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Abstract 
Nuclear fusion represents one of the main challenges in the energy field, and 

the DEMO machines under development in several countries worldwide will be the 
first fusion reactors able to produce electricity, although not at commercial level. In 
Europe, the EUROfusion Consortium is taking care of designing the EU-DEMO, 
strongly relying on the ITER experience.  

The use of superconducting (SC) magnets is fundamental for the achievement 
of the huge electromagnetic fields necessary for the magnetic confinement of the 
plasma in DEMO. The use of superconductors at Low Critical Temperature (LCT) 
such as NbTi and/or Nb3Sn is envisaged. The consequent requirement for the 
magnet system is to maintain the magnets at a temperature of ~4.5 K, to preserve 
the magnet SC state. The active cooling at 4.5 K by Supercritical Helium (SHe) is 
purposely used and systematic studies on the refrigeration of the SC winding packs 
in normal and off-normal operation are being carried out by several Institutions in 
Europe. Even though the SC magnet structure is contained in a cryostat and it is 
thermally shielded, parasitic thermal loads reach the SC magnets from the 
surrounding environment. The aim of this thesis work is the analysis and 
minimization of the parasitic thermal load reaching the Toroidal Field (TF) magnets 
of the EU-DEMO reactor through the two different channels of conduction, which 
are the gravity support (GS) and the Cryostat FeedThroughs (CFT) subject to 
parasitic heating of the coolant passing through them to reach the winding pack. 

The GS is made to support vertically the total weight and resisting to out-of-
plane electromagnetic loads. Unfortunately, it acts as a thermal bridge from the 
external environment to the magnet casing and SC winding pack. The challenge of 
the minimization of the heat load entering the TF coil casing by conduction from 
the GS is faced applying a Thermal Anchor (TA) with an active cooling of SHe at 
4.5 K, re-routed form the coil casing cooling. A fully 3D model of the GS is 
developed using the commercial software STAR-CCM+ (Siemens PLM Software, 
Plano TX, U.S.A., [1]), which accounts for radiation to the surrounding structures, 
as well as for convective heat transfer to the coolant of the TA and conductive heat 
transfer to the coil casing. The model allows to optimize the vertical position of 
such a thermal anchor, and to return the minimum load to the casing of the TF coils. 
It is shown that the location of the TA closer to the casing globally reduces the 
thermal gradient across the GS, minimizing not only the load to the casing, but also 
the load globally entering the GS. A thermo-mechanical 2D analysis has been 
performed based on the computed temperature field, to check that the secondary 
stresses induced by the thermal gradient do not introduce mechanical issues in the 
GS. Different options, which consider a different amount of He flow re-routed from 
the TF casing, has been investigated, as well as the beneficial effect of introducing 
a second, standard TA at the thermal shield temperature (80 K).  

The CFT are ~ 20 m long vacuum ducts, where a thermal shield embeds the 
containment duct for the He supply lines. They bring the SHe from a room 
temperature environment to the cold magnet environment. The He lines, in their 
actual design stage for DEMO, have been also studied with a simple 1D model 
along the pipe, complemented with dedicated 2D analyses where a conductive 
contribution comes from specific components such as the Vacuum Barrier at the 
beginning of the He line or the Cold Mass support, which bare the weight of 
containment duct every few meters of the lines. It has been shown that an active



 cooling of the containment duct, as well as the introduction of a thermal 
intercept to thermally shield the Vacuum Barriers, are mandatory to reduce the 
temperature increase in the He lines below 10 mK.
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Chapter 1 
 

1. Introduction 
In perspective of a carbon-free economy and of limited amount of fossil fuel 

availability, the research is driven towards new technologies that can ensure the 
supply of energy in a continuous and eco-sustainable way [2]. Among the new 
research objectives in the energy field, the optimization of production processes, 
the increase in efficiency of energy systems and diversification of energy sources, 
for instance renewable technologies and nuclear machines, are of preeminent 
importance. 

The penetration in the energy market of renewable sources, such as solar and 
wind power, is mainly limited by their intrinsic intermittence and non-
programmability, thus requiring the coexistence in the grid of generators or 
storages of a comparable power. That may compromise the sustainability also 
from investment-cost point of view [3]. 

In this context, the nuclear power is becoming increasingly relevant. The 
nuclear fission is an important no carbon emitting resource, although radioactive 
waste and the severity of damage in the event of an accident should not be 
underestimated. Therefore, the interest in nuclear fusion arises from the 
remarkable energy content of the reactions which would return the construction 
of a chain of huge fusion power plants, being able to produce large amount of 
energy against a very limited production of radioactive waste, with half-life times 
not problematic (up to 100 years), and without pollutant emissions. Nonetheless, 
the technological complexity for sustaining the extreme conditions needed by the 
reaction represents the main challenge for the complete exploitation of the nuclear 
fusion energy. 

The research is developing DEMO (DEMOstrantion Power Plant) machines 
with the purpose of demonstrating the possibility to produce electricity and to 
guarantee the safety and the environmental sustainability of the fusion energy 
production. The Europe plays an important role, especially in the last decade: the 
EUROfusion Consortium [4] is working on the design of EU-DEMO, relying 
heavily on ITER (International Thermonuclear Experimental Reactors) 
experience [5], scheduled to be in operations in the 2050s. 

1.1. Nuclear Fusion reactors 
The nuclear fusion reactions consist in the interaction of light nuclear species, 

which have the peculiarity of releasing energy when two nuclei are joined to form 
a heavier nucleus. In order for a fusion to take place, the nuclei must be close 
enough so that the strong nuclear force prevails over the coulombian repulsion; 
since all nuclei are positively charged, the energy needed to overcome the 
repulsion is so high that can be provided only by heating (108 K) and/or 
compression to very high pressure. Then fusion is more easily achieved with 
lighter elements. 
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Therefore, the technology of controlled fusion aims at the isotopes of the 
hydrogen atom, which corresponds to the maximum energy released in the fusion 
with respect to the lower energy required to overcome the coulombian barrier. The 
reactions taken as references are: 

𝐷 + 𝑇 → 𝐻𝑒 + 𝑛 + 17.6 𝑀𝑒𝑉 (1.1) 

𝐷 + 𝐷 → 𝐻𝑒3 + 𝑝 + 4.03 𝑀𝑒𝑉 (1.2) 

𝐷 + 𝐷 → 𝐻𝑒3 + 𝑛 + 3.27 𝑀𝑒𝑉 (1.3) 

𝐷 + 𝐻𝑒3 → 𝐻𝑒 + 𝑝 + 18.3 𝑀𝑒𝑉 (1.4) 

where D is deuterium, T is Tritium and He3 is helium-3. The Eqs. (1.2) and 
(1.3) are the most interesting thanks to ubiquity and abundance of materials. 

As regarding the Eq. (1.4), it would be of interest for the high value of energy 
gain and also for the fact that it does not produce neutrons, but He3 is not 
artificially producible and it has a small availability in nature. 

Another fundamental parameter to be considered for the choice of the fusion 
reaction on the basis of which to direct research for the definition of fusion 
technology, is the value of the cross section as a function of the energy of the 
interacting nuclei, see Figure 1.1. 

 
Figure 1.1 Cross section for fusion reactions from [6]. 

From Figure 1.1, it’s possible to notice that D-T reaction, Eq. (1.1), is the 
characterized by the higher cross section and the lower energy threshold 
(~10 keV): therefore, both from the point of view of energy gain1 (17.6 MeV) and 

 
 

1 Note that the 17.6 MeV value of the D-T reaction is theoretical, i.e. does not take into account 
the energy losses related to real processes, nor does it take into account the actual energy costs of 
tritium production. 
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the value of the section, it is the most interesting reaction. As a drawback, it 
requires to be produced starting from lithium isotopes (Li6 and Li7): therefore, 
energy is needed to sustain the extraction. 

The technologies under development for the nuclear fusion reactors exploit D-
T reaction: to reach the fusion, the mixture must be increased to 108 K, plasma 
state; a high plasma density (for increase the probability of collisions) must also 
be achieved, as well as a sufficiently long confinement time to trigger the fusion. 
According to the Lawson criterion, a fusion reaction is reached if: 

𝑛 ∙ 𝜏𝑒 ∙ 𝑇 ≥ 1021
𝑘𝑒𝑉 ∙ 𝑠

𝑚3
 (1.5) 

where n is the plasma density, τe is the confinement time and T is the plasma 
temperature. 

The use of conventional materials for the confinement is not conceivable, due 
to high temperatures achieved and intense radiative flux consequent. The main 
strategies are: 

- Inertial confinement, based on the compression and consequent 
overheating of the fuel, by means of high power laser beams concentrated 
on a small and dense sphere with deuterium-tritium mixture, solid outside 
and gaseous inside. 

- Magnetic confinement  ̧ a magnetic field is used to force the charged 
particles, particularly the deuterium and tritium ions, to follow trajectories 
on a plane perpendicular to the field itself; an appropriate series of induced 
magnetics fields keeps the plasma away from the walls of the fusion 
chamber. 

Concerning the latter, different magnetic configurations has been studied, for 
instance: 

- Stellarator, characterized by a triangular symmetry [7]; 
- Tokamak, characterized by a toroidal symmetry [8], see Figure 1.2. 

A tokamak is a toroidal device characterized by a hollow envelope in which 
the plasma is confined by means of a magnetic field with spiral force lines. Its 
magnet system is constituted by: a central solenoid, acting as the primary of a 
transformer, driving the plasma current; vertical toroidal coils which generate a 
toroidal magnetic field for the plasma containment; horizontal poloidal coils 
which act as stabilizers, keeping the plasma in the center of the torus but they can 
also move it into the fusion chamber (vacuum vessel) in zones with different 
magnetic field values. Although intrinsically pulsed, tokamak devices should 
allow long plasma confinement times [9].  
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Figure 1.2 Scheme of a Tokamak from [10]. 

The magnetic system of the tokamak, encompassing the vacuum vessel where 
the plasma is contained, is entirely contained in the cryostat, a chamber at low 
temperature, to guarantee the superconductivity of the magnets.  

The tokamak configuration characterized ITER, the biggest experimental 
reactor which aims at proving the feasibility of energy production from fusion [8]. 
Based on its design, DEMO reactor represents the next step in the path that will 
lead to commercial fusion power plant [5]. 

