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ABSTRACT 
 

The paper describes some heat transfer and stress analysis issues that arose in the context of 
demonstrating the safe operation of the MEGAPIE liquid-metal neutron spallation source target. 
Such a target forms part of the evolutionary Accelerator-Driven System (ADS) concept in which 
neutrons are generated in an otherwise sub-critical core by spallation reactions resulting from 
bombardment by a proton beam. The international project MEGAPIE had the objective of 
demonstrating the feasibility of the spallation process for a particular target design under strict test 
conditions. The test was carried over a period of four months at the end of 2006 at the SINQ 
facility of the Paul Scherrer Institute in Switzerland. 
The design studies carried out for the MEGAPIE target prior to irradiation using Computational 
Fluid Dynamics (CFD) resulted in an optimum flow configuration being defined for the coolant 
circulation. Simultaneously, stresses in the structural components were examined using Finite 
Element Method (FEM) techniques. To this purpose, an interface program was written which 
enabled different specialist groups to carry out the thermal hydraulics and structural mechanics 
analyses within the project with fully consistent model data.  
Results for steady-state operation of the target show that the critical lower target components are 
adequately cooled, and that stresses and displacements are well within tolerances. Transient 
analyses were also performed to demonstrate the robustness of the design in the event of abnormal 
operation, including pump failure and burn-through of the target casing by the proton beam. In the 
latter case, the CFD analyses complemented and extended full-scale tests. 
 
Key Words: CFD, spallation source target, heat transfer, stress analysis. 

 
 

1. INTRODUCTION 
 
The use of thermal neutrons is common in many branches of the materials sciences. One 
application area of particular interest derives from the current trend to extend the lifetimes of 
existing nuclear plants beyond their original design specifications and/or to upgrade their power 
output by introducing more highly rated fuel. The sources of the neutrons for such studies are 
fission reactors or, more recently, spallation source targets. The SINQ facility (Fig. 1) at the Paul 
Scherrer Institute (PSI) in Switzerland has been producing thermal neutrons from spallation 
reactions (interaction of sub-atomic particles with a target material) for many years. Protons are 
supplied by the 575 MeV double-ring cyclotron at PSI, the target material being lead, which is 
contained in sealed canisters and cooled by heavy water (D2O).  
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Figure 1. Beamline layout configuration at the SINQ facility with Target E emphasized. 
 
 
In the year 2000, the decision was made to increase the neutron flux from the facility by 
installing a heavy-liquid-metal target, the target material (lead-bismuth eutectic, melting point 
125oC) acting also as the primary coolant. The concept originates from ideas first put forward by 
Rubbia et al. [1] in connection with the Accelerator Driven System (ADS), also called the 
Energy Amplifier (EA), an innovative concept for supplying neutrons by spallation reactions, 
which are then capable of sustaining a fission chain reaction in an otherwise sub-critical reactor 
core [2]. A reactor of this type, a schematic is given in Fig. 2, can be used for power generation, 
or to transmute long-lived radio-active isotopes produced in conventional nuclear plants into less 
hazardous materials to simplify procedures for ultimate disposal [3]. 
 
Proof of feasibility of the LBE target concept has recently been demonstrated in the context of 
the pilot project MEGAPIE, an acronym for Megawatt Pilot Experiment [4]. The activity was 
supported by an international consortium, with groups from Belgium, France, Germany, Italy, 
Japan, South Korea, Switzerland and the USA involved in the design, manufacture, testing and 
safety assessment of the target. Additionally, the European Commission jointed the initiative via 
the MEGAPIE-TEST project [5]. The target was operated successfully between August and 
December 2006 and produced an 80% upgrade in available neutron flux over the conventional 
water-cooled target system.  
 
Considerable heat is generated as a consequence of the spallation reactions, and heat removal 
from the active spallation zone in the target is a crucial issue, one which had to be examined 
carefully within the MEGAPIE project before operation to show that there was no possibility of 
structural failure of components. However, it is impossible to reproduce the very high power 
densities involved (more than 1 GW/m3) experimentally without actually using a beam. This 
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meant that considerable trust had to be placed in numerical predictions of the local heat transfer 
processes, and here Computational Fluid Dynamics (CFD) was used extensively. 
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Figure 2. Schematic of the ADS reactor system. 
 
 
Though the focus in the present paper is on the MEGAPIE target system, results from the 
numerical studies and model developments described here are also relevant to other medium-to-
high-power spallation sources under consideration worldwide. For example, the European 
Spallation Source (ESS) is a pulsed-source target system designed to operate at up to 5 MW 
power, utilizing mercury as the target material and primary coolant [6]. Another mercury target, 
SNS (Spallation Neutron Source), is currently under development at the Oak Ridge National 
Laboratory in the U.S. [7]. Initially, it is planned to operate the target at 1 MW beam power, but 
an upgrade option to 4 MW or beyond is being left open. Likewise, the mercury target system 
envisaged for the Japanese Spallation Neutron Source (JSNS) would also utilize a pulsed beam 
of 1 MW power [8]. In contrast, LBE is proposed for the spallation target of the MYRRHA ADS 
system [9]. This is a windowless target concept in which protons descend vertically from a beam 
tube located above the free surface of the LBE. In the case of MTRRHA, it is anticipated that 
about 1.4 MW of heat would be deposited in the LBE. It is evident that liquid-metal spallation 
source targets, and the ability to operate them safely, is of interest internationally. 
 
 

2. THE MEGAPIE TARGET 
 
The MEGAPIE target configuration consists of a vertically-mounted column of LBE contained 
in a steel hull (Fig. 3). Protons from the cyclotron enter the target from below via a hemi-
spherical cap: the target window. The active spallation region extends from the window upwards 
about 27 cm into the LBE column. As a consequence of the reactions taking place in this region, 
about 700 kW of heat (for a beam current of 1.74 mA, the design reference value) are deposited 
directly into the LBE. The heat generated is transported upwards by the moving LBE stream to 
the target heat exchanger (THX) situated in the upper head of the assembly, partly by buoyancy, 
and partly by forced-flow convection, driven by an electromagnetic pump (EMP) also installed 
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in the upper head. Cool LBE (at 230oC) exits from the lower end of the THX, descends in the 
annular region outside the guide tube (Fig. 3) towards the window where the protons enter the 
target. Here, the flow is turned through 180o, traverses the spallation zone, where the average 
temperature increases to 340oC, and rises upwards in the central region via the (main) EMP to 
the THX inlet manifold to complete the LBE circuit. The most critical component is the target 
window itself, which also receives direct heating from the beam and which must remain 
adequately cooled under all normal and abnormal operating conditions. Consequently, there is 
provision in the design for additional LBE cooling of the window by means of a bypass flow, 
driven by a separate, smaller EMP, located beneath the main pump. 
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Figure 3. Cutaway and schematic views of the MEGAPIE target. 
 
 
As an additional safety barrier to a major leak of LBE, a double-walled, water-cooled safety 
container is positioned outside of the main target vessel (labeled Safety Hull in Fig. 3). In the 
present design, the wall material is the aluminium-magnesium eutectic AlMg3, and the coolant is 
D2O, which is pumped between the two shells. According to present estimates, the beam deposits 
5.5 kW of heat in the target window, 5.6 kW in each of the two shells of the safety hull, and 
5.5 kW in the D2O coolant, as well as the 700 kW in the LBE column. 
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3. CFD MODELLING 

3.1.  Why is CFD Needed? 
 
Traditional perceptions of heat transfer coefficients (HTCs) derive from Newton’s law of cooling 
 

( )bw TThq −=′′       (1) 
 
in which the convective heat flux q'' is proportional to the difference between the wall 
temperature Tw and the bulk fluid temperature Tb. The HTC encompasses all the parameters 
affecting the heat transfer processes within the thermal boundary layer next to the heated wall 
surface. Heat transfer coefficients are used extensively in thermal hydraulics engineering and, as 
will be seen later, in structural dynamics also. Figure 4a illustrates the concept graphically. The 
convective cooling takes place in the thermal boundary layer next to the heated surface. If the 
HTC, h, has been determined for the particular cooling configuration under consideration, the 
details of the temperature profile are not required, and Eq. (1) can be used to calculate the total 
heat transfer from the surface, and, for a given heat flux q'', the surface temperature Tw may then 
be readily estimated. Indeed, such calculations were carried out as routine during the design 
phase of the MEGAPIE spallation source target.  
 
 

 

 
 
 

 

Figure 4. Temperature profile near a heated surface 
(a) no volumetric heating; (b) with volumetric heating. 

 
 
However, in regard to MEGAPIE there are two limitations in the use of HTCs. First, they are 
usually tabulated for fully developed flow conditions, and the LBE stream in MEGAPIE is far 
from fully developed. Second, the presence of intense volumetric heating upsets these well-
accepted approaches, since the coolant material is then itself being heated. In fact, the situation 
near the window for the MEGAPIE target will be more like that displayed in Fig. 4b. The 
temperature profile is no longer monotonic through the thermal boundary layer, but goes through 
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a minimum, and the maximum temperature actually occurs in the coolant rather than in the wall 
material. This behavior results directly from the beam heating effect, which for heavy liquid-
metals such as LBE is more intense than that in the steel of the target components. Given the 
absence of suitable empirical HTCs for these cases, the practical alternative is to determine the 
complete temperature profile numerically using CFD. The technology is well-established and 
trustworthy (for single-phase applications), the models having been validated in many industrial 
contexts, including nuclear energy [10]. 
 

3.2.  The Basic Target Model 
 
The MEGAPIE target is constructed of several steel components, as can be seen in Fig. 3. The 
CFD studies focused on the heat producing region at the base of the target, from the window to a 
level just above the lower end of the central instrumentation rod. Dimensions are given in 
Fig. 5a. As remarked above, some important structures are also directly heated by the proton 
beam, so these are explicitly included in the CFD calculations. In particular, there is considerable 
heat transfer (≈ 150 kW) across the steel guide tube between the hot (340oC) LBE in the central, 
riser region of the target and the relatively cool LBE (230oC) LBE descending in the outer 
annulus from the main electromagnetic pump.  
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Figure 5. Basic MEGAPIE geometry, with some lower target variants. 
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Calculations were performed by several organizations within the consortium [11], concentrating 
on different aspects of target design, operation and safety. Those performed in-house at PSI 
utilized the commercial CFD code CFX-4 [12]. All simulations were fully 3D, and all structures 
represented explicitly. The basic model (with the end of the guide tube not slanted) is shown in 
Fig. 5a. The position of the bypass channel is indicated in Fig. 5b, and the variations in slant of 
the end of the guide tube in Figs. 5c and 5d, with and without the bypass tube. The configuration 
seen in Fig. 5d was finally adopted for the actual target design, and this geometry became the 
basis of the further simulations carried out.  
 
