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ABSTRACT 

In this paper the results of coupled thermal-mechanical Finite Element (FE) analysis on 
the design of a fusion reactor divertor cooling finger are presented. Beside its main purpose, 
to remove alpha particles, helium and other impurities from the plasma stream, a divertor has 
to remove approximately 15% of the total thermal power of the fusion reactor. The aim of the 
analysis is to assess the influence of a number of physical properties of the brazing layer (BL) 
of the cooling finger on the overall thermal-mechanical stress field of the cooling finger. The 
BL provides bonding between thimble and tile, the two main parts of the cooling finger. In 
nearly all numerical thermal-mechanical analyses on cooling finger designs described in 
literature the BL is neglected in the modelling process. In the presented FE analyses the BL is 
included and parametric studies are performed with the aim to assess the influence of the 
thermal conductivity, thermal expansion, Young’s modulus and thickness of the BL on the 
overall thermal-mechanical stress field of the cooling finger. The thermal conductivity of the 
BL has significant influence on both the temperature and stress distribution of the cooling 
finger, whereas the thermal expansion influences the stress distribution of the cooling finger 
locally. The Young’s modulus has negligible influence and a thicker BL fosters the observed 
effects of the above physical properties.  

1 INTRODUCTION 

The purpose of a divertor, which is an integral part of each fusion reactor, is the 
removal of alpha particles, helium and other impurities from the plasma stream resulting from 
the fusion reaction. In addition, the divertor has to remove approximately 15% of the total 
thermal power of the fusion reactor [1], making it subject to significant heat flux loading. 
Because of the high heat fluxes involved divertors need to be cooled during operation. In on-
going conceptual studies for the coming fusion reactors helium cooling is seen as the best 
option in conjunction with a modular design. In a modular design the surfaces directly 
exposed to the plasma stream are made up of numerous small modules, referred to as cooling 
fingers. Such a design has the advantage of lower thermal stresses compared to a plate design 
[1]. Figure 1 shows the divertor for the future DEMO Fusion Reactor [2]. It is a helium 
cooled modular divertor with jet cooling, referred to as HEMJ design [3] and should be able 
to withstand heat fluxes of at least 10 MW/m2 [4].   
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Figure 1: Divertor assembly (left), cooling finger assembly (middle) and cooling finger design 

(right) for the DEMO Fusion Reactor [2] 

The cooling finger consists at its top of a tile (orange), a thimble (red) below, a thin 
brazing layer (BL) connecting tile and thimble and a steel cartridge (blue). The tile faces the 
plasma at its top surface and is usually made of tungsten. The thimble is made of tungsten 
lanthanium oxide W-1% La2O3 (WL10) and it is the part of the cooling finger assembly that 
receives the helium cooling at its inner surface. The BL provides bonding between tile and 
thimble and should reduce the heat transfer from tile to thimble and thus avoid overheating of 
the thimble. The steel cartridge contains the jet holes at its top surface and thus provides 
multiple helium cooling jets to the thimble. 

Experiments on different mock-ups for the HEMJ cooling finger design [5] have 
revealed a number of failures such as melting of BL, debonding of components and cracking 
in tile and thimble induced by thermal stresses. As a consequence stringent temperature and 
stress limits have been formulated to ensure the long-term functioning of the HEMJ cooling 
finger design [2]. Following these experiments a number of authors have taken efforts to 
further optimize the HEMJ cooling finger design via computational analyses [2,6,7] with the 
aim of further reducing thermal stresses. The performed computational analyses were thermo-
mechanical finite element (FE) analyses to predict the temperature and stress distribution 
inside the cooling finger components resulting from the high heat flux loading. In most of 
these FE analyses the BL was neglected because of its low thickness (≈ 0.05 mm). 
Nevertheless, the BL has a certain thermal conductivity and thermal expansion that could 
have an influence on the temperature and stress distribution of the cooling finger. Martin [8] 
performed parametric studies involving thermo-mechanical FE analyses to investigate the 
influence of the thermal conductivity, thermal expansion, Young’s modulus and thickness of 
the BL, on the temperature and stress distribution of the HEMJ cooling finger design 
proposed by Gervash et al. [5]. This paper gives a summary of the results of Martin’s FE 
analyses [8]. 