1.2. Toroidal field coils and their auxiliary 
components  

The huge electromagnetic field necessary for magnetic confinement of plasma 
requires the application of superconducting (SC) magnets, for instance, at low 
critical temperature (LCT) such as NbTi and/or Nb3Sn is envisaged. Due to the 
superconductivity, the Toroidal Field (TF) coils are one of the key points of the 
reactor performances: the low temperature of ~4.5 K must be preserved to 
maintain the magnet in SC state. Besides that, TF magnet system must be designed 
so that failures under off-normal operation cannot cause damage to the 
confinement barrier [11].  

The DEMO TF magnets, Figure 1.3, according to the current design, are 
composed by a graded (Nb3Sn) winding pack (WP) without radial plates, 
encapsulated in a steel casing [12]. The WP design proposed by ENEA in 2019 
consists of double-layer wound rectangular cable-in conduit conductors (CICC), 
see Figure 1.4, to be cooled by Supercritical Helium (SHe) at 4.5 K and 0.6 MPa 
[12]. 
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Figure 1.3 Sketch of a TF coil system [9]. 

 

 

a) b) 

Figure 1.4 a) ENEA CICC for the innermost layer of the EU-DEMO TF WP and cross 
section highlighting the components reported in [12] and b) ENEA design of the innermost layer 

of EU-DEMO TF WP reported in [13]. 

The active cooling at 4.5 K by Supercritical Helium (SHe) is purposely used 
and systematic studies on the refrigeration of the SC winding packs in normal and 
off-normal operation are being carried out [14]. Even though the SC magnet 
structure is contained in a cryostat and it is thermally shielded, parasitic thermal 
loads reach the SC magnets from the auxiliary components with which it is in 
contact. The problem becomes more relevant considering that in the heat exchange 
at low temperature, the material properties are significantly influenced by every 
single watt exchanged, compromising their performances. 
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1.3. The issue of the parasitic heat load from the 
environment  

The parasitic heat load reaches the TF magnets of the EU-DEMO reactor 
through the three different channels of conduction: the gravity support (GS), the 
Cryostat FeedThroughs (CFT) and the current leads (CL). The three act as thermal 
bridges from the external environment to the superconductor, see Figure 1.5. 

 
Figure 1.5 Simple sketch of the parasitic thermal load reaching the TF coil magnets. 1: 

conducive load through the gravity support (in orange), 2: radiative/conductive load in the CFT 
(blue pipe on the bottom of the sketch), both to the He line and to the Bus Bar; 3: conductive 

load to the Bus-Bar [15]. 

The GS is the structural element which sustains the TF magnets. It may be a 
channel for undesired heating of magnet casing and, from it, of the winding pack. 
It is subject to a huge temperature gradient from ambient temperature (300 𝐾) to 
the SC one (4.5 𝐾). Moreover, the gravity support holds the entire cold mass and 
the net downward force generated by the operation of the magnet.  

The magnet system feeders, and in particular the long lines constituting the 
Cryostat FeedThrough (CFT), transport the cryogenic liquids to cool and control 
the temperature of the magnet system, and they connect the magnets to their power 
supply, housing the bus-bars (BBs). Furthermore, they allow the instrumentation 
channels, required for operation and monitoring the functioning of the coil system, 
to penetrate into the cryostat. Since they connect the SC with the external 
environment, they are subject to parasitic heating of the coolant passing through 
them from radiation and conductive thermal bridges; the heat load received from 
the helium is directly transported to the winding pack. 

A third, minor, channel for the parasitic load income in the TF is through the 
current leads, which connect the BBs, penetrating inside the cryostat through the 
CFT, with the room-temperature power supply [16]. The income of heat occurs 
there by conduction at one end of the superconducting BB and by radiation along 
the BB, as for the He inlet lines, see above. The BBs are then connected to the 
magnet winding by (conductive) terminations, where the heat can be transferred 
to the winding pack. 
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1.4. Aim of the study 
The purpose of this thesis work is to perform a first systematic analysis of the 

parasitic thermal load reaching the Toroidal Field (TF) magnets of the EU-DEMO 
reactor through two different channels of conduction, the gravity support (GS) and 
the Cryostat FeedThroughs (CFT). 

Concerning the GS, after a first thermal analysis aimed at evaluating the heat 
load which could reach the TF coils without any dedicated refrigeration, two 
mitigation actions have been taken into account:  

- the application of thermal anchor (TA) for refrigeration with helium at 
4.5 K and the optimization of its position; 

- the application of a second thermal anchor at a higher temperature (that 
of the thermal shield). 

Moreover, a preliminary thermo-mechanical analysis has been implemented 
to evaluate the additional deformation that, on top of that caused by the cooldown 
of the machine, could be due to the thermal field originated by the TA.  

As regarding the CFTs, the aim is to ensure that the helium that will cool the 
magnets does not undergo relevant temperature increases entering the WP. A 1D 
model has been developed for the advection of the He inside the longest cryo-line, 
which considers the effect of thermal radiation from the environment, together 
with the effect of the conductive contribution coming from localized thermal 
bridges located along the lines (Cold Mass support and Vacuum Barrier).  
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Chapter 2 
 

2. Gravity Support analysis2 
 

2.1. Design and geometry 
The Gravity Support (GS) is made of an arrangement of parallel plates, see 

Figure 2.2,which allows the free radial displacement of the TF casing and 
simultaneously supports vertically the total weight and resists to out-of-plane 
electromagnetic loads.  

The present analysis has been performed for the GS configuration of the EU-
DEMO TF coil reported in [17] and for convenience in Figure 2.1. 

 
Figure 2.1 Gravity support configuration under investigation in the present analysis a) in 

axonometry and b) from top and lateral views. 

The dimensioning of the GS for DEMO is based on ITER GS design: the 
differences consist in the size of the contact between the gravity support and the 
TF coil (consequently on the conductive path) and on the potential temperature of 

 
 

2 Mainly based on S. Viarengo, A. Allio and R. Bonifetto, “Support to the thermal-hydraulic design 
and analysis of the DEMO magnet system”, EUROfusion report EFDA_D_2NZ98D, February 
2020. 

a) b) 
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the TS, as stated in [18]. It is assumed it will be made of 304LN stainless steel, as 
in ITER. 

The GS design is reported in Figure 2.2 a), specifying its dimensions, and in 
Figure 2.2 b) showing the cut section used for the mechanical analysis. It is 
characterized by 25 plates, each with a thickness of  36 𝑚𝑚 and separated by gaps 
of 22.56 𝑚𝑚. 

  

a) b) 

Figure 2.2 a) Detailed view of the GS design and b) cut section of the GS considered in the 
present analysis. 

2.2. Model setup  
In order to evaluate the amount of parasitic thermal load from GS to TF coils 

and to verify the mechanical deformation of the structure when a thermal anchor 
is applied, thermal analyses and thermal-mechanical analyses have been 
performed using the commercial software STAR CCM+ (Siemens PLM Software, 
Plano TX, U.S.A., [1]). 

A fully 3D finite volume thermal analysis has been implemented under steady-
state conditions, varying parametrically the TS temperature from 80 K to 150 K, 
as stated in [18]; while the structural analysis has been performed with a 2D finite 
element study, on a vertical cut section, see Figure 2.2 b). 

The thermal and the mechanical analyses have been performed separately and 
the thermal results are used to set-up the thermo-mechanical simulation, as 
reported in Figure 2.3. 

4
.6

 m
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Figure 2.3 Flow-chart reporting the process for the thermal-mechanical analysis. 

The SS properties are discussed in Appendix 1: Physical properties of 
Stainless Steel and insulation material, while the construction of meshes in 
Appendix 3: Construction of meshes. 

2.2.1.Thermal boundary conditions 
Regarding the thermal analysis, a steady state 3D simulation has been 

performed, first neglecting and then including the presence of one (or two) thermal 
anchors. The boundary conditions of the model are qualitatively sketched in 
Figure 2.4: 

                          
Figure 2.4 Initial thermal boundary conditions for the 3D thermal analysis of the GS. 
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As far as the boundary conditions are concerned: 
➢ A Dirichelet boundary condition at a temperature of 4.5 𝐾 is imposed 

on the upper surface (most conservative hypothesis, considering the 
direct contact with the SC 3); 

➢ A Dirichelet boundary condition is imposed at the environmental 
temperature of 300 𝐾 on the pedestal ring; 

➢ Radiation boundary conditions are imposed on any exposed surface 
(see Figure 2.1); therefore: 

- The external plate surfaces surrounded by the TS. The TS 
temperature is varied parametrically from 80 𝐾 to 150 𝐾, 
considering the radiation between grey opaque diffusing 
surfaces as reported in Eq. (2.1) 
 

𝑄̇ = 𝜎
1

1 − 𝜀𝑇𝑆
𝜀𝑇𝑆 ∙ 𝐴𝑇𝑆

+
1 − 𝜀𝐺𝑆
𝜀𝐺𝑆 ∙ 𝐴𝐺𝑆

+
1

𝐴𝐺𝑆 ∙ 𝐹𝐺𝑆→𝑇𝑆

(𝑇𝐺𝑆
4 − 𝑇𝑇𝑆

4 ) [𝑊] (2.1) 

 
In Eq. (2.1), 𝜎 = 5.67 ∙ 10−8

𝑊

𝑚2𝐾4
  is the Stefan-Boltzmann 

constant, 𝜀𝐺𝑆 = 1 is the GS emissivity (considering the gravity 
support as a black body), 𝜀𝑇𝑆 = 0.05 is the emissivity of the 
silvered surface as reported in [18], 𝐹𝐺𝑆→𝑇𝑆 = 0.5 is the view 
factor4 between the surfaces, 𝐴𝐺𝑆 is the area of the lateral 
surfaces of the object, 𝐴𝑇𝑆 is the area of the thermal shield which 
faces the GS, 𝑇𝐺𝑆 is the temperature of the external surfaces of 
the GS, 𝑇𝑇𝑆 = 80 𝐾 is the TS temperature. 

