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ABSTRACT 

An analysis of the EU DEMO upper port transfer cask with a hot BB segment inside is 
carried out to determine the temperatures of the BB segment and the cask over the time. Since 
the cask is filled with air at 95 kPa, the natural circulation of the air is expected to establish, 
promoting the cooling of the BB segment by transferring the heat to the cask walls. It is 
assumed that the remote maintenance will take place 1 month after plasma shutdown. In 
addition to a transient 3D CFD analysis, a simplified theoretical model, based on the energy 
conservation law, was developed. Both models were used to predict the time-dependent 
temperature trends of a BB segment that has been placed into an empty cask. The analysis 
described here shows that naturally circulating air in the cask can provide a sufficient cooling 
mechanism for decay heat removal from the BB segment to stabilize its temperature within few 
days if the external cooling of the cask is sufficiently effective (e.g. either rather strong natural 
convection is established and/or the air temperature is sufficiently low). 

1 INTRODUCTION 

The DEMOnstration fusion power reactor (DEMO) is identified as a key step following 
ITER towards the exploitation of fusion power [1]. As such, DEMO must demonstrate the 
adequacy of implemented technologies for safe electricity production, developed on 
consideration that regular, rapid and reliable maintenance strategy of the plant can be carried 
out remotely [2]. With main requirements of DEMO to achieve operation with a closed fuel-
cycle (i.e. tritium self-sufficiency) and reliable long-pulse plasma operation [3], the majority of 
the fusion energy transported by neutrons has to be absorbed in the breeding blanket (BB) [4]. 
Very high neutron fluence (more than one order of magnitude higher than in ITER [3]) will result 
in a high irradiation of in-vessel components (IVC) and high decay heat after the plasma 
shutdown. In [5] it is shown that during in-vessel maintenance, i.e. after a cool-down period of 
4-8 weeks, the decay heat of the BB is reduced sufficiently to avoid excessive temperatures 
that would impede the remote handling operation. Once the BB temperature is sufficiently low, 
the segment is picked by the BB transporter and moved to the transfer cask.   

In this article, natural convection cooling of the BB segment in a closed transfer cask, 
filled by air at 95 kPa is analysed. It is assumed that the remote maintenance will take place 1 
month after plasma shutdown. The homogenized material properties are applied to BB 

mailto:martin.draksler@ijs.si
mailto:christian.bachmann@euro-fusion.org


427.2 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 11 – 14, 2023 

segments, with consideration of the Water-Cooled Lithium-Lead (WCLL) concept. The applied 
heating power per outboard segment due to decay heat is 10 kW [6]. Based on our previous 
study [7], it is conservatively assumed that the BB temperature is 100°C when it would be 
picked by the BB transporter. A conjugate heat transfer model is applied to solve the coupled 
heat transfer in the solid and fluid (circulating gas). Heat transfer model considers also the 
radiation heat exchange that is modelled with the Surface-to-Surface (S2S) radiation heat 
transfer model [8]. The ANSYS Fluent code 2021.R2 [8] was used to run transient CFD 
simulations over a time of several hours. In addition to a transient 3D CFD analysis, a simplified 
theoretical model, based on the energy conservation law, was developed. Both models were 
used to predict the time-dependent temperature trends of a BB segment that has been placed 
into an empty cask. 

The aim of this task is to carry an analysis of the upper port transfer cask with a hot BB 
segment inside to determine the temperatures of the BB segment over the time. Since the cask 
is filled with air at 95 kPa, the natural circulation of the air is expected to establish, promoting 
the cooling of the BB segment by transferring the heat to the cask walls. 

The structure of the paper is as follows: in Section 2, the CFD simulation setup is briefly 
presented. This is followed with the description of the simplified lumped model. The results of 
analysis are discussed in Section 3 and the main conclusions are drawn in Section 4. 

2 SIMULATION MODEL 

2.1 Geometry and applied boundary conditions 

For the purpose of this analysis, a CAD geometry of the transfer cask and the BB 
segment [9] has been substantially simplified (see Fig. 1). For example, complete BB 
transporter mechanism (e.g. rails, trolley, trunk and gripper) is removed from the CFD model. 
The cask is modelled as a shell structure with thickness of 5 mm without any liners. The BB 
segment is considered as a homogeneous structure, i.e. the homogeneous material and 
thermophysical properties are applied, with consideration of the Water-Cooled Lithium-Lead 
(WCLL) BB design concept that is fully drained. The material composition of the BB segment 
is adopted from [10]. The homogenized material properties and geometrical data used in this 
analysis are reported in Table 1. 

  

Figure 1: CAD model of transfer cask with BB transporter (left). Simplified CFD model with 
discretization mesh (right). 