The sophistication of the CFD model grew as the design calculations progressed, and as the 
various design options became fixed. The final model consisted of about 625 000 hexahedral 
meshes of which 225 000 were conducting solid elements, the mesh layout in the lower section 
being reproduced in Fig. 6a. The target hull, annulus, riser and instrumentation rod are clearly 
discernible. The ducting to the bypass nozzle is also modeled, though cannot be seen in this 
picture, since the duct walls coincide with mesh lines.  
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Figure 6. CFD simulation of lower target: (a) hexahedral mesh layout; temperature field in 
(b) the plane of the bypass flow, (c) perpendicular plane and (d) over the window (internal 

surface); (e) von Mises stresses over the window (internal surface) 
 
 
Determination of the steady-state beam footprint and axial heat deposition profile did not prove 
to be straightforward, and became the object of a neutronics benchmark exercise within the 
MEGAPIE project [13]. Consequently, the best-estimate heat generation profile employed for 
the CFD calculations changed regularly. The calculations reported here were carried out with the 

420 

 

325 

 

230 

   oC 
 

 
MPa 

52 

 

26 

 

0 

(b) (a) (c) 

(d) 

(e) 

Bypass 
flow 



B. L. Smith 
 

2011 International Conference on Mathematics and Computational Methods Applied to  
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

8/40 

 

profile derived using the FLUKA particle transport code [14]. The heat distribution density on 
the target axis according to this analysis is plotted in Fig. 7a. The radial heat deposition, or beam 
footprint, is elliptic (Fig. 7b), and has a Gaussian profile of different standard deviation along 
each of the major and minor axes, themselves being functions of depth of penetration of the 
beam into the LBE.  
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Figure 7. Beam heat deposition characteristics: (a) axial profile; (b) footprint 
 
 
The conjugate heat transfer problem was set up within CFX-4 and run to steady-state [15]. The 
inlet boundary conditions are the mass flowrates of the LBE entering the top of the annulus and 
the entrance to the bypass duct (37.5 kg/s and 2.5 kg/s, respectively), and the temperatures 
(230oC and 242oC, respectively). The outlet was defined as a constant-pressure surface at the top 
of the riser. Though most components consist of thin shells, there are five elements across the 
thickness to ensure adequate representation of the bending stresses when the structural analysis 
part of the study was later carried out (see below). The heat was deposited volumetrically in the 
respective materials according to the profiles given in Fig. 7. 
 
Figures 6b and 6c show calculated temperature distributions in two vertical planes through the 
centerline of the target. In the plane of the bypass jet, the contours are asymmetric due to the jet 
flow over the window (bottom-right region in Fig. 6b), which induces a large recirculation region 
(bottom-left in Fig. 6b), breaking the symmetry in this plane. However, the temperature field 
remains symmetric in the plane perpendicular to this (Fig. 6c). For the assumed beam current 
(1.4 mA) the maximum LBE temperature is 420oC, and occurs at a height of 25 cm above the 
window, near the top of the region heated by the beam (see Fig. 7a). Figure 6d shows the 
corresponding temperature distribution over the window internal surface. The bypass flow is 
from left to right, shown by the arrow, and in this configuration is aligned with the major axis of 
the elliptical beam footprint. Maximum temperatures occur near the centre of the window, but 
slightly displaced as a consequence of the strong cross-flow. The temperature distribution is 
quite heterogeneous, with strong lateral gradients in the region where radiation damage is 
expected to be a crucial issue in determining the expected lifetime of the window material. 

(b) (a) 
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Clearly, very careful stress analysis calculations need to be performed in conjunction with the 
thermal hydraulics of the MEGAPIE target. A preview of the stresses on the window internal 
surface is given in Fig. 6e.  
 
In addition to determining the temperature field under steady-state target operation, a number of 
transient situations were also analyzed. It is not the purpose of this paper to describe all the 
simulations carried out, which are fully described elsewhere [11,16,17]. Rather, it is intended to 
concentrate on the methodology that was needed to perform the analyses. The way in which data 
from the CFD calculations were used to perform the associated stress analysis of the structural 
components is described in the next section. This is followed by a detailed description of the 
analysis of a major leak of LBE from the target. 
 
 

4. STRESS ANALYSIS 
 

4.1.  Background 
 
By far the most popular numerical method for solving thermal stress problems is the finite 
element method (FEM). A number of FEM codes are commercially available, and the ones used 
within the MEGAPIE project were ANSYS [18] and ABAQUS [19]. The codes require the user 
to enter the 3D geometry of the elements, along with boundary conditions and constitutive 
models. In problems in which there is convective cooling of the solid surfaces, boundary 
conditions are conveniently supplied in terms of a heat transfer coefficient h, and wall surface 
temperature Tw, see Eq. (1), or directly in terms of the heat flux q''. With this information in 
place, the code can then solve the heat conduction equation to determine the temperature 
distribution within the material elements, and thence the thermal stresses. 
 
Most modern CFD codes, such as ANSYS CFX [20], FLUENT [21] and STAR-CCM+[22], have 
incorporated in them logical interfaces to supply these quantities at structural interfaces in a 
format that can be read by the appropriate FEM code. However, within the MEGAPIE project, 
groups used different CFD and FEM codes, so no common approach was available. In addition, 
the CFD-FEM coupling is restricted to the 2D fluid/structure interface, and this has two 
disadvantages: (i) the 3D structural model still needs to be built using the FEM software; and (ii) 
the heat conduction equation then needs to solved in preparation for the stress analysis. But these 
two tasks had already been performed within the CFD part of the task, so a more convenient 
strategy was adopted.  
 

1. Specification of the 3D geometry of the solid structures, and the discretization into finite 
elements, is carried out within the CFD code (CFX-4) using hexahedral meshes for both 
the fluid and solid meshes, as illustrated in 2D in Fig. 8. 

2. The temperatures in the solids are calculated simultaneously with those in the fluid 
(conjugate heat transfer). In CFX-4, FLUENT and STAR-CCM+ they are stored at the 
centers of the cells, marked by the symbol x in Fig. 8. In ANSYS-CFX, the temperatures 
are stored at the vertices of the meshes, those for the solid material becoming the nodes 
of the finite elements. In this case, Step 3 of the procedure is then omitted. 
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3. In the FEM code, either ANSYS or ABAQUS, the temperatures are stored at the nodes 
located at the vertices of the hexahedral cells, as indicated by the symbol • in Fig. 8. 
These are obtained by interpolation from the cell-centered values, as described below. 

4. The solid cells are renumbered in the finite element convention, and suitable input files 
prepared for the FEM code describing the mesh geometry and topology. This needs to be 
done once only at the start of the computation. 

5. Fluid pressures are evaluated at the centers of the cell faces of the fluid/structure 
boundaries in CFX-4, and a data file is written for direct input into the FEM code as 
boundary conditions for the mechanical loading of the structure. 

6. The thermal/mechanical stresses in the solid structures are then computed using the FEM 
program. 

 
 

 

x x x 

x x x 

x x x 

Solid Fluid 

CFD node x 

FEM node 

x x x 

x x x 

x x x 

 
 

Figure 8. Hexahedral mesh layout at a fluid/solid boundary (shown in 2D for clarity). 
 
 
Some elaboration of the procedures 1 to 6 is given in the following sub-sections. The stress 
distributions in the window of the MEGAPIE target in steady-state operation are then displayed 
as illustration. 
 

4.2.  Identification of Conducting Solids in CFX-4 
 
Originally within the MEGAPIE project, most fluid/structure interaction studies were performed 
using CFX-4 as the CFD code and either ANSYS or ABAQUS as the FEM code. The coupling 
algorithm built to ABAQUS is described here. More recently, a link has also been constructed 
between FLUENT and ABAQUS in the context of another project. However, the differences in 
approach are in terms of detail, not of methodology. 
 
The formulation is given in terms of hexahedral meshes, which are the only cell types available 
in the code, but this is not a strict limitation. As remarked already, a conjugate heat transfer 
problem is run involving fluid and conducting solid meshes. At the end of the calculation, or the 
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end of a specified time for transient simulations, the temperature field is known everywhere in 
the solid regions. Each 3D conducting-solid region is considered in turn, together with its 
material identification number, which is used within CFX-4 to define the density, thermal 
conductivity and specific heat, and which will also later be used to point to the mechanical 
properties of the material within ABAQUS. The individual solid cells are extracted and 
renumbered in the finite element convention, as described for example by Zienkiewicz [23]. 
Element numbering is carried out contiguously, taking care to avoid duplicate vertex numbering. 
The finite element numbering convention for the nodes is drawn in Fig. 9a, the numbers 1 to 8 
shown in the Figure being local node numbers for the particular element. 
 

 
 

1 2 

3 4 

5 6 

8 7 

 

 
 
 

55 

76 

4 

55 

77 77 

91 

55 

76 

91  

 
Figure 9. Numbering system for solid cells: (a) local; (b) global (showing connectivity) 

 
 
Each node also has a global number, which provides information on how the separate elements 
are joined together. Figure 9b illustrates the concept. The global node numbers at the vertices of 
the right hand face of Element 1 coincide with those at the corresponding locations on the left 
face of Element 2. Within the workings of the FEM code, the two elements are then considered 
to be joined at their common face.  

 
Table 1. File 1: list of elements and associated nodes. 

  
1, 1, 2, 4, 3, 5, 6, 8, 7 
2, 2, 9, 10, 4, 6, 11, 12, 8 
3, 9, 13, 14, 10, 11, 15, 16, 12 
4, 13, 17, 18, 14, 15, 19, 20, 16 
5, 17, 21, 22, 18, 19, 23, 24, 20 
6, 21, 25, 26, 22, 23, 27, 28, 24 
7, 25, 29, 30, 26, 27, 31, 32, 28 
8, 29, 33, 34, 30, 31, 35, 36, 32 
9, 33, 37, 38, 34, 35, 39, 40, 36 

10, 37, 41, 42, 38, 39, 43, 44, 40 
etc. 

