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The development of new sources of electric energy is a requirement for the evolution of Mankind.
Amongst them, fusion energy promises to be a safe, clean and efficient source. DEMOnstration
Power Plant (DEMO) is considered the mid-step between fusion experimental reactors and a future
Fusion Power Plant. In this dissertation, the development of a reduced-activation-ferritic-martensitic
steel (eurofer-97) blanket and the preliminary design of its cooling system is conducted. This is mo-
tivated by the high temperatures (∼ 5000 ◦C) of the blanket (without cooling), mainly originated by
the neutron fluxes, which are above the maximum operation temperature of eurofer-97 (∼ 550 ◦C),
the maximum temperature driving criteria. Numerical solutions of the transport problem and ther-
mal Finite Element Analyses (FEA) are performed using the MCNP and ANSYS codes, respectively,
leading to a novel preliminary helium propelled cooling system that contemplates beryllium reflec-
tometry antennas plasma facing tiles. Results show that the maximum temperatures decrease to
∼ 900 ◦C. Although this decrease is insufficient, the maximum reveals to be localized in regions less
effected by the cooling system. Thus, to mitigate the temperatures in these regions, optimization
of the cooling system should be contemplated in future works.
Keywords: fusion, DEMO, blanket, reflectometry, thermal analysis, neutronics.

I. INTRODUCTION

Magnetic Confinement Fusion (MCF) promises to be
the way to a clean and efficient electric energy source [1].
This goal presents many challenges, for both physicists
and engineers, e.g., the need to build physical models
that better describe the plasma behavior, development
and study of materials for fusion reactors and improve-
ment of systems for diagnostic and control of the plasma.
The European DEMO is a MCF tokamak device, cur-
rently in the conceptual development phase of design, and
it is supposed to be the step between ITER and a Fusion
Power Plant (FPP), in such a way that many of the con-
cepts and designs are proposals for a future commercial
FPP [2].

Fusion reactions are nuclear reactions in which two
light atom nuclei (with low binding energies, in compar-
ison with other nuclei) are able to collide and merge. A
measure of the probability of occurence of such reactions
is the reaction cross-section (σ) and the available values
are usually obtained experimentally [3]. As high ener-
gies are needed for fusion reactions to occur, in order to
use fusion for the production of electric energy, the fusion
reaction that least energy requires to ignite is desirable.
Experimental and analytical results show that the fusion
of deuterium (D) with tritium (T) has the highest σ at the
lowest energy (see fig. 1). In fusion reactors the range of
particle energies is ∼ 20 keV ∼ 108 K, 1000 times higher
than the first ionization energy of hydrogen meaning that
for fusion to occur, the DT gas is fully ionized, i.e., a
plasma. A plasma is defined to be an highly conductive
medium composed by unbound positively and negatively
charged particles, meaning that the overall charge of the
medium is roughly zero (quasi-neutrality) [4].

From the D — T reaction two particles result: one α
particle with 3.5 MeV and one neutron with 14.1 MeV.
While the α particles are electrically charged, thus be-
ing, ideally, confined in the magnetic field, the highly
energetic neutrons are not, being only stopped when en-

FIG. 1: Experimental nuclear cross-sections for three fusion
reactions as function of the D kinetic energy. Source: [1].

counter the reactor’s vessel walls (or blankets). Neutrons
are expected to be the source of most of the heat in
Plasma Facing Components (PFCs).

In order to transform the neutron energy into electric
energy, the blankets must be equiped with a system of
cooling channels. In the cooling channels either liquid
H2O or He may be used as coolants. The coolants, kept
at high pressures in order to maintain the liquid phase
when travelling through the blanket, are then sent to a
system of heat exchangers and turbines in which the ab-
sorbed thermal energy is transformed into electric energy.

Such an intricate system requires compatible diagnos-
tic and control systems and is stated as a mission in
the fusion roadmap [5]. Through reflectometry of mi-
crowaves, one can measure both the plasma density and
the plasma position over a full poloidal geometric cross-
section. These measurements are crucial for the operation
of devices of the dimension of DEMO (and FPP).

During reentry of vehicles in the Earth’s atmosphere,
a so called reentry plasma is formed and temperatures as
high as 1600 K, higher than the ones expected in DEMO’s
PFCs, are felt by the vehicle’s surfaces [1, 6]. As such,
thermal analysis must be conducted and, just like for
PFCs, high temperature resistant materials such as tung-
sten and carbon composites are considered [7].

In this work, some gaps in the current design of the
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reflectometry system for DEMO are intended to be filled,
being evaluated new ways to decrease the maximum tem-
peratures of a blanket associated with the system. This
is done by analizing the influence of the neutronic fluxes
of several materials in DEMO burning conditions on the
thermal performance of the structure, according to the
available numerical methods. In section II, are described
the main concepts of MCF, the challenges that the de-
sign of a PFC may face, the basic equations used for the
description of the heat transfer problem and the equa-
tions that allow to obtain its numerical solution through
the Finite Element Method (FEM). In section III, the
methodologies to obtain the numerical solution of the
heat transfer problem are developed. Section IV con-
tains the main original results obtained for the verifica-
tion cases and heat transfer problem over the PFC. Fi-
nally, in section V, the main conclusions and proposals
for future work are presented.

