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Abstract

SCK•CEN, the Belgian Nuclear Research Centre, is designing an accelerator-driven system (ADS),
MYRRHA, which aims to serve as a basis for the European experimental ADS and to provide protons
and neutrons for various R&D applications. It consists of a proton accelerator that delivers a 350 MeV,
5 mA proton beam to a liquid lead-bismuth eutectic (LBE) spallation target, which in turn couples
to an LBE-cooled, subcritical fast-spectrum core in a pool-type configuration. The liquid metal flow
pattern in the lower part of the MYRRHA pool vessel needs to be investigated in order to assess the
details of recirculation and stagnant zones for adequate coolant flow and sufficient physico-chemical
mixing as well as to judge the scaling of flow down to a model that can be handled experimentally.
To this end, three-dimensional (3-D) computational fluid dynamics calculations were performed by
NRG in collaboration with the MYRRHA team.
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Introduction

The subcritical core of the MYRRHA ADS is submerged in a pool filled with LBE, which serves
as a coolant and neutron reflector medium (see Figure 1 [1]). The ~60 m3 of LBE fills a vessel of
roughly 4 m inner diameter and 6 m height. Under full operational conditions, the LBE is “cold” at
~200 C in the lower part and flows through the central core upwards being heated to ~350°C on
average. This “hot” zone is separated by a diaphragm from the “cold” zone. Four eccentrically positioned
pumps force the circulating flow downwards through heat exchangers and provide the pressure head
for core cooling.

Since the cold zone or lower pool is spacious enough to permit the loading of the core and the
exchange of fuel, it is necessary to gain knowledge about the behaviour of the flow pattern in the
lower part of the pool with emphasis on the occurrence of recirculation and stagnant zones. Such
features could influence the cooling or the physico-chemistry of the LBE that is corrosive to the steel
used. The latter will be protected by proper dynamic oxygen control of the LBE whose concentration
may not be controllable if sufficient mixing is not allowed. The objective of the present analyses is to
evaluate the basic isothermal flow pattern in the lower part of the vessel in order to assess the presence
of recirculation and stagnant zones for the full-size device in normal and abnormal operating conditions.
The CFD analyses will be extended later on to cases where hot injection takes place and finally the full
thermal cycle may be modelled.

Although the CFD results will be used as a guideline, experiments are still necessary but are not
economically possible at the scale of the foreseen device. Therefore, the lower part of the MYRRHA
pool vessel needs to be scaled down by a linear factor of up to 10, which would allow for the building
of a model containing 60 l instead of 60 m3 of LBE. The second objective of the present analysis is to
evaluate the influence on flow topology of the downscaling of the MYRRHA pool by a factor of up to
10. To this end, a scaling method preserving the relevant flow features should be defined.

Figure 1. The MYRRHA ADS and its lower pool model

Geometry of the lower MYRRHA pool

The lower pool space of MYRRHA to be modelled is a cylindrical space of 4 m inner diameter
and height of ~2 m (see Figure 1). The bottom surface is covered by a unit that provides electrical
heating and process gas injection for oxygen control. Neither of the functions is relevant here but the
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surface roughness of this structure was taken into account. The same is true for the top boundary,
which consists of a grid to prevent detached objects from floating into trapping spaces of the diaphragm.
The lower pool unit hangs from the diaphragm, and the four support stanchions for pump and heat
exchanger units are to be modelled in case they present obstacles to azimuthally developing flow by
virtue of pump imbalances. A further asymmetric obstacle is introduced by the spallation loop. The
coupling between the spallation loop and the lower pool through the spallation loop heat exchanger
was not modelled. The inlet mass flow rate of the injecting pumps was taken as 350 kg/s for each
injecting pump through a nozzle of 200 mm in diameter.

Scaling methods

The turbulent jets leaving the four pump units determine the flow pattern. Three different scaling
methods were considered based on varying importance of the physical parameters characterising a jet:

• The turbulent jet is characterised by the Reynolds number with the pool diameter at
characteristic length. In this case, the jets emerging from the down-scaled nozzles were
equivalent to the jets emerging from the original nozzle when the velocity is increased
(Reynolds number).

• The time a jet needs to reach the bottom of the MYRRHA pool is considered characteristic for
the jet. The inlet velocity was scaled by the same factor as the geometry (characteristic time).

• The velocity of the jet at the pump outlet characterises the jet. At the same time, the volume
throughput time was kept constant (inlet velocity).

The three methods are summarised in Table 1. The correct choice for the scaling method is not
obvious and depends on the phenomena investigated. In the case of physico-chemistry effects,
timescales are most important and emphasis will be put on the correct representation of residence times.

Table 1. Scaling methods (geometric scaling factor f)

Inlet
diameter

Pool
diameter

Inlet
area

Pool
volume

Volume
flow

Inlet
velocity

Through
-put
time

Scaling
method

[m] [m] [m²] [m³] [m³/s] [m/s] [s]

Reynolds
number

Reynolds 1/f 1/f 1/f² 1/f³ 1/f f 1/f² 1

Characteristic
time

1/f 1/f 1/f² 1/f³ 1/f³ 1/f 1 1/f²

Inlet velocity 1/f3/2 1/f 1/f³ 1/f³ 1/f³ 1 1 1/f

In order to compare results obtained with various scaling methods, a dimensionless velocity and
a dimensionless residence time are defined. The dimensionless velocity (v¢) was obtained by dividing
the velocity (v) by the inlet velocity (vinlet):

inletv

v
v =' .
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The inlet velocity was obtained from the specified mass flow rate at the pump outlets, the pump
outlet area and the density of the applied fluid. The dimensionless residence time (t¢res) was obtained
by dividing the residence time (tres) by a characteristic time:
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where Dpool is the diameter of the pool, fv is the volume flow and Apool is the area of a horizontal
cut-plane of the pool. C equals:

fullscaleinlet

fullscalepool

A

A
C

,
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where Apool, full scale is the area of the full-scale pool and Ainlet, full scale is the area of a full scale inlet.

Cases

The flow topology was analysed for various scenarios, with special emphasis on the presence of
stagnant zones. In the Base Case scenario, all four pumps had equal performance. For Cases 1a through
1f, one or two pumps were stopped with no throughput permitted; the other pumps had equal
performances per pump as compared to the Base Case. This is operationally not correct since the flow
rates of the operating pumps would be increased. However, these results will provide the design team
with useful information about the residence times for each scenario.

The main dimensions of the pool were scaled down by a factor of five for the Cases 2a, 2b and
2c. Scaling was based on the Reynolds number, characteristic time and velocity, respectively. The
model was scaled down by a factor of 10 for Case 3. In this analysis, scaling based on characteristic
time was used. The cases are summarised in Table 2.

Table 2. Cases

Case Case description
Base No pump tripping and no scaling
1a Full scale, 1 pump close to the spallation loop tripped
1b Full scale, 1 pump opposite the spallation loop tripped
1c Full scale, 2 pumps close to the spallation loop tripped
1d Full scale, 2 pumps opposite the spallation loop tripped
1e Full scale, 1 pump close to the spallation loop and 1 pump opposite

the spallation loop, but close to the first pump, tripped
1f Full scale, 1 pump close to the spallation loop and 1 pump opposite

the spallation loop, but diagonally opposite to the first pump, tripped
2a Scaled down by a factor of 5, scaling based on Reynolds number
2b Scaled down by a factor of 5, scaling based on characteristic time
2c Scaled down by a factor of 5, scaling based on velocity
3 Scaled down by a factor of 10, scaling based on characteristic time
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CFD calculations

CFD model

Computer code

The computations were performed using the widely used commercial CFD code, CFX5.5 [1].

Mesh

The mesh for the lower MYRRHA pool model consisted of 911 000 hexahedral computational
cells. The k-e turbulence model in combination with scalable wall functions as implemented in CFX5
was selected for the current analyses. Therefore, the mesh refinement near the walls should ideally be
such that the non-dimensionless distance y+ is larger than 12 in order to model the boundary layers.
However, the wall friction was predicted with sufficient accuracy for this application, even for lower
values of y+ [1]. For the full-scale model, the values of y+ were in the range of 20 to 200. For the
scaled-down model, the values of y+ were in the range of 4 to 20.

Main fluid dynamics model

The main fluid dynamics model describes a single phase steady-state time-averaged incompressible
turbulent flow. The k-e turbulence model in combination with scalable wall functions as implemented
in CFX5 [2] was selected to model turbulence. The MYRRHA core was modelled by a porous medium,
such that the pressure drop over the core is in accordance with the actual pressure drop of 3 bar [4]
although this may cause a non-physical velocity profile at the core entrance, which must be considered
with some prudence. The influence is negligible, however, of the velocity profile at the core entrance
for the location where the maximum residence time occurs.

Properties

For the density and the dynamic viscosity of liquid lead-bismuth, constant properties were used at
a temperature of 200 C as obtained from [1].

Boundary conditions

At the outlets of the pump sections, the mass flow rate (350 kg/s per pump), the turbulence
intensity (5%) and the turbulent length scale (0.02 m) were specified. Based on user experience, it was
concluded that the selection of the latter two quantities has no effect on the computed flow field. At
the outlet of the MYRRHA core, the static pressure was prescribed, whereas zero normal gradients
were used for all remaining flow variables.

In the full-scale model, at the lower and upper plates of the lower MYRRHA pool, no-slip
boundary conditions were specified with a wall roughness of 10 mm (for the full-scale model). For the
lower plate, this roughness takes into account the presence of electrical heating and process gas
injection for oxygen control. For the upper plate, it takes into account the presence of the grid, which
prevents detached objects from floating into trapping spaces of the diaphragm. All other walls are
considered as smooth walls with no-slip boundary conditions.
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Results

Base Case and influence of stopped pumps

The flow field in the Base Case, with all pumps functioning, is shown in Figure 2. This figure
also shows iso-surfaces of residence times. The residence time is the time the fluid needs to reach
a certain point starting from the inlet. The flow field shows clearly the jets emerging from the pump
outlets, reaching as far as the bottom plate.

Figure 2. Flow field [(a), (b)] and iso-surfaces [(c), (d)] of residence times for the Base Case

The contours in Figure 2(a) indicate the velocity. The contours in Figure 2(b) indicate the residence time.
The residence time equals 170 s in Figure 2(c) and 270 s in Figure 2(d).

(a) (b) (c) (d)

The maximum residence times of LBE in the MYRRHA pool as observed in the analyses are
presented in Table 3. The maximum residence times increased with the number of stopped pumps. For
the Base Case where all pumps are functioning, the maximum residence time was 280 s (as compared
to the nominal value of 190 s, which is calculated by dividing the exchange volume of ~25 m3 by the
throughput of all four pumps of 1 400 kg/s). For one stopped pump, the maximum residence time
increased to approximately 430 s; whereas for two stopped pumps, the maximum residence time
increased to ~600 s. This increase of residence time with the number of stopped pumps was caused by
the decreased total mass flow rate since each stopped pump causes the total mass flow rate to decrease
by 350 kg/s. The comparison of Cases 1a and 1b on one hand, and Cases 1c through 1f on the other
hand, showed that the variation of the maximum residence time as a result of the mass flow rate
distribution was ~15%. The occurrence of physico-chemical effects and precipitation had a typical
timescale of several days. In comparison, the maximum residence times resulting from the analyses
were lower by more than a factor of 100.

Table 3. Maximum residence times for the Base Case and Cases 1a through 1f

Case Maximum
residence time [s]

Base 280
1a 430
1b 360
1c 590
1d 560
1e 630
1f 600
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Iso-surfaces of residence times are presented in Figure 3 for Cases 1a, 1c and 1e. Figures 3(a),
3(b) and 3(c) indicate which pumps are functioning and which are not functioning. Figures 3(d), 3(e)
and 3(f) indicate the locations in the pool where the maximum residence times occur. Typically, the
largest residence time occurs in the upper corners of the pool, where the side walls meet the upper grid
and near the upper grid and target loop. The latter might change for the better if the spallation loop
heat exchanger were modelled because that flow represents some 7% of the total throughput.

Figure 3. Iso-surfaces of residence times: (a) Case 1a, 250 s; (b) Case 1c, 370 s;
(c) Case 1e, 370 s; (d) Case 1a, 380 s; (e) Case 1c, 580s; (f) Case 1e, 590 s

(a) (b) (c)

(d) (e) (f)

Different scaling methods

The maximum dimensionless residence times of lead-bismuth as observed in the MYRRHA pool
are presented in Table 4. All dimensionless residence times were of the same order of magnitude.
Where the characteristic time-based scaling (Case 2b) led to practically equal maximum residence
times compared to the Base Case, the maximum residence time for the Reynolds number-based
scaling (Case 2a) exceeded the maximum residence time of the Base Case by ~22% and the maximum
residence time for the velocity-based scaling (Case 2c) exceeded the maximum residence time of the
Base Case by ~7%. However, the occurrence of physico-chemical effects and precipitation had a typical
timescale of several days. In comparison, even the residence times resulting from the Reynolds
number-based scaling were lower by more than a factor 100.

