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ARTICLE INFO ABSTRACT

Keywords: In the context of the activities of the EUROfusion action, the University of Palermo has carried out a research
EU-DEMO campaign to evaluate the thermal-hydraulic performance of the EU-DEMO divertor Single-Circuit Cooling
Divertor

(SCC) option. Given the exceptional geometric complexity of this divertor design, the search for coolant
operating conditions that comply with the applicable design constraints cannot be performed by relying on
detailed 3D computational fluid-dynamic calculations. For this purpose, the Advanced Divertor paRametric
Analysis for coolaNt Operating Scenarios (ADRANOS) code has been developed. It is a novel numerical tool
capable of quickly assessing the thermofluid-dynamic behaviour of the divertor cooling circuit with reduced
computational cost, predicting the divertor performance map at different coolant inlet conditions and mass
flow rates, and allowing for the effortless study of different circuit topologies.

This study introduces the ADRANOS modelling approach, describes its validation process, and demonstrates
its application to various configurations of the SCC divertor option. The results obtained showed that it is
possible to find suitable coolant operating conditions characterized by low temperature and high pressure,

Plasma facing components
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posing a challenge for the adoption of Eurofer as a structural material.

1. Introduction

One of the main challenges in the realization of a fusion reactor able
to deliver electricity to the grid, such as the EU-DEMO, is the control of
power exhaust, as emphasized by Mission 2 of the European Research
Roadmap to the Realisation of Fusion Energy [1].

The divertor is a critical in-vessel component in this context. Its
main functions are to continuously remove the power deposited by
charged particle bombardment and neutron irradiation, provide gas
streaming channels towards the pumping ports to exhaust helium and
unburnt fuel, be equipped with plasma-facing surfaces physically com-
patible with the plasma, and shield the vacuum vessel and magnets
from nuclear loads [2]. The divertor must be designed to perform its
functions according to certain engineering requirements, i.e. to reduce
nuclear waste, to minimize costs and maximize the material recycling
potential, and finally to minimize the design complexity with the aim
to reduce the maintenance downtime [3].

The baseline EU-DEMO divertor consists of 48 toroidally-arranged
cassette modules [4]. Each cassette, as depicted in Fig. 1, comprises
several sub-components: two Vertical Targets (VTs), a Shielding Liner
(SL), two Reflector Plates (RPs) and a Cassette Body (CB) supporting
all the other sub-components.
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The EU-DEMO divertor baseline is based on the Double-Circuit Cool-
ing (DCC) option concept, as it foresees two cooling circuits [2], one
for the VTs and one for the CB and the remaining sub-components, this
latter simply referred to as CB cooling circuit. Sub-cooled pressurized
water is employed as a coolant for both the cooling circuits, and, due to
the specific thermal loads expected on the different parts of the diver-
tor, different coolant operating conditions are required. Therefore, the
baseline EU-DEMO divertor design foresees two independent Primary
Heat Transfer Systems (PHTSs).

Although the Gate Review carried out at the end of the EU-DEMO
Pre-Concept Design phase [5] endorsed the divertor baseline design and
selected technologies, it was suggested to investigate a Single-Circuit
Cooling (SCC) option cassette to simplify the balance of plant design
with a single PHTS, and to ease remote maintenance with two pipes
(inlet/ outlet) instead of four to be cut and rewelded.

In the frame of EUROfusion development activities, the University
of Palermo (UNIPA) thermal-hydraulic research team has developed
a calculation tool dedicated to studying the thermofluid-dynamic be-
haviour of the divertor cooling circuit. This novel tool, named Ad-
vanced Divertor paRametric Analysis for coolaNt Operating Scenarios
(ADRANOS), has been conceived to predict, with a reduced computa-
tional effort, the thermal-hydraulic performance map of the divertor.
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Fig. 1. EU-DEMO divertor cassette (DCC option).

Table 1

Nominal heat fluxes prescribed for the EU-DEMO divertor [2].
Heat fluxes Value
Maximum heat flux on VTs during normal operation ~10 MW/m?
Maximum heat flux on VTs during slow transient events ~20 MW/m?
Maximum heat flux on SL during normal operation ~1 MW/m?
Maximum heat flux on RPs during normal operation ~0.2 MW/m?

The aim is to find suitable coolant operating conditions to be adopted
for the SCC divertor option and to highlight possible criticalities of this
concept.