2 SETUP OF FE MODELS 

The FE models of the cooling finger were generated with the FE pre-processor 
ABAQUS/CAE [9] and the simulation package MATLAB [10] via the use of scripts. The 
computational analyses were carried out with the FE solver ABAQUS/Standard [9]. Figure 2 
shows one of the generated FE models [8]. In order to reduce the computation time only a 
sixth of the cooling finger is modelled and symmetry conditions are used. All generated FE 
models are made up entirely of quadratic interpolation brick (hexahedron) elements, the 20 
noded C3D20RT element of ABAQUS. Each node of this type of FE has four degrees of 
freedom (dof), three displacements in space plus node temperature. The FE model displayed 
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in Figure 2 contains a BL of 0.05 mm thickness, which can be easily changed in the 
generating scripts.   

 
Figure 2: Generated FE model of the cooling finger with boundary conditions and loads [8] 

A heat flux of 10 MW/m2 is applied on the top surface of the tile to simulate the heat 
from the plasma stream. A body heat flux of 17 MW/m3 is applied to all elements of the 
model to account for the heat induced inside the cooling finger due to irradiation. The initial 
temperature of the cooling finger is set to be 50 °C and a pressure of 10 MPa is applied on the 
inner surface of the thimble to account for the helium pressure. The material properties of 
tungsten and WL10 required for the analyses are taken from the ITER Material Properties 
Handbook [11]. The deformations of the cooling finger are assumed to be entirely elastic.  

Before the actual parametric studies a number of different FE models with varying mesh 
densities around the BL were generated in order to check mesh convergence of the computed 
temperature and stress results. The FE model displayed in Figure 2 was found to be 
sufficiently fine. It has five element layers in thickness direction of the BL and a global 
element size of 0.5 mm with a locally reduced element size of 0.1 mm along the BL resulting 
in approximately 120,000 nodes. The material properties of the BL were identical to the ones 
of the tile. For the parametric studies the curves for thermal conductivity, thermal expansion 
and Young’s modulus versus temperature of the BL are systematically lowered or raised to 
assess their influence on the temperature and stress distribution of the cooling finger. 

3    FINITE ELEMENT ANALYSES AND RESULTS 

3.1 Influence of Thermal Conductivity 

The thermal conductivity of the BL is reduced to 50%, 10% and 5% respectively of its 
original value. Figure 3 shows the corresponding curves versus temperature and Figure 4 
shows the resulting temperature distributions in the tile. With decreasing thermal conductivity 
of the BL the temperature level in the tile rises, especially for a drastic reduction in thermal 
conductivity down to 10% or 5% of the original value. With falling thermal conductivity the 
BL becomes a stronger barrier for the heat transfer from the top surface of the tile facing the 
plasma down to inner surface of the thimble, where the heat is “absorbed” by the helium 
stream. This leads to a higher overall temperature level of the tile and also of the BL itself, 
whereas the temperature level of the thimble drops slightly, since it is better “protected” by 
the BL against the heat flux from the tile. 

Symmetry conditions  

Symmetry conditions  

Pressure 10 MPa  

Body heat flux 17 MW/m3  Constraint conditions  

Heat flux 
10 MW/m2  

FE mesh BL  
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Figure 3: Studied variations in thermal conductivity 

 
Figure 4: Influence of thermal conductivity of BL on temperature distribution of tile, a) 100%, 

b) 50%, c) 10%, d) 5% of original value [8] 

More relevant for the thimble are changes in stress levels, which are displayed in Figure 
5. With decreasing thermal conductivity of the BL the stress level of the thimble increases 
significantly, especially in the area of its greatest curvature, where the thimble has its highest 
stress values. Since the tile is heated up more strongly with falling thermal conductivity of the 
BL, the tile deforms more strongly. Since both parts are bonded to each other via the BL, the 
tile “pulls” more strongly at the thimble, bending it more strongly and leading to increased 
stresses. 