Table 4. Maximum dimensionless residence times for the Base Case and Cases 2a, 2b and 2c

Case Maximum dimensionless
residence time [-]

Base 73
2a 89
2b 72
2c 78
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The contours of dimensionless velocity of the flow fields for Cases 2a, 2b and 2c are presented in
Figure 4(a), 4(b) and 4(c). The flow fields of the Base Case and Case 2b were quite similar. The flow
fields of the Base Case and Cases 2a en 2c were comparable, though less similar than the
aforementioned. Iso-surfaces of dimensionless residence times are presented in Figure 4(e), 4(f) and
4(g). The residence time was chosen such that the figure indicates the locations of the largest residence
times. The figure shows that the locations of maximum residence time are quite similar for the Base
Case and Case 2b. Compared to this, there is less similarity between the locations of maximum
residence times for the Base Case and Cases 2a en 2c.

Figure 4. Flow fields (dimensionless velocity) for Cases 2a (a), 2b (b), 2c (c) and 3 (d).
Iso-surfaces of dimensionless residence times for Cases 2a (e), 2b (f), 2c (g) and 3 (h).

The dimensionless residence time in (e) equals 83.0, in (f) equals 68.0,
in (g) equals 77.0 and in (h) equals 75.0.

(a) (b) (c) (d)

(e) (f) (g) (h)

Different scaling factors

From the assessment of the different scaling methods, it was concluded that applying scaling
based on characteristic time leads to a very similar flow topology compared to the Base Case. Therefore,
the scaling is based on characteristic time (even for the analyses where different geometric scaling
factors were applied).

The maximum dimensionless residence times of lead-bismuth in the lower MYRRHA pool as
observed in the analyses are presented in Table 5. The maximum dimensionless residence times of the
Base Case, Case 2b (scaling factor of five) and Case 3 (scaling factor of 10) are of the same order of
magnitude. Both analyses of the scaled-down pool showed nearly equal maximum residence times
compared to the Base Case. The maximum residence time of the scaled-down pool exceeded the
maximum residence time of the full-scale pool with 11% maximum. Compared to the timescales of
physico-chemical effects, both scaling factors resulted in a maximum residence time much lower than
a factor of 100.
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Table 5. Maximum dimensionless residence time for the Base Case and Cases 2b and 3

Case Maximum dimensionless
residence time [-]

Base 73
2b 72
3 81

The flow fields for Case 2b and Case 3 are presented in Figure 4(b) and 4(d). The analysed flow
fields, with the scaling factor applied varying from zero to 10, were all very similar. Iso-surfaces of
dimensionless residence times are presented in Figure 4(f) and 4(h). The figures show that the
locations of maximum residence times were quite similar for scaling factors applied from zero to 10.

Conclusions and outlook

Based on the isothermal calculations performed in the lower part of the MYRRHA pool vessel,
the following are concluded:

• The flow pattern behaves well, even in abnormal operational conditions with two pumps
failing. The flow does not contain recirculation zones that result in large residence times or
stagnant zones that could influence the cooling or physico-chemistry of the LBE.

• Applying a geometric scaling factor of five hardly changes the flow topology and the
maximum residence times with respect to timescales for physico-chemical effects for all three
considered scaling methods. Applying a geometric scaling factor of 10 marginally changes
the flow topology and the maximum residence times. The scaling factor for a “small”-sized
experiment of about eight can be seen as optimal from the point of view of flow similarity and
volume reduction.

In the future, CFD analyses will be extended to cases where hot injection takes place and finally
the full thermal cycle may be modelled.
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Figure 2. The schema of a transmuter elementary module
with two primary circuits of molten fluorides
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This concept is based on the idea of utilisation of efficient burning of transuranium nuclei in a
large size fuel channel in the epithermal energy range where the majority of isotopes have resonances
in their neutron cross-sections. It might be a critical system with reactivity and power controlled by
specific flowing liquid fuel control systems (based on control of liquid fuel composition or its flow
characteristics) or a subcritical system (with the subcriticality margin on the order of several betas)
whose reactivity (keeping the prescribed level of subcriticality) is controlled in the same manner as in
the above-described case of a critical system. Furthermore, the system is kept in a steady state and its
power is controlled (driven) by an external neutron source or by a driving zone (part of a conventional
reactor core).

The elementary module can be designed as a subcritical hexagonal fuel channel surrounded by six
hexagonal graphite blocks, equipped with coaxial tubes (where molten fluorides of long-lived
radionuclides may flow) that allow for efficient transmutation of long-lived radionuclides by an intensive
flux of well-thermalised neutrons. These elementary modules represent an intensive source of energy
and epithermal neutron flux that might be slowed down in graphite blocks and allow for very efficient
incineration of at least some of the long-lived fission products in well-thermalised neutrons escaping
the transmuter core. It should be noted that these elementary modules can be closely packed (joint)
into a critical system or arranged in a complex of autonomous subcritical elementary modules that are
driven by a set of external neutron sources or by a driving zone (a reactor core of another type
surrounding the subcritical assembly of the molten fluoride elementary modules).

The two purposes of the proposed blanket system utilisation make usage possible as an efficient
nuclear incinerator, actinide burner and, simultaneously, efficient energy source. Let us note that once
such a system is developed and proven, it might serve as a new clean source of energy just by
switching over from a uranium-plutonium fuel cycle to a thorium-uranium fuel cycle and thus excluding
the generation of actinides. The main features of the SPHINX concept and the proof of individual
processes as well as the corresponding technological and operational units of the nuclear “jeep” should
be verified by the operation of a demonstration complex with power output on the order of 10 MWt.
The concept of an experimental assembly of that type is introduced in Figure 3. Before we are able to
design such a device, we must perform a broad experimental verification of design inputs for credible
designing of a demonstration transmuter. The process of experimental verification recently (2002)
began in the scope of the LA-10 project on the basis of preliminary preparation of an ideology of the
experimental programme that was formulated earlier (in the scope of the LA-0 project in 1999 and
2000); some of its principle features were proven during this period. The experimental programmes
and projects that have so far been developed/started will be described in the text that follows.
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Figure 3. Subcritical dual-purpose experimental transmuter concept
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Main experimental programmes started in the scope of the SPHINX project

The two specific features of the SPHINX project mentioned above, namely the chemical technology
of the front end of the fuel cycle process and the neutronics (both static and kinetic) of the multi-purpose
blanket with flowing liquid fuel, represent sufficiently new concepts to be calculated by modified
computer codes that should be experimentally verified. Regarding the fluoride volatility process, we
use as a base the knowledge gained from experience accumulated during the 1980s when we worked
in close collaboration with the Russian Kurchatov Institute (RKI) in Moscow. During this time, such
technology was developed and a pilot line was built and prepared for testing by processing hot spent
fuel from the BOR60 fast reactor in the Atomic Reactor Research Institute (ARRI) in Dimitrovgrad.
During the 1990s, this line was innovated and installed at NRI Rez and the first stage of testing for the
SPHINX project was begun.

The new blanket concept was developed and proven by broad computer analyses in the second
half of the 1990s. In the same time period, experimental programmes for verification of main neutronic
characteristics including time behaviour were proposed. For this purpose, there are several large
experimental devices operated in the scope of the Transmutation consortium. First of all, the
experimental reactor LR-0 at NRI Rez and VR-1 at FNSPE are at our disposal as well as the NPI
cyclotron accelerator that was equipped with a new target serving as an intensive neutron source. The
VR-1 experimental reactor was equipped with the oscillator for the purpose of SPHINX-type blanket
testing (namely, time behaviour and important safety characteristics). The first stage of experimental
verification of some basic neutronic characteristics, reactor equipment and materials technology, and
measurement techniques has already begun and involves experiments with inserted zones containing
materials typical of our blanket concept and simulating neutronic features in a simplified model.

Technology of the new non-traditional materials in the SPHINX blanket is the subject of a broad
R&D programme including experimental testing. For this purpose, a series of technological loops was
erected by SKODA Nuclear Machinery plc, starting with laboratory equipment and continuing in a
semi-pilot scale. The same is valid for the development of a technology for continuous cleaning up of
circulating liquid fuel in the transmuter internal fuel cycle based on electro separation methods.
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In 2000, the Technical University in Brno (TUB) was associated into the Transmutation
consortium for the studying and testing of secondary cooling circuits of the LA-10 transmuter. The
first step in an experimental programme in that field, the measuring bench, was erected and will serve
for both measurement of basic technological characteristics of fluoride compositions and verification
of design input for an auxiliary circuit of a molten fluoride media pantry in large loop testing
complexes, which are being developed jointly by SKODA NM and Energovyzkum (EVM) Ltd.
(a daughter company of TUB), as well as for the LA-10 demonstration transmuter.

The most important experimental program was started in 2001 and was based on experimental
irradiation of blanket samples in the high neutron flux of research reactors. This programme is being
carried out in close contracted collaboration with the RKI project AMPOULE and involves the
development and validation of a modified reactor computer code based on a stochastic Monte Carlo
model of neutron field long-term time behaviour in a system with circulating liquid fuel based on
molten fluorides. The experimental irradiations are simultaneously performed at NRI and RKI in the
first stage. The second stage representing irradiation of samples containing fluorides of actinides (Np,
Pu, Am and Cm) was agreed to be performed and finalised jointly at RKI in 2002/2003. Some of the
results of the preparatory (first) stage of this programme, which have already been obtained in NRI
Rez in the scope of the BLANKA project, will be briefly introduced in the following section. We note
that the proposal to start broad experimental verification of design inputs for a demonstration transmuter
of the mentioned type was already put forth at the Fourth International ADTT&A’01 Conference in
Reno, Nevada at the end of 2001 [3]. All of these experimental programmes were also (just recently)
proposed to the Sixth Framework Programme of the European Commission.

The programme of irradiated probes and BLANKA instrumented rigs

The very first idea for this programme was initiated by RKI as early as the late 1980s when some
very preparatory irradiations and measurements were performed in the Tashkent research reactor. On
the basis of the obtained experience, the project AMPOULE was developed at RKI in the 1990s. After
a period of pre-contract negotiations in the second half of the 1990s, the bilateral contract was finally
agreed upon and signed in July 2001. Immediately thereafter the first stage of the joint development of
the modified reactor computer code ISTAR (based on a stochastic Monte Carlo model of neutron field
long-term time behaviour in a system with circulating liquid fuel based on molten fluorides) started in
autumn 2001. At the same time, preliminary irradiations, measurements and evaluations were performed
on the LVR-15 research reactor at NRI with the aim to be able to design and perform the regular
programme of irradiated BLANKA probes, serving as validation of the developed computer code.

During the same time frame, an elementary metallic probe and a complex of irradiated probes were
performed, which lead to the realisation of BLANKA instrumented rigs. The first series, BLANKA 100
(identical in size to one fuel assembly of both the VR-1 experimental and LVR-15 research reactor),
was designed and tested at NRI during 2001. Preliminary tests of the rig neutronic characteristics started
in December 2001 on the experimental reactor VR-1 at the Czech Technical University in Prague.
Then, a series of first irradiations were performed on the NRI research reactor LVR-15 in January and
February 2002. The series of irradiation tests called BLANKA 101 were curried out with empty
probes (no fluoride content), serving just for the tuning of all measuring channels and verification of
design-predicted characteristics (temperature and pressure fields in particular).

After an evaluation of the obtained results, the first experiments were performed in April 2002
using probes containing pure NaF and/or NaF with an admixture of metallic Mo powder, modelling
the presence of fission product. The probe, BLANKA 102, was inserted in the core of the research
reactor at its very edge with a low value of neutron flux where heating of the probe is generated nearly
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by gamma capture only. The temperature field was measured by a set of five independent thermocouples
located in different positions in the elementary probe room. Figure 4 shows the results of a continuous
measurement of gas pressures in individual layers of the BLANKA 102 probe during irradiation. The
decrease of the pressure of the noble gas (Ar) filling the elementary probe at 11:30 on April 17 is
caused by the testing of a controlled discharge of expected gaseous fission products in the case of the
fluoride composition containing components of fluorides of fissionable metals.

Figure 4. Results of measurements of gas pressures in individual layers of BLANKA 102 probe
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After evaluation of BLANKA 101 and 102 test results, some convenient small rearrangements
were applied in the prepared new version of the BLANKA 103 probe, which were used in the
experimental programme performed during the first half of 2003. The majority of the irradiated
samples were based on a composition of 7LiF + NaF. The admixture of modelling fission products and
finally even an admixture of a small amount of UF4 were incorporated into the individual sample
compositions. An exact description of the BLANKA 103 sample content can be seen in Figure 5.

Figure 5. Contents of the BLANKA 103 sample pots
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Figure 6. The simplified model of the BLANKA 400 rig
for neutronic tests at room temperature
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Following the experience accumulated during the BLANKA 100 instrumented rigs, the larger size
series (identical to the area of four fuel assemblies) called BLANKA 400 was designed and preliminary
tests started on the VR-1 experimental reactor at the end of 2003 under room temperature and low
level of neutron flux conditions. For these neutronic tests, the simplified version manufactured from
nuclear aluminium structural material (see Figure 6) was used. Once again, the first series of experiments
was performed with pure NaF in tubes A, B and C, starting at the beginning of 2004 and due to finish
by 31 May 2004. The same model was to serve for an adjustment of the testing facility with the
external neutron source NG1 on external beam line of the isochronous cyclotron U-120M at NPI
during the second half of 2004. During this time, neutronic experiments with BLANKA 400 filled in by
LiF + NaF compositions in various ratios were forecast to take place at the VR-1 experimental reactor.

