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ARTICLE INFO ABSTRACT

Keywords: The Helium-Cooled Pebble-Bed (HCPB) Breeding Blanket (BB) concept is one of the two candidates eligible for
DEMO the driver blanket for the EU-DEMO nuclear fusion reactor. It foresees gaseous helium at high pressure as a
HCPB Bb

coolant and tritium carrier, and solid tritium breeder and neutron multiplier. In order to overcome the potential
showstoppers that emerged during its pre-conceptual design phase, alternative HCPB BB variants are under
consideration in the frame of the DEMO studies. Among them, the concept envisaging a modular pin monoblock
presents the advantages of having all the functional materials contained in a pin structure and of avoiding the
need for a first wall, remarkably simplifying manufacturing. Hence, in this work, a campaign of thermofluid-
dynamic scoping analyses aimed at assessing the performances of this novel BB concept is presented. To this
scope, different geometric layouts have been assessed under a wide range of loading conditions and evaluating
the sensitivity to key parameters, through cost-effective 2D CFD models. As an outcome, two promising geo-
metric configurations ensuring both temperatures in line with the design requirements and an acceptable
pressure drop have been found to be further assessed from the structural standpoint in a second phase of the

Thermofluid-dynamics
HCPB monoblock
CFD

activity.

1. Introduction

The construction of the EU-DEMO nuclear fusion reactor is envisaged
by 2050 by the European research roadmap to the realisation of fusion
Energy [1]. At the end of the DEMO Pre-Conceptual Design (PCD) phase,
two Breeding Blanket (BB) concepts emerged as candidates for the driver
blanket [2]: the Water-Cooled Lithium-Lead (WCLL) and the
Helium-Cooled Pebble-Bed (HCPB). Currently, the DEMO Central Team
(DCT) is investigating alternative configurations of the baseline WCLL
[3] and HCPB [4] BB concepts, aiming to address the risks identified at
the end of the PCD phase or to explore "high-risk, high-reward" designs
[5,6].

Specifically, the HCPB BB concept foresees gaseous helium at 8 MPa
as coolant and a further helium flow (with 100 Pa H2 to promote iso-
topic exchange) as tritium carrier and solid materials in the form of solid
blocks and/or pebble beds as tritium breeder and neutron multiplier. An
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innovative HCPB BB concept based on a pin monoblock design, where
all the BB functional materials (i.e., breeder and neutron multiplier) are
contained within the fuel-breeder pins, is currently under study and is
the subject of the present paper.

One of the major risks of the reference HCPB BB design is the possible
loss of structural integrity of the prismatic Bej,Ti multiplier blocks,
which are placed around the pressure tubes, thus filling the volume
among the fuel pins [7]. These blocks are not bonded to the pressure
tubes, therefore the heat transfer happens through the minimum gas gap
in between both. In the event of cracking, chunks of the multiplier may
be detached and have insufficient cooling that may lead to unpredictable
temperatures in the fragmented parts. Placing the Be;sTi or any other
neutron multiplier also inside the fuel pins would create a modular pin
design, where the pin modules are produced in series separately in a
controlled area.

Moreover, the manufacturing of the pin concept is complex. Welding
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each pressure tube to the First Wall (FW) requires methods that are
currently not mature and, even when maturated, it would require
joining ~80,000 pressure tubes to the FW, representing a challenge in
terms of time, cost and risks. The fabrication of an FW as a single part (or
in a very limited number of parts, e.g. 2 or 3) is still deemed to be very
challenging and its feasibility for a DEMO size is still to be demonstrated.
Finally, the assembly sequence of the HCPB BB may be problematic due
to the exposed presence of Be;sTi blocks [8].

These are the main reasons that brought to the introduction of the
alternative HCPB BB design based on an innovative pin monoblock ar-
chitecture (Fig. 1). This design is characterised by choices aiming at
surmounting the above-mentioned critical issues. Indeed, the proposed
new HCPB BB concept is characterized by the absence of a typical FW
element/component and by modular fuel pins containing all the func-
tional materials. Hence in this alternative HCPB BB concept, from now
on indicated as “HCPB monoblock” for the sake of brevity, the new
arrangement of breeder and multiplier avoids the occurrence of unpre-
dictable temperature hotspots in neutron multiplier fragments, as the
damaged block is cooled anyway, being located within the pin (namely
within the actively cooled domain). Moreover, the absence of an FW
strongly simplifies BB manufacturing.

