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Abstract

An important issue in the design of tokamak divertors is to deal with high energy
fluxes carried by runaway electron beams generated inside the plasma during dis-
ruption events. These beams hit the Plasma Facing Components (PFCs), first wall
and divertor, which must be designed in order to withstand the consequent loads,
that could otherwise cause phenomena such as erosion or melting, followed by a
LOCA (Loss Of Cooling Accident).
With the use of the Monte Carlo code FLUKA, the distribution profile of energy
deposited by runaway electrons in PFCs has been assessed by ENEA, considering
all the possible reactions derived by the collision of the particles inside the materi-
als.
The scope of the present work is to compute the temperature patterns in the EU
DEMO divertor and first wall, in order to forecast the presence of one of the un-
wanted phenomena, starting from the energy profiles computed by ENEA.
In first place, all the assumptions made and all the data used to set up the model
in the FE solver Freefem++ are illustrated: the choice of the energy deposited and
its duration, together with the correlations used for the heat transfer and the ones
used for the thermal properties of the materials.
At the end, the computed results are highlighted: the analysis has confirmed that,
for both the components, large melting can occur, requiring their replacement in
case of runaway electron events, but more catastrophic events (as LOCA) are not
expected.
This work constitutes a good starting point for the analysis of the effects of dis-
ruptions in DEMO, which could affect the design of plasma facing components, in
order to minimize the maintenance costs of the reactor.
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Chapter 1

Introduction

1.1 Magnetic confinement for fusion reactors

Nowadays nuclear fusion represents one of the most promising options in order
to face the energy problem in the world. Many research activities are trying to
demonstrate that this source can be used in order to produce electricity safely. [1]
[2]
Fusion is the process that drives the energy production in the stars. It is a reaction
in which nuclei of 2 or more atoms join together, overcoming the electromagnetic
repulsion, and generating a heavier atom, whose mass is lower than the sum of the
masses of the reactants, and one or more neutrons with a large amount of energy.
The most promising fusion reaction is between two hydrogen isotopes: deuterium
(D) and tritium (T)

D + T →4 He+ n(Q = 17.6 MeV )

the energy produced in the reaction is 14.1 MeV kinetic energy of the neutrons
and 3.5 MeV energy of alpha particles heating the plasma. The main advantage of
this reaction is the lowest activation energy among all the fusion reactions, allow-
ing to reach lower temperatures. The main issue is the confinement of high-energy
neutrons. [3] [4]
In order for the reaction to take place, the nuclei must have energy sufficient to
overcome the repulsive Coulomb force between each other. Such condition can
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1 – Introduction

be reached only at very high temperatures, in the range 107 ÷ 108 K, when the
gas exists in the state of plasma with a balanced number of ions and electrons. [5] [6]

Fusion plasma behaviour is dominated by long-range electric and magnetic fields, as
opposed to short-range Coulomb collisions. A major consequence of this behaviour
is that a plasma is an exceptionally good conductor of electricity (its electrical
conductivity is about 40 times larger than that of copper). This is due to high
temperatures and low particle densities entailing very low resistance to the current
flow.
Among the issues for the development of a reliable nuclear fusion reactor we can
quote:

• the plasma heating

• the plasma confinement

The heating system is fundamental to guarantee that the gas reaches the tem-
perature required to exist in the state of plasma. The gas is injected into the plasma
chamber, where a suitable pumping system is able to provide vacuum. Then, the
heat can be provided by means of high-energy neutral particle beams (α) injected
into the chamber or using RF systems. Once reached the required temperature,
the fusion reaction can be self sustaining if the following relation is satisfied:

nτET ≥ 3 · 1021keV/m3

where n is the density of particles and τE is the energy confinement time. This
condition is called plasma ignition. If it is satisfied (in case the reactor works
ideally) no more external power is required to heat the plasma. However it would
be difficult to control the reaction and the dynamics would be completely turbulent
and stochastic. So it’s preferred the use of an auxiliary power for the heating. [6]
Research studies have demonstrated that the best configuration of the chamber to
provide a good confinement of the plasma and avoid losses, is a torus.
Thanks to the high conductivity of plasma, its confinement can be provided by a
magnetic field, obtained by a combination of three different components, as shown
in figure 1.1:
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1 – Introduction

• toroidal: provided by a series of coils, aimed at forcing the motion of the
plasma particles along the torus

• vertical: provided by a central solenoid, in order to control the position of the
plasma

• poloidal: generated inside the plasma, ensuring its equilibrium

Figure 1.1: Magnetic fields for plasma confinement [7]

The sum of these contributions results in helical trajectories of the charged parti-
cles. [8] [6]
The inducted current in plasma in toroidal direction generates an electric field with
a component parallel to B. This electric field, even if it is small, can cause the accel-
eration of a population of electrons in the plasma from modest velocity (compared
to c) to relativistic speeds. These particles are named runaway electrons (RAE)
(see figure 1.2).
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1 – Introduction

Runaways tends to escape from the plasma striking the first wall of the reactor and
causing damages to the materials due to their high energy.

