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The GUINEVERE project

The GUINEVERE project was a project within IP-EUROTRANS, 
a programme in the 6th Framework Programme (FP6) 
of Euratom. IP-EUROTRANS addresses main issues for 
Accelerator Driven System (ADS) development in the 
framework of partitioning and transmutation for nuclear 
waste volume and radiotoxicity reduction. 

The GUINEVERE project was carried out in the context of 

experiments for the coupling of an accelerator, a target 
and a subcritical core. A major item to be investigated by 
these experiments was the validation of the subcriticality 
monitoring for an ADS since the guarantee of subcriticality 
is of fundamental importance for the safety of an ADS. 

Analysing the outcome of the FP5 MUSE project with regard 

improvement. To validate the methodology for reactivity 
monitoring, a continuous beam was needed, that was 

beginning also a strong request was made for a lead core in 
order to have representative conditions of lead-cooled ADS 
which were only partially answered by the MUSE programme. 
For this purpose, there was a need for a lead fast critical 
facility connected to a continuous beam accelerator. 

Since such a programme or installation was not present 

deuteron accelerator working in continuous mode (with and 
without beam trips) and in pulsed mode: the GUINEVERE 
project (Generator of Uninterrupted Intense NEutrons at the 
lead VEnus REactor). The picture left shows the accelerator 
inserted in the core of the VENUS reactor.

The FREYA project

As a follow-up of the GUINEVERE project, in the 7th 
Framework Programme (FP7) of Euratom, the FREYA project 
was started. FREYA (Fast Reactor Experiments for hYbrid 
Applications) aims to:

Complete the experimental programme for the 
validation of the methodology for on-line reactivity 
monitoring initiated within the GUINEVERE project.
Conduct the necessary experiments in support of the 
design and licensing of the MYRRHA/FASTEF type 
reactor.
Conduct the necessary experiments in support of the 
design and licensing of Lead Fast Reactors (LFR).

What was VENUS used for?

The VENUS reactor is an experimental low-powered 
reactor of the “zero-power critical facility” type. It was 

reactor cores were reproduced on a small scale (about 
50 x 50 x 50 cm). The VENUS reactor was modernised in 

 

VENUS has been used for the validation of reactor codes. 
They have proven their usefulness for the determination 

parameters like power distribution, neutron economy and 
neutron irradiation of the reactor vessel. If, however, one 

new domains, the codes must be revalidated. The critical 

realistic simulations. 

power reactor like Doel or Tihange, was loaded. Because of 
burning in the nuclear reactor, irradiated fuel contains less 
uranium than non-irradiated fuel. The difference is called 
the “burn-up credit”. The risk of attaining a critical mass 
diminishes and the irradiated fuel can be placed closer 
together than non-irradiated fuel. This affects the storage in 
nuclear power plants and less irradiated fuel transports are 
needed. The codes have been validated in VENUS for the 
calculation of the burn-up credit.

An Accelerator Driven System 
at the VENUS installation



Present status

The commissioning tests for the licensing of the new 

commissioning of the GENEPI-3C accelerator in stand-
alone mode. The commissioning tests of the reactor in 

th of February, 

the experimental programme foreseen in the FREYA project 
was started.  

The conversion of the VENUS reactor to an accelerator 

are connected to the installation of the new GENEPI-3C 
accelerator at the VENUS critical facility and its coupling to 

adaptation of the VENUS critical facility to host a fast lead 
core, further on referred to as VENUS-F.

GENEPI-3C characteristics
The construction of the accelerator GENEPI-3C was carried 
out by the French research centre CNRS. For the penetration 
of the accelerator into the core, it was decided early in 
the project to have a vertical penetration because it has 

ventilation system on top of the already existing bunker in 
the VENUS hall. 

The GENEPI-3C (GEnérateur de NEutrons Pulsé Intense-3 
Continu) accelerator is the third of a series designed for 
neutronic experiments. The GENEPI machines are 250 
kV deuteron accelerators ended by copper targets with 
titanium-tritium (TiT) or titanium-deuterium (TiD) deposits, 

programme at MASURCA reactor (CEA Cadarache, France, 

above. In this new continuous mode, it will also be possible 
to operate with beam interruptions (beam trips) with a 
programmable duration and a low repetition rate for the 
needs of the foreseen experiments.