In this context, a multi-physics scoping analysis, preparatory to a
conceptual design of the HCPB monoblock BB concept, is presently
ongoing at the University of Palermo in close cooperation with the DCT.
In particular, the activity presented here regards the exploratory
investigation of the steady-state fluid-dynamic and thermal behaviour of
a pin of the HCPB monoblock BB concept, considering different geo-
metric layouts and assessing the sensitivity to the variation of key pa-
rameters, such as surface roughness and cooling fluid temperature rise,
under multiple loading scenarios. This investigation followed a
theoretical-numerical approach based on the finite volume method and
adopted the ANSYS FLUENT code. Due to the symmetry of the problem,
a 2D model was employed, thus allowing to perform an extensive
campaign of parametric analyses at a reduced computational cost. The
scope of the work is to find out the best compromise between the pin’s
thermal behaviour (temperature should be limited in solid domains) and
its fluid-dynamic performances (coolant speed and pressure drop are
limited by DEMO design requirements), to assess the feasibility of the
design from a thermal standpoint. In the following, models, assump-
tions, and primary findings are presented and discussed.

To this scope, the adopted geometric model is described in section 2
whereas the numerical model and the loading conditions adopted for the
first campaign of parametric analysis are presented, together with the
results, in section 3. In particular, this section details the setup (sub-
section 3.1), parameters (subsection 3.2) and results (subsection 3.3) of
the baseline HCPB monoblock pin parametric analysis campaign. Based
on the outcomes, the baseline geometric layout has been improved

Side Wall

Connections

Fusion Engineering and Design 218 (2025) 115243

(section 4) and further assessed with detailed thermofluid-dynamic
analysis, thoroughly described in section 5. Then, in section 6, studies
on alternative configurations are presented and critically discussed.
Finally, conclusions and follow-up are given in section 7.

2. Baseline HCPB monoblock pin geometry

In the baseline HCPB monoblock pin layout (Fig. 2) the breeder and
the multiplier — constituted by Advanced Ceramic Breeder (ACB) pebble
beds (Li4SiO4 + 35 %mol LizTiO3) and Be;oTi blocks respectively — are
arranged within a steel (ferritic-martensitic 9Cr-1WVTa steel, so called
EUROFER97 and hereon referred to as “Eurofer” for the sake of read-
ability) cladding, located in the actively cooled domain. The cooling
helium enters the pin from the inlet manifold located in the back sup-
porting structure, moves towards the Eurofer cap and spreads radially
before moving backwards between the external Eurofer shell and the
Eurofer outer sheet. Once the cooling helium reaches the Eurofer plug, it
reverses its direction and flows between the Eurofer inner sheet and the
Eurofer cladding, thus cooling the Breeding Zone (BZ) until it exits the
pin domain to be collected in the outlet manifold. A thin layer of stag-
nant helium is interposed between the two Eurofer sheets in order to
thermally decouple the cap - significantly affected by the heat flux
acting on the tungsten plasma facing surface — from the BZ.

The stagnant helium layer and the flowing (cooling) helium form a
continuous domain, as there is no physical separation between them.
Specifically, the helium gap between the two Eurofer sheets is in direct
communication with the main coolant flow in the zone of flow motion
reversal, where no axial sealing is present between the sheets. On the
opposite side of the gap, either an axial closure or an outlet leading to a
confined region of stagnant helium located outside the pin domain is
envisaged. Since both solutions ensure that the helium between the two
Eurofer sheets remains effectively stagnant, further considerations are
beyond the scopes of the pin’s thermal and fluid-dynamic assessment.

3. Baseline HCPB monoblock pin parametric analysis campaign

The first step in the HCPB monoblock pin layout assessment was a
parametric analysis focused on the reference pin geometry, considering
multiple loading scenarios and different values of key parameters. A 2D
axisymmetric model has been developed to perform the steady-state
thermofluid-dynamic analyses with Ansys FLUENT at a reduced
computation cost.

3.1. Thermofluid-dynamic analyses setup

The thermofluid-dynamic analysis campaign involved solid and fluid
domains. The cooling helium has been modelled as an ideal gas with
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Fig. 1. 3D representation of the steel domains of the innovative pin monoblock architecture.