Conclusions

Principle features of the SPHINX project involving the development of a transmuter with liquid
fuel based on molten fluorides and a connected R&D programme were described in necessary detail.
The experimental part of the R&D programme of the SPHINX project was briefly introduced, which
serves as verification of design inputs for designing a demonstration unit of a transmuter with liquid
fuel based on molten fluorides. Due to the current status of the experimental programme, performance
was focused on the irradiation of samples of molten salt systems as well as structural materials
proposed for the blanket of the SPHINX transmuter in the field of high neutron flux of research
reactors (attention focused on the latter part). We should underline that the main aims of this programme
(called BLANKA irradiated probes) are the following:

• Experimental verification of long-time behaviour of transmuter blanket, which contains
molten fluoride salts as fuel and graphite as moderator or reflector.
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• Material research on behaviour of materials in neutron and gamma fields, and material
interactions in high temperature conditions.Validation of computational codes (system of
codes NJOY – preparation of data library for MCNP; MCNP – computation of cross-sections
for the code ISTAR being developed for the computation of actinide concentration in
long-term operation of the transmuter).

Preliminary experiments have been performed by irradiation of simplified samples of fluorides of
non-fissionable metals since mid-2001. The first experiment with the instrumented rig BLANKA 101,
which served for the tuning of measuring methods and channels, started in December 2001. In this
experiment, the probe without fluorides was inserted into the core of the LVR-15 research reactor in
NRI Rez for a few days of irradiation on different levels of the reactor power (neutron flux). The second
BLANKA 102 experiment was conducted in April 2002 when two samples were irradiated – one
containing pure NaF and another containing NaF with an admixture of Mo metallic powder (modelling
a fission product). Measurements and experience collected in this stage fully confirmed the principle
correctness of design and operational properties of the programme of BLANKA instrumented rigs,
serving as irradiation tests of transmuter blanket material samples under conditions close to operational.

After the evaluation of BLANKA 101 and 102 test results, some convenient small rearrangements
were applied in the prepared new version of the probe BLANKA 103 and they were used in the
experimental programme performed during the first half of 2003. Nearly all of the irradiated samples
were based on a composition of 7Li + NaF. The admixture of modelling fission products and finally
even an admixture of a small amount of UF4 were incorporated into individual sample compositions.
There was also the insertion of structural material samples (also a subject of broad non-active and
pre-irradiation technological testing), which were supposed to be irradiated and preliminarily tested in
these irradiations. At the same time, the preliminary neutronic tests of the larger sized version (equal
to the area of four quadratic fuel assemblies of VR-1 or LVR-15 reactor) of the BLANKA 400 rig
started using a simplified aluminium model at room temperature inserted into the VR-1 experimental
reactor and into the testing facility with the external neutron source NG1 on the external beam line of
the isochronous cyclotron U-120M in NPI. We will be able to report later this year on results obtained
in these experimental programmes.
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Abstract 

This paper is concerned with the transmutation of TRUs in DUPIC (direct use of spent PWR fuel in 
CANDU) spent fuel in the HYPER system, which is an LBE-cooled ADS. The DUPIC concept is a 
synergistic combination of PWR and CANDU, in which PWR spent fuels are directly re-utilised in 
CANDU reactors after a very simple refabrication process. The objective of this study is to investigate 
the TRU transmutation potential of the HYPER core for the DUPIC-HYPER fuel cycle. All the 
previously developed HYPER core design concepts were retained except those which involve fuel 
composed of TRUs from DUPIC spent fuel. The HYPER core characteristics were analysed using the 
REBUS-3/DIF3D code system. 
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Introduction 

A lead-bismuth eutectic (LBE) cooled 1 000 MWth ADS, which is called HYPER [1,2] (hybrid 
power extraction reactor), is being studied in Korea for the transmutation of TRUs and LLFPs. This 
paper is concerned with neutronic design characteristics of the HYPER core and its transmutation 
capability. Previously, the HYPER system was devoted to the transmutation of TRUs and LLFPs from 
PWR spent fuels, where the PWR spent fuel was reprocessed with simple pyro-processing and the 
recovered TRUs were incinerated in the HYPER core [2]. In this paper, a different transmutation fuel 
cycle is studied in order to ameliorate the spent fuel issue in Korea. 

Korea is the only country that has both commercial PWRs and CANDUs in operation. Currently, 
there are 14 PWRs and four CANDUs in Korea. Currently, the CANDU reactor utilises natural 
uranium and, consequently, the fuel discharge burn-up is fairly low (~7 500 MWD/MTU), producing 
much more spent fuel compared to PWRs. In order to mitigate the CANDU spent fuel issue and to 
improve uranium utilisation, a tandem fuel cycle is being studied/developed in Korea. The fuel cycle 
is called DUPIC (direct use of spent PWR fuel in CANDU) [3] and is indigenous to Korea. In the 
DUPIC fuel cycle, the PWR spent fuel is reused in CANDU after a very simple refabrication process, 
which consists only of oxidation, and reduction (OREOX) processes and sintering. In the dry OREOX 
processing, even fission gases are not fully removed from the spent fuel. Thus, the DUPIC cycle is 
considered to be extremely proliferation-resistant. For a 35 GWD/MTU PWR spent fuel, a DUPIC 
fuel can be reused up to 15 GWD/MTU in the CANDU core. Therefore, ~22% uranium savings is 
possible and the spent fuel production is reduced by ~67%. The DUPIC study shows that the DUPIC 
fuel cycle cost is comparable to conventional once-through fuel cycles. 

In the DUPIC-HYPER fuel cycle, TRUs from DUPIC spent fuel are transmuted in the HYPER 
core. Basically, the fuel cycle for HYPER is the same as in the previous PWR-HYPER case. The 
objective of this study is to investigate the TRU transmutation potential of the HYPER core for the 
DUPCI-HYPER fuel cycle. All the previous HYPER design concepts are applied to the new core 
design except that the fuel is composed of DUPIC TRUs. The core characteristics of HYPER are 
analysed with the REBUS-3/DIF3D code system. 

The major mission of the HYPER system is to transmute as much as possible the TRUs in such  
a way that the associated fuel cycle is as proliferation-resistant as possible. For a proliferation-resistant 
fuel cycle, the so-called pyro-processing of spent fuels is utilised in HYPER. In the front-end 
reprocessing of DUPIC spent fuel, the uranium and rare earth (RE) element removal rates were 99.9% 
and 99%, respectively. On the other hand, only fission products are removed from HYPER spent fuel, 
where 95% of REs are assumed to be removed without any separation of TRUs as in the previous 
PWR-HYPER case. 

Design features of the HYPER core 

Figure 1 shows a schematic configuration of the HYPER core with 186 ductless hexagonal fuel 
assemblies. As shown in Figure 1, the fuel blanket is divided into three TRU enrichment zones to 
flatten the radial power distribution. In HYPER, a beam of 1 GeV protons is delivered to the central 
region of the core to generate spallation neutrons. To simplify the core design, the LBE coolant is also 
used as a spallation target. In addition to the ultimate shutdown system (USS), six safety assemblies 
are placed in the HYPER core for use in an emergency. The safety rods are used conditionally to 
control the reactivity of the core. For a balanced transmutation of TRUs and LLFPs, 99Tc and 129I are 
incinerated in moderated LLFP assemblies loaded in the reflector zone. 
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A preliminary study on the optimal range of subcriticality showed that subcriticality of the HYPER 
core might be in the range 0.961 < keff < 0.991, subject to the constraint of 20 MW maximum accelerator 
power [4]. (This is considered as the maximum allowable beam power for the target window design of 
the HYPER system). The maximum allowable keff of the HYPER core was set to 0.98 during a normal 
operation through an iterative analysis of system safety and its technical feasibility. In the HYPER 
target design, we introduced an LBE injection tube to maximise the allowable proton beam current. 
The injection tube controls the LBE flow rate in the target channel such that the central flow rate is 
higher than that in the peripheral zone. With the aid of the injection tube, the beam window can be 
very efficiently cooled and the LBE flow rate in the target channel can be substantially reduced, 
thereby reducing the coolant pumping power. It is important to note that the reduced LBE flow rate  
in the target channel increases the temperature of the target LBE. Preliminary analysis for a dual 
injection tube showed that a 20 MW beam power could be accommodated with a sufficient margin for 
a flat beam profile [5]. 

It is well known that the LBE coolant speed is limited (usually < 2 m/sec) due to its erosive and 
corrosive behaviour. Therefore, the lattice structure of the fuel rods should be fairly sparse. In fast 
reactors, a pancake-type core is typically preferred mainly to reduce coolant pressure drop. Unfortunately, 
it has been found that the multiplication of the external source is quite inefficient in a pancake-type 
ADS because of the relatively large source neutron leakage. Kim, et al. [6], have shown that the 
maximum source multiplication can be achieved when the core height is ~2 m. Taking into account the 
source multiplication and the coolant speed, the core height of HYPER was compromised at 150 cm, 
and the power density was determined such that the average coolant speed could be ~1.65 m/sec. The 
inlet and exit coolant temperatures in the core are 340�C and 490�C, respectively. To reduce core size 
and to improve neutron economy, a ductless fuel assembly is adopted in the HYPER system. An 
advantage of ductless fuel assembly is that the flow blockage of a subassembly is basically impossible 
and the production of activation products in the duct is avoidable. 

In general, a non-uranium alloy fuel is utilised in a TRU transmuter to maximise the TRU 
consumption rate. Previously, a Zr-based dispersion fuel was used as the HYPER fuel since it was 
expected that a very high fuel burn-up could be achieved. However, we found that the dispersion fuel 
transforms to a metallic alloy during high temperature operation. Therefore, in the current design  
the metallic alloy of U-TRU-Zr is used as the HYPER fuel (where pure lead is the bonding material). 
As a result, a large gas plenum is placed above the active core. 

Concerning a TRU-loaded ADS, which uses a fixed cycle length, one of the challenging problems 
is a very large reactivity swing, leading to a large change in the accelerator power over a depletion 
period. Even in an ADS loaded with MA (minor actinide) fuel, the burn-up reactivity swing is found 
to be fairly noticeable, although it is relatively smaller than that in a TRU-loaded core. The large 
burn-up reactivity swing results in several unfavourable safety features as well as deleterious impacts 
on the economics of the system. In the HYPER core, 10B was used as a burnable absorber (BA) in  
a unique way so as to reduce the reactivity swing and to control the core power distribution [2]. 

Each fuel assembly has 204 fuel rods and the fuel rods are aligned in a triangular pattern with  
13 tie rods. A fairly open lattice with a pitch-to-diameter (P/D) ratio of 1.49 is adopted in HYPER. 
Table 1 shows the major design parameters of the HYPER fuel assembly. In Figure 2, a schematic 
configuration of the ductless fuel assembly is shown. The 10B burnable absorber is loaded into the tie 
rods with top and bottom cutbacks in order to enhance the 10B depletion rate and also to flatten the 
axial power distribution of the core. The BA concept with the cutbacks can effectively mitigate the 
peak fast neutron fluence of the assembly. The peak fast neutron fluence is a limiting design criterion 
in LBE-cooled fast reactors. 
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Figure 1. Schematic configuration of the HYPER core (186 fuel assemblies) 
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Table 1. Ductless fuel assembly design 

Fuel material Metallic alloy: U-TRU-Zr 
Cladding and tie rod material HT-9 

Number of fuel pins per assembly 204 
Number of tie rods 13 

Pin diameter (cm) 0.77 
Cladding thickness (cm) 0.060 

Pitch/diameter ratio 1.49 
Fuel smear density (% T.D.) 75 

Outer radius of tie rod (cm) 0.44 
Inner radius of tie rod (cm) 0.36 

Active length (cm) 150 
Interassembly gap [fuel-to-fuel] (cm) 0.34 

Assembly pitch (cm) 17.0075 

Figure 2. Configuration of the ductless fuel assembly with B4C burnable absorber 
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Neutronic performance of the HYPER core 

In this section, we discuss the neutronic analysis of the HYPER core, which was performed with 
the REBUS-3 [7] code system. The core depletion analysis was based on the equilibrium cycle method 
of REBUS-3. The flux calculations were performed over a nine-group structure with hexagonal-Z 
models using a nodal diffusion theory option of the DIF3D code [8]. The region-dependent, nine-group 
cross-sections were generated using the TWODANT [9]/TRANSX [10] code system based on the data 
of ENDF/B-VI. For the external source in a central target zone, a pre-calculated generic source 
distribution was used. 

In the REBUS-3 depletion analysis, it was assumed that 99.9% of the discharged fuel elements 
are recovered and recycled into the core after a one-year cooling time. In this work, 5% of the rare 
earth elements are carried over during the fuel reprocessing/fabrication processing since it is difficult 
to completely separate them from the fuel material. 
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Regarding fuel management, a scattered fuel assembly reloading is used as in conventional fast 
reactors since a whole-core fuel shuffling might be time-consuming in an LBE-cooled reactor and its 
effects would not be significant. A relatively short cycle length (half-year cycle with 146 EFPDs) is 
adopted in HYPER to reduce the burn-up reactivity swing. As a result, the batch size should be large 
to achieve a high fuel burn-up. For the inner zone, seven-batch fuel management is applied and an 
eight-batch scheme is applied to middle and outer zones. Consequently, the number of fuel assemblies 
to be reloaded in a cycle in each zone is six (inner), six (middle) and 12 (outer). In the actual scattered 
fuel reloading, the fuel enrichment of each fuel assembly in each zone needs to be adjusted to obtain 
the required subcriticality and acceptable power distribution. Thus, it is assumed that fuel enrichment 
is different depending on the fuel assemblies in each zone – the number of fuel enrichment splittings is 
four (inner core), five (middle core) and five (outer core). It is worthwhile to note that four types of 
fuel assemblies are needed for every reload cycle due to fuel management schemes. 