II. FUNDAMENTALS

A. Magnetic confinement fusion

The high temperatures needed for fusion to occur
(∼ 108 K) turn the DT gas into a plasma. The pur-
pose of creating such a high temperature and low density
plasma, along with the scientific interest that such sys-
tems provide, is to develop an highly efficient power plant.
To do so the plasma must be confined in such a way that
the high temperatures do not reach the walls of the ves-
sel in which it is confined (blankets), as they would be
damaged. The fact that plasmas are an agregate of posi-
tively and negatively charged particles suggests the use of
magnetic and electric fields to control the particle’s path,
thus avoiding the walls.

In tokamaks the plasma is shaped into a torus through
means of toroidal magnetic fields (Bφ), applied to the
plasma through external coils, typpically superconduc-
tors, with a shape similar to the torus cross-section. This
process unbalances the system due to the diferent veloc-
ities of the particles in the inner and outer radius. Thus
plasma pressure equilibrium is required which is obtained
by the application of poloidal magnetic fields (Bθ). The
poloidal field is usualy generated by the toroidal current
that flows through the plasma. By combining the two
magnetic field directions, the plasma particles are forced
to describe helical trajectories along the torus.

In fig. 2 a torus section of the European DEMO toka-
mak is illustrated. While some sets of coils are mainly
used to generate Bφ and Bθ, others are used to shape
the plasma. The shape of the plasma proved to be of
extreme importance on the performance of tokamaks as
vertically elongated cross-sections provide advantages in
confinement and achievable plasma pressure, which in-
creases the plasma reactivity [8].

The presence of impurities in the plasma is responsi-
ble for its cooling as the fuel is diluted and the radiation
losses to the First Wall (FW) increase. Impurities are
present in the Earth’s atmosphere or are formed during
the plasma burn, through means of plasma-wall interac-
tion or from reactions that may occur in the plasma. To
eliminate the presence of these impurities the plasma is
formed in a quasi-vacuum. A wall baking process is also
used which heats the walls periodically in order to release

FIG. 2: 22.5◦ torus section of the European DEMO tokamak.
Source: [9].

deposited impurities due to erosion of the vessel or hy-
drogenic species (as the valuable T ) allowing for a cleaner
in-vessel environment for the plasma burn.

During the plasma burn, the presence of impurities is
controlled by defining a region of low temperature and
density that separates the plasma from the blankets, i.e.,
the Scrape-Off Layer (SOL). This region is responsible
for channeling heat and impurities that leave the plasma
core and blankets to specific regions capable to sustain
high heat loads. In DEMO this is planed to be obtained
through a complex magnetic configuration that builds a
plasma topology with a magnetic separatrix, leading, ide-
ally, the flux of particles and energy into a high temper-
ature resistant region, the divertor (see fig. 2). The vac-
uum pumps are located close to this region, which allows
the removal of the particles and the control of the plasma
and SOL composition with reduction of the impact over
the divertor tiles.

In order to reach fusion conditions the DT plasma must
be heated. In initial phases of operation heating by Joule
effect (ohmic heating) dominates, as the plasma resistiv-

ity (µ) is ∝ T− 3
2 . After, other methods must be used

such as heating by electromagnetic (e.m.) waves and/or
heating by injection of neutral particles.

The Lawson criterion intends to quantify, through
means of measurable quantities, neτE , the performance
of a fusion device. By performing a power balance to
the system, one may reach to a lower limit of this quan-
tity for ignition to occur, i.e., for the fusion energy to be
sufficient to maintain the plasma temperature against all
losses without external heating. A slightly changed quan-
tity is more commonly used than the one stated by John
Lawson, which is the fusion triple product, the product of
the electronic density (ne), plasma temperature (T ) and
the energy confinement time (τE), defined as the average
time that the energy takes to escape the plasma. Con-
sidering that the plasma has 0% of impurities, that equal
portions of D and T are used and that the ion and elec-
tron temperature is equal, the lower limit of this quantity
arrises at T = 14 keV:

neTτE =
12kBT

2

〈σv〉DTEα
' 3× 1021 keV s m−3, (1)

where kB is the Boltzmann constant, Eα the energy
carried by the α particles resultant from D — T and
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FIG. 3: Main configuration of the DEMO blanket.
Source: [13].

〈σv〉DT the average over the Maxwellian distribution of
σv at T = 14 keV. In 1997, the JET and the TFTR
experimental tokamaks realized DT experiments that
achieved performances close to break-even conditions in
which the fusion power equals the heating power, with
neTτE ∼ 1020 keV s m−3 and ITER, the biggest fusion
experiment ever built, is expected to reach burning con-
ditions with triple products ∼ 1021 keV s m−3.