Due to the vertical coupling conditions, the GENEPI-3C 
machine required a special design allowing the entire 
removal of the vertical line partly inserted in the reactor: this 
is necessary for target changes and for reactor or accelerator 
maintenance. To do so, the vertical line was embedded in 
a supporting structure that can be hoisted along guiding 
structures by means of a crane, and then lifted above the 
reactor bunker ceiling to be stored on a stand surrounded by 

bending magnet was made removable too and supported 
by a mobile cart that can be moved along two rail tracks. 

VENUS-F characteristics
To obtain a fast lead core in the VENUS vessel, all internals 
were removed and replaced by a core made of lead and 
uranium fuel. The fuel was provided by CEA (Commissariat à 
l’Energie Atomique) in the framework of the IP-EUROTRANS 
project.  

below. The active height of the core region is about 60 cm. 

shutdown in all situations, 6 safety rods made of boron 
carbide with a fuel/lead follower are foreseen in the core 

rods (yellow squares in the periphery region) are made of 
boron carbide.

Figure a

Figure b

Mean current  160 μs to 1 mA  
Beam trip rate  0.1 to 100 Hz  
Beam trip duration  ~20 μs to 10 ms  
Transition time 
(on/off) 

1 μs  

Beam spot size  20 to 40 mm in 
diameter  

Max. neutron 
production  5×10 10 n/s

 



ISOL@MYRRHA

In parallel to the accelerator driven system (ADS) MYRRHA, 

beam intensity delivered by the MYRRHA accelerator, one 

Concept

Why ISOL@MYRRHA?

need very high statistics; 

Operational approach

ISOL@MYRRHA
An ISOL facility at the MYRRHA accelerator



Ion sources

Mass separators

8

Beam preparation

4

Expected yields

Physics cases

More information:   l  
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System description 
Currently in design phase 
Cooled by liquid metal at 200 – 400°C 
45% lead / 55% bismuth 
Fast neutron spectrum 
Accelerator driven system 
Up to 100MW thermal power 
Submerged robotic fuel manipulation 

Applications 
European fast spectrum irradiation facility 
Demonstration of reduction of radio toxicity of nuclear 
waste 
Material research for current and future reactor systems 
Medical isotope production 
Silicon doping 
Fast flux irradiation facility for the ITER  fusion reactor 
 

MYRRHA
Multi-purpose hYbrid Research Reactor for High-tech Applications
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HELIOS3

Setup 

Delivery of conditioned LBE to other experiments  

Study of conditioning methods 

Study of calamity effects (steam ingress, oxygen 
 

Target/Purpose 

Storage 
(100 L) 

Melting 
(40 L) 

Conditioning 
(20 L / vat) 

Gas sparger 

r 

impeller 

LBE = Lead-Bismuth Eutectic 

Initial setup: 2 mm diameter bubble pipe 

Large bubbles   violent bubble collapse 
effects   Low gas flow rates (6 l/h) 

Slow conditioning rate (20 kg of LBE  takes 2 
weeks of conditioning) 

Optimal oxygen concentration [O]? 

Gas bubbling 

44.5 wt% Lead + 55.5 wt% Bismuth 

Cooling fluid + Spallation target for MYRRHA 

Corrosion of structural steels 

Precipitation of oxides 

Too high  formation of PbO and other oxides 

Too low  corrosion attack of structural steels 

[O] for MYRRHA ~10-7 wt%  
= 1 ppb = 1 mg O per kg LBE  

Cover gas  low interaction rate  

Dissolution of PbO pebbles in LBE  only [O]  

Gas bubbling: most versatile 
 [O]  of  by adapting the gas mixture  

Conditioning methods 

HELIOS 3 LBE Conditioning 

Maximization of liquid-gas interaction  

Increase of gas –liquid interaction area through  
minimization of bubble size:  

 use of gas sparger, hole size ~10 μm  

Increase in gas-liquid interaction time by 
maximizing the bubble residence time  

 mixing, vessel geometry  

Validation in water 
1:1 model  
air/ inert gas for enhancing/decreasing dissolved 
oxygen concentration in water 