In addition to the half-year cycle length, both the 10B burnable absorber and control rods are used 
to further reduce the reactivity swing in the HYPER core. In the case of 10B burnable absorber usage, 
B4C is only loaded into the relatively high-flux zones to enhance burn-up rate since the burn-up 
penalty would be too serious if discharge burn-up were too low (see Figure 2). Also, it is important to 
note that BA is not applied to the inner core because an absorber near the external source significantly 
reduces the degree of source multiplication, hence increasing the required accelerator current. In the 
current design, natural enriched B4C is used in the middle and outer cores. With the above fuel 
management schemes, the REBUS-3 analyses were performed for three different core designs in order 
to assess the effects of the burnable absorber and control rods on the core performance. The numerical 
results are summarised in Table 2 in terms of several important core parameters. 

In Table 4, it is observed that burn-up reactivity swing in the 10B-loaded core was reduced by 
~33%, relative to the reference BA-free core design. However, fuel inventory is also increased by ~21% 
in the BA-loaded core due to the relatively slow depletion rate of the 10B BA. The discharge burn-up 
of 10B is ~55%. The increased fuel inventory in the BA-loaded core resulted in a reduced fuel discharge 
burn-up (from 21.2% to 17.9%). It is worthwhile to note that the power peaking factor is a little 
smaller in the BA-loaded core. This is because the 10B BA was loaded with the top and bottom cutback 
zones, i.e. the axial power distribution is more flattened in the BA-loaded core. Consequently, the peak 
fast neutron fluence is significantly smaller in the BA-loaded core. The net fuel consumption rate is 
virtually independent of the BA loading, thus, the two cores have an almost identical TRU transmutation 
rate, 272 kg/year. However, the fuel mass, which should be reprocessed and refabricated, is larger in 
the BA-loaded core due to the increased fuel inventory. 

Table 2 shows that the maximum proton current is still larger than 20 mA even in the BA-loaded 
core. Meanwhile, it is clear that the proton current is smaller than 20 mA when both BA and control 
rods are simultaneously utilised without compromising fuel discharge burn-up. This is because the 
inserted control rods are all fully withdrawn in the middle of the cycle. It is worthwhile to note that the 
keff value is still smaller than 0.99 when all the control rods are withdrawn at BOC, satisfying the 
subcriticality requirement of the HYPER core. 

From Table 2 one can note that the source importance in HYPER cores is fairly high. High source 
importance is mainly attributed to the relatively high H/D ratio of the HYPER core. It is observed that 
source importance at EOC is just slightly lower than at BOC due to the accumulation of fission products. 
The BA-loaded cores have a slightly smaller source importance because of the presence of 10B absorber. 
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It is observed that 10B BA slightly reduces delayed neutron fraction and makes neutron generation 
time noticeably shorter. Table 2 also compares the coolant void reactivity of the three cores. In the 
void reactivity evaluation, it was assumed that all the coolant was voided only in the active core. It is 
clear that the BA-loaded cores have a much larger void reactivity. This is because the capture 
cross-section of the 10B isotope decreases as the neutron spectrum becomes harder. We think that 
positive void reactivity would be acceptable since active-core-only voiding is basically impossible in an 
LBE-cooled reactor. 

Table 2. Equilibrium cycle performance of the HYPER cores 

Parameter 
Without  

BA and CR With BA only 
With

BA and CR 

Inner zone 37.0 41.5 42.7 

Middle zone 41.7 46.6 47.3 Average fuel weight fraction (%) 

Outer zone 45.5 51.7 52.2 

Effective full-power day [EFPD] (days) 146 146 146 

BOC 0.9801 0.9801 0.9804 (0.9898*) Effective multiplication factor 
(keff) EOC 0.9504 0.9603 0.9701 

Source importance (BOC/EOC) (0.90/0.89) (0.87/0.85) (0.88/0.87) 

Burn-up reactivity loss (% �k) 2.97 1.98 1.03 

Proton current [BOC/EOC] (mA) (11.3/29.0) (11.7/24.1) (11.4/17.7) 

BOC 0.00288, 2.06 0.00280, 1.65 0.00279, 1.52 �eff, neutron generation time 
(�sec) EOC 0.00291, 2.21 0.00283, 1.76 0.00282, 1.68 

Core average power density (kW/l) 143 143 143 

3-D power peaking factor (BOC/EOC) (1.60/1.77) (1.52/1.71) (1.54/1.60) 

Linear power [average, peak] (kW/m) (17.6, 31.2) (17.6, 30.1) (17.6, 28.2) 

Average fuel discharge burn-up (a/o) 21.2 17.9 17.5 

BOC 10B inventory (kg) - 13.9 13.9 

Peak fast fluence (n/cm2) 3.8 � 1023 3.2 � 1023 3.2 � 1023

Fuel consumption [U/TRU] (kg/year) (32/272) (32/272) (32/272) 

BOC 5 007 6 075 6 210 
Heavy metal inventory (kg) 

EOC 4 855 5 923 6 058 

Active core void reactivity [BOC/EOC] (pcm) (1 398/1 484) (1 843/1 874) (1 749/1 875) 

*keff in all-rod-out condition 

In Figure 3, assembly power distributions are provided for both BOC and EOC of an equilibrium 
cycle for the three HYPER cores. One can see that the inner zone power increased while the outer 
zone power decreased as the core burn-up increased. This behaviour is generally observed in a 
TRU-loaded ADS core and is due to the reactivity loss of the core with burn-up. It is noteworthy that 
the change in the spatial power distribution is significantly mitigated in the core with the control rods, 
which is ascribed to the smaller reactivity swing in the core. Instead of using control rods, the maximum 
proton current could be reduced below 20 mA by simply increasing keff up to 0.99 at BOC. However, 
in this case, substantial slanting behaviour in the power distribution still occurs since the reactivity 
swing is fairly large. This is one of the motivations for using the control rods to compensate for reactivity 
change in HYPER. 
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Table 3 compares the fuel composition vectors at three fuel management stages (feed, charge and 
discharge) for an equilibrium cycle of the BA-loaded core with control rods. It is clearly seen that 
240Pu has the largest weight per cent in the equilibrium cycle while 239Pu is the most dominant isotope 
in the feed fuel composition. One can find the 239Pu fraction in the feed fuel relatively small compared 
with typical PWR spent fuel, where 239Pu weight fraction is usually ~50%. This is because 239Pu is 
burned most efficiently in the CANDU core. It is noteworthy that weight fractions of the higher actinides 
such as Am and Cm are significantly increased in the equilibrium core. Also, it is important to note 
that the weight fraction of the 238U isotope almost doubled in the equilibrium core compared with the 
feed fuel. The RE fraction in the charging fuel is relatively noticeable. 

Figure 3. Relative assembly power distributions in HYPER cores 
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Table 3. Fuel composition in an equilibrium cycle core with BA and CR 

Isotope Feed Charge Discharge 
234U
235U
236U
238U

237Np
238Pu
239Pu
240Pu
241Pu
242Pu

241Am 
242Am 
243Am 
242Cm 
243Cm 
244Cm 
245Cm 
246Cm 
RE0
FP*

2.47E-3 
0.032
0.049
10.01
4.55
3.53
33.72
27.28
3.06
8.66
6.23

0.0072
1.32

1.73E-5 
0.020
0.21

0.0050
0.0033
1.33
0.0

0.53
0.14
0.28
19.59
2.07
4.43
15.82
28.95
4.07
11.46
4.30
0.24
3.52
0.016
0.024
2.69
0.87
0.58
0.41
0.0

0.48
0.13
0.26
17.85
1.27
3.69
9.86
23.96
3.82
9.92
2.91
0.24
3.29
0.20
0.021
2.83
0.87
0.58
3.56
14.27

*without RE 

Conclusions 

A DUPIC-HYPER fuel cycle was studied to transmute TRUs contained in DUPIC spent fuel.  
It was found that fuel inventory is slightly larger in the DUPIC-HYPER fuel cycle due to a degraded 
plutonium vector than in the previous PWR-HYPER cycle. Consequently, burn-up reactivity swing is 
calculated to be a little smaller in the DUPIC-HYEPR case. However, without any design measure to 
reduce reactivity swing, the required maximum proton current was 29 mA, which is far beyond the 
targeted value of 20 mA. The reactivity swing was reduced by ~33% by introducing a B4C burnable 
absorber with top/bottom cutbacks. Furthermore, conditional utilisation of control rods (CR) together 
with B4C BA results in a maximum proton current of ~18 mA. It was confirmed that B4C BA could 
substantially reduce fast fluence. 

For a reference HYPER core without BA and CR, the core consumes ~272 kg of TRU per year 
with a fuel discharge burn-up of �21 a/o. In the BA-loaded BA and CR cores, the TRU consumption rate 
is basically the same, but the fuel discharge burn-up is ~18 a/o due to the residual reactivity penalty of 
the B4C BA. Also, it was found that control rods can be effectively utilised to mitigate the slanting 
behaviour of the radial power distribution in the HYPER core. 
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Abstract 

The representativity of a specific MUSE4 configuration (M4SC2) was analysed from a nuclear data 
viewpoint, with respect to the current concepts of experimental accelerator-driven systems (XADSs) 
with gas (He), Na and Pb/Bi coolants. In this context, data sensitivity/uncertainty analyses based on 
first order perturbation theory calculations were performed using the deterministic code ERANOS 
(Version 2.0) in conjunction with its adjusted nuclear data library ERALIB-1, which lead to the 
determination of suitable representativity factors. 

It was found that M4SC2 is quite representative of XADS with He and Na. However, in the case of  
a Pb/Bi system, the effects of significant uncertainties associated with the data for these two nuclides 
and their low content in M4SC2 were clearly highlighted, resulting in much lower representativity 
factors. Thus, the need for additional experiments was evident. 
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Introduction 

In the field of waste management incorporating a transmutation option, accelerator-driven 
systems (ADS) represent an important alternative to conventional reactors due to their higher safety 
level when minor actinides such as Np and Am are loaded into the core. As a result, it is necessary to 
extend the validation domain of calculation methods for critical fast reactors to the analysis of 
source-driven subcritical configurations. 

To reach this goal, the experimental program MUSE was launched in the MASURCA facility at 
CEA/Cadarache (France). Of particular interest, the MUSE4 phase consists of the coupling of a 
PuO2/UO2 + Na core with an external neutron source of high intensity [1]. Coupling has been achieved 
by employing a specially constructed pulsed neutron generator called GENEPI, which produces 
monoenergetic neutrons either via a D(d,n)3He reaction (2.7 MeV neutrons) or a T(d,n)4He reaction 
(14.1 MeV neutrons). The measurements being undertaken in the MUSE4 program constitute an 
important experimental database to be used for validating the calculation methods and data employed 
in the analysis of ADS (e.g. ERANOS and its associated data libraries). 

In this context, specific investigations were conducted to assess (via data sensitivity/uncertainty 
analyses) representativity between MUSE4 and emerging concepts of experimental accelerator-driven 
systems (XADS). For this purpose, simplified RZ models for MUSE4 and different current XADS 
designs with gas (He), Na and Pb/Bi coolants (XADS_He, XADS_Pb/Bi, XADS_Na) were set up. The 
fuel considered throughout, for MUSE4 as well as for all the XADS, is 23-25% enriched PuO2/UO2

MOX fuel of the type used for the second SUPERPHENIX core. For the analyses, the deterministic 
code system ERANOS (Version 2.0) was used. The parameters studied include: the multiplication 
factor keff, a spectral index, F5/F8 (the fission rate of 235U relative to that of 238U at the centre of the fuel 
region) and a spatial index, F5,1/F5,2 (the 235U fission rate at the interface between spallation module 
and core midplane relative to that at the centre of the fuel zone). 

Deterministic calculation scheme 

General description of ERANOS 

ERANOS-2.0 is a deterministic code system consisting of a variety of dedicated modules. In the 
present analysis, we use the cell code ECCO [2], the RZ transport theory code BISTRO [3] and 
first-order perturbation theory modules [4] in conjunction with the adjusted nuclear data library 
ERALIB-1 [5]. The numerical approximations are P1 for the anisotropy of scattering and S8 for the 
angular discretisation of the flux being computed in 33 energy groups. BISTRO solves the Boltzmann 
equation by means of a standard finite difference method. 

Representativity factors and general approach

Employing a recently applied methodology with ERANOS [4], representativity factors rRE

between MUSE4 and the three XADS configurations (with He, Na and Pb/Bi coolants) were evaluated 
for integral parameters such as the multiplication factor keff and specific reaction rate ratios on the 
basis of first-order perturbation theory. These factors, which quantify the impact of nuclear data 
uncertainties on the prediction of I, the parameter of interest (depend on cross-sections P1, …, PN), are 
obtained as follows. 
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Sensitivity coefficients Si for I (P1, …, PN) are computed according to Eq. (1): 
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The relative uncertainty I of I is obtained by using a covariance matrix D as shown in Eq. (2): 

SDS t
I ��2 (2)

It should be noted that D is associated with a specific nuclear data library. 