 
1, 1, 2, 4, 3, 5, 6, 8, 7 
2, 2, 9, 10, 4, 6, 11, 12, 8 
3, 9, 13, 14, 10, 11, 15, 16, 12 
4, 13, 17, 18, 14, 15, 19, 20, 16 
5, 17, 21, 22, 18, 19, 23, 24, 20 
6, 21, 25, 26, 22, 23, 27, 28, 24 
7, 25, 29, 30, 26, 27, 31, 32, 28 
8, 29, 33, 34, 30, 31, 35, 36, 32 
9, 33, 37, 38, 34, 35, 39, 40, 36 

10, 37, 41, 42, 38, 39, 43, 44, 40 
etc.  
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 2  1 
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All information relating to the topology, connectivity and geometry of the elements is established 
by the node-sharing concept, and is embodied in two files, samples of which are given in Tables 
1, 2. The format shown is that suitable to be read in automatically as input data to ABAQUS, and 
serves to bypass the element generation phase of the stress analysis. The forms suitable for 
ANSYS have also been programmed [24]. In Table 1, the elements are listed, from 1…N. The 
first column of each row gives the element number, and the remaining eight columns the global 
node numbers of its vertices in the FE convention (Fig. 9a). Indicated in the Table are common 
vertices, which in general may be shared by two or more elements, determine the element 
connectivity from which the entire problem topology can be assembled. The commas serve as 
placeholders. 
 

Table 2. File 2: list of nodes and their coordinates (in mm). 
 

1, -0.3000E+02, -0.3000E+02, 0.0000E+00 
2, -0.3081E+02, -0.3000E+02, 0.0000E+00 
3, -0.2986E+02, -0.2986E+02, 0.2856E+01 
4, -0.3077E+02, -0.2986E+02, 0.2835E+01 
5, -0.2900E+02, -0.2900E+02, 0.0000E+00 
6, -0.2989E+02, -0.2900E+02, 0.0000E+00 
7, -0.2886E+02, -0.2886E+02, 0.2761E+01 
8, -0.2985E+02, -0.2887E+02, 0.2740E+01 
9, -0.3164E+02, -0.3000E+02, 0.0000E+00 

10, -0.3169E+02, -0.2986E+02, 0.2813E+01 
etc.  

 
 
The second file (Table 2) gives simply the Cartesian coordinates of the nodes, listed in numerical 
order. These two files are sufficient to define the complete geometry of the conducting solid 
structures used in the FEM simulation.  
 

4.3. Defining Nodal Temperatures and Face Pressures 
 
Temperature information, which in CFX-4 (and with FLUENT and STAR-CCM+) is stored at 
cell centers (Fig. 8), is transferred to vertices using harmonic averaging in terms of the cell 
volumes. Figure 10 illustrates the principle in 2D, though the actual formulation introduced into 
the code is 3D. The 4 cells, of arbitrary quadrilateral shape (in 3D hexahedral), and with volumes 
V1-V4, share the common vertex N. The value of the variable Θ at this vertex is then computed 
from the surrounding cell-centered data according to: 
 

∑∑
=

=

=

=

=
4i

1i i

4i

1i i

i
N V

1
/

V

ΘΘ        (2) 

 
which reduces to bi-linear or tri-linear interpolation for the 2D and 3D cases, respectively, if the 
mesh is strictly rectangular. Note that none of the Vi can take the value zero, since they represent 
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cell volumes, so the formula is completely general, and the algorithm is computationally 
efficient. Further, the cell volumes are stored variables, and are therefore readily available. 
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Figure 10. Example of the transfer of cell-centered data to vertices in 2D;  

the coded algorithm is 3D. 
 
 
The algorithm in Eq. (2) is applied to all internal cell vertices, such as that represented by the 
filled circle ● in Fig. 10. A vertex located on a boundary of the fluid domain, such as that 
represented by the filled square ■ in the Figure, is treated differently, taking advantage of the 
boundary node concept in CFX-4. Boundary nodes, shown as the non-filled squares □, are 
located at the centers of the cell faces which define the fluid domain boundaries, and contain 
information needed for the application of the boundary conditions. In the case of heat transfer, as 
considered here, the appropriate wall temperatures are stored. This information is transferred to 
the boundary vertices using harmonic averaging in terms of the cell face areas: 
 

∑∑
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=

=

=

=
4i

1i i

4i

1i i

i
M A

1
/

A

θθ       (3) 

 
in which the Ai, i=1-4, are the areas of the faces sharing the common boundary vertex M. In 3D, 
the disposition of the cell faces around the common vertex M is directly analogous to the 2D 
situation illustrated in Fig. 10 for an internal vertex, and therefore requires no further 
explanation. Again, the algorithm in Eq. (3) reduces to bi-linear (or tri-linear) interpolation in the 
case of 2D (or 3D) rectangular meshing.  
 
The interpolation procedure is carried out for all nodes, that is for all vertices of the solid 
hexahedral elements. Data are assembled in a form that can be read directly into the ABAQUS 
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code as input. Table 3a shows the file layout for the first 10 nodes. The first column lists the 
nodes in numerical order (the prefix “Design” in front of the node number is user defined), and 
the second contains the nodal temperatures (in oC in this case). Again, commas are used as 
placeholders. 
 

 
Table 3. Data Files: (a) nodal temperatures (in oC); (b) element face pressures (in MPa). 

 

Design.1, 255.032 
Design.2, 248.437 
Design.3, 254.932 
Design.4, 248.083 
Design.5, 255.215 
Design.6, 249.531 
Design.7, 255.106 
Design.8, 249.196 
Design.9, 242.946 
Design.10, 242.455 

etc. 
 

Design.1041, P2, 0.511 
Design.1042, P2, 0.511 
Design.1043, P1, 0.512 
Design.1044, P1, 0.512 
Design.1045, P2, 0.510 
Design.1046, P2, 0.510 
Design.1047, P4, 0.499 
Design.1048, P4, 0.499 
Design.1049, P1, 0.511 
Design.1050, P1, 0.511 

etc. 
  

(a) (b) 
 
 

In the present application, by far the largest force acting on the fluid/structure boundaries is the 
hydrostatic pressure (in MEGAPIE, this is 0.5 MPa at the base of the target), so only the normal 
stress is considered here. (The other mechanical load to the structure is that due to its own 
weight, and this is taken into account automatically by adding the gravity vector as an input 
parameter for the ABAQUS computation.) The procedure is to loop over all the solid elements 
adjacent to fluid/structure boundaries, pick up the surface pressure from the boundary node store, 
and set a pointer to the element face according to the convention indicated in Fig. 11. 
 

1 2 

3 4 

5 6 

8 7 

Face 2 

Face 1 

Face 4 

Face 5 

Face 3 

Face 6 

 
 

Figure 11. Convention for numbering element faces. 
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The ‘element surface forces’, in this case just pressure, are listed for each element on the 
fluid/structure boundary in the form indicated in Table 3b. In the example given, the first element 
listed is 1041 instead of 1 because previous elements are not adjacent to the fluid and are 
therefore not included in the list. The P1, P2,… P6 refers to the local element face on which the 
pressure is applied, according to the convention given in Fig. 11 The pressure itself (in this case 
in MPa) is given in the last column. The data are listed in the form expected by ABAQUS, and 
can be directly read into the code as input data.  
 

4.4. Extra Input Needed for Stress Calculation 
 
Once the element topology data (Table 1), the nodal coordinate data (Table 2), the nodal 
temperature data (Table 3a) and element face pressure data (Table 4a) have been assembled, they 
may be read directly into the ABAQUS code. However, some further input preparation is still 
necessary. Firstly, the model needs to be supported at fixed points, either with hinged or 
rotationally stiff joints. This needs to be done manually at locations on the model that are not 
stress intensive. For example, in the case of the MEGAPIE target model, and referring to Fig. 3, 
the three main structures (hull, guide tube and central rod) are supported by three hinged joints 
positioned around their rims at the top end of the assembly, well away from the zones of interest 
in the lower target region. Though this approach leads to artificially strong stress concentrations 
around the points of support, the effect is highly localized, and irrelevant to this application. 
 
Finally, stress-strain data need to be prepared for each material, the material numbering being 
consistent with that previously defined for the CFD model. For example, in CFX-4 this is done in 
terms of patches. For elastic strain problems, as considered here, only Y, the Young’s modulus of 
each material, and Poisson’s ratio need to be supplied. In general, Y is temperature-dependent. 
This completes the data preparation for the stress analysis simulation.  
 

4.5. Example: MEGAPIE Window Stresses in Normal Operation 
 
Note that the main advantage of the present approach is that there is no need to repeat the heat 
transfer problem within the FEM code, or compromise the degree of detail of the thermal field in 
the structures offered by CFD. Rather, point-wise thermal data and element-wise mechanical 
loads are computed by the CFD code, and transferred directly to the FEM code via the coupling 
program. 
 
The cross-flow over the window surface provided by the bypass LBE pump, and seen in Fig. 6b, 
and its mixing with main LBE stream descending in the annular gap outside the guide tube, 
creates a very heterogeneous temperature distribution over the window surface (Fig 6d). The 
maximum window temperature, 370oC (for a beam current of 1.4 mA), the maximum level 
adopted during target operation, occurs on the external surface, which is directly exposed to the 
proton beam, at a location close to the central axis, where the beam heating is greatest, but 
displaced sideways as a result of the LBE jet cooling stream on the inner window surface. The 
beam footprint is elliptical, and its profile is clearly seen in Fig. 6d. 
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Table 4. Steel properties for hull and guide tube. 
 

 Target Hull Guide Tube 

Steel type T91 AISI 316 

Density (kg/m3) 7800.0 8000.0 

Conductivity (W/m K) 28.8 18.3 

Young’s Modulus (Pa)# 2.06×1011 2.0×1011 

Expansion Coeff. (K-1) 11.5×10-6 16.0×10-6 

Poisson Ratio (–) 0.3 0.3 
            #Decreases linearly with increasing temperature 
 

 
The material data for the structural steels used in the ABAQUS calculation are given in Table 4. 
The choice of T91 steel for the window of the MEGAPIE target rather than the more common 
AISI 316 stainless steel was influenced by its higher thermal conductivity and lower volumetric 
expansion coefficient, both of which help to reduce the thermal stresses in the material. Figure 6e 
shows the stress distribution over the internal surface of the window structure. The calculated 
maximum von Mises stress for steady-state target operation (52 MPa) is quite low compared 
with the yield stress of 400 MPa at MEGAPIE operating temperatures. The maximum occurs on 
the inner window surface: that is, next to the coolant LBE stream. The regions of high stress do 
not correlate with those of high temperature. This is because the thermal stresses are generated 
by differential thermal expansion of the material, so are greater in regions where there are steep 
temperature gradients, these principally being located around the extremities of the elliptical 
beam footprint (Fig. 6d). Interestingly, the regions of high strain do not correlate with those of 
high stress. This is due to the weakening of the material as it becomes hotter, which was taken 
into account in the current simulation through the temperature dependence of the Young’s 
modulus, Y. The maximum strain (0.04%) occurs near the centre of the window, where the 
highest temperatures occur.  
 