Optimization of the bubbling process 

0.21m 

0.65m 

Motor + 
Gas inlet 

LBE  
@ 450°C 

Gas plenum 

Inspection window 

Impeller  

Results 
220 kg of LBE reduced 

from 10-5 wt% to 10-9 wt 
% in a few hours 
through bubbling 

Bubbling  much more 
efficient than LBE-cover 

gas interaction  
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RHAPTER

vessel with LBE 
test module 

vacuum feedthrough 

instrumentation: 
torque sensor 
incremental encoder 
accelerometer 

fast shaft 

slow shaft 

shaft cooling 

1000 rpm – 10 Nm 

10 rpm – 1000 Nm 

150 to 450 °C 
Argon cover to control 
oxygen level 

in operation since 09/2011 

springs 

ball & journal bearings 

vessel with LBE
test module

vacuum feedthrough

instrumentation:
torque sensor
incremental encoder
accelerometer

fast shaft

slow shaft

shaft cooling

1000 rpm – 10 Nm

10 rpm – 1000 Nm

150 to 450 °C
Argon cover to control
oxygen level

in operation since 09/2011Construction 

a good bearing 

torque graph 

nice and even over 
complete test run 

smooth balls 

light discoloration, but 
smooth surfaces 

inner race outer race 

a bad bearing 

torque graph 

smooth start 

gradual 
increase 

sharp increase & 
catastrophic failure 

still smooth balls 

heavy 
denting 

complete 
breakdown 

inner race outer race 

a good bearing

torque graph

nice and even over 
complete test run

smooth balls

light discoloration, but 
smooth surfaces

inner race outer race

a bad bearing

torque graph

smooth start

gradual 
increase

sharp increase & 
catastrophic failure

still smooth balls

heavy 
denting

complete 
breakdown

inner race outer race

Results 

materials:  races: AISI 52100 
 balls: SiN ceramic 
 cage: pressed sheet steel 

test:  speed: 10 rpm 
 load: 5000 N 
 duration: 1 week 

materials:  races: AISI 52100 
 balls: AISI 52100 
 cage: graphite 

test:  speed: 10 rpm 
 load: 5000 N 
 duration: 1 week 

springs

ball & journal bearings
Test programme 

gears 

electrical cables 

leadscrews 

chrome steel, stainless 
steel, ceramics 
low speeds (0 to 50rpm) 
reciprocating 

different configurations, 
coatings, heat treatments 
in air & LBE 

spur & bevel gears 

helicoidal & disc springs 



201406 BCaers

MYRRHA In-Vessel Robotics

fuel assembly 

fuel assemblies are transported from 
offline storage to the MYRRHA vessel 

the fuel transfer device transports the 
assemblies to the cold plenum 

loading and unloading of fuel 
assemblies in the core is done from 
below 

the fuel is stored in-vessel during 
reshuffling of the core and to cool 
down after use 

spent fuel is sent back to offline 
storage after cool-down 

robot holding fuel 
assemby 

core 

MYRRHA as seen from below 

Fuel manipulation in MYRRHA 

1 

2 

3 4 

gripper robot arm 

restrainer rotating plug 

The robot in detail 

motors and instruments are located 
above the cover 
gears, bearings, cables etc. operate 
in LBE 
visualisation by ultrasound  

robot holding fuel 
assemby

core

MMMYRRHA as seen from below

1

2

3 4

1

gripperrobot arm

restrainerrotating plug

The robot in detail

motors and instruments are located
above the cover
gears, ngsbearib i , cablesbl etc. t operatet
in LBE
visualisation by ultrasound 
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IN-VESSEL 
FUEL 
STORAGE 

fuel assemblyfuel assemblyfuel assembly

fuel assemblies are transported from
offline storage to the MYRRHA vessel

the fuel transfer device transports the
assemblies to the cold plenum

loading and unloading of fuel
assemblies in the core is done from
below

the fuel is stored in-vessel during
reshuffling of the core and to cool 
down after use

spentnt fuelfu is sent back to offline
storrage after coolcoo -down

Fuel manipulation in MYRRHA

CORE

COVEER

COLD  PLENUM

HOT PLENUM

FU
EL

  H
A

N
D

LI
N

G
  R

O
BO

T

FU
EL

TR
A

N
SF

ER
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STORAGE

 in-vessel fuel storage 

 fuel transfer 

core restraint system 
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COMPLOT

Goal 
Characterize the hydrodynamic behaviour of reactor components 

Test programme 

in a flowing Lead-Bismuth Eutectic (LBE) environment 
representative of a single MYRRHA channel 

to support the MYRRHA reactor design 
to ensure safe and reliable operation 

Component Measurement  

Fuel assembly LBE pressure drop and flow induced vibration 

Control and safety rods Proof of operating principle and rod insertion time 

Spallation target LBE pressure drop and velocity profile at the beam window 

COMPLOT 
As-built 3D piping layout 

+ 

+ 
+ 

Pump Filter 

Dump tank 

Inlet boxes 

COMPLOT design characteristics 
Loop configuration closed 

Maximum temperature 
(isothermal ) 

