the fuel plates themselves. This would appear to be a thermal contour, although it is not fully
understood why the banding is so narrow. The Mark 3 design (loaded since 1983) is purely mechanical assembly,
and shows no such pattern.

Tank & Core Internals
This inspection was the first time that any images had been seen of the area below the fuel support
structure, which is box like, and has guide holes where the fuel element guide noses locate. There are major welds
in this area, and holes through to the fuel storage areas. All areas showed to be in excellent condition.
The aluminium tank showed no signs of pitting, even where some striation marks were observed on the
surface of the penetrant beam tube. Discoloration was seen as orange spots in a few areas, and these will be tracked
over time. All welds observed showed no signs of break down in integrity. In fact, there was no evidence that the
silt had affected the aluminium or any welds in the below-core area. One of the four bolts on one side of one of the
two spider control rod supports had a nut with surface corrosion. This will also be monitored for changes.
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Conclusion
The use of the endoscope available from the Atomic Institute in Vienna has been proven on a pool-type
research reactor. This examination provides good evidence of long-term integrity of aluminium-clad uraniumaluminium fuels in reactors with good chemistry, and no suggestion that operation should not continue for at least a
period often years.
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ABSTRACT
The May 1996 Record of Decision (ref. 1) on a Proposed Nuclear Weapons Nonproliferation Policy
concerning Foreign Research Reactor Spent Nuclear Fuel initiated a 13 year campaign renewing a
policy to support the return of spent nuclear fuel containing uranium of U.S.-origin from foreign
research reactors to the United States. As of December 1999, over 22% of the approximately 13,000
spent nuclear fuel assemblies from participating countries have been returned to the Savannah River
Site (SRS). These -2650 assemblies are currently stored in two dedicated SRS wet storage facilities.
One is the Receiving Basin for Off-site Fuels (RBOF) and the other as L-Basin.
RBOF, built in the early 60's to support the "Atoms for Peace" program, has been receiving off-site
fuel for over 35 years. RBOF has received approximately 1950 casks since startup and has the
capability of handling all of the casks currently used in the FRR program. However, RBOF is 90%
filled to capacity and is not capable of storing all of the fuel to be received in the program. L-Basin
was originally used as temporary storage for materials irradiated in SRS's L-Reactor. New storage
racks and other modifications were completed in 1996 that improved water quality and allowed LBasin to receive, handle and store spent nuclear fuel assemblies and components from off-site. The
first foreign cask was received into L-Area in April 1997 and approximately 105 foreign and
domestic casks have been received since that time.
This paper provides an overview of activities related to fuel receipt and storage in both the Receiving
Basin for Off-site Fuels (RBOF) and L-Basin facilities. It will illustrate each step of the fuel receipt
program from arrival of casks at SRS through cask unloading and decontamination. It will follow the
fuel handling process, from fuel unloading, through the cropping and bundling stages, and final
placement in the wet storage rack. Decontamination methods and equipment will be explained to
show how the empty casks are prepared for shipment off-site. This paper provides a useful reference
to foreign facilities, cask owners and shipping contractors on the cask and fuel handling capabilities
of the Savannah River Site.

Introduction
Prior to the receipt of any spent nuclear fuel from foreign research reactors, DOE and WSRC must
complete a series of activities in parallel to ensure the safe and timely receipt and storage of the
assemblies at the Savannah River Site and to ensure the fuel is within the SRS facilities' Authorization
Bases (AB). DOE-HQ and the Research Reactor Government initiate the program by reaching an
agreement on the conditions and protocol for the return of the "U.S. origin" SNF.
DOE-SR
formalizes the scope, logistics, and terms of the contract and also coordinates the receipt activities
which includes transportation and security plans. WSRC, with the assistance of the research reactor
facilities, collects the fuel data and ensures it is accurately characterized in a fuel data sheet/Appendix
A. The document referred to as the Appendix A contains geometric and isotopic data for each fuel
assembly, and provides the data required to perform the SRS receipt and storage facility safety
analyses.
A Nuclear Criticality Safety Evaluation (NCSE) is performed for each cask/fuel
combination to ensure the safety of the receipt and unloading process. Based upon the results of the
NCSE, a Nuclear Safety Data Sheet (NSDS) is developed for each fuel type that specifies safe storage
configurations in both RBOF and L-Basin. This safety documentation, together with an operations
review of the ability to handle the cask, make up the bases for WSRC to provide DOE-SR with a
"Certification to Receive and Store". DOE-SR, with the receipt of this certification, authorizes release
for the loading and shipment of the fuel to the Savannah River Site.
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Receiving Basin for Off-site Fuels [RBOF]
The SRS Receiving Basin for Off-site Fuels (RBOF) is a 139-ft wide by 148-ft long structure that
houses the primary facilities to unload, handle, and store spent nuclear fuel. This includes a fuel
receiving port, a cask wash pit, a cask unloading basiri, two fuel storage basins, a fuel inspection basin,
a fuel disassembly basin and a fuel repackaging basin. The basins vary in area and depth with an
unloading basin depth from 29 to 45 ft. They are interconnected by underwater canals, and are
monitored for a constantly controlled level of water. A permanent deionizer and nearby resin
regeneration cell are used to control the basin water chemistry to help minimize corrosion to the fuel
assemblies.
RBOF Cask/Fuel Receipt and Storage:
Prior to the WSRC "approval for receipt and storage", all Appendix A documents are reviewed to
ensure compatibility with the facility's Safety Analysis Report (SAR). The RBOF (SAR) serves as the
governing Safety Authorization basis for the operation of the facility.
A cask containing spent fuel assemblies enters the RBOF in the receiving port by either truck, for offsite shipments, or by rail, for on-site transfers. After a radiological survey, the impact limiters are
removed from the cask and the security seals are verified and recorded to verify package integrity.
The cask is removed from the International Standards Organization (ISO) shipping container, if used
during transportation, with an overhead 100-ton crane and placed on the bottom of a cask wash pit.
• The crane travels on a runway that permits access to the receiving port, cask wash pit, and cask basin.
Dual 50-ton hoist trolleys and two 3-ton hoists are used to enhance efficiency.
Prior to immersion into the unloading basin, the cask is washed in the cask wash pit to remove any dirt
acquired during transit. As a precaution, the cask is then vented, filled with water and subsequently
sampled for radioactive contamination. The presence of contamination may reveal a potentially failed
fuel assembly. This is unlikely to occur, as the Department of Energy requires a SIP test on all casks
prior to departure. Lastly, the lid bolts are loosened or removed. The cask wash pit has a depth of 15
feet.
The cask is then hoisted over the cask unloading basin where the remaining lid bolts are removed and
the cask is submerged to the bottom of the basin. The basin has a depth of 29 feet and contains a pit
on one end, which increases the depth to 45 feet. This depth provides enough water over the exposed
assemblies to adequately shield personnel from radiation. The lid is removed and remains in the basin.
SNF assemblies are removed from the cask using special handling tools one assembly at a time. The
unloading process utilizes three buckets: the unloading bucket, an isolation bucket and a transfer
bucket. An assembly is placed in the unloading bucket and set next to the isolation bucket. The
isolation bucket maintains the separation between the unloading and transfer buckets. After the
assembly number is identified and confirmed against the final loading diagram, the assembly is placed
into the transfer bucket. The transfer bucket contains an insert that limits the number of assemblies to
a predetermined safe number. When full, the bucket is transferred to the repackaging basin for
bundling.
The repackaging basin varies in depth from 15 to 29 ft and also contains a pit that provides an
additional 15-ft of depth. The basin contains an underwater saw and bundling station. The assemblies
are transferred from the transfer bucket to an empty fuel bundle. The bundle is a round tube bundle
that is designed to be stored in the L-Basin storage racks. All aluminum based fuel assemblies will be
transferred to L-Basin for final wet storage. Many fuel assemblies require additional cropping (inert
ends cut off) to fit in the bundle or to minimize wasted space inside the bundle. Operators remotely
crop the assemblies with the use of the underwater saw and the assemblies are then bundled and
transferred to the storage basin.
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The fuel bundles are guided through the canals with the aid of a manual hoist suspended from an
overhead monorail system. A traveling bridge, a motorized platform that spans the cask unloading
basin and fuel storage basins, supports up to three operators and can be positioned at precise locations
over the basins. The traveling bridge contains a section of monorail that lines up with the rest of the
system at many locations next to the basins. The canals are 3 ft wide by 29 ft deep. Seven stainless
steel hollowed doors compartmentalize the canals into eight sections.
Fuel bundles are stored in rows of vertical racks made up of aluminum I-beams fastened to the bottom
of the basins. Gratings, guide plates and spacers (collectively referred to as 'hardware') are installed
between the racks creating individual storage slots along the row. The RBOF SAR manages safe
critical arrangements. Depending on the length of the fuel assemblies, a row can be fitted with up to
four tiers of hardware. The large storage basin contains 42 rows of racks, 18 ft in length, that vary in
width from 9 to 25.5 inches. The large basin also has special storage racks known as bucket and test
tube storage. Special canned assemblies and confirmed or suspected failed assemblies can be stored in
these racks.
The disassembly basin is 14 ft deep and contains in the center of the floor a depression in the shape of
an inverted pyramid. The end of which is piped to a pump that discharges to a waste tank. This basin
is used to isolate fuel for special reasons.
Once the cask has been unloaded, the lid is placed back on the cask and the cask is removed from the
basin and placed in the cask wash pit. A continuous supply of deionized water is sprayed on the cask
throughout this process The cask is decontaminated to ensure the cask is shipped off-site within
Department of Transportation (DOT) regulations. Detergents, steam and a solution of alcohol can be
used to decontaminate the externals of the cask to below DOT limits. The cask is then placed on its
skid on the truck or railcar. Final surveys are taken of the ISO container (if used), truck and trailer
prior to its release from the building. All casks are surveyed within 24 hours of the casks' departure
from the site.