Due to the lack of information about the vacuum vessel 
dimension, the surface in Eq. (2.1) has been assumed around 
three times greater than the GS one. Managing the Eq. (2.1), it 
can be rewritten as Eq. (2.2), and the radiative heat flux as in 
Eq. (2.3): 

 

𝑄̇ = 𝜎 ∙
3 ∙ 𝜀𝑇𝑆 ∙ 𝐴𝐺𝑆 ∙ 𝐹𝐺𝑆→𝑇𝑆

𝐹𝐺𝑆→𝑇𝑆 − 𝜀𝑇𝑆 ∙ 𝐹𝐺𝑆→𝑇𝑆 + 3 ∙ 𝜀𝑇𝑆
∙ (𝑇𝐺𝑆

4 − 𝑇𝑇𝑆
4 ) [𝑊]  → (2.2) 

𝑞̇ = 𝜎 ∙
3 ∙ 𝜀𝑇𝑆 ∙ 𝐹𝐺𝑆→𝑇𝑆

𝐹𝐺𝑆→𝑇𝑆 − 𝜀𝑇𝑆 ∙ 𝐹𝐺𝑆→𝑇𝑆 + 3 ∙ 𝜀𝑇𝑆
∙ (𝑇𝐺𝑆

4 − 𝑇𝑇𝑆
4 ) [

𝑊

𝑚2
]  

 
(2.3) 

- The back and the front surfaces are facing the magnet (see 
Figure 2.1), approximated as a black body (𝜀𝑚𝑎𝑔𝑛𝑒𝑡 = 1) at a 
temperature of 4.5 𝐾, with a view factor 5 assumed equal to 

 
 

3 Actually, the GS is in direct contact with the TF coil casing which will have a temperature 
different from (larger than) 4.5 𝐾. 
4 The evaluations of the view factor are explained in Appendix 2: Modeling the heat transfer by 
radiation for the GS. 
5 The back and the front surfaces view factors have been calculated separately due to different 
dimensions of the exposed face and the different mutual position. 
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0.4 (see Appendix 2: Modeling the heat transfer by radiation 
for the GS) for both parts.  
Considering the radiation between two black surfaces in Eq. 
(2.4) and the radiative heat flux in Eq. (2.5): 
 

𝑄̇ = 𝜎 ∙ 𝐹𝐺𝑆→𝑆𝐶 ∙ 𝐴𝐺𝑆 ∙ (𝑇𝐺𝑆
4 − 𝑇𝑆𝐶

4 ) [𝑊] → 

 
(2.4) 

𝑞̇ = 𝜎 ∙ 𝐹𝐺𝑆→𝑆𝐶 ∙ (𝑇𝐺𝑆
4 − 𝑇𝑆𝐶

4 ) [
𝑊

𝑚2
] 

 
(2.5) 

where 𝐹𝐺𝑆→𝑆𝐶  is the view factor between the surfaces 
(assumed here to be 0.4), 𝐴𝐺𝑆 is the area of the front and back 
surfaces of the object, 𝑇𝐺𝑆 is the temperature of the external 
surfaces of the GS, 𝑇𝑆𝐶 = 4.5 𝐾 is the temperature of the 
magnet. 

 
Note that the effect of the assumptions of view factors is very small due to 

limited role of radiative losses, see the results in 2.4.1. 

The other surfaces are considered adiabatic. 

2.2.2. Mechanical constraints 
The GS is intended to sustain the weight of the TF coils and all the structures 

that will be hung to them, so that it will be affected by a huge vertical force: a 
linear elastic model has been considered with the purpose of computing the state 
of deformation to which it is subjected. 

The applied forces are shown in Figure 2.5. 

 
Figure 2.5 Mechanical constrains. 
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Note that all base points are fixed, and no mechanical constraints are applied 
on the other surfaces.  

A vertical distributed force around 10.4 𝑀𝑁 is applied on the top face 
corresponding to the weight of the structures that are on the GS [19]. 

The analysis has been performed applying the temperature map evaluated 
thanks to the thermal study, to the GS considered undeformed (i.e. the effect of 
the cooldown has not been taken into account, neither in terms of additional 
deformations, nor in terms of induced stresses). 
 

2.3. Results for the base case (no thermal anchors) 
In this section a thermal and a thermal-mechanical analysis is reported 

considering the GS without any thermal anchor. The purpose of this first analysis 
is the evaluation of the parasitic thermal load that may reach the TF coils and the 
deformation induced by the thermal field in the gravity support. 

2.3.1.Thermal analysis results 
The boundary conditions are represented in Figure 2.4 and the 3D simulation 

in steady state has been carried out for each of the different values of TS 
temperature investigated here. 

In Figure 2.6 a) and b) the 3D temperature map for TS equal to 80 K and its 
cut section are reported respectively. 

 

 

a) b) 

Figure 2.6 Temperature maps for TTS=80 K without refrigeration a) in 3D and b) in 2D of a 
cut section on xy. 

The GS is subject to a temperature gradient between 300 K and 4.5 K, 
influenced only by heat dissipation due to the radiation towards the surrounding 
environment, which removes around 28% of the entering power (see Figure 2.7). 
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From Figure 2.6 b), it’s possible to notice the radiation effects: they will be greater 

on the lower zone of the GS, characterized by a higher temperature, in fact the 
temperature isolines are inclined at the edges; on the upper zone, instead, the 
radiation effects are weaker, thus the isolines are more “horizontal” (the 

temperature gradient along x-axis is lower). Moreover, since the external 
environment is at lower temperature with respect to the high temperature zone, 
the heat will be transferred from the GS. 

The results obtained from the simulation show that the radiation has an impact 
approximately equal for each TS temperature, therefore the temperature maps are 
quite similar. The Sankey diagram in Figure 2.7 shows the power partitioning. 

                  
Figure 2.7 Sankey diagram: representation of partitioning of power leaving the GS without 

refrigeration. 

where: 

- 𝑄̇𝑡𝑜𝑝 represents the portion reaching the casing; 
- 𝑄̇𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 represents the portion dissipated by radiation to the 

other components a lower temperature; 
- 𝑄̇𝑏𝑜𝑡𝑡𝑜𝑚 represents the heat entering the domain. 

Table 2.1 summarizes the entering power, the dissipated power by radiations 
and the heat load reaching the TF coil casing: 

Table 2.1 Summary of the powers  

TTS [K] 𝑸̇𝒃𝒐𝒕𝒕𝒐𝒎 [W] 𝑸̇𝒓𝒂𝒅 [W] 𝑸̇𝒕𝒐𝒑 [W] 

80 1822.7 524.3 1296.1 

120 1820.0 514.2 1300.7 

150 1810.4 496.7 1312.9 

The power reaching the TF coils without refrigeration is around 1.3 kW 
(~ 70% of the entering power): that amount could have a large impact on the SC 
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performances. Therefore, an active cooling of the structure aiming at the reduction 
of that significant load could help in reducing the burden on the cooling loop of 
the winding pack or casing. 

2.3.2.Thermal-mechanical analysis results 
Referring to the mechanical constraints reported in Figure 2.5, a 2D 

mechanical analysis has been carried out starting from the 2D temperature map 
computed in the thermal simulation, see Figure 2.6 b). Due to the symmetry of the 
problem and the onerous computational cost of a 3D mechanical simulation, a 2D 
study was judged sufficient for the intended purpose. The objective of the thermal-
mechanical analysis is to verify the structural stability of the GS subject to a huge 
vertical force: namely, if it can resist to the buckling. 

The displacement map is reported in Figure 2.8: 

 
Figure 2.8 Displacement map considering Tts=80 K with no refrigeration of the GS. The 

deformed geometry is represented on a 40:1 scale. 

The maximum displacement is independent on the TS temperature as reported in 
Table 2.2. 

Table 2.2 Displacements for each TS temperature 

TTS [K] Maximum displacement (mm) 

80 11.83 

120 11.82 

150 11.80 

It is possible to see in Figure 2.8 that the GS is subjected to a contraction, due to 
the mechanical load, and a restriction in the upper zone, due to the low 
temperature. Furthermore, no horizontal displacement takes place, in view of the 
assumption on the perfect vertical direction of the load on the GS. 
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2.4. First mitigation: Thermal Anchor application 
In this section, a thermal analysis and a thermal-mechanical analysis of a first 

mitigation, constituted by the application of a thermal anchor (TA) surrounding 
the GS (starting from ITER design [20]), is presented (see Figure 2.9). 

  

a) b) 

Figure 2.9 a) Details of ITER GS from [18] and b) sketch of DEMO GS from [18]. 

The GS should be cooled down in order to minimize the heat which inevitably 
could be transferred from the base to the TF coils: the purpose of the analysis is 
to determine the optimal position, along the GS height, of the refrigeration pipes. 
The cooling fluid is helium at 4.5 𝐾, which is assumed to be diverted from the TF 
case cooling loop. This study is carried out for the three temperatures of the TS. 

The refrigeration is assumed occurring through 20 𝑚𝑚 outer diameter pipes 
interposed between the plates, see Figure 2.10 b). Nine different positions for the 
TA along the vertical coordinate z have been considered, each characterized by a 
height of 20 𝑚𝑚, see Figure 2.10 a): 

1) 𝑧1 = 0.42 − 0.44 𝑚 
2) 𝑧2 = 0.70 − 0.72 𝑚 
3) 𝑧3 = 0.98 − 1.00 𝑚 
4) 𝑧4 = 1.26 − 1.28 𝑚 
5) 𝑧5 = 1.54 − 1.56 𝑚 
6) 𝑧6 = 1.82 − 1.84 𝑚 
7) 𝑧7 = 2.10 − 2.12 𝑚 
8) 𝑧8 = 2.38 − 2.40 𝑚 
9) 𝑧9 = 2.66 − 2.68 𝑚 
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a) b) 

Figure 2.10 a) Sketch of the GS profile highlighting the zones in which the location of the 
TA has been assumed for the current analysis; b) Sketch reporting how the refrigeration occurs.        