Figure 1.2: RAE beam [9]

The runaway population is a very strong function of number density of particles
(n) and a practical way to minimize the effects of these electrons is to operate at
sufficiently high n. This condition can be easily satisfied in steady-state condition,
but during start-up n tends to be lower.

The best configuration of fusion reactors, able to guarantee all the characteris-
tics for a good confinement of the plasma and to satisfy all the requirements for a
good stability of the plasma condition, is the tokamak.
The two main projects of fusion reactors with a tokamak configurations are the
ITER and the DEMO. [5]
ITER (International Thermonuclear Experimental Reactor) aims at demonstrat-
ing that fusion plasma can support a steady fusion reaction for a sufficiently long
time.[10]
DEMO (DEMOnstrating fusion power reactor) aims at demonstrating that electric
power can be produced starting from a fusion reaction.[11]
The main components of a tokamak reactor are [6]:
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1 – Introduction

• toroidal plasma chamber, where the fusion reaction occurs (see previous sec-
tions)

• superconducting magnets, aimed at providing plasma confinement

• first wall (FW) of the blanket, which main function is the extraction of the
heat radiated by the plasma [12] [13]

• breeding blanket, which has three functions: extraction of the heat radiated
and carried by particles hitting the FW, by means of a suitable cooling system;
breeding of the Tritium needed for the fusion reaction, in order to achieve its
self-sufficiency; shielding of the magnets from the neutrons leaving the plasma
[12] [13]

• divertor, aimed to extract the ashes produced by fusion reaction, in order to
avoid the poisoning of the plasma and to extract the hat radiated from the
plasma [14]

5



1 – Introduction

Figure 1.3: View of a tokamak section (adapted from [15])

The most critical components, which are now under investigation, are the plasma
facing components (PFCs): the divertor and the first wall.
These elements are exposed to high heat loads, due to the contact with plasma,
which can strongly increase when runaway electrons are generated.
Large runaway currents are expected to be formed during the current quench phase
of disruptions in the reactor. During the termination phase of the disruption, when
the plasma current and the runaway electrons are lost, conversion of the magnetic
energy of the runaway plasma into runaway kinetic energy can occur. Runaway
electrons usually deposit their energy in very short pulses and on localized areas
of these components, leading to a reduction of their lifetime and, in some cases,
requiring their replacement due to melting.[16] [17]

The divertor target plates are the most thermally loaded in-vessel components
because of plasma radiation and neutron irradiation. A feasible design has been
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1 – Introduction

developed, taking into account the high heat fluxes on the plasma facing side.
DEMO divertor is composed of 54 separable cassettes, made of tungsten with
double-layer cooling tubes [18] [19].

Figure 1.4: Divertor cassette of DEMO reactor [20]

The first wall (FW) is the plasma facing part of the DEMO breeding blanket.
Its main function is extracting heat due to heat loads. It is mainly made of EU-
ROFER97, with an armour of tungsten on the plasma facing area, ans it is cooled
with a water system independent from the one of the breeding blanket module [21].
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1 – Introduction

Figure 1.5: Layout of a First Wall module of DEMO reactor[22]

1.2 Aim of the work

The objective of this thesis work is to perform a 2D numerical analysis on PFCs
exposed to RAE generated during disruption in DEMO fusion reactor, aimed at
forecasting the damages, by means of a FEM solver.
Similar analysis has already been conduced for ITER, where the configuration of
the components is slightly different as well as the forecasted energy loads. [23]
Differently from the thermal analyses of DEMO PFCs done until now, for normal
operating conditions of the plasma, in which a superficial heat source is considered,
in this work a volumetric heat souce is used, computed by ENEA by means of a
Monte Carlo code FLUKA. The use of this tool allows to obtain a more accurate
evaluation of the loads, since the the volumetric distribution of the energy released
by the electrons penetrating in the mediums has been computed.
The thesis is structured in three parts.
In the first part, the set-up of the model used for the analysis is described. The first
two sections include the description of the analysed geometries, with the choice of
the computational domains and their discretization.
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1 – Introduction

The third section includes an overview of the Monte Carlo analysis, with the results
used to obtain the heat sources used as input for the model.
The boundary conditions, together with the correlation implemented are described
in the fifth section.
The sixth section lists the material properties of both solid and fluid regions and
explains how they have been implemented in the solver. The last includes the
description of the initial condition used for each analysed configurations.
In the second part there is an overview of the results of the analysis (temperature
patterns and evolutions) for each configurations.
All the results are then discussed in the last part of the thesis, with the conclusions
of the work and the proposals for future developments.

