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Abstract 

Accelerator-driven systems (ADS) are extensively investigated for the transmutation of 
high-level nuclear waste within many worldwide research programmes. The first 
advanced design of ADS is currently being built in SCK•CEN MOL-Belgium (Multi-purpose 
hybrid research reactor for high-tech applications (MYRRHA)). Many European research 
programmes support the design of MYRRHA. In the framework of the EU project Thermal 
Hydraulics of Innovative nuclear Systems (THINS), a free surface experiment is performed 
at the Karlsruhe Liquid Metal Laboratory (KALLA) of Karlsruhe Institute of Technology 
(KIT). The experiment investigates the free surface design of the MYRRHA target. The 
KALLA free surface lead-bismuth eutectic (LBE) liquid metal experiment is a full-scale 
model of the concentric MYRRHA target. The design of the target is combined with CFD 
simulations using a volume of fluid method accounting for mass transfer across the free 
surface. The used model is verified with water experimental results obtained at the 
University Catholic of Louvain (UCL) within the Integrated Project EUROpean Research 
Programme for the TRANSmutation of High Level Nuclear Waste in Accelerator-driven 
System (EUROTRANS). The design of the target enables a high fluid velocity and a stable 
surface at the beam entry. In the current work, we present numerical results of Star- CD 
simulations employing a high-resolution interface-capturing scheme in conjunction with 
the cavitation model for the nominal operation conditions. Thermal hydraulic of the target 
is considered for the nominal flow rate and nominal heat load. Results show that the target 
has a very stable free surface configuration for the considered flow rate and heat load. 

 

Introduction 

Thermal hydraulic studies of free surface with Heavy Liquid Metals (HLM) has become 
more important for innovative nuclear reactors design. In some of the reactors, the HLM 
can be used as a coolant. In accelerator-driven systems (ADS) it can be used as a coolant 
and a target. According to previous studies performed in the Integrated Project EUROpean 
Research Programme for the TRANSmutation of High Level Nuclear Waste in Accelerator-
driven Systems (EUROTRANS), the first advanced design of a 50 to 100 MWth experimental 
facility demonstrated the technical feasibility of the transmutation in an accelerator-
driven system (XT-ADS) [1]. In SCK•CEN MOL-Belgium, the first advanced design of ADS 
system is currently designed. Preparation for the construction of a Multi-purpose hybrid 
research reactor for high-tech applications (MYRRHA) is under development. Several 
European research programmes support the design of MYRRHA. The Thermal-Hydraulics 
of the Innovative Nuclear Systems (THINS) project is one of these programmes. It is 
devoted to important cross-cutting thermal-hydraulic issues encountered in various 
innovative nuclear systems, such as advanced reactor core thermal-hydraulics, single 
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phase mixed convection and turbulence, specific multiphase flow, and code coupling and 
qualification. Another objective of THINS is to achieve optimum usage of available 
European resources in experimental facilities, numerical tools and expertise [2]. Within 
THINS, Karlsruhe Liquid Metal Laboratory (KALLA) is testing the performance of a free 
surface target. A full-scale model of the concentric MYRRHA target is investigated for a 
range of operation conditions. A thermal analysis of the target is performed by CFD. The 
first design of the target was tested for water, which is easier to treat and characterise 
than the LBE target. The design of the water experiment was based on CFD simulations 
using a volume of fluid method accounting for mass transfer across the free surface [3-6]. 
The results of water target experiment were used for the variation and validation of the 
used model. This was established within the FP6 EUROTRANS where a water experiment 
was designed and run at the University Catholic of Louvain (UCL). The experience gained 
from the water experiment is used for the design of the KALLA LBE free surface target. 
The schematics of the spallation loop is shown in Figure 1-a. It shows the target 
integrated in the core. It also shows the LBE loop and the proton beam hitting the free 
surface of the target. According to the MYRRHA target design, the LBE free surface target 
replaces three fuel assemblies of the core, as shown in Figure 1-b. The LBE flows through 
three feeder tubes downstream to form a hollow flow with two free surfaces: one facing 
the proton beam and the other one designated as the lower free surface, as shown in 
Figure 1-c, which depicts the nominal volumetric heat source due to spallation reactions. 