L-Basin
L-Basin simultaneously utilizes two separate areas of the building to decrease the time to turnaround
the casks and thus making the process more efficient. The stack area is used to prepare the cask for
unloading and contains the decontamination facility for use after fuel unloading. The storage basin
area contains a number of basins similar to the RBOF where fuel is unloaded, handled and stored.
Water chemistry to inhibit corrosion is controlled by the use of a continuous deionizer system.
Prior to the receipt, all SNF Appendix A documents are reviewed to ensure compatibility with the LArea Basis for Interim Operation (BIO). The BIO serves as the governing safety authorization basis
for the facility's operation.
L-Basin Cask/Fuel Receipt and Storage:
Casks shipped in ISO containers and/or with impact limiters are received into the L-Stack Area via
tractor- trailer. Casks received without an ISO container, like the domestically used BMI cask, are
taken directly to the transfer bay for unloading. A complete set of receipt surveys is performed on the
container externals prior to initiating any work. A 120-ton overhead crane is used to remove the cask
from the ISO container and a 3-ton auxiliary hoist is used to remove the impact limiters before the
cask is sent to the transfer bay. The cask is placed on a different trailer for transport to the transfer
bay. The crane is pendant controlled from the stack area floor and travels the length of the stack area.
It utilizes two 60-ton trolleys with a maximum 24-ffc span of horizontal travel. The ceiling extends to
72 feet to accommodate the crane's operation. Spreader beams and yokes are provided for each cask
to be moved.

128

When the cask arrives at the transfer bay, the cask contents are checked for integrity (security seals)
and the cask is vented and filled with deionized water. The deionized water is sampled to determine
the activity level of the internals of the cask. Should the preset limit of activity be exceeded, following
reflushing activities, it is assumed that the fuel cladding has been breeched and preparations are made
to containerize the fuel with an approved failed fuel canister. The cask lid bolts are loosened and the
cask is submerged into the transfer pit via the 85-ton overhead crane. The lid is then removed and
placed on the bay's floor. The depth of the transfer pit ranges from 17 to 20 ft. Due to the depth being
shallower than RBOF's unloading basin, the longer TN-7/2 cask cannot be unloaded in L-Basin. A
dry transfer system was installed in 1998 and specifically allows for the unloading of the NAC-LWT
and NLI casks.
Using the appropriate handling tools assemblies are removed from the cask one at a time, and placed
in an unloading bucket. The unloading bucket is the first of three buckets used in the unloading
process. All three buckets are placed on the 17-ft ledge in the transfer pit. The unloading bucket is
placed closest to the cask, then the isolation bucket followed by the transfer bucket. The transfer
bucket has an insert that allows only a specified number of fuel assemblies to be placed into it. After
positively identifying the assembly against the final cask loading diagram the assembly is placed in the
transfer bucket. Once the predetermined number of assemblies has been placed in the transfer bucket,
a hoist is used to transfer the assemblies from the transfer pit to the other areas of the storage basin.
As in RBOF, the transfer pit connects to the other basin areas through a system of canals. Spent fuel
assemblies and other irradiated components are supported, transferred, and stored using the overhead
monorail system. This system is composed of overhead rails traversed by wheeled trolleys.
Specialized equipment is used to enhance the processing, handling, and storing of materials in the
basins. Some of the components are: handling tools, hangers, trolleys, chain falls, bundles, electric
and manual carriages, and twin hook and bucket hoists.
One frequently used area in the storage basin contains the underwater equipment required for the
inspection, disassembly, and bundling of fuel assemblies. This equipment is located within work areas
called canal stations that range in depth from 17 to 30 ft deep. There are also three deep pits that are
51 ft in depth. Facility personnel on walkways above the basin water remotely operate the equipment.
An empty fuel bundle is secured to the tilting table in the horizontal position. The assemblies are
placed in the tube bundle and the table is slowly rotated to the vertical position after each assembly is
inserted. After a designated number of assemblies have been placed into the bundle, the tilting table
is lowered and a lid with a handling bail is secured to the bundle. The bundle is then transferred via a
manual chain hoist to the vertical tube storage area.
If cropping of the fuel assemblies is required to fit in the bundle or for the maximizing of storage, the
assemblies are first taken to the underwater saw which is located in the same area of the storage basin
as the tilt table. The assembly is placed on the saw table and the non-fuel end pieces are removed.
The cropped assembly is then taken to the tilting table and the bundling and storage sequence
mentioned previously begins. The end pieces are transferred to scrap buckets for later disposal.
The vertical tube storage (VTS) area contains modular fuel storage racks in which fuel bundles are
stored in the vertical position. The racks are a framework of welded aluminum construction and
contain 30 storage spaces. A 2-ton transfer crane provides a bridge to move bundles between the VTS
and other basin areas. Monorails allow for the movement of fuel bundles into and out of the VTS
lanes. Eighteen lanes contain modular storage racks with a storage capacity of approximately 2040
spent fuel bundles. The basin depth is 30ft. The tube bundles in L-Basin are shorter than the bundles
used in the RBOF. Accordingly, fuel handling in L-Basin differs from that in RBOF to the extent that
operators are permitted to move fuel bundles over other loaded fuel racks. All positions are readily
accessible without prerequisite fuel moves.
Another area of the basin is used for storage of underwater tools and scrap and has a floor that ranges
in depth from 17 to 30 ft. There is also an area that is used to temporarily store sludge from basin
vacuuming. It has a depth of 17 ft.
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After unloading the fuel, the 85-ton crane is used to remove the cask from the transfer pit. The cask is
rinsed with deionized water with minimal brushing. The cask is wrapped in a radcon bag, surveyed
and transported by truck to the stack area where it is placed inside the decontamination. Utilizing an
all-electric hot/high pressure water cleaning system, the outside of the cask is decontaminated to
below DOT shipping limits. The cask is then placed on the original trailer inside the ISO container
where the impact limiters are reinstalled and the final surveys are taken.

Summary
The two wet storage facilities at the Savannah River Site play important roles in the safe return and
storage of spent nuclear fuel from foreign and domestic research reactors. After nearly 40 years of
service, RBOF is gradually being deinventoried while the larger and newly refurbished L-Basin
continues to regularly receive off-site casks. These facilities have the flexibility to handle all of the
various types of casks used for the transport of spent fuel and the capacity to store the entire inventory
of assemblies to be returned under the Department of Energy's Spent Nuclear Fuel Return Program.
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ABSTRACT
At the Zittau Training and Research Reactor (ZLFR) a dynamical equipment is
used to investigate the diffusion of rare gases. The dynamic behavior is realized by
steady streaming of the rare gas argon through the reactor. Radioactive Ar-41 is
produced within a special irradiation rig by neutron activation of the carrier gas
Ar-40. The diffusion apparatus is set-up by two spirals, which faced each other and
are separated by the material to be investigated. The experiment simulates the
diffusion of the rare gas radon through building materials, especially plastic foils.

1. Introduction
Radon research is continuing worldwide on the one hand to improve our understanding of the
mechanism involved in the development of lung cancer associated with radon exposure and on the other
hand to develop and improve methods to reduce radon levels in buildings and examine the durability of
methods over time. The application of building materials in the form of plastic foils is one possibility to
prevent the entry of radon into buildings, partly or completely.
Up to now, the only diffusion experiments in Germany for investigating different building materials has
been published by Keller [1]. Keller used two "Magdeburg" half spheres, which operate under steady
state conditions. The primary half sphere is connected with a radon source. The gas is moved
permanently to reach radioactive equilibrium between production and radioactive decay. The
measurement of radon is directly performed within the half spheres. Steady state conditions are reached
after approximately three half-lives of radon (>10 days). Those materials have to be considered as radon
tight where the thickness of the material is greater than three diffusion length.

2. Experimental set-up
The Zittau Training and Research Reactor (ZLFR) is a light water moderated thermal zero power reactor
of the tank type. At a nominal reactor power of 1W the maximum thermal neutron flux density amounts
to 2 x 107 cm"2 s"1. A dynamical equipment was used to measure the diffusion of noble gases (Fig. 1).
The dynamic measuring principle is characterized by separating the diffusion from the detection volume.
The dynamic behavior is realized by steady streaming of fresh gas through the apparatus. In the first step
radioactive Ar-41 has been produced within a special irradiation rig by activation of the carrier gas Ar40. The dwell time in the reactor is nearly 37 min at a typical volume flow of the mobile phase of 10 ml
min"1. After 24 min the gas entered the diffusion apparatus. It stayed there about 8 min. After that the gas
is led into the detection system. The gamma spectrometric detection system used Marinelli geometry,
and it took the gas 30 min to pass through the detection system. The steady state was reached after about
110 min.
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Fig. 1: Scheme of the experimental set-up

The diffusion apparatus was set-up by two spirals, which faced each other and were separated by the
building material. The inlet was at the center of the spiral, the outlet at a radial distance of 200 mm. A
channel of the spiral has dimensions of 2.5 H 5.0 mm. The channels were separated by walls with
thickness of 1.0 mm. These walls had an offset to the surface of the apparatus of 0.1 mm. This was done
because this offset should make the system airtight and keep the gas flow on its path along the spiral.
Each gas flow is controlled by a flow controller. The gas flows through PE tubes connected by swage
locks from stainless steel. The steady state condition guarantees a definite activity in the primary
chamber at a certain volume flow. The diffusion chamber was filled with not activated argon at the same
volume flow. When any Ar-41 passed through building material, the carrier gas would lead the way to
the second detector. The activity was measured in both chambers with Ge-Li semiconductor detectors.
During the experiment the reactor power was hold at a constant level of 1 W.
Beside the experiments at the ZLFR, investigations at the cyclotron U-120 of the Research Institute
Rossendorf has been performed to vary the type (different atomic radii) and the half-lives of the noble
gases. Table 1 contains the fission product isotopes of krypton and xenon investigated with half-lives
from 1.7 s up to 3 min together with the emitted gamma ray energies Ey, the enthlapy of desorption Hy,,
and the van der Waals radii r of the noble gas atoms. The density of the liquid phase yields the van der
Waals radius of a noble gas.
Measurements with short lived Kr- and Xe- isotopes were done at the U-120 cyclotron at the research
center in Rossendorf. The nuclides were produced with the nuclear reaction: Be (d, n) B; 235U (n, sf).
The density of the particle beam was 20 |jA at an energy of 14 MeV. The target had an effective
diameter of 5 cm. The uranium was electro-deposited on a titanium foil with an area density of 0,5 mg
cm"2. The fission products were transported in a carrier gas (helium) with a volume flow of 1000 ml
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min 1 into the experimental system. The adsorption experiments were done at temperatures of 77.3 K
(liquid nitrogen) and 87.4 K (liquid argon).