Although the objective of a MCF device is to con-
tain the fusion plasma in such a way that the plasma
itself is apart from the walls, the energy that leaves the
plasma torus, either through diffusive losses, radiative
losses (mainly bremsstrahlung radiation) and neutron
fluxes, is immense. Moreover, dynamic events, such as
plasma instabilities inherent of vertically elongated plas-
mas, have the potential to damage the wall as highly lo-
cated heat and particle fluxes may hit the PFCs resulting
in extremelly high temperatures (∼ 2000 ◦C). As such,
difficulties arrise as PFCs must be designed considering
not only the high heat and particle fluxes expected —
for DEMO these quantities are, respectivelly, estimated
to be ∼ 0.5 MW m−2 and ∼ 1019 neutron m−2 s−1 — but
also the integration of actuators, diagnostics and control
systems.

Some well accepted concepts for the DEMO blanket
exist, especially for the tritium breeding blankets, consid-
ering cooling either with pressurized H2O and He [9, 10].
Genererally, most of the blanket concepts share a simi-
lar main structure which consists in a thin high temper-
ature resistance (Tmelting = 3400 ◦C [10]) tungsten (W)
armour in the FW and after arrangements of the reduced-
activation-ferritic-martensitic alloy eurofer-97 (see fig. 3),
with T opmax = 550 ◦C [10]. The JET ITER-like wall con-
siders also beryllium as it is a material with desirable
properties due to its low density, high temperature resis-
tance (T opmax = 800 ◦C [11]) and neutron multiplier prop-
erties [12]. Eurofer-97 has the lowest operation tempera-
ture, being usually the driving criteria for thermal studies
in DEMO.

As result of instabilities inherent to the system, diag-
nostic and control systems must be acquainted for a fu-
ture DEMO and FPP. There are essential quantities that
must be measured in order to maintain fusion reactions
and protect the device itself such as the plasma position,
shape and density [14].

Due to Debye shielding, process responsible by the
blackout of communicantions during the reentry of ve-
hicles in the Earth’s atmosphere, e.m. waves can only
travel through plasma if its frequency is higher than a

FIG. 4: Basic representation of a microwave reflectometry
system for plasma density profile measurements. Source: [15]

characteristic plasma frequency, defined as

fplasma ≈

√
nee2

4π2ε0me
, (2)

where e is the elementary charge, ε0 the vacuum per-
mittivity and me the electron rest mass. This frequency
stands as a lower limit for the propagation of e.m. waves
and depends only on the electronic density ne. For
DEMO, ne is expected to be ∼ 1019 − 1021 m−3, mean-
ing that the plasma frequency will be in the microwave
frequency band of the e.m. spectrum.

As the density of the plasma changes across the torus
radius, there are several plasma frequencies. Reflectom-
etry systems send e.m. waves from the antennas at a
certain frequency. When the local refractive index of the
wave goes to zero, it can no longer cross the plasma sheat
of density ne and is reflected back to the receiver. The
reflected wave’s phase is compared with a reference wave
thus being possible to compute the distance traveled by
the emitted wave (see fig. 4). By spreading antennas
over the tokamak’s poloidal geometric cross-section and
emitting e.m. waves with several frequencies, a complete
density profile, representative of the plasma shape, may
be measured [15]. This system is usually referred to as
broadband microwave reflectometry and its concept was
proven in the tokamak ASDEX Upgrade and is projected
for ITER [16, 17].

As previously stated, the energy deposited in PFCs by
neutrons is expected to be the largest heat source. As
such, it must be included in pre-conceptual and concep-
tual studies of PFCs, as is the case of this work. Neu-
trons and their interaction with matter are highly ran-
dom problems, meaning that to solve the transport prob-
lem (obtain a solution for the path of a certain neutron)
statistical and probabilistic models must be used, as is
the case of the Monte Carlo N-Particle (MCNP) code.
MCNP relies on the numerical method of Monte Carlo
which uses pseudo-random sampling to obtain the solu-
tion of problems that are deterministic in principle [18].
This code simulates individual particles through means of
the available theoretical models and experimental σ (data
provided in the FENDL), computing and recording as-
pects of their average behavior in tallies (plural of tally)
to obtain a numerical solution of the transport problem in
arbitrary 3D geometries. The problem is solved by deter-
mining the sequence of collisions in which that particle
will be part of. The challenge is to discover where the
particle will go after the collision as during those events
the direction and energy vary while during the transi-
tion from one interaction to the next neither one of them
change.
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In this work, the main use of the code is to obtain the
energy deposited by the particle in each collision event,
which is given by tally F6, defined as

F6 =
ρa
m

∫
dE

∫
dt

∫
dV

∫
dΩ σt(E)H(E)φ(r,Ω, E, t),

(3)
where ρa

m [atom b−1 cm−1 g−1] is the atom density per
unit of mass of the cell, E [MeV] the energy of the parti-
cle, t [shake] the time since the particle was created, Ω the
direction vector, r the position of the surface, σt [cm2] the
microscopic total cross section, H(E) [MeV collision−1]
the heating number and φ [cm−2] the angular flux of par-
ticles.

