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ABSTRACT 

In support of shadowing of the divertor target plate edges in toroidal direction against 
damage caused by the incident particles, the closing fingers at the boundary of the target plate 
should ideally form a flat surface. The reference cooling fingers are of hexagonal shape and 
when assembled together, their closing boundary cannot be flat. Therefore, the boundary 
segments need to be designed in a different way. Three possible designs are explored in this 
study: non-symmetric pentagonal fingers and two square-shaped fingers of different sizes, all 
cooled by the same type of concentric cartridge. The paper focuses on analyzing their heat 
transfer performance from the point of view of maximum temperature of the thimble material. 
The computational fluid dynamics (CFD) analyses of these cooling fingers are performed in 
order to obtain the minimum mass flow rate of the coolant which is necessary to keep the 
structure’s temperature below the allowable material constraints.  

1 INTRODUCTION 

The helium-cooled divertor operating at high pressure (10 MPa) and high outlet 
temperature (~ 700 oC) is foreseen as one of the possible options for DEMO reactor [1] and is 
therefore thoroughly investigated. The most important components of the divertor are the 
target plates that serve as heat and sputter shield structures cooled by helium. To handle the 
high heat flux loads of about 10 MW/m2 the plasma-facing part of the target plate is 
composed of small segments made of tungsten that are brazed onto the cooled structures (the 
so-called thimbles). Although it has some disadvantages (brittleness), tungsten is considered 
as one of the main candidates for the diverter target sacrificial layer [2].  The inner side of the 
thimble has to be cooled effectively to keep the thimble’s maximum temperature below the 
design limit at about 1300 oC (start of the re-crystallisation process). The heat removal should 
be uniform as much as possible to avoid local temperature extremes. This is achieved by 
using the concentric cartridges with many holes through which the jets are impinged onto the 
inner surface of the thimble. Reference shape of plasma-facing segments is hexagonal [3], 
which ensures relatively uniform cooling and can be compactly assembled with the 
neighbouring cooling elements. 

However, to keep the necessary tilt angle of the target plate in toroidal direction as 
small as possible, the edge fingers at the plate boundary should ideally form a flat surface. 
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This should help to prevent damaging of the plate edge due to the incident particles. As the 
target plate is assembled of hexagonal cooling fingers, it cannot form a flat closing boundary. 
Therefore, the boundary segments need to be designed in a different way. One possibility is to 
attach pentagonal fingers to the hexagonal elements (see Figure 1 left). Another option is to 
completely replace hexagonal elements with square-shaped fingers (Figure 1 right).  

In this paper three possible alternative cooling fingers are explored: pentagonal fingers 
and two square-shaped fingers of different sizes, all cooled by the same type of concentric 
cartridge. Their heat transfer performance is analyzed in a view of maximum temperature of 
the thimble material and compared to the results of the reference hexagonal finger. The 
computational fluid dynamics (CFD) analyses of these different edge elements were 
performed in order to obtain minimum the mass flow rate of the coolant which is necessary to 
keep the structure’s temperature below the allowable material constraints. 

    
 

Figure 1: Possible finger assemblies for the target plate – toroidal edge 

2 CFD MODEL AND BOUNDARY CONDITIONS 

A steady-state CFD analysis using ANSYS-CFX [4] is performed to compute the flow 
fields in the helium coolant and temperature distributions in finger structures. Numerical 
domain consists of 3 solid domains (tile, thimble and cartridge) and of one fluid domain. Heat 
transfer equations in fluid and solid domains are solved simultaneously. In the fluid domain, 
the helium is modeled as an ideal gas. Shear stress transport (SST) two-equation turbulence 
model [5] is used to resolve turbulence and heat transfer scales in the helium flow. In the solid 
domain the heat conduction equation is solved. Details of the computational model can be 
found in [6]. Constant heat flux is applied at the upper surface of the tile and adiabatic 
boundary conditions are assumed at the outer walls. Helium flow enters the cartridge at the 
constant mass flow rate. The reference boundary conditions are such as anticipated for the 
prototype DEMO reactor [1],[7]: 

• He mass flow rate per cooling finger: 6.8 g/s 

• He inlet temperature: 634 oC 

• He inlet pressure: 10 MPa 

• Applied heat flux: 10 MW/m2 

• Internal heat generation: 17 MW/m3  
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3 ANALYZED CASES 

Different geometries of tested cooling fingers are shown in Figure 2. The reference 
cooling finger (Figure 2 (a)) is composed of a hexagonal tungsten tile, which is brazed on the 
thimble, made of tungsten alloy W-1%La2O3 (WL10). The thimble and tile structure are 
cooled by multiple helium jets issued through the 25 nozzles located at the top of the steel 
cartridge. This design was developed at Karlsruhe Institute of Technology (KIT) [4] and 
should be able to withstand the incident heat flux of 10 MW/m2. 

Having in mind the toroidal edge of the target plate, three alternative finger geometries 
are analyzed here. Their geometries are shown in Figure 2 from the far left to the far right as 
follows: hexagonal finger (reference design (a)), pentagonal finger (b) square-edged finger 
with 16.5 mm edge (c) and square-edged finger with 17.8 mm edge (d). Thimble and cartridge 
are the same in all cases, only the tiles are different. To see all parts of the cooling finger 
(cartridge, thimble and tile), the schematic finger cross sections are presented in Figure 2.     