Nuclide

half life

E^keV]

r[pm]

H v [kJ/mole]

Ar-41

1.83 h

1293.7

171.3

6.3

Kr-92
Kr-91
Kr-90

1.84 s
8.57 s
32.3 s

190.0

9.7

Kr-89

184.2 s

142.4
108.8
120.6
121.5
220.9

Xe-141
Xe-140
Xe-139

1.72 s
13.6 s
39.5 s

118.4
118.7
175.0
218.6

187.3

13.7

Rn-222

3.8 d

207.2

18.0

Table 1: Properties of the investigated noble gases [2] - [4]

3. Results
A system of elemental reactions was set up to describe the passage of the noble gases through
building materials in different steps. There are five rate constants to be determined: 1st adsorption at
the surface of the building material, 2nd desorption from the surface, 3rd entry into the building
material, 4th out of the material, and 5th diffusion through the building material.
Since noble gases are bond by van der Waals forces to surfaces, one can easily convert energies from
one noble gas to another since the ratio Ej Hv, im n"3/2 is constant. Ej is the spectated energy, Hv, i the
enthalpy of vaporisation and r\ the atomic radius of a noble gas "i".
The probability of diffusion is given by the ratio of activity in the diffusion chamber and the activity
of the primary chamber. The activity of Ar-41 in the primary chamber at a thermal reactor power of
the ZLFR of 1 W and a volume flow of 10 ml min"1 was about 15 Bq cm"3. The probability of
diffusion through the investigated plastic material was typical around 1 %.
Especially foil of technical production with different thickness made by the same producer were used.
Phenomenological results were:
The slope of a graph probability of diffusion vs. (number of surfaces)"' at constant thickness
is linear. The slope angle yields the energy of entry.
Also the slope of a graph probability of diffusion
diffusion vs. (thickness) m at constant number of
surfaces is linear. The slope angle yields the mean free path in the spectated material.
As an example the results for foils made of polyvinylchloride (PVC) shall be determined:
The time of oszillation [Frenkel equation] of radon is 2.5 H 10"° s.
Adsorption experiments yield the energy of desorption from the surface with energies of 19.8
kJ mole'1 and 22.8 kJ mole"1 for krypton and xenon, respecitvely. This yields an energy of
desorption of about 30.0 kJ mole" for radon.
The energy of entry for argon is 16.7 kJ mole"1. The value of this energy for radon is about
37.9 kJ mole"1.
The diffusion through the foil is collision controlled with an mean free path in the solid phase
of 3.3 x 10"10 m. This yields a diffusion coefficient for argon of 4.2 x 10"4 cm2 s"1 which is
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about two orders of magnitude below the diffusion coefficient in air. This result can be
conferred directly to radon.
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ABSTRACT
Since the end of 1999, novel MTR fuel plates with very high density meat are being irradiated
in BR2. The purpose of the irradiation is to investigate the behaviour of these fuel plates under
very severe reactor operation conditions. The novel fuel plates are inserted in two standard
six-tube BR2 fuel elements in the locations normally occupied by the standard outer fuel
plates. The irradiation in BR2 was prepared by carrying out detailed neutron Monte Carlo
calculations of the whole BR2 core containing the two experimental fuel elements for various
positions in the reactor and for various azimuthal orientations of the fuel elements. Comparing
the thus determined fission density levels and azimuthal profiles in the new MTR fuel plates
irradiated in the various channels allowed the experimenters to choose the most appropriate
BR2 channel and the most appropriate fuel element orientation.

1. Introduction
At the end of 1999, a series of irradiations of a novel type of materials testing reactor (MTR) fuel
plates started in BR2, the Belgian high flux materials testing reactor (Fig. 1). The purpose of the
irradiation is to investigate the behaviour of the new MTR fuel plates under the severe reactor
operation conditions indicated in section 2. The new MTR fuel plates have a very high density meat
zone and are clad with aluminium, in a way similar to the standard BR2 fuel element plates. The
uranium enrichment is 35%. Two types of experimental fuel plates were irradiated, with densities of
5.8 g U tot /cm3 and of 4.8 g U tot /cm3.

FUEL ELEMENT

o
CONTROL ROD

REFLECTOR

Fig. 1. Horizontal cross-section of the BR2 reactor at the reactor midplane, with a typical loading
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Standard BR2 fuel elements (Fig. 2) consist
of six concentric aluminium-clad fuel tubes
maintained in place by three aluminium side
plates positioned at 120° from each other, and
hence present an azimuthal discontinuity of
the meat zone. The azimuthal orientation of
the elements in BR2 is therefore of great
importance when investigating the hot spot in
the fuel plates, as a maximum of the fission
density occurs near the side plates, due to a
reflector effect.
The centre of the fuel
element provides a free space with a diameter
of 25.4 mm : it allows for experiments to be
irradiated under very high neutron fluxes or
for measurement devices.

Fig. 2. Cross-section of a standard BR2 fuel
element

Typical BR2 neutron fluxes are (in the reactor hot spot plane):
thermal conventional neutron flux : VQ lo0-5 eV n (E) dE :
2 to 4 1 0 | 4 n / cm2s in the reactor core
2 to 9 1014 n / cm2s in the reflector and core flux trap (HI);
fast neutron flux : Jo.i°°MeV n (E) dE :
4 to 7 1014 n / cm2s in the reactor core.
The present nominal heat flux at the hot spot is 470 W/cm2, the maximum value authorized for
nominal cooling conditions (probable onset of nucleate boiling is 600 W/cm2). The nominal BR2 full
power depends on the core configuration; at the present time it ranges from 50 to 70 MW, maintaining
a nominal power of 26.5 MW in the central ring (A and B channels).
The two types of new MTR fuel plates to be tested are inserted in two standard six-tube BR2 fuel
elements, in the locations normally occupied by the standard outer fuel plates.
The irradiation in BR2 was prepared by carrying out detailed neutron calculations of the whole BR2
core comprising the two experimental BR2 fuel elements with the new MTR fuel plates, in order to
determine the fission density profile in these new MTR fuel plates for various positions in the reactor
and for various azimuthal orientations of the fuel elements. According to the results of these
calculations, the most appropriate BR2 irradiation channel and azimuthal orientation of the fuel plates
was chosen for the start of the irradiation and will be adapted as the irradiation campaign proceeds.
Next to the neutron calculations, thermohydraulic calculations are being carried out to determine the
hot spot temperature, the heat evacuation, etc.
2. Imposed irradiation conditions
The azimuthal power rate distribution over the new fuel plates to be tested should be as flat as
possible. The maximum heat flux level should not exceed 520 W/cm2 fuel plate, but should be close
to this value, in order to obtain a cladding temperature of the order of 160°C and a central fuel
temperature of the order of 230°C, not taking into account the corrosion layer. Indeed, the
experimental programme consists in studying the behaviour of such fuel dispersion with low thermal
conductivity.
3. Neutron calculations
The calculations were carried out, in three dimensions, using the Monte Carlo code MCNP [1].
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The general calculation scheme was as follows:
i. Calculations were first carried out for an idealized BR2 core configuration containing fresh fuel, no
experiments nor inserted control rods. Several potential irradiation channels were investigated :
- as to the fission density level obtained in the fuel plates tested under normal irradiation conditions
- as to the azimuthal fission density profile all around the 360° of the fuel plates.
To this end, the experimental fuel elements, containing the new MTR plates in the outer tube
position, were introduced into possible irradiation channels. The purpose of these calculations was
to find the most adequate channel and to optimize the azimuthal orientation of the radial side
plates.
ii. Next, for the channels and fuel element azimuthal orientations that appeared to be the most
interesting ones according to i., more detailed calculations were made, taking into account the
actual average burn-up of the fuel elements in a BR2 core loading with partly inserted control rods.
iii. Finally, a still more realistic MCNP calculation was carried out taking in addition account of the
presence (i.e. the perturbation) of the other BR2 experiments and of the radioisotope production
rigs. The complex complete BR2 configuration, containing, next to the two experimental elements
(with new MTR outer plates) to be examined (here in channels C41 and C319), the other BR2 fuel
elements, each with its average burn-up, the partly inserted control rods, the BR2 experiments and
the main radioisotope production rigs, is represented in Fig. 3.
In the calculations ii. and iii., the burn-up was assumed to be equal to the axially and azimuthally
averaged value, i.e. no axial nor azimuthal differential distribution of the burn-up was considered.

V

Fig. 3. Representation of the BR2 reactor with experimental loading (horizontal cross-section at the
reactor mid-plane) in the MCNP calculational lay-out

4. Neutron calculations performed in parallel
In parallel with one of the calculations described in 3.i, a deterministic 2-D calculation in (R,0)
geometry was performed, with the DORT3.5 neutron transport SN code DORT3.5 [2], viz for one
experimental fuel element irradiated in channel F14. The calculation model was centred in the
experimental fuel element examined. The comparison between the DORT3.5 and the MCNP results is
discussed in [3] : the azimuthal profiles calculated with both codes are practically identical.
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Several validation calculations of MCNP were carried out, in which configurations studied
experimentally in the past (1) in BR02, and (2) in BR2 low power trials , were calculated with MCNP.
The comparisons with dosimetry work appear to be satisfactory [4].

5. Results
The neutronic calculations, carried out according to the sequence indicated in section 3 and started by
considering the irradiation channels F as potential locations for the experimental fuel elements
containing the new MTR fuel plates, finally led to the choice of channels C41 and C319 (for the meat
densities 5.8 g Utot /cm 3 and 4.8 g U tot /cm 3 , respectively) as the most adequate ones to perform the
irradiations. The optimum orientation of the two experimental fuel elements is such that both for
channel C41 and for channel 319 one of the radial side plates is oriented towards 60° (in the clockwise
sense) with respect to the "north "of the reactor (see Fig. 3). All the other BR2 fuel elements were
assumed to have one of their side plates oriented towards 0°.
The azimuthal distribution of the heat flux in the outer fuel plates of the experimental elements
irradiated in channels C41 and C319 is shown in Fig. 4. The heat flux values (indicated in W/cm2 fuel
plate) are those calculated for the maximum flux plane of BR2, operating at 57 MW total power.