2. The EU-DEMO divertor cooling circuits

The divertor cooling circuits are designed to remove the specified
surface and volumetric heat loads during normal and off-normal opera-
tions, to ensure that structural and functional materials operate within
their optimal temperature ranges to safely guarantee the envisaged
divertor lifetime.

The nominal surface heat loads of the EU-DEMO divertor are re-
ported in Table 1; the maximum volumetric heat loads of the cassette
is around 12 MW/m?3 [6]. With reference to Table 1, the slow transient
events are plasma transients characterized by increased thermal loads
on the divertor VTs, whose duration is in the order of 10 s of seconds,
long enough to reach the thermal equilibrium in the monoblocks [2].

As it may be argued from the table, there is an order of magnitude
of difference between the surface loads foreseen on the VTs and those
of the other divertor sub-components. This difference is the motivation
for the selection of separate cooling circuits for the baseline EU-DEMO
divertor, as will be detailed in the following section.

2.1. Divertor double-circuit cooling option

The VTs cooling circuit has been conceived to withstand the out-
standing heat fluxes reported in Table 1 [7], which are concentrated
within a narrow band (the poloidal extension of the loaded region is
approximately +50 mm around the strike point [2]), resulting in a
peaked power distribution. The VTs cooling requires high mass flow
rates of low-temperature water, resulting in average velocities inside
the cooling channels, in the range of 12-15 m/s [8]. These coolant
operating conditions are necessary to guarantee a sufficient safety mar-
gin against the Critical Heat Flux (CHF) occurrence under 20 MW/m?
surface heat load conditions, in order to avoid dry-out phenomena that
could jeopardize the target structural integrity.

The DCC VTs cooling circuit foresees the two VTs connected in
parallel. These are composed of a toroidal array of 31 and 43 Plasma
Facing Unit (PFU) assemblies, respectively for the Inner VT (IVT) and
the Outer VT (OVT) [9]. The pipes and distributors/manifolds of the
VTs cooling circuit are made of AISI 316 [10]. Each PFU assembly
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Fig. 2. Exploded view of a divertor PFU assembly.
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Fig. 3. EU-DEMO divertor VTs cooling circuit (DCC option, 2019 design).
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Fig. 4. EU-DEMO divertor VTs cooling circuit scheme (DCC option, 2019 design).

consists of a long cooling pipe made of CuCrZr equipped with a Swirl
Tape (ST) turbulence promoter, armoured with a longitudinal array
of tungsten monoblocks joined to the pipe with a thin copper inter-
layer. An exploded view of a PFU assembly foreseen for the EU-DEMO
divertor is shown in Fig. 2.

The DCC VTs cooling circuit is depicted in Fig. 3, and its schematic
flowchart in Fig. 4 together with the temperatures, pressures, and mass
flow rates calculated in [8].

The CB cooling circuit is devoted to the cooling of the other divertor
sub-components, i.e. CB, SL, and RPs. These components are made of
Eurofer and both SL and RPs are coated with a thin layer of tungsten
on surfaces directly exposed to the plasma. The layout of the cooling
circuit is shown in Fig. 5, while its cooling scheme is visible in Fig. 6
with an indication of temperatures, pressures, and mass flow rates [11].

As can be noted from Fig. 6, the CB cooling circuit is supplied with
cooling water at a higher temperature compared to the VTs, while both
mass flow rate and pressure are lower. The higher coolant temperature
is allowed by the significantly lower thermal loads expected for the CB,
SL, and RPs (Table 1) and is necessary to adopt Eurofer as structural
material.
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Fig. 5. EU-DEMO divertor CB cooling circuit (DCC option, 2019 design).
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Fig. 6. EU-DEMO divertor CB cooling circuit scheme (DCC option, 2019 design).
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Fig. 7. EU-DEMO divertor cassette (SCC option, 2021 design).
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Fig. 8. EU-DEMO divertor cooling circuit scheme (SCC option, 2021 design).

2.2. Divertor single-circuit cooling option

The SCC option divertor was developed for EU-DEMO in 2021 [12]
(Fig. 7). Similarly to the DCC option, the cassette is made of Eurofer
and is equipped with two VTs, one SL, two RPs, and additionally a pair
of Neutron Shields (NSs) to improve neutron shielding in the vacuum
pumping hole. The cooling scheme of the SCC option divertor is shown
in Fig. 8.