B. Heat transfer

In order to obtain a valid solution for the PFC con-
cept, the temperature field (T (x, y, z)) over the domain
must be obtained. The equation whose solution gives
the temperature field is obtained by performing an en-
ergy balance over a control volume, being obtained the
following expression

ρc
dT

dt
= k

(
∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
+Q, (4)

where ρ is the density, c the specific heat capacity, k the
isotropic thermal conductivity and Q a source term.

There are three heat transfer modes: conduction, con-
vection and radiation. All three are considered in this
work as heat flows inside the solid medium by conduction,
the cooling system extracts heat by convection in the
cooling channels and radiation from the plasma reaches
the FW. Conduction heat transfer is described by the
Fourier law and is already considered in the energy bal-
ance eq. 4.

1. Convection

Heat transfer by convection is caracteristic in fluids,
either within a fluid medium, with or without different
fluids in the mixture, or between solids and fluids. New-
ton’s law of cooling is the rate equation that describes
this heat transfer mode and is defined as

qS = h(TS − Tamb) [W m−2], (5)

where h is the heat transfer coefficient, TS the surface
temperature and Tamb the average fluid temperature.

If constant heat fluxes are assumed in the channel walls,
the balance equation over the channel can be estimated
as

Qconv = ṁcp(Tout − Tin) = qS(P · L) [W], (6)

where ṁ is the mass flow rate, Tout and Tin the outlet
and inlet temperatures, respectively, and L the channel
lenght.

In this work, the objective is to estimate h, which is
made by considering fully developed turbulent regime.
For such regimes one can estimate the Nusselt number as

function of the Reynolds number
(
ReD = ṁD

Aµ

)
through

the Dittus-Boelter correlation, expressed as

NuDh
=
hDh

k
= 0.0265Re

4/5
Dh
Prw, (7)

where w may be 0.3 if cooling is considered or 0.4 other-
wise. As non-circular geometric cross-sections are consid-
ered for the cooling channels, the characteristic dimension
used is the hydraulic diameter Dh = 4A

P , where A is the
cross-section’s area and P the perimeter.

In the design of cooling systems, the pressure drop that
the fluid faces when travelling through the channel is im-
portant, e.g., conservative assumptions (ṁ, h, etc.) may
be done that leave room for more critical conditions or
otherwise, high pressure drops result meaning that such
systems are impossible. To do so, two main types of
losses are considered: Darcy-type friction losses and mi-
nor losses, more precisely due to 90◦ bends. The two
types of losses are acquainted by computing an equiva-
lent column height that the fluid would have to climb,

htot = hf +
∑

hm =
V 2

2g

(
fL

Dh
+ nK

)
[m], (8)

where V = ṁ
ρA is the average fluid velocity, f is the Darcy

friction-factor and K the loss coefficient. By doing so the
pressure drop is computed using the Bernoulli equation,
assuming that ∆V = 0 m s−1,

∆p = ρghtot, (9)

where g is the Earth gravity acceleration.

2. Thermal radiation

Radiation is emitted by all bodies with non-zero tem-
perature and requires no medium to propagate. The rate
at which heat is transferred by radiation is related both
with the body temperature and the body surface charac-
teristics:

qrad = εEb = εσT 4, (10)

where σ is the Stefan-Boltzmann constant. The emissiv-
ity ε is a body surface property that ranges in the inter-
val 0 < ε < 1. If the body is a blackbody -a theoretical
abstraction defined to be a body that absorbs all the in-
cident radiation and emits all the radiation at a certain
temperature in every direction- ε = 1 and eq. 10 takes
the form of the Stefan-Boltzmann law.

If two bodies are emitting radiation one to the other,
the net radiative heat flux is given by

qradi =

(
1− εi
Aiεi

+
1

AiFi−j
+

1− εj
Ajεj

)−1
σ

Ai
(T 4
i − T 4

j ),

(11)
where A is the area of the surfaces and Fi−j the view
factor, defined as

Fi−j =
1

Ai

∫
Ai

∫
Aj

cos(θi)cos(θj)

πs2
dAidAj . (12)

This quantity intends to quantify the amount of surface
area that surface i sees of surface j.

Note that eq. 11 can be rewritten in the same form as
eq. 5,

qrad = hrad(Ti − Tj), (13)
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where hrad = ψσ(T 2
i + T 2

j )(Ti + Tj).
Extrapolating eq. 11 for N surfaces one obtains a more

general form,

N∑
j=1

(
δij
εj
− Fi−j

1− εj
εj

)
Qj
Aj

=

N∑
j=1

Fi−jσ(T 4
i − T 4

j ),

(14)
where Qj is the power lost by surface j.

C. Finite element method applied to heat transfer
problems

The FEM is a numerical method used to obtain the ap-
proximate solution of field problems, in which the spatial
distribution of one or more dependent variables are to be
determined. The FEM’s approach is to discretize the do-
main in several subdomains or Finite Elements (FEs) and
then find a solution in each FE that respects the conti-
nuity of the problem. Depending on the problem, several
FE types can be used, each one with a certain number
and type of degrees of freedom (D.O.F.). By using the
FEM, the solution of the problem is computed in each
node and the spatial solution over the FE is obtained by
interpolation of the nodal solution.