The example emphasizes the importance of having accurate temperature data in predicting the 
stress/strain levels in critical structures with heterogeneous temperature distributions. Solving a 
conjugate heat transfer problem using CFD does not lead to excessive computational overhead, 
since the solution of the linear heat conduction equation in the solid material is generally 
straightforward compared with that of the non-linear convection/diffusion equation in the 
moving fluid. Directly coupling the CFD and FEM codes in the manner described ensures that 
the comprehensive description of the thermal data is not degraded in performing the structural 
analysis. Though described here in terms of CFX-4 and ABAQUS, and using 8-node linear 
elements, links have also been established between CFX-4 and ANSYS and between FLUENT 
and ABAQUS, and the element library extended to include 20-node isoparametric elements. In 
this manner, separate groups, using different CFD and FEM codes, were able to participate 
together in a joint project using different software with consistent data interfacing. 
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5. ANALYSIS OF THE CONSEQUENCES OF WINDOW FAILURE 

5.1.  Background 
 
As the design of the MEGAPIE target approached maturity, more attention was paid to safety 
considerations, and in this context a number of abnormal events were analyzed in detail using 
CFD [15-17]. Though the target design proved to be quite robust to abnormal conditions, such as 
pump failure, one incident in particular warranted close scrutiny. This is accidental over-focusing 
of the proton beam. In the beamline upstream of the SINQ facility, there is a de-focusing meson 
target, Target E, for the production of intense pion and muon beams (see Fig. 1). After passing 
through Target E, the beam is scattered, the beam current being reduced by 30%, and the energy 
of the protons reduced from 590 MeV to 579 MeV. Partial or total loss of Target E (which is 
made of graphite) during full-power MEGAPIE operation would result in the beam being over-
focused and depositing heat to the MEGAPIE window over a very concentrated area.  
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Figure 12. Window conditions for 100% over-focused beam: (a) temperatures; (b) stresses. 
 
 
Detailed CFD simulations were carried out to determine the thermal and structural consequences 
of this incident. Figure 12a shows the temperature on the external window surface for the case of 
100% bypass of Target E. The overheating in the center of the window is quickly apparent, 
where the temperature has risen to 900°C after about just 200 ms. This is the temperature at 
which T91 steel loses any residual strength. Figure 12b shows that maximum stresses occur in a 
ring at the edge of the beam footprint, and if there is a stress fracture prior to burn through, an 
orifice of diameter 4 cm might be anticipated. It is then necessary to determine whether the 
escaping, hot LBE, driven by its hydrostatic pressure can be contained by the surrounding safety 
vessel with no contamination of the beam tube, which would put the SINQ facility out of 
operation for several years. 
 
The containment device consists of a closely fitting, double-walled vessel through which heavy 
water (D2O) at 40oC is circulated; a schematic of the arrangement is shown in Fig. 13a. The 
space between the target hull and the safety vessel is helium filled and contains a number of leak 
detectors (labeled in Fig. 13a) that once activated will ultimately trip the beam.  
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Figure 13. (a) Schematic of safety window layout; (b) CFD model, showing flow guides. 
 
The cooling effect of the D2O circulating between the shells of the safety vessel is extremely 
efficient, and it has been shown [17] that even in the case of 100% beam over-focusing the 
structural integrity of the arrangement would not be compromised. The pressure of the helium in 
the space between the target and safety vessels is 0.5 bar, while that of the LBE escaping from 
the orifice in the target window exceeds 4.5 bar due to the weight of the 4 m column of LBE 
above it. It may be expected therefore that the helium space will be quickly filled with hot LBE, 
and there is a danger that the heat transfer to the circulating D2O between the shells of the safety 
vessel would be sufficient to induce bulk boiling. Such an event would over-pressurize the 
secondary D2O circuit causing considerable damage and contamination of the facility. CFD has 
been employed to quantify the margin of safety should such an event occur. 
 
The model development was undertaken on a step-by-step basis. First, a fully 3D CFD model of 
the safety container was constructed in order to derive area-averaged heat transfer coefficients 
for the inner shell surface to the D2O coolant stream. These were then used as boundary 
conditions for a simplified 2D axisymmetric model that followed the advancing LBE front 
through the orifice in the target window, its recirculation in the lower plenum between the target 
and safety vessels, and its entry upwards into the annular section of the He gap (see Fig. 13a). A 
special extension of the CFX-4 code [25,26] based on the Level Set interface-tracking method 
enabled the motion of the LBE/He boundary to be followed accurately. The formulation was 
originally part of a program of work undertaken for metal-casting simulations, was extensively 
validated in this context, so was well suited to the present task. In a final step, data collected 
from the 2D CFD simulation were then used as boundary conditions for a 1D channel model of 
the D2O circuit, which included effects due to localized nucleate boiling. The risk of bulk boiling 
of the circuit could then be assessed. 
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5.2.  3D Model of the Safety Vessel Assembly 
 
The circulating D2O between the inner and outer shells of the vessel walls is constrained by flow 
guides (Fig. 13b), passing down one side of the annular section, being accelerated across the 
central portion by a contraction of the flow area, and passes up the opposite side to a heat 
exchanger. In this manner, there is fast cross-flow over the central window region heated directly 
by the beam, ensuring efficient cooling. The concave shape of the safety window enables the 
leak detection equipment to be placed in the space between the target and safety hulls outside the 
zone of beam heating. The space is filled with helium at 0.5 bar. Near the target head, at the 
entrance to the safety window ducting, the temperature of the D2O is set at 40oC, the system 
pressure is 7 bar, and the mass flow rate is 2.2 kg/s. 
 
A 3D CFD model of the lower part of the safety window (see Fig. 13b) has been constructed 
using 175 000 meshes, of which about 62 000 are the structural elements representing the two 
shells and guide vanes. The gap in which the D2O flows between the inner surfaces of the upper 
and lower shells (4 mm wide in the cylindrical region and 2 mm wide in the central region) was 
subdivided into 10 uniform cells to ensure proper resolution of the wall boundary layers. Five 
meshes were placed across the thickness of each of the shells to capture accurately the 
temperature gradients within them, and to have enough resolution to compute stresses in the 
associated structural analyses.  
 
The heat deposition characteristics of the beam relate primarily to the LBE target material, and 
had not been derived specifically for the safety window. However, data collected for the target 
window in earlier studies [15] are here taken as representative of the heat deposition in both the 
AlMg3 material and the D2O by appropriate scaling of coefficients to reflect the change in 
density of the material.  
 
The Reynolds number of the flow at inlet is about 22 000, increasing to 92 000 in the window 
region. Consequently, the flow is highly turbulent everywhere and the high Reynolds number k-ε 
turbulence model [27] was adopted to model the flow. The inlet turbulence levels correspond to a 
turbulence intensity of 10%, but since the channel is many hydraulic diameters long, results are 
not sensitive to this value. The simulation is steady-state, and not expensive in terms of computer 
resources, so a full mesh sensitivity study could be carried out to eliminate numerical errors.  
 
Results indicate that the beam deposits 2.8 kW of heat in the inner shell, 2.9 kW in the outer 
shell, and 5.5 kW in the D2O itself. At the specified flow rate, the mean water temperature 
increase would then be about 1.25 K. The velocity vectors for the flow over the curved surface 
midway between the AlMg3 shells, plotted in Fig. 14, illustrate the degree of acceleration of the 
stream over the central, heated part of the window. To compute average heat transfer coefficients 
(HTCs), the window region is divided into three sectors, including the central region and two 
outer annuli, as indicated by the dashed circles in the Figure. These will be needed for the 2D 
simulation of the LBE jet flow in the helium gap between the target and safety vessels. 
Computed HTCs are given in the first three rows of Table 5, along with estimates obtained from 
application of the Dittus-Boelter [28] heat transfer correlation for fully developed flow.  
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Figure 14.  The D2O flow field in the window region midway between the shells,  
as calculated using CFX-4. 

 
 
For the upflow and downflow channels of the cylindrical part of the assembly (Fig. 13b), it was 
not possible to compute the local HTCs from the present calculation, since the beam deposits no 
heat to the adjacent structures; hence the missing entry in the fourth row of Table 5. However, 
since the full height of the annulus is many hundreds of hydraulic diameters the correlation can 
be trusted. The computed HTC over the inner window section is high in comparison with that 
given by the correlation, though it is to be remembered that the flow is accelerated here, 
improving the heat transfer. Nonetheless, the computed HTCs show the correct trends and so 
were adopted for the rest of the study. 
 
 

Table 5. Zone-averaged heat transfer coefficients from 3D model. 
 

HTC (W/m2K) Region Reynolds No. 
Computed Correlation 

Inner 53 870 48 200 32 275 

1st Annulus 40 000 27 700 25 200 

2nd Annulus  26 800 20 550 11 960 

Cylinder  21 680 n/a 10 180 

 
 

5.3. 2D Model LBE Leak from Target Hull 
 
With the averaged heat transfer data for the safety vessel derived from the 3D model, it is 
possible to perform a simplified calculation of the initial stages of the leak accident in which hot 
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LBE is released from the target vessel and impacts the upper structural shell of the safety 
container. Full analysis of this incident in 3D was not possible with the computer resources 
available. However, from the arguments given in Section 5.1 above (see also Fig. 12), if 
complete window failure occurs, the orifice is most likely to be a central hole. The efflux of LBE 
would then be predominantly 2D axisymmetric, the only 3D component arising from the D2O 
coolant flow within the double-walled safety container on the other side of the inner shell. 
Averaging the HTCs over the concentric rings shown in Fig. 14 removes this 3D aspect of the 
problem.  
 