120

180

240

azimuthal position with respect to +60° in the clockwise sense

Fig. 4 Azimuthal distribution of the heat flux in the new MTR fuel plates with meat densities 5.8 g
U t o t /cm 3 (irradiated in channel C41) and 4.8 g U t o t /cm 3 (irradiated in channel C319)
One observes that the azimuthal distributions are relatively flat in the highest rated MTR fuel plates of
the two experimental fuel elements, which are oriented (as to the centreline of the plates) towards 240°
(for channel C41) and 120° (for channel C319) with repect to the reactor north direction (see Fig. 3),
corresponding to 180° and 60°, respectively, in Fig. 4. The calculated absolute heat flux levels,
averaged azimuthally over 120° in the highest rated MTR fuel plates, amount to about 390 W/cm2 (for
the meat density 4.8 g U to t/cm 3 , in channel C319) and to about 410 W/cm2 (for the meat density 5.8 g
U tot /cm3, in channel C41). In both experimental fuel elements the calculated absolute heat fluxes in
the new MTR fuel plates attain locally values equal to about 450 W/cm2 ("hot spot value") near the
radial side plate situated at 180° with respect to the reactor north direction (see Fig. 3), corresponding
to 120° in Fig. 4. This hot spot value is about 13% lower than the maximum authorized value of 520
W/cm2 (see section 2). Therefore BR2 has operated at 110% nominal power.
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6. Comparison between calculated and measured axial fission rate profiles
During the irradiation, a Werz' calorimeter1 was introduced into the central irradiation space (see Fig.
2) of one of the two experimental fuel elements, viz the one occupying channel C319. This
calorimeter permits to measure practically on-line the U-235 fission rate [5]. The calorimeter was
shifted upwards and downwards over the entire height (76.2 cm) of the active part of the tested new
MTR fuel plates, which corresponds to the active height of a standard BR2 fuel element. The
measurements were in good agreement with the calculated U-235 fission rate profile, obtained with
the aid of MCNP : Fig. 5 (only the relative axial distributions were compared; the measured and
calculated absolute fission rate levels will be compared in the near future).
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Fig. 5 Measured and calculated U-235 fission rate profiles in the axis of channel C319 (MCNP with
2-sigma error bars)
7. Conclusion
Using Monte Carlo MCNP calculations, the preparation (optimization as to location and orientation),
from the neutronic point of view, of the irradiation of novel MTR fuel plates in BR2 was carried out in
a satisfactory way notwithstanding the complexity of the reactor loading and its geometry.
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ABSTRACT
In this paper are described the main activities carried out in the last year concerning to the spent fuel
management, decommisssioning strategy and liquid and solid wastes management, arising from
permanent shut down research reactor IRT-Sofia.

I.

Introduction

•

The problems of research reactor IRT-Sofia, concerning preparation for decommissioning with
aim to refurbish the reactor into low-power research reactor are reduced to the clearing the
strategy, methods and activities of decommissioning process. The difficulties connected with
shipment problems of the spent nuclear fuel are also analysed and some alternatives for solution
of the problem are envisaged [1,2]. The lack of a national repository and radioactive wastes
treatment facility renders the decision making process for final disposal of the radioactive wastes
arising from the reactor decommissioning. During the last year analyses of seismic characteristics
of the reactor building and facility state were carried out successfully in collaboration with
ENERGOPROECT-Sofia and EQE-Bulgaria. The favorable conclusions of these analyses permit
to continue the works on reactor building upgrading.

•

The project ,,Study of Pool Type Research Reactors in Countries Assisted by the PHARE
Program"fulfilled under the PHARE [3] by consortium AEA-Technology pic and INITEC helped
to clarify the strategies for spent fuel and wastes management and decommissioning philosophy.

II. Decommissioning strategy, activities and methods
Two basic alternatives have been identified for the partial decommissioning of the IRT-2000 with a
number of sub-options as appropriate. These alternatives are described as follows:
•
•

Disabling of control systems for preventing the re-starting a n d s h u t down t h e reactor;
The previous option including removal of all equipment peripheral to the reactor 'block'. This
will include removal of cooling systems and associated pipework, experimental rigs etc to leave
the reactor 'block' and remaining activated internals intact. The 'block' penetrations for pipework
and service penetrations will be sealed.

For this decommisssioning of IRT the following steps are envisaged:
•

Permanent shutdown of reactor and disabling of control systems to prevent re-starting;

•

Removal of the spent fuel from the storage pool

•

Shipment of the spent fuel to Russia or to other storage facility;

•

Removal and treatment of the liquid radioactive wastes;

•

Decontaminating, draining and dring of the reactor circuit;

•

Maintenance of all existing systems remaining in the place;

•

A surveillance and security system is set up to monitor the remaining radioactive inventory for a
deferral period. This system has a capability commensurate with the remaining inventory;

•

Maintaining of the integrity of the existing containment systems e.g. ventilation plant, reactor
building.
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Before decommissioning activities are contemplated it is important to define those tasks which are
desirable to perform prior to shutdown. The main areas of activities are:
•
•

Setting up of the Project Management and Safety Management systems;
Defining any preparatory engineering works which will be required to support the
decommissioning process;

•

Obtaining regulatory approvals;

•

Detailed planning of the decommissioning activities.

•

Maintenance schedules;

•

Any pre-decommissioning operations;

•

Handover from operational to decommissioning status.

On-site facilities at INRNE are not available to deal with the volumes of wastes produced during
decommissioning. Further facilities would be necessary on the timescale of the decommissioning
project.
A programme of work is being considered to remedy the current situation. The next considerations
have to be taken out:
•

Structural survey to confirm that the existing structures will remain safe during the
decommissioning works and on a longer timescale for the low-power reactor;

•

Seismic analysis;

•

Remedial work of the reactor building is need to provide the secondary containment;

•

Renewal of HPS monitoring equipment and other safety related systems.

Cost Reduction Activities
The following activities have to be implemented early in order to reduce the cost:
•

Definition in engineering terms of the plant 'end state'

•

Maintanance of the safety-related systems which will ensure the safety of decommissioning;

•

A decision has to be taken whether to build new systems to support decommissioning or
modify/maintain existing ones (which may be unsuitable since they served a much wider purpose
during operations) e.g. cranes, ventilation systems and radiological monitoring systems.

Scope of Decommissioning Activities
For chosen decommissioning option for unrestricted site release - the existing reactor systems can be
grouped according to their status prior to entry into the decommissioning period:
•

Systems which are required to remain functional during decommissioning;

•

Systems to be kept under care and surveillance during decommissioning;

•

Systems to be decommissioned prior to decommissioning.
Systems required to remain functional are as follows:

•

•
•

Reactor building is required to continue to provide secondary containment. Remedial work will
be necessary to ensure that the building fabric is upgraded and that the .general structural
condition of the building is adequate for the duration of the deferral period. Access and exit routes
together with the appropriate monitoring and control procedures need to maintained, revised or
upgraded.
Supply of electricity and water and mantaining of other esential safety related equipment;
Equipment for radiological monitoring, surveillance and emergency response must be retained,
modified or replace;
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•

Workshop facilities will be required for equipment maintenance purposes.

•

Limited active drainage facilities are required;

•

Continued environmental conditioning via ventilation plant will be required to dry the reactor
following draining.

Systems to be kept under care and surveillance are the following:
•
•

I.

The reactor block, liner and remains of the core internals.
The decontaminated hot cells and any remaining cells which contain any waste accumulations
which cannot be disposed of in the short term.

Spent fuel removal from the reactor site
Description of fuel

The original fuel in the reactor was EK-10, which has 16 or 15 rods (a small number having 14) in a
square section aluminium can. The rods contain fuel made up of 10%-enriched uranium dioxide in a
magnesium matrix surrounded by 2 mm of aluminium cladding.
The C-36 fuel was introduced in 1985 and the reactor operated with a mixed core of EK-10 fuel and
C-36 fuel until it was shut down in July 1989. The C-36 assembly is similar to the EK-10 and is a
square section aluminium can of 14, 15 or 16 rods of 36% enriched uranium in a uranium-aluminium
matrix with aluminium cladding.

Storage
Spent fuel is currently stored in an at-reactor pool with storage racks on two levels. Criticality
calculations have shown that 112 C-36 fuel assemblies could be safely stored. The water is de-ionised,
and water level, conductivity, chemical composition, pH, ion concentrations and activity are
monitored regularly and have not exceeded set values. However, the water is not recirculated and
there is no purification system. Complete replacement of the water took place in 1996. Uniquely at
IRT-2000, the fuel is inspected visually in hot cells, and these have shown signs of corrosion on the
cladding surface in some fuel elements.

Current strategy for spent fuel management
The main objective of the current strategy on spent fuel is the safe management of the fuel through to
its final disposal. At the time of reactor construction, it was expected that the fuel would be returned
to Russia for reprocessing. There is no clear long-term solution for the removal of the spent fuel
because of the absence of any national deep fuel depository. However, in order to decommission or
refurbish the reactor, the spent fuel will have to be moved from the storage pool as well as to try to
find ways to return the fuel to Russia.

I.