For the parameter I, the representativity factor rRE between two systems (e.g. MUSE and a given 
XADS) is determined from Eq. (3) [4], the covariance matrix being taken from the adjusted data 
library ERALIB-1: 
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The value of rRE lies between 0.0 and 1.0. The closer rRE is to 1.0, the more representative is 
MUSE of the XADS. 

Representativity factors can also be used to quantify the uncertainty reduction possible for the 
prediction of I on the basis of suitable integral measurements. This occurs via Eq. (4): 
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Thereby, the experimental uncertainty of the parameter I [i.e. as measured in MUSE ( I,exp)] also 
plays a significant role. The smaller is the experimental uncertainty, the stronger is the uncertainty 
reduction for the predicted value of I in the system of interest, with the closeness of rRE to 1.0 
remaining an important aspect. Eq. (4) reflects the most optimistic case (zero experimental uncertainty): 

� �222 1 REXADS,Ireduced_XADS,I r���� (5)

In the current study, representativity between the MUSE4 experiments and the different XADS is 
evaluated based on the following scheme: 

1. Assessment of nuclide-specific “integral sensitivities” on the basis of sensitivity coefficient 
(Si) calculations [see Eq. (1)]. Integral sensitivity to a given nuclide is the uncertainty of I,
which is obtained by assuming that a) there is no correlation between data for different nuclides, 
b) the individual reaction cross-sections for the nuclide considered are also not correlated and 
c) the relative uncertainty for each of the nuclide cross-sections is 100% over the whole energy 
range (< 20 MeV). Effectively, integral sensitivity is calculated on the basis of Eq. (2) while 
assuming that the matrix D is unity. 

2. Determination of the uncertainty of I with the correct covariance matrix D from ERALIB-1 
[see Eq. (2)]. 
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3. Calculation of the representativity factor rRE [see Eq. (3)]. 

4. Determination of the reduced uncertainty [see Eqs. (4,5)]. 

The reason for currently using the adjusted data library ERALIB-1 is to avoid the well known 
dominating effect of 239Pu, which was observed in the analysis of MUSE3 in conjunction with the 
(unadjusted) JEF-2.2 library [4]. However, the resulting uncertainties may be somewhat small for the 
ADS situation, since the ERALIB adjustments were made solely on the basis of critical experiments. 
Also, it is necessary to underline the fact that method uncertainties, as well as uncertainties due to 
external source differences between MUSE4 and XADS, are not accounted for in the current analysis. 
Complementary studies, including method/data comparisons made in the framework of benchmark 
exercises, are certainly important in this context [6]. 

General description 

Models 

The simplified RZ models considered for XADS are based on current PDS-XADS designs [7]. 
These are described in Figure 1 and Table 1, where only the most important materials are indicated [8]. 

Figure 1. Definition of homogenised zones for three XADS models 

Table 1. Description of homogenised zones of three XADS models 

Name Zone 1 Zone 2 Zone 3 Zone 4 
XADS_Pb/Bi Void Pb/Bi Pb/Bi PuO2/UO2 + Pb/Bi 

XADS_He Void Pb/Bi He + Steel PuO2/UO2 + He 
XADS_Na Void Pb/Bi Na + Steel PuO2/UO2 + Na 

The basic principles for obtaining the models were that: a) the volume of the spallation source 
(void + Pb/Bi) and the volume of the fuel region (Zone 4) correspond to the PDS-XADS design, b) the 
outer radius of the reflector region (Zone 3) was adjusted to obtain a keff value of 0.97. 

The reference experimental set-up considered is the second subcritical configuration investigated 
in the MUSE4 program, i.e. M4SC2 [8], the RZ model described in Figure 2 and Table 2. For the sake 
of consistency with XADS, the original outer radius of Zone 4 was modified slightly in order to 
achieve a keff value of 0.97. 
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Figure 2. Definition of homogenised zones for M4SC2 model 

Table 2. Description of homogenised zones of M4SC2 model 

Name Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 
M4SC2 Void Pb Al PuO2/UO2 + Na Na + Steel Steel 

Parameters 

As indicated earlier, representativity factors rRE [see Eq. (3)] between M4SC2 and XADS_He, 
XADS_Na and XADS_Pb/Bi were considered for the three parameters listed below: 

1. The multiplication factor keff.

2. F5/F8, i.e. the fission of 235U relative to that 238U at the centre of the fuel region. This provides 
useful spectral information due to the different nature of 235U and 238U fission, the latter being 
a threshold reaction and the former not being a threshold reaction. 

3. F5,1/F5,2, i.e. the 235U fission rate at the interface between spallation module and core midplane 
relative to that at the centre of the fuel zone. This spatial index is sensitive to the geometry 
and composition of the spallation module. 

Numerical results and interpretation 

Representativity for the multiplication factor keff

Relative “integral sensitivities” are presented in Table 3. It can be seen that the highest sensitivity 
in each case is to 239Pu. The contributions of the other nuclides are much smaller and quite similar in 
magnitude, except for Pbnat and 209Bi, which have significant effects only in the XADS_Pb/Bi case. 

Keff uncertainties (again, only due to nuclear data uncertainties) are presented in Table 4, the main 
contributing nuclides being indicated for each case. 
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Table 3. Relative integral sensitivities (%) of keff with respect to the main isotopes 

Isotopes M4SC2 XADS_Na XADS_Pb/Bi XADS_He 
235U 0.8 1.9 1.7 1.8 
238U 3.1 2.6 3.7 0.4 

239Pu 83.00 84.60 78.30 85.50
240Pu 4.8 4.6 4.7 6.2 
241Pu 1.6 4.6 4.1 4.4 
56Fe 3.2 0.3 1.3 0.2 
52Cr 1.4 0.5 0.1 0.7 
23Na 1.1 0.2 0.0 0.0 

Pbnat 0.0 0.1 2.8 0.1 
209Bi 0.0 0.1 3.0 0.1 

Others 0.9 0.4 0.4 0.6 

Table 4. Keff uncertainties associated with the ERALIB-1 library 

Name Uncertainty on the keff ( I) Main contributors 
M4SC2 � 162 pcm 52Cr, 239Pu, 56Fe … 

XADS_Na � 163 pcm 239Pu, 240Pu, 56Fe … 
XADS_Pb/Bi � 1 021 pcm 209Bi, Pbnat,

239Pu … 
XADS_He � 199 pcm 239Pu, 58Ni, 240Pu … 

The uncertainties are similar for M4SC2, XADS_Na and XADS_He ( I < 200 pcm), 239Pu being 
one of the main contributors in each configuration. The structural material isotope 52Cr is a major 
contributor for M4SC2, due to the larger quantity of this nuclide in the experimental set-up as compared 
to the XADS. One also notes that the situation is completely different for the XADS_Pb/Bi case, 
where Pbnat and 209Bi are the main contributors to the overall uncertainty ( I > 1 000 pcm) with the data 
for these nuclides not having been adjusted in ERALIB-1. 

The corresponding representativity factors are provided in Table 5. It can be seen that for keff

M4SC2 is quite representative of XADS_Na and XADS_He, the corresponding rRE values being rather 
close to 1.0. On the contrary, the low presence of Pbnat and the absence of 209Bi in M4SC2 lead to  
a low-valued representativity factor for the XADS_Pb/Bi. This indicates the need for additional integral 
measurements related to the data of lead and bismuth. 

Table 5. Representativity factors rRE for keff

Compared systems Representativity factor rRE

M4SC2 � XADS_Na 0.884 
M4SC2 � XADS_Pb/Bi 0.346 

M4SC2 � XADS_He 0.907 

As indicated earlier, the degree to which the uncertainty of the prediction of a given parameter for 
an XADS can be reduced via an integral measurement depends on the corresponding representativity 
factor rRE [see Eqs. (3,4)]. Thereby the experimental uncertainty associated with the measurement also 
plays a key role. To illustrate the point, Table 6 shows the keff uncertainty reduction for the case of the 
XADS_He, assuming different values of experimental uncertainty in M4SC2 [8]. 
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Table 6. Example of keff uncertainty reduction for the XADS_He system 

For the keff prediction Value (with ERALIB-1) 
I,XADS: Uncertainty for XADS_He � 199 pcm 

I,MUSE: Uncertainty for M4SC2 � 162 pcm 
rRE: Representativity factor 0.907 

I,XADS_reduced: Reduced uncertainty for XADS_He 
(with an I,exp experimental uncertainty of � 0 pcm) 

� 77 pcm 

I,XADS_reduced: Reduced uncertainty for XADS_He 
(with an I,exp experimental uncertainty of � 100 pcm) 

� 127 pcm 

I,XADS_reduced: Reduced uncertainty for XADS_He 
(with an I,exp experimental uncertainty of � 200 pcm) 

� 163 pcm 

Once again, only uncertainties associated with nuclear data are being accounted for in the present 
analysis. Nevertheless, the sensitivity coefficients considered [see Eq. (1)] in determining corresponding 
representativity factors do allow the obtaining of important qualitative indications on the correlation 
between the compared systems. In the following sections, related to the two other integral parameters 
under consideration, the aspect of uncertainty reduction is not treated explicitly, the different XADS 
being compared with M4SC2 solely on the basis of integral sensitivities and representativity factors. 

Representativity for F5/F8

The relative integral sensitivities to the main isotopes are given in Table 7 for the various cases. 
The contributions of 235U and 238U, these isotopes having a direct impact on the reaction rate ratio 
under consideration, are larger than in the previous (keff) case as expected. In addition, a significant 
contribution of 239Pu is still observed for all the systems, while 23Na, Pbnat and 209Bi have significant 
effects only in the systems in which they are present in an important way. 

The corresponding representativity factors are given in Table 8. These are similar to the results 
for keff. The subcritical core of M4SC2 is representative of XADS_Na and XADS_He. Again, the low 
representativity with respect to XADS_Pb/Bi reflects deficiencies associated with the data for Pbnat

and 209Bi, as well as the low content of these nuclides in the experimental configuration. 

Table 7. Relative integral sensitivities (%) of the spectral ratio F5/F8 to the main isotopes 

Isotopes M4SC2 XADS_Na XADS_Pb/Bi XADS_He 
235U 37.30 33.60 32.80 38.60
238U 33.10 33.10 33.00 35.40

239Pu 13.30 11.70 10.70 11.70
240Pu 0.8 1.3 1.2 1.2 
241Pu 0.2 0.5 0.5 0.5 
56Fe 6.3 7.2 5.4 8.4 
52Cr 2.0 0.9 0.5 1.6 
23Na 5.0 10.80 0.0 0.0 

Pbnat 0.4 0.1 6.8 0.2 
209Bi 0.0 0.1 8.5 0.2 

Others 1.6 0.5 0.5 2.1 
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Table 8. Representativity factors rRE for F5/F8

Compared systems Representativity factor rRE

M4SC2 � XADS_Na 0.853 
M4SC2 � XADS_Pb/Bi 0.264 

M4SC2 � XADS_He 0.885 

Representativity for F5,1/F5,2

Relative integral sensitivities for this spatial index are presented in Table 9. The contributions of 
the individual nuclides are significantly different from the previous two cases (see Tables 3 and 7), 
indicating the significant impact of the spallation module on this particular parameter. The contributions 
of Pbnat and 209Bi (except for M4SC2 where 209Bi does not occur) increase quite markedly. 

As to be expected, the representativity factors given in Table 10 are also significantly different 
from the corresponding values in the previous sections. Generally speaking, the rRE factors are much 
smaller. This is due to the different source regions, which are quite dissimilar in terms of geometry 
and material composition (e.g. the source module of M4SC2 has no 209Bi as mentioned above). 
Additional calculations for the three XADS, which were carried out assuming modified targets where 
209Bi is replaced by Pbnat, indeed yielded significantly larger representativity factors (shown in Table 10). 

Table 9. Relative integral sensitivities (%) to the main isotopes for F5,1/F5,2

Isotopes M4SC2 XADS_Na XADS_Pb/Bi XADS_He 
235U 0.20 0.3 0.3 0.1 
238U 34.50 15.70 22.40 15.90

239Pu 20.90 5.5 1.0 6.0 
240Pu 4.9 3.5 5.9 1.3 
56Fe 0.5 4.6 39.90 37.20
57Fe 0.6 2.3 6.2 4.9 
52Cr 3.8 3.2 1.4 0.1 
58Ni 0.5 0.7 1.3 5.7 
23Na 16.80 23.20 0.0 0.0 

Pbnat 15.30 20.70 15.00 15.00
209Bi 0.0 19.00 4.8 13.40

Others 1.8 1.3 1.9 0.3 

Table 10. Representativity factors rRE for F5,1/F5,2

Compared systems Rep. factor rRE
Rep. factor rRE (no 209Bi in XADS 

spallation module) 
M4SC2 � XADS_Na 0.258 0.552 

M4SC2 � XADS_Pb/Bi 0.066 0.383 
M4SC2 � XADS_He 0.259 0.556 
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Conclusions 

Investigations related to keff and reaction rate ratios were conducted to assess the representativity 
between MUSE4 and various concepts of experimental accelerator-driven systems (XADS). In this 
context, sensitivity/uncertainty calculations were performed using deterministic code system ERANOS 
(Version 2.0) in conjunction with its adjusted data library ERALIB-1 based on the JEF-2.2 evaluation. 
Employing a recently applied methodology [4], representativity factors rRE between the second 
subcritical MUSE4 core (M4SC2) and the three current PDS-XADS designs (with He, Na and Pb/Bi 
coolants) were evaluated for different integral parameters. 

