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A B S T R A C T

The commercial feasibility of the first fusion power plant generation adopting D-T plasma is strongly dependent
upon the self-sustainability in terms of tritium fuelling. Within such a kind of reactor, the component selected to
house the tritium breeding reactions is the breeding blanket, which is further assigned to heat power removal
and radiation shielding functions. As a consequence of both its role and position, the breeding blanket is
heavily exposed to both surface and volumetric heat loads and, hence, its design requires a typical multiphysics
approach, from the neutronics to the thermo-mechanics. During last years, a great deal of effort has been put
in the optimization of the breeding blanket design, with the aim of maximizing the tritium breeding and heat
removal performances without undermining its structural integrity. In this paper, a derivative-free optimization
method named ‘‘Complex method’’ is applied for the design optimization of the European DEMO Water-Cooled
Lithium Lead breeding blanket concept. To this purpose, a potential performances-based objective function,
focusing on the maximization of the tritium breeding, is defined and a multiphysics numerical model of
the blanket is developed in order to solve the coupled thermo-mechanical problem, while the optimization
algorithm leads the design towards a minimum optimum point compliant with the prescribed requirements.
Once the optimized design is obtained, its nuclear and thermo-structural performances are assessed by means of
specific neutron transport and multiphysics simulations, respectively. Finally, the structural integrity is verified
by means of the application of the RCC-MRx design criteria.
1. Introduction

The design of a rational, functional Breeding Blanket (BB) able to
guarantee the tritium self-sufficiency of the plant is a pivotal require-
ment for any next-step nuclear fusion facility beyond ITER [1].

Worldwide, BB concepts are substantially being designed as helium-
cooled or water-cooled. While using helium as a coolant may be con-
sidered as a more innovative and promising option than water, on the
other hand, the latter can rely on a widely developed and adopted
technology behind. Indeed, the great majority of both conventional and
nuclear power plants relies on water-based thermodynamic cycles to
generate electricity. Nevertheless, the adoption of water as a coolant
for the BBs shows some relevant drawbacks, having a strong impact
on the tritium breeding performance as well as on the strength against
irradiation embrittlement of the material. In particular, a major role
on the overall performance of such a component is assigned to the First
Wall (FW). Due to its position, the blanket FW has to: (a) cope with rel-
evant heat loads (both surface and volumetric type), (b) keep structural
integrity under significant mechanical loads (e.g. pressure, electromag-
netic forces) as well as high-energy neutron bombardment, and (c) have

∗ Corresponding author.
E-mail address: ruggero.forte@unipa.it (R. Forte).

a sufficiently low impact onto the tritium breeding performances of the
blanket.

In this paper, a rational methodology to design and optimize the FW
of a water-cooled breeding blanket is presented, taking into account an
alternative design option of the Water-Cooled Lithium Lead (WCLL) BB
concept foreseen for the European DEMO. In particular, the attention
has been focused on optimizing the layout of the internal cooling
channels, trying to increase the tritium breeding performances while
complying with several thermal and structural requirements.

The outline of the paper is described in the following.
Section 2 reports briefly the architecture of the WCLL BB design

option selected for the optimization, together with the main design
requirements of the DEMO water-cooled breeding blanket concepts.

Section 3 reports the set-up of the multiphysics optimization prob-
lem for the improvement of the FW channels layout. In particular, the
derivative-free optimization method called Complex method [2] is intro-
duced, as well as the potential tritium production performance-based
objective function of the WCLL BB derived by means of a heuristic
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Fig. 1. Alternative design option of the WCLL Central Outboard Blanket segment.

approach and verified by proper neutron transport simulations. More-
over, the thermal and structural requirements of the blanket are high-
lighted together with the parametric Finite Element (FE) model of
the WCLL BB equatorial cell used to evaluate its thermo-mechanical
response.

Section 4 reports the results of the optimization campaign, obtained
by the link between the MATLAB [3] environment, where the op-
timization algorithm has been implemented, and the multiphysic FE
model developed in COMSOL [4], that has allowed to minimize the
objective function while driving the FW design towards an optimum
point compliant with the imposed thermo-structural constraints.

Finally, Section 5 concerns the final assessment of the WCLL BB
equipped with the optimized FW, where the results of a dedicated
neutron transport analysis and detailed thermo-structural analyses are
reported.

2. WCLL BB concept: Alternative design proposed for European
DEMO

Blanket architecture. The WCLL BB is one of the two breeding blanket
concepts currently under investigation to become the driver blanket for
the European DEMO reactor.

Regarding the architecture of the European DEMO Breeding Blan-
ket, it is sub-divided in sixteen toroidal sectors, each one composed of
five single module segments: two inboard segments and three outboard
segments. Taking the Central Outboard Blanket (COB) segment as ref-
erence, it can be thought as composed of a poloidal stack of elementary
cells, each one identified by two consecutive toroidal–radial Stiffening
Plates (SPs), as shown in Fig. 1. The structural material for all the
components is Eurofer97 [5], a Reduced-Activation Ferritic/Martensitic
(RAFM) steel developed during last decades by the European fusion
research community.

Instead of referring to the current reference version of the WCLL BB
(whose detailed description can be found in [6–8]), the work presented
here relies on the alternative design option for the WCLL BB conceived
at the University of Palermo, also in collaboration with ENEA [9,10].
While using the same design for most of the structure, the alternative
concept foresees a different layout of Double-Walled Tubes (DWTs)
inside the Breeding Zone (BZ), with a consequently adjustment of the
manifold rear part.

The structure of the equatorial cell is based on a steel structure
named Segment Box (SB), composed of a 25 mm-thick FW (plus 2 mm-
thick tungsten-armour), two Side Walls (SWs) and a back plate, re-
inforced internally by a set of stiffening plates, that houses the BZ
containing the breeder (Pb–17Li eutectic alloy) and the DWTs. On
2

Fig. 2. Detailed view of the FW cooling channels design.

the rear part, a manifold region (for either water and breeder) and a
Back-Supporting Structure (BSS) are placed.

As to the system of FW and SWs, Fig. 2 shows the system of internal
square (7 × 7 [mm]) cooling channels, where water counter-current
flow occurs, whose poloidal pitch can vary along the development of
the segment depending upon the heat load distribution. Generally, the
number of channel per elementary cell can vary from 4 to 10 [11].

Design requirements. The final design of the DEMO WCLL BB concept
must be compliant with specific, demanding requirements related to
nuclear, thermal-hydraulic and structural aspects.

The main requirement of a breeding blanket from the nuclear
point of view is definitely the achievement tritium self-sufficiency by
a suitable margin. The parameter onto which focus the attention is
thus the Tritium Breeding Ratio (TBR), defined as the tritium nuclei
produced in the blanket per D-T fusion reaction, that must be greater
than 1.0. In case of a water-cooled blanket such as the DEMO WCLL
BB, the tritium breeding performances can be strongly affected by the
water amount used to cool down the structure, especially in the region
close to plasma. This is mainly due to both its simultaneous moderation
and absorption effects onto the neutrons coming from plasma.

As reported in [12], the evaluation of the tritium breeding per-
formances in DEMO reactor is based on Monte Carlo techniques for
neutron transport calculation. Of course, this approach is affected by
lots of uncertainties that must be taken into account in order to exceed
the minimum TBR by a safety margin.

The goal for the specification of a minimum design target value is
to ensure a TBR ≥ 1.0 for DEMO, independently from the considered
blanket concept and effects which are not taken into account in the TBR
calculation, such as uncertainties of the nuclear data, blanket openings,
lithium burn-up and tritium losses in the fuel cycle. Based on this
rationale, the TBR design target value for the European DEMO has been
set to 1.15, to be obtained by 3D Monte Carlo-based neutron transport
calculations under proper modelling assumptions.

From the thermal-hydraulic point of view, several aspects need to
be considered during the conception of the WCLL BB concept.

The cooling water works under PWR conditions, i.e. 15.5 MPa as
operating pressure and 295–328 ◦C as inlet–outlet temperatures. While
flowing within the blanket, the main aim is to cool down the structural
components extracting the heat power deposited inside coming from
the plasma.

Inside both the FW–SWs cooling channels and the DWTs, the water
velocity must stay within specific limits: an upper limit of 7 m/s is
due to erosion effects [6], whereas the lower limit depends basically
on Departure from Nucleate Boiling (DNB) issue.

Looking at the structural requirements, several aspects have to be
considered, mainly due to the extreme environment under which the
DEMO BB will operate. As common in RAFM steels, Eurofer97 is charac-
terized by good high-temperature mechanical properties (e.g. strength,
ductility, creep, toughness, etc.) as well as a sufficient resistance to
fast-neutron irradiation damage. However, other issues have been rec-
ognized in the application of this structural material, such as the
degradation of the mechanical properties beyond a temperature of
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about 550 ◦C, corrosion effects under lithium-lead environment and the
irradiation embrittlement at low temperature.