Waste management
Characteristics and inventory of radioactive wastes arising from reactor
decommissioning

The planned main facilities to be decommissioned are situated in the following buildings or
installations: the reactor block, the thermal column, the primary pumping room, the ventilation
system, the spent fuel storage pond.
The expected materials that will be produced during the dismantling processes are solid wastes from
structural components of the reactor technological systems and liquid wastes from the cooling system
and generated during the decontamination process.
Liquid wastes are divided, into wastes which are water solutions or organic wastes, (oils, solvents).
Low-active solid wastes are divided into compactable or non-compactable. Non-compactable wastes
are divided into wastes which require fragmentation (dismantling and cutting) or packing directly.
From the viewpoint of radiological hazard these materials can be divided in four categories:
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•

materials or components that have to be disposed of at the Novi Han national repository,

•

materials or components that can be reused on site,

•

materials or components released for unrestricted use and

•

materials or components kept on site (interim storage)

All expected radioactive wastes arising from decommissioning are in the LLW and ILW categories.
The balance of the IRT-2000 wastes collected during the operational lifetime is shown on the figure:

Balance of the waste of IRT-2000

1 Solid waste
2 Liquid waste
3 Concrete

Operational procedures for Waste Management
The future decommissioning and dismantling tasks at IRT-2000 are of major importance. The main
difficulties are the lack of formal procedures for waste management operations and the lack of
familiarity of people with such operations are a matter of concern. Some retraining of the existing
operations staff will be required so that these problems can be addressed and waste management tasks
be carried out to modern standards. Operational procedures, relevant to the following matters, could
be improved or put into effect:
•

Raw waste characterization;

•

Decontamination of materials and components;

•

Waste sorting;

•

Waste handling;

•

Waste pre-conditioning (for transportation);

Waste management strategy
It is important to underline the most relevant technical problems concerning decommissioning in the
short term for the IRT-2000 research reactor. The technical problems can be summarised as:
•

The lack of disposal facilities for operational LILRW

•

Interim storage for LILRW

•

Solid and liquid radioactive waste treatment and conditioning plant (RWTP)

The waste management strategy is based on two main concepts: the size reduction of solid radioactive
wastes and the use of large containers. The management of liquid radioactive wastes requires a
specific strategy.
Decisions have to made depending on the following factors: Less cutting implies a bigger use of large
containers and the potential to reduce man dose and the extensive use of cutting reduces the need for
large containers but increases dose uptake. In any case, decisions must be made in the light of
technical, safety, economical and logistical requirements or factors.
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In order to improve the present waste management at IRT-2000 accounting for the accumulated
operational wastes, and those arising from refurbishment to a low power reactor works. Various
activities have to be done in the following areas:
Legislation, Strategies and Planning
•

Developing and applying of a comprehensive waste management system according to EU and
IAEA guidelines;

•

Arrangement of acceptance of liquid wastes from IRT-2000 at Kozloduy NPP

•

Development of a method for treatment of liquid wastes on the reactor site;

•

Provision of interim storage for pre-conditioned decommissioning wastes on the IRT reactor;

•

Considering for interim storage for decommissioning wastes at Kozloduy.

Disposal and Storage
Liquid (LLW) and solid wastes, from research activities at the DSfRNE, usually are sending to the
Novi Han national repository. It should be noted that Novi Han is designed for the disposal of
institutional wastes and presently has no capacity for decommissioning wastes from IRT-2000.
The current non-operational status of Novi Han must be solved in the short term.
Treatment and conditioning of wastes
•

Erection of mobile or temporary facilities at IRT-2000 for treatment and conditioning of liquid
and solid RW as well as for decontamination of materials. Tele-operation to deal with highly
activated material;

•

Searching for a technical possibility for solid wastes transportation to Kozloduy NPP;

•

On-site pre-conditioning prior to transport.

IV. Conclusion
Many works for clarifying and subordinating the variety of activities have been carried out in order to
organize effective decommissioning of research reactor IRT-Sofia. This decommissioning has to be
done in a way to refurbish the old reactor to a new low-power reactor.
The Bulgarian participation in the IAEA regional project ,,Safety Review of Research Reactor
Facilities" is expected to bring new ideas and information for improvement of the strategy for
decommissioning and refurbishment of the IRT-Sofia nuclear research reactor.
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ABSTRACT
According to the Department of Energy program of the return spent fuel from the foreign research reactors
operators, 33 irradiated MTR boxshaped fuel assemblies from the Technical University Munich were shipped to
SRS/USA.
The fuel assemblies were irradiated for typically 800 full days and, after a sufficient cooling time, loaded into a
GNS 16 cask.
The GNS 16 cask is a new transport cask for boxshaped MTR fuel assemblies and TRIGA fuel assemblies and
was used for the first time at the FRM Garching. The capacity of the cask is 33 boxshaped MTR fuel assemblies.
During the loading of the fuel assemblies, a newly developed loading device was used.
The main components of the loading device are the transfer flask, the shielded loading lock, adapter plate and a
mobile water tank.
The loading device works mechanically with manpower. For the handling of the transfer flask, a crane with a
capacity of 5 metric tons is necessary. During installation of the lid the mobile water pool is filled with
demineralized water and the shielded loading passage is taken away. After that the lid is put on the cask.
After drainage, the mobile water pool is disassembled, and the cask is dewatered.
Finally leak tests of all seals are made. The achieved leakage rate was < 1.0 x 10'5 Pa x 1/s.
The work in FRM was done between 03.02.99 and 12.02.99 including a dry run and leak test.

1.

Introduction

The reactor station FRM in Garching was the first nuclear station in Germany and was started up on
30.10.1957. The MTR-reactor has a capacity of 4 MW and has a total power utilisation of 550 000
MWh. The reactor core has 25 fuel assemblies. It is planned to shut down the reactor in summer 2000.
As a first step for this shut down 33 irradiated boxshaped fuel assemblies were shipped in spring 1999
to the Department of Energy (DOE) Savannah River Site (SRS), USA according to the DOE program
of the return spent fuel from the foreign research reactors operators.
2.

Fuel Assemblies

The fuel assemblies were 20 standard MTR boxshaped and 13 control fuel assamblies. The amount of
U-235 enrichtment was 45 % for most of the fuel assemblies and with some having about 90 %. The
fuel assemblies were irradiated for typically 800 full days. After a sufficiennt cooling time they were
ready to ship.
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3. Equipment and Transport Cask
For the loading a special designed transfer system was used. The transfer system consist of a loading
lock, an adapter plate, a transfer flask and a mobile water tank. To handle the equipment, a crane
capacity of about 5000 kg is required.

Crane capacity required (kg) Dimensions (mm) diameter x height
Loading Lock
4800
1800x700
Adapter Plate
750
1800x175
Mobile Water Tank
3040
1850x1600
Transfer Flask
4500
550x1900
Table 1. Transfer system for GNS 16-Cask

The GNS 16 is a Type B(U) transport cask for irradiated fuel assemblies from research reactors. In
table 2, data and characteristics for the cask are listed.

Loading variants

Capacity (pcs per cask)

HEU-,LEU-, TRIGA-FAS
Tubular- and Boxshaped FAS
Mixed HEU/LEU FAS
Tubular: 28
Box: 33
TRIGA: 90

Overall dimensions
1535 mm
Outer height
1200 mm
Outer diameter
910 mm
Effective inner height
Handling mass
13480 kg
Table 2. Data and characteristics of GNS 16-Cask
After loading leak tests of all seals are made.For this purpose a special equipment is used.

4. Loading procedure
During loading the fuel assemblie (FA) are put into position in the reactor pool. Then the FA are
gripped manually with a tong and are held in the middle of the pool. The transfer flask already
hanging in the pool in the crane now comes up around the FA. The transfer flask with the FA is taken
out of the pool and is mowed by the crane to the cask with the loading lock. The transfer flask is
positioned on the loading lock directly over the right basket position. The shielding lid under the
transfer flask is opened and the FA is manually put into the cask afterwards is the shielding lid closed
and the procedure are started again.
After the loading the GNS 16-Cask is made ready for shipment. In order to dismantle the loading lock,
the mobile water tank is assembled onto the GNS 16-Cask. The water tank is filled with demineralized
water. The loading lock is dismanteled and taked away. The lid of the cask is put on and the mobile
water tank is dewatered and dismanteled. After dewatering the GNS 16-Cask, leak tests of all seals are
made. The achieved leakage rate was < 1.0 x 10"5 Pa x 1/s.
The handling and loading in FRM Garching was performed between 03.02.1999 and 12.02.1999
including dry run and leak test.
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Figure 1. The loaded GNS 16-Cask with the mobile water tank mounted

5. Shipment
The shipment of the 33 irradiated MTR fuel assemblies from FRM Garching to Savannah River Site
was done by the konsortium NCS/GNS including road transport from Munich to the harbour, sea
transport to USA and rail transport from the harbour to SRS.
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ABSTRACT
Since the first research reactors were built in the 1940s, 584 reactors (not including most of
the defense-related reactors) have been commissioned worldwide. Of those reactors still
operating, 208 are located outside of the United States. This paper discusses the enriched
uranium product (EUP) requirements for non-U.S. research reactors that are operating or
under construction. Most of these reactors are located in China, Japan, Russia or Western
Europe. The EUP requirements decrease steadily during 1999 through 2004 by about 1,500
kgU followed by a gradual decline during 2005 through 2020 of about 300 kgU. The EUP
requirement for 1999 is about 15,700 kgU, declining to about 13,900 kgU by 2020. The
accuracy of estimates of future EUP requirements depend on the accuracy of projected
reactor operations, which are modeled using information from various sources, including
past performance. NAC believes the operational projections provide a reasonable basis for
the assessment of future EUP requirements.

Introduction
Since the first research1 reactors were built in the 1940s, 584 reactors (not including most of the
defense-related reactors) have been commissioned worldwide. To date, some 322 have been shut
down permanently. Of those reactors still operating, 54 are located in the United States and the
remainder (208) are located in foreign countries. A distribution of these reactors by criticality date is
shown in figures 1 and 2.
Figure 1

Criticality Dates for Currently Operating Non-U.S. Research Reactors

1. Hereafter, any reference to "reactors" pertains to research reactors unless otherwise defined.
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Figure 2

Criticality Dates for Currently Operating Non-U.S. Research Reactors
"I O f )

Number of Reactors

1940s 1950s 1960s 1970s 1980s 1990s 2000s
Figures 3 through 5 provide a distribution of these reactors by power rating, uranium enrichment and
grams of uranium per element.
Figure 3

Distribution of Operating Non-U.S. Research Reactors by Power Rating (kWth)
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Figure 4

Distribution of Operating Non-U.S. Research Reactors by w/o U',235
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Figure 5

Distribution of Operating Non-U.S. Research Reactors by gm UI element
Number of Reactors

10

> 10,000 10,000 to 4,999 to
5,000
1,000

999 to
300

299 to
100

<100

Future EUP Requirements
NAC maintains a data base that contains fuel cycle2 requirements for non-U.S. reactors. Various
sources have been used to compile the data base information including reactor operations staff,
International Atomic Energy Agency (IAEA) directories, international conference proceedings,
government documents and trade publications. The information is reviewed and analyzed prior to
being used to generate EUP requirements for a reactor.