Specifically, it was found that the representativity between M4SC2 and an XADS with an Na or 
He coolant is, in general, quite satisfactory except for the region with the source module. In the case of 
an XADS with Pb/Bi coolant, the relatively low representativity results from the large uncertainties 
associated with the nuclear data for Pbnat and 209Bi, as does also the low content of these nuclides in the 
experimental configuration. This clearly indicates the need for additional integral experiments. 

It is necessary to underline the fact that only data uncertainties were accounted for in the present 
study. Method uncertainties and combined method/data effects were not considered, nor were the effects 
of differences in the external neutron source [9]. Further investigations are called for in this context, 
for example detailed comparisons in the framework of specific benchmark exercises [6]. 
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Abstract 

The effect of heat treatment on fuel rods at 630�C and 700�C and the interfacial reaction between fuel 
and lead were investigated. The U-Zr metallic fuel was fabricated by mixing, pressing, sintering and 
extrusion. There were two kinds of phases – �-Zr precipitates and a �-UZr2 matrix in the U-Zr metallic 
fuel. After heat treatment of the extruded rod at 630�C and 700�C, the volume changes of the samples 
increased slightly and the density variation was negligible. Therefore, it is evident that U-Zr fuels have 
good thermal stability. The interface between U-55Zr fuel and Pb according to annealing time at 650�C 
consisted of two distinctive regions – a reaction zone in the vicinity of the surface and an initial zone 
in the inner area. It should be noted that the thickness of the reaction zone was 26 �m, 36 �m and 46 �m 
at 100 hrs, 200 hrs and 1 000 hrs, respectively. Also, the reaction zone consisted of an �-Zr layer and a 
Zr-depleted area. 
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Introduction 

The blanket fuel assembly for HYPER (hybrid powder extraction reactor) contains a bundle of 
pins arrayed in a triangular pitch, which has a hexagonal bundle structure. The reference blanket fuel 
pin consists of the fuel slug of the TRU-xZr (x = 50-60 wt.%) alloy and is immersed in lead for 
thermal bonding with the cladding. The blanket fuel cladding material is ferritic-martensitic steel HT9. 

Although there are lots of experimental data on the metallic alloys of U-Pu-Zr and U-Zr, they are 
for fuel types with a Zr fraction of less than 20 wt.%. Therefore, little data is available for the HYPER 
system fuel where the Zr fraction is higher than 30 wt.%. As a basic study on HYPER fuel, we 
fabricated U-55 wt.% Zr fuel instead of the actual TRU-Zr fuel. It appeared that no experimental data 
pertinent to the TRU-xZr (x = 50-60 wt.%) alloy existed. The U-55 wt.% Zr metallic fuel was 
fabricated by mixing, pressing, sintering and extrusion. This work was performed in order to 
investigate the microstructures and the thermal stability of the U55 wt.% Zr metallic fuel and the 
interfacial reaction between U-55 wt.% Zr fuel and Pb according to annealing time at 650�C. 

Experimental procedure 

The uranium powder was manufactured by a centrifugal atomiser and the zirconium powder 
(Sejong materials Co. Ltd, Korea) was prepared via the hydride-dehydride process. 

The U-Zr metallic fuel was performed by mixing, pressing and sintering in optimum compaction 
and sintering conditions [1]. The sintered U-60 wt.% Zr was extruded by an indirect extrusion machine 
at 760�C and with a 13:1 extrusion ratio. Specimens of 25 mm in length were cut, vacuum-sealed in 
quartz tubes and annealed in a box furnace at 630�C and 700�C for up to 1 500 hrs. Sample swelling 
as a function of temperature and time was determined from dimensional changes. The densities of the 
annealed samples were calculated from the weights and dimensions. The microstructures and phase 
identification of the extruded rod and the annealed rod were examined by SEM and EDS. The area 
fraction of each phase obtained by SEM was analysed by a BMI plus ver. 4.0 (Winatech, Korea). 

In order to clarify interfacial reaction between fuel and lead, a series of experiments were 
executed with fuel in Pb melt at 650�C for 100, 200 and 1 000 hrs. The composition of diffusion layers 
and the diffusion depth were analysed using SEM/EDS. 

Results and discussion 

Figure 1 shows uranium and zirconium particles. The mean particle sizes of the uranium and 
zirconium powders are 55 �m and 60 �m, respectively. Most of the uranium particles have a smooth 
surface and a generally near-perfect spherical shape with a few attached satellites. On the other hand, 
the zirconium particles fabricated by the hydride-dehydride process have an irregular morphology. 

Figure 2 shows the back-scattered electron (BSE) image of the sintered sample. As can be seen in 
phase diagrams, the �-Zr phases are distributed in the � phase, which is observed as a white matrix [2]. 
Also, small amounts of pores are found throughout the sample. 
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Figure 1. Photographs of the atomised (a) U powder and (b) Zr powder 

  
 

Figure 2. SEM micrograph and EDS analysis results for U-60 wt.% Zr sintered sample 

(a) �-UZr2 matrix, (b) �-Zr phase 

 

  
 
BSE images of the hot extruded rod are shown in Figures 3 and 4. In the sintered samples 

mentioned above, the �-Zr phases were also distributed (homogenously) in the white � phase matrix 
and the porosity was drastically decreased because of the densification by the extrusion process. It was 
confirmed that the U-55 wt.% Zr alloy with a high melting point could be fabricated via a sintering 
process at a relatively low temperature in lieu of a conventional casting process. 

Figure 5 shows the dependency of swelling behaviour and the density changes of temperature and 
time for the samples. The volume changes of the samples increased slightly and the density variation 
was negligible. Therefore, it is evident that U-55 wt.% Zr fuel has good thermal stability. 
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Figure 3. SEM micrographs of the extruded rod 

(a) Transverse direction, (b) longitudinal direction 

  
 

Figure 4. SEM micrograph and EDS analysis results for the extruded rod 

(a) �-UZr2 matrix, (b) �-Zr phase 

 

  
 

Figure 5. Volume and density changes of the extruded rod on temperature and time 
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Figure 6 shows BSE images of the rod annealed at 630�C and 700�C for 600 hrs and 1 500 hrs. 
These figures show that as the annealing time increased, the lathed �-Zr phases began to break into 
pieces and grow into spherical particles. As the annealing temperature increased, spheroidising of the 
�-Zr phases was accelerated, with transformation to a spherical shape. We can interpret that the 
geometrically unstable lathed �-Zr phase transformed to the spherical phase with a lower surface area 
by coalescence. In addition, we think that the �-Zr and �-UZr2 phases dissolved and formed a solid 
solution at an annealing temperature above 617�C, and that the spheroidised �-Zr and � phases 
appeared again during cooling. 

As the annealing time increased, the hardness decreased and the decreasing rate of the hardness 
was much higher at 700�C than at 630�C (Figure 7). This is attributed to the increase of the area 
fraction of the � phase and the decrease of the area fraction of the relatively hard �-Zr phase as the 
annealing temperature and time increased. 

Figure 8 shows the area fraction of the �-Zr phase according to the annealing time at 630�C and 
700�C. In the case of 630�C of annealing time, the area fraction of the �-Zr phase gradually decreased 
as the annealing time increased, whereas the area fraction of the �-Zr phase sharply decreased at the 
early stage of annealing time and then the decreasing rate declined at 700�C. This phenomenon agreed 
with the results on hardness values vis-à-vis annealing time as shown in Figure 7. When the 
U-55 wt.% Zr alloy is annealed at above 617�C, which is the unstable region of �-Zr phase, the alloy 
is diffused into the uranium matrix and finally forms � phase at a lower temperature. Hence, it can be 
interpreted that the drastic decrease of area fraction of the �-Zr phase at the early stage of annealing 
time was due to the higher concentration gradient of Zr, which is the driving force of Zr diffusion. 

Figure 6. SEM micrographs of the U-55 wt.% Zr fuel  
annealed at 630�C and 700�C for 600 hrs and 1 500 hrs 

(a)(b) 630�C, (c)(d) 700�C, (a)(c) 600 hrs, (b)(d) 1 500 hrs 

  
�
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Figure 7. Variation of room temperature hardness of rods after annealing at 630�C and 700�C 
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Figure 8. Variation of area fraction of �-Zr phase with annealing times at 630�C and 700�C 
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Figure 9 shows EDS line profile results on the interface between U-55Zr and Pb according to 
annealing time at 650�C. The microstructures of each sample consisted of two distinctive regions – a 
reaction zone in the vicinity of the surface and an initial zone in the inner area. It should be noted that 
the thickness of the reaction zone was 26 �m, 36 �m and 46 �m at 100 hrs, 200 hrs and 1 000 hrs, 
respectively, as the annealing time increased. The reaction zone also consisted of two regions – an 
�-Zr layer and a Zr-depleted area. The �-Zr layer may be formed by a diffusivity difference between 
U and Zr atoms (i.e. Zr atom diffuses into the Pb melt during annealing while U is relatively intact due 
to lower diffusivity). The TRU in the metallic fuel is reported to react with stainless, as a cladding 
material then forms eutectic at a low temperature. Thus, it is anticipated that the �-Zr layer should 
effectively act as a reaction barrier with the cladding material. 

In order to closely investigate the reaction layer, EDS analysis was performed as shown in 
Figure 10. The analysis shows that a negligible amount of Pb is present in the very outer layer of the 
reaction zone with Zr-rich phase (region A). And the �-Zr phase forms a thick layer of ~10 �m 
underneath the surface (region B). Region C consists of U-rich phase and Zr formed by the 
decomposition of � phase. As the annealing time increased, the thickness of the reaction layer from A 
to C increased to the direction of as-extruded area, region D. 
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Figure 9. Line profiles of interface of U-55Zr fuel with  
Pb bonding according to annealing time at 650�C 

(a) 100 hrs, (b) 200 hrs, (c) 1 000 hrs 

 

 

 
 

Figure 10. SEM/EDS results of U-55Zr with Pb bonding for 1 000 hrs at 650�C 

 

Mark Pb U Zr 
1 0.76 19.11 80.13 
2  10.37 99.63 
3  95.11 14.89 
4  31.82 68.18 

Figures in at.%. 
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Conclusions 

� The �-Zr phases were distributed in the white �-UZr2 phase matrix and the porosity was 
drastically decreased due to densification from the extrusion process. 

� The volume changes of the samples increased slightly and the density variation was negligible. 
Therefore, it is evident that U-55 wt.% Zr fuel has good thermal stability. 

� As annealing time increased, hardness decreased and the decreasing rate of hardness was 
much higher at 700�C than 630�C. This is attributed to the increase of area fraction of � phase 
and the decrease of area fraction of relatively hard �-Zr phase as annealing temperature and 
time increased. 

� The interface between U-55Zr fuel and Pb at annealing time and 650�C consisted of a reaction 
zone and an initial zone in the inner area. The reaction zone consisted of a �-Zr layer and a 
Zr-depleted area with thicknesses of 26 �m (100 hrs), 36 �m (200 hrs), 46 �m (1 000 hrs). 
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SUMMARY OF TECHNICAL SESSION I:  
ACCELERATOR RELIABILITY 

Chairs: A.C. Mueller, P. Pierini 
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A huge session – 11 contributions 

ADS – Accelerator system designs (4) 

� PDS-XADS reference accelerator, D. Vandeplassche. 

� Japan SC ADS accelerator, N. Ouchi. 

� LANL SC ADS accelerator, R. Garnett. 

� FFAG at Kyoto University, M. Tanigaki. 

Report on subcomponent operation (4) 

� Spoke cavities, C. Mielot. 

� China proton source + RFQ, X-L. Guan. 

� PSI transport lines, P. Schmeltzbach. 

� TRIPS source, G. Ciavola. 

Beam dynamics aspects (2) 

� Fault tolerance in RF and magnets, J.L. Biarrotte. 

� Sensibility studies to errors, I. Shumakov. 

Report on SNS commissioning (1), S. Henderson. 

ADS accelerator design 

Three out of four designs presented are based, to the largest possible extent, on a superconducting 
linac solution. Is that a pattern? 

PDS-XADS 

Explored cyclotron vs. linac capabilities. 

� Performances, reliability, fault tolerance and extrapolation. 

� Ruled out cyclotrons. 
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Designed a linac using reliability/availability guidelines. 

� Technology chosen for injector (source + RFQ) and high energy section. 

� Still a few options in intermediate energy stage. 

Issuing “paper” deliverables but technological activities to present only supported by national programs. 

JAERI-KEK 

Today, the system design is slightly less developed (will need to further integrate availability issues) 
YET amazing technological effort has been made to provide real one-to-one components. 

� Clear focus on development of SC cavity technology of bulk Nb electropolished cavities that 
drives most of the program choices. 

� SC linac cryomodule test bench. 

� Significant tests in near future. 

LANL 

All SC linac (after LEDA) fully based on spoke structures. 

� Very sound beam dynamics studies. 

� Work based on LANL spoke experience. 

� Simpler 4 k operation. (Simplicity for reliability?) 

� Looking towards 5-cell spokes. (We hope to hear about it!) 