The structure of the WCLL BB concept must be designed, hence, to
work under an average temperature greater than 350 ◦C in the region
close to the plasma, so to avoid unsustainable positive shifts of the
DBTT, and, at the same time, with a maximum temperature below the
upper limit of 550 ◦C due to properties degradation. On the other hand,
such high temperatures might entail to deal with potential large creep
deformations as well as relevant thermal stresses, which may involve
dangerous failure modes such as plastic flow localization, exhaustion
of ductility and ratcheting.

According to that, the design of the WCLL BB concept have to
be developed considering all the different loading scenarios it might
undergo and its structural integrity must be assessed by means of
specific (nuclear) codes and standards. As far as DEMO blanket design
is concerned, the EUROfusion project has selected the French nuclear
standards RCC-MRx [13] as reference.

3. Multiphysics optimization

Modern, complex engineering problems such as fusion energy de-
vices require a multiphysics approach, usually described by non-linear
governing equations and subjected to multiple constraints. Optimizing
them require objective functions that might be non-smooth, or time-
consuming to evaluate, or in some way noisy, so that methods that rely
on derivatives or approximate them via finite differences are incon-
venient. According to that, the most suitable optimization algorithms
might be the ones based on gradient-free approach and able to deal
with multiple constraints, either physical or functional.

As stated above, the main goal of this work is to present an op-
timization procedure to enhance the water-cooled breeding blankets
design, taking as reference the European DEMO WCLL BB concept.
According to that, the optimization analysis here-presented focused
on the identification of a layout for the FW cooling channels that
might improve the tritium breeding performances (i.e. the TBR) of such
concept, while complying with most of the severe thermal-hydraulic
and structural requirements.

The goal has been achieved by means of a specific procedure, rely-
ing on a derivative-free optimization method for constrained problems
developed by Box [2] and named Complex method, which has been
properly coded into MATLAB environment. The verification of the
thermo-mechanical performances of the blanket (i.e. constraints in the
optimization problem) has been performed by a specific parametric FE
model of the DEMO WCLL BB concept described above. A schematic
view of the flow diagram representing the above-mentioned procedure
is shown in Fig. 3.

The following paragraphs show details on: the version of the Com-
plex method implemented for the optimization problem; the parametric
FE model of the WCLL BB; the objective function; the constraints.

Complex method. Generally, the basic principles of an optimization
problem rely on the definition of an objective function 𝑓 (𝐗) to be mini-
mized (or maximized), where 𝐗 = {𝑥1, 𝑥2,… , 𝑥𝑛} is the so-called design
vector, containing the 𝑛 design variables. If the problem is constrained,
the optimization problem is subjected to both functional constraints and
side constraints.

Among the several gradient-free optimization methods available,
the Complex method can be considered as an extended version of the
derivative-free Nelder–Mead method (also called as Simplex method)
[14], that can be used for constrained minimization/maximization
problems. It relies on the use of a geometric entity called complex,
formed by a set of 𝑘 ≥ 𝑛 + 1 points in an 𝑛-dimensional space where
𝑛 is the number of design variables. According to the studies carried
out by Box [2], the best performance is obtained setting 𝑘 = 2𝑛.

The leading idea in the Complex method is to compare the values of
the objective function at the 𝑘 vertices of a general complex and move it
3

Fig. 3. Flow diagram of the optimization process.

gradually towards the optimum point (i.e. a minimum of the objective
function) during an iterative process. The movement of the complex
is achieved by using an operation known as reflection. As mentioned
above, the Complex method can be use to both maximization and
minimization process. Since the optimization activity presented in this
work is based on the minimization of an objective function, only its
version to be adopted in case of minimization is described in the
following. The iterative procedure to be pursued in order to reach the
minimum of the objective function can be summarized by the following
steps:

1. Find 𝑘 ≥ 𝑛 + 1 points, each satisfying all 𝑚 constraints. Practi-
cally, it starts with only one feasible point X1, and the remaining
𝑘−1 points are found one at a time by the use of random numbers
generated in the range 0 to 1, as

𝑥𝑗𝑖 = 𝑥(𝑙)𝑖 + 𝑟(𝑥(𝑢)𝑖 − 𝑥(𝑙)𝑖 )

𝑖 = 1, 2,… , 𝑛 𝑗 = 2, 3,… , 𝑘 (1)

where 𝑥𝑗𝑖 is the 𝑖th component of the point 𝐗𝑗 , 𝑥
(𝑙)
𝑖 is the lower

limit of the 𝑖th design variable, 𝑥(𝑢)𝑖 is the upper limit of the 𝑖th
design variable and 𝑟 is a random number lying in the interval
(0,1). If 𝐗𝑗 violates any of the constraints, the trial point 𝐗𝑗 is
moved halfway towards the centroid of the remaining, already
accepted points (where the given initial point X1 is included).
The centroid X0 of the already accepted points is given by

𝐗0 =
1

𝑗 − 1

𝑗−1
∑

𝑙=1
𝐗𝑙 (2)

If the trial point 𝐗𝑗 so found still violates some of the constraints,
the process of moving halfway in towards the centroid X0 is
continued until a feasible point 𝐗𝑗 is found. By proceeding in
this way, we will ultimately be able to find the required feasible
points X , X , . . . , 𝐗 .
2 2 𝑘
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2. Once the initial complex is built up, the objective function is
evaluated at each of the 𝑘 points (i.e. vertices of the complex).
If the vertex 𝐗ℎ corresponds to the highest function value, the
process of reflection is used to find a new point 𝐗𝑟 as

𝐗𝑟 = (1 + 𝛼)𝐗0 − 𝛼𝐗ℎ (3)

where 𝛼 ≥ 1 (Box suggested 𝛼 = 1.3 [2]) and X0 is the centroid
of all vertices except 𝐗ℎ

𝐗0 =
1

𝑘 − 1

𝑘
∑

𝑙=1
𝑙≠ℎ

𝐗𝑙 (4)

3. Since the problem is a constrained one, the point 𝐗𝑟 has to be
tested for feasibility. If the point 𝐗𝑟 is feasible and 𝑓 (𝐗𝑟) <
𝑓 (𝐗ℎ), the point 𝐗ℎ is replaced by 𝐗𝑟, and we go to step 2.
If 𝑓 (𝐗𝑟) ≥ 𝑓 (𝐗ℎ), the first version of the algorithm foresaw
the new trial point 𝐗(𝑛𝑒𝑤)

𝑟 to be obtained moving the old one
halfway towards the centroid of all the vertices except 𝐗ℎ, by
the following relation

𝐗(𝑛𝑒𝑤)
𝑟 = 1

2
(𝐗0 + 𝐗𝑟) (5)

and tested for the satisfaction of the relation 𝑓 (𝐗𝑟) < 𝑓 (𝐗ℎ). If
𝑓 (𝐗𝑟) ≥ 𝑓 (𝐗ℎ), the procedure of finding a new point 𝐗𝑟 moving
it halfway towards the centroid 𝐗𝑟 is repeated again.
Modified versions of the algorithm were then developed follow-
ing the improvements suggested by Guin [15], who investigated
the situations when the centroid of the complex is located ei-
ther at a local minimum or inside an unfeasible region, and
by Krus [16], who modified the algorithm avoiding the new
reflected point and the minimum (maximum) point to get very
close to each other and make the complex to collapse. A suc-
cessful version of the method was also implemented by Ander-
sson [17], where the use of a random value to be added to the
new reflected point allowed to solve the above-mentioned issues.
Moreover, although randomness requires some extra effort in
searching for a better point in the neighbourhood of the mini-
mum (maximum) value, it also helps to reduce the probability
to get the complex stuck in a local minimum rather than the
global minimum of the objective function. According to [17], in
case of minimization problem Eq. (5) is replaced by

𝐗(𝑛𝑒𝑤)
𝑟 =

[

𝐗(𝑜𝑙𝑑)
𝑟 + 𝜖𝐗0 + (1 − 𝜖)𝐗𝑙

]

2
+(𝐗0 − 𝐗𝑙)(1 − 𝜖)(2𝑟 − 1) (6)

where

𝜖 =
(

𝑛𝑟
𝑛𝑟 + 𝑘𝑟 − 1

)

𝑛𝑟+𝑘𝑟−1
𝑛𝑟

𝐗𝑙 is the point with the lowest objective function value, 𝑘𝑟 is the
number of times the reflected point has repeated itself as the one
with higher objective function value with respect to the worst
point 𝐗ℎ, 𝑛𝑟 is a constant (Andersson suggested 𝑛𝑟 = 4 [17]).
This procedure is repeated until a new point that satisfies the
relation 𝑓 (𝐗𝑟) < 𝑓 (𝐗ℎ) is found.
If an improved point 𝐗𝑟, with 𝑓 (𝐗𝑟) < 𝑓 (𝐗ℎ), cannot be obtained
after a prescribed number of steps, the point 𝐗𝑟 is discarded and
the entire procedure of reflection is restarted by using the point
𝐗𝑝, which has the second-highest function value instead of 𝐗ℎ.