 

 
A Robin boundary condition has been added to simulate the TA: it is imposed 

only in one of the restricted areas considered along the z-axis through the plates 
with a temperature of 4.5 𝐾, see Figure 2.11. The estimation of the equivalent heat 
transfer coefficient has been qualitatively implemented starting from the 
thermophysical properties of the helium evaluated at the inlet condition (𝑇 =
4.5 𝐾 and 𝑝 = 600 𝑘𝑃𝑎) and the conductive resistance of the pipe in which it 

Figure 2.11 Boundary conditions for the 3D thermal analysis of the GS considering the 
application of one thermal anchor. 
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flows through, both for the minimum and the maximum mass flow rate. Those 
two flow rates are respectively 𝑚̇𝑚𝑖𝑛 = 18 𝑔/𝑠 (if only the SHe mass flow rate of 
the 12 CCCs cooling the back side of the casing outboard leg is rerouted to the GS 
cooling) and 𝑚̇𝑚𝑎𝑥 = 145 𝑔/𝑠 (if the SHe mass flow rate of all the 96 CCCs 
cooling the casing is rerouted to the GS cooling) [21]. The details about the 
procedure for the estimation of the equivalent heat transfer coefficient are reported 
in Appendix 4: Evaluation of the heat transfer coefficient to the TA pipes, 
resulting in a tentative value of 100 𝑊

𝑚2∙𝐾
. 

2.4.1. Thermal analysis results 
Temperature distributions regarding the two extreme positions of the TA (𝑧 =

𝑧1 ad 𝑧 = 𝑧9, respectively) at TS temperature equal to 80 K are represented in 
Figure 2.12 a) and b).  

  

a) b) 

Figure 2.12 Temperature distribution with the TA at 𝑧1 (a) and at 𝑧9 (b) and TTS=80 K. 

The higher the position of the thermal anchor, the greater is the zone at 
relatively high temperature: consequently, the contribution of the heat losses will 
be different. 

Bottom heat flux (entering the domain) 

In Figure 2.13, it is shown how the thermal power entering for the bottom of 
the GS is affected by the location of the thermal anchor, but not by the TS 
temperature. The reason is that the lower the refrigeration zone, the higher will be 
the thermal gradient because the shorter the length over which it is calculated; this 
is confirmed by the fact that the curves overlap assuming the same values 
regardless of the TS temperature, because principally it affects the radiation on 
the GS lateral sides, but it is negligible with respect to the other heat dissipation 
contributions. 
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Radiative heat flux (lateral sides) 

In Figure 2.14, for each side of the gravity support the trend of the radiation, 
for three possible values of temperature of the cryostat, as a function of the 
refrigeration position is shown. The load removed by the coolant decreases as the 
location of the thermal anchor is moved upward. As expected, the radiative heat 
flux exchange on the front and the back sides are identical, because the coil is at 
unvaried temperature of 4.5 𝐾, see Figure 2.14 b) and c). Instead, the other sides 
are influenced by the TS temperature. Note that in Figure 2.14 a) and d) where 
𝑇𝑇𝑆 = 150 𝐾, considering the configuration in which the cooling pipes are 
situated at 𝑧1 the heat has negative sign: this is due to the fact that the GS 
temperature will be lower than the TS temperature, so the surrounding will heat 
up the GS. 

 
Figure 2.14 Radiative heat flux computed on the a) right side, b) front side, c) left side and 

d) back side of the GS, as a function of the vertical position of the TA. 

 

Figure 2.13. Computed heat flux entering the GS from the bottom, as a function of the vertical 
position of the TA. 
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Convective heat flux (removed by helium) 

The trends of the heat removed by the helium is reported in Figure 2.15 and it 
has again a decreasing monotonic behavior. The heat transferred to the coolant 
from the GS removes most of the heat and, from simulations, it is completely 
independent on TS temperature, because the contributions related to the radiation 
are much smaller than the convective one. 

 
Figure 2.15. Heat flux removed by the TA, as computed at different vertical position of the 

TA for each TTS temperature. 

The power entering the domain and the corresponding convective heat flux to the 
TA are shown in Figure 2.16 confirming that, independently from the location of 
the TA, it takes care of the largest fraction of the heat entering the GS. 

 
 

 

 

 

Figure 2.16. Summary of the comparison between the computed power entering the GS from the 
bottom, and the computed power to the TA, for three different location of the TA and different 

temperatures of the TS. 
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Top heat flux (reaching the casing) 

 

The main parameter of interest of the study is the amount of heat that reaches 
the TF casing 𝑄̇𝑡𝑜𝑝 that is shown in Figure 2.17. As the TA is moved upward, the 
heat flux transferred to the coil casing reduces, at least up to 𝑧8 (note that at 𝑧9 the 
thermal field is distorted due to the end of the parallel plates). Moreover, the lower 
the TS temperature, the higher is the amount of energy leaving the GS by 
radiation. Therefore, the minimum heat flux to the casing is given for pipes of the 
TA located at 𝑧8 = 2.38 − 2.40 𝑚 for all the possible different TTS, among which 
the case corresponding to a TS temperature of 80 K shows the smallest load to the 
TF casing (~ 20 W). That quantity has been significantly reduced with respect to 
the base case, two orders of magnitude lower.  

However, it is necessary to note that the 𝑄̇𝑡𝑜𝑝 difference between three cases 
for the TS temperature is inappreciable (around the 30%) compared to the strong 
variation that the thermal load has depending on the location of the TA (up to 
600% in the worst cases). Concerning the choice of the optimal TA position, the 
𝑧9 becomes the most suited location since 𝑄̇𝑡𝑜𝑝 at minimum TS temperature is 
~ 22 W, almost the same load to TF casing for TA at 𝑧8, and furthermore it could 
ensure mechanical support to the piping. 

The partition of the heat entering the domain has similar trend in each 
simulation, which independent on the TS temperature; it is qualitatively sketched 
in the Sankey diagrams in Figure 2.18, where: 

- 𝑄̇𝑡𝑜𝑝 is the portion reaching the casing; 
- 𝑄̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 is the heat removed by the helium at 4.5 𝐾; 
- 𝑄̇𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 is the portion dissipated by radiation to the other 

components a lower temperature; 
- 𝑄̇𝑏𝑜𝑡𝑡𝑜𝑚 is the heat entering the domain. 

 

Figure 2.17. Top heat flux reaching the TF coil casing computed at different vertical position 
of the TA for each TTS temperature. 
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a)  b) 

Figure 2.18 Sankey chart a) for thermal anchor at 𝑧1 and b) for thermal anchor at 𝑧9. 

The figures are related to the lowest Figure 2.18 a) and the highest zone Figure 
2.18 b) in which the refrigeration may take place. The position of the TA 
influences the fraction of heat dissipated by convection and by radiation.  

Thus, according to that thermal study, the minimum acceptable thermal load 
to the casing of ~22 𝑊 is obtained for the TS at 80 𝐾 and the thermal anchor at 
𝑧9. The load increases to ~30 𝑊 when TTS =150 K. The amount of the parasitic 
load is significantly reduced with respect to the base case without refrigeration, 
~1300 𝑊.  

2.4.2. Thermal-mechanical analysis results  
The 2D structural analysis has been implemented starting from the 

temperature map, see Figure 2.19, of a cut section in the middle of the geometry. 
The obtained deformation state could be added to those that will be due to 
cooldown, of which no information are available so far. 

𝑄̇𝑡𝑜𝑝  ≈ 1.5%  

𝑄̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛   
≈ 97.8%  

𝑄̇𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛   
≈ 1%  

 

𝑄̇𝑏𝑜𝑡𝑡𝑜𝑚  

𝑄̇𝑡𝑜𝑝 ≈ 1%  

𝑄̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛   
≈ 80%  

𝑄̇𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛   
≈ 19%  

 

𝑄̇𝑏𝑜𝑡𝑡𝑜𝑚  
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Figure 2.19 Temperature map computed with TTS= 80 K and TA at 𝑧9 on the GS cross 

section selected for the thermo-mechanical calculation.                           

The study has been carried out for each TS temperature and for each TA 
location. For the TA at the location 𝑧9 and 𝑇𝑇𝑆 = 80 𝐾, the temperature map used 
to enter the thermo-mechanical simulation is reported in Figure 2.19. The 
corresponding vertical deformation is reported in Figure 2.20. 

          
Figure 2.20 Vertical deformation map computed for the TA located in 𝑧9. The deformed 

geometry is represented on a 40:1 scale. 

The maximum vertical deformation decreases when the TA is moved upward 
along the GS, see Figure 2.21: the 𝑧9 position of the TA gives the lowest 
deformation value. 
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In Figure 2.21, all curves are overlapped highlighting the independence of the 
vertical deformation on the TS temperature. Therefore, the vertical deformation 
reaches the same value for each TS temperature. Moreover, the displacement is 
slightly higher than the base case: that is due to the superposition of the 
refrigeration which adds a thermal deformation. 

As it is possible to notice, no horizontal displacement takes place – a distortion 
of the computed deformation field would occur whenever a 3D computation will 
be done. 

2.4.3. Parametric study: variable helium 
temperature 

In this section, a more realistic thermal analysis has been performed 
considering the heavy effect on the temperature of the helium coolant. 

Considering the TA in the position 𝑧9, a more in-depth study has been made 
for each TS temperature; the TF casing receives a thermal load around 22 𝑊. 
Therefore, the analysis has been carried out for the two extreme cases. Starting 
from the 𝑄̇𝑐𝑜𝑛𝑣 removed by the coolant and the helium inlet enthalpy evaluated at 
the conditions of 𝑇𝑖𝑛 = 4.5 𝐾 and 𝑝𝑖𝑛 = 600 𝑘𝑃𝑎, it has been possible to calculate 
the outlet enthalpy as in Eq. (2.9): 

ℎ𝑜𝑢𝑡𝑙𝑒𝑡 = ℎ𝑖𝑛𝑙𝑒𝑡 +
𝑄̇𝑐𝑜𝑛𝑣
𝑚̇

 [
𝑊

𝑚2 ∙ 𝐾
] (2.9) 

The outlet temperature has been obtained reversing the enthalpy value. Since 
the temperature is not uniform anymore along the pipe, the heat transfer 
coefficient to the coolant in the TA needs to be re-evaluated at the mean 
temperature between the inlet and the outlet, following the same estimation done 
in the first analysis. It is found that in all cases the heat transfer coefficient remains 
bounded in the window 100 𝑊

𝑚2∙𝐾
 to 700 𝑊

𝑚2∙𝐾
 . 

Figure 2.21. Trend of maximum deformation depending on the vertical position of the thermal 
anchor for each TS temperature. 
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An iterative procedure is then established to assess self-consistently the heat 
transferred to the TA: the computed 𝑄̇𝑐𝑜𝑛𝑣 from one iteration is used to estimate 
the value of the helium outlet temperature in the TA, used as boundary conditions 
for the following iteration. The iterative procedure is performed for both the 
minimum and maximum value of the mass flow rate in the TA for the possible 
temperatures of the TS. The convergence is reached in few iterations.  