A. Gioe et al.

708 mm

Fusion Engineering and Design 218 (2025) 115243

598 mm

.30 mm Eurofer plug

J— N
Breeder 10 mm Cooling He intet
Multiptier. 35 mm
Cooling He outlet
3mm ¥ —
Eurofer shell 5mm
Tungsten
Eurofer cap
Cooling He 2mm
0] er S| £ 0.5mm
Stagnant He 1mm
[ Eursfenmnershest T 0.5mm
* Cooling He 2mm
Eurofer cladding 1mm

Fig. 2. 2D CAD model of the baseline HCPB monoblock pin layout (symmetric about the X-axis).

constant specific heat and temperature-dependent thermal conductivity
and dynamic viscosity [9]. To reduce the computational burden, stag-
nant helium has been modelled as a solid with the same thermal con-
ductivity as cooling helium. The solid domains (tungsten, structural
Eurofer steel, ACB and BejoTi) have been modelled with
temperature-dependent thermal conductivities [9]. Since the
steady-state thermal field in solids does not depend on density and
specific heat, constant values have been assigned to them. Two types of
heat loads are considered:

e Nuclear Heating (NH), arising from the interactions of fusion neu-
trons and gammas with solid materials’ nuclei, modelled as a volu-
metric heat source. Within tungsten, a uniform value of 25.9 W/cm?
has been set [10]. Elsewhere, available data [11] relevant to the NHs
acting on a similar all-in-pin HCPB BB concept have been mapped
with decreasing exponential functions of the X coordinate fitted with
the least square criterion (Fig. 3).

Plasma surface loads acting on the tungsten plasma-facing surface,
modelled as a not-uniform surface heat load varying accordingly to
the loading scenario (see section 3.2).

The external surfaces not facing plasma have been considered adia-
batic. In each analysis, the cooling helium Mass Flow Rate (MFR) has
been tuned so to ensure the desired coolant temperature rise (para-
metrised, see 3.2.3) for every loading scenario. Table 1 summarizes the
main analyses setup.

The domain discretization has been performed guaranteeing a min-
imum of three elements across the thickness of the thinnest regions,
namely the Eurofer sheets, to ensure that heat diffusion phenomena are
accurately captured. Moreover, the mesh has been refined in the jet
impingement and fluid motion reversal (close to the Eurofer plug) zones
where more complex flow features are expected. Discretization char-
acteristics are summarized in Table 2.

NH [W/m?3]

Table 1
Summary of thermofluid-dynamic analyses setup.
Analysis Setting Value
Analysis Type Steady-state
Domain Features 2D axisymmetric
Fluid Inlet Temperature 300 °C
Inlet BC MFR
Outlet BC 8 MPa total pressure
Turbulence Model k-0 SST
Wall BCs No-slip rough wall condition
Table 2
Summary of mesh main parameters.
Mesh Parameter Value
Nodes/Elements 6.6:10°/6.6-10°
Elements Topology Hybrid (Quad/Tria)
Inflation Layer Number 20
First Layer Thickness [pm] 2
Layers Growth Rate 1.3

Element size [mm] 0.5/0.25 in refined zones

3.2. Parameters of the thermofluid-dynamic analysis campaign

The considered parameters in the baseline HCPB monoblock pin
layout scoping thermofluid-dynamic analyses concern the tungsten heat
load, the surface roughness and the coolant temperature rise.

3.2.1. Heat flux on tungsten plasma-facing surface

The thermal effects of the electromagnetic radiation emitted by
plasma are modelled as a surface heat load acting on the tungsten
hemispherical plasma-facing surface. The imposed heat flux has a
maximum value HF at the tip (r = 0) and decreases down to 0 W/m? at
the side (r = R, with R = 72 mm), according to Eq. (1). The parametric
analyses considered five different HF, values, equally ranging from 0.3

1.00e+05 1.74e+05 3.02e+05 5.24e+05 9.10e+05 1.58e+06 2.75e+06 4.77e+06 8.29e+06 1.44e+07 2.50e+07

I

Fig. 3. Nuclear Heating applied to breeder, multiplier, and Eurofer domains.
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MW/m? to 1.0 MW/m?.

HF = HF,cos (sin’1 (%)) 1)

3.2.2. Wall surface roughness

Certain coolant-wetted regions of the HCPB monoblock baseline pin
layout supposedly present the manufacturing feasibility of surface fin-
ishing. A local increase in surface roughness locally enhances the solid-
fluid heat transfer at the cost of worsened behaviour in terms of pressure
drop. In the presented analyses, five different values of sand grain
roughness have been considered on the coolant-wetted parts of the
Eurofer cladding and of the Eurofer inner sheet (see Fig. 2), equally
spaced from 20 pm to 100 pm. A constant value of 20 ym has been kept
elsewhere.