The elementar FE approximation of the energy equi-
librium equation 4 in steady-state ( ddt = 0) is given by

([ke] + [he] + [hrad
e])[T e]− [rh

e]− [rhrad

e]− [rQ
e] = 0.

(15)
After assembly, the final FE equation is of the same form
as eq. 15.

The method used by the FEM code ANSYS R© to com-
pute the view-factors, expressed by eq. 12, is called the
Hemicube Method (HM) and is based on the Nusselt’s
analogy that “any surface which covers the same area on
the hemisphere, has the same view factor” [19]. Hence,
the approach is to apply this concept in a kind of dis-
cretized way. Around the surface an imaginary cube is
built, this cube is discretized in several pixels and, in-
stead of projecting into a sphere, the face is projected
it into the five hemicube faces and the view-factors are
then computed on those surfaces, thus discretizing the
sphere in small cubes. After computing the view-factors,
the code assembles the total view factor as the sum of
those ∆Fn. The user of the code is able to increase the
method’s accuracy by increasing the hemicube resolution
(increasing the number of pixels).

III. METHODOLOGY

A. FEM ANSYS R© verification cases

In order to verify the FEM code, simple problems with
analytical solution are solved numericaly and then com-
pared with the expected results. The material considered
for the solid geometries is the ANSYS R© structural steel,
with thermal conductivity k = 60.5 W m−1 K−1.

Four verification cases to study the code’s performance
over conduction, convection, radiation and conduction
through contacts are built:

1. A 3D plate with dimensions 1 m × 1 m × 0.1 m is
submited to prescribed temperatures of 500 K and
300 K in opposed faces, of dimensions 1 m × 0.1 m,
and all other faces adiabatic.

2. In a parallelepiped of lenght 1 m with quadrangular
cross-section of dimensions 0.2 m×0.2 m is extruded
a channel with dimensions 15 mm × 10 mm along
the parallelepiped lenght. Inside the channel, a line
body is drawn in order to simulate the presence of
the coolant He. It is assumed that, as boundary
conditions (BCs), one of the parallelepiped exterior
faces, with dimensions 1 m× 0.2 m, is receiving q =
0.5 MW m−2 while all the others are adiabatic, the
inner walls are trading energy with the coolant by
convection with h = 16 851 W m−2 K−1 and that
the coolant enters at Tin = 300 ◦C and travels at a
constant ṁ = 0.1811 kg s−1.

3. Using the same geometry as in 1, a 2D plate is
added over one of the 1 m × 1 m faces of the 3D
plate. As BCs, the 2D body is at T = 1500 K and is
considered a blackbody (ε = 1), the two bodies are
exchanging energy by radiation between themselves
and with an environment at Tamb = 300 K and the
3D body has all the surfaces adiabatic except the
one facing the 2D body, having that surface ε = 0.5.

4. The conduction through contacts verification case
shares the same BCs as 1 but the geometry consid-
ers two 3D bodies, instead of one, glued in one of
the 1 m× 0.1 m faces.

The analytical solution of cases 1, 3 and 4 is obtained
as in [20] and of case 2 as in [20] and [21].

B. Pre-onceptual reflectometry system thermal
analysis

As DEMO is intended to be the first FPP, the engineer-
ing of such a system is ambitious and the pre-conceptual
and conceptual analysis made must always consider the
worst-case scenarios. Although the existent technology
does not allow tokamaks to work in continuum due to
the need of external current drive, the objective of this
dissertation is to obtain a solution for the stated problem
in a steady-state regime and not in a transient regime,
that for the case would include burn cycles of 7200 s and
dwell cycles of 1200 s, whereas in ITER the burn cycles
are expected to be of 400 s and the dwell cycles of 1400 s.

The blanket concept used in this work is described in
[22] and the reflectometry system poloidal cross-section
features a set of 17 blanket modules in which 40 anten-
nas, and corresponding waveguides, are distributed. The
antennas and waveguides are extruded from the blanket
material, opposite to the ITER-like concept in which the
antennas are placed in the gaps between each blanket
module, as independent systems. This concept should al-
low the reflectometry system to measure the plasma po-
sition and electronic density profile with maximum pre-
cision and requires the antennas to present the least de-
formations possible. To comply with these requirements
several approaches must be considered.

To conduct the analyses of the system, a critical region
over the poloidal cross-section is identified over which a
detailed analysis is performed. The critical region crite-
rion chosen is the one where the temperature, only with
qplasma = 0.5 MW m−2 (by considering the plasma at
T = 1773.2 K and ε = 1) in the FW, reaches a maximum.
The BCs for this test include also an active cooling in
the back supporting structure (BSS) with T = 150 ◦C
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FIG. 5: Detail of over the antenna and tile region of the model
developed for the pre-conceptual analysis.

and the exchange of energy through radiation between
neighbor blanket modules (with ε = 0.5) and with and
environment at the Tamb = 300 ◦C.

1. Thermal performance of Be, W and eurofer − 97 as
FW materials in DEMO 2015 burning conditions

After defining the critical region, the CAD model is
simplified. At first the simplifications consisted in re-
ducing the plasma surface, altering the position of the
antennas to the middle region of the blanket, removing
the waveguides and adding a tile in the antenna region
with dimensions 15 mm× 150 mm× 180 mm (see fig. 5).