  

 
Hexagonal tile (reference) 
 

(a) 

 
Pentagonal tile 
 

(b) 

 
Square-edged tile with 
16.5 mm edge  
 (c) 

 
Square-edged tile with 
17.8 mm edge 

(d) 
 

Figure 2: Tested cooling finger geometries 
 

The main objective of this study is to define the limiting mass flow rate for each of the 
tested finger geometries. At the limiting mass flow rate the cooling finger has to withstand the 
heat flux of 10 MW/m2 under the condition that the maximum thimble temperature remains 
below the limiting value of 1200 oC. This value is set on the basis of re-crystallization 
temperature of the thimble material WL10 (tungsten alloy doped with 1% wt. of La2O3), 
which is estimated to be 1300 oC under the neutron irradiation. By considering the safety 
margin of 100 K, the corresponding limit for the maximum thimble temperature is then set 
down to 1200 oC. 

4 RESULTS AND DISCUSSION 

ANSYS CFX [4] was used for calculations. All simulations were performed in the 
steady-state mode using at least 1000 iterations to reach the converged solution. All 
computational domains (1 fluid and 3 solid domains) were meshed with hexahedral elements 
which amounts to the mesh with 13.5 million elements for the full-scale finger model.  

Simulated temperature distributions of different finger geometries at the nominal mass 
flow rate of 6.8 g/s are compared in Figure 3. Temperature distributions of the tile’s top 
surface are shown on the left side of Figure 3. For all tested fingers the highest temperatures 
appear at the corners of the tile, where the structure thickness (considering the thickness in the 
direction perpendicular to the cooling surface – inner surface of the thimble) is the highest. 
The lowest temperature maximum is obtained for the reference hexagonal finger (1783 oC). A 

Tile 

Thimble 

Cartridge 
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very good result is obtained also for the smaller square-shaped finger, which shows only 12 
oC higher temperature peak at the square corners. As expected the most unfavourable results 
were obtained for the unsymmetrical pentagonal finger, where the temperature maximum 
reached almost 2000 oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3: Temperature distributions of the tile’s top surface (left) and of the thimble’s top 
surface (right) for the different cooling fingers at the mass flow rate 6.8 g/s 
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Temperatures for the thimble top surface are shown on the right side of Figure 3. Except 
for the pentagonal finger, here the maximum temperatures occur at the center of the thimble. 
The lowest temperatures, just at the temperature limit for the thimble material (1200 oC) are 
calculated for two geometries – hexagonal and smaller square-shaped finger. This means that 
both fingers could be cooled efficiently by the reference helium mass flow rate of 6.8 g/s, 
which amounts to a relatively low pressure drop of around 120 kPa. The thimble temperature 
peaks are too high for the other two geometries; 1256 oC for the larger square-shaped finger 
and even 1306 oC for the pentagonal finger.       

To determine the so-called limiting mass flow rate, the simulations for each of the test 
geometries were performed at 3 different mass flow rates (6.8 g/s, 9 g/s and 13.5 g/s). From 
top to the bottom of the Figure 4, the variations of maximum thimble temperature, tile 
temperature and pressure drop with respect to the mass flow rate are presented.  

 

 

 
Figure 4: Maximum thimble and tile temperatures and pressure drop for different geometries 

and different mass flow rates 
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The maximum tile and thimble temperatures decrease with increasing mass flow rate, 
while the pressure drop increases. The pressure drop depends only on the coolant flow path. 
Since the same cooling cartridge and thimble structure are used for all geometries, the 
pressure drop tendency is the same for all fingers and depends only on the mass flow rate. The 
temperature trends are similar for all finger geometries, only the curves are shifted. The most 
important are tendencies of the thimble temperature, which define the limiting mass flow rate 
for each cooling finger.  The lowest temperatures are obtained for the hexagonal and square 
finger with the 16.5 mm edge. In both cases, the thimble temperature values are almost the 
same.  

The limiting mass flow rates for each cooling finger are listed in Table 1. The limiting 
mass flow rate is from obtained by linear interpolation of results at different mass flow rates 
and taking into account the maximum thimble temperature limit of 1200 oC. The lowest mass 
flow rate of 6.8 g/s is obtained for the hexagonal and for the smaller square-shaped finger. 
The limiting mass flow rate for the square finger with longer edge (17.8 mm) is 8.2 g/s. 
Pentagonal finger requires the highest limiting mass flow rate of 9.4 g/s, which amounts to the 
highest pressure drop of 240 kPa.   

Table 1: Limiting mass flow rates for different cooling finger shapes 
 Mass flow rate 

[g/s] 
T_max tile 
[°C] 

T_max thimble  
[°C] 

T_He_outlet  
[°C] 

Pressure loss 
[kPa] 

Hexa 17.8 6.8 1782 1200 712 124 
Square-edged 16.5 6.85 1792 1200 712 124 
Square-edged 17.8 8.2 1840 1200 711 182 
Penta 17.8 9.4 1889 1200 701 240 

5 CONCLUSIONS 

CFD analysis was performed to investigate the heat removal capability of alternative 
cooling fingers, intended to be used for edge of the divertor target plate. All cooling finger 
designs were tested at different helium mass flow rates in order to find a minimum mass flow 
where the local temperatures of the finger structures are just below the critical value. The 
most important limiting value was found to be the re-crystallization temperature of the 
thimble material made of tungsten alloy WL10. Taking into account the 100 K of the safety 
margin, the maximum allowed temperature for the thimble structure is 1200 oC.      

The results of the analysis have shown, that apart from the reference hexagonal finger, 
the square-shaped finger with a 16.5 mm edge shows the best performance (6.8 g/s at 124 kPa 
pressure loss). This indicates that a helium cooled divertor could be composed entirely of the 
square-edged fingers, which would simplify the manufacturing process and assembling of the 
target plate. Analyses of thermal stresses are needed for further validation of new finger 
designs. 
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