4. If at any stage, the reflected point 𝐗𝑟 (found in Step 3) violates
any of the constraints, Eq. (6) is applied until it becomes feasible.

5. Each time the worst point 𝐗ℎ of the current complex is replaced
by a new point, the complex gets modified and we have to test
for the convergence of the process. In particular, the conver-
gence is obtained when the standard deviation of the function
4

Fig. 4. Geometrical parameters of the FW cooling channels layout.

value among the complex points becomes sufficiently small, that
is
(

1
𝑘

𝑘
∑

𝑗=1
[𝑓 (𝐗0) − 𝑓 (𝐗𝑗 )]2

)1∕2

< 𝜀 (7)

where X0 is the centroid of all the 𝑘 vertices of the current
complex, and 𝜀 is a specified small number greater than 0.

The method just described will move and modify the complex
towards the minimum (maximum) of the function until all the points
of the complex are featured by very similar values of the objective
function, i.e. the complex is going to collapse into its centroid in
proximity of the optimum point.

The Complex method has been applied to a wide range of problem
areas such as fluid power system design [17], physics [18], structural
engineering [19], etc. Although it was originally developed for prob-
lems with continuous variables, Haque [19] has shown that the Com-
plex method could also be applied to mixed continuous and discrete
variable problems.

WCLL BB parametric FE model. The numerical model relies on the
equatorial cell of the WCLL COB segment. In particular, the model
considers the structural domains (i.e. W-armour, SB, DWTs) and the
breeder (see Fig. 4). In order to reduce a lot the huge computational
time usually required for optimization studies, the water domain has
not been modelled, but its cooling effect has been replaced by means
of specific convective boundary conditions that will be described in
the following sections. Moreover, exploiting its toroidal symmetry, only
half model of the elementary cell has been simulated.

Since the optimization study aimed at identifying the best topology
and position of the FW cooling channels layout, the geometrical model
has been parametrized depending upon the definition of a certain
number of design parameters related to the cooling channels layout.
In particular, the uniqueness of the channels layout can be defined by
means of four geometrical parameters (see Fig. 4):

• N [–], which is the number of channels per cell;
• R [mm], which represents the radial (x-axis) distance between the

BZ-side of the cooling channels and the BZ itself;
• a [mm], which is the radial (x-axis) dimension of the cooling

channel;
• b [mm], which represents the poloidal (z-axis) dimension of the

cooling channel.

Because of the parametrization, both the geometrical and the re-
lated FE model are updated in every step of the optimization study,
according the values of the parameters at that step. The full thermo-
mechanical assessment of the breeding blanket requires the knowledge
of the thermal field arising within the structure under the effect of heat
loads and boundary conditions. Since material properties can vary a lot
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with temperature, temperature-dependent thermo-physical properties
of the material have been assigned to each domain. For Eurofer97, data
have been drawn mainly from the RCC-MRx [13] and, when missing,
from the EUROfusion material handbook [20]. As to the tungsten, the
analyses have been carried out considering the data presented in [21].
Finally, the Lithium-Lead properties have been drawn from [22].

However, it must be pointed out that only Eurofer97 structural
domain has been considered for the structural analyses, excluding the
W-armour, being it foreseen as composed of a set of non-continuous
tiles that should not act any significant compressive/tensile action onto
the FW. As to the latter, thermo-mechanical analyses presented in [23]
have shown that, if modelled as continuum solid, the presence of the
W-armour adds an unrealistic compressive effect onto the FW structure,
mainly due to the difference in terms of thermal expansion coefficient.

As already done in the past [9,24], two relevant operating sce-
narios need to be investigated for the WCLL BB design: (1) the Nor-
mal Operation (NO) scenario, and (2) the Over-Pressurization (OP)
scenario.

While the former can be represented by the steady-state condition
reached during the flat top of each DEMO pulse, the latter corresponds
to an accidental scenario following a rupture of one (or more) DWT
inside the BZ (e.g. in-box LOCA) leading to an over-pressurization of
the SB.

According to that, different sets of thermal and mechanical loads
and boundary conditions have to be applied during the simulation in
order to investigate both the loading scenarios.

As to the thermal loads and boundary conditions, it is possible to
assume preliminary that the temperature distributions in either fluids
and structure do not change significantly from the NO scenario to the
OP scenario (considering the first time instants after the DWT break).
Hence, for the heat transfer simulation the following set of loads and
boundary conditions have been used:

• surface heat flux 𝑞′′ [MW/m2] onto the W-armour plasma facing
surface;

• volumetric density of nuclear-deposited heat power (or nuclear
heating) 𝑞′′′ [MW/m3];

• forced convective heat transfer at coolant/wall interface;
• pure diffusive heat transfer within the breeder (assumed as stag-

nant).

Regarding the heat flux acting onto the W-armour plasma facing
surface, the value of 0.32 MW/m2 has been applied, pertinent to the
equatorial region of the COB segment [6]. The value has been applied
uniformly on the straight part of the FW, whereas a cosine law has been
used in correspondence of the bends connecting the FW to the SWs.
The non-uniform nuclear heating distribution inside the equatorial cell
has been considered by using radial profiles computed at University of
Palermo by means of MCNP neutron–photon transport analyses carried
out on fully heterogeneous model of a recent, similar version of the
equatorial cell [25].

Although the change of the FW channels layout has an impact on the
nuclear heating, this effect has been considered negligible and, hence,
configuration-independent distributions have been adopted during the
optimization process. Indeed, the weak dependency of the nuclear
heating profiles from the cooling channels layout has been already
confirmed in [26]. On the other hand, performing a neutron–photon
transport simulation for each configuration would have a required a
massive computational and time effort.

Since water domain is not modelled, proper convective boundary
conditions have been imposed at the coolant/wall interfaces. In partic-
ular, the following iterative procedure has been adopted for each FW
cooling channels layout analysed:

1. First analysis run with uniform bulk temperature set to the
average temperature of 311.5 ◦C and initial heat transfer coef-
ficients (different for FW channels and DWTs) computed by the
5

Fig. 5. Mechanical constraints on the parametric FE model of the WCLL COB equatorial
cell.

Dittus&Bölter correlation [27], assuming first attempt mass flow
rate for either the DWTs circuit and the FW cooling system, and
calculating the coolant thermo-physical properties at its average
temperature.

2. Evaluation of the power extracted by the coolant flowing
through each cooling circuit (FW and DWTs) and calculation
of the pertaining revised mass flow rates assuming the nominal
in–out 𝛥𝑇 of 33 ◦C (295 ◦C–328 ◦C) for the coolant, as follow

�̇�𝑗 =
2 ∫𝐴𝑗

𝑞′′(𝐴𝑗 )𝑑𝐴𝑗 +𝑄𝑛ℎ,𝑗

𝑐𝑝,𝑎𝑣𝑒𝛥𝑇
(8)

where 𝑗 stands for 𝑗th cooling circuit (i.e. FW or DWTs), 𝐴𝑗 is the
coolant-wetted surface of the 𝑗th circuit, 𝑞′′(𝐴𝑗 ) is the outward
heat flux crossing that surface, 𝑄𝑛ℎ,𝑗 is the total heat power due
to nuclear heating inside the water domain of the 𝑗th circuit,
computed by the nuclear analysis in [25] (i.e. 𝑄𝑛ℎ,𝐹𝑊 𝑤𝑎𝑡𝑒𝑟 =
10.224 kW, 𝑄𝑛ℎ,𝐷𝑊 𝑇𝑠𝑤𝑎𝑡𝑒𝑟 = 6.659 kW). The factor 2 multiplying
the surface integral of the heat flux is due to the fact that thanks
to its toroidal symmetry, only half of the cell has been modelled.

3. Sub-sequential analysis run with the revised heat transfer co-
efficients based on the mass flow rates computed in the Step
2.

By means of this iterative procedure (usually, no more than two itera-
tions are needed), it has been possible to get more realistic heat transfer
coefficients for each blanket configuration, as a function of the required
mass flow rates to have the prescribed 𝛥𝑇 . Conversely, a first-kind
boundary condition (i.e. fixed temperature) has been imposed to the
water-wetted surfaces of the manifold region, considering the average
temperature of 311.5 ◦C.