The heat transferred to the TF casing is the minimum when the largest fraction 
of heat is removed by the TA, i.e. in the presence of the highest fluid mass flow 
rate, as reported in Table 2.3. 

Table 2.3. Summary of the thermal load to the TF casing. 

TTS [K] Qtop @ TTA = 4.5 K[W] Qtop @ 𝒎̇min [W] Qtop @ 𝒎̇max [W] 

80 22 46 8 

120 25 49 11 

150 30 54 16 

The temperature maps related to the case of 𝑇𝑇𝑆 = 80 𝐾 and to 𝑚̇𝑚𝑖𝑛 =

18 
𝑔
𝑠⁄   are reported in Figure 2.22, for the sake of completeness. 

  

a) b) 

Figure 2.22 a) 2D temperature map of the GS computed on a xy cross section and c) 2D 
temperature map of the GS computed on a yz cross section. They refer to TTS=80 K and 𝑚̇𝑚𝑖𝑛 =

18 𝑔/𝑠. 

From Figure 2.22 b) it is possible to notice the impact of the variable 
temperature of the coolant on the structure: the GS temperature map results are no 
more uniform along y-axis, but increasing from the left side (where there is 
supposed to be the helium inlet) to the right side (where there is supposed to be 
helium outlet). 
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2.5.  Second mitigation: Double Thermal Anchor 
application  

The possible application of a second TA to the GS has been investigated: the 
idea is to locate that at higher temperature (TS temperature) in the lower part of 
the GS and the second at lower temperature (4.5 𝐾) as it comes out from the 
previous study, see Figure 2.23.  

 
Figure 2.23 Boundary conditions for double thermal anchor problem. 

In addition to what has been done previously, a second Robin boundary 
condition has been applied. The coolant outlet temperature is considered equal to 
the inlet one for both TAs, taking care to apply the proper heat transfer coefficient 
for the two TA, and namely: for the TA placed at 𝑧9 with 𝑇ℎ𝑒 = 4.5 𝐾, the value 
of ℎ = 100

𝑊

𝑚2∙𝐾
; for the TA located at z2 with 𝑇ℎ𝑒 = 𝑇𝑇𝑆 the value of ℎ = 60 𝑊

𝑚2∙𝐾
, 

which results in a good approximation of the three possible temperatures. 

2.5.1. Thermal analysis results 
The analysis has been carried out for each TS temperature, imagining that the 

coolant for the second TA is re-routed form the TS to the GS.  

The results, in terms of heat load transferred to the TF casing, show a decrease 
for each simulation, see Table 2.4.  

Table 2.4 Comparison of the thermal load between the application of one TA and two TAs. 

TTS [K] Qtop @ TTA = 4.5 K[W] Qtop double TA [W] 

80 22 6 

120 25 12 

150 30 20 
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The application of a second TA may reduce the thermal load to the casing to 
more than ~50% of the value obtained with a single TA at 4.5 K, considering the 
TS temperature equal to 80 K. 

The computed temperature distribution for a TS temperature equal to 80 K 
results more uniform in the central zone and it is shown in Figure 2.24. 

   
Figure 2.24 Temperature distribution computed for the GS with a double TA for TTS= 80 K. 

2.5.2.Thermal-mechanical analysis results  
As regards the effect in terms of displacement, a slightly higher vertical 

deformation is computed, again without any horizontal distortion. 

 
Figure 2.25 Displacement. The deformed geometry is represented on a 40:1 scale. 

2.6. Preliminary conclusions 
In conclusion, the conductive path constituted by the GS may give a thermal 

load to the TF coil casings slightly more than 1 kW for each TS temperature. Thus, 
a refrigeration is required. 
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The first approach consists on the application of a thermal anchor surrounding 
the GS in which SHe, re-routed from the SC cooling circuit at constant 
temperature of 4.5 K, flows in. Thanks to the TA, the parasitic heat load will be 
reduced of two orders of magnitude. A parametric analysis has been computed in 
order to determine the optimal location for the TA in terms of heat load to the TF 
coil casing and in terms of displacement. The position 𝑧9 results the most suitable 
choice: ~22 𝑊 is obtained for the TS at 80 𝐾 and ~13.5 𝑚𝑚 of displacement. A 
more in-depth study has been implemented, considering the heavy effect on the 
coolant. 

Moreover, the beneficial effects of the application of another TA at higher 
temperature (re-routed from the TS) have been reported. The simulations give 
results of two orders of magnitude lower than the base case and of a reduction of 
more than 50% of the thermal load considering TTS=80 K with respect to the 
application of a TA. 
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Chapter 3 
 

3. Magnet system feeders analysis6 
 

3.1. Design 
The magnet system feeders convey and regulate the cryogenic liquids, needed 

to cool and control the temperature of the magnet system, and they connect the 
magnets to their power supply, housing the bus-bars. Based on the ITER 
experience, and moving from the outside to the inside of the Tokamak, the feeder 
assembly of each coil consists of the following sub-units [22]: Coil-Terminal Box 
(CTB) and S-Bend Box (SBB), Cryostat Feedthrough (CFT), including the 
Vacuum Barrier (VB), In-Cryostat Feeder (ICF) with the connection to the coil 
terminals ('terminal joint'), see Figure 3.2. The present work focuses only on the 
CFT-VB sub-unit.  

This analysis aims at developing a simple model to evaluate the background 
heat load on the Helium line feeding each TF coil in DEMO inside one of the 
CFT, see Figure 3.1. Since the ultimate goal is to minimize that load on the He 
supply line, it has been possible to concentrate on the longest CFT (at the B4 level, 
see Figure 3.1), the length of which is estimated in [23] to be 19.4 m (rounding to 
20 m, to stick to a couple of significant figures). 

                          

a) b) 

Figure 3.1 Sketch of the Cryostat Feed-Through (CFT) penetration at B4 level and L2 level 
in DEMO (reproduced from [23]). 

 

 
 

6 Mainly based on L. Savoldi, A. Allio and S. Viarengo, “Study of the cooling phase, the thermal 

exchange and the layout of the cryogenic circuits”, EUROfusion report EFDA_D_2NXLBX, 
February 2020. 

CFT 

TF coil 

Bio-shield 

SBB\CTB\DB 
assembly 
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Figure 3.2 Sketch of the feeder systems reported in [24]. 

The inner pipe distribution within the CFT, as well as the pipe dimension, has 
not been set yet, so ITER design, reported in  

Figure 3.3, has been used as the reference. 

 
Figure 3.3  Detailed view of the ITER CFT cross-section (reproduced from [22]). 

The CFT passes through the concrete bio-shield. In ITER, it is bounded by the in-
cryostat joint on the coil side and the mid-joint at the SBB end, and it includes the 
feeder vacuum barrier, which separates the vacuum in the magnet cryostat and the 
vacuum in the CTB/SBB, and several cold mass supports, see Figure 3.2. The 
current DEMO pre-conceptual design for the vacuum barrier (1 for each feeder) 
and the cold mass supports (4 supports for the feeders at the B4 level [23]) are 
reported in  
Figure 3.4 a) and in  

Figure 3.4 b), respectively, following the ITER design [22]. 
In ITER, the containment duct of the CTB contains a separator plate, with a 

thermal interception to cool it, as well as the containment duct assembly, and 
internal supports for the BBs and cryo-pipes, see Figure 3.5, which are not 
foreseen at the this stage of the DEMO design. 

b) 
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In ITER, the Containment duct includes 4 He supply/return lines, 1 He line for 
the bus-bars, 2 bus-bars lines and several diagnostic penetrations, sticking to that 
design for the time being. 

 

 

 
Figure 3.4  Detailed sketch of the cross section of the Cold mass support (a) and vacuum 

barrier (b) within an ITER CFT (reproduced from [22]). 

 

a) 

b) 



32 
 

  

a) b) 

Figure 3.5 Detailed view of the Bus-Bar support (a) and cryolines support (b) within and 
ITER CFT (reproduced from [22]). 

3.2. Thermal model 
A first evaluation of the thermal load to the He supply line has been carried 

out by developing a simple steady-state 1D thermal model. For the SHe flowing 
in the pipe, it is assumed that the advection equation results from the energy 
balance across an infinitesimal length element of the He line, shown in Figure 3.6. 
Therefore, the increase in enthalpy is obtained as the product of the specific heat 
at constant pressure cp, evaluated at an average temperature 𝑇, and the 
corresponding temperature increase 𝑇 + 𝑑𝑇

𝑑𝑥
   (in K). 

 
Figure 3.6 Sketch of the energy balance across an element of the He supply line, having 

infinitesimal length. 𝑚̇ is the helium mass flow rate, cp is the specific heat at constant pressure, 
q' is the heat load per unit length [W/m], T is the temperature, x is the coordinate along the He 

pipe. 

Using a simple upwind recipe for the spatial derivative, the discretized 
equation has been implemented in MATLAB (MathWorks [25]) to compute the 
steady-state temperature evolution in the node i+1 along the He pipe becomes as 
in Eq. (3.1): 

𝑇𝑖+1 = 𝑇𝑖 +
𝑞′∆𝑥

𝑚̇𝑐𝑝
 (3.1) 
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The value of the heat load per unit length 𝑞′ is computed to account for the 
possible different heat sources coming from what surrounds the He pipe, and 
namely: the thermal radiation from the Containment Duct (CD), the conduction 
from the Cold Mass Support (CMS) (additional load to the CD) and the 
conduction from the Vacuum Barrier (VB), see Figure 3.7. 

 
Figure 3.7 Sketch of the thermal model implemented. 

The thermal radiation from the Containment Duct has been evaluated through 
the series of thermal resistances reported in Figure 3.8. Note that no radiative heat 
transfer among the pipes inside the containment duct is accounted for, since all 
the He lines will be approximatively at the same temperature, while the ducts 
containing the diagnostics will be approximatively at the temperature of the 
containment duct. 

 
Figure 3.8 Sketch of the simple radiative model for the He supply line. The factor “7x” 

accounts for the number of cryogenic lines at the same temperature, namely 7. 

The heat load per unit length coming from the thermal radiation 𝑞′
𝑟𝑎𝑑

 is 
computed by solving iteratively the non-linear set of equations (3.2). 