2. A fuel cycle is the period of time between successive refueling outages.
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It is important to differentiate reactor requirements and reactor demand for EUP. Requirements are
defined as the amount of EUP required for the operation of a reactor for a given fuel cycle, without
accounting for use of existing EUP inventories. Demand equals requirements when the reactor
operator does not use existing inventory.
A fuel cycle can range from just a few weeks for a large isotope producing reactor to life of reactor for
small training and research and development (R&D) reactors. Some reactors are never refueled
because the fissile material in the core is not sufficiently depleted to require the addition of more
fissile material. In this case, there is only one fuel cycle during the operating life of the reactor. The
initial core represents the only EUP requirements for these reactors.
Most non-U.S. operating reactors are located in China, Japan, Russia and Western Europe. This is
important because, in many cases, reactor location determines the EUP supplier. Of the 208 non-U.S.
operating reactors, 62 reactors have not been—and will not be—refueled because the depletion of
fissile material is not sufficient to require refueling. The ratio of these reactors compared to the total
number of research reactors is presented by region in figure 6.
Table 1 lists the projected EUP requirements for operating non-U.S. reactors by region. The projected
EUP requirements for five reactors that are under construction were also included.
The EUP requirements were armualized for those reactors that refuel more than once per year. For
those reactors that are refueled on a frequency that exceeds one year, the EUP requirements were
listed in the year of the estimated requirement.
Figure 6

Percentage of Operating Non-U.S. Research Reactors That Do Not Require Refueling
for Four Regions

Western
Europe
41%
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Table 1

Enriched Uranium Requirements for Six Major Regions and Countries (kgU by Year)

Eastern Europe
Western Europe
South America

1999
96,4
333.2
67,1

2000
101.8
324,7
67.2

2001
96.5
332.1
67,6

2002
101.8
324,7
.67.2

2003
96.5
354.1
64.4

2004
2005
101 95.5
325.2
324,6
67,7
67.1

2006
100,9
362.1
67,2

2007
95.6
368,3
67.6

2008
102,2
388.7
64,5

2009
95.5
364,7
72.8
95.5

Africa

95.3

95.3

102.2

95.5

96.4

102.2

95.5

95.5

102.2

96.4

Mid-East & Central Asia

58.6

59.1

60.3

59.1

62.2

60.8

58.6

59.1

60.3

62.7

58.6

Asia

171.5

171.5

168.7

168.7

170.1

168.7

168.7

164.8

164.8

166.5

164.8

Canada

246.4

283.8

326.9

326.9

326.9

321.2

321.2

321.2

321.2

321.2

321.2

277.9

278.2

128.9

129.1

131.5

129.2

128.8

129.1

128.9

111.4

129.8

1,802.6 1,802.6

1,803

1,802.6 1,811.7

356.4

356

278.6

279

295.3

278.6

China
France

11,015.1 11,015.1 11,015.1 11,015.1 11,015.1 11015.1 11015.1 11015.1 11015.1 11015.1 11015.1

India

1,127.4 1,127.4 1,128.5 1,127.4

Japan
Russia
.TOTAL

435.9

437.6

434.9

iiilli

'':---.:':skf&iii:fW:i

437.6

vllli656 -

1,128

1128.5

1127.4

1127.4

1128.5

1122

1127.4

444.2

436.6

435.9

437.6

434.9

449.5

435.9

ilipiii

2010

2011

2012

2013

2014

Eastern Europe

101

95.5

100.9

95.7

100.9

95.5

Western Europe

365.3

364.7

361.9

394.7

361.9

364.7

67.7

67.1

67.2

64.9

67.2

67.1

67.7

South America

ii4:,166::HlySgiiHiit;i60

15,701-^;;S|^213:I
2015

: : • : • : . • • : • : • • . >

.

.

.

.

:

:

:

2017

2018

2019

2020

101

95.5

102.2

95.6

100.9

353.1

352.7

376.7

355.9

349.9

67.1

64.5

67.6

67.2

103.3

95.5

2016

102.2

95.5

95.5

103.1

95.5

95.5

102.2

95.5

96.4

60.8

58.6

59.1

63.9

60.2

58.6

60.8

58.6

62.7

61.4

60.2

Asia

164.8

164.8

164.8

166.7

164.8

164.8

164.8

164.8

166.5

164.8

164.8

Canada

326.9

80.5

80.5

80.5

80.5

80.5

80.5

80.5

80.5

80.5

80.5

China

129.2

128.8

129.1

132.7

130.1

128.8

130.3

128.8

111.4

128.9

129.1

' 278.6

278.6

280.1

278.6

278.6

279

278.6

295.3

279

278.6

Africa
Mid-East & Central Asia

France
India

279

11015.1 11015.1 11015.1 11015.1 11015.1 11015.1 11015.1 11015.1 11015.1 11015.1 11015.1

Japan

1128.5

1127.4

1127.4

1129.1

Russia

436.6

435.9

437.6

443.2

1127.4

1127.4

1128.5

1127.4

1122

1128.5

1127.4

...........i^... 435.9

436.6

435.9

449.5

434.9

435.9

TOTAL.-

The accuracy of estimates of future EUP requirements depend on how well actual reactor operations
follow projected operations over time. Projected operations are modeled by using information from
various sources as identified earlier, as well as information on past performance for a given reactor.
NAC believes these projections provide a reasonable basis for the assessment of future EUP
requirements.
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AGING MANAGEMENT OF CIRUS

CH01000317

R. C. SHARMA
Bhabha Atomic Research Centre
Trombay, Mumbai-400085, India

ABSTRACT
Cirus, a 40 MWt, tank type research reactor located at the Bhabha Atomic
Research Centre, is in operation since 1960. In Cirus, heavy water is used as moderator,
demineralised light water as primary coolant and natural uranium metal as fuel. The
average availability factor had been about 70% till the year 1990 whereafter it started
decreasing due to frequent problems with equipment / components. Systematic aging
studies were therefore undertaken to assess the condition of structures, systems and
components. Based on these studies, refurbishing requirements were identified and a
detailed plan was drawn up for refurbishing. Reactor was shut down in October 1997 for
execution of refurbishing jobs.
This paper presents a summary of the results of aging studies and the refurbishing
plans. Details of core unloading to facilitate refurbishing and some of the important jobs in
the primary coolant system relating to pressure testing of primary coolant pipelines and
repairs to identified leaky sections are discussed.

Introduction
Cirus is a vertical tank type
reactor
of 40 MWt
capacity. The reactor is
natural uranium fuelled,
heavy water moderated and
light water coaled. The
reactor core is housed in a
calandria, a cylindrical
aluminum vessel with
aluminum lattice tubes
located between top and
bottom tube sheets. The
reactor
vessel
is
surrounded by two annular
rings of graphite reflector,
cast iron thermal shield
and 2.4 meter thick baryte
concrete biological shield.
On top and bottom of
reactor vessel, there are
aluminum
and
steel
thermal shield. Concrete
biological
shields
are
placed
at
the
top
(Figure. 1).
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FIS- i

The fuel assemblies are located inside the lattice tubes and are cooled by forced circulation of
demineralised light water in a closed loop with the coolant flowing from top to bottom in core region.
Shut down cooling is provided by one pass gravity flow of water from an emergency water storage
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tank (called ball tank based on its shape) located at a higher elevation than the reactor (Figure-2). The
heat from primary cooling water, thermal shield cooling water and the heavy water moderator is
transferred to sea water in tubular heat exchangers.
Cirus attained first
criticality
during
EMERGENCY WATER
July
1960
and
RESERVOIR I BALL TANK)
operation at rated
power
during
October 1963. From
LIAXY P0U* JOINT
-NORMAL SHUT-DOWN CORE
m THE CtMTRAL
COOLINO FLOW INLET LINE
1963 to 1990 the
HttTT
CHECK VALVES
average availability
factor of Cirus was
close
to
70%.
However, from 1991
the
availability
PUMPS
factor
started
WITH
CLASS*
coming down due to
POWER |
[
aging of various
components
necessitating extra
efforts
for
maintenance.
FUEL RO0S
Detailed
aging
studies
for
the
"*•
MOM
KAMR
systems, structures
and components of
the reactor were
carried
out and
based on these and
the
performance
COOLAKT FLOW PATH WITH PRIMARY
COOLAItT PUMPS OPERATINS.
review of the reactor
SHUT-DOWN COOLINO FLOW PATH.
and
auxiliary
systems,
a
CIRUS-PRIMARY COOLING WATER SYSTEM
1SCHEMATIC1
refurbishing
program
was
FIO.-l
chalked
out.
Reactor has been
shut down since October 1997 for this purpose, irradiated fuel from the core has been unloaded and the
refurbishing work is in progress.