Table 1: Geometrical data and homogenized material properties used in the CFD study 
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Volume 

[𝐦𝟑] 

Surface 

[𝐦𝟐] 

𝝆 

[𝐤𝐠/𝐦𝟑] 

𝑪𝒑 

[𝐉/(𝐤𝐠 𝐊)] 
 

𝝀 

[𝐖/(𝐦 𝐊)] 
 

Mass 
[kg] 

Heat 
capacity 
[𝐌𝐉/𝐊] 

View 
factor 

Outboard 
lateral* BB 

21.8 79.6 2189.58 572.2 7.22 47805 27.3 0.97 

Cask 2.4 433 7854 434.0 60.5 18520 5.3 0.17 

Air (Cask 
interior) 

381.9 - 
Ideal 
gas 

1006.4 0.02 410 0.4 - 

* Fully drained  

2.2 Considered scenario (decay heat and initial conditions) 

It is assumed that the remote maintenance will take place 1 month after plasma 
shutdown. From data reported in [6], it has been estimated that 30 days after plasma shutdown 
the decay heat in 80 BB segments would be ~571 kW, which yields ~7 kW per segment. In 
this study, it is conservatively assumed that the heating power per outboard segment due to 
decay heat is 10 kW. Based on our previous study [1], it is also conservatively assumed that 
the BB temperature is 100°C when it would be picked by the BB transporter. 

2.3 CFD code and setup 

Transient simulations of the natural convection cooling by air inside the cask have been 
performed with the ANSYS Fluent code 2021.R2 [8]. The flow is considered laminar [11]. The 
radiation heat exchange is modelled with the Surface-to-Surface (S2S) radiation heat transfer 
model [8]. Emissivity of the surfaces, participating in the radiation heat exchange between the 
blanket segment and the cask interior) is set to 0.3 [13]. Up to 20 energy iterations were 
performed after individual radiation iterations, whereas the maximum number of radiation 
iterations was increased to 100. The residual convergence criteria for S2S model, continuity, 

momentum and energy equations were set to 10−5.  Simulations were run using the Coupled 

transient solver with 2𝑛𝑑 order schemes for temporal and spatial discretization.  

In order to achieve the solver convergence at the beginning of the simulation, when the 
air is in rest and the natural convection is not yet established, very small simulation time step 
is needed. The simulation is initiated with the time step 𝑑𝑡 set to 0.1 𝜇s, which is gradually 
increased to 0.1 𝑚s [11]. To speed up the solution of the transient, the so-called frozen-flow 
treatment has been used [7],[11]. In practice this means that the full set of equations (Navier-
Stokes equations and heat transfer equations) was solved for 25 time steps, then the flow field 
was frozen for the next 25 time steps when only heat transfer equation was solved. Afterward, 
the full set of equations was solved again for the following 25 time steps. These steps were 
automatically repeated until the simulation was stopped. In the case of frozen-flow field, the 
simulation time step was increased from 0.1 𝑚s s to 0.1 s, which enables much faster 
progression of the transient simulation in physical time. Such approach has been tested and 
verified against the solution obtained without the frozen-flow assumption [7],[12]. 

For the purpose of this study, two CFD simulation cases were developed. In the first case 
(CFD1), only the interior of the cask has been considered in the analysis.  As such, the no-slip 
wall boundary condition has been applied to the fluid surfaces in contact with the cask’s internal 
walls. To consider the external cooling of the cask by surrounding air, the so-called convective 
heat transfer boundary condition (with specified external heat transfer coefficient ℎ𝑡𝑐𝑒𝑥𝑡 =
5W/(m2K) and external heat-sink temperature set to 35°C) has been used. 

The results discussed here were obtained with the conformal polyhedral mesh with hex-
core, generated with the Ansys Fluent Meshing tool [8]. The surface element size (min/max) 
was set to 0.02/0.32 m, and 10 boundary layers were generated at solid walls around the BB 
segment and inside the (inner) cask walls. The total number of cells is 165000.  
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To gain the confidence in obtained results, another high-resolution mesh with 12 million 
elements has been tested. In this simulation case (CFD2), the cask is explicitly modelled and 
the external cooling is applied to the external surface of the cask. Since the cask wall with 
thickness equal to 5 mm is considered explicitly as a solid domain, the mesh is substantially 
refined at the cask’s internal walls (2 cm wide cells) in order to achieve 3 cells across the cask 
wall thickness. It has been shown [11] that for the simulation time of one hour practically the 
same cooling trends of the BB segment were obtained with both tested meshes. As such, only 
the coarse mesh (without cask) has been used for further analysis. 

 

Figure 2: Simplified CFD model with discretization mesh (coarse mesh – left, refined mesh - right). 

