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ABSTRACT 

In this study a global thermal analysis of DEMO tokamak is performed. Based on the 
updated CAD design of in-vessel components and magnet system, thermal expansion and 
thermal radiation analyses of the overall system have been carried out. Magnet thermal 
shields and the cryostat vessel have been designed additionally to complement the overall 
DEMO CAD design model. The structural code ABAQUS was used to perform the two 
separate analyses. The thermal expansion analysis predicts relative displacements of the 
model components at operational temperatures with respect to the initial room temperature. 
The results provide essential information on thermal expansion of different components that 
helped to improve the initial design of the vacuum vessel and toroidal field coils. The main 
objective of the thermal radiation analysis is however to estimate the heat exchange between 
the tokamak systems and to predict the power needed to cool down the superconducting 
magnets. The heat radiated to the superconducting magnets is strongly reduced to about 1 kW 
by the presence of the thermal shields, which absorb approximately 0.5 MW. 

1 INTRODUCTION 

The roadmap to the realisation of fusion energy [1] includes the demonstration of 
electrical power generation through a Demonstration Fusion Power Plant (DEMO) by 2050. 
The DEMO design is being developed within the common European framework program 
“EUROfusion”, launched in 2014, and includes the analysis of its requirements, system 
modelling and integration. The DEMO tokamak is composed of various systems operating at 
very different temperatures which, in addition, vary depending on the operational state. In 
order to ensure a consistent tokamak design the relative thermal displacements as well as the 
thermal power exchange between different systems need to be determined. 

The main objective of the work performed in 2014 at Jožef Stefan Institute within 
“System level analysis - Global tokamak thermal analysis” project [2] includes the 
development of a Finite Element (FE) model of the DEMO tokamak. This paper presents the 
analyses’ results of the heat exchange between the individual systems of DEMO (in-vessel 
components, magnets and thermal shields) and their thermal expansion/contraction for the 
scenario when the system passes from initial room temperature to the stable operational state. 
These preliminary results will serve as an initial input for tokamak designers. Beyond 2014 
the FE tokamak model will be modified and extended to reflect the possible design changes 
and new requirements. 
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The structure of the paper is as follows. In Section 2 the geometry of DEMO tokamak 
systems is defined. The thermal expansion and thermal radiation analyses are described in 
Section 3. The conclusions based on the analyses’ results are drawn in Section 4. 

2 DEVELOPMENT OF TOKAMAK GEOMETRY 

The initial DEMO tomamak geometry is partially based on the ITER example [3] and it 
has been prepared in Design Modeler of the ANSYS Workbench [4]. Due to the 
circumferential (toroidal) symmetry of the systems (see Fig. 1) only 1/16th (22.5 degrees) of 
the tokamak geometry has been modelled. Preparation of DEMO tokamak design was based 
on the initial CAD model (see Fig. 1-left) delivered by the project management unit which 
included in-vessel components (blankets, divertor), vacuum vessel with ports, vacuum vessel 
thermal shield without ports and magnet system. The vacuum vessel ports of the initial model 
have been modified in order to prepare an adequate design configuration. The remaining 
systems of the tokamak assembly such as the cryostat, the cryostat thermal shield, system 
supports and the ports of the vacuum vessel thermal shield have been created from scratch in 
a simplified manner to allow carrying out the required analyses. 

 
Figure 1. (left) CAD geometry of DEMO tokamak without thermal shield and cryostat, 

courtesy of PMU EUROfusion. (right) Geometry segment of the DEMO tokamak model after 
modifications with systems’ acronyms and numbering of the poloidal field coils (PFC). 

The model geometry used in the analyses is shown in Fig. 1-right. Listed from outside-
in, the model includes the following tokamak systems: 

 Cryostat: thickness of 80 mm, vertical elevation of 1 m above the cryostat thermal 
shield, radius of the main cylinder is the largest radial extension of PFC4 plus 1.55 m. 

 Cryostat thermal shield (CTS): thickness of 50 mm, positioned at an offset distance of 
100 mm of the cryostat and the PFC where appropriate, vertical elevation of the highest 
vertical extension of PFC1 plus 3m, vertical elevation of the lowest vertical extension 
of PFC6 minus 3.5m. 

 Magnets system: includes the poloidal field coils (PFC), toroidal field coils (TFC) and 
central solenoid. 

 Vacuum vessel thermal shield (VVTS): thickness of 50 mm, distance of 100 mm off the 
vessel port surfaces, and extended along the ports up to the CTS. 
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 Vacuum vessel with ports (VV): upper, equatorial and lower (45 degrees) ports 
extended up to the cryostat. 

 In-vessel components: Blankets and divertor. 

 Structural supports for the VV and magnet system. 