Figure 1. Illustration of, a) schematics of the spallation loop, [3], b) illustration of target 
inserted into reactor core [3] c) typical beam characteristics 

a   b    c 

 
 

According to the design specification, the proton beam travels in a vacuum to hit the 
upper free surface. This requires that potential cavitation in the feeder nozzle of the 
target be suppressed by fins which raise the pressure in the feeder. A small injection 
angle at the feeder nozzle outflow was optimised to minimise the size of recirculation 
flow in the thermally highly loaded zones [7]. The high heat load within the limited space 
available for the target makes the design a challenging task. Several iterations were 
needed to come to a final target design. Many details about target design activities can be 
found in [8-10]. The axi-symmetric design was considered to allow fast analysis for better 
fundamental understanding. The final target design represents a more complex 3-feeder 
configuration [4]. The final design v0.10LBE studied in [8] was built in KALLA after some 
modifications introduced due to space limitation and available pump capacity. Due to the 
previously mentioned limitations, a shorter feeder is selected to enable higher mass flow 
rate (expected flow rate is lower than nominal, pump limitations). Beam pipe is slightly 
modified at the tip and outer radius. The axial position of the beam pipe is adjustable 
since larger acceleration lowers the risk of cavitation in cases of small flow rate. Due to 
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shortening the feeder to 200 mm, the number of fins is increased from 100 to 122 fins. 
Figure 2 shows the target mock-up construction and photographs of the target and the 
drag limiter. The current design of the target enables a high fluid velocity and a stable 
surface at the beam entry. This was studied in [10] for a wide range around nominal flow 
rate. In what follows, Figure 1-c shows the numerical results of the thermalhydraulic 
behaviour of the target for nominal flow (11 l/s) condition and the nominal heat load.  

Figure 2. Blue print of MYRRHA mock-up, photograph of the target and the drag limiter with 122 fins 

 

Numerical study 

For the study of the mock-up target illustrated in Figure 2, an axi-symmetrically domain 
of 5o is considered. 10 900 mesh cells, k-ε model, fluid properties at 593 K, and the CFD 
code Star-CD version 4.16 are used. Cavitation model is used with unsteady 
computations, time step of 0.001 seconds. The results converge to a near steady-state 
position of the free surface. The feeder part is not considered in these simulations, where 
another study for flow rates above 5 l/s has proven that the used number of fins in the 
drag limiter is sufficient to rule out cavitation in the feeder [10]. The tested power 
provided in Figure 1-c is 900 kW. This corresponds to a heat source of 12.5 kW considered 
in the domain. In order to reduce the computational time constant fluid properties are 
also used for the thermal study. The heat source results in average heating of 56.7oC. The 
proposed heat source shown in Figure 1-c is calculated by SCK as a volumetric heat 
source as a function of local cartesian position by assuming fixed free surface position. 

Isothermal hydraulic study of the target 

The hydraulic behaviour of the KALLA-LBE target shown in Figure 2 is tested by using the 
previously described model. Different flow cases are studied, where the nominal flow and 
other lower flow cases are considered. In the analysis, the mesh illustrated in Figure 3 is 
used, where the flow in the feeder is not considered. The axi-symmetrical domain 
permits uniform inlet flow in the circumferential direction, where flow rates of 11.0 l/s, 
8.08 l/s, 7.00 l/s and 5.88 l/s are studied. Details of the hydraulic study and a preliminary 
comparison with the obtained experimental results are in [10]. Figure 3 shows contours of 
volume fraction of LBE and the velocity of the fluid in the target for nominal flow 
conditions. A pressure outlet condition was applied at the outlet, as illustrated  
in Figure 3. This allows some additional flow to enter the domain from the outlet. The 
very small amount re-entering the computational domain can be predicted from the 
velocity vectors, as shown in Figure 3. Since the outlet is selected far downstream of the 
target region, the outflow conditions do not influence the results in the spallation zone. 
The hydraulic study of [10] shows that a stable free surface is generated for the tested 
flow rates. When lowering the flow rate, the position of the small recirculation zone on 
the axis of the conical free surface is also lowered. For flow rates of 11.0 l /s and 8.08 l /s, 
the radius of the recirculation zone area is about 1/3 of the beam tube radius. 
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Figure 3. Illustration of the used computation mesh, computed vapour volume fraction, (CAV, 
red vapour and blue is liquid LBE), velocity magnitude and velocity vectors  

in the outlet region, nominal flow, 11 l/s 

 
 