Finally, the breeder domain has been modelled as a solid domain
(i.e. stagnant breeder), neglecting the contribution due to advection on
its heat transport mode. This assumptions has been already adopted
in several studies [28,29] and can be justified by its very low velocity
inside the cell as well as the MHD effects on its flow.

As far as the mechanical simulations are concerned, the loads and
the boundary conditions pertinent to both NO and OP loading scenarios
have been taken into account:

• pressure loads onto the cooling water-wetted surfaces: 15.5 MPa
under NO scenario and 18.6 MPa under OP scenario;

• pressure loads onto the breeder-wetted surfaces: 0.5 MPa under
NO scenario and 18.6 MPa under OP scenario;

• thermal expansion induced by the thermal field predicted by the
steady state thermal analysis;

• a proper set of mechanical constraints, with the aim of simulating
the structural behaviour of the DEMO breeding blanket as realistic
as possible (see Fig. 5).

In particular, the adopted mechanical constraints prevent the radial
(x) displacement of the nodes on the back surface of the BSS and the
toroidal (y) displacement of the nodes on the middle toroidal plane of
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the whole elementary cell. Regarding the poloidal displacement, a free-
displacement symmetry condition has been applied to both the poloidal
surfaces of the cell, in order to allow all the 𝑖 nodes belonging to each
symmetry plane to translate in the normal (z) direction of a uniform
displacement, determined by the criterion that there is no resulting
reaction force (RF) in the normal direction. Such mechanical restraints
on the two poloidal surfaces based on the plane strain assumption have
been already used in the past [24,28] and, even though it might be
slightly misleading on the FW behaviour, it represents the easiest and
most widely adopted option so far.

Once identified all the loads and boundary conditions acting onto
the WCLL BB equatorial cell, the overall thermo-structural response of
each FW channels configuration has been obtained by means of the
following sequence of simulations:

1. a first study to evaluate the thermal field arising within the
structure at the end of the flat top of each DEMO pulse. To do
that, the above-mentioned iterative procedure has been applied
and a couple of steady-state thermal analyses are carried out to
converge to a final temperature distribution.

2. Two linear elastic structural analyses are performed applying
only primary loads (i.e. pressure loads) pertinent to NO and OP
scenario, respectively, in order to compute the primary stresses
arising within the structure.

3. Finally, a linear elastic structural analysis is carried out consid-
ering only secondary loads (i.e. only thermal expansion) relying
on the thermal field obtained from Step 1. From this analysis,
the distribution of secondary stresses is computed.

The evaluation of the peak stresses (requiring the combined action
of primary and secondary loads) has not been considered for the FW
optimization analysis, and will be performed only during the final
structural analysis of the optimized configuration, where it has been
possible to adopt a more detailed model discretization.

Objective function. Any optimization method requires the definition of
an objective function to be minimized (or maximized) to get the desired
result.

Focusing on the main object of this work, the ideal objective func-
tion is represented by the hypothetical function

𝑇𝐵𝑅(𝐗) = 𝑇𝐵𝑅(𝑁,𝑅, 𝑎, 𝑏) (9)

where X is the design vector containing the four design variables
identified above (𝐗 = [𝑁,𝑅, 𝑎, 𝑏]).

However, the definition of a function like that above would be
very demanding and tough to achieve. In fact, it would require several
hundreds of neutron transport analyses and, finally, a trial of a multiple
regression analysis in order to fit all the variables into a single function.
Moreover, handling different kind of variables, being 𝑁 a discrete
variable whereas 𝑅, 𝑎 and 𝑏 are continuous, would make this last step
much more complex. Considering the aim of this work, mostly oriented
towards the definition of a general procedure, such activity has been
considered out of scope, and a rational-heuristic approach has been
adopted instead, identifying a potential objective function based on
rational assumptions requiring less nuclear analyses.

According to that, the leading idea was to determine a scalar func-
tion 𝑓 (𝐗) of the vectorial variable X so that minimizing 𝑓 (𝐗) implies
maximizing the TBR. The function 𝑓 (𝐗) is defined as

𝑓 (𝐗) ∶ 𝛺 → R with 𝐗 = [𝑁,𝑅, 𝑎, 𝑏] (10)

where 𝛺 represents the phase space of the four variables 𝑁 , 𝑅, 𝑎 and
𝑏.

The relation between the TBR and 𝑓 (𝐗) has been investigated
by means of several neutron transport analyses carried out on the
same layout as the parametric model FE model of the WCLL BB, but
considering the whole elementary cell rather than half. In particular, a
numerical approach based on the Monte Carlo method has been used
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Fig. 6. 3D fully heterogeneous, parametric MCNP model of the WCLL COB equatorial
cell (configuration with N = 10, R = 15 mm, a = 7 mm, b = 7 mm).

Table 1
Matrix of cases with TBR results.

Case N [–] R [mm] a [mm] b [mm] TBR [–]

#1 10 15 7 7 3.207E−01
#2 5 15 7 7 3.141E−01
#3 10 5 7 7 3.313E−01
#4 5 5 7 7 3.191E−01
#5 10 9.75 12.25 4 3.216E−01
#6 10 18 4 12.25 3.189E−01
#7 5 9.75 12.25 4 3.153E−01
#8 5 18 4 12.25 3.134E−01
#9 10 8 14 7 3.395E−01
#10 5 6.75 15 5.4 3.222E−01
#11 5 13 7 7 3.149E−01
#12 5 5.3 13.8 20.8 3.621E−01

adopting the MCNP5.1.6 code [30] along with the JEFF3.2 cross section
libraries [31]. A fully heterogeneous, parametric 3D MCNP model of
the equatorial slice has been set up (see Fig. 6), and the planar neutron
source built-up within a recent collaboration between the University
of Palermo and the Karlsruhe Institute of Technology [32,33] has been
used.

In particular, such source takes into account both the neutrons
coming directly from the plasma (D-T reactions) and the neutrons due
the albedo in the whole DEMO reactor. It has been developed handling
the results obtained adopting a MCNP model of the whole reactor with
its proper neutron source simulating a D-T plasma. More precisely, both
the neutrons and photons crossing the plasma facing surface of the
selected slice have been sampled in energy and cosine bins to be able
to set up a proper source for the slice MCNP input in a similar way as
done in [32] and [33]. As far as the boundary conditions are concerned,
pure reflecting boundary conditions have been imposed to the top and
bottom poloidal surfaces, whereas white boundary conditions [34] have
been applied to the toroidal direction, as already used in [33] and
discussed in depth in [35].

With the aim to investigate how the tritium breeding performance
of the elementary cell is affected by the water amount and distribution
in the FW, eight MCNP models have initially been analysed (Case
#1 to Case #8 in Table 1), each one equipped with a different FW
channels layout. The analyses have been carried out by simulating
a large number of histories (∼1010) so that the results obtained are
affected by relative errors lower than 1% even in the slice regions more
distant from the source.

As shown in the table, the first investigation carried out was to
assess the impact of the water amount (represented by the term 𝑁 ⋅𝑎⋅𝑏),
without changing neither the aspect ratio of the channel (i.e. 𝑏∕𝑎) nor
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Fig. 7. TBR vs. 1∕𝑁𝑎𝑏.

the distance 𝑅. In order to do that, two cases equipped with 10 and
5 cooling channels (Case #1 and Case #2, respectively) have been
analysed, considering the reference dimensions of the channels (7 mm
× 7 mm) with 𝑅 = 15 mm.

Secondly, starting from the first two cases, the impact of the dis-
tance between the channels and the BZ has been evaluated reducing 𝑅
from 15 mm to 5 mm, for both the configurations with 10 (Case #3)
and 5 (Case #4) cooling channels.

Finally, other four simulations (from Case #5 to Case #8) have
been performed keeping, for the two main cases #1 and #2, the same
number of channels 𝑁 as well as the water amount 𝑁𝑎𝑏 but changing
the aspect ratio 𝑏∕𝑎 of the channels, together with 𝑅 accordingly. For
each configuration the channels have been re-arranged and equally
spaced along the poloidal direction.

In order to better understand the results obtained, two different
plots are reported below. In particular, Fig. 7 shows the TBR perfor-
mances of all the layout analysed as a function of the reciprocal of
the total cross-sectional area of the channels (i.e. 1∕𝑁𝑎𝑏), which is
inversely proportional to the water amount inside the FW.

Looking at the results, it is easy to observe that the water amount
plays a pivotal role in the increase/decrease of the TBR and, in partic-
ular, higher is the water amount higher is the TBR. Such unexpected
result goes towards the opposite direction of what observed in [11] and
stated also in [12], and further investigations would be needed to get
to know which are the modelling assumptions (i.e. heterogeneous vs.
homogeneous model and elementary cell vs. whole blanket sector) that
make such a difference come out. Such behaviour is probably due to
the volumetric ratio between steel and water, so that the lower this
ratio, the greater the production of tritium since the softer spectrum
promotes tritium reactions to the detriment of parasitic absorptions in
the structural material whose percentage content in the FW decreases.