In the end 280 m/176 cavities, PDS-XADS has 250 m/190 cavities. Continuing the comparison is 
worthwhile. 

FFAG 

A concept from the 1950’s (University consortium US) but feasible only as of today (complexity of 
B-fields). Actual intensities similar to synchrocyclotron (1 mA) but order of magnitude gain predicted. 
We need to have a comparative assessment following the guidelines of the HPPA3 report, which 
showed the limits of the reliability characteristics that can be achieved by a cyclotron vs. linac potential. 

Subcomponent operation 

Proton sources 

There now exist at least four sources that clearly satisfy the ADS performance goals. 

� [LEDA, SILHI], TRIPS and CIAE. 
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� Runs in 100-200 h range have confirmed high availability. 

� Last thing to check – long (three-month) runs. 

� A priori, a twin-source design (PDS-XADS) seems acceptable. 

RFQs 

� LEDA operation record (more than needed for ADS). 

� IPHI, CIAE status reported (we also have TRASCO). Big technological effort! 

� Though none is currently operational. 

PSI beam lines (0.2->2 mA) 

Summary of about 20 years of HPPA beam line operation, including maintenance and reliability 
considerations. 

Spoke cavities 

� Tests have been reported with cavity exceeding ADS expectations. 

� CNRS has a b = 0.15 under construction. 

� Towards full engineering of a structure with all ancillary components (power coupler, CTS) – 
a cyromodule is planned by CNRS. 

� Importance of international access and collaboration around “regional” technological pole 
of excellence – Ile de France SUPRATECH. 

Beam dynamics aspects 

Fault tolerance 

� RF faults: can tolerate cavity loss (!) but need procedures for a fast reset of the linac to allow 
beam transmission, followed by a slower tuning to minimise beam losses. 

� Magnet faults: the doublet focussing scheme (plus large linac SC cavity bore) can accept a 
full quadrupole doublet fault maintaining beam specs on target. 

Sensitivity to fabrication tolerances 

� Analytical and numerical methods can be used to assess the sensitivity to fabrication 
tolerances in devices such as RFQ or periodic beam lines. 
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SNS – A (pulsed) 1.4 MW SC proton HPPA 

1 GeV 6% d.f., 1.4 mA average current (77% as of 01/2004) 

Front end has been commissioned with beam. 

� Source, RFQ, DTL 1-3 to 40 MeV, nominal parameters. 

Installation and commissioning is steadily proceeding. 

� Cavities tested with higher than expected gradients. 

� DTL 4-6 and CCL 1-3 by August. 

� Cryogenics system cooldown very soon. 

� Start SC linac commissioning at the beginning of 2005. 

� 81% energy gain from SC RF. 

� Budget figures of interest for XADS. 

Plan availability increase from 50% to 90% in five years. 

We are eager to know the results of the SC linac commissioning. 

Significant set-up that will demonstrate it is possible to transfer the digital RF controls used in TESLA 
to a SC proton machine. 

� It is needed for the Lorentz force detuning of the pulsed cavities. 

� Very important test bench for the path towards fault tolerance capabilities. 

Long-term upgrade plan to 2-4 MW! 

� Space already allocated for upgrade in high-beta section. 

Conclusion 

A lot of information and lessons learned from experimental accelerator development programmes in 
other fields of physics… 

…but need for identified resources for XADS reliability programmes (US, Europe) and 

…the availability/reliability requirements are unique for ADS. 

Better situation in Asia (but present designs not optimised for fault tolerance). 
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SUMMARY OF TECHNICAL SESSION II:  
TARGET, WINDOW AND COOLANT TECHNOLOGY 

Chairs: X. Cheng, T-Y. Song 
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“Research & Development on Lead-bismuth Technology for Accelerator-driven Transmutation 
System in JAERI” by Y. Kurata (JAERI), et al. 

JAERI’s corrosion loop (JLBL-1) test (350/400-450�C, 1 m/s). 

� Corrosion depth of 316SS at high temperature part: ~100 �m/3 000 h. 

� At low temperature part: deposition of Pb/Bi and Fe-Cr, plugging (needed filter). 

MES (Mitsui Engineering and Shipbuilding Co., Ltd.) loop (350- 450�C, 0.4-0.6 m/s). 

� 1.0 � 10–5 wt.% oxygen, 1 000 h, F82H/JPCA sample: no significant corrosion. 

Static corrosion test (F82H, Mod. 9Cr-1Mo 316ss, etc.) 

� 450�C, 3.2 � 10–4 wt.% oxygen, 3 000 h: increasing Cr � decreasing corrosion depth. 

� 550�C, 1.2 � 10–3 wt.% oxygen, 3 000 h: Si added steel shows good corrosion resistance. 

“Vacuum Gas Dynamics Investigation and Experimental Results on the TRASCO-ADS 
Windowless Interface” by P. Michelato (INFN), et al. 

� Windowless interface system is being developed as part of the TRASCO program. TRASCO 
program is to develop ADS. INFN, ENEA and Italian companies are involved in TRASCO. 

� Pumping, vacuum and cold trap systems were investigated. 

� LBE evaporation rate was measured and model was validated. 

� Source terms of hydrogen isotopes and noble gases were investigated. 

� Te was used for Po evaporation measurement and Hg experiment is under study. 

“Corrosion Test in the Static Condition and Installation of Corrosion Loop at KAERI for 
Lead-bismuth Eutectic” by J-E. Cha (KAERI), et al. 

KAERI installed Pb-Bi static corrosion test facility in 2003. 

� Filtering samples for loop test. 

� Oxygen control by H
2
/H

2
O, max. 800�C. 

� Test performed at 650�C, < 10–8/10–6 wt.%, < 500 h for 316L/HT-9/T91. 

� Need to repeat the test to see consistency of data. 



 

567 

KAERI’s corrosion loop. 

� Completed design and fabrication of components in 2003. 

� Plan to complete construction of the loop by September 2004. 

“The Vacuum Interface Compatibility Experiment (VICE)” by P. Schuurmans (SCK�CEN), 
et al. 

MYRRHA adopts windowless target system. 

Problem: Gas/vapour emanation at windowless target surface. 

� Outgassing. 

� Spallation product. 

� LBE evaporation. 

VICE: Realistic geometry of lower beam line. 

� Spallation product mix assessment was performed. 

� Pre-conditioning vessel tested. 

� Pb-Bi evaporation experiment performed. 

“The Introduction of a Dual Injection Tube for the Design of a 20 MW Lead-bismuth Target 
System” by C-H. Cho (KAERI), et al. 

DIT (dual injection tube) was introduced to improve KAERI’s HYPER target design. 

� Reduce target flow rate: lower pumping power, reduce thermal stripping. 

Introduction of DIT (1 GeV, beam diameter 30 cm). 

� Max. allowable beam current: 14 mA (parabolic), 21 mA (uniform). 

Parabolic beam: smaller diameter of inner injection tube is recommended. 

� Uniform beam: larger diameter of inner injection tube is recommended. 

“Design Study Around Beam Window of ADS” by H. Oigawa (JAERI), et al. 

Target and beam window design were performed for JAERI’s ADS system. 

� 1.5 GeV, Pb-Bi target, keff (0.97), 800 MWth. 
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A 30 MW beam was studied. 

� Beam duct(45 cm), inlet temperature (300�C). 

� Window: HCM12A (thickness: 2-4 mm). 

Max. temperature of window outer surface: 490�C. 

Max. stress: 106 MPa. 

“Primary Isotope Yields for MSDM Calculations of Spallation Reactions on 208Pb with Proton 
Energy of 1 GeV” by S. Fan (CIAE), et al. 

� MSDM code is a high-energy transport code used to simulate spallation reaction. 

� Original MSDM code was modified to take into account effects related to level densities. 

� After the modification, new calculation results turned out to agree with some experimental 
data of 1 GeV spallation reaction on a 208Pb target. 

� But new MSDM results do not agree well when compared with the experimental data of 
neutron-rich nuclides. 

“CFD Analysis on the Active Part of the Window Target Unit for LBE-cooled XADS” by 
N.I. Tak (FZK), et al. 

CFD analysis was performed for XADS target. 

� Target (Pb-Bi), natural convection cooling, inlet temperature (233�C). 

� 600 MeV, 6 mA. 

Steady-state case. 

� Reduction in window thickness (at centre) to 2 mm leads to allowable max. temperature of 
outer window surface (limit: 500�C). 

Transient case. 

� At 1 s beam trip conditions, max. temperature drop is 207�C (412�C/s). 

“Optimisation of a Code to Improve Spallation Yield Predictions in an ADS Target System” by 
T. Sawada (TIT), et al. 

� PHITS: General purpose particle and heavy ion transport code system. 

� Tried to optimize PHITS so that it can be used for ADS-related calculations with precision. 
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� Calculation prediction can be improved by: 

� Increasing the excited energy for the evaporation stage. 

� Reducing the pre-equilibrium stage. 

� Changing the timescale or cut-off energy for the intra-cascade stage. 
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SUMMARY OF TECHNICAL SESSION III:
SUBCRITICAL SYSTEM DESIGN AND ADS SIMULATIONS

Chairs: W. Gudowski, H. Oigawa
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Categories of presentations

• Research/demo facility design described or referenced to:

- Kyoto, MYRRHA, TRADE.

• Conceptual design of full-scale transmuter:

- Burn-up swing and CSMSR.

• Design of ADS – components:

- MYRRHA vessel studies, accelerator and BTL for TRADE.

• Benchmark on beam interruptions.

Research/demo facility design

• More international harmonisation would be beneficial for many parties (the same is valid for
Pb/Bi technology experiments):

- Similar experiments are under preparation or planned – better focus and task distribution
would be desirable (probably not easy to agree upon).

- Real accelerators are going to be coupled with subcritical cores in the near future.

- ADS, demo, PoP, etc. facilities should have clear objectives, internationally
harmonised, in order to focus on investigation of important parameters for a real
transmutation facility without unnecessary duplications.

� RACE experiment in US not reported.

� SAD (Russia, ISTC) not reported.

Conceptual design of full-scale transmuter

• Visible convergence for Pb/Bi system design concerning:

- Power (800 MWth).

- K
eff

(0.97).

- Fuel options (nitride intensively studied but not exclusively).

• Big variety of core designs, we consider that there is great potential to optimise ADS
performance.

• Variety of fuel compositions and fuel cycle.
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• Fast information exchange between different groups is definitely beneficial for the progress of
ADS concepts.

• Interesting alternative options for ADS under investigation; we would like to have a bit more
clarity on CSMSR.

Design of ADS – components

Very interesting engineering work taking us closer to practical solutions.

• Even if the choice of accelerator is still an open question, it is clear that first PoP experiments
will be done with cyclotron (Kyoto, TRADE, SAD, etc.).

Benchmark on beam interruptions

Easy conclusions:

• Everybody happy with benchmarks so time for validation activity.

• Time for an international validation experiment? Should it have been planned already? Can
we use existing facilities? Should we take into account facilities under advanced planning/
construction?

• Any role for OECD/NEA?

Final conclusions

• Interesting session covering very different topics with direct links to other sessions.

• Final recommendations/advice to participants and OECD/NEA should be done based on
synthesis of all sessions.
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SUMMARY OF TECHNICAL SESSION IV:  
SAFETY AND CONTROL OF ADS 

Chairs: J-M. Lagniel, P. Coddington 
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Two papers – very design specific – were presented describing the results of WP2 of the PDS-XADS 
project and covering the two 80 XADS designs. The conclusions reached were: a) a Pb-Bi reactor 
ADS has significant safety characteristics, particularly if it has a low �p and a high natural circulation 
flow rate, and b) a gas-cooled system has a short space period for beam-shut off end. Any pump-driven 
system will lie between these two. 

We heard about the new Pb-Bi loop, which provides neutral circulation, etc., and is useful for only 
Pb-Bi system. 

An interesting paper was presented describing a proposal for dynamic control of an ADS by linking. 

The intriguing use of void boxes with mini cycles to control reactivity swings was discussed as well as 
plans to look at burnable poisons. 

A paper compared the PDS-ADS Pb-Bi 80 MW and the reactor design considered as part of the EU 
FUTURE project. 

� This has oxide fuels with Am and Cm, leading to different fuel thermal properties and reduced 
����������	
�������
������������ 

� Compensation results presented for TOP. 

� UTOP results sensitive to fuel properties – providing small in comparison to the 
subcriticality level. Power change is the same. 

� ULOF because of high subcriticality margin. Power remains ~1.0 so response is function 
of flow reduction, i.e. system behaviour. 

� Results are sensitive to the change in fuel thermal properties. 
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SUMMARY OF TECHNICAL SESSION V:  
ADS EXPERIMENTS AND TEST FACILITIES 

Chairs: P. D’hondt, V. Bhatnagar 
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Summary 

� Five (5) papers were presented. 

� One (1) paper was not presented: “Core Neutronics Assessment for TRADE Experiments” by 
D.G. Naberezhnev, et al. (ANL, USA). 

Paper 1 

� Presented by H. Oigawa (JAERI, Japan). 

� Entitled “Concept of Transmutation Experimental Facility”. 

� Remarks – within the J-PARC complex: 

� TEF-P: Physics experiments with MA nitride fuel (600 MeV, 10 W), H– beam as a 
mock-up of subcritical facility. 

� Validation of neutronics, performance test of ADS and transmutation of MA and LLFP. 