As the LBE spilling from the hole in the target window starts to fill up the lower plenum of the 
helium space, the motion of the LBE/He front will play an important part on the flow dynamics. 
The advancing LBE/He front is modeled here using the Level Set interface-tracking method, as 
previously stated. Heat deposition in the LBE coolant is taken from [17]. The footprint is more 
concentrated and much less elliptic to take account of the reduced scattering effect due to the loss 
of Target E. One complication is that the penetration depth of the proton beam into the LBE seen 
in Fig. 7a begins at its lower boundary, and this moving as the LBE jet descends to impact the 
upper surface of the inner safety vessel shell – a distance of 11 mm. Appropriate coding was 
installed. 
 

 
 
 
 
 

 

 

t = 2.5 ms t = 5.0 ms t = 10 ms

 

t = 2.5 ms t = 5.0 ms t = 10 ms  
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Figure 15. Development of LBE/He front: (a) initial configuration; (b) front progression. 
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The 2D representation of the target and safety hulls is shown in Fig. 15a. Note that the safety hull 
is of a more hemispherical shape (reflecting the latest design) than that adopted for the 3D study. 
Nonetheless, the internal D2O channel dimensions are as before, and the results from the existing 
3D model, which were used to estimate average heat transfer properties, as listed in Table 5, are 
adopted here. Only the inner of the two AlMg3 shells needs to be represented here. To 
economize on the number of meshes, the inner part of the target has not been included, and the 
target hull is defined as a simple adiabatic boundary, with a central orifice of radius 20 mm. Also, 
for convenience in defining the initial Level Set function, a short pipe has been placed above the 
orifice. The inlet boundary for the LBE is located at the top of this pipe, and the initial LBE/He 
interface is set halfway down its length. Taking account of the 0.5 bar over-pressure in the cover 
gas space above the upper surface of the LBE, the effective height of LBE in the target is 
H = 4.5 m, giving a discharge velocity into the He gap of: 
 

u0 = (2gH)1/2 = 9 m/s,     (2) 
 

according to Bernoulli’s equation if a leak at the base of the vessel should occur. This 
corresponds to a volume flow rate of 11.3 liters/s. The discharge areas from the riser and annulus 
into the window region are very similar, and assuming the two streams mix in equal proportions 
the LBE flowing out of the orifice would be at about 300oC. 
 
The velocity estimate in Eq. (2) is appropriate for the initial discharge into the open plenum 
region between the target and safety vessels, but, as will be shown, reduces as the flow area 
contracts in the annular space between the target and safety vessels. The outlet for the model, 
which is where the fluid can leave the computational domain, is at the top of this annular section; 
here, a simple pressure-constant boundary condition is imposed. Heat flux boundary conditions 
are applied to the outer surface of the AlMg3 container, the heat fluxes determined from lower 
wall temperatures via the appropriate heat transfer coefficients, as described earlier. Use of the 
Level Set formulation increases the computational overhead of the 2D simulation considerably, 
so it was not possible to carry out mesh sensitivity studies for this part of the analysis. However, 
mesh optimization procedures were followed to concentrate grid points in the regions occupied 
by the flowing LBE, particularly next to boundaries. The total number of meshes used in the 
final model was about 9000. 
 
As the hot LBE makes contact with the cold surface of the safety container, there is a possibility 
it will freeze, and a simple freezing model was installed in the code to allow for this eventuality 
[29]. In fact, the model acted only as a monitoring device, since the LBE motion is so rapid that 
any freezing that did occur was on a scale less than the width of the fluid cells next to the cold 
boundary, and so the freezing criterion was never met for cell-averaged temperatures. Mesh 
widths next to the cold surfaces in the model varied between 0.4 mm and 0.5 mm, so any frozen 
LBE layer remaining unresolved by the grid would be very thin, and have a negligible effect on 
the dynamics of the flow. 
 
Figure 15b sketches the development of the LBE front as the jet expands over the surface of the 
upper shell of the safety vessel. The front impacts the shell after about 2 ms, trapping some 
helium underneath. The liquid film flows radially over the hemispherical surface reaching the 
lowest point of the plenum, where the leak-detection equipment is located, at 10 ms. The motion 
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is very rapid, with hot LBE replenishing the thin layer spread over the cold AlMg3 surface faster 
than the heat is transferred to it, thereby preventing freezing. After 12.5 ms, the leading edge of 
the LBE starts to fragment as it ascends the vertical wall of the safety vessel, and it becomes 
more difficult to track the interface accurately. Consequently, in order to continue the calculation, 
cell-wise volume fractions are used thereafter to define the approximate location of LBE/He 
front. 
 
At 20 ms, the front is approaching the (6 mm wide) annular region between the vessels. At the 
entrance to this region there is a narrow constriction due to the presence of the catcher ring (not 
shown in Fig. 15), which is a safety device installed to prevent the target falling down and 
impacting the safety vessel. The gap between the ring and the cylinder wall is 1 mm, and 
represents a considerable resistance to the LBE flow. In the model, the constriction is not 
represented explicitly, but rather in terms of a distributed resistance. This is done purely to 
economize on meshes, the fine detail of the flow in this region, including capturing the jet and 
vortex on the downstream, expansion side, being an unnecessary complication in the present 
context. As a consequence of this resistance, part of the upward stream is deflected and 
recirculates in the lower plenum region, while the other stream flows around the catcher ring and 
shoulder to enter the annular region. The recirculating LBE in the lower plenum traps the 
remaining helium, and subsequently all LBE leaking into the lower plenum from the target hull 
must be forced to exit via the catcher ring constriction. The flow resistance results in a loss of 
driving pressure. In the model here, the loss of pressure is estimated from empirical resistance 
coefficients and the inlet velocity boundary condition adjusted accordingly. 
 
Coefficients of hydraulic resistance have been tabulated for a variety of geometries by Idel’chik 
[30], and for the particular flow restriction considered here, the value 

2
1 u

2

1
/p ρ∆ζ =  = 80 ,     (3) 

 
was obtained, where u is the velocity in the annulus. Consideration also had to be given to the 
resistance associated with the converging LBE flow from the open plenum region into the 
annulus. For this, the resistance coefficient ζ0 = 10, also expressed in terms of the annulus 
velocity, was obtained directly from the 2D calculation.  
 
The presence of the flow resistances will modify the effective driving pressure, and hence the 
discharge velocity from the window orifice. Working through the algebra, one arrives at the 
following relation giving the change in inlet velocity from u0 to u1: 
 

2
1

2
0

0

1 F/F1/1
u

u ζ+=      (4) 

where F0 and F1 are the areas of the discharge orifice and annulus, respectively, and ζ = ζ0+ζ1 is the total 
resistance factor. Inserting appropriate values gives u1 = 0.95 m/s. The remainder of the 2D calculation is 
then performed with this reduced inlet boundary condition.  
 
One sees the effect of the reduced inlet velocity in the subsequent void fraction plots. At 75 ms 
(Fig. 15b), the still fast-flowing LBE diverted by the flow constriction has formed a layer on the 
underside of the target window, above the helium bubble. However, the flow under the bubble, 
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fed by the LBE issuing from the orifice, is now too slow to replenish it, and a gap in the LBE 
stream appears on the lower surface. By 100 ms, this gap has been filled and a gravitationally 
stable configuration has been established with a more-or-less static helium bubble under which 
the LBE flows from the inlet (the orifice in the target window) to the outlet (at the top of the 
annulus). This configuration remains stable over the next 200 ms. The calculation was continued 
to 300 ms. 
 
The 2D calculation also enables an estimate to be made of the effective heat transfer coefficient 
of the flowing LBE over the curved upper surface of the AlMg3 shell. As part of the solution 
procedure of the conjugate heat transfer problem, the continuity of temperature, Tw, and heat 
flux, q'' , at the fluid/structure boundary is enforced, enabling the values to be picked up from the 
appropriate mesh stores. Assuming the LBE bulk temperature to be that at inlet, Tbulk = 300oC, 
the HTC as a function of time during the transient may be obtained from the equation: 
 

( )bulkwLBE TT/qh −′′=       (5) 

 
For convenience, the heat transfer surface is divided into four zones, as indicated in Fig. 16a. The 
inner Zone 1 is circular, lies directly under the orifice, and is of the same size (diameter 40 mm). 
Zone 2 and Zone 3 are annuli, and correspond to those shown in plan view in Fig. 14. Zone 4 
represents the cylindrical inner surface of the upper shell of the safety vessel where the bulk of 
the heat transfer takes place. The boundaries between the zones follow the mesh lines of the 
underlying grid. On the D2O side of the AlMg3 shell, the HTCs for each zone are those given in 
Table 5. 
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Figure 16. 2D axisymmetric zones: (a) partitioning; (b) HTCs in zones as functions of time 
 
 
On the LBE side of the shell, the HTCs for each zone as a function of time are displayed in 
Fig. 16b. The trend is the same for all zones: there is a rapid increase in HTC during the first 

(a) (b) 
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50 ms, followed over the next 250 ms by a comparatively slow decrease to an asymptotic value. 
The transition at 50 ms is due to the change in inlet boundary condition, as already discussed.  
 

   
t = 2 ms t = 5 ms t = 10 ms 

 
Figure 17.  Schematic of LBE jet spreading radially over the upper surface of safety vessel, 
seen from above. (The bases of the flow dividers are shown for orientation purposes only; 

they are actually located on the other side of the shell and do not impede the flow.) 
 

 
Construction of the 1D channel model in the next Section requires an estimate to be made of the 
rate of spread of the LBE/He front across the curved upper surface of the AlMg3 shell. A 
schematic of the jet spreading, seen from above, is shown in Fig. 17. The arc length, s, as defined 
in Fig. 16a, is shown as a function of time in Fig. 18. As can be seen, a three-part, piecewise 
linear fit to the data represents the situation very well, enabling estimates to be made of the 
tangential velocities over the surface at different times. This information is used for the 1D 
model described in the next Section. 
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Figure 18. Arc length of radially spreading LBE jet over the safety vessel upper surface. 
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5.4. 1D Model of the Safety Vessel Cooling Channel 
 
From the information so far assembled, it is now possible to examine the heating effect of the 
escaping, hot LBE on the heat removal capability of the D2O cooling circuit between the shells 
of the safety vessel. This is an important consideration from the point of view of safety of the 
facility, since this circuit represents not only the containment barrier for the irradiated LBE in the 
case of its leakage from the target, but also the ultimate heat sink. As the hot LBE fills up the 
annular space, the heat transfer area increases, and the question arises whether the flow 
parameters of the circulating D2O are sufficient to extract the heat without bulk boiling 
occurring, which would lead to pressurization and severe damage to the D2O circuit.  
 