3.2.3. Cooling helium temperature rise

Increasing the coolant temperature rise in steady-state conditions
allows to work with lower MFRs and total pressure drops, thus reducing
the required pumping power. Furthermore, higher coolant outlet tem-
peratures result in a more efficient thermal-to-electric energy conver-
sion. Nevertheless, increasing the coolant temperature rise, higher
temperatures in the solid domains are expected, possibly jeopardizing
the structural material integrity. Keeping the coolant inlet temperature
fixed at 300 °C (Table 1), the helium outlet temperature has been
changed so to consider five different values of coolant temperature rise,
equally ranging from 220 °C to 300 °C.

3.3. Results of the parametric analysis campaign

The main outcomes of the parametric analysis campaign (section
3.3.1) and of the related grid independence analysis (section 3.3.2) are
hereby presented and critically discussed.

3.3.1. Outcomes of the parametric analysis campaign

All the investigated cases present maximum Eurofer temperatures
over the 550 °C DEMO design limit for parts with a structural function.
Nevertheless, the collected data allowed a better understanding of the
HCPB monoblock pin’s overall thermal and fluid-dynamic performance
(see Fig. 4 and Fig. 6 relevant to the pin reference working conditions,
namely 0.3 MW/m? HF, and 220 °C coolant temperature rise). More-
over, the following trends emerge from the collected data:

e as visible in Fig. 5a, the overall temperature distribution in the
tungsten, breeder, and multiplier domains poses no concerns (thanks
to wide margins against their respective design limits of 1050 °C, 970
°C, and 1050 °C [12]), while multiple Eurofer domains are close to
the 550 °C threshold, and the cladding is far beyond. Although the
cladding is not considered to have a structural function in the pin and
it only contains the functional material without sustaining a pressure
difference, such high temperatures may still jeopardize the concept’s
reliability due to thermal stresses. This will be a matter of further
structural studies. Other cladding materials (e.g. SiC) may be

Temperature
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proposed, also in view of a better compatibility with the ceramic
material and lower tritium permeation rates.

as can be observed in Fig. 5b, increasing HF produces a reduction in
the maximum Eurofer temperature as it improves the thermal field in
the hottest region of the Eurofer domain - located in the cladding -
due to the increased MFR (required for a fixed coolant temperature
rise). However, the cap maximum temperature increases, exceeding
550 °C for HF, values higher than 0.6 MW/m2. As this hot spot is
localized, further structural analyses are needed to evaluate if
overcoming the temperature design limit does not represent an issue
here;

e an increase of sand grain roughness on machined surfaces allows for
a reduction of the maximum Eurofer temperature (up to 11 °C when
it changes from 20 ym to 100 um) as it enhances the heat exchange in
the cladding. However, the effect of the roughness is not very sig-
nificant, therefore a cost-benefit analysis should be done to evaluate
if this temperature margin increase is worth the additional
manufacturing complexity to increase the surface roughness in these
inner surfaces;

for each 1 °C increase in the coolant temperature rise, the maximum
Eurofer temperature is increased by 1.4 °C;

the total pressure drop exhibits a slight sensitivity to roughness and a
pronounced dependence on the MFR, which can be deduced from the
trend observed in Fig. 5b

The observed trends allowed to draw the following conclusions on
the HCPB monoblock baseline pin design, which paved the way for the
subsequent design optimization:

it is necessary to enhance the fluid-solid heat exchange in the Eurofer
cladding region;

potentially, working configurations can be found with HF, values
higher than 0.3 MW/m?;

surface finishing in critical surfaces helps in lowering the maximum
Eurofer temperature;

o only a substantial design improvement may allow HCPB monoblock
pin operation with coolant temperature rise higher than 220 °C;
the total pressure drop is rather low, hence it is possible to explore
solutions which improve the thermal field at the cost of a worsened
fluid-dynamic behaviour.

Summarising, the parametric analysis campaign carried out on the
baseline HCPB monoblock pin layout highlighted the necessity of
updating the pin design to lower the temperatures achieved in the
Eurofer domains, especially in the cladding region. Moreover, the low
pressure drop allowed considering solutions where enhanced heat
transfer is achieved with higher pressure losses.