9



Chapter 2

Numerical model

The numerical analysis has been conduced on a FE solver: Freefem++. [24]
The model built for the analysis is based on the 2D transient heat conduction
equation with volumetric heat source

∂T

∂t
= α∇2T + q̇′′′

ρcp

where α is the thermal diffusivity equal to α = k
ρcp

.
The analysed domains, illustrated in section 2.1.3, have been properly discretized
(see section 2.2) and, in order to allow the solution of the problem through the FE
method, a finite element space of piecewise linear functions Vh has been defined on
the analysed domain Th. The variational form of the equation to be solved is∫

Th

k∇T n+1∇v +
∫
Th

ρcp
T n+1 − T n

∂t
v −

∫
Th

q̇′′′v = 0

where v is the so called test function defined in the FE space for the solution of the
equation.
The approximation used to discretize the time is the implicit Backward Euler one.
The choice of the time scheme used is due to its unconditional stability with a local
truncation error of order one in time.
The time step used for the discretization has been chosen by means of a time
convergence study discussed in section A.2.
In this chapter all the elements characterizing the model are illustrated together
with the assumptions done in the set-up phase.
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2 – Numerical model

2.1 Computational domains for the thermal anal-
ysis

The energy profiles, used as input for the computation of the temperature patterns,
have been computed by a Monte Carlo code FLUKA (illustrated in section 2.3.1),
as mentioned in section 1.2.
Starting from the geometrical models used for the FLUKA code, for which energy
deposition profiles have been produced, the computational domains of divertor
element and FW have been simplified, in order to reduce the computational cost.

2.1.1 Divertor geometry

In the Monte Carlo analysis, the geometrical model consists of a 3-D layered struc-
ture with the X-, Y- and Z-axis oriented along the toroidal, the poloidal and the
radial direction, respectively. The divertor element considered for the analysis
has been divided into 22 identical modules, centered on the cooling tubes, with a
toroidal length of 50 cm and a poloidal width of 2 cm. The cooling channels are
arranged along a radial-poloidal path.
Figure 2.1 shows a zoom of a section of the divertor element described above. The
element has a radial extension of 2.3 cm. The cooling tubes are composed by
CuCrZr with a copper interlayer.

11



2 – Numerical model

Figure 2.1: Materials and geometry of the divertor element (quotes in mm)

2.1.2 First wall geometry

In the Monte Carlo analysis, the geometrical model consists of a 3-D layered struc-
ture with the X-, Y- and Z-axis oriented along the toroidal, the poloidal and the
radial direction, respectively. The segment of FW considered for the analysis has
been divided into 36 identical modules, with a toroidal length of 50 cm and a
poloidal width of 2 cm. The cooling channels have been arranged along a radial-
poloidal path, as in the divertor structure.
Figure 2.2 shows a zoom of a section of the FW element described above. The
element has a radial extension of 2.7 cm. The square cooling channels are drilled
in the EUROFER region. The W armour has a thickness of 2 mm.

12



2 – Numerical model

Figure 2.2: Materials and geometry of the FW element (quotes in mm)

2.1.3 Domains

The computational domain of both analysed components are shown in figure 2.3.
The divertor domain is located in a radial-toroidal plane in the central part of

the geometry used for the Monte Carlo analysis, since the energy density is higher
(see figure 2.5). Thanks to the symmetry of the geometry it has been possible to
simplify the domain, considering only half module without the coolant region, since
the energy deposited in the fluid is negligible with respect to the one deposited in
the solid region (see figure 2.5) and thanks to the high Reynolds number (see section
2.5.2).

The FW domain is located in a radial-poloidal plane, differently from what is
shown in section 2.1.2, since the arrangement used for the cooling channels for the
Monte Carlo analysis was misinterpreted.
The pressurized water temperature in the channel of the FW changes, just like its
mass flow rate, with the poloidal position of the element. In order to analyse the
most critical condition, the domain is located in the highest region of the wall,
where the coolant temperatures are higher and its mass flow rate is lower. As

13



2 – Numerical model

the divertor domain, the FW one has been simplified thanks to symmetry of the
geometry, considering only half module without the coolant region, since the energy
deposited in the fluid is negligible with respect to the one deposited in the solid
region (see figure 2.6) and thanks to the high Reynolds number (see section 2.5.2).

(a) (b)

Figure 2.3: Computational domains: (a) divertor and (b) First Wall, respectively

2.2 Mesh

The computational domain is discretized in Freefem++, using the command buildmesh

to generate a 2D triangular unstructured mesh.
In order to obtain a uniform mesh, for a more accurate interpolation of the data
computed in the Monte Carlo analysis (section 2.3.1), the borders are discretized
with a number of points proportional to the one used to discretize the shortest
edge.
Figure 2.4 shows an example of mesh for both divertor and FW domains. The grids
used are much more refined than the ones shown in the figure.
The mesh has been chosen after a space convergence study illustrated in appendix
A.1.

14



2 – Numerical model

(a) Divertor

(b) First Wall

Figure 2.4: Mesh

Table 2.1 lists all the characteristics of the grids used in the analysis.