From Fig. 7 it was also possible to observe that, for each level of wa-
ter amount, a certain behaviour exists between different configurations.
In particular, it was found that the TBR increases when the quantity
𝑅(𝑁𝑏)𝛽 (with 𝛽 ∈ R) decreases, as shown in Fig. 8.

This last plot shows that the reduction of the parameter 𝑅 has a
positive influence on the tritium breeding, as already noted in [26], as
well as the reduction of the poloidal surface occupied by the channels
𝑁𝑏, with a second-order effect though.

In fact, as already stated in [26], both contributes to the reduction of
the steel thickness enclosed between the channels and the BZ, wherein
lots of neutrons are captured after having been moderated by the water.

Combining both the aspects observed in Figs. 7 and 8, a unique
scalar function 𝑓 (𝐗) of the design variable vector X has been defined
by a linear combination between 1∕𝑁𝑎𝑏 and 𝑅(𝑁𝑏)𝛽 as follow,

𝑓 (𝐗) = 1 + 𝛾𝑅(𝑁𝑏)𝛽 (11)
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𝑁𝑎𝑏
Fig. 8. TBR vs. 𝑅(𝑁𝑏)𝛽 with 𝛽 = 0.01.

Fig. 9. TBR vs. 𝑓 (𝐗).

where 𝛽 = 0.01 and 𝛾 = 1.75⋅10−4. In particular, the low value of the
coefficient 𝛽 justifies the weak influence of the factor 𝑁𝑏 with respect to
𝑅, whereas the coefficient 𝛾 combines the two addends of the function
in terms of magnitude. Plotting the TBR obtained vs. the function 𝑓 (𝐗)
(see Fig. 9), it is possible to observe how the minimization of the latter
implies an increase of the TBR.

However, being the function in Eq. (11) not bijective (i.e. different
combinations of the design variable may have the same value of the
function), it must be stressed that is not possible to assert that the TBR
is function of 𝑓 (𝐗). Indeed, two different vectors 𝐗𝑖 and 𝐗𝑗 might have
the same value of the function 𝑓 (𝐗), but show different values of TBR.
In math formulation, it cannot be shown that

𝑓 (𝐗𝑖) = 𝑓 (𝐗𝑗 ) ⟹̸ 𝑇𝐵𝑅(𝐗𝑖) = 𝑇𝐵𝑅(𝐗𝑗 ) (12)

According to that, before implementing the function in Eq. (11) as
the objective function to be minimized in our multiphysics optimization
framework, its goodness has been also tested with other four different
cases (Case #9 to Case #12 in Table 1) to verify if it is at least
sufficiently monotonic in the interval of interest for the problem’s
purposes.

As expected, the four additional configurations analysed confirmed
the trend already outlined by the first eight simulations, without show-
ing any inversion of concavity. Furthermore, even though 𝑓 (𝐗) is not
bijective, it can be agreed that combinations of parameters having
similar values of the objective function, show also similar values of
TBR.

Such heuristic approach has been used to obtain, without perform-
ing hundreds of MCNP calculations, an acceptable objective function to
be easily implemented in such multiphysics optimization framework in
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order to increase the tritium breeding performances in the equatorial
cell of the WCLL COB segment. Moreover, having been confirmed by
neutron transport calculations, the function in Eq. (11) might represent
a good starting point for further studies in the development of a general
function 𝑇𝐵𝑅(𝐗).

Constraints. As far as the constraints are concerned, their definition
had to deal with different aspects of a water-cooled breeding blanket
design. In particular, as already described above, two different types of
constraints had to be defined: (1) the side constraints, that are the limits
of the design variables, and (2) the functional constraints, depending
upon the performances and the prescribed requirements.

The design variable limits have been defined relying on the recent
experiences in the WCLL BB design [6,23] as well as on rational
assumptions. In particular, the following intervals have been adopted
for the design variables 𝑁 , 𝑅, 𝑎 and 𝑏 during the optimization process:

𝑁 ∈ [4 ; 10] ⊂ N (13)

𝑅 ∈
[

𝑠 ; 𝑡𝐹𝑊 − 3𝑠
]

⊂ R (14)

𝑎 ∈
[

2𝑠 ; 𝑡𝐹𝑊 − 𝑅 − 𝑠
]

⊂ R (15)

𝑏 ∈
[

2𝑠 ; (𝐻 −𝑁𝑠)∕𝑁
]

⊂ R (16)

where 𝑠 = 2 mm, assumed as the minimum thickness of any section
in the FW domain, 𝑡𝐹𝑊 = 25 mm, that is the FW thickness, and 𝐻 =
135 mm, that is the poloidal height of the elementary cell. Concerning
the channel dimensions 𝑎 and 𝑏, a lower limit of 4 mm has been
imposed to both dimensions, whereas the upper limits depend on the
values of the 𝑅 and 𝑁 , respectively.

As to the functional constraints, since the main nuclear require-
ment (i.e. the TBR) has been considered during the objective function
definition, only thermal-hydraulic and structural requirements have
been imposed for the FW optimization. In particular, considering the
coarseness of the numerical model used for the optimization, not all
of the requirements presented above have been implemented, but the
ones identified as the most critical for our purposes.

Regarding the thermal-hydraulic constraints, limitations on coolant
maximum velocity as well as on maximum or minimum temperature in
the structure have been implemented:

𝑢𝐹𝑊 ≤ 7 m/s (17)

𝑇𝐸𝑢𝑟𝑜𝑓𝑒𝑟,𝑚𝑎𝑥 ≤ 550 ◦C (18)

𝑇𝑆𝐿𝑖,𝑎𝑣𝑒 ≥ 350 ◦C (19)

where 𝑢𝐹𝑊 is the average coolant velocity in the FW cooling channels,
𝑇𝐸𝑢𝑟𝑜𝑓𝑒𝑟,𝑚𝑎𝑥 is the maximum temperature reached in the Eurofer97
domain, and 𝑇𝑆𝐿𝑖,𝑎𝑣𝑒 is the average temperature on the 𝑖th Supporting
Line (SL𝑖), defined to perform the stress linearization procedure. As to
the latter, those limits have been imposed due to DBTT considerations
stated in [36].

From the structural point of view, constraints on the verification of
some of the RCC-MRx design criteria have been imposed. In particular,
the structural performances of each FW configuration analysed have
been evaluated out adopting the linear elastic approach as suggested
in the RCC-MRx. Such code foresees the use of the stress linearization
procedure to be performed in the most critical regions of the compo-
nent. In order to do that, a set of Supporting Lines (SLs) is identified,
placed along the thickness of the sections to be assessed. As far as
the parametric FE model of the equatorial cell, the attention has been
focused on the object of the optimization, i.e. the complex of FW and
SW. In particular, a set of ten (parametric) supporting lines have been
selected, as shown in Fig. 10, placing six of them at the middle of the
FW, whereas other four ones in correspondence of the bend between
the FW and the SW.

Such set of paths allows to check the stress level in correspondence
of the most relevant sections of the FW, looking at the points with
maximum bending (i.e. SL 1, SL 2, SL 3, SL 7) and maximum resulting
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Fig. 10. Supporting lines used for stress linearization procedure.

moment (i.e. SL 9, SL 10). Furthermore, the region at the FW bend
(i.e. SL 4, SL 5, SL 6, SL 8) needs also attention due to bending effects.

As already described in the section concerning the structural re-
quirements, the verification of the design criteria is performed compar-
ing an equivalent stress, combining different kind of stresses depending
upon the criterion, with the specific allowable stress presented above,
depending also upon the service level. In particular, according to the
standards, the NO and the OP scenarios are classified as Level A and
Level D, respectively.

The following main RCC-MRx design criteria have been adopted:

(𝑃𝑚) ≤ 𝑆𝑚 (20)

(𝑃𝐿 + 𝑃𝑏) ≤ 1.5𝑆𝑚 (21)

(𝑃𝑚 +𝑄𝑚) ≤ 𝑆𝑒𝑚 (22)

(𝛺𝑃𝑚) ≤ 𝑆𝑡(𝑡) (23)

(𝑃𝐿 +𝛷𝑃𝑏) ≤ 𝑆𝑡(𝑡) (24)

(max
[

𝑃𝐿 + 𝑃𝑏

]

+ 𝛥𝑄) ≤ 3𝑆𝑚 (25)

where 𝑃 and 𝑄 are the primary and secondary stresses, respectively,
while 𝑆 refers to different allowable stresses. For a detailed description
of both symbols and criteria, the reader is addressed to the stan-
dards [13]. For creep failure considerations, an activation temperature
of 450 ◦C has been set as lower limit, mainly due to lack of data at
lower temperatures, and an operating time of 18 000 h (≈2 full-power
year) has been assumed for the blanket. As to the verification against
ratcheting failure mode, 𝛥𝑄 has been conservatively approximated to
𝑄, having been considered only one steady-state thermal analysis.