Two kinds of thermal analysis are made in order to
evaluate the impact of the neutronic heat loads on the
temperature field: one considering only qplasma (case A)
and other considering both qplasma and the neutronic
heat load (case B).

For both of them, the bodies are meshed with hexag-
onal and pyramidal bi-linear FEs, resulting in a mapped
converged mesh with quality elements.

In case A the BCs considered are similar as the ones
in section III B with the difference that, as a simplifica-
tion, the upper and lower surfaces of the blanket module
radiate only to the environment, as the neighbor blan-
kets are removed. For case B, the BCs applied are the
same as before, being included the neutronic heat loads
as internal heat generation (IHG).

Due to the fact that ANSYS R© Workbench does not
allow the application of IHG to FEs or nodes, and only
to body geometries, the body is divided according to the
mesh built in MCNP. The contact regions are defined
according to the results obtained by the verification case
4 and, in order to verify the quality of the results, after
the dividing process, the same analysis as in case A is
reproduced.

a. MCNP procedures

The aforementioned tile (fig. 5) is added and in-
tegrated in the blanket module in the LF-side and
equatorial plane of the available DEMO 2015 generic
MCNP model. The tile geometry is simplified into a
15 mm thick parallelepiped with 150 mm × 180 mm not
including the reflectometer antennas or waveguides.

For each of the materials considered, using a F6 tally
and a mesh tally the IHGs are computed. In the code
below, the implementation of both tallies is presented:

c -------------------------------------------
c Tally Section
c -------------------------------------------
*TR1 1238.5 108 0 5 -5 90 95 5 90 90 90 0
F6:N,P 404
FM6 1.15857E8
MODE N P
NPS 1e9
c -------------------------------------------
c Mesh Section
c -------------------------------------------
tmesh
rmesh3 trans 1
cora3 -20.5 10i 115
corb3 -9 9
corc3 30 45
endmd

c -------------------------------------------

Tally F6 (eq. 3) computes the energy deposition in
MeV g−1 due to neutrons and photons (N and P, respec-
tively) in cell 404 (the tile). The FM6 card introduces the
multiplier to allow the result to be expressed in W g−1,
considering the source specifications for DEMO and that
the geometry used in the model represents only a 10◦ sec-
tion of the entire torus and that approximately 80% of the
energy released by the fusion reactions is carried by neu-
trons (Efus(17.6 MeV) ≈ En(14.1 MeV) +Eα(3.5 MeV)).
Using the density of the material considered in the cell
404, the results are later converted to W cm−3. The simu-
lation uses 109 particles in order to provide enough statis-
tics for the results, reducing the statistical error.

The introduction of a mesh tally (tmesh) allows the
same kind of calculation that F6 does, but in the several
bins along the blanket. 11 rectangular bins were imple-
mented along the blanket with nearly 123 mm thickness
and the same rectangular section of the parallelepiped
of 150 mm× 180 mm. This is specified in the cards cora,
corb and corc. Also, the entire mesh is transformed using
the *TR1 card, which puts the mesh in the same place
and direction of the cell 404.

2. Cooling system design

In order to generate electrical energy in an FPP, a
working fluid must absorb the lost energy generated by
the nuclear fusion process which will be transformed by
a turbine generator. To do so, cooling systems must be
developed. Along with the electrical energy generation,
they allow the removal of high quantities of energy from
the blankets, decreasing the maintenance costs. Its de-
sign must be made in order to allow the blanket materials
to be in their temperature regime of operation (550 ◦C).

The previously used model is updated being included
the reflectometer waveguides. Several iterations are made
with cooling channels targeting different areas and with
different fluid flow considerations, being only the most
promising result discussed here.

The cooling channel’s geometry consists in a rectangu-
lar geometric cross-section with dimensions L3 = 10 mm
by L2 = 15 mm in a U shape and apart by L1 = 5 mm
from each other and from the blanket’s limiting walls (see
fig. 6). The dimensions used are in accordance with the
state of the art cooling system design for DEMO [23, 24].

A set of S shaped channels in the FW, around the an-
tenna region, are added to the blanket, as it is a region
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FIG. 6: Cooling channel dimensions.

FIG. 7: Coolant flow direction in the cooling channels.

identified as critical. In order also to consider the temper-
ature distribution in the coolant, line bodies are drawn
in the middle of the channels and attributed the same
geometric cross-section as for the channels.

In order to decrease the computational weight of the
model, as small FEs are required in some regions, the
geometry is once again divided being identified two main
regions: a region that requires small FEs (cooling chan-
nels, waveguides and antennas) and other where larger
FEs can be used (bulk regions). As before, the mesh gen-
erated is mapped and hexagonal and pyramidal FEs are
used. As the FEM code proved to be robust for steady-
state thermal analysis, linear FEs are considered instead
of bi-linear.

In terms of design, two different configurations were
considered: one in which the fluid travels always in the
same direction, inside all the cooling channels, and other
where the fluid travels alternately. The later (see fig. 7)
is considered viable as promotes a more uniform temper-
ature distribution.