The coolant mass flow rate and inlet operating conditions to be
adopted for the EU-DEMO divertor SCC option must comply with the
requirements of both the VTs and the Eurofer sub-components of the
cassette, and are yet to be selected.
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A 3D Computational Fluid-Dynamic (CFD) simulation of the SCC
divertor has been performed in [6], tentatively considering cooling
water at 130 °C and 7.0 MPa and with the highest coolant mass flow
rate allowed to stay within the maximum pressure drop limits. Under
these operating conditions, insufficient CHF margins for the VTs have
been observed.

However, different coolant operating conditions or cooling circuit
layouts of the SCC option could be able to guarantee the compliance
with several design constraints and requirements for the divertor,
which are detailed in the following section.

3. Thermal and thermo-hydraulic constraints

The design of the EU-DEMO divertor cooling circuits has been
driven by the following set of thermal-hydraulic design constraints,
drawn from [9].

1. Maximum water axial velocity in PFU cooling channels lower
than 16 m/s;

2. water total pressure drop for each cooling circuit lower than 1.4
MPa;

3. CHF margin of VTs higher than 1.4 under the nominal heat flux
of 20 MW/m?;

4. CHF margin of SL and RPs higher than 1.4 under the nominal
heat fluxes of respectively 1 and 0.2 MW/m?;

5. minimum margin against saturation temperature higher than
20 °C;

6. structural and functional materials operation within the accept-
able temperature range.

Concerning the CHF margin M.y, it is defined as the ratio be-
tween the incident CHF, as given in [13], and the heat flux on the
plasma-facing walls.

For the DCC option divertor, constraints 1, 2, 3, and 6 apply to
the VTs cooling circuit, while 2, 4, 5, and 6 to the CB cooling circuit.
The SCC option has to be designed to meet all the above-mentioned
constraints. In particular, the maximum pressure drop limit of 1.4 MPa
has not been increased, even if the SCC option 2021 design foresees the
VTs connected in series to each other and to the cassette.

The compliance with most of the constraints listed above can be
verified based on rather simple calculations by applying the First
Principle of Thermodynamics and adopting appropriate correlations,
for example following the procedure described in [14].

Concerning the structural and functional materials’ temperatures,
the verification of temperature constraints must be performed by adopt-
ing complex 3D coupled (fluid-structure) thermofluid-dynamics calcu-
lations due to the geometrical complexity of the divertor. Nevertheless,
it is possible to determine the maximum temperatures reached within
the PFUs, which are critical components from a thermal standpoint,
using simple steady-state 2D calculations. It is feasible due to their
relatively simple geometry, the peaked shape of the surface power
density, and the low thermal inertia of these components, which reach
stationary conditions within a few tens of seconds, as can be argued
from [15].

In this work, the following set of constraints on acceptable tem-
peratures relevant to the PFU materials is considered, in accordance
with [16]:

» maximum tungsten temperature lower than 3222 °C (200 °C
margin against melting);

» maximum copper interlayer temperature lower than 885 °C (200
°C margin against melting);

» maximum allowable CuCrZr pipe temperature below 300 °C at 10
MW/m? (to be calculated as average over the pipe thickness) to
guarantee negligible creep;
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» maximum allowable CuCrZr pipe temperature below 450 °C at 20
MW/m? (to be calculated as average over the pipe thickness) to
guarantee negligible creep.

This list of temperature constraints is not meant to be exhaustive,
but can be verified very easily and allows for an initial screening of
unsuitable divertor coolant operating conditions.

Concerning the other divertor materials, particular attention must
be paid to the Eurofer temperature. Although the optimal operating
temperature range for this material is 350-550 °C [2], the design of the
divertor cassette has been carried out over the last years considering
a Eurofer minimum operating temperature of 180 °C, according to
the rationale described in [17]. Operating the divertor at these low
temperatures implies a strong constraint on the maximum irradiation
damage dose, finally resulting in a lower component lifetime. The
most critical component of the baseline DCC cassette is the SL, whose
expected lifetime is 1.2 Full Power Year (fpy), lower than the target
value of 1.5 fpy [2]. Moreover, according to what is reported in [17],
the cassette lifetime increases with its coolant operating temperature.
It is not possible to check whether the Eurofer temperature exceeds the
550 °C upper limit with simple numerical tool. However, the minimum
temperature in Eurofer can be reasonably assumed equal to the coolant
inlet temperature and, therefore, it is possible to provide an indication
of the divertor lifetime.