400 °C 

Maximum flow rate 36 m3/h 

LBE Volume 750 l 

Total height 12 m 

Fuel assembly test section 

MYRRHA core 

Representative single MYRRHA 
channels are installed into 

COMPLOT for testing 

1:1 
MYRRHA 

scale 

Flow and 
pressure 
control 
valves 

Control rod test section 

+ 

Analytical & 
numerical 

simulation of CR 
insertion 

= 

Numerical simulation of 
spallation target flow 
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CRAFT

Purpose LBE corrosion / erosion

Strategy

Moderate 
te erat res

Understanding 
of nder ing 

echanis s

Active ox gen 
contro

3D design and schematic P&ID of CRAFT

Corrosion mechanism
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MEXICO

R&D facilities for the licensing and engineering of MYRRHA 

MEXICO (Mass EXchanger In Continuous Operation) 
 
Lead Bismuth Eutectic (LBE) has been chosen as a spallation target and primary coolant of MYRRHA. It is widely recognized that 
the control of the dissolved oxygen activity is essential in the use of lead alloys in order to minimize the corrosion of structural 
steels and to avoid the oxidation of the coolant itself (PbO formation) by excessive oxygen. MEXICO was constructed and has 
been commissioned recently in order to study LBE coolant chemistry focusing on oxygen control and LBE purification technology. 
Experimental results will be used for the licensing of MYRRHA. 

Materials and methods 

Results 

Conclusion 
- An LBE coolant chemical process control loop, MEXICO, was constructed and has been commissioned successfully in 2014. 
- Two types of oxygen control systems including an electrochemical oxygen pump and a PbO mass exchanger have been developed and implemented in 

MEXICO. 
- Highly accurate oxygen control was achieved by both oxygen control systems during the first experimental campaign.  
- The fast increase of pressure drop over the filter during the operation of the PbO MX, must be solved. 
- A robust oxygen control system for MYRRHA will be developed based on the results from MEXICO. 

For more information (references) 
J. Lim, A. Mariën, K. Rosseel, A. Aerts and J. Van den Bosch, “Accuracy of potentiometric oxygen sensors with Bi/Bi2O3 reference electrode for use in liquid LBE”, Journal of Nuclear materials, 429 (2012), pp. 270-275 
J. Lim, G. Manfredi, A. Mariën, J. Van den Bosch, “Performance of potentiometric oxygen sensors with LSM-GDC composite electrode in liquid LBE at low temperatures”, Sensors & Actuators B: Chemical, 188 (2013), 1048-1054 
J. Lim, G. Manfredi, S. Gavrilov, K. Rosseel, A. Aerts, J. Van den Bosch, “Control of dissolved oxygen in liquid LBE by electrochemical oxygen pumping”, Sensors & Actuators B: Chemical, 204 (2014) 388–392 
A. Marino, J. Lim, S. Keijers, J. Van den Bosch, J. Deconinck, “Numerical modeling of oxygen mass transfer from PbO spheres packed bed to liquid lead bismuth eutectic: A venturi-type PbO mass exchanger”, Nuclear Engineering and 
Design, 265 (2013), 576–581 
A. Marino, J. Lim, S. Keijers, J. Van den Bosch, J. Deconinck, F. Rubio, K. Woloshun, M. Caro, S. A. Maloy, “Temperature dependence of dissolution rate of a lead oxide mass exchanger in lead-bismuth eutectic”, Journal of Nuclear 
Materials, 450, (2014) 270-277 

 
      Oxygen control by oxygen pump 

 
Oxygen control by PbO mass exchanger  

 

 
Pressure drop over the filter 

P&ID of MEXICO loop Electrochemical oxygen pump PbO mass exchanger Filtration P&ID of MEXICO loop

Ceramic filter (porosity =40 m) 

MEXICO HELIOS 3 LILIPUTTER 2 CRAFT LIMETS 3 LIMETS 2  LIMETS 4 

Coolant chemistry Material compatibility Components & TH Scaled MYRRHA 
RHAPTER COMPLOT ESCAPE 

Oxygen control boundary for  an LBE coolant system  

Total volume: ca. 700 liters (7,000 kg of LBE), T= 200-450 °C 
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E-SCAPE

 

 
  

Main parameters (flow rate, 
temperatures, pressure drops) scaled 

down according to similarity  

Primary vessel 

100 kW  electrical core, 200 kW 
total power consumption 

Temperatures: lower plenum 
200 C, upper plenum 

210 C÷310 C 

E-SCAPE is a simulator of the main thermal 
hydraulic phenomena occurring in MYRRHA 