3.3.2. Parametric analysis campaign - grid independence evaluation

To ensure that the results presented in section 3.3.1 are not affected
by inadequate domain discretization, grid independence analysis has
been performed. Considering the pin reference working conditions and a
roughness value of 20 um, it has been verified that minimal result var-
iations occur when doubling the mesh element size twice. For the sake of

0.3 MW/m?2 HF,
20 pm surface roughness

220°C coolant AT

520.0
465.0
410.0

355.0

300.0
[C]

Fig. 4. Temperature field in solid and fluid domains.
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(a) Mean values of maximum temperatures occurring
in solid domains in all the considered cases
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and 20 pm surface roughness
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Fig. 5. Mean values of temperature peaks in the different structures (a) and baseline pin performance sensitivity on HFO (b).
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Fig. 6. Fluid velocity vector plot: details of vortices and fluid vein detachments.

brevity, solely the percentage differences of the evaluated total pressure
drop are presented in Table 3.

4. HCPB monoblock pin layout updates

On the basis of the results reported above, two alternative pin layouts
have been created. Since one cannot exclude a priori that the trends
described in section 3.3.1 may vary upon pin design update, the same
parameters (along with the relevant ranges) described in section 3.2
have been considered.

4.1. Geometry updates and analyses setup

In order to ensure higher flow speed and higher heat transfer co-
efficients in the cladding region, at the expense of an increased pressure
drop, the height of the outlet annular channel has been reduced from 5
mm to 2 mm. Thus, two new geometric layouts have been created
(Fig. 7):

e case 2, where the height reduction is performed by increasing the
stagnant helium gap thickness;

e case 3, in which the height reduction is performed by increasing the
multiplier volume.

Table 3
Grid independence analysis results.

Element size [mm] Nodes/Elements Percentage variation of evaluated

total pressure drop

6.6-10°/6.6-10°
5.8-10°/5.8-10°
5.5-10°/5.6-10°

0.5/0.25 in refined zones
1/0.5 in refined zones
2/1 in refined zones

0.0 % (Reference)
-0.14 %
—0.54 %

4.2. Thermal and fluid-dynamic performance of alternative layouts

Averaging the collected data in all the considered scenarios, case 2
presents - 10 °C maximum Eurofer temperature and - 29 % total pressure
drop with respect to case 3 (details in Fig. 8a). This can be explained
considering that the increased multiplier volume of case 3 geometry
results in higher deposited power, and that the cross-section of the outlet
annular channel of case 3 layout is smaller compared to that of case 2
geometry, as it is located closer to the X symmetry axis. Due to this
difference, attention is paid to the case 2 results and their comparison
with the baseline. In both cases the Eurofer temperature always exceeds
the 550 °C limit, but this happens only in the cladding, where this
concern is lower. In any case, a remarkable improvement in the Eurofer
thermal field has been achieved (Fig. 8b) at the cost of a worsened -yet
acceptable- pressure drop.

It is worth noting that the non-monotonic trend in maximum Eurofer
temperature for case 2 with increasing values of HFj is due to the fact
that, at some point between 0.65 MW,/m? and 0.83 MW/m? HF,, the
location of the highest Eurofer temperature shifts from the cladding to
the cap. Hence, this trend arises from the strongly improved thermal
behaviour that is achieved in the cladding upon design update. More-
over, a 21 °C decrease in the maximum Eurofer temperature is achieved
when the roughness of machined surfaces changes from 20 to 100 pm.
Hence, case 2 geometry appears to be more sensitive to surface finishing
with respect to baseline, where the homologous quantity is 11 °C (see
section 3.3.1). On these bases, the case 2 layout has been selected for
more detailed investigations.

5. Detailed analysis of case 2 layout performance
Adopting the case 2 geometric layout, the possibility of extending the

areas interested by surface finishing and increasing the roughness value
beyond 100 pm was explored. In addition, the pressure drop distribution
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BASELINE

CASE3

Cooling He (thinner outler channel with respect to baseline)

Stagnant He (thicker channel with respect to baseline)

Cooling He (thinner outler channel with respect to baseline)

Neutron multiplier (greater volume with respect to baseline)

Fig. 7. Apical area of baseline geometry (middle) and the two alternative layouts (sides).

(a) Mean values occurring in all the considered cases
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(b) Results obtained with 220 °C coolant AT
and 20 ym surface roughness
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Fig. 8. Comparison of the performances of the three layouts (a), and case 2 VS baseline (b).

along the flow path was evaluated to gather information for further
improvements.