The flow dividers between the shells (Fig. 13b) serve to separate the downward and upward 
flowing D2O streams. The hydraulic diameter of the resulting flow channel is DH = 7 .9 mm, and 
the total length of the channel from inlet to outlet is 4.3 m, or more than 500 DH. Thus, with the 
exception of the small region at the base, where the flow is accelerated over the window and 
turned through 180o, fully developed flow conditions may be assumed, and a standard, empirical 
sub-cooled boiling correlation may be applied. Some heat transfer enhancement over the curved 
portion of the channel may be expected, but indications from the literature [31] are that the effect 
is less than 20% for the degree of sub-cooling encountered here, and is anyway highly localized 
(less than 0.25% of the total heat transfer area), so this error can be tolerated. 
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Figure 19. Coupled 1D channel models: (a) initial LBE jet contact area (t = 0);  
(b) spreading LBE (t > 0); (c) heat transfer processes between channels. 
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5.4.1. LBE channel model 
 
The modelling strategy is illustrated in Fig 19. The model consists of two channels, one 
representing the (1D axisymmetric) space between the target hull and the inner surface of safety 
vessel, and the second the (1D Cartesian) D2O circuit, the two coupled by a heat transfer surface 
which varies with time as the LBE fills up the space between the vessels. In both cases, the 
independent variable is the arc length along the respective channel, as given in Fig. 18. Figure 
19a shows the assumed situation at time t = 0, when the LBE jet of diameter 40 mm is in touch 
with the cold surface of the safety window for the first time (see first image in Fig. 15b), and 
heat transfer from the hot LBE to the flowing D2O in the lower channel has just begun. For t > 0 
(Fig. 19b), the jet spreads over the curved upper surface of the safety window at the rate 
determined from the 2D model (see Figs. 15b, 17). The rate of spreading of the LBE jet is given 
in Fig. 18 in terms of arc length. As already described, for t > 50 ms the discharge velocity is 
reduced as a result of the pressure drop associated with the catcher-ring constriction, and the 
LBE ascends the annular gap at 0.95 m/s, as seen from the plot in Fig. 18.  
 
There is one further complication before the description of the dynamics of the LBE flow in the 
1D channel is complete. At a height h = 440 mm above the catcher ring, the thickness of the 
target hull material increases from 2 mm to 4 mm, decreasing the width of the gap in the annulus 
between the target and safety vessels from 6 mm to 4 mm. The change in dimension is not 
abrupt, but spread over a distance of about 10 mm. At the appropriate Reynolds number 
(Re = 40 000), all indications are that there is negligible change of pressure head associated with 
the transition [30], so no adjustment to the assumed LBE inlet velocity of 2.54 m/s need be 
made. The velocity in the annulus will increase from 0.950 m/s to 1.425 m/s as a result of the 
narrowing of the channel, but the Reynolds and Nusselt numbers (the latter is a function of the 
Reynolds number and molecular Prandtl number only) will remain unchanged. Thus, the 
consequences of the change of dimensions is that the rate at which the annulus fills up with LBE 
proceeds faster once the leading edge has reached this height, and the HTC increases in inverse 
proportion to the change in hydraulic diameter. These effects are included in the 1D model. 
 
5.4.2. D20 channel model 
 
The parallel flow dividers (Fig. 13b) located between the shells of the safety vessel, separating 
the downflow and upflow regions, produce an almost perfect 1D flow channel, apart from the 
window region where the presence of the “feet” of the flow dividers results in localized 
converging and diverging of the coolant stream. As noted in Section 3, the change in flow 
geometry induces better heat transfer properties than may be expected from standard correlations 
(see Table 5). The effect is of importance locally for normal target operation, since this is just the 
region heated by the beam. However, in the case of the LBE leakage incident, the heat transfer 
area associated with the window region is itself small (about 2%) compared with that of the 
annular region, and strict observance of the 1D assumption is unlikely to have a significant effect 
on the bulk heat transfer parameters.  
 
It was assumed at the outset, and verified a posteriori, that nucleate boiling would occur on the 
inner surface of the D2O channel. Thus, a boiling heat transfer correlation is needed to relate the 
heat flux to the wall temperature. In the present work, the Thom correlation is used, which in SI 
units may be expressed [32]: 
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( ) 2/1
satw q6.8/Pexp022.0TT ′′−=−     (6) 

 
in which Tw is the wall temperature, Tsat the saturation temperature at pressure P (measured in 
MPa), and q'' is the heat flux. Note that the correlation is independent of the bulk D2O 
temperature, TD2O. 
 
The D2O enters the channel at 40oC from the left in Figs. 19a/19b and starts to become heated at 
the location of the advancing edge of the LBE in the adjacent channel. The heated section 
increases with time. The characteristics of the water circuit are given in Table 6. 
 

Table 6. 1D model parameters for water circuit. 
 

Description Symbol Value (units) 

Inner radius of annulus Ri 99 (mm) 

Outer radius of annulus Ro 103 (mm) 

Flow area (annulus) AD2O 1112.3 (mm2) 

Heated perimeter/unit length (inner side) Pw3 272.6 (mm) 

Hydraulic diameter  DH 7.89 (mm) 

Volumetric flow rate 
O2DV& , O2HV&  2.0 (l/s) 

Velocity at inlet  UD2O, UH2O 1.8 (m/s) 

Saturation Temperature Tsat 165oC 

Temperature at inlet  TD2O,in 40.0 (oC) 

 
 
5.4.3. 1D conjugate heat transfer problem 
 
More than 98% of the heat transfer area in the present problem occurs between the cylindrical 
surfaces of the target hull and safety vessel, and it is convenient to formulate the fluid/structure 
heat transfer process first in this geometry, and then make the adjustments for the non-cylindrical 
regions. With reference to Fig. 19c, LBE flows upwards in the channel between the T91 hull of 
the target and the AlMg3 of the inner shell of the safety vessel. By assumption, the LBE enters 
the channel at a temperature at 300oC, and loses heat through the T91 wall to the descending 
LBE in the target annulus between the guide tube and hull, which on average is at a temperature 
of 250oC. Simultaneously, heat transferred through the AlMg3 shell to the circulating D2O, 
which flows upwards on the outlet side and downwards on the inlet side.  
 
There appears to be a quite bewildering number of heat transfer correlations for liquid metals, 
derived both experimentally and analytically. As a general trend, HTCs under constant-heat-flux 
conditions are about 20% higher than their counterparts for constant-wall-temperature 
conditions. Strictly, neither is applicable to the present situation, but overall the latter condition 
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appears to be more appropriate. For fully-developed turbulent flow in annuli, Hartnett and Irvine 
[32] derived Nusselt numbers for the Tw = const. case in the following form: 
 

8.0
slug Pe015.0Nu

3

2
Nu += ; λρ /UDcPe Hp=     (7) 

 
in which Pe is the flow Peclet number and Nuslug is a so-called slug-flow parameter, which is 
defined in the cited paper. For the narrow annulus geometry considered here, Nuslug = 9.86, and 
inserting the appropriate value Pe = 1113 gives Nu = 10.9. Hartnett and Irvine also offer 
correlations for the .constq =′′  case with one-side heating, and matching conditions with sodium 
experiments [33] gives, for the same Peclet number, a Nusselt number Nu = 12.1, significantly 
higher than the measured value, Nu = 8.5. The comparison is not encouraging, and no 
corresponding experimental data are available for the Tw =  const. case. However, the correlation 
in Eq. (7) is at least consistent with the conservative assumptions made here and is therefore 
adopted for the present application. The Nusselt number corresponds to HTCs of 
HLBE = 9000 W/m2K, and HLBE = 13500 W/m2K in the lower and upper annular gaps, 
respectively. 
 
5.4.4. governing equations 
 
With reference to the naming convention of symbols given in Fig. 19c, it is possible to write 
down two expressions for the heat flux 91Tq ′′  through the T91 wall of the target hull: 
 

( )1wLBELBE91T TTHq −=′′ ;      ( )o1w
91T

91T
91T TT

d
q −=′′ λ

.   (8) 

 
The first follows simply from the definition of the heat transfer coefficient, and the second the 
heat conduction through the solid material, with λT91 the thermal conductivity (see Table 7) and 
dT91 the thickness of the wall (2 mm in the lower gap region and 4 mm in the upper region, as 
previously discussed). The slab assumption used in Eq. (8), which ignores the curvature effects 
of the cylindrical geometry, is adequate here, since the ratio of channel width (4 mm) to the 
radius of curvature of the vessel (101 mm at mid-channel) is small, the curvature correction term 
being then less than 2%.  
 

Table 7. Material properties. 
 
Property (units) Symbol D2O H2O AlMg3 LBE  T91 Lead Zircaloy 

Density (kg/m3) ρ 1100 1000 2670 10420 7800 10500 6488 

Specific Heat (J/kg K) cp 4177 4177 900 146.5 562.7 146.0 330.0 

Conductivity (W/m K) λ 0.597 0.597 135 10.09 28.8 17.3 13.5 

Viscosity (kg/m s) µ 2.0 10-4 2.0 10-4 n/a 2.07 10-3 n/a 2.38 10-3 n/a 
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In a similar manner, there are two expressions for the heat flux 3AlMgq ′′  through the AlMg3 wall 

of the inner shell of the safety vessel: 
 

( )2wLBELBE3AlMg TTHq −=′′ ;      ( )3w2w
3AlMg

3AlMg
3AlMg TT

d
q −=′′

λ
;   (9) 

 
assuming the same HTC pertains to the two walls of the annulus. Here, λAlMg3 is the thermal 
conductivity of the AlMg3 (given in Table 7) and dAlMg3 = 3 mm is the wall thickness. Again, the 
neglect of the curvature of the vessel is justified. 
 
Finally, for convenience, the Thom correlation, Eq. (6), is recast in the following form: 
 

( ) 3AlMg
22

sat3w qCTT ′′=− .    (10) 

 
For the circuit pressure P = 0.7 MPa, the coefficient C = 0.0203 mK/W1/2. This relation is 
independent of TD2O, enabling the given equation set to be closed by the introduction of the heat 
conservation equation for the LBE. This takes the form: 
 

( ) p
LBELBELBE2w3AlMg1w91TLBELBE cA/PqPqT

s
U

t
ρ′′+′′−=









∂
∂+

∂
∂

  (11) 

 
in which s is the arc length along the LBE channel, ULBE the flow velocity (averaged over the 
cross-section), Pw1 and Pw2 the heated perimeters per unit length of the two sides of the channel, 
ρLBE the density of the LBE, pLBEc  its specific heat, and ALBE the cross-sectional area of the 
channel. Parameter values are given in Tables 7 and 8.  
 