15



2 – Numerical model

Configuration Average characteristic length [m] Number of elements
Divertor - 1◦ 2.62e− 05 262118
Divertor - 10◦ 3.39e− 05 180218
FW - 1◦ 3.05e− 05 168964
FW - 10◦ 3.05e− 05 168964

Table 2.1: Mesh characteristics

2.3 RAE heat load

The profile of the energy deposited by runaway electrons has been computed by
means of the Monte Carlo code FLUKA. [25] [26]
The output of the code (shown in figures 2.5 and 2.6) has been normalized in order
to obtain the heat source to be implemented in the model (section 2.3.2).

2.3.1 FLUKA code

FLUKA is a multi-particle Monte Carlo code, suitable to deal with particle and
radiation transport problems. This code is able to give an accurate description of
the most important electron-photon interactions, reproducing correlations as far as
possible and avoiding unnecessary approximations.
The range of energies, that can be covered from the code, goes from few eV to
thousands of TeV . For the specific problem of runaway electrons in DEMO, for
both electrons and photons, the minimum threshold energy for production and
transport is set to 100 keV .
The RAE beam energy has been considered as uniform and the single incident
electron energy equal to 20 MeV . Gamma interactions with nuclei are switched off
in FLUKA for this problem, since the contribution of the photonuclear reactions
induced by gamma is negligible [27].
Two different incidence angles of the RAE beam have been considered for both the
analysed components: 1◦ and 10◦.

16



2 – Numerical model

Energy deposition maps

The energy deposition in the code is scored both component by component (armour,
heat sink, tube wall, cooling fluid in each module), to verify the energy balance
fulfilling, and with geometry binning option, by subdividing the geometry into a
spatial grid based on Cartesian axes. For both components, two different binning
options have been used:

• a low resolution binning covering the full geometry (2 cm poloidal width and
50 cm toroidal length)

• a high resolution binning for the central part of the geometry (2 cm poloidal
width and 8 cm toroidal length, centred at the X coordinate 20 cm)

In the table 2.2 the bin dimensions of both binning options are listed.

X-toroidal Y-poloidal Z-radial
[cm] [cm] [cm]

Low resolution 0.2 2 0.2
High resolution 0.025 2 0.025

Table 2.2: Binning options for Monte Carlo analysis

The maps of volumetric energy deposition of both divertor element and FW
element are shown in figures 2.5 and 2.6. These profiles generated per single elec-
tron, need to be normalized on the total energy deposited on the components by
the runaway beam, in order to be used for the computation of the temperature
patterns.

17



2 – Numerical model

Figure 2.5: Volumetric heat deposition [GeV/cm3] in the divertor for a 1◦ RAE
incidence angle

18
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Figure 2.6: Volumetric heat deposition [GeV/cm3] in the FW for a 1◦ RAE incidence
angle

2.3.2 Volumetric heat source for thermal analysis

As explained in section 1.1, runaway electrons are generated during disruptions at
high current. There are several mechanisms and sources which affects the runaway
generation, that can be mitigated injecting impurities in the plasma such as pure
Ar or Ne.
Table 2.3 summarizes the ranges of runaway energy and runaway current for each
impurity.

19



2 – Numerical model

Ar Ne
Runaway current [MA] 13÷ 16 15÷ 17
Runaway beam energy [MJ] 50÷ 60 40÷ 50

Table 2.3: Runaway beam energy and current [17]

The highest runaway current and beam energy are predicted for the longest
current quenches (100 ms).

The value of the beam energy chosen for the thermal analysis is the one associ-
ated to the worst scenario:

Ebeam = 60 MJ

The RAE beam diameter is equal to at least half of the plasma diameter before
RAE production, so the incident area of the beam on the PFCs is more extended
than the surface analysed in Monte Carlo analysis (2 cm x 50 cm). In order to take
into account this difference, the value of the beam energy has properly re-scaled
with a factor equal to 10−2.
The beam duration (energy deposition time) has been considered same order of
magnitude of the current quench time

tdep = 200 ms

and the power deposition has been assumed as constant with time.
Once these two values have been fixed, the energy profiles, computed by means of
FLUKA code, have been properly normalized integrating the results of the Monte
Carlo analysis on the entire considered geometry:

Ebeam =
n∑
i=1

m∑
j=1

γeijdv

being n the number of bins along X-direction and m the number of bins along
Y-direction, eij the energy deposited per unit of volume by a single electron in the
bin ij and γ the normalization factor.

Figures 2.7 and 2.8 show the normalized power density maps, used for the anal-
ysis, for both the beam incidence angles taken into account in the Monte Carlo
analysis.
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(a) (b)

Figure 2.7: Power density maps for 1◦ incidence angle: (a) divertor and (b) First
Wall, respectively

(a) (b)

Figure 2.8: Power density maps for 10◦ incidence angle: (a) divertor and (b) First
Wall, respectively

In table 2.4 the data of the maximum power density and the ones of power
deposited on the analysed domain are summarised. The energy deposited in the el-
ement is the same for each incidence angle, but in the 1◦ configuration the maximum

21
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power density is higher, since the deposition is concentrated on the inner surface
of W, while in the 10◦ configuration the beam permeates more deeply in the PFC.
The tungsten is expected to reach faster its melting point in 1◦ configuration, while
in 10◦ configuration the core will reach higher temperatures.