The BCs applied to the model are the same as in
section III B 1 being included convection in the cool-
ing channel walls, in which fluid flow was considered.
Studies on several fluid flows were performed, being the
one with more satisfying results presented in this work.
The coolant considered is liquid He at p = 80 bar and
Tin = 300 ◦C [10]. As maximum temperatures of 550 ◦C
are intended to be obtained, a maximum outlet tem-
perature of 500 ◦C is previously estimated. As such the
coolant properties, used as input in the FEM code, are
evaluated at 〈THe〉 = 400 ◦C from the data in [25].

By using a pressure drop of ∆p = 12.5 bar, a more
conservative value than the reference for the maximum
pressure drop of ITER [26], and assuming that for fully
developed turbulent flows the Darcy-friction factor (f) is
approximately constant and dependent only on the ge-
ometry of the cross-section and surface properties of the
channels [21], using eqs. 9 and 8, ṁ ≈ 0.1811 kg s−1 is ob-
tained. With it, the Reynolds number is computed and,
using the Dittus-Boelter correlation for cooling (eq. 7),

the Nusselt number is estimated. The Nusselt number
is related to the heat transfer coefficient, resulting in
h ≈ 16 851 W m−2 K−1.

IV. RESULTS AND DISCUSSION

A. FEM ANSYS verification cases

By applying the methodologies discussed in section III,
the analytical solutions of the problems are compared
with the numerical ones.

1. Conduction

The BCs imposed imply that eq. 4 must take the
form of the Poisson equation. For a point with coor-
dinates Ptest = ( 1

2 ,
1
20 ,

1
2 ) [m], the analytical solution

provides the following: T (Ptest) = 400 K and q̃(Ptest) =
(−12100, 0, 0)W m−2. The solution of the FEM code es-
timated the same temperature and heat flux, with dis-
crepancies of the expected value in the y and z directions
∼ 10−8 W m−2, that one may consider despicable.

2. Convection

As all the power that enters the system can only be
extracted by the cooling channel, using eq. 6, the out-
let temperature is estimated to be Tout = 406.43 ◦C.
Computing Tamb = Tin+Tout

2 = 353.21 ◦C and replacing
into eq. 5 the average surface temperature is estimated
to be TS = 471.90 ◦C. By solving the problem numer-
ically, the following results arrise: Tnumout = 403.23 ◦C
and TnumS = 476.38 ◦C. The low discrepancies registered
(σTout

= −0.77% and σTS
= 0.95%) mean that the FEM

code used and methodology adopted are well suited for
such problems.

3. Thermal radiation

By considering the BCs described in section III, the an-
alytical solution of eq. 4 for the steady-state regime gives
a temperature of the irradiated body of T = 1033.8 K
while the numerical solution is Tnum = 1038.1 K. The
deviation σT = 0.49%, although quite low, could be im-
proved as better solutions can be obtained if the mesh
is refined and the hemicube resolution is increased (see
section II).

4. Thermal Contact

Conduction between two glued bodies with non-
matching meshes is tested. The analytical solution of the
problem is identical to the one in section IV A 1 but due to
higher lenght, the heat flux is half the one previously com-
puted. It is verified that in order to mitigate erroneous
results, one should always try to match the mesh of the
bodies so that merging nodes is possible thus, decreasing
the computational weight of the problem. If the previous
is not an option, contact elements should be defined and
the Detection Method setted to Normal-Projected Nor-
mal From Contact. In this particular case, if the later is
considered, the temperatures and heat fluxes estimated
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FIG. 8: Temperature field, in K, for the full poloidal geometric
cross-section of DEMO.

numerically show maximum deviations of σT = 0.005%
and σq = −0.012%.

B. Determination of the critical area in the
poloidal geometric cross-section of a DEMO tokamak

In order to determine the most critical region due to
the effect of the radiative losses of the plasma to the wall,
a steady-state thermal FE analysis is performed with the
results presented in fig. 8.

According to the analysis made, the critical region is
located in the low-field (LF) side of the tokamak and in
the equatorial plane.

C. Pre-conceptual reflectometry system thermal
analysis

The blanket on the LF-side with the maximum tem-
peratures (see fig. 8) is now used to perform the pre-
conceptual studies. As such, the model is re-designed
with the ponderations mentioned in section III (see fig. 5).

1. Thermal performance of Be, W and eurofer − 97 as
FW materials in DEMO 2015 burning conditions

a. Considering only radiative heat fluxes

In this analysis, mainly the influence on the thermal
conductivity is studied as the surfaces are considered to
have the same ε = 0.5. The results obtained do not differ
significantly, with ∆T ∼ ±1 K. The results obtained for
eurofer-97 are depicted in fig. 9 and show, as in fig. 8,
that a maximum occurs where the radiative surface is
closer to the FW, with a Tmax = 1443.3 K.

b. Considering the neutronic thermal loads

With the objective to analyze the influence of

FIG. 9: Temperature field, in K, of the LF-side blanket with a
eurofer-97 tile.