In order to take into account uncertainties on temperature distribu-
tion, a small safety margin 𝑛 (=1.05) on the allowable stresses has been
considered.

4. Results of the optimization campaign

The definition of the initial complex requires that the first point
must be feasible. According to that, its choice was driven by the
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reference FW channels layout in the equatorial region of the COB
segment [11], which is featured by 𝑁 = 6, 𝑅 = 15 mm, 𝑎 = 7 mm
and 𝑏 = 7 mm.

However, the check on its feasibility resulted in the violation of sev-
eral thermo-structural constraints, all of them concerning the minimum
average temperature in the main thicknesses of the FW, as in Eq. (19).
In particular, the average temperature in lines SL3, SL6, SL7, SL8 and
SL10 (see Fig. 10) was below 350 ◦C. If reducing 𝑅 from 15 to 14 mm
was sufficient to satisfy the requirement in lines SL3, SL6 and SL10,
no feasible actions were identified to make the average temperature
between two consecutive channels (SL7 and SL8) higher than 350 ◦C.

With the aim of finding other feasible points that fulfil all the
prescribed requirements, lots of configurations have been analysed
but none of them was able to satisfy contextually all the constraints
inherent to either stress limits and minimum irradiation temperature
due to DBTT positive shifts effects.

Nevertheless, being non-productive to relax the constraint to a
lower temperature [36], it has been decided to remove such temper-
ature constraint from the thicknesses along the lines SL7 and SL8. In
fact, the eventual crack nucleation and propagation along the thick-
ness separating two water channels can be considered as less relevant
than along thicknesses separating the coolant from other environments
(i.e. BZ, plasma chamber). Furthermore, a temperature constraint in the
thickness between channels is somehow considered in the minimum
allowable average temperature along the lines SL1 and SL4.

Despite that, irradiation embrittlement in the material very close to
the water cooling channels will definitely occur and, if not properly
tackled, such phenomenon might cause gross failure of the FW. Hence,
it is important to underline how much further R&D activities on fusion
reactor materials is still needed, so to allow the designers to conceive
feasible, reliable and performing components.

Once the first feasible point was identified, the initial complex has
been randomly determined by means of Eq. (1).

Since the Complex method is intrinsically unable to recognize a
local minimum from the global minimum of a function, good rationale
to investigate more deeply the feasible 𝑛-dimensional space is to run
more than a single optimization analysis and compare the final results
obtained. According to that, five simulations have been carried out for
the optimization of the FW cooling channels, each one starting with a
different initial complex.

The procedure made of sequential reflections and shaping of the
complex to reach the minimum of the objective function (while com-
plying with the constraints) is shown in the Figs. 11 and 12. The former
reports in a log–log graph the objective function value at the centroid
of the complex 𝑓 (𝐗0) vs. the number of reflections completed, while
the latter reports in a log–log graph the standard deviation value of the
complex 𝜎 as defined in Eq. (7) vs. the number of reflections completed.

In order to make both calculation and visualization easier, the
objective function 𝑓 (𝐗) has been scaled with a multiplication factor
of 1 ⋅ 103, so to obtain values in the order of the unity. In fact, such
operation does not modify the outcome of an optimization process. As
a consequence of that operation, the minimum threshold 𝜀, as defined
in Eq. (7), has been set to 1 ⋅10−2, in order to have a deviation between
the objective function value at each point and the value at the centroid
lower than 1⋅10−1 on average.

The final results show that around 25÷65 reflections are necessary
to get the standard deviation 𝜎 lower than 1⋅10−2, depending upon the
initial complex (see Eq. (1)) and that little of randomness acting during
the optimization process (see Eq. (6)). However, similar values of the
objective function have been reached at the end of the five runs, even
if obtained with different combinations of variables. In particular, Run
#5 is the simulation that ended up with the lowest objective function
value, as shown in Fig. 11. According to the detailed results described
in Appendix, the optimum point identified by the last run has got an
objective function value of 1.881, featured by 𝑁 = 5, 𝑅 = 6.194 mm,
𝑎 = 13.744 mm and 𝑏 = 19.497 mm.
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Fig. 11. Objective function value at centroid vs. number of reflections.

Fig. 12. Standard deviation of 𝑓 (𝐗) vs. number of reflections.

5. Assessment of the optimized design

In this last chapter, a more detailed multiphysics assessment of the
WCLL COB equatorial cell equipped with an optimized FW channels
layout is reported. As obtained at the end of the optimization campaign
presented in the previous chapter, the selected optimized layout of FW
cooling channels is featured by 𝑁 = 5, 𝑅 = 6.194 mm, 𝑎 = 13.744 mm
and 𝑏 = 19.497 mm.

Since such tolerances are not significant for manufacturing such
kind of component, the dimensions in the final layout have been
approximated so to give more reasonable values as follow: 𝑁 = 5, 𝑅 =
6.2 mm, 𝑎 = 13.7 mm and 𝑏 = 19.5 mm.

The first section of the chapter regards to the preliminary nuclear
analysis performed to evaluate the TBR performances as well as the spe-
cific nuclear heating profiles to be adopted for the thermo-mechanical
analysis.

Secondly, a more detailed thermo-mechanical analysis of the equa-
torial cell is carried out, evaluating its global thermal-hydraulic param-
eters as well as the temperature distribution in the several domains.
The latter is, then, used together with pressure loads to perform the
mechanical analyses and compute the primary, secondary and primary
plus secondary stress distributions arising within the structural domain
in both NO and OP loading scenarios.

Finally, the enhanced elastic approach as per RCC-MRx is applied
to carry out the structural integrity assessment of the component,
focusing the attention on the FW domain, and evaluating strengths and
weaknesses of the optimized design against the most relevant failure
modes for nuclear irradiated components.
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Fig. 13. 3D fully heterogeneous model of the WCLL COB equatorial cell equipped with
the optimized FW.

Fig. 14. TBR performances of the optimized layout.

5.1. Nuclear assessment

Following the same approach as during the definition of the objec-
tive function, the TBR performances of the optimized concept has been
evaluated. A fully heterogeneous 3D MCNP model of the optimized
equatorial slice has been set up (see Fig. 13), and the same planar
neutron source and boundary conditions as those adopted for the
definition of the objective function have been applied.

The analyses have been carried out by simulating a large number
of histories (∼1010) so that the results obtained are affected by relative
errors lower than 1% even in the slice regions more distant from the
source.

The nuclear response of the equatorial cell has been investigated
focusing the attention onto the TBR performances as well as onto
the neutronic and photonic deposited power. As far as the tritium
breeding performances are concerned, the global evaluation of the
tritium produced has been computed and equal to 0.3558. Plotting this
result inside the graph of Fig. 9, it is still in good agreement with the
definition of the objective function 𝑓 (𝐗) (see Fig. 14).

The results show also a very positive increment of the TBR thanks
to the optimized layout with respect to the cases #1 (+10.95%) and
10
Fig. 15. Radial profiles of the deposited nuclear power volumetric density 𝑞′′′ in the
optimized WCLL COB equatorial cell.

#2 (+13.28%), that can be considered as reference values being the
number of FW channels varying from 4 to 10 poloidally along the COB
segment while keeping 𝑅 = 15 mm, 𝑎 = 7 mm and 𝑏 = 7 mm.

The spatial distribution of the deposited nuclear power volumetric
density (i.e. nuclear heating), 𝑞′′′, was evaluated to allow the study of
the thermo-mechanical performances to be carried out. In particular,
its radial profiles were assessed within several sub-domains of the cell,
as shown in Fig. 15.

As expected, the deposited power densities reach their highest
values near the plasma-facing region of the segment, both in the SB
and the BZ, decreasing significantly along the radial direction.

The highest value of around 26 MW/m3 is reached in the W-
armour, which is the layer directly facing the plasma. The average
value of nuclear power deposited in the FW is around 8÷9 MW/m3,
in agreement with what calculated in [11,26]. The maximum value
of 𝑞′′′ obtained in the breeder is around 14.9 MW/m3. Finally, it is
worth to notice the appearance of peaks and, more general, of increased
values in the rear region of the cell, probably due to back-scattering
of the neutrons in those regions induced by the significant amount of
water contained in the manifold close to the BSS. However, such effect
involves regions featured by nuclear power density values decreased of
almost two order of magnitude with respect to the highest values.