2.4 Lumped model 

A 3D transient conjugate heat transfer simulation of natural convection cooling and 
radiation heat transfer is computationally very demanding, requiring a considerable amount of 
computational time and CPU resources. For example, 1024 CPU hours were needed to 
simulate 1 hour of physical time using a coarse mesh with 4M cells  [14]. In order to be able to 
make predictions for longer periods of time (i.e. few days or even weeks), a faster model is 
needed. For this purpose, a simplified theoretical model, based on the energy conservation 
law, has been developed (see Figure 3). The change of temperature with respect to time 𝜕𝑇/𝜕𝑡 
equals the net change of system’s energy per unit time due to decay heat, convection and 
radiation: 

 
𝐶𝑖 ⋅

𝑑𝑇𝑖(𝑡)

𝑑𝑡
= 𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡(𝑡) − 𝑄𝑙𝑜𝑠𝑠𝑒𝑠(𝑇𝑖), 

(1) 

where 𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡(𝑡) is the decay heat per unit time, and 𝑄𝑙𝑜𝑠𝑠𝑒𝑠(𝑇𝑖) = 𝑄𝑐𝑜𝑛𝑣
𝑖 (𝑇𝑖) + 𝑄𝑟𝑎𝑑

𝑖↔𝑗
(𝑇𝑖, 𝑇𝑗). 

The 𝐶𝑖 denotes the total heat capacity of the component under consideration (e.g. the BB 

segment, the air and/or the cask). Variable 𝑇𝑖 denotes the time-dependent temperature, which 
is considered as the average temperature. The same equation is used also to compute the net 
change of energy for air and the cask.  
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The energy exchange due to convection and radiation from a surface 𝑆𝑖 is defined by 
Eqs. (2) and (3), respectively: 

 𝑄𝑐𝑜𝑛𝑣
𝑖 (𝑇𝑖) = 𝐻𝑇𝐶𝑖 ⋅ (𝑇𝑖 − 𝑇𝑏𝑢𝑙𝑘) ⋅ 𝑆𝑖 (2) 

 𝑄𝑟𝑎𝑑
𝑖↔𝑗

(𝑇𝑖, 𝑇𝑗) =  𝐴 ⋅ 𝜎 ⋅  𝜀 ⋅ (𝑉𝐹𝑖 ⋅ 𝑇𝑖
4 ⋅ 𝑆𝑖 − 𝑉𝐹𝑗 ⋅ 𝑇𝑗

4 ⋅ 𝑆𝑗). (3) 

Variable 𝑇𝑖 denotes the volume averaged temperature of the component under 

consideration. The term ℎ𝑡𝑐𝑖 describes the heat transfer coefficient [W/(m2 K)] on i-th surface 
(e.g. BB external surface, cask’s internal/external wall) with the temperature 𝑇𝑖 and surface 

area 𝑆𝑖. The radiation heat exchange between two surfaces (𝑆𝑖, 𝑆𝑗) is described by the Stefan–

Boltzmann law, where 𝑉𝐹𝑖→𝑗 is the view factor from surface 𝑆𝑖 to 𝑆𝑗, 𝜀 is the emissivity and 𝜎 is 

the Stefan-Boltzmann constant. The constant 𝐴 in the eq. (3) is used for additional calibration 
of the term to consider also the reflection of radiation from receiving surfaces.  

The system of governing equations (energy conservation equations for BB segment, air 
and cask) is solved numerically using the Wolfram Mathematica 9.0. Graphical depiction of the 
lumped model is shown in Figure 3. 

Though the model considers transient behavior of heat loads/sinks, one should be aware 
of major limitations of the lumped model, which are: (i) Homogeneous temperature across BB 
sergment is assumed at any given time instant; (ii) Inputs from CFD simulations are required 
for the wall heat transfer coefficient (ℎ𝑡𝑐) and view factors (VF) for radiation heat transfer. 

 

Figure 3: Graphical depiction of the lumped model. 

3 RESULTS 

In this section, the results of analysis are presented and discussed. It is assumed that 
the BB segment is fully drained.  

3.1 Temperature contours 

Contours of BB temperature, reported 1 hour after beginning of simulation are shown in 
Figure 4. It is noted that the temperature distribution across the structure of BB segment is 
nonuniform, i.e. the segment is hotter in the interior. 
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Figure 4: Temperature distribution in BB segment after one hour of simulation time. 

The time trends of maximum and average BB temperature, obtained with both tested 
meshes, are shown in Figure 5. Both simulations yield rather very similar time-trends of BB 
temperature despite the differences in applied boundary conditions for the cask and despite 
that the resolutions of used numerical meshes are very different. 

 
Figure 5: Maximum and average temperature of the BB segment for both CFD simulations. 