5.1. Setup of analyses focused on case 2 layout

The further exploratory analyses carried out on the case 2 HCPB
monoblock pin layout used the same parameter sets described in section
3.2 except for the roughness, since the surface finishing has been further
extended to the cap hemispherical inner surface. Furthermore, on the
machined surfaces roughness of 100 um and 200 pm has been considered
while 20 um has been kept elsewhere. The analysis setup is that of
Table 1. Nevertheless, due to the high degrees of surface machining, the
Ansys Fluent High Roughness (Icing) model has been used, updating the
mesh accordingly (see Table 4).

5.2. Results of the analyses focused on case 2 layout

The analyses focused on case 2 layout with high levels of surface
roughness exhibited maximum Eurofer temperatures higher than 550
°C. Nevertheless, in some cases, the Eurofer thermal field is very close to
the prescribed limit, as one can observe from the trends shown in Fig. 9a.
In detail, comparing Fig. 9a and Fig. 5b, it can be deduced that the pin
layout optimization has led to a maximum Eurofer temperature reduc-
tion of 132 °C for the HCPB monoblock pin under reference working
conditions. Furthermore, the total pressure drop has further increased
due to the roughness values assumed in more extended areas (Fig. 9b).

Table 4
Summary of high roughness analyses mesh main parameters.

Mesh Parameter Value

Nodes/Elements 8.8-10°/8.8-10°
Elements Topology Hybrid (Quad/Tria)
Inflation Layer Number 29

First Layer Thickness [pm] 0.2

Layers Growth Rate 1.3

Element size [mm] 0.5/0.25 in refined zones

Moreover, it has been found that, among the considered parameters,
the pressure drop breakdown along the flow path (Table 5) is only
sensitive to the roughness value on machined surfaces. Notably, in all
the investigated cases, 94 % of the pressure drop occurred in solely three
regions, namely the inlet tube, the cap, and the outlet channel. Hence,
attention should be focused on the aforementioned regions for any
future attempt to improve the HCPB monoblock pin fluid-dynamic
behaviour.

6. Investigation on alternative layouts

The multiphysics scoping analysis conducted on the HCPB mono-
block innovative BB design has allowed obtaining a preliminary design
optimization, resulting in a 132 °C reduction in the maximum Eurofer
temperature occurring in the pin under reference working conditions,
with respect to the baseline configuration. Moreover, the collected data
on the pressure drop breakdown along the flow path and on the pin
behaviour upon variation of key parameters constitute a relevant asset
for any further design optimization. On this basis, the investigation has
been continued exploring alternative geometric layouts with quite
remarkable differences with respect to the baseline configuration.

6.1. Alternative geometric layout

Since the obtained results in terms of maximum Eurofer tempera-
tures are encouraging, two further layouts were conceived to improve
the pin performance in terms of thermal field in the cap and in the
cladding, and of pressure drop. They are hereon referred to as case 4 and
case 5 layout.

6.1.1. Case 4 layout

The case 4 geometry is obtained starting from case 2 layout, by
modifying the geometry in the cap region (namely the pin front region)
as shown in Fig. 10. Here, the clearance for the cooling helium flow in
the proximity of the Eurofer cap is 2 mm. This modification is aimed at
investigating whether a more controlled helium flow in the cap region
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—e—Max. Eurofer Temperature with 100 im roughness
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Fig. 9. Results of case 2 pin layout with different levels of roughness on machined surfaces.

Table 5
Pressure drop breakdown (fraction of the total pressure drop) in case 2 pin
layout.

Roughness on machined surfaces  Fraction of total pressure drop [ %]

(um] Inlet Cap  Outlet Other
tube Channel regions

20 31 16 47 6

100 26 14 54 6

200 23 11 60 6

enhances the heat transfer in this critical region.

6.1.2. Case 5 layout

The case 5 layout is rather different from the former ones, obtained
starting from the case 2 layout by removing the metal sheets and the
stagnant helium, and enlarging the breeder and multiplier by occupying
the free space (see Fig. 11, comparing case 2 and case 5 layout). As
visible in the figure, the case 5 layout foresees a “one way” cooling
helium flow path from inlet to outlet in the pin domain. This geometry is
meant to improve the thermal behaviour of the cladding by ensuring
lower cooling helium temperatures in its proximity, and to lower the
pressure drop by getting rid of the “outlet channel” contribution, which
is the greatest in the case 2 layout (see Table 5).

6.2. Numerical modelling

The numerical modelling adopted for the investigation on the
alternative case 4 and case 5 HCPB monoblock pin layouts is rather
similar to that adopted for the in-depth analyses on case 2 geometry
described before, hence this section briefly illustrates the differences
between the two.