5.2. Thermo-structural assessment

The thermo-structural assessment of the optimized configuration of
the equatorial cell has been carried out adopting the same procedure
as the one used for the optimization campaign, but relying on a
more detailed numerical model as well as specific loads and boundary
conditions.

As to the heat transfer analysis, The same kind of thermal loads
and boundary conditions used for the optimization campaign have
been adopted for the computation of the temperature distribution in
the model. According to that, the main difference with respect to the
thermal field computed during the optimization analysis is the nuclear
heating distribution inside the cell, this time calculated specifically for
this geometry as shown in Fig. 15.

The maximum temperature in the Eurofer97 of 544 ◦C has been
computed, slightly below the maximum allowable limit of the material
set to 550 ◦C.

As far as the FW–SW system is concerned, the maximum temper-
ature is around 435 ◦C in correspondence of the interface with the
W-armour, whereas the minimum value is very close to the fluid bulk
temperature of 311 ◦C.

The temperature distributions obtained in the FW domain from the
steady-state heat transfer analysis is reported in Fig. 16.

With regards to the mechanical analysis of the equatorial cell

equipped with the optimized FW, the same loads and the boundary
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Fig. 16. Temperature [◦C] distribution in the system of FW–SW.

conditions used for the optimization campaign and pertinent to both
NO and OP loading scenarios have been applied.

With particular attention to the FW, the global Von Mises stress
fields have been plotted in Fig. 17 for both the NO and OP scenarios.

With regards to the OP loading scenario, primary stresses become
very significant due to the huge increment of the internal pressure
inside the SB (0.5 MPa vs. 18.6 MPa). Such a high value of pressure
load generates a relevant bending of the FW, implying high stresses
concentrated in correspondence of the joint with the toroidal–radial
SPs.

Nevertheless, it must be pointed out that those high stresses might
be caused by the mechanical plain strain boundary conditions applied
along the 𝑧-direction, which perhaps generates an excessive compres-
sive effect on the FW. In particular, the arise of a radial decreasing
temperature profile in the structure together with imposing a uniform
poloidal deformation (𝜀𝑧(𝑥, 𝑦) = const.) to both upper and lower sur-
faces of the cell, forces the hottest and the coldest regions to undergo
the same poloidal deformation, putting hence the regions near the
plasma under compression while the rear ones under tensile.

The structural integrity assessment of the optimized FW has been
carried out relying on the numerical results obtained by means of the
thermo-mechanical analyses presented above, and following the linear
elastic approach outlined in the RCC-MRx.

According to what already described above, a set of supporting lines
wherein perform the stress linearization has been identified in the FW–
SW domain, focusing the attention on the main relevant thicknesses
to be checked. With respect to the paths selected for the optimization
campaign, the more detailed discretization has allowed to select two
additional supporting lines (SL#11 and SL#12) located in correspon-
dence of the junction between the FW and the toroidal–radial SPs, as
shown in Fig. 18.

With regards to the design criteria without considering neither creep
nor irradiation effects, failure due to plastic collapse and instability has
been assessed, and the results are reported in Table 2 for both Level A
and Level D in terms of ratio between the applied and the allowable
stress.

The results show that, as to the normal operation, both criteria
are satisfied in all the selected supporting lines, whereas failure for
plastic instability occurs in paths SL11 and SL12 considering the Level
D scenario (bold values in Table 2). Indeed, the over-pressurization
of the SB generates a significant bending of the FW causing a high
resultant moment in correspondence of the junction between the FW
and the toroidal–radial SPs.
11
Fig. 17. Von Mises stress [MPa] distribution in the system of FW–SW under NO (top)
and OP (bottom) scenario.

Table 2
Results for plastic collapse and instability. The 𝑆𝑚 allowable stresses drawn from
[13].

Path T𝑎𝑣𝑒 [◦C] (𝑃𝑚)𝐴∕𝑆𝑚,𝐴 (𝑃𝐿 + 𝑃𝑏)𝐴∕1.5𝑆𝑚,𝐴 (𝑃𝑚)𝐷∕𝑆𝑚,𝐷 (𝑃𝐿 + 𝑃𝑏)𝐷∕1.5𝑆𝑚,𝐷

SL1 366.8 0.138 0.095 0.369 0.309
SL2 378.9 0.084 0.159 0.403 0.353
SL3 395.3 0.105 0.283 0.630 0.609
SL4 346.4 0.138 0.106 0.341 0.556
SL5 347.6 0.061 0.178 0.722 0.627
SL6 372.4 0.131 0.237 0.125 0.201
SL7 331.3 0.260 0.175 0.443 0.299
SL8 324.2 0.259 0.178 0.342 0.236
SL9 371.2 0.101 0.202 0.798 0.818
SL10 395.2 0.086 0.248 0.588 0.403
SL11 371.6 0.179 0.123 0.575 1.590
SL12 395.9 0.292 0.299 0.724 1.446

As to the cyclic loads when both creep and irradiation are neglected,
failure against ratcheting and fatigue in non-singular zones have been
verified. Since no thermo-mechanical analysis has been performed at
the end of the cycle, the stress has been conservatively assumed to
vary between zero and maximum of the cycle (i.e. 𝛥𝜎 ≈ 𝜎). The results
obtained applying the 3𝑆𝑚 rule for progressive deformations have been
reported in Table 3.

The results obtained show that no sections undergo failure for ratch-
eting, where the lowest margin has been computed in correspondence
of the thickness separating the cooling channel from the W-armour.
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Fig. 18. Enhanced set of supporting lines used for stress linearization procedure.

Table 3
Results for ratcheting.

Path (max
[

𝑃𝐿 + 𝑃𝑏

]

+ 𝛥𝑄)𝐴∕3𝑆𝑚,𝐴

SL1 0.388
SL2 0.492
SL3 0.725
SL4 0.266
SL5 0.232
SL6 0.564
SL7 0.508
SL8 0.259
SL9 0.577
SL10 0.693
SL11 0.524
SL12 0.669

Considering the irradiation effects, low temperature rules (i.e. neg-
ligible creep) to prevent immediate plastic flow localization and imme-
diate fracture due to exhaustion of ductility have been also checked and
all criteria have been fulfilled.

As far as the damage caused by creep is concerned, the activation
temperature for Eurofer97 is around 450 ◦C. Hence, looking at the
average temperature of the selected paths in the FW domain under
nominal operating conditions (see Table 2 for example), all of them
are lower than 400 ◦C and, thus, no creep failure is predicted in the
FW domain, according to the available data.

Furthermore, those temperature profiles are also helpful to identify
potential region when irradiation embrittlement can occur with a major
impact, causing large positive shift of the DBTT.

During the optimization campaign, a lower constraint was consid-
ered on the average temperature of the majority of selected paths in
the FW domain, fixing a minimum value of 350 ◦C, according to [36].

The results obtained from the heat transfer analysis of the opti-
mized FW have positively shown that the majority of the FW thick-
nesses are characterized by an average temperature lying in the range
350–400 ◦C, which is optimal to avoid either severe irradiation em-
brittlement and creep deformation. The paths showing an average
temperature lower than 350 ◦C are SL4 and SL5, located in the FW
12
corners but both very close to the limit (≈ 347 ◦C), together with
SL7 and SL8. Although the average temperature on the latter are quite
below 350 ◦C, crack propagation along those paths can be considered
as of less importance, referring to thicknesses separating two consec-
utive cooling channels instead of different environments (i.e. cooling
channels/breeder zone or cooling channels/plasma chamber).

In general, the structural integrity assessment carried out on the
optimized FW of the equatorial cell of the WCLL COB segment shows
that the structure withstand safely the normal operating conditions,
considering both primary and secondary loads. Moreover, no significant
creep deformation has been predicted within the FW–SW domain. On
the other hand, particular attention needs to be addressed to the OP
scenario, where small regions close to the junction between the FW
and the toroidal–radial SPs undergo failure for plastic collapse and
instability.

6. Conclusions

The main topic of such activity concerned the development of a mul-
tiphysics tool to be used for optimizing the design of the water-cooled
breeding blanket concept foreseen for DEMO, taking into account its
nuclear, thermal-hydraulic and thermo-mechanical design aspects. In
particular, the attention has been focused on the internal cooling
channels housed within the system of FW–SWs, trying to figure which
is the best layout for maximizing the tritium breeding performances of
the blanket without undermining its structural integrity.

In order to do that, the derivative-free Complex method has been
applied for the design optimization of the European DEMO WCLL
breeding blanket concept. To this purpose, a potential performances-
based objective function to be minimized has been defined by means
of a heuristic approach and validated by neutron transport analyses.
Moreover, a parametric multiphysics FE model of a single equatorial
cell of the Central Outboard Blanket segment (relying on an alternative
concept developed at University of Palermo) has been developed in
order to solve the coupled thermo-mechanical problem and check the
fulfilment of the prescribed functional and structural requirements.
Using a link with MATLAB, wherein the optimization algorithm has
been implemented, the optimization campaign led the design towards
an optimum point compliant with the adopted constraints.