{
 
 
 
 
 

 
 
 
 
 𝑞′𝑟𝑎𝑑 =

𝑇2 − 𝑇1
𝑅12

𝑞′
𝑟𝑎𝑑

= 𝑞32

𝑞32 =
𝑇3 − 𝑇2
𝑅23

7 × 𝑞32  = 𝑞43

𝑞43 =
𝑇4 − 𝑇3
𝑅34

𝑞43 = 𝑞54

𝑞54 =
𝑇5 − 𝑇4
𝑅45

 (3.2) 
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where 𝑞𝑋𝑌 are the heat fluxes per unit length from the node X to the node Y, 
and 𝑅𝑋𝑌 are the thermal resistances between the node X and the node Y, defined 
in Eqs (3.3-5). T1 is the helium temperature, i.e. the value of the temperature 𝑇𝑖 
from Eq. (3.1), and T5 is the TS temperature, parametrically varied from 80 K to 
150 K. 

𝑅12 = (
1

𝐻𝑇𝐶 × 𝜋 × 𝐷𝑖𝑛_𝐻𝑒𝑙𝑖𝑛𝑒
+
𝑙𝑜𝑔 (

𝐷𝑜𝑢𝑡_𝐻𝑒𝑙𝑖𝑛𝑒
𝐷𝑖𝑛_𝐻𝑒𝑙𝑖𝑛𝑒

)

2𝜋𝑘𝑠𝑠
+
𝑙𝑜𝑔 (

𝐷𝑜𝑢𝑡 − 𝐻𝑒𝑙𝑖𝑛𝑒 − 𝑖𝑛𝑠
𝐷𝑖𝑛 − 𝐻𝑒𝑙𝑖𝑛𝑒 − 𝑖𝑛𝑠

)

2𝜋𝑘𝑖𝑛𝑠
) (3.3) 

𝑅23 = [𝜋 × 𝐷𝑜𝑢𝑡_𝑖𝑛𝑠 × 𝜎 × (𝑇2
2 + 𝑇3

2) × (𝑇2 + 𝑇3)]
−1

 (3.4) 

𝑅34 = (
𝑙𝑜𝑔 (

𝐷𝑜𝑢𝑡_𝑐𝑑
𝐷𝑖𝑛_𝑐𝑑

)

2𝜋𝑘𝑠𝑠
) (3.5) 

𝑅45 = [𝜋 × 𝐷𝑜𝑢𝑡_𝐶𝐷 × 𝜎 × (𝑇4
2 + 𝑇5

2) × (𝑇4 + 𝑇5)]
−1

 (3.6) 

In Eqs (3.3) and (3.5), HTC is the convective heat transfer coefficient, 
computed using the Dittus-Boelter correlation [26], 𝑘𝑠𝑠 and 𝑘𝑖𝑛𝑠 are the thermal 
conductivity of stainless steel and insulation (Glass epoxy considered here), 
evaluated at 4.5 K, and the different diameters Din* and Dout* can be found in Table 
3.1. 

In Equations (3.4) and (3.6), 𝜎 is the Stefan-Boltzmann constant. 

The additional conductive heat load to the Containment duct, coming from the 
Cold mass support acts in 4 equally spaced locations along the He line. Each 
support has been accounted for with a 2D model in FreeFEM++-cs [27] as shown 
in Figure 3.9 (only half of the support is modelled, thanks to symmetry 
considerations), with an equivalent length of 0.118 m. 

The SS and insulation material properties are discussed in Appendix 1: 
Physical properties of Stainless Steel and insulation material, while the 
construction of meshes in Appendix 3: Construction of meshes. 
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Figure 3.9 2D model of the Cold Mass support, highlighting the boundary conditions for the 

steady-state thermal conduction problem. The boundary condition on the top of the structure is 
constrained at the internal Containment duct temperature T3 (see Figure 3.8); the thermal shield 
temperature TT5 is imposed where the support is in contact with the thermal shield, and the room 

temperature is imposed at the bottom of the structure. 

The thermal conduction coming from the Vacuum barrier has been assumed 
located at x=0 with thickness of 30 mm [23], and modelled as shown in Figure 
3.10. Note that no thermal intercepts on the feeder thermal shield, which would 
keep the vacuum barrier plate at 80 K (see [22] for details), is presently included 
in the design. The vacuum barrier contains several penetrations. In the annular 
region corresponding to the space between the feeder vacuum duct and the 
containment duct (region labelled as “R1” in Figure 3.10), two feed-throughs with 
helium at the thermal shield temperature (T5 in Figure 3.8) are foreseen. In the 
region that would be all inside the thermal shields (region labelled as “R2” in 

Figure 3.10), 7 different conduits for the helium at 4.5 K are present (ITER 
design). The penetrations for the diagnostic are neglected at this stage. 

An equivalent convective heat transfer coefficient (𝑈𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒) to the helium 
at both T5 temperature and 4.5 K has been computed through a global 
transmissivity, as reported in Eq. (3.7): 

𝑈𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 = (
1

𝐻𝑇𝐶
+
𝐷𝑜𝑢𝑡−∗ − 𝐷𝑖𝑛− ∗

2𝑘𝑠𝑠
+
𝐷𝑜𝑢𝑡−∗−𝑖𝑛𝑠 −𝐷𝑖𝑛−∗−𝑖𝑛𝑠

2𝑘𝑖𝑛𝑠
)
−1

 (3.7) 

where HTC is the convective heat transfer coefficient, computed using the 
Dittus-Boelter correlation [26], 𝑘𝑠𝑠 and 𝑘𝑖𝑛𝑠 are the thermal conductivity of 
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stainless steel and insulation (Glass epoxy considered here), evaluated at 4.5 K, 
and the different diameters Dout* and Din* , where * can stay for “Heline” or 

“Busbar”, can be found in Table 3.1. 

On one side of the vacuum barrier, heat transfer by radiation occurs to the 
thermal shield inside the feeder (from region R1) and to the containment duct and 
cryogenic pipes in it (in region R2). This heat loss is accounted for as a volumetric 
heat sink in the thermal problem.  

The SS and insulation material properties are discussed in Appendix 1: 
Physical properties of Stainless Steel and insulation material, while the 
construction of meshes in Appendix 3: Construction of meshes. 

 
Figure 3.10 - 2D model of the Vacuum barrier, highlighting the boundary conditions for the 

steady-state thermal conduction problem. The room temperature is imposed on the outer circle, 
the Thermal Shield temperature TT5 is imposed on the cooling channels of the thermal shield, 

and convective heat transfer to Helium at 4.5 K is imposed on the outer surface of the cryogenic 
lines inside the thermal shield. 

Table 3.1 Geometrical dimensions of quantities of interest for the present analysis 

Parameter  Value 

Din-Heline 51.9 mm [1] 

Dout-Heline 60.3 mm [1] 

Din-Heline-ins 60.3 mm [1] 

Dout-Heline-ins 68.3 mm & 

Din-busbar 46.4 mm [2] 

Dout-busbar 50.4 mm [2] 

Din-busbar-ins 50.4 mm [2] 

Dout-busbar-ins 62.4 mm [2] 

Din-CD 460 mm [1] 

Dout-CD 480 mm [1] 
& Tentative value 

R1 

R2 Convective 
Heat transfer 
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3.2.1.Results  
The temperature profile along the He supply line, as results from the applied 

model, is reported in Figure 3.11 a), for a tentative value of the He mass flow of 
100 g/s. The additional heat load coming from the Vacuum Barrier and from the 
Cold Mass supports has been taken into account, and it corresponds to the 
temperature increase at the beginning of the line and along the line, respectively. 

 

 
Figure 3.11 Computed temperature profile for the He along the supply line, accounting (a) 

and neglecting (b) the contribution of the additional heat load from the Vacuum Barrier. 

The additional heat load coming from the Vacuum barrier is at least one order 
of magnitude larger than in ITER, see Table 3.2. Since there is no thermal intercept 
that cools down the entire barrier to the temperature of the TS, the average 
temperature of the Vacuum Barrier is much larger than the cryogenic one as shown 
in Figure 3.12. 

The effect of the heat load coming from the radiation and from the Cold Mass 
supports is reported in Figure 3.11 b): the contribution of the Vacuum Barrier is 
neglected, for all the different possible nominal temperature values of the TS. The 
maximum temperature increase along the line varies from ~ 50 mK, for the 
minimum TS temperature, up to ~ 80 mK, for the largest value of the TS 
temperature.  

a) 

b) 
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In can be also noted from Table 3.2 that the temperature computed for the 
Containment Duct is far from the nominal value of 4.5 K, due to the absence of 
an active cooling or a thermal intercept, that would further mitigate the load to He 
lines. 

     
Figure 3.12 Temperature map computed for the Vacuum Barrier, with a thermal shield 

temperature of 80 K. The color bar reports values in K. 

 

Table 3.2 – Computed duct temperature and additional heat load from each of the Cold 
Mass support and from the Vacuum Barrier, as a function of different plausible nominal 

temperature of the Thermal shield. 

Thermal shield 
temperature  

[K] 

Containment 
duct 

temperature [K] 

Load from Cold 
Mass supports 

[W/m] 

Load from the 
Vacuum barrier 

[W/m] 

80 70 28.6 690 

100 88 30.4 702 

120 105 31.8 713 

150 132 34.2 732 

The thermal load that reaches TF coils can be evaluated through Eq. (3.8): 

𝑄̇ =  𝑚̇ℎ𝑒 ∙ 𝑐𝑝ℎ𝑒 ∙ ∆𝑇 [𝑊] (3.8) 

where 𝑚̇ℎ𝑒 is the mass flow considered for the study (100 g/s), 𝑐𝑝ℎ𝑒 is the heat 
capacity (5.19 kJ/kg/K, evaluated at T=4.5 K and p=600 kPa) and ∆𝑇 is the 
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difference between the ideal temperature at which helium should reach TF coils 
(4.5 K) and the temperature obtained from the previous analyses, for each TS 
temperature. 

The results are summarized in Table 3.3. 