Figure 6 shows various predictions with the lumped model (solid lines), which are 
presented together with the CFD results (symbols). Analysis with the lumped model shows that 
the BB average temperature would increase in time if no cooling is provided (yellow line). The 
blue symbols (CFD1 result) indicate that the BB temperature would remain rather stagnant if 
only radiation heat transfer is considered for the cooling of the BB segment. This solution has 
been used for the calibration of the lumped model (the coefficient A in eq. (3) is implemented 
to consider also reflection of the incident radiation). The calibrated lumped model has been 
further used for predictions of the averaged BB temperatures with various applied cooling rates 
at the BB external walls. This parameter, ℎ𝑡𝑐𝐵𝐵, is used to describe the effectiveness of the 
natural convection cooling at the BB segments.  

For lumped model prediction, the applied heat transfer coefficient at cask’s internal wall 

(ℎ𝑡𝑐𝐶𝑎𝑠𝑘) is set to 2.5 W/(m2K), while the cask is externally cooled by the ℎ𝑡𝑐𝑒𝑥𝑡 = 5 W/(m2K) 
– the same value is used also in CFD simulations.  
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Figure 6: Predicted BB average temperature by CFD simulations (symbols) and lumped model (lines). 
Different styles of green lines correspond to lumped model predictions with different convective 

cooling rates (ℎ𝑡𝑐𝐵𝐵), applied at the BB walls.  

Based on the CFD results, corresponding heat transfer coefficients at the BB external 

walls (ℎ𝑡𝑐𝐵𝐵
𝑇𝑜𝑡𝑎𝑙) and the cask internal walls (ℎ𝑡𝑐𝐶𝑎𝑠𝑘

𝐼𝑛𝑡 , CFD2 only) were assessed. The obtained 

values are reported in Table 2. The ℎ𝑡𝑐𝐵𝐵
𝑇𝑜𝑡𝑎𝑙 is evaluated based on the total removed heat from 

the BB segment due to the natural convection and thermal radiation. The contribution of the 
natural convection cooling is approximately 40% [15]. As such, the corresponding ℎ𝑡𝑐𝐵𝐵, 

representing only the natural convection cooling is estimated to ~2𝑊/(𝑚2𝐾). 

Table 2: Estimated heat transfer coefficients from the CFD simulations 
 CFD 1 CFD2 

Elapsed time 𝒉𝒕𝒄𝑩𝑩
𝑻𝒐𝒕𝒂𝒍  𝒉𝒕𝒄𝑪𝒂𝒔𝒌

𝑬𝒙𝒕  (applied) 𝒉𝒕𝒄𝑩𝑩
𝑻𝒐𝒕𝒂𝒍  𝒉𝒕𝒄𝑪𝒂𝒔𝒌

𝑰𝒏𝒕  𝒉𝒕𝒄𝑪𝒂𝒔𝒌
𝑬𝒙𝒕  (applied) 

𝟎. 𝟓 𝒉 4.9 5.0 4.0 2.6 5.0 

~𝟏 𝒉 5.1 5.0 4.3 2.6 5.0 

~𝟐 𝒉 4.9 5.0 4.3 2.4 5.0 

~𝟓. 𝟓 𝒉 4.8  5.0 - 

4 CONCLUSIONS 

An analysis of the upper port transfer cask with a hot BB segment inside is carried out to 
determine the temperatures of the BB segment over the time. Since the cask is filled with air 
at 95 kPa, the natural circulation of the air is expected to establish, promoting the cooling of 
the BB segment by transferring the heat to the cask walls. It is assumed that the remote 
maintenance will take place 1 month after plasma shutdown. In addition to a transient 3D CFD 
analysis, a simplified theoretical model, based on the energy conservation law, was developed. 
Both models were used to predict the time-dependent temperature trends of a BB segment 
that has been placed into an empty cask. In this study, it is conservatively assumed that the 
heating power per outboard WCLL BB segment due to decay heat is 10 kW. Based on our 
previous study [7], it is conservatively assumed that the BB temperature is 100°C when it would 
be picked by the BB transporter. 

Properly refined and calibrated lumped model represents an accurate and fast prediction 
tool which can provide rather accurate results, similar to the detailed CFD simulations as long 
as the assumptions used in the model are in line with CFD simulations. However, it should be 
kept in mind that the lumped model assumes that the temperature of the structure is uniform 
at any given time instant.  
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This study has shown that naturally circulating air in cask can provide a sufficient cooling 
mechanism for decay heat removal from drained BB segment to stabilize its temperature within 
few days if the external cooling of the cask is sufficiently effective (e.g. either rather strong 
natural convection is established and/or the air temperature is sufficiently low). The heat 
transfer coefficient at the external surfaces of the BB segment due to the natural convection 

cooling is estimated to ~2 W/(m2K). 
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