3 THERMAL ANALYSES OF DEMO TOKAMAK 

The geometry of the DEMO tokamak has been imported into the ABAQUS code [5] 
where the FE models have been prepared and the analyses performed. In the present work the 
normal operation at different, but constant, temperatures of tokamak systems is considered. 
Therefore, thermal expansion has been calculated for the system components passing from the 
room temperature to the normal operational state and it is assumed that thermal radiation is 
the only relevant heat transfer mode. Table 1 lists the initial and final temperatures of the 
different tokamak systems as well as the relevant material properties needed in the analyses 
[6-9]. 

Table 1. Temperatures and material data for the analyses of DEMO tokamak. 

System  *  * Material αm **  *** 

Magnets 

293 

4 SS-316 1.038 1 

CTS 80 SS-304 1.292 
0.05 

VVTS 80 SS-304 1.292 

VV 473 SS-316 1.700 

0.25 
Blankets 573 F82H-Eurofer 1.120 

Divertor 573 F82H-Eurofer 1.120 

Cryostat 293 SS-304 1.530 
* Initial and final temperatures in kelvin (K). 
** αm: mean thermal expansion coefficient (10-5/K-1) from initial to final temperatures. 
*** : emissivity (/). 

3.1 Thermal expansion analysis 

The ABAQUS code [5] requires mean thermal expansion coefficients for the 
computation of thermal strains ( ) as: 

 

  

 

(1)

where  is the mean thermal expansion coefficient at temperature  from the reference 
temperature. The values of  given in Table 1 share the same reference temperature equal to 
the initial temperature ( ) of the systems. Figure 2-left shows the meshes of the tokamak 
model used in the thermal expansion analysis which ensure the physically-realistic volume 
changes of individual components caused by the temperature changes. The implemented 
boundary conditions reproduce the model’s physical boundaries and, in a simple way, the 
interconnection between components that impose common origins of their relative 
displacements as they undergo volume changes. The cryostat has been excluded in the 
analysis (see Fig. 1 and 2) since its temperature remains constant. Its structural functions to 
support the lower and upper parts of the CTS and the pedestal ring (see Fig. 2-middle) have 
been implemented directly by restricting the vertical displacement of these components. All 
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main components have surfaces on both limiting planes which correspond to toroidal 
symmetry planes of the model. The six PFC and the central solenoid are connected to the TFC 
by supports ensuring the proper relative displacement of the entire magnet system. These 
features restrict the rest of boundary conditions mainly to 1-point interconnection between 
linked components in the vertical degree of freedom: between TFC and VVTS/CTS in the 
proximity of the equatorial port and between VV and divertor/blankets in the proximity of the 
lower part of VV where these components meet. 

Figure 2. The DEMO tokamak model in the thermal expansion analysis: (left) model meshes, 
(middle) boundary conditions and (right) global deformation. 

Figure 2-right shows the results of the thermal expansion analysis where components 
are coloured depending on their operational temperature as given in Table 1. The comparison 
of the initial and deformed (with scale factor 5) states of the tokamak model can be observed 
indicating that growth or shrinkage in the radial and vertical directions depend on their 
operational temperature being above or below the initial room temperature. An example of the 
thermal displacements of the VV can be seen in Fig. 3 showing that the extremes of the upper 
and equatorial ports expand 7.8 and 5.5 cm in the vertical and radial directions, respectively. 

 
Figure 3. Vertical and radial displacements of the vacuum vessel. 
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The thermal expansion analysis has allowed identifying regions of the DEMO tokamak 
model where components may get into physical contact at operational temperatures. The 
simulations, performed here without contact-interaction between the components, show an 
overlap among components. Between the VV and the VVTS, the overlapping predicted in 
different regions is shown in Fig. 4. A redefinition of the initial distances is therefore required 
during the detailed redesign of these components. 

 
Figure 4. Overlapping regions between vacuum vessel and thermal shields. 

3.2 Thermal radiation analysis 

The model geometry used in the thermal radiation analysis is shown in Fig. 1-right with 
the exception of the structural supports omitted for the sake of simplicity. The simulation has 
been set up as a cavity radiation problem with symmetry boundary conditions at the model 
symmetry planes in order to achieve a closed cavity (the outer surface of the cryostat is not a 
radiative surface). In the cavity radiation formulation [5], the radiation flux per unit area into a 
cavity facet is described as: 

 

∑ ∑   

 

(2)

where N is the number of facets forming the cavity; , and  are the emissivity and 
temperature of facet i; σ=5.67E-8 W/m2K4 is the Stefan-Boltzmann constant;  is the 
absolute zero in the temperature scale used;  is the geometrical view factor matrix; and 

1  is the reflection matrix with  the Kronecker delta. Table 1 gives the 
temperatures and emissivities used in this exercise. The numerical calculation of view factors 

, which are purely a geometrical quantity, is the key in radiation problems. The property: 
 
∑ 1  
 

(3)

must be fulfilled which comes from the fact that all rays from surface i must strike some other 
surface j in an enclosed cavity. In an open cavity this sum is always less than one, indicating 
radiation to the ambient will take place. Failure to meet this criterion may indicate a need for 
mesh refinement. To minimize numerical errors and computational time, the tokamak 
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geometry has been divided into three regions (see Fig. 5) with no radiative exchange of 
energy with each other and, therefore, each of them forming a closed cavity by itself. 