Table 3.3 Thermal load to the TF coils for each TS temperature accounting and neglecting 
the VB contribution 

TTS [K]  THe (no load 
fromVB) [K] 

Load (incl. 
VB) [W] 

 THe (no load 
fromVB) [K] 

Load (incl. 
VB) [W] 

80 4.548 25 5.054 288 

100 4.554 28 5.066 294 

120 4.562 33 5.08 301 

150 4.583 42 5.11 316 

With the aim of maintaining the helium entering the TF coils around 4.5 K as 
much as possible, mitigation actions are needed to limit the temperature increase. 

3.3. Preliminary conclusions  
A first analysis of the static heat load on the He supply line in the DEMO TF 

feeders has been performed by means of a 1D steady state advection model, 
accounting for the radiative heat load coming from the thermal shield through the 
Containment Duct. The thermal bridges constituted by the Vacuum barrier and the 
Cold Mass supports have been locally included, estimating the load by simple 2D 
thermal models developed on the feeder cross section. The computed results show 
that: 

- The Vacuum Barrier needs a thermal intercept to keep the barrier 
temperature close to that of the Thermal Shield, as foreseen in the ITER 
project [22]. That would dramatically reduce the parasitic heat load to the 
He supply line. 

- The temperature increase along the He lines due to radiation and 
conduction (Cold Mass supports) is between 0.01 K and 0.05 K, for the 
Thermal Shield temperature increasing from 80 K to 150 K, if a reference 
value for the TF mass flow rate is assumed of 100 g/s. 

- Since the computed temperature of the Containment Duct is very close to 
that of the Thermal Shield, in view of the large radiative heat transfer, an 
active cooling to the target value of 4.5 K would further reduce the thermal 
load to the He lines. 
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Chapter 4 
 

4. Conclusions 
The objective of the study has been the evaluation of the parasitic thermal load 

reaching the TF coils magnet of the EU-DEMO reactor through two different 
conduction channels, namely the gravitational support (GS) and the Cryostat 
FeedThroughs (CFT), varying parametrically the TS temperature (80 K, 120 K, 
150 K). 

A preliminary analysis has been carried out for both components to assess 
which of them is more relevant to act on. The GS represents the direct thermal 
contact between of the external environment at 300 K and the magnets (one for 
each TF coil), which must be at 4.5 K, with the risk of reducing significantly the 
operation temperature margin. The GS temperature distribution is influenced by 
radiative dissipation towards the surrounding components at lower temperature. 
Even though the radiation is able to remove around 28% of the entering power, 
the load reaching the TF coils is huge, more than 1 kW, with no strong variation 
when different possible TS temperatures are considered. Concerning the CFT 
(one for each TF coil), instead, the estimation of the that thermal load has been 
implemented considering, first, the contribution of only the Cold Mass Support 
(the structural element needed to sustain the He lines every few meters of the 
lines) and, then, also the Vacuum Barrier conductive effect (which has a 
significant impact). The two cause the helium temperature increase before it can 
reach the magnets for cooling. The higher the TS temperature, the higher the 
amount of heat entering directly the magnets in the form of additional enthalpy 
of the inlet coolant: neglecting the VB contribution, that varies from 25 W (for 
TTS=80 K) to 42 W (for TTS=150 K), otherwise from 288 W to 316 W. Results 
show that the parasitic load to the GS is an order of magnitude higher than the 
CFT: therefore, more analyses have been carried out for mitigation actions on it. 
Moreover, a thermo-mechanical study for the GS has been implemented to 
estimate the additional displacement that could be due to the thermal field 
generated by the TA. 

As first intervention, the application of a thermal anchor (TA) surrounding the 
GS, based on the ITER design, has been taken into account. The refrigeration 
occurs thanks to SHe at 4.5 K re-routed from the SC cooling system and the study 
aims at finding its optimal location. Nine different positions have been considered: 
simulations show that the TA removes most of the entering power (ranges between 
80-98% depending on its position), independently on TS temperature, and moving 
upward the TA, lower will be the heat reaching the TF coils. The minimum 
thermal load to the casing is obtained for the TS at 80 𝐾 and the thermal anchor 
at 𝑧8, ~ 20 W. Nevertheless, the location of the TA at the top position 𝑧9 has 
mechanical advantages, with an almost comparable heat removal capability and 
load (~ 22 W), so it has been considered the most suitable choice. Considering 
that first action, the parasitic thermal load has been reduced of two order of 
magnitude. Moreover, for the same configuration, a thermo-hydraulic analysis 
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considering the heavy effect on the temperature of the helium coolant has been 
implemented.  

The second approach consists on the addition of a second TA located in the 
lower zone of the GS with helium flowing at higher temperature (the TS one). The 
heat load transferred has a decrease for each simulation: it will be reduced more 
than ~50%, considering the TS equal to 80 K. 

4.1. Future perspectives 
The study presented in this thesis has been carried out as a contribution to the 

design of components of the future EU-DEMO, which is expected to be 
constructed for 2050s. Therefore, the idea is to determine a methodologic 
approach to minimize the parasitic load reaching magnets, which must be at 
temperature of ~ 4.5 K to guarantee the superconductivity. The maintenance of a 
such low temperature is fundamental for good performances of the machine, and, 
furthermore, regarding the low temperature heat transfer also small amount of heat 
exchanged can be relevant. The future perspective is to attempt to define a 
comprehensive model to take into account the three different paths for parasitic 
heating from the environment, constituted by the GS, the CFT and the current 
leads (CL).  

As regarding the final design of the GS, a coupling with the detailed analysis 
of the temperature distribution in the TF casing, computed by, e.g., the 4C code 
[28], will guarantee a self-consistent evaluation of the conductive load to the TF 
casing. 

Concerning the CFT, the computed results highlight the need for an active 
refrigeration of the containment duct, in order to guarantee the He temperature 
entering the TF coils as close as possible to 4.5 K, limiting the increase at the 
acceptable value of 10 mK. In perspective, the application of a thermal intercept, 
as in ITER project, for the VB may drastically reduce the heat load aiming to 
maintain the temperature of the vacuum barrier close to the TS one. 

The current leads induce a thermal load of electrical nature, due to Joule effect, 
that enters directly the superconducting Bus-Bar. A suitable design of the current 
lead heat exchanger, that removes part of that load, is undergoing. Since the BB 
passes into the CFT as well as the He line, a proper reduction of the load to the 
latter would also be beneficial in reducing the load along the Bus-Bar. 
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Appendix 1: Physical properties of 
Stainless Steel and insulation material 
Due to the huge temperature gradient the thermal and mechanical properties 

cannot be considered negligibly temperature dependent. 
 
• Thermal conductivity: 

𝑘𝑠𝑠 =
𝐴 ∙ 𝑇

(𝑎 + 𝑇)𝑛𝑎
+

𝐵 ∙ 𝑇2

(𝑏 + 𝑇)𝑛𝑏
+

𝐶 ∙ 𝑇3

(𝑐 + 𝑇)𝑛𝑐
+

𝐷 ∙ 𝑇4

(𝑑 + 𝑇)𝑛𝑑
 (5.1) 

where: 
- The coefficients are specific for the material; 
- The temperature is the one evaluated in the appropriate node. 
 
• Specific heat:  

𝑐𝑝𝑠𝑠 =
𝐴 ∙ 𝑇

(𝑎 + 𝑇)𝑛𝑎
+

𝐵 ∙ 𝑇2

(𝑏 + 𝑇)𝑛𝑏
+

𝐶 ∙ 𝑇3

(𝑐 + 𝑇)𝑛𝑐
+

𝐷 ∙ 𝑇4

(𝑑 + 𝑇)𝑛𝑑
 (5.2) 

where: 
- The coefficients are specific for the material, but different from the previous 

ones; 
- The temperature is the one evaluated in the appropriate node. 

That formula is valid only in a range between 1 𝐾 and 1253 𝐾. Therefore, if the 
temperature is the lower than the minimum one: 

𝑐𝑝𝑠𝑠 = 0.498 ∙ 𝑇 + 3.71 ∙ 10
−4 ∙ 𝑇3 (5.3) 

Instead, if the temperature is higher than the maximum one: 

𝑐𝑝𝑠𝑠 = 𝐴′ ∙ 𝑇 + 𝐴′′ ∙ 𝑇3 (5.4) 

where A’ and A’’ are suitable constants. 
 
• Density:  
Due to the lack of information, it has been considered constant and equal to 

7900
𝑘𝑔

𝑚3. 
 
• Thermal expansion coefficient:  
Data for the thermal expansion are reported in [29] and they were re-scaled to 

∆𝐿
𝐿⁄ = 0% at the reference temperature 923 𝐾. 
According to the recommended dataset, the thermal expansion follows the next 

equations: 
 
- From 0 K to 293 K, with ∆L = 0  at 20 °C, ∆L

L
 in % and T in K: 
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∆L

L
 = −0.296317 − 0.2609 ∙ 10−3 ∙  T +  7.1329 ∙ 10−6 ∙  T2–  9.5251 

∙ 10−9 ∙  T3 [%] 
(5.5) 

 

- From 293 𝐾 to 1500 𝐾, with ∆L = 0  at 20 °C, ∆L
L
 in % and T in K: 

∆L

L
= −0.03381 + 1.6831 ∙ 10−3 ∙  (T − 273) + 3.6404 ∙  10−7

∙  (T − 273)2  − 2.3028 ∙ 10−12  ∙ (T − 273)3  [%] 

 

(5.6) 

For the simulations, the thermal expansion coefficient is required; considering 
that it is defined as: 

∝=
∆L

L
∙
1

∆T
 [
1

°C
] (5.7) 

In the previous equations ∆T = T − T0, where T0 is the temperature in which 
the expansion is null (in that case 293 K). 

• Elastic modulus and Poisson’s coefficient7: 

Data for the elastic modulus and the Poisson’s coefficient are again reported in 

[29]. According to the recommended dataset: 
 
- For 𝑇 > 173 𝐾: 

𝐸 =  200.4 −  8.1221 ∙ 10−2 ∙ (𝑇 –  273) [𝐺𝑃𝑎] (5.8) 

𝜈 = 0.291 +  7.169 ∙  10−5 ∙ (𝑇–  273) (5.9) 

- For 𝑇 < 173 𝐾: 
 

𝐸 = 208.5 [𝐺𝑃𝑎] 
 

𝜈 = 0.284 

 
 

7 In the specific case, the GS will be made of SS 304LN.The thermal expansion coefficient, the 
elastic modulus and the Poisson’s coefficient polynomials reported in [29] are related to the SS 
316LN, but that properties have been checked in the range 4-300 K with the 304LN one, as stated 
in [29]; moreover, there were chosen following the recommended. 
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Appendix 2: Modeling the heat transfer 
by radiation for the GS 
The view factor represents the proportion of the radiation which leaves a surface 

that strikes another one; it depends on the geometries and the respective distances 
between the two faces. 