For the case 4 analysis, the same parameters and ranges described in
section 5.1 have been used. As to case 5 geometry, due to the simplified

geometry, the feasibility of surface machining has been assumed over all
the coolant-wetted surfaces. Hence, in the parametric analyses focused
on the case 5 layout, the roughness value has been uniformly set in all
the coolant-wetted surfaces, and the same ranges of variation of section
5.1 have been used.

The same discretization settings of Table 4 have been used, which
resulted in a mesh of 8.85-10° nodes and 8.84-10° elements for the case
4 layout, and of 3.61-10° nodes and 3.59-10° elements for the case 5
layout. The number of nodes and elements constituting the case 5 nu-
merical model is significantly lower compared to the other models
because of the reduction of the area of coolant-wetted surfaces, where
mesh inflation is performed.

6.3. Results

Results obtained for case 4 and case 5 have been compared with the
results of case 2 which presents the best performance among the ana-
lysed first three cases. The comparison is performed by averaging, for
each layout, the results obtained for all the considered sets of parame-
ters. Detailed comparisons have been performed but, for the sake of
brevity, only the main trends that emerged are presented and discussed
hereafter.

6.3.1. Case 4 layout

Compared to the case 2 layout, case 4 exhibits a reduction in the
pressure drop that occurs in the jet zone, but at the cost of a substantial
worsening of the cap thermal field. The overall performance of the two
layouts has been compared by averaging the results obtained in the two
geometries under the considered cases and making the difference of
relevant quantities, as visible in Table 6.

It is worth noting that the case 4 layout presents a total pressure drop
that is, on average, 2.10 % greater than that of case 2 layout. Never-
theless, this increase is lower than 5.30 %, which is the increase pre-
dicted by applying a quadratic model for pressure drop dependence on
velocity, and extrapolating the value that would have been obtained in

cased g Y

case 2 geometry

Fig. 10. Case 4 geometry and comparison with case 2 layout.
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Fig. 11. Case 5 geometry and comparison with case 2 layout.

Table 6
Difference between average results obtained in case 4 and in case 2 layouts.
Mass v Ap tot Trmax Trmax Trmax Trmax Tmax inner Tmax Outer Timax Timax Tmax
flow inlet cladding plug cap shell sheet sheet breeder multiplier tungsten
[kg/s] [m/s]  [%] [°C] [°C] [°C] [°C] [°C] [°C] [°Cl [°C] [°C]
Average 8E-04 1.43 2.10 0.7 -0.4 53 0.5 0.2 -0.3 28 5 53
deviation (vs.

5.30)

case 2 layout with the increased average inlet velocity occurring in case
4 layout (that is due to the increased MFR, consequence of greater
breeder and multiplied volume and hence greater deposited power,
which requires higher MFR for given coolant temperature rise). This
trend is a consequence of the lower total pressure drop occurring in the
cap region of the case 4 layout, whereas the remaining part of the ge-
ometry is equal in the two layouts. Moreover, observing Table 6 it can be
noticed that the maximum Eurofer Cap temperatures are significantly

case 4

0.3 MW/m? HF,

higher in the case 4 layout compared to the case 2. This can be explained
by observing Fig. 12: the jet impingement geometry of case 4 causes
lower cooling helium velocities in the proximity of the Eurofer cap
compared to case 2, which implies lower HTCs and, finally, higher
temperatures within the cap.

6.3.2. Case 5 layout
The case 5 layout is the first investigated geometry showing

case 2

20 pm surface roughness

220°C coolant AT
Velocity

-

[m s*-1]

65.5
59.0
524
45.9
39.3
32.8
26.2
19.7
131
6.6

0.0

Fig. 12. Fluid velocity vector plot in jet impingement region of case 4 and case 2 layouts.
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temperatures lower than 550 C° in all the Eurofer domains for at least
one combination of parameters. Specifically, this occurs in two inves-
tigated cases: the case with HFy = 0.30 MW/m?2, Helium AT = 220 °C
and roughness of 100 ym and the case with HFy = 0.30 MW/m?, Helium
AT = 220 °C and roughness of 200 ym. Compared to the case 2 layout,
the case 5 layout exhibits a significant reduction of the total pressure
drop and of the maximum cladding temperatures, but at the cost of a
substantial worsening of the cap and shell thermal fields, which are key
structural elements of the segment. The overall performance of the two
layouts has been compared by averaging the results obtained in the two
geometries under the considered cases and making the difference of
relevant quantities, as visible in Table 7.