 Region (a): limited by the outer surface of the VVTS and inner surface of the CTS, 
which contains the magnets (Fig. 5-a). 

 Region (b): inside of the vacuum vessel, which is completely limited by the inner 
surface of the vacuum vessel and contains the blankets and divertor (Fig. 5-b). 

 Region (c): limited by the outer surface of the vacuum vessel, inner surface of the 
VVTS, outer surface of the CTS and inner surface of the cryostat (Fig. 5-c). 

 
Figure 5. Regions of the tokamak model where the radiation analysis is performed. 

The results of the total net radiation heat fluxes of the complete tokamak systems are 
presented in Table 2. These have been calculated by summing up the net radiation inputs from 
the components present in more than one region, and by multiplying by the factor 16 to scale 
up the results for the entire tokamak. The net power is understood as the sum of emitted and 
absorbed powers on each of the components: positive net power indicates absorbed power and 
negative net power means emitted power. 

Table 2. Total net powers of the tokamak systems (positive: absorbed; negative: emitted) 

System  Total Net Power (kW)  Relative Error  Absolute Error (kW) 

In‐vessel components  ‐1207.0 

29.4% 

354.9 

VV  ‐285.1  83.8 

VVTS  487.4  143.3 

Magnets  0.8  0.2 

CTS  112.1  33.0 

Cryostat  213.8  62.9 

TOTAL  ‐678.1  678.1 

Table 2 also presents the total sum of net powers, which indicates the amount of power 
"lost" from the system, and the estimation of relative and absolute errors assumed evenly 
distributed among systems and proportional to the absolute value of the systems’ radiated 
power. A general observation is that, regardless of the efforts, the error induced by view 
factor anomalies is yet significant. A study of the view factors during the simulation (not 
given here) has shown that these are severely affected by certain geometry aspects such as 
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close proximity of surfaces or sharp angles. In such cases, local mesh refinement and/or 
increase of mesh density could help to reduce the errors. 

The results in Table 2 show that the heat radiated to the DEMO superconducting 
magnets is strongly reduced to about 1 kW by the presence of the thermal shields, which 
instead absorb approximately 500 kW. This strong reduction of heat received by the 
cryogenic magnets is important given the much higher power required in the corresponding 
cryoplant, where about 300-400 W are needed for each Watt of heat removed from the 
magnet cooling system. It must be noted that depending on the design of the thermal shield 
supports additional heat will be conducted from the thermals shield to the magnet system. The 
largest part of heat received by the magnets, however, is due to neutrons generated in the 
plasma penetrating the significant shielding structures. According to a preliminary estimate 
[10] the DEMO magnets could receive about 6 kW of heat due to nuclear heating. 

 

Figure 6. Net radiation flux (W/m2) on VV outer surface. The effect of VVTS is clearly seen. 

Results in Table 2 also show that the VV is a net emitter component by emitting more 
power to the thermal shields than it absorbs from the in-vessel components. The VVTS 
absorbs most of the vacuum vessel power. Figure 6 shows that heat is emitted from all outer 
surfaces of the vacuum vessel. The regions with lower net emitted power (red color) are those 
embraced by the VVTS. Moreover, the parts of the VV ports not covered by VVTS (blue 
color) radiate into a relatively big cavity, where a significant part of the radiation hits the CTS 
and cryostat. 

4 CONCLUSIONS 

The present paper presents the current DEMO tokamak model developed within the first 
year of the “System level analysis - Global tokamak thermal analysis” project and includes 
two separate analyses performed with this model. The first analysis estimates the relative 
displacements of the DEMO tokamak components as well as their relative distances when the 
overall system reaches operational temperatures from the initial room temperature. This is 
accomplished by the means of a thermal expansion analysis which has allowed identifying 
regions where the vacuum vessel and thermal shields may get into physical contact. This 
requires a redefinition of initial distances between these components. 
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The second analysis aims at obtaining an estimate of the heat exchange between the 
individual systems of the tokamak, from thermal radiation sources only. This has confirmed 
that the heat radiated to the superconducting magnets is low (~ 1 kW) thanks to the presence 
of the thermal shields which absorb approximately 0.5 MW. However, the overall analysis 
contains significant errors originating from geometry and mesh quality which evolve from the 
numerical calculation of the view factors. Therefore, at this stage, the results present a 
qualitative estimation of radiation heat exchange among the tokamak systems. 
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