Table 8. 1D model parameters for LBE channel. 
 

Description Symbol Value (units) 

Inner radius of annulus: lower/upper part Ri 90/92 (mm) 

Outer radius of annulus Ro 96 (mm) 

Flow area  ALBE 2362 (mm2) 

Heated perimeter/unit length (inner side) Pw1 578.1 (mm) 

Heated perimeter/unit length (outer side) Pw2 528.6 (mm)* 

Hydraulic diameter : lower/upper part DH 12/8 (mm) 

Volumetric flow rate  LBEV&  11.3 reducing to 3.19 (l/s) at 50 ms 

Velocity at inlet ULBE 9.0 reducing to 2.54 (m/s) at 50 ms 

*Assumes no heat transfer to flow divider on both the LBE and water sides. 
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The equation is solved for TLBE using the following discretized form: 
 

n

i

1n
1i

1n
i

i

n
i

1n
i RHS

s

TT
U

t

TT
=













 −
+

− +
−

++

∆∆       (12) 

 
The subscript i refers to the space discretization, and the superscript n to the time level. The 
subscript LBE has been dropped for convenience, and all algebraic terms have been grouped in 
the factor RHS and evaluated at the old time step. The implicit treatment of the advection term, 
together with first-order upwind differencing, ensures the scheme is unconditionally stable for all 
∆si and ∆t [34]. The resulting system matrix is of the bi-diagonal type, and easily inverted using 
the Gauss-Seidel algorithm [35]. 
 
The cell Courant number (Ci = Ui ∆t/∆si) is maintained equal to unity, which ensures that the 
LBE fills complete computational cells in successive time steps as the front advances through the 
channel (Fig. 19b). The same space discretization is also employed for the D2O channel, so the 
heat transfer process between the channels can be switched on cell-wise as the LBE front arrives. 
Further, if the number of cells is doubled to reduce numerical errors the time-step is simply 
halved, and the Ci = 1 property is preserved. Proceeding in this way, mesh-independent results 
have been obtained.  
 

Table 9. 1D model parameters for D2O circuit. 
 

Description Symbol Value (units) 

Inner radius of annulus Ri 99 (mm) 

Outer radius of annulus Ro 103 (mm) 

Flow area (annulus) AD2O 1112.3 (mm2) 

Heated perimeter/unit length (inner side) Pw3 272.6 (mm) 

Hydraulic diameter  DH 7.89 (mm) 

Volumetric flow rate O2DV& , O2HV&  2.0 (l/s) 

Velocity at inlet  UD2O, UH2O 1.8 (m/s) 

Saturation Temperature Tsat 165 (oC) 

Temperature at inlet  TD2O,in 40.0 (oC) 

 
 
With TLBE known at the advanced time-step, updated values of the other variables 91Tq ′′ , 3AlMgq ′′ , 

Tw1, Tw2, Tw3 are readily obtained by back substitution using Eqs. (8-10). Finally, TD2O is derived 
from the heat conservation equation for the D2O channel. The governing equation is the analogue 
of Eq. (11), but with just one heated wall: 
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( ) p
O2DO2DO2D3w3AlMgO2DO2D cA/PqT

s
U

t
ρ′′−=









∂
∂+

∂
∂

   (13) 

 
in which Pw3 is the heated perimeter per unit length of the channel on the AlMg3 side (Fig. 19c); 
other parameters are given in Tables 8 and 9. The discretized form of this equation is just as 
given in Eq. (12), and is solved in the same way. This completes the solution procedure, apart 
from the assignment of the input parameters, which is done here in the context of the particular 
application, and described in the next Subsection. 
 
 
5.5. Results of LBE Leak Analysis 
 
As explained previously, the lower plenum region of the space between the target window and 
safety vessel below the catcher ring is subdivided into the four zones indicated in Fig. 16a. This 
is the region of recirculating flow, but only the stream directly in contact with the inner surface 
of the safety vessel is taken into account in the 1D model. The HTCs used are those derived from 
the 2D Level Set calculation, as displayed in Fig. 16b, and the velocity (parallel to the heat 
transfer surface) is obtained from the slopes of the arc length versus time plots in Fig. 18. The 
governing equation, Eq. (11), is slightly modified for these zones. The heat transfer surface is 
only on one side of the LBE stream -- the LBE/AlMg3 interface -- and adiabatic conditions are 
assumed for the free surface in touch with the helium: hence Pw1 = 0 in Eq. (11). The factor 
Pw2/ALBE in the equation is just the inverse of the depth d of the stream, which is found to be 
d = 4 mm from the 2D calculation (see the plots in Fig. 15b). Admittedly, the 1D assumption for 
the LBE flow in this region is crude, but it should be remembered that the total heat transfer area 
is only 2% of that of the annular region, so any errors due to localized misrepresentation will 
have a small effect on estimates of global bulk boiling in the circuit.  
 
Application of the 1D model to a hypothetical LBE leakage incident occurring in the MEGAPIE 
facility is undertaken for both beam-off and beam-on (for a duration of 1 s following leak 
detection) conditions. Under normal target operation, the electromagnetic pumps maintain a total 
mass flowrate of 40 kg/s which, for the given beam heat deposition rate, corresponds to a mean 
temperature rise ∆T = 102 K between the LBE in the annulus and riser regions of the target, as 
assumed in the calculation.  
 
The beam-off situation is represented by discharge from the orifice in the target window of LBE 
at a temperature of 300oC, which assumes equal mixing between the liquid in the annulus and 
riser regions. Inserting appropriate values, as already described, and performing the 1D 
calculation, the D2O discharge temperature as a function of time is given by the lower of the two 
curves in Fig. 20. The exit temperature starts to increase at t = 1.3 s. This is somewhat ahead of 
the time taken for the D2O to flow from the window region to the exit (t = 1.45 s), the advance 
being due to the heat transfer occurring during the first 50 ms when the LBE in the lower plenum 
region (Fig. 15b) is moving faster than the D2O in the safety vessel coolant channel. The change 
in the slope of the curve at t = 2.0 s coincides with the time for the LBE to completely fill the gap 
between the vessels, and with the heat transfer area then at a maximum. Thereafter, there is a 
steady approach to an equilibrium state. The peak D2O temperature is 111oC, and is a 
conservative estimate.  
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Figure 20. Outlet D2O temperature as a function of time for MEGAPIE leak case. 
 
 
With LBE leaking from the target container at the base, but the beam not yet tripped, there is the 
new aspect of the heat deposition in the LBE jet issuing from the orifice in the target window and 
impacting the safety window below (Fig. 15b, first image). This was taken into account in the 2D 
model, but the temperature increase was found to be negligible, the main heating effect of the 
beam being the heat deposited in the riser region of the target during the time the beam remains 
on after leak detection. The mass of LBE involved is that contained within the cylindrical guide 
tube (radius 61 mm) over the penetration depth of the beam (27 cm, see Fig. 7a),. This is about 
33 kg. For a total beam power deposition of 600 kW, appropriate for a beam current of 1.4 mA, 
assuming all is deposited in this mass (a good approximation), the temperature increase over 1 s 
is ∆T = 124.5 K. Using the data given in Table 9, the mass of LBE discharged through the orifice 
during the period 0 < t < 50 ms is 5.8 kg, with another 32.9 kg following during the period 
50 ms < t < 1 s, with the reduced discharge rate. Thus, during the assumed 1 s in which the beam 
remains on, the volume of LBE escaping through the orifice is close to that being heated in the 
riser region. Assuming, as before, that this is mixed in equal proportion to that descending in the 
target annulus, the average effect of the beam heating is taken into account by the simple 
expedient of modifying the inlet condition to the 1D model as follows: 
 

362.25oC     for     0 < t < 2 s Tinlet = 


  

300oC          for     t ≥ 2 s 
(14) 

 
The D2O discharge temperature as a function of time for this case is given by the upper curve in 
Fig. 20. The higher inlet temperature during the first part of the transient results in a more rapid 
rise in outlet temperature than with the beam off. The same change is slope is noted at t = 2 s, 
when the LBE has entirely filled the annular space between the vessels. This is also the time at 
which the inlet temperature is reduced according to the prescription given in Eq. (14), but 
another 1.45 s (the transit time of the D2O in the upflow side of the channel) is needed for a 
decrease in temperature to be seen at the outlet. The peak D2O temperature of 126.5oC occurs at 
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this time. Subsequently, there is a steady decrease in temperature to the beam-off situation. Thus, 
even in this extreme case, no bulk boiling of the D2O circuit is predicted. 
 
 
5.6. Coolant Leakage in the Case of a Future SINQ Target 
 
Following the successful operation of the MEGAPIE target in SINQ during 2006, consideration 
is being given to the construction of a fully optimized liquid-metal target for the future. Given 
the present layout of the facility – that is, protons entering the target from below – there is no 
option but for another target with a window, and one that would need to remain intact for a 
period of two years. The use of liquid lead instead of liquid LBE is being considered in order to 
reduce polonium activity. The target would then need to be operated at considerably higher 
temperatures than for MEGAPIE: the melting temperature of lead is about 327oC, compared with 
that of LBE of 125oC. To allow a sufficient margin against freezing, the temperature range being 
considered is 400oC to 550oC, and at a maximum beam current of 2.1 mA compared with the 
1.4 mA for MEGAPIE. 
 
First estimates of the consequences of coolant leaking from such a lead-cooled target can be 
made by making small parameter adjustments to the existing 1D channel program. The 
mechanical properties of liquid lead at 450oC, listed in Table 7, are sufficiently close to those of 
LBE at 300oC that the same discharge characteristics from the target container can be adopted as 
used before. Concerning heat transfer properties, the same HTCs are used for the lower plenum 
region as those derived for LBE from the 2D simulation. This is no doubt an underestimate, due 
to the higher conductivity of lead in comparison to LBE, but since the heat transfer area to the 
safety hull surface is only 2% of the total, the approximation can be tolerated. The HTCs in the 
annular gap between the target and safety hulls are estimated as before from Eq. (7). The higher 
thermal conductivity of liquid lead compared to LBE reduces the Peclet number from 1113 to 
649, and the Nusselt number from 10.92 to 9.24. However, the HTC actually increases, from 
about 9000 W/m2K to 13 300 W/m2K in the lower annular gap, and from 13 468 W/m2K to 
19 982 W/m2K in the upper annular gap. 
 