Measurements from the first experimental campaign are reported in [11]. These 
results were obtained by a digital camera, which was installed at the height of the nozzle 
exit to monitor the heavy liquid metal jet during start-up phase and in operational mode. 
A second digital camera was mounted on top of the target to observe the free surface 
area through the proton beam tube. Figure 4 presents a schema for comparison between 
experimental and numerical results. On the left side the outer contour of the LBE flow 
(blue) can be compared to the experimentally obtained average outer contour as 
illustrated. 

It should be noted that the position h of the recirculation zone approximately 
coincides with the position of the slope “discontinuity” of the outer contour of the jet, as 
highlighted by the white circle shown in Figure 4 (right) [10]. The predicted size of the 
recirculation zone 1/3 r proves that the heat deposited in the target is outside of the 
recirculation zone (referring to heat deposition profile in Figure 1c). Consequently, 
overheating in the circulation zone is not expected. At this stage, the obtained 
instantaneous experimental photographs are compared to time-averaged numerical 
results. Calibration and extensive averaging are scheduled for the second measurement 
campaign. Preliminary experimental results verify the numerically obtained hydraulic 
results, where stable surface in a wide range of operating conditions starting from 35% of 
the nominal flow rate was observed [10]. 

Figure 4. Comparison of flow rate effect on the HLM vapour volume fraction (VVF) domains, 
(red is vapour, blue is liquid) and right is a side view onto the target nozzle  

in stable operation mode at 4.6 l/s [11] 
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Thermal hydraulic study of the target 

The nominal flow case corresponding to a 3 mA proton beam is selected for the thermal 
hydraulic study of the target. The heat source presented in Figure 1-c was used in this 
study. It was calculated for a fixed position of the free surface. However, a small 
oscillation in the position of the upper free surface was observed in the calculation. The 
calculated oscillation of the free surface is very small compared to the height of a 
computation cell at the interface. However, this results in a proportional change of the 
mass fraction of the liquid in the boundary cell. Consequently, it results in an 
unpredicted very high boundary temperature at the free surface for the case if the 
boundary cell has a smaller mass than used for the calculation of the heat source. This is 
due to the big difference in density between vapour and liquid. For an even more 
accurate calculation, a heat source needs to be introduced, which is a function of time 
and free surface position. This will add some numerical complexity to the investigated 
problem. Accordingly, the heat generated in interface cells between LBE liquid and 
vapour is not considered accurate in this initial study. Figure 5 shows the used heat 
source and the resulting temperature contours. The results show that the generated heat 
is removed effectively without overheating. The highest temperature values are 
downstream of the free surface. As expected, the circulation zone did not adversely 
influence the heat removal. Note that the heat source is a function of the vertical 
distance from the free surface, with its maximum close to the surface. Since the flow is 
almost aligned with the vertical direction, a fluid particle is substantially heated near the 
surface and then subjected to weaker heating as it is transported downward. Therefore, 
the maximum temperature is reached far away from the circulation region and the free 
surface. The computed flow thus leads to stable heat removal in the target for the 
nominal flow rate considered. 

Figure 5. Nominal heat source and computed temperature contours, 11 l/s  

 

Conclusion 

Our thermohydraulic study considers the mock-up of the windowless target for MYRRHA 
at nominal flow conditions and shows that the selected design results in stable 
concentric flow forming a small recirculation zone in the centre. The size of the 
recirculation zone is about 1/3 of the beam tube radius for flow cases around nominal,  
8- 11.0 l/s. The beam is circularly swept around the centre region, so that direct heating of 
the recirculation zone is omitted. This provides stable heat removal from the target for all 
flow rates considered. In our simulation, the heat source profile is provided time-
independently. For accurate surface temperature predictions, the heat source would have 
to be provided as a function of the free surface position, which slightly fluctuates in our 
calculation. In the current study, the heat source in the interface cells is deactivated. Our 
simulations show that the maximum temperature is reached far from the recirculation 
zone. Overall, the heat can be successfully removed from the target so that only 
moderate temperature is reached. 
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