Aging Studies
A group was formally constituted to carry out systematic and detailed aging studies of the systems,
structures and components of the reactor and for identifying refurbishing requirements. Several items
were identified for conducting detailed studies. The important findings of the aging studies are briefly
described below.
REACTOR VESSEL
Cirus Reactor Vessel (RV) is a 3200 mm high and 2667 mm diameter cylindrical tank made of
aluminum alloy equivalent to Al-lS. The shell is 6 mm thick and has a 150 mm long and 3 mm thick
bellow portion at the top to take care of thermal expansion and contraction. The RV is provided with
199 vertical lattice tubes. Since sample coupons of the RV material were not installed in the core;
samples from a flow-tube of an isotope irradiation assembly made of Al-lS which had seen a total
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neutron fluence comparable to that seen by the RV shell, were examined for fast neutron irradiation
induced embrittlement and thermal neutron induced transmutation to silicon (which can cause
precipitation hardening of aluminum). Test results indicated that material has not suffered significant
damage. Eddy current testing of the RV tubes for wall thickness monitoring was being done since
1971. In addition, the RV tubes are being examined using duel frequency Eddy Current Testing probe
for assessing the wall thickness and presence of any significant flaws. No significant thinning of the
tubes or unacceptable flaw in any of the tubes has been detected so far. Inspection of the outer surface
of RV through beam holes and inner surface of selected lattice tubes using a micro video camera was
carried out and found healthy. Expansion bellow near the top of RV has been exposed to neutron
fluence and subjected to about 4000 cycles of thermal stresses. A finite element analysis was
performed to assess fatigue life of the bellow for the fluctuating thermal load. Cyclic temperature
variations of 35 °C and two extreme cases of allowing and disallowing of rotation in the joint of
positioning bracket were assumed. For both cases the stresses in the bellow were assessed to be well
below the endurance limit of the material. These findings indicate that the vessel is in good health and
can be expected to give satisfactory service for several years.
SAFETY SYSTEMS
In CIRUS, the Reactor Power Regulation is done by moderator level control. The reactor neutron
power is measured by ion-chambers located in a graphite thermal column outside the calandria. The
Reactor Protection System comprises of signal generation and transmission units and shut down
devices in the form of six fast acting shut off rods backed up by partial moderator dump. On reactor
trip, shuts off rods get rapidly inserted into the core and simultaneously moderator from the calandria
is dumped through quick opening control and dump valves.
Three of the 10 nos. control and safety ion chambers in Cirus had been replaced due to deterioration in
their saturation characteristics and one chamber was replaced due to degradation of insulation
resistance of the portion of cable forming integral part of the chamber. In view of this experience, the
periodicity of monitoring saturation characteristics and cable insulation was increased to once a year.
Spare units are available for replacement as and when required.
The original signal processing units of the Reactor Regulating System of Cirus were based on vacuum
tube technology. Component obsolescence and increasing trend in failure rates of units/components of
the system was observed during late seventies. Replacement of the major components of the
regulating system by solid state devices was undertaken and the new units were successfully
commissioned during 1984. Performance of the new units has been satisfactory.
Shut off rods made of Boron carbide pellets encased in stainless steel tubes act as fast acting shut
down devices. Performance of shut-off rods has been highly satisfactory over the years. No unsafe
failures have been observed and maintenance requirements are limited to that of a routine nature.
Depletion in Boron-10 content was estimated to be less than 0.1% and hence insignificant. Absorber
sections of the shut off rods were thoroughly checked by visual examination and found healthy.
IMPORTANT OUT-OF-CORE COMPONENTS
During the last few years before the refurbishing outage, the maintenance efforts on primary coolant
pumps had increased, primarily on account of frequent damage to the gear elements (speed increaser)
installed between the motors and pumps. Vibration levels on the pumps were also found higher. The
primary source of high vibrations was found to be increased turbulence caused by worn-out impellers,
especially the impeller vane tips. Impellers of these pumps were replaced and subsequently the
vibration levels came down within acceptable limits. Procurement of directly driven, new pumps was
also initiated. The gear elements were also replaced. Efforts have also been initiated to replace the
pumps by new pump-motor units of revised specifications and without any gear box.

155

Erosion of the cupro^nickel tubes of primary coolant heat exchangers was observed. Erosion was
mainly in the section of the tube bundle facing the primary coolant inlet nozzle on the shell.
Metallographic examination of the tubes indicated denickelification of the tubes. Many tubes in this
zone had thinned. Detailed studies indicated that degradation was caused by impingement due to high
fluid velocity. The heat exchanger shells were checked by ultrasonic testing and found healthy. In
view of these observations, it was decided to replace the tube bundles of all heat exchangers.
Heavy water & helium system piping is made of SS 304. A few pipe pieces were removed from the
Helium system for metallographic studies. Microstructural examination near welds indicated carbide
precipitation and a few fine cracks up to a depth of 25 micron. It was decided to replace such segments
of piping. Welds on piping carrying heavy water were also examined but no significant flaws could be
detected indicating that these pipes are healthy.

PRESSURISED WATER LOOP
Cirus has a pressurised water loop ( PWL ) of 400 KW rating for irradiation testing of fuels and
structural materials. The in-pile test section of PWL is made of Zircaloy-2. Light water coolant in the
loop is maintained at 1500 psig and 500 °F. On the basis on oxide layer thickness and assuming that
the entire hydrogen due to corrosion reaction on the inside of tube was picked up, hydrogen pick up
was estimated as 7 ppm only. Sample coupons of the original pressure tube were not available. Hence
initial hydrogen level was assumed to be 25 ppm which "was the maximum permitted value for material
acceptance. This total hydrogen level of 32 ppm is not likely to reduce fracture toughness of the
material to any significant extent. Procedures to avoid cold pressurisation of the loop will also be
implemented. Visual examination was also done on the inner surface of the test section with a micro
video camera and the condition was found to be healthy.

Refurbishment
Refurbishment plan, including appropriate controls for radiological protection and industrial safety,
was prepared after thorough review by an expert group consisting of representatives from various units
such as operation, maintenance, quality assurance and audit, technical services, training radiation
hazards control, reactor physics and reactor chemistry. The final plan was approved by the regulatory
body.
CORE UNLOADING:
After shutting down the reactor, the core was completely unloaded of all fuel assemblies, experimental
assemblies, isotope tray rods and primary shut down devices. In order to ensure monitoring of flow
through the fuel assemblies, the unloading of fuel assemblies was done with progressive reduction in
number of pumps operating as gross flow through the core decreased with progressive removal of fuel
assemblies. A few assemblies had to be removed with shut down cooling, as operation of even single
pump was not feasible. All empty reactor positions were plugged with long aluminum shielding plugs
both at top and bottom to bring down the radiation fields in the working areas. About 30 dummy fuel
assemblies were installed to facilitate circulation of water through the primary coolant loop and for
control of water chemistry for system preservation. Moderator heavy water was drained from the
system and kept locked up in a storage tank. All other process and ventilation systems were kept in
normal operation.
PRIMARY COOLANT PIPING:
Major portion of primary coolant system piping is made of seamless carbon steel material with
diameters of pipes ranging from 50 mm to 500 mm. About 70% of piping is laid subsoil (4 m deep)
and individual sections of piping are joined with mechanical couplings having elastomer seals called
"Dresser Coupling". One such coupling on the reactor coolant outlet line located in a sub-soil concrete
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chamber had developed a minor leak. Replacement of the leaky elastomer seals of the joint was
carried out without draining the water from the system to prevent any damage to elastomer seals of the
other dresser couplings under dry conditions. For this purpose, the concrete chamber was flooded with
water and the seals on the coupling were replaced underwater with the help of divers.
Two of the subsoil pipelines were found to have minor leaks during hydro testing. Locating the leaks
using radioisotope tracer and acoustic emission techniques was considered but was not feasible due to
various site constraints. The pipelines were therefore exposed by excavating soil. Leak on one of the
lines was found to be due to pitting corrosion of outside surface and the pipe material was also found
to be not in good condition. The leak from the other line was from Dresser Coupling gasket. The
coating and parent metal of all the pipes was examined. Coating on all the pipelines was found
degraded due to aging but parent metal was found in good condition except for one line ( where leak
was found ). After review it was decided to replace coating on all pipelines with cold applied
protective tape and also to replace the gaskets of Dresser couplings since the elastomer material had
already seen a long life. For the pipeline where metal surface was found degraded, it was decided to
replace the entire line.
A crack adjacent to a weld in one of the coolant outlet cross headers made of SS 347 material was observed. Insitu metallographic examination was carried out by transferring the microstructure to a back reflecting plastic
replicating strip. The crack propagation was seen to be inter-granular and area surrounding the crack had
sensitized microstructure. On detailed checking after cutting and removing the header, an unexpected weld joint
was found in the header. It was seen that a SS 304 spool piece with coarse grain material was welded between
the SS 347 header. The poor weld joint between the SS 347 and SS 304 pipe piece and the coarse grain structure
caused the defect This revealed that near the crack a repair work had been carried out during initial installation
whereby a small piece was inserted. The header was repaired and installed back.

REMOTE REPAIRS TO LEAKY FLANGE JOINT OF COVER GAS PIPING
One of the challenging jobs during the present outage is the repair of leaky flange joints of the helium
cover gas system located in the reactor structure region. There are eight flanged joints between the
aluminum extension pipes connected to the reactor vessel and the stainless steel system piping. These
joints are located in the 200-mm vertical gap between the upper steel thermal shields and removable
concrete biological shields. The flange joints are of tongue and groove design with elastomer seals. In
order to avoid removal of the large structural components above the flange joints, a remote repair
procedure was developed. The procedure involves tightening the flange joints using clamps and has
been tested successfully on a full scale mock up. Close circuit television camera is used for remote
viewing and the tools and clamps are maneuvered into place using multiple ropes. The ropes are
manipulated from the operating platform located about 5 m above, somewhat like in a puppet show.
Analysis has been carried out, to identify the correct sequence and the extent to which these flange
joints could be tightened safely. The repair method was earlier qualified in a mock up where leak was
corrected by tightening a similar flange joint with very old and broken gasket.

Conclusion
Detailed aging studies of Cirus were carried out after a service period of about 32 years. Status of the
health of systems, structures and components of the reactor was assessed through these studies and a
refurbishing plan was drawn up. Refurbishing of the reactor has been taken up which includes
replacement and repairs of degraded components as also safety improvements. With these actions the
useful life of the reactor is expected to be extended significantly in a cost-effective manner. The
experience of refurbishment will also be helpful in planning and execution of decommissioning of the
reactor at a future date.
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FUEL MANAGEMENT STRATEGY
FOR THE COMPACT CORE DESIGN OF RSG GAS (MPR-30)
TAGOR MALEM SEMBIRING, LIEM P.H. and TUKIRAN S.
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National Nuclear Energy Agency (Batan), PUSPIPTEK-Serpong Tangerang, 15310 - Indonesia

ABSTRACT
The rearrangement of the core configuration of RSG GAS reactor to obtain a compact core
is in progress. A fuel management strategy is proposed for the equilibrium compact core of
the RSG GAS reactor by reducing the number of in-core irradiation positions. The
reduced irradiation positions are based on the activities in RSG GAS reactor during 12
years operation. The obtained compact core gives significant extension of the operation
cycle length so that the reactor availability and utilisation can be enhanced. The
equilibrium compact silicide core obtained met the imposed design constraints and safety
requirements.