The BL itself also shows increased stress levels when its thermal conductivity is 
reduced, because, like the thimble, it also undergoes larger deformations. The stress level of 
the tile is not significantly affected by the thermal conductivity of the BL. For all investigated 
cases the maximum stress inside the tile stays below 250 MPa, which is far from any critical 
levels. 
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Figure 5: Influence of thermal conductivity of BL on stress distribution of thimble, a) 100%, 

b) 50%, c) 10%, d) 5% of original value [8] 

3.2 Influence of Thermal Expansion and Young’s Modulus 

The thermal expansion of the BL is reduced to 50% of its original value, once doubled 
and once reduced to 10% of its original value. Figure 6 shows the corresponding curves 
versus temperature. The thermal expansion describes changes in length and volume of a 
material with changes in temperature. It can be regarded as a sole mechanical property 
(though temperature dependent and responding to temperature changes), thus only affecting 
the strains and stresses inside the cooling finger, but not its temperature distribution. This was 
also confirmed by the analyses. Temperature distributions inside tile, thimble and BL were 
not affected by changes in the thermal expansion of the BL. 

 
Figure 6: Studied variations in thermal expansion 

Figure 7 shows the stress distributions in the thimble for the four different thermal 
expansion curves of the BL. Doubling the thermal expansion leads to an increase of the 
stresses at the locations of highest stresses in the thimble. If, instead, the thermal expansion is 
reduced, the stresses seem to decrease in this section, but only to a certain level (compare Fig. 
7c and 7d with Fig. 7a). Instead new areas of high stress concentration along the thimble are 
developing, towards the bottom end of the BL. Thus in summary, if there are significant 
differences in thermal expansion values between the brazing layer and its two neighbouring 

567.8 634.9 

516.0 520.8 
a) 

b) 

c) d) 
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parts, either in one or the other direction, formation of high stress concentrations in the 
thimble can be expected. Either sections with high stress concentrations see a further increase 
in stresses or new areas of high stress concentrations are formed. 

 
Figure 7: Influence of thermal expansion of BL on stress distribution of thimble, a) 100%, b) 

200%, c) 50%, d) 10% of original value [8] 

The results for the tile emphasise the findings for the thimble, but to a lesser extent. 
Doubling the thermal expansion of the BL leads to an increased stress level along the whole 
connecting area to the BL, without forming high stress concentration areas. The rest of the tile 
seems to be rather unaffected. As for the thimble a reduction in thermal expansion of the BL 
leads to the formation of high stress concentration areas in the tile around the bottom end of 
the BL. These correspond exactly to the newly formed high stress concentration area of the 
thimble as indicated in Figure 7d. 

The BL itself experiences a tremendous increase in stress level when its thermal 
expansion is changed considerably to the ones of its neighbouring parts. Von-Mises stress 
values of more than 2000 MPa were extracted for large sections of the BL compared to 1030 
MPa for the original thermal expansion value. Such stress values are not surprising if one 
considers that the thin-walled brazing layer is considerably limited in its ability to deform, 
because it is squeezed between thimble and tile. 

Like the thermal expansion the Young’s modulus has no effect on the overall 
temperature distribution of the cooling finger, because it is a pure mechanical property. The 
Young’s modulus of the BL was once doubled, once lowered to 50% and once lowered to 
10% of its original value, but the changes had no influence on the stress distribution of 
thimble and tile. Only the stress level of the BL itself was affected and the changes were quite 
significant. The higher the Young’s modulus of the BL the higher are its stresses. On the other 
hand a low Young’s modulus reduces the stress level of the brazing layer significantly.   