FIG. 10: Temperature field, in K, of the LF-side blanket consid-
ering the neutronic heat loads for a Be tile

the neutronic fluxes on the PFC heat loads, solutions
for the particle transport problem for each material con-
sidered for the tile were obtained through the methods
described. From the three materials considered, the
results obtained from MCNP resulted in maximum heat
load values for W tiles, 26.402 W m−3, and minimum for
Be, 8.942 W m−3. These results were expected as the
density of Be is ∼ 1.8 g cm−3 and W is ∼ 19.2 g cm−3,
while the eurofer-97 alloy — with mass percentages of
about 90% of Fe, 8.5% of Cr, 1% of W and spurious
traces of other elements such as C, V , Mo and others
[27] — is ∼ 7.7 g cm−3.

By applying the heat loads due to particle-matter inter-
action to the splitted blanket model, it is estimated that
with Be and W the lowest and highest temperatures are
achieved, respectively. As such, only the results obtained
for Be are presented in this work (see fig. 10).

By comparing figs.9 and 10, the high energetic neu-
trons (14.1 MeV) show to be responsible for most of the
heat absorbed by the blanket, with maximum tempera-
ture increases ∼ 4000 K.
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FIG. 11: Coolant temperature distribution, in K.

FIG. 12: Maximum temperature region in the blanket, in K, ob-
tained with the cooling system.

2. Cooling system

As the results obtained are far above the limit of
550 ◦C, the design of a cooling system is made. The re-
sults obtained are shown in figs 11 to 13.

Through the results obtained one can infer that, for
such conditions, the cooling system designed is effectively
decreasing the temperature of the blanket from Tmax ∼
5000 K to Tmax ≈ 1180 K. The maximum temperature
objective of 550 ◦C = 823.15 K is partially achieved as
the temperatures in almost all the blanket do not exceed
such values. This is clearer when the average temperature
is computed: 〈Tblanket〉 = 757.72 K = 484.57 ◦C. As seen
in fig. 11, the maximum temperatures are highly localized
and coincident with the maximum internal heat genera-
tion region, which is the major cause of heating in the
blanket. To mitigate these high temperatures, in future
works, the cooling system should be designed targeting
those high temperature regions.

FIG. 13: Maximum temperature region in the coolant, in K, ob-
tained with the cooling system.

V. CONCLUSIONS AND FUTURE WORK

In this work, the influence of neutronic fluxes on tem-
perature fields for a DEMO reflectometry blanket in the
LF-side is evaluated. An estimation on the radiative
fluxes that reaches the wall is made, leading to qradlosses ≈
0.5 MW m−2. Solutions for the particle transport prob-
lem are obtained by using the MCNP code, resulting in
maximum heat load values for W tiles, 26.402 W m−3,
and lower for Be, 8.942 W m−3. Analyses considering
only the radiative fluxes are performed and then com-
pared with the ones made including the neutronic heat
loads. Results show an estimated maximum temperature
increases of ∼ 4000 K, leading to temperatures above the
550 ◦C limit.

As the temperatures obtained without any cooling sys-
tem are far above the objective maximum temperature
of 550 ◦C, a pre-conceptual cooling system is designed.
The cooling system uses liquid He with and inlet tem-
perature 300 ◦C and pressure 80 bar. The cooling chan-
nels are shaped in U, for the most part of the PFC, and
in S for the region of the antenna, sharing the same
geometric cross-section used in several concepts for tri-
tium breeding blankets. By considering a conservative
maximum allowed pressure drop of 12.5 bar, alternate
inlet sides for the coolant and Be as the tile material,
the maximum temperature obtained in the blanket is
1178.3 K = 903.15 ◦C. The design of a cooling system
capable to reduce the temperature of the PFC to oper-
ation temperatures is not accomplished and further im-
provement is needed as the maximum temperature esti-
mated is far above the acceptable limit. The fact that it
is located in a region where no cooling channels pass by,
leaves room for future works in which that region must
be targeted for cooling.

As future work for conceptual analyses, the blanket
module must be re-designed and suited for coupled ther-
mostructural FE analyses being suggested that, for more
advanced studies, the integration of other systems impor-
tant for a DEMO reactor should be considered. More-
over, other confinement regimes, especially critical dy-
namic events, should also be considered, as extremely
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intense and highly localized thermal loads are likely to
reach the wall, even if efficient mitigation processes are
successfully developed. This justifies the use of the 2 mm
W armour and other arrangements of high temperature
resistant materials, not considered in this work for sim-
plification.
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[24] R. Lúıs et al. “Nuclear and thermal analysis of a re-
flectometry diagnostics concept for DEMO”. In SOFE
conference, June 2017.

[25] H. Petersen. “The properties of helium: density, spe-
cific heat, viscosity, and thermal conductivity at pressures
from 1 to 100 bar and from room temperature to about
1800 K”. Technical Report 224, Forskningscenter Risoe,
Denmark, 1970.

[26] H. Qinqsheng. Mass Flow Allotment for EQ12 proposed
by PI. ITER−D−U3HUCQ. Technical report, 2016.
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