Configuration Maximum power density Power deposited
[kW/cm3] [kW ]

Divertor - 1◦ 461 86
Divertor - 10◦ 396 85
FW - 1◦ 486 51
FW - 10◦ 423 50

Table 2.4: Heat source characteristics

In the analysis two different scenarios have been considered, connected to the
moment when disruption occurs:

• beam generated during the plasma start-up: the component is at a constant
temperature equal to the one of the coolant

• beam generated when the plasma is at steady state operation: the initial
temperature distribution depends from the heat load in this condition

For the divertor element, both the scenarios have been analysed, assuming as
heat load in normal operating conditions, the target value of 10 MJ/m2. For the
FW element, the analysis has been carried on only for the first scenario.

2.4 Boundary conditions

The solution of the problem (shown at the beginning of this chapter) must satisfy
constraints called boundary conditions.
For the analysed problem, in both component, only two types of boundary condi-
tions have been used:

22



2 – Numerical model

• Neuman homogeneous BC: the derivative of the solution normal to the bound-
ary is null. This means no heat is exchanged on that boundary. This conditions
has been fixed on the symmetry boundaries and on the external wall, in order
to obtain a more conservative solution.

• Neuman non homogeneous BC: the derivative of the solution normal to the
boundary, multiplied by the thermal conductivity, is equal to the value of the
heat flux exchanged. This condition has been fixed on the convective pipe
wall (cb), where the component is cooled by water, and on the radiative inner
wall (rb), where the hot surface hit by the RAE beam will transfer heat by
irradiation towards the remaining part of the FW

The boundaries are highlighted in figure 2.9.

(a) Divertor (b) First Wall

Figure 2.9: Boundaries

The equation solved on Freefem++, including the boundary conditions is
∫
Th

k∇T n+1∇v +
∫
Th

ρcp
T n+1 − T n

∂t
v −

∫
Th

q̇′′′v +
∫
cb

(q̇bw + q̇conv)v +
∫
rb
q̇radv = 0

The code used to implement the equation on Freefem++ is

problem transient(Tnew,v)=int2d(Th)(kk*(dx(Tnew)*dx(v)

+dy(Tnew)*dy(v)))
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+int2d(Th)(rho*cp*Tnew*v/dt)

-int2d(Th)(rho*cp*TT*v/dt)

-int2d(Th)(qq*v)

+int1d(Th,903)(qrad*v)

+int1d(Th,101)(qwall*v);

where qq is the volumetric heat source, qrad is the radiative heat flux released on
boundary 903, qwall is the convective heat flux exchanged on boundary 101, Tnew

is the temperature at time step n+ 1 and TT is the temperature at time step n.

2.4.1 Convective heat transfer correlations

The convective heat flux is generally computed as

q̇conv = A(Twall − Tbulk)

The correlation used in the model to compute the heat transfer coefficient (HTC)
between the inner wall and the heat sink, differs according to the analysed regime:

1. Sieder-Tate correlation for the forced convection regime (T < Tsat) [28]

2. Rohsenow correlation for the subcooled boiling regime (T >= Tsat) [29]

Sieder-Tate correlation, differently from the most used Dittus-Boelter one, al-
lows to compute a local value of the heat transfer coefficient that is temperature
dependent. The correlation for the Nusselt number Nu is

Nu = 0.027Re0.8Pr
1
3

(
µ

µs

)0.14

where Re is the Reynolds number, equal to Re = ṁ·DH

µ·A , ṁ is the mass flow rate,
µ is the viscosity of water at Tbulk, DH is the hydraulic diameter, A is the heat
exchange area, Pr is the Prandtl number, equal to Pr = cp·µ

kw
, cp is the specific

heat of water a Tbulk, kw is the thermal conductivity of water at Tbulk and µs is the
viscosity of water at Twall.
The heat transfer coefficient is then computed as h = kw

DH
Nu

The figure 2.10 shows the heat transfer coefficient in the forced convection regime.
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By means of the software Matlab, an interpolating function has been computed for
each components (due to the different properties of the coolant) and then imple-
mented in the model on Freefem++.