Figure 4.1 reports one-sixteen of the entire geometry, as far as the TF system is 
considered. 

    
 

 
Figure 4.1 Schematic view of one TF coil [30]. 

For the determination of the view factor, the dimension of each component and 
its distance from the gravity support has been considered. Due to the complex 
geometry, the view factor has been evaluated with the help of the chart in Figure 
4.2.  
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Actually, the surfaces taken into account are rectangular. Therefore, the 
equivalent radius has been considered.  

• Evaluation 𝐹𝐺𝑆→𝑇𝑆 on the lateral side 

From the available sketch, the distance between the object and vacuum vessel 
has been approximated as a one-sixth of the width of gravity support. Therefore:  

𝐿 ≅ 0.3 𝑚 

𝑟1 ≅ 4.6 𝑚       𝛽 ≅ 7  and 𝛾 ≅ 0.1   

𝑟2 ≅ 2.3 𝑚 

Finally, from the chart: 

𝐹𝐺𝑆→𝑇𝑆 = 0.5 

• Evaluation 𝐹𝐺𝑆→𝑚𝑎𝑔𝑛𝑒𝑡 on the back side  

From the CAD, it has been possible to evaluate precisely the dimension of the 
different part and the distance.  

Therefore:  

𝐿 ≅ 2.1 𝑚 

𝑟1 ≅ 1.5 𝑚      𝛽 ≅ 1  and 𝛾 ≅ 1.38   

𝑟2 ≅  2.3 𝑚 

Finally, from the chart: 

Figure 4.2. View factor chart, from [31]. 
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𝐹𝐺𝑆→𝑆𝐶 = 0.4 

• Evaluation 𝐹𝐺𝑆→𝑚𝑎𝑔𝑛𝑒𝑡 on the front side 

As before, the use of the CAD has been useful for the determination of the 
lengths. Therefore:  

𝐿 ≅ 1.44 𝑚 

𝑟1 ≅ 2.6 𝑚      𝛽 ≅ 1.6  and 𝛾 ≅ 0.5   

𝑟2 ≅  2.3 𝑚 

Finally, from the chart: 

𝐹𝐺𝑆→𝑆𝐶 = 0.4 

Actually, the GS zones, which are not exposed to magnets or to the TS, face an 
ambient at the TS temperature; thus, there is another contribution to heat dissipation 
by radiation. Simulations have been compared considering TA at 𝑧9 with view 
factors equal to 1 and those calculated above: the comparison shows that the view 
factor impact on the parameter of interest, 𝑄̇𝑡𝑜𝑝, is negligible, with a variation of 
only 5%. Therefore, to be conservative, it has not been considered in simulations. 
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Appendix 3: Construction of meshes 
Mesh for the GS 3D thermal analysis  

For the thermal analysis a 3D mesh of the GS has been implemented, 
constructed with prismatic elements characterized by a quadrilateral base, which 
makes the mesh lighter. 

In order to optimize the calculation, the mesh is finer in the zones in which the 
convection boundary condition with a temperature of 4.5 𝐾 is applied; in fact, the 
largest gradient temperature is present there. The position considered are: 

1) 𝑧 = 0.42 − 0.44 𝑚 

2) 𝑧 = 0.70 − 0.72 𝑚 

3) 𝑧 = 0.98 − 1.00 𝑚 

4) 𝑧 = 1.26 − 1.28 𝑚 

5) 𝑧 = 1.54 − 1.56 𝑚 

6) 𝑧 = 1.82 − 1.84 𝑚 

7) 𝑧 = 2.10 − 2.12 𝑚 

8) 𝑧 = 2.38 − 2.40 𝑚 

9) 𝑧 = 2.66 − 2.68 𝑚 

The mesh is structured along the depth: that means that it has been translated 
along the depth of the GS but close the external surfaces the layers are denser in 
order to better describe the temperature gradients due to the different boundary 
conditions. 

The mesh, for which the grid-independence of the results have been checked, is 
reported in Figure 4.3. 

 

 

 

  

 

 

 

Figure 4.3 a) Mesh for the 3D thermal 
analysis and b) zoom of the 3D mesh. 

a) b) 
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Mesh for the GS 2D thermal-mechanical simulation 

For the thermal-mechanical study a 2D geometry has been considered. 

The mesh is characterized by triangular-based elements with a refinement along 
all the region of the plates, because it will be the zone which will suffer more the 
deformation. It is finer close to the boundary, especially to the top one which is at 
lower temperature and where the stress is concentrated. 

Moreover, it has been necessary to refine more in the neighborhood of the plate 
corners due to the sharp change of the geometry which implies a stress 
concentration. 

The mesh, for which the grid-independence of the results have been checked, is 
reported in Figure 4.4. 

 

 

 

 

 

 

Mesh for the 2D Cold Mass Support analysis 

Thanks to the symmetry of the problem, only half of the Cold Mass support has 
been modelled. Taking care of having enough nodes on the thin insulation layer the 
mesh, for which the grid-independence of the results have been checked, is reported 
in Figure 4.5. 

 

 

Figure 4.4 a) Mesh for the 2D thermo-
mechanical analysis and b) zoom of the 2D mesh. 

a) b) 
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Figure 4.5 2D mesh for the Cold Mass Support implemented in FreeFEM++-cs. 

Mesh for the 2D Vacuum Barrier 

A uniform mesh has been constructed for the VB analysis. The mesh, for which 
the grid-independence of the results have been checked, is reported in Figure 4.6. 

 
Figure 4.6 2D mesh for the Vacuum Barrier.  
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Appendix 4: Evaluation of the heat 
transfer coefficient to the TA pipes 
The estimation of the equivalent heat transfer coefficient has been qualitatively 

implemented starting from the thermal and physical properties of the helium 
evaluated at inlet temperature of 4.5 𝐾 and inlet pressure of 600 𝑘𝑃𝑎 and the 
conductive resistance of the pipe in which it flows through both for the minimum 
and the maximum mass flow rate, respectively 𝑚̇𝑚𝑖𝑛 = 18 

𝑔
𝑠⁄  and 𝑚̇𝑚𝑎𝑥 =

145 
𝑔
𝑠⁄ . 

According to the characteristic pipe diameters found in catalogues and given 
the gap between two plates of 22.56 𝑚𝑚, an inner diameter of 16.6 𝑚𝑚 has been 
considered with a thickness of 2.35 𝑚𝑚. 

Therefore, it has been possible to calculate the two velocities: 

𝑣𝑚𝑖𝑛 =
𝑚̇𝑚𝑖𝑛 ∙ 𝐴𝑐𝑟𝑜𝑠𝑠

𝜌ℎ𝑒
 [
𝑚

𝑠
] (6.1) 

𝑣𝑚𝑎𝑥 =
𝑚̇𝑚𝑎𝑥 ∙ 𝐴𝑐𝑟𝑜𝑠𝑠

𝜌ℎ𝑒
 [
𝑚

𝑠
] (6.2) 

Then, Reynolds and Prandtl numbers have been evaluated as: 

𝑅𝑒 =
𝜌ℎ𝑒 ∙ 𝑣 ∙ 𝑑𝑡𝑢𝑏𝑒

𝜇ℎ𝑒
 (6.3) 

𝑃𝑟 =
𝜇ℎ𝑒 ∙ 𝑐𝑝ℎ𝑒
𝑘ℎ𝑒

 (6.4) 

For each velocity, the helium is in turbulent flow.  

The evaluation of the helium heat transfer coefficient has been carried out 
thanks to the Dittus-Boelter correlation and the definition of the Nusselt number: 

𝑁𝑢 = 0.023 ∙ 𝑅𝑒0.8 ∙ 𝑃𝑟0.4 (6.5) 

𝑁𝑢 =
ℎℎ𝑒 ∙ 𝑑𝑝𝑖𝑝𝑒

𝑘ℎ𝑒
 →  ℎℎ𝑒 =

𝑁𝑢 ∙ 𝑑𝑝𝑖𝑝𝑒
𝑘ℎ𝑒

 [
𝑊

𝑚2 ∙ 𝐾
] (6.6) 

while the conductive resistance of the pipe has been approximated (planar 
geometry instead of cylindrical shell) as: 

 

𝑅𝑐𝑜𝑛𝑑 =
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑘𝑠𝑠
  [
𝐾 ∙ 𝑚2

𝑊
] (6.7) 

 

As a first hypothesis, the outlet temperature has been considered as equal to the 
inlet one. 
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The convective resistances can be written as: 

𝑅𝑐𝑜𝑛𝑣𝑚𝑖𝑛 =
1

ℎ𝑚𝑎𝑥
 (6.8) 

𝑅𝑐𝑜𝑛𝑣𝑚𝑎𝑥 =
1

ℎ𝑚𝑖𝑛
 (6.9) 

Therefore, the equivalent thermal resistance is given by the sum of the 
convective and conductive ones, since the two are in series: 

𝑅𝑒𝑞𝑚𝑖𝑛 = 𝑅𝑐𝑜𝑛𝑑 + 𝑅𝑐𝑜𝑛𝑣𝑚𝑖𝑛  (6.10) 

𝑅𝑒𝑞𝑚𝑎𝑥 = 𝑅𝑐𝑜𝑛𝑑 + 𝑅𝑐𝑜𝑛𝑣𝑚𝑎𝑥  (6.11) 

Finally, the equivalent heat transfer coefficient is given by: 

ℎ𝑒𝑞𝑚𝑖𝑛 =
1

𝑅𝑒𝑞𝑚𝑎𝑥
≅ 270 [

𝑊

𝑚2 ∙ 𝐾
] (6.12) 

ℎ𝑒𝑞𝑚𝑎𝑥 =
1

𝑅𝑒𝑞𝑚𝑖𝑛
≅ 601 [

𝑊

𝑚2 ∙ 𝐾
] (6.13) 

Different thicknesses have been explored to catch better the influence of the 
resistance conduction: the higher the thickness, the higher the resistance.  
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