Geometrical scaling 
factor:  1/6  1.4 m 
diameter, 2 m height 

Constraints: physical limitations, 
manufacturability, available space, ease of use, 

initial and operational costs 

Working fluid: 25 tons Lead 
Bismuth Eutectic 

Flow rates: 120 kg/s in forced 
circulation, 5 kg/s in natural 

circulation

E-SCAPE facts & figures 

CORE PUMP MOCK-UP 

CORE 

Si DOPING 
MOCK-UP 

HEAT 
EXCHANGER 
MOCK -UP 

FUEL HANDLER MACHINE 
MOCK-UP 

ABOVE CORE 
STRUCTURE 

PUMP MOCK-UP 

HEAT 
EXCHANGER 
MOCK -UP 

FUEL HANDLER 
MACHINE MOCK-UP 

Si 
DOPING 

MOCK-UP 

Instrumentation 
2 Coriolis flow meters 
10 Pressure gauges 
2 radar level sensors 
350 Thermocouples 
45 UDV probes 

Components 
2 linked circuits 
2 centrifugal pumps 2 kW 
4 LBE-Oil heat exchangers 
2 Oil-Air coolers power 2 kW 
Valves for throttling and safety 
Tracing and insulation 10 kW 

Primary cooling system 
Working fluid: Lead-Bismuth

Secondary cooling  system 
Working fluid: diathermic oil

Components 
Main pool 3000 l 
2 separate circuits (50 m total 3’’ piping) 
for pumping and cooling 
Storage tank 3000 l 
2 centrifugal pumps 5 kW 
4 LBE-Oil heat exchangers 
1 filter 
Valves for throttling and safety 
Tracing and insulation 85 kW 

Instrumentation 
2 vortex flow meters 
4 pressure gauges 
8 thermocouples 



201409 MGreco

 
Integral system behaviour 

Natural convection decay heat 
removal via HXs 
Residence times of fluid particles 

 
 

Upper plenum 
Thermal mixing and stratification 
Flow distribution  
Free surfaces oscillations 
 

 
Lower plenum 

Flow distribution 
Pump jet behaviour 
 
 
 

MYRRHA thermalhydraulic assessment 
Test matrix 

Steady state conditions 

 
Transient conditions 

Numerical codes validation 
Computational Fluid 

Dynamics codes 
Pre-test analyses 

Confirmation of theoretical 
scaling 
Support to E-SCAPE design 

Post-test analyses 
Validation activities 
Support to MYRRHA design & 
safety 
Focus on hot topics: e.g. 
turbulent Prandtl number 

Codes 
CFX 
OpenFOAM (myrrhafoam solver  

     developed at VKI) 
 
 

Codes coupling 
Pre-test analyses 

Off-line coupled analysis of the lower 
plenum (CFX) and external circuits 
(RELAP5) 

Post-test analyses 
Complete on-line coupling 
Validation activities 
Support to MYRRHA design & safety 
 

Thermalhydraulic System codes 
Pre-test analyses 

Confirmation of theoretical scaling 
Support to E-SCAPE design 

Post-test analyses 
Validation activities 
Support to MYRRHA design & safety 

Codes 
RELAP5 

 
UDV 

45 Ultrasonic Doppler Velocimetry probes characterise the velocity field in the 
lower plenum 
 

Thermocouples 
400 TC for establishing temperature profiles 
Outlining the pump jet behaviour by following the path of an injected hot plug 

 
Pitot tube 

Velocity profile at pump tube discharge 
 

Pressure sensors 
Pressure drops across the main components (core, Above Core Structure, barrel) 
 

Radar level sensors 
They continuously track the levels in the two plena 

In-Vessel measurements 

E-SCAPE
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Seeing by listening,
a nuclear application

Robust identification of individual fuel assemblies 

Detailed inspection and object localization 

Ultrasonic sensors 

heavy liquid metal 
400°C 

Radiation hard 
LBE facing parts in stainless steel 

A unique pattern of 12 
notches at the inflow 
nozzle identifies a fuel 
assembly 

Principle of the differential 
ultrasonic read-out system. 12 
ultrasonic sensors provide 
immediate identification. 

Experimental validation in water. The 
special error correcting code makes 
the identification extremely reliable. 
40% of the ultrasonic sensors may fail. 

Echo strength 

LBE 

Water 

SCK-CEN ultrasonic sensors render images in LBE 

Echo strength Echo depth 

3D 

Resolution in water versus LBE 

Special wetting procedure required 
for ultrasonic sensors in stainless steel 





www.sckcen.be/MYRRHA

INNOVATING
is in our genes

/