(a) Divertor (b) First Wall

Figure 2.10: Heat transfer coefficient (HTC) in forced convection regime

Rohsenow correlation simulates the fluid as single-phase and is used to compute
directly the heat flux exchanged at the wall in boiling regime, to be sum to the heat
flux exchanged in forced convection regime at saturation temperature, following the
superposition principle

q̇bw = µlhlat

√
g(ρl − ρv)

σ

(
Cpl(Twall − Tsat)
CqwhlatPrnp

)3.03

where µl is the liquid dynamic viscosity at Tsat, hlat is the latent heat of vaporization,
g is the gravitational acceleration, ρl and ρv are the liquid and the vapour density at
Tsat, respectively, σ is the surface tension at Tsat, Cpl is the liquid heat capacity at
Tsat, Cqw is an empirical coefficient depending on the solid-liquid interface conditions
assumed equal to 0.0147, np is the exponent of the Prandtl number equal to 1 [30].
For the implementation of this correlation in the model, a damping function is
looked for to avoid the instabilities in the simulation. These instabilities are due
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to the incorrect computation of a convective power exchanged, higher than the one
deposited in the analysed domain. In order to reduce this phenomenon (or delete
it), the correlation has been implemented in a different way

q̇bw = µlhlat

√
g(ρl − ρv)

σ

(
Cpl(Tgm − Tsat)
CqwhlatPrnp

)3.03

where Tgm is the wall temperature geometric mean between the two previous iter-
ations of the model. [31]

2.4.2 Radiative heat transfer correlation

The formula used to compute the radiative heat flux released by the inner surface
of the PFC is the Stefan-Boltzmann law, valid for blackbodies.
A blackbody is defined as a perfect absorbing and emitting surface.
The correlation states that the emissive power of a blackbody is proportional to
the fourth power of its surface temperature

q = σT 4

where σ is the Stefan-Boltzmann constant equal to 5.670 · 10−8 W/(m2 ·K4).
Being a blackbody an ideal condition, the Stefan-Boltzmann law is modified intro-
ducing a factor called emissivity, defined as the ratio of the power emitted by a real
surface and the power emitted by a blackbody at the same temperature.[32]
The heat flux emitted by the surface hit by runaway beam is computed as

q̇rad = σε(T 4 − T 4
m,FW )

where the emissivity has been assumed ε = 0.4 [33] for the tungsten and the average
temperarture of the FW surface is assumed Tm,FW = 550 oC in normal operating
condition of the plasma.

2.5 Material properties

2.5.1 Solid region

Figure 2.11 shows the thermal properties of W [34][35], Cu [36], CuCrZr [37] and
EUROFER97 [38] used for the analysis. For the temperature dependent properties,

26



2 – Numerical model

suitable equations have been computed, starting from literature databases. The
constant properties are listed in the graphs too.

Figure 2.11: Material properties

Figure 2.12 shows the thermal properties of W in liquid phase. Since the beam
deposits the main fraction of energy in the first 2 mm of W, it is expected to
reach its melting point, so suitable equations have been computed for W thermal
properties in liquid phase too. The specific heat is constant and equal to cp,W =
279.81 J/(kg ·K).
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Figure 2.12: W properties in liquid phase

The melting points of each materials are listed in table 2.5 (for EUROFER97
the value has been assumed, due to the lack of data).

Material Tmelt [◦C]
W 3421.85
Cu 1085
CuCrZr 1075
EUOFER97 1100

Table 2.5: Melting temperatures

The tungsten region will undergo the highest rise of temperature and it is ex-
pected to reach its melting point in both divertor and FW, since the highest fraction
of energy is deposited in the first 2 mm of W, as shown in figures 2.7 and 2.8.
The melting of W has been analysed by means of the apparent heat capacity
method. In this numerical fixed-grid method the phase-change is investigated in a
defined temperature range between Tsol = Tmelt − δ and Tliq = Tmelt + δ (mushy
zone), where δ has been assumed equal to 5 oC. The heat conduction equation is
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then solved implementing for the specific heat of W a piecewise function as shown
in figure 2.13, with the value in mushy zone computed as

cmz = ∆hf
Tliq − Tsol

with the latent heat of fusion equal to ∆hf = 52.3 kJ/mol.

Figure 2.13: Specific heat of W during phase-change

The choice of a fixed grid method is a simplification done in order to avoid, in
first approximation, the use of a movable boundary and the possibility of loss of
material.
The boiling of W has been neglected, in first approximation, for the same reason.
The thermal properties of the region exceeding the boiling temperature (equal to
5660 oC [39]) have been assumed as constant and equal to the ones at Tboil for the
computation.

Since the thermal properties of the materials are temperature dependent, an it-
erative method should guarantee a better evaluation of the temperature T at the
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step n+1. In order to reduce the computational cost, the frozen coefficient method
has been adopted, computing the properties as function of T n and avoiding the use
of an iterative method.

2.5.2 Cooling fluid

The cooling system of both the PFCs analysed, uses pressurized water as fluid. In
table 2.6, the data used for the analysis are summarized. Due to the high Reynolds
number, in order to simplify the computation, the water has been considered at
a constant temperature equal to Tbulk. This simplification allows not considering
the fluid region, but suitable correlations have to be used to take into account the
high temperature drops that can be reached at the solid-liquid interface (see section
2.4.1), which can cause the boiling of water on the contact surface.