Considering such a complex multiphysic problem as the fusion
breeding blanket design, the adoption of the Complex method has
allowed to successfully enhance the design of the WCLL BB, focusing
on a particular component such the FW, with a much lower number
of numerical analyses than the huge amount usually required by a
conventional parametric sweep approach, where conversely hundreds
(or even thousands) of analyses could be needed to properly investigate
all the phase space of the variables and to identify an optimized
configuration.

Once obtained the optimized design, its nuclear, thermal-hydraulic
and structural performances have been investigated with more detailed
numerical models.

From the nuclear point of view, the new layout of the FW cooling
channels allows an increment in TBR performances up to around 10%
and 13% with respect to the Case #1 and Case #2, respectively, that are
actual potential configurations under investigation for the WCLL BB.
Being always been a weakness of the water-based breeding blanket, this
achievement is surely very promising. Nonetheless, it must be pointed
out that the actual increment in terms of TBR presented in this work is
related to the modelling assumptions here adopted. The absolute gain
should be validated by proper 3D neutron transport analysis of the
machine.

As far as the thermo-mechanical performances are concerned, the
highest temperature reached in the Eurofer97 structure of the equa-
torial cell is lower than the maximum allowable limit of 550 ◦C. The
optimized FW withstand safely the design criteria reported in the RCC-
MRx concerning the Normal Operation scenario (Level A), while the
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region in correspondence of the joint with the toroidal–radial SPs might
undergo failure for plastic instability. No significant creep deformation
has been predicted in the FW domain being the average temperature
along the most relevant sections lower than 400 ◦C. However, it must
be highlighted that some regions of the FW–SWs system might suffer
irradiation embrittlement due to the low operating temperature of the
coolant. Indeed, the material close to the cooling channels will undergo
high dpa damage working with an operative temperature lower than
350 ◦C, causing thus a positive shift of the DBTT quite above the
room temperature. This latter aspect might introduce several problems
involving the start-up and shut-down scenarios of the components, as
well as its maintenance and the removal, that have to be properly
managed relying for instance on thermal annealing and/or pre-heating
procedures. Nevertheless, the approach followed in this work is based
on the verification of structural design rules relying on linear analysis
results. Due to the strong nonlinear behaviour of both creep defor-
mation and loss of ductility, more dedicated nonlinear analyses are
encouraged to investigate deeply the arising of such phenomena in
the material and, hopefully, relax some stringent thermo-mechanical
requirements.

The overall activity shows that some improvements in water-cooled
breeding blankets can be achieved decreasing the volumetric ratio
between steel and water in the FW to enhance the moderating effect
of the latter in favour of Tritium breeding reactions in the BZ rather
than neutron absorptions in the structural material. On the other hand,
more R&D activity on the structural materials to be used in the blanket
is still needed if we want to enhance the design of such a component.
13
Both high irradiation and high temperature cause severe strain to the
material and, in order to get sustainable lifetime for the future fusion
reactors, its performances under such extreme environments have still
to be improved.
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Table A.1
Results obtained from the optimization campaign. The optimum point obtained is highlighted in bold.

Run 𝑋𝑠𝑡𝑎𝑟𝑡 𝑓 (𝑋𝑠𝑡𝑎𝑟𝑡) 𝑋𝑒𝑛𝑑 𝑓 (𝑋𝑒𝑛𝑑 )

#1

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

6 14.000 7.000 7.000
6 12.087 5.697 13.378
6 10.156 8.895 12.587
7 10.316 9.106 9.774
6 9.705 9.458 11.122
5 9.163 7.237 8.194
6 13.486 6.438 9.567
6 14.300 6.145 10.721

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

5.945
4.397
3.344
3.488
3.356
5.037
5.164
5.139

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

6 6.898 12.296 17.027
6 6.824 12.304 17.059
6 6.887 12.162 17.323
6 6.798 12.379 17.027
6 6.836 12.319 16.956
6 6.851 12.340 17.019
6 6.852 12.196 17.040
6 6.778 12.402 16.884

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

2.060
2.045
2.054
2.037
2.051
2.049
2.058
2.038

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

#2

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

6 14.000 7.000 7.000
6 14.013 6.993 6.999
6 11.176 7.268 6.281
7 9.057 11.442 6.017
5 13.596 6.315 18.846
6 13.420 7.863 11.435
7 9.796 7.580 9.744
6 13.468 6.939 11.020

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

5.945
5.951
5.679
3.720
4.171
4.304
3.722
4.637

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

5 6.242 15.081 14.680
5 6.052 15.063 13.961
5 6.189 15.214 14.065
5 6.158 15.127 13.890
5 6.113 15.021 14.095
5 6.254 15.210 14.338
5 6.160 15.239 13.873
5 6.236 15.118 14.179

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

2.044
2.056
2.065
2.076
2.061
2.059
2.071
2.072

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

#3

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

6 14.000 7.000 7.000
5 6.578 14.527 12.805
8 9.531 8.777 6.392
5 8.906 10.097 6.387
7 9.153 11.437 9.664
7 11.702 8.983 9.751
9 10.241 5.287 9.366
7 12.254 8.088 10.620

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

5.945
2.275
3.963
4.715
2.963
3.767
4.117
3.902

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

5 6.310 15.147 14.481
5 6.277 15.178 13.951
5 6.130 15.405 13.390
5 6.180 15.340 13.663
5 6.284 15.251 14.122
5 6.231 15.284 13.697
5 6.360 15.079 14.432
5 6.232 15.459 13.557

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

2.064
2.091
2.088
2.082
2.076
2.093
2.081
2.092

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

#4

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

6 14.000 7.000 7.000
7 11.218 10.170 6.782
7 10.467 10.248 7.732
5 11.362 5.821 22.833
6 12.608 8.748 8.780
7 9.656 10.353 9.306
5 10.626 7.547 13.069
7 12.891 7.838 10.745

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

5.945
4.112
3.709
3.590
4.465
3.245
3.967
4.052

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

8 8.054 9.537 12.800
8 8.048 9.523 12.904
8 8.080 9.704 13.024
8 8.027 9.699 12.750
8 8.031 9.684 12.810
8 8.065 9.523 13.014
8 8.011 9.769 12.737
8 8.043 9.588 12.780

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

2.500
2.492
2.470
2.482
2.480
2.487
2.473
2.494

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

#5

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

6 14.000 7.000 7.000
8 11.553 6.405 6.795
6 11.569 5.717 8.790
8 9.615 8.323 9.927
7 10.422 6.638 9.725
10 15.341 4.575 8.458
7 12.286 7.591 9.880
5 12.719 4.165 11.903

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

5.945
4.977
5.423
3.271
4.115
5.391
4.148
6.353

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

5 6.351 13.395 20.664
5 6.231 13.058 20.339
5 6.378 13.160 21.069
5 6.254 13.708 19.693
5 6.250 13.704 19.744
5 6.227 14.547 17.902
5 6.194 13.744 19.497
5 6.399 12.840 21.624

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

1.887
1.895
1.891
1.887
1.884
1.908
1.881
1.894

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟
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Appendix. Results of the optimization campaign

Table A.1 show the evolution of the complex from the start to the
end of each optimization run. In particular, 𝐗𝑠𝑡𝑎𝑟𝑡 and 𝐗𝑒𝑛𝑑 represent
the initial and the final complexes, respectively, defined as arrays with
𝑛 = 4 columns by 𝑘 = 2𝑛 rows, wherein each row (𝑁,𝑅, 𝑎, 𝑏) represents
a point of the complex, whereas 𝑓 (𝐗𝑠𝑡𝑎𝑟𝑡) and 𝑓 (𝐗𝑒𝑛𝑑 ) are the arrays
containing the respective objective function values.

As shown in the table, Runs #1, #2 and #3 ended almost to the
same objective function value (2.04÷2.09), although the first run got
that value with a different variables combination. Hence, the results
of the first three runs said that, considering all the constraints, a
potential global minimum of the objective function is located around
those values.

Conversely, Run #4 finished with an higher objective function
value, meaning that the complex got stuck in a local minimum and
could not proceed towards the global one. As stated above, this event
can happen using the Complex method when lots of constraints are
imposed.

Finally, the Run #5 ended almost with the same combination of
variables of Runs #2 and #3 (i.e. 𝑁 = 5, 𝑅≈6.2 mm), but was able
to reach a lower value of the objective function (≈1.90) by means of a
slight different combination of the channels’ dimension 𝑎 and 𝑏.
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