As before, it is assumed that there is equal mixing of the cool (400oC) lead flow in the target 
annulus with the hot (550oC) flow in the central riser region of the target, giving 475oC for the 
discharge jet in the beam-off case. For the beam-on case, following analogous arguments to those 
presented in Subsection 5.5, and taking account of the 50% increase in beam current, the inlet 
condition to the 1D model becomes: 
 

568.75oC     for     0 < t < 2 s Tinlet = 


  

475oC          for     t ≥ 2 s 
(15) 

 
The D2O exit temperatures as functions of time for these cases are given by the upper two curves 
in Fig. 21. As a direct consequence of the higher target operating temperatures, and the excellent 
heat transfer properties of the AlMg3 material from which the safety hull is constructed, 
temperatures exceed 165oC, the saturation temperature for 7 bar ambient pressure, in less than 
2 s, so that bulk boiling of the D2O and subsequent pressurization of the cooling circuit can be 
anticipated. With peak temperatures in excess of 260oC, the circuit would need to be pressurized 
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to about 50 bar to avoid boiling; this is not feasible. An alternative would be to construct the 
safety vessel of Zircaloy, which has a much lower thermal conductivity than AlMg3; the material 
properties are given in the last column of Table 7. As the lower two curves of Fig. 21 indicate, 
the maximum D2O exit temperature (145.7oC) does not exceed the saturation temperature of D2O 
at 7 bar in this case, so major reconstruction of the circuit would be avoided with this option. The 
20oC margin to saturation is small, and more detailed calculations are needed to better quantify 
the degree of conservatism in the model. However, the concept of a safety hull made from 
Zircaloy could be beneficially explored in SINQ with the present generation of low-risk water-
cooled targets in preparation for a possible future lead-cooled target. 
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Figure 21. Outlet D2O temperature as a function of time following leakage from a lead-
cooled target for a standard (AlMg3) and advanced (Zircaloy) safety vessel design. 

 
 

6. CONCLUSIONS 
 
Construction of the lead-bismuth spallation source target MEGAPIE, irradiated in the SINQ 
facility at PSI, was a first-of-a-kind technology, so considerable R&D effort was required to 
bring the concept to engineering reality. The thermal-hydraulics and structure-mechanics 
activities were coordinated within one R&D group within the MEGAPIE project, and involved 
teams of researchers from five countries. During design optimization, and later performing safety 
analyses, heavy reliance had to be placed on numerical modeling techniques (including CFD), 
because of the difficulties in reproducing representative power densities in experiments.  
 
To aid communication between separate groups working on different aspects of the combined 
CFD and FEM analyses, a special coupling algorithm was written between the CFD and FEM 
software. In a first instance, a conjugate heat transfer problem is solved with the CFD code. As a 
byproduct of this process, the temperature field is then known in all the mesh cells comprising 
the structural material, as well as the stress loads (in this case just the normal pressure) at the 
fluid/structure boundaries. The mesh connectivity data and details of the geometrical layout of 
the model are also known as part of the CFD problem definition. Point-wise thermal and 
mechanical load data from the CFD calculation are written in terms of formatted input files that 
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can be simply read directly into a FEM program without the need to perform further mesh 
generation, or recalculate the thermal field within the structures, and avoids use of averaged heat 
flux boundary conditions and heat transfer coefficients. Coupled CFD/FEM simulations have 
been carried out to demonstrate the principle in the context of examining the heating and stress 
levels sustained by critical structures at the lower end of the MEGAPIE spallation source target. 
Both steady-state, operational transients and accident sequences were analyzed by this coupled 
approach. An example is given in the paper as illustration. Similar coupled calculations were 
applied to the double-skinned, D2O-cooled safety container. Initially, the coupling algorithm was 
written between the CFD code CFX-4 and the FEM codes ANSYS and ABAQUS for 8-noded 
linear structural elements. Later the algorithm was extended to include 20-node iso-parametric 
elements, and a similar coupling written between the CFD code FLUENT and ABAQUS. 
 
Of the many accident sequences analyzed, bypass of the defocusing muon Target E, located in 
the beamline upstream of the SINQ facility, was the only one identified with the potential for 
serious overheating and eventual loss of structural integrity of the MEGAPIE target. Detailed 
calculations revealed that burn-through of the target window would ensue within 200 ms if the 
beam was not tripped, causing major leakage of hot LBE into the space between the target and 
the enveloping D2O-cooled safety vessel. The thermal hydraulic consequences of the leak were 
investigated using a linked 3D, 2D and 1D modeling strategy.  
 
At the first stage, a CFD model of the double-walled safety vessel was constructed in 3D, and 
used in a conjugate heat transfer mode to determine local heat transfer coefficients (HTCs) 
appropriate to the D2O coolant circulation in the space between the shells. The heating effect of 
the proton beam is taken into account using volumetric source terms in the heat conduction 
equations for the inner and outer walls, and in the energy transport equation for the D2O. Results 
confirm that under normal beam operation there is a large safety margin against overheating: 
maximum local material temperatures do not exceed 65oC for a D2O inlet temperature of 40oC. 
Detailed, local HTCs derived from the calculation were averaged over four annular zones to 
provide boundary conditions for a subsequent 2D axisymmetric CFD simulation of the LBE leak 
event.  
 
The LBE coolant in the target is driven by its hydrostatic pressure and jets into the helium-filled 
space between the target and safety vessels following window failure. Analysis of the initial 
stages of the leakage process was undertaken using a 2D model in which the LBE/He interface 
boundary is modeled using the Level Set interface-tracking method. The simultaneous heating of 
the LBE by the beam, and its possible freezing on the cold surface of the safety container, were 
both included in the analysis. Results indicate that the transient is fast enough that the volumetric 
beam heating effect and the surface freezing effect are both negligible, and triggering of the leak 
detector equipment (by the LBE making electrical contact between the sensors) will take place 
about 10 ms following leak initiation. The calculation also shows that the LBE would not purge 
all the helium in the lower plenum region: part of it circulates around a central helium bubble 
and part enters the annular region between the vessels, and past the flow constriction associated 
with the shoulders of the target catcher arrangement. Area-averaged HTCs for the LBE/wall heat 
transfer are derived from the local temperatures and heat fluxes calculated by the model; these 
are then used as boundary conditions at the next modeling stage, which is carried out in 1D.  
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The 1D model description is a good representation of both the LBE ascending the annular gap 
between the target and safety vessels (in axisymmetric mode) and the D2O coolant in the channel 
between the shells of the safety vessel (in Cartesian mode). A special treatment is included for 
the window region, where the 1D assumption is weak, but is anyway shown to have a small 
effect on the total heat transfer process.  
 
The model predicts a modest rise in the temperature of the D2O due to some of the heat of the 
escaping LBE from the target (at 300oC) being transferred through the target hull to the cooler 
LBE (at 250oC) descending the target annulus from the heat exchanger in the upper target head. 
For the beam-off situation, the maximum D2O exit temperature was calculated to be 111oC, 
occurring 5.5 s after leak initiation. This is well below the saturation temperature of 165oC for 
the pressurized circuit, so no bulk boiling is predicted, even though localized sub-cooled boiling 
did occur, and was accounted for in the model. As a result of programmed operational procedures 
– associated with evaluating multiple and redundant instrumentation readings – the beam could 
remain on for a period of up to 1 s following initial leak detection. In this case, the model 
predicts a peak D2O temperature of 126.5oC, occurring 3.35 s after leak initiation, and then a 
return to the beam-off situation.  
 
In regard to potential future target upgrades, scoping studies have been made of the 
consequences of a possible major leak from a lead-cooled target operating at higher temperatures 
than those encountered in MEGAPIE, and for higher beam power. Indications are that boiling of 
the D2O coolant would then occur, but could be avoided if the safety vessel were made of 
Zircaloy rather than AlMg3. 
 
 

7. EPILOGUE 
 
Recognition of the danger posed by beam over-focusing, three independent safety monitoring 
systems were installed before operation of the MEGAPIE target in the SINQ facility. These were 
designed to shut off the beam within 100 ms should 10% of the protons from the cyclotron 
bypass Target E [36]. These engineered measures reduced the risk potential of burn-through of 
the target window (though at the cost of a 20% reduction in beam intensity), and resulted in more 
attention being paid to other window failure modes resulting from a multiplicity of low-
probability events.  
 
The enveloping case was imagined to be initiated by structural failure due to thermal cycling of 
one of the cooling tubes of the 12-tube heat exchanger at the head of the target. The secondary 
cooling circuit is Diphyl oil, and is pressurized. Automatic closing of valves in this circuit would 
raise the cover gas (argon) pressure above the LBE surface from 0.5 bar to 10 bar. Together with 
the hydrostatic pressure of the LBE column, the pressure difference across the window at the 
base of target to the helium space would then be in excess of 14 bar. Should this event occur after 
a long irradiation period, the target window would be brittle because of ductile-to-brittle 
transition temperature shift, and the accidental pressure rise in the target may be just be sufficient 
to trigger failure of the window.  
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A full-scale LBE leak test was commissioned using a specially fabricated “target’ hull with no 
internal components and the window orifice created by a plunger and seal arrangement (Fig. 22). 
A double-skinned, water-cooled safety hull was positioned around the target assembly identical 
to the one to be used with the MEGAPIE target except that H2O was used for cooling rather than 
D2O. Included in the instrumentation was a thermocouple measuring the temperature at the outlet 
of the water circuit [37].  
 
 

Figure 22. Schematic of start and end configurations of the full-scale LBE leak test. 
 
 
Conditions in the experiment could not exactly reproduce the window failure event as envisaged 
for the numerical safety analysis. In particular, the size of the orifice had to be reduced from 
4 cm to 3 cm diameter due to mechanical stress complications. Also, the plunger mechanism 
operated over a period of 2 s to fully open the window orifice rather than the instantaneous 
opening assumed in the numerical model. Nonetheless, the interested reader will find in a 
companion paper to [37], a numerical simulation of the LBE Leak Test using the models 
described in the present paper, with suitable adaption of the parameters to reproduce the test 
conditions [29]. In this sense, the leak test acts as a validation case for the numerical model. 
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