4. ADRANOS development
4.1. Overview

ADRANOS is a coupled lumped-parameter/2D
Finite Element Method (FEM) simulation tool created with the aim of
assessing the steady-state performance map of the EU-DEMO divertor
cooling circuit, to be intended as the domain of the phase space of
coolant inlet mass flow rate, pressure and temperature conditions that
allow the cooling system to safely carry out its target mission in
compliance with the constraints discussed in the previous paragraph.

The code has been developed in MATLAB® [18] with an object-
oriented approach, to make it highly flexible in evaluating different
cooling system topologies. Moreover, it has been optimized for parallel
computing to greatly reduce the overall time required to perform the
simulations.

The code takes advantage of the FEA toolbox [19] FEM solver
available in the MATLAB® package, employed to perform 2D steady-
state thermal analyses of the PFU monoblocks located at the IVT and
OVT strike points, to evaluate the temperature distribution in the most
critical region of the VTs.

The methodologies and procedures implemented in ADRANOS are
based on the codes developed in [20-23]. With respect to these codes,
ADRANOS has been purposely developed with the aim of evaluating the
performance map of the divertor. Therefore, the code is optimized to
carry out quickly and automatically thousands of simulations, consid-
ering different coolant operating conditions. It is possible because the
code allows for parallel computing, the FEM and lumped parameters
simulations are performed within a single coding environment thus
allowing the straightforward coupling between the two modules, and
the code outcomes are collected and post-processed automatically.

The modelling approach of ADRANOS is thoroughly described in
the following sections. SI units are used for all equations herewith
presented unless explicitly stated.

4.2. Methodology - Lumped parameters module

The ADRANOS lumped-parameters module requires the preliminary
breakdown of the cooling circuit into different volumes, which can be
performed arbitrarily according to the required level of detail. In the
following, one volume for each divertor sub-component (e.g. SL, inner
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RP, outer RP, etc.) will be considered. The volumes can be connected
in series or parallel, and it is furthermore possible to group them so
to ease the circuit definition, as well as to perform more detailed 1D
assessments (e.g. if it is required to obtain pressure and/or temperature
profiles). The layout of the input cooling circuit is provided to the code
in the form of a flowchart, similar to those reported in Figs. 4, 6 and
8.

Each volume j entails being provided with the hydraulic charac-
teristic equation Ap(G), defined according to Eq. (1), where 4p is the
total pressure drop, p is the average density calculated starting from
the average values of temperature T ; and pressure p; inside the volume
(arithmetic averages between inlet and outlet conditions), and G is the
mass flow rate.

Lreld g G ¢))
75)

Due to the geometrical complexity of the divertor sub-components,
the Ap(G) function cannot be defined on the basis of simple correlations.
Hence, the code relies on preliminary thermofluid-dynamic analyses
performed with dedicated 3D-CFD calculations. More in detail, starting
from the results of CFD simulations, a set of Ap values at different mass
flow rates is collected for each fluid region corresponding to the jth
volume of the ADRANOS discretization. Therefore, a curve with the
general form Ap = a;G" is fitted, where «; and y; are proper fitting

4ap

coefficients. A density correction term p,,,;/p gfj,ﬁj) is moreover
considered to take into account the variations of pressure drop with
the coolant temperature, following the rationale reported in [14]. The
reference density p,,, ; of Eq. (1) is calculated from the supporting CFD
simulations as a proper volume-averaged density value.

Indeed, the adoption of supporting CFD simulations for the eval-
uation of pressure loss distribution among the main divertor sub-
components may undoubtedly be time-consuming. However, these data
are generally provided, with the same level of detail required by
ADRANOS, as an output of dedicated activities carried out within
the Work Package Divertor of EUROfusion. Therefore, further CFD
calculations are usually not required.

Moreover, if pressure drop values are provided at a single mass
flow rate, the y; exponent of Eq. (1) can be set equal to 2 under
the assumption of turbulent flow regime, according to the rationale
presented in [14].

The code solves sequentially the cooling circuit, starting from the
inlet volume and proceeding downstream to the outlet of the circuit.
For each volume j, for a given set of inlet conditions 7, ;, p;,; and a
given G, the energy