� TEF-T: Material irradiation tests (200 kW beam, dia. = 4 cm, 1014 n/cm2/s) in flowing 
LBE without nuclear fuel. 

� Test lifetime of window, structural material under (n, p) irradiation, compatibility of 
materials with LBE, operation and control of spallation target system 

� Decision and operation 2008 onwards? 

Paper 2 

� Presented by M. Hron (NRI, Czech Republic). 

� Entitled “Experimental Verification of Selected Transmutation Technology and Materials for 
Basic Components of a Demonstration Transmuter with Liquid Fuel Based on Molten 
Fluorides”. 

� Remarks: 

� SPHINX: spent hot fuel incinerator by neutron flux project. 

� Accelerator-driven concept of MA transmutation demonstrator with molten salt using 
dry processing. 

� BLANKA 1: fluoride material testing probe irradiated in research reactor at NRI, Rez 
(T, p measurements). 

� BLANKA 4: Larger assembly also installed. 

� EC project: MOST and Russian AMPULA. 
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Paper 3 

� Presented by Y.H. Kim (KAERI, Korea). 

� Entitled “Application of the HYPER System to the DUPIC Fuel Cycle”. 

� Remarks: 

� DUPIC: PWR spent fuel recycled in CANDU reactor after a simple refabrication process. 

� After pyroprocessing, this spent fuel can be transmuted in HYPER system. 

� Proliferation resistance cycle, uranium resource saving. 

� Fuel cycle cost comparable to once-through cycle. 

� HYPER system preliminary design features and performance analysis presented. 

� Utilities still have to show interest in this cycle. 

Paper 4 

� Presented by P. Coddington (PSI, CH). 

� Entitled “Numerical Comparisons Between Neutronic Characteristics of MUSE4 
Configurations and XADS-type Models”. 

� Remarks: 

� Aim was to make representativity calculations between MUSE4 and XADS concepts for 
Na, He and LBE-cooled systems. 

� Results do not show good representation in LBE case. 

� There were comments from the audience regarding the utility of the calculations as 
configurations do not match. 

� Pb-loaded MUSE4 system could be better for these calculations. 

� Suggestion for TRADE simulation was made but not found to be of great value. 

Paper 5 

� Presented by B.S. Lee (KAERI, Korea). 

� Entitled “Reaction of Pb Bonding Between Fuel and Cladding”. 
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� Remarks: 

� Presentation included the fabrication process and a study of thermal stability of U-Zr fuel. 

� U-55 wt.% Zr fuel has good thermal stability. 

� A significant interaction between U-55 wt.% Zr and Pb is observed at 650°C. 

� Thickness of the interaction zone is 26, 36, 46 �m when the sample is immersed in liquid 
Pb for 100, 200, 1 000 hrs, respectively. 
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SUMMARIES OF WORKING GROUP  
DISCUSSION SESSIONS 

Chairs: R. Sheffield, B-H. Choi 

The summaries contained in this section reflect the views of the respective Chairperson(s)  
and do not necessarily reflect the views of the working group members. 
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SUMMARY OF WORKING GROUP DISCUSSION ON ACCELERATORS 

Chair: P.K. Sigg 
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Discussion 

Suggestions (Y.L. Cho) on chosen topics – availability, reliability, high intensity and efficiency: 

� Define observation period; Suggestion (A. Mueller): For three months of operation, followed 
by one month shutdown period (maintenance, restocking). 

� Comment (T. Mukaiyama): For future industrial applications (burners), observation 
period should be greater than one year! 

Beam trips: Neglect events < 1 sec. �goal: only five trips/month, > 1 sec.! 

� Comment (R. Sheffield): Trip of > 10 sec. ����������	

���������� 

Reliability culture: Suggestion is to go to industrial standards (e.g. aerospace industry). 

� Comment (P. Schmelzbach): There is a trade-off between system complexity and redundancy! 

� Definition (P. Pierini): Differentiate component vs. system reliability; this should be clearly 
identified in specs. 

� Comment: Recording (data logging) is not sufficient � ���� Aït Abderrahim, A. Mueller) 
interpretation is essential, affects the quality of the available database. 

Suggestion: Agree upon/introduce common standards or guidelines! (But WHO will do that?) 

� Comment: Safety increases reliability (!?) 

� Comment (R. Sheffield): Diagnostics can be failure cause – false alarms can be frequent (see 
P. Schmelzbach). 

� Comment (several speakers): Aside from well known “trouble areas” (vacuum, RF systems), 
many interruptions are caused by support system failures (power grid, cooling systems, etc.), 
and are not directly influenced by accelerator design). 

� Observation: Many machines are “experimental”, that is to say, prototypes (one of a kind), so 
reliability is not the same as in industrial plants (including reactors). 

� Comment (D. Vandeplassche): Commercial cyclotrons (e.g. for medical applications) are 
“finished” at one time �no more tinkering! 

Energy efficiency; Question (T. Mukaiyama): Can anyone give a number for overall electrical 
efficiency? 

� Discussion: You can expect a maximum of ~50% (based on several opinions – R. Sheffield, 
A. Mueller...) 

� Comment (R. Sheffield): There exists a trade-off between availability and efficiency �
redundancy (like hot spares) is detrimental to energy efficiency! 
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Question (L. Ponomarev): What amount of beam power is desired for ADS? Or, how much power can 
reactors reasonably take? (The question has been asked before.) 

Answer (H. Aït Abderrahim, A. Mueller, others): 10-20 MW is sufficient! 

Non-technical issues 

Funding: What can be done to increase funding for ADS? On the accelerator side (A. Mueller), 
accelerator community seems to get short changed. Suggestion: Widen the spectrum of applications 
offered for accelerator development! 

Manpower: There seems to be a shortage of qualified, experienced accelerator scientists. Question: 
What can be done to alleviate the problem in view of the increasing demand for new/existing projects? 

Suggestions: More aggressive advertising in universities, career planning, etc. More effort is needed! 

Conclusion 

Questions yet to be resolved (T. Mukaiyama): After having worked out solutions to some of the key 
questions (such as: what accelerator type is “best” ��������
	���; what are the costs ��	�������	������
available for prototype machines; what is the energy consumption ������������iscussion on energy 
efficiency), there are still a few open questions. At present, trying to answer them is only guesswork. 
Typically, questions such as “When will what accelerator be fully operational?” and “When will the 
trip rate reach the desired value?” are still waiting to be answered in the future. The prototypes now 
under construction will help us in providing answers to these questions and many smaller issues. 
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SUMMARY OF WORKING GROUP DISCUSSION ON  
SUBCRITICAL SYSTEMS AND INTERFACE ENGINEERING 

Chair: W. Gudowski 
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What are the expected results of our discussion? 

� Understanding where we are internationally with ADS programmes and to clarify the details. 

� Understanding to where different projects are heading. 

� Finding synergies and benefits in international collaboration and a good balance between 
COMPETITION and COLLABORATION. 

� Agreement on what message we should convey to nuclear utilities and to the nuclear 
community as a whole on ADS and P&T issues. 

� Some important technical issues not yet answered: 

� What is the maximum beam power accepted by a reactor? (Reactor perspective is not only 
beam trips!) 

� Advise OECD/NEA on priorities in its P&T and ADS activities. 

Good starting point – conclusions of M. Salvatores’ presentation regarding putting an 
international perspective on the future of ADS 

“The perceived role of P&T has evolved from an optional strategy aiming to reduce the burden on 
deep geological storage, to an integral component of future nuclear systems. In this new perspective, 
‘transmutation’ is achieved in an optimum manner in a fast neutron reactor, with the homogeneous 
recycling of not separated TRU.” 

The main reactions to this statement are: 

� The perception by the geological disposal community is not in line with the statement 
especially perceived in EURADWASTE 2004. P&T is perceived for the moment as a burden 
for geological disposal. Thus, there is a real need for communication between the two 
communities. 

� In an electricity market open for competition it will be difficult to make a dirty fuel cycle 
acceptable to the utilities. This will be jeopardizing the competitiveness of nuclear 
electricity generation (one of the Gen. IV criteria). 

� Multiple recycling needed within P&T is unacceptable to utilities as considered in the 
homogeneous burning. 

� Transmutation is achieved in an optimum manner in a fast neutron system, be it a critical 
reactor or an ADS system. 
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“Specialized devices, like ADS, can have a role in a transition scenario between the present 
LWR-dominated to a future FR-dominated situation.” 

The main reactions to this statement are: 

� ADS is a dedicated system for waste burning but not simply for the transition period between 
the LWR era and the FR-dominated era. ADS will be a dedicated waste burner also when 
the FR will be deployed for economical reasons. 

� Even if ADS will be for a transition period, this will be a long one (around one century). 

� Why such a huge effort for a transition period if limited to 20 to 30 years as claimed by the 
Gen. IV community? 

“In any case, ADS deployment can hardly be considered by a single country in isolation and a 
‘regional’ approach is needed, where countries with rather different policies in terms of nuclear power 
development can join efforts to develop shared facilities.” 

The main reactions to this statement are: 

� This is true at the Asian level as a Japan-China-Korea initiative has begun to join the 
effort related to the R&D support programme for ADS and even to join the effort for ADS 
facilities in the J-PARC ADS part (the latest statement on the wishes of Japan; enlargement to 
world collaboration). 

� A joint effort in R&D support can also be achieved through the ISTC initiatives. 

� This is true at European level under the EC FP (4, 5, 6) programmes for R&D support but  
a step further would be needed in terms of realisation. 

Target issues 

“The best solution issue – window or windowless.” 

The main reactions to this statement are: 

� Windowless can be a favoured design under the condition that after a hydraulic demonstration 
and a vacuum interface compatibility demonstration, the realisation of an experimental testing 
is realised. 

� Scale 1/1 experiment is needed. 

� If windowless can be accepted, one should not avoid a cold window to protect the accelerator 
from eventual contamination. 

� The technology of cold windows, even used in other applications, needs to be demonstrated at 
the high-power proton beams considered for ADS accelerators. 
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� An assessment of the maximum power acceptable in the windowless design should be 
established. 

� The optimum acceptable proton energy for ADS application is 600 to 800 MeV; thus one 
cannot relax more on the energy to avoid high currents. 

“Can we envisage an experiment in the near future to help us resolve this issue? A WINDOWLESS 
MEGAPIE? Where and when?” 

The main reactions to this statement are: 

� Yes such an experiment should be prepared and performed. 

� An attempt was done during the FP6 project IP EUROTRANS but due to budget shorting this 
is not taken in the present programme. 

� PSI and SCK�CEN are thinking about such an experiment. 

“Too little work has been done on the consequences of a window break.” 

The main reactions to this statement are: 

� For the first time, work on this topic has been reported by JAERI and the group recommends 
an increase in this effort. 
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SUMMARY OF WORKING GROUP DISCUSSION ON  
SAFETY AND CONTROL OF ADS 

Chair: P. Coddington 
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Points of discussion 

We thought of a good idea to propose to OECD/NEA/NSC. There should be a safety-related 
benchmark to follow the beam trip benchmark. 

� Eight-hundred (800) MW transmuters with Pb-Bi coolant with MA load fuel and typical beta, 
reactivity, keff. 

� Both at beginning and end of cycle. 

� Also during hot standby conditions. 

Safety activities 

Licensing challenge. 

Subcritical: 

New concept Length of time to get CSR > ABWR 

New coolant  > AP600/AP1000 

New fuel   
Do not try all three at once. 

Safety guideline – DEC 

Core melt – DEC 

Two realistic analyses of core melt/recriticality is thought too difficult (at this time) to analyse. 

Therefore, the core melt frequency needs to be so low to be in the residual risk category. 

� For detectable transients, if beam trip is the only barrier then the failure rate needs to be 108. 

� For undetectable transients, these have to be designed out. For example, open core design 
from JAERI to avoid SA blockages. 
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Safety 

Much discussion 

ADS offers advantages over critical systems for reactivity accidents. 

However, beam trip (without shutdown system) is the first and only shutdown mechanism. 

� All system transients/design must be analysed to define GRACE PERIOD for beam shut off 
to determine: 

� Nature and location response of detection system for all possible accidents. 

� Processing logic. 

� Definition of signal that goes to the accelerator. 

All this needs a high reliability since this may be the only barrier to core melt. 

This means that a review needs to be made on safety-related instrumentation. 

Temperature increases: 

� Thermocouples where/each SA, core exit. 

� Response time – core exit – problems with flow mixing, etc. 

� Power monitor. 

� Subcriticality monitor. 

For DBs – safety guidelines 

Goal – no off-site release. Based on analysis of PDS-XADS, there will be limited clad failures. 

But this is not obvious since we saw for the gas reactor. DBs may lead to pin failure and therefore 
activity release to the containment. 

This will then help to define the requirements for the containment – an issue not discussed. 

ADS reactivity control 

Shutdown 

Discussion relating to an alternative shutdown mechanism. 

Conclusion that a set of “safety” shutdown rods should be considered, these being most relevant 
when keff becomes close to 1.0. 
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Burn-up control 

Discussion on the presentations: 

� Use of burnable poisons. 

� Limited use of control rods. 

� Void boxes (for mini cycles). 

� Link to the beam power, to the core power. 

� Generally, there are safety considerations for constant (fixed) beam power. 

Definition of optimum subcriticality level 

This needs to be better quantified rather then left to guesswork and big margin. 
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