FW Divertor
P [MPa] 15.5 5.5
Tsat [oC] [40] 344.8 270
v [m/s] 1 16
Tbulk [oC] 340.2 156

Table 2.6: Coolant data

Tbulk has been chosen, in order to analyse the worst case, for both component,
assuming that the runaway beam could hit any zone in the vessel with the same
probability. For the divertor element, the temperature considered is the one at
the outlet section of the cooling channel. For the FW element, the temperature
considered is the maximum one that can be reached in the cooling channels, located
in the highest region of the wall.

2.6 Initial condition

The initial condition of the problem depends on the analysed scenario (see section
2.3.2):
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• In case of disruption during the start-up phase of the plasma, the reactor would
be still cold, so the temperature is assumed as constant and, for simplicity,
equal to the one of the coolant (156 ◦C for the divertor and 340.2 ◦C)

• In case of disruption occurring when the plasma is at normal operating condi-
tion (for divertor), the initial temperature pattern depends on the heat load,
assumed equal to 10 MJ/m2. This profile is shown in figure 2.14

Figure 2.14: Temperature profile in normal operating conditions

The initial temperature profile can strongly affects the final solution, since the
maximum temperature of W is higher of 800 ◦C in normal operating conditions
and the maximum temperature at the pipe wall is higher than Tsat.
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Results

In this section the main results of the numerical 2D analysis are shown and dis-
cussed. The main analysed results for each configuration are:

• maximum temperature evolution in each materials, in order to investigate
whether the melting point is reached or not

• maximum temperature evolution at pipe wall, in order to study the behaviour
of the cooling fluid

• final temperature distribution, in order to account the damages caused by
RAE beam

3.1 Divertor - Scenario 1

The transient has been analysed for the entire deposition time (200 ms), starting
from the constant initial temperature equal to 156 ◦C, a thickness of W region
overcomes the melting point, while the temperature of the layers of cooling pipes
remains always below the melting point of copper and CuCrZr for both configura-
tions of beam incidence angle (figure 3.1).
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(a) Temperature of W region

(b) Temperature of pipe layers

Figure 3.1: Maximum temperature evolution in scenario 1 for divertor component

The maximum temperature on the pipe wall overcomes the saturation temper-
ature of the water at 5.5 MPa, so nucleate boiling is expected to form and the
heat transfer coefficient is enhanced (figure 3.2). The temperature difference ∆Tsat
is higher than 30 ◦C, so the convective heat flux might overcome the critical heat
flux (CHF) and the surface of the pipe would be completely covered by a vapour
blanket, which hinders the heat exchange. In figure 3.3 the temperature profile on
the pipe wall is illustrated: since the area above the saturation temperature is lower
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than 35% of the total exchange area, the analysis on CHF has been neglected and
the correlations used for the heat transfer have been considered acceptable.

Figure 3.2: Maximum temperature evolution on pipe wall in scenario 1 for divertor
component

Figure 3.3: Temperature profile on pipe wall in scenario 1 for divertor component
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Figures 3.4 and 3.5 show the final temperature patterns in both incidence angle
configurations, for the first analysed scenario. The amount of melted W is shown
in grey. In both cases the melted region corresponds to a thickness of 2 mm.

Figure 3.4: Final temperature pattern for a 1◦ incidence angle in scenario 1
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Figure 3.5: Final temperature pattern for a 10◦ incidence angle in scenario 1

For the 1◦ incidence angle configuration the transient has been analysed even
after the deposition time, in the cooling phase, without the volumetric heat source,
in order to highlight the behaviour of the divertor. The assumptions for this analysis
are the same done for the previous analysis (no loss of material). Figure 3.6 shows
the maximum temperature evolution in time of all the regions. While the maximum
temperature of W strongly drops down at the beginning of the cooling phase, the
temperature in the pipe layers has a little rise, due to the heat conduction from
the hot zone of the component. The cooling phase is much slower than the heating
one, but all the melted tungsten might solidify in a time interval lower than 0.5 s.
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(a) Temperature of W region

(b) Temperature of pipe layers

Figure 3.6: Maximum temperature evolution in cooling phase

3.2 Divertor - Scenario 2

The transient has been analysed for the entire deposition time (200 ms), starting
from the initial temperature profile equal to the one in normal operating conditions,
when the incident heat flux on the inner surface is equal to 10 MW/m2 (see figure
2.14). A thickness of W region overcomes the melting point, while the temperature
of the layers of cooling pipes remains always below the melting point of copper
and CuCrZr for both configurations of beam incidence angle (figure 3.7). In the 1◦
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configuration the maximum temperature of W reaches the boiling point too.

(a) Temperature of W region

(b) Temperature of pipe layers

Figure 3.7: Maximum temperature evolution in scenario 2 for divertor component

The maximum temperature evolution on the pipe wall is shown in figure 3.8,
while figure 3.9 illustrates the temperature profiles on the wall. As in the first
scenario, the analysis on CHF has been neglected and the correlations used for the
heat transfer have been considered acceptable.