1. Introduction
The Reaktor Serba Guna G.A. Siwabessy (RSG GAS), formerly called MPR-30, is a pool -type,
MTR-type research reactor that uses low enriched uranium (19.75 w/o) fuel elements with 2.96 gU
cm"3 meat density. The RSG GAS reactor is a beryllium-reflected, light-water-moderated and -cooled
with a maximum thermal power of 30 MW, is in operation since 1987. The core and reflector
configuration is shown in Fig 1. Presently, the core conversion program from oxide (U3O8-AI) to
silicide (U3Si2-Al) has been started. The RSG GAS reactor with full silicide core will be achieved at
the middle of 2001, if the reactor is operated for 4 cycles in a year.
Come along with the reactors design
specification, the reactor is mainly aimed for
experiments, radioisotope production and
material research. To support the activities,
beside 40 standard fuel elements (FE) and 8
control elements (CE) to bear control
absorbers, there are 8 grid positions for in-core
irradiation positions (IP and CIP) as well as
the out-core irradiation positions.
However, during in these 12 years, the
requests of experiment and irradiation using
in-core positions is a half of the existing
positions. Based on the request, the optimum
number of in-core irradiation is 4 grid
positions. This condition gives the reason to
rearrange the core configuration of RSG GAS
core to obtain a new core configuration, is
called as the compact core.
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Fig 1. The present core-reflector configuration
of RSG GAS with burn-up class in the second
row.

Therefore, the objective of the compact core design of RSG GAS reactor is to obtain a core
configuration with an optimal facility for utilization and can improve on efficiency and performance
of the reactor operation.
This paper presents the results of the equilibrium compact core design of RSG GAS using silicide fuel
(2.96 gU cm"3 meat density or 250 g 35U per FE) through the reduction of the number of in-core
irradiation grid positions. The number of in-core irradiation positions in the proposed compact core is
4 grid positions, 2 for IP and 2 for CIP. The design constraint is to maintain the performance of
reactor utilization, neutron flux level, as well as the existing safety requirements. The procedure to
design the equilibrium compact core of RSG GAS reactor is discussed as well as the results.

2. Design method
For the design the equilibrium compact core of RSG GAS reactor, the following constraints have
been considered:
1. No major modification to the reactor balance of plant, shielding, core main structural components,
and civil buildings may be made.
2. The number of FE and CE is not changed.
3. The performance of the in-core and out-core irradiation positions, such as the thermal neutron
flux level, must be maintained.
4. The existing one-stuck-rod (OSR) reactivity margin and thermal-hydraulic safety requirements
must be fulfilled.
5. Maximum discharge burn-up is limited to 70 % for licensing purposes.
Then, the free parameters for fuel management is still open to be changed have to consider. As same
as the present core, the 40 FEs and 8 CEs in the proposed compact core are grouped into 8 burn-up
classes (batches or zoning). Consequently, at beginning of cycle (BOC) 5 FEs and 1 CE are loaded
after discharging the same number of old FEs and CE from the core. For 235U loading, the compact
core uses silicide fuel with 2.96 gU cm"3 or 250 gram 235U per FE. Therefore, the free parameter will
be manipulated in this present work is refueling/reshuffling strategy.
The neutronic design of the equilibrium compact core was performed with use of the WIMS/D4 [1]
and Batan-EQUIL-2D [2] codes. The cross section library for fissile and non-fissile material is
prepared with the WIMS/D4 cell calculation code. The general reactor data, refueling and reshuffling
strategy, and the operation cycle length are fed into an in-core fuel management code module, BatanEQUIL-2D. The two-dimensional diffusion calculation by Batan-2DIFF code module [3] in X-Y
geometry was carried out with the 4-group constants. The detail neutronic design procedures in this
work is same as in Ref. 4.

3. Results and discussions
The equilibrium compact core configuration of RSG GAS reactor obtained by Batan-EQUIL-2D is
shown in Fig 2 together with the 8 burn-up classes. This compact core has four grid positions for incore irradiation position, IP and CIP. The detail information of the FE and CE movement during the
reshuffling is indicated in Table 1.
Fig. 3 shows some important parameters of the equilibrium compact core as a function of the
operation cycle length (or energy generation per cycle), namely, the BOC excess reactivity (at the
cold and xenon-free condition), the EOC excess reactivity (at the hot and equilibrium-xenon
condition), and the maximum discharge burn-up of FEs and CEs. The EOC excess reactivity is
limited by the subcriticality constraint, but it is a common practice to provide a sufficient excess
reactivity allowance at EOC for effective reactor power maneuvering, compensating irradiation
targets, and partial xenon override.
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On the other hand, the BOC excess reactivity is limited by the one-stuck-rod subcriticality (OSR)
condition, and the maximum discharge burn-up has been set to be around 70 %. To select the optimal
operation cycle length for the compact core of RSG GAS, some trade-offs must be made. For a
shorter cycle length the reserve EOC excess reactivity becomes larger, but the safety reactivity margin
for the one-stuck-rod condition decreases. Thus, for the proposed equilibrium compact core of RSG
GAS reactor, the feasible ranges of operation cycle lengths are roughly from 25.8 to 26.3 days or in
term of energy generation is from 775 MWD to 790 MWD. Comparing these values to the present
operation cycle length of 22 days [5], one sees that a significant extension of cycle length can be
achieved.
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Table 1. Reshuffling and refueling strategy for
the new silicide equilibrium core of RSG GAS.
From
H-8
H-7
H-6
H-5
G-9
G-8
G-6
G-5
G-4
F-10
F-9
F-8
F-7
F-6
F-5
F-4

To
F-10
C-4
D-10
F-9
E-8
out
B-7
G-8
C-7
G-9
A-6
C-5
F-4
out
F-8
F-6

From
F-3
E-10
E-9
E-8
E-7
E-5
E-4
E-3
D-10
D-9
D-8
D-6
D-5
D-4
D-3
C-10

To
C-10
B-4
G-6
D-3
F-7
D-9
E-5
A-7
G-4
B-5
out
B-9
H-6
E-9
C-6
E-3

From
C-9
C-8
C-7
C-6
C-5
C-4
C-3
B-9
B-8
B-7
B-5
B-4
A-8
A-7
A-6
A-5

To
D-8
F-5
B-8
G-5
D-4
D-5
H-7
C-9
out
out
out
D-6
A-5
E-7
E-4
E-10

Fig 2. The proposed compact core-reflector
configuration of RSG GAS reactor with burnup class in the second rows.
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Fig 3. Optimisation of the operation cycle
length for the equilibrium silicide compact
core (nominal power of 30 MWth)
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Fig 4. BOC/EOC fuel burn-up distributions
of the equilibrium compact core of RSG
GAS silicide core (780 MWD)

The fuel burn-up distributions of the equilibrium core at BOC and EOC are shown in Fig. 4. It can
be observed from the figure that the FE/CE burn-up values at EOC obtained with Batan-EQUIL-2D
code coincided within the convergence criteria to the FE/CE burn-up values at BOC of the next core
cycle. The result proved that the proposed searching procedure and the code worked satisfactorily.
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Table 2 summarizes the fuel burn-up characteristics of the proposed equilibrium compact core. The
fuel burn-up characteristics of the present core are included in the table for comparison. The average
burn-up step for each operation cycle of the compact core was found to be 8.0 % compared with the
6.9 % of the oxide core. It can be seen that the maximum radial FE channel factor was found to be
1.33 and is lower than the permissible value, 1.4. Table 3 shows the comparison of the reactivity
between the present core and the compact core. The OSR criteria is fulfilled in the compact core.
Moreover, the flux level of the thermal neutron in the in-core irradiation, for compact core, is same
as the present core. But, the fast neutron flux level in compact core is bigger compare with that in
the present core. Hence, the neutron spectrum of the in-core irradiation positions in the compact
core is harder, relatively.
Table 2. Comparison of the fuel burn-up characteristics
between the present oxide core and the new silicide equilibrium
core.
Description

EOC
BOC
Compact Present Compact Present
5
No. of FE loaded per cycle
5
1
No. of CE loaded per cycle
1
7.7
In-core 235U mass (kg)
7.9
8.5
7.0
In-core U mass (kg)
54.5
55.1
53.6
54.3
Core-av. fuel burn-up (GWD/THM)
50.1
52.9
41.5
63.6
Core-av. fuel burn-up (% loss of U)
30.8
25.7
38.8
32.6
Max. FE burn-up (% loss of 235U)
56.1
67.5
59.7
Max. CE burn-up (% loss of 235U)
69.2
Max. radial fuel element channel factor
1.33
1.24
1.24
1.33

Table 3. Reactivity balances for the present oxide and the
equilibrium compact core of RSG GAS silicide reactor
The compact core
The present core
26 days
22 days
780 MWD
660 MWD
Hot to cold *
0.7
0.6
Equilibrium Xe poisoning
3.6
3.7
Burn-up
3.7
2.8
Exp., partial Xe override, etc.
2.4
2.1
Core excess reactivity
10.4
9.2
Total shutdown reactivity
-15.4
-13.9
-5.0
-4.7
OSR reactivity
3.8
2.9
OSR shutdown reactivity margin
-1.2
-1.8
*Be positive temperature reactivity feedback is not included
Reactivity balance (%)

4. Concluding remarks
A fuel management strategy for the equilibrium compact core of the RSG GAS reactor by reducing
the number of in-core irradiation positions has been proposed to extend the operation cycle length so
that the reactor availability and utilisation can be enhanced. The equilibrium compact silicide core
obtained met the imposed design constraints and safety requirements.
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