In the comparison of the results, it is worth pointing out that the
increase in the breeder and multiplier volume results in a + 17 % in the
total deposited power in this layout compared to the case 2 layout for
HF, = 0.3 MW/m?. Hence, the results shown correspond to significantly
different flow velocities, as can be seen in Table 7. Despite that, the case
5 layout presents remarkably lower pressure drops than case 2, as it does
not foresee the coolant flow in the small outlet channel of the case 2
layout, which is where the greatest pressure loss occurs in case 2 ge-
ometry (see Table 5). The total pressure drop of case 5 layout is, in most
cases, between 0.3 bar (0.03 MPa) and 0.6 bar (0.06 MPa). The change
in the cladding, cap, and shell thermal behaviour can be explained
through the loss of thermal decoupling between the external Eurofer
regions and the BZ, which was realized through the stagnant helium in
the other designs.

7. Conclusion and follow-up

A multiphysics scoping analysis campaign has been conducted on the
HCPB monoblock pin for a preliminary assessment and optimization of
its thermal and fluid-dynamic behaviour, through 2D CFD analyses
performed on Ansys Fluent.

First, an exploratory analysis campaign studied three different lay-
outs under multiple thermal loading scenarios and considering the in-
fluence of key parameters such as roughness on certain surfaces and
coolant temperature rise. This campaign allowed for a first pin charac-
terization from the thermal and fluid-dynamic standpoints, and high-
lighted the presence of one preferable layout - namely the case 2
geometry - and the importance of the contribution of high values of
roughness on lowering the maximum Eurofer temperatures.

Subsequently, in-depth parametric analyses have been carried out on
the case 2 layout considering high values of roughness (up to 200 pm).
These analyses showed that this pin design allows to keep maximum
Eurofer temperatures below 610 °C in most of the considered cases and
close to 550 °C in some working conditions. The pin’s total pressure drop
is rather sensitive to the considered case, but in these analyses it resulted
to be between 0.5 bar (0.05 MPa) and 0.8 bar (0.08 MPa) in the majority
of the cases.

Finally, two alternative layouts, conceived to improve the case 2
layout based on the trends that emerged from its detailed assessment,
have been investigated. Among these, the case 5 layout presented
Eurofer temperatures lower than 550 °C in two of the considered cases
and a pressure drop rather lower compared to that of the case 2 layout,
between 0.3 bar (0.03 MPa) and 0.6 bar (0.06 MPa) in most of the cases.

In conclusion, the preliminary design optimization allowed to find
two pin layouts, namely the case 2 and case 5 geometry, that exhibit
rather promising thermal and fluid-dynamic behaviour. Hence, the
follow-up of this work will foresee the preliminary thermomechanical

Table 7
Difference between average results obtained in case 5 and in case 2 layouts.
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assessment of such promising configurations.

In case of positive outcomes of the structural assessment, it may be
worthwhile to analyse additional layouts to further improve the ther-
mofluid dynamic behaviour of the concept in light of the results pre-
sented in this work. For instance, one possible update of the case 2
layout may foresee an increased diameter of the inlet tube (obtained
with a reduction in the thickness of the stagnant helium layer) which
would result in lower coolant velocities in that region and, potentially,
in a reduction of the total pressure drop to a similar level as the baseline
case. However, the investigation on the case 4 layout highlighted the
strong impact of flow velocities in the front region on the cap thermal
behaviour, hence the new diameter may be found performing a trade-off
between a lower total pressure drop and a higher maximum cap tem-
perature, or, alternatively, the increase in the diameter may be accom-
panied by a reshaping of the jet impingement region aimed at producing
a localized increase in flow velocities in the cap zone. On the other hand,
a better solution may also be pursued by updating the case 5 layout,
which benefits from significantly higher breeder and multiplier volumes
(with positive consequences on the tritium breeding ratio) and from the
simplest pin design among the considered ones (generally leading to
higher concept reliability and less demanding manufacturing). In this
case, exploiting the comparatively low total pressure drop, it may be
considered to reduce the inlet tube diameter and the area of the outlet
annular section in the quest for a trade-off between higher total pressure
drop and lower cap and shell maximum temperatures. Moreover, also in
this case, reshaping the jet impingement region may be considered in
order to locally increase coolant velocities in the cap zone, and the
optimal solution may emerge as a combination of the proposed layout
updates.

Ultimately, in advanced design stages, a 3D CFD model may be
implemented to provide a more detailed thermal and fluid-dynamic
assessment of the optimized pin layout which would emerge following
the study of the BB concept structural behaviour.
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