3.3 Influence of the BL Thickness 

FE models with BL thicknesses of 0.1 mm and 0.2 mm were generated and the BL are 
assigned the material property curves of the previous parametric studies that proved to have a 
significant effect on the temperature and/or stress level of tile and thimble. The purpose of 
this approach is to see if an increased BL thickness increases the observed effects of the 
individual physical property. The mesh properties of the original FE model with 0.05 mm are 
maintained for the FE models with 0.1 and 0.2 mm.  

New stress 
concentration areas  

516.0 542.8 

503.3 493.5 

a) b) 

c) d) 
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Table 1 lists the maximum temperatures of the tile and maximum stress values in the 
thimble for different BL thicknesses at a thermal conductivity of the BL reduced to 5% of its 
original value. As expected a thicker BL increases the observed effects of a reduced thermal 
conductivity described earlier. The temperature level of the tile and the maximum stresses 
inside the thimble increase further. Also the tile experiences higher stresses with increasing 
thickness of the BL. 

Table 1: Maximum tile temperatures and maximum thimble stresses for different BL 
thicknesses at thermal conductivity of BL reduced to 5% of its original value 

Thermal 
conductivity 

BL thickness 
[mm] 

Max. temp tile 
[ºC] 

Max. stress thimble 
[MPa] 

Original value 0.05 1773 516.0 
Reduced to 5% 0.05 1855 634.9 
Reduced to 5% 0.10 1934 771.6 
Reduced to 5% 0.20 2085 1098.0 

Table 2 lists the maximum stresses inside tile and thimble for different BL thicknesses 
and different thermal expansion coefficients of the BL. A thicker BL increases the maximum 
stresses inside tile and thimble, which occur when the thermal expansion coefficient of the BL 
differs considerably from the ones of tile and thimble. The positions of the maximum stresses 
in the thimble for BL thicknesses 0.1 and 0.2 mm are at the new stress concentration areas 
indicated in Figure 7. 

Table 2: Maximum stresses in tile and thimble for different BL thicknesses at thermal 
expansion of BL double to its original value 

Thermal 
expansion 

BL thickness 
[mm] 

Max. stress tile 
[MPa] 

Max. stress thimble 
[MPa] 

Original value 0.05 328.5 516.0 
Doubled 0.05 337.8 542.8 
Doubled 0.10 620.0 624.6 
Doubled 0.20 709.0 821.7 
Reduced to 10% 0.05 486.2 493.5 
Reduced to 10% 0.10 710.3 473.4 
Reduced to 10% 0.20 784.7 634.5 

It was previously mentioned that changes in the Young’s modulus of the BL only affect 
the stress level in the BL itself, but not in tile and thimble. A lower Young’s modulus reduces 
the stress level in the BL and this effect is intensified with a thicker BL [8].     

4 CONCLUSIONS 

The influence of the thermal conductivity, thermal expansion and Young’s Modulus of 
the BL on the temperature and stress distribution of the cooling finger of a HEMJ divertor in a 
fusion reactor was investigated as well as whether an increase in BL thickness increases the 
observed effects. The thermal conductivity proved to have a significant impact on the 
temperature and stress distribution of the cooling finger. If the BL has a significantly reduced 
thermal conductivity compared to tile and thimble, it becomes a significant heat barrier and 
thus considerably disrupts the heat flow inside the cooling finger. This disruption becomes 
apparent in the form of higher temperatures inside the tile and significantly higher stresses 
inside the thimble around its section of greatest curvature. 

The thermal expansion of the BL proved to have significant influence on the stress 
distribution of the cooling finger. Large differences in thermal expansion values between BL 
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and the two attached parts tile and thimble lead to local increases in stresses of thimble and 
tile. Either stresses in existing high stress concentration areas of the thimble further increase 
or new high stress concentration areas are formed in thimble and tile towards the bottom end 
of the BL. Changes in the Young’s modulus of the BL have no effect on the stresses of 
thimble and tile, only on the stress level of the BL itself. A thicker BL enhances the observed 
effects of the investigated physical properties. 
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