38



3 – Results

Figure 3.8: Maximum temperature evolution on pipe wall in scenario 2 for divertor
component

Figure 3.9: Temperature profile on pipe wall in scenario 2 for divertor component

Figures 3.10 and 3.11 show the final temperature patterns in both incidence
angle configurations, for the first analysed scenario. The amount of melted W is
shown in grey. In both cases the melted region corresponds to a thickness of 2 mm.
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Figure 3.10: Final temperature pattern for a 1◦ incidence angle in scenario 2

Figure 3.11: Final temperature pattern for a 10◦ incidence angle in scenario 2
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As expected the second analysed scenario is more critical than the first, since the
overall resulting temperature profiles for both the incidence angle configurations
are higher.

3.3 First Wall

Differently from the divertor component case, the transient for FW has not been
analysed for the whole deposition time, since a critical condition occurs before: the
melting of the EUROFER region. The analysis has been carried on until the maxi-
mum temperature of EUROFER reaches a value close to its melting point (assumed
equal to 1100 ◦C). Figure 3.12 shows the maximum temperature evolution of both
W and EUROFER region. When the critical condition occurs, the tungsten region
has not still reached its melting point.
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(a) Temperature of W region

(b) Temperature of EUROFER region

Figure 3.12: Maximum temperature evolution for FW component

Figure 3.13 shows the temperature distribution near the inner wall of the FW
component. This picture highlights that the temperature along the poloidal direc-
tion is quite uniform and the melting of the EUROFER should interest the entire
contact surface with W.
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(a) 1◦ incidence angle (b) 10◦ incidence angle

Figure 3.13: Temperature distribution near the wall hit by RAE beam, in FW
component
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Summary and conclusions

The purpose of this thesis work was to perform a thermal analysis on plasma facing
components in DEMO fusion reactor (first wall of the blanket and divertor), hit by
a runaway electron beam generated during disruptions in the plasma, in order to
account the possible consequent damages.
The analysis has been carried on by means of a model described in the second part
of the thesis, implemented on a FEM solver FreeFem++. The volumetric energy
maps used as input for the heat conduction code have been computed by means of
the Monte Carlo code FLUKA and have been provided by ENEA. Once fixed the
energy carried by the runaway beam (properly re-scaled) and the deposition time,
the temperature patterns have been computed.
The main results, shown in the third part of the thesis, highlight the presence of
damages in both divertor and first wall.
For the first wall the critical condition of melting of EUROFER region is reached
in almost 20% of deposition time and it is not further analysed, due to the lack of
data of material properties (such as the real melting point, the thermal properties
in liquid phase and the latent heat of fusion).
For the divertor component a melting of ∼ 2 mm of W in all the analysed configu-
rations is forecasted, with the possibility of boiling in one of the cases. The melting
of the cooling tubes is not expected to occur, so catastrophic accidents such as
LOCA would not happen.
This work can be the starting point to more accurate analyses aimed to properly
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design PFCs able to withstand high energy pulses due to runaway electron events,
without the occurrence of big damages. Among the improvements that the analysis
could require, there are:

• Improvement the geometry assessment: accounting the presence of limiters
in the plasma chamber and evaluating the correct incidence surface of the
runaway beam

• Implementation of different models for the phase-change in the tungsten region
(such as the use of a movable boundary), accounting the loss of material, due
to evaporation or removal by electromagnetic forces

• Evaluation of the maximum energy load that components in the current state
of art can withstand, avoiding any damage

• Evaluation of the temperature rise in the cooling fluid, in order to forecast the
presence of extended film boiling that would affect the performances of the
cooling system, moving to a fully 3D simulation
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Appendix A

Convergence studies

A.1 Space convergence study

The analysis has been done for every analysed configuration (2 for divertor and 2
for FW, considering the 2 different incidence angles), comparing the average tem-
perature and the maximum one after 1 ms of transient. The number of elements
on each edge have been changed and the error, on both the analysed temperature,
has been computed with respect to the results on the most refined grid, assumed
to be the most correct ones.
Figures A.1 and A.2 show the computed errors. For each configuration the chosen
mesh is able to guarantee a relative error lower than 0.1% on both Tav and Tmax,
which has been considered as reasonable in order to have reliable results and to not
increase the computational cost too much.
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Figure A.1: Space convergence study on Tav

Figure A.2: Space convergence study on Tmax
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A.2 Time convergence study

The time convergence study has been done after the choice of the mesh. Just as in
the space convergence study, the average temperature and the maximum one have
been compared after 1 ms of transient.
Figures A.3 and A.4 show the computed errors. The time step chosen for all the
configuration is ∆t = 0.01 ms, that is able to guarantee a reasonable error, always
lower than 0.5% on Tmax, without increasing the computational cost too much.

Figure A.3: Time convergence study on Tav
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Figure A.4: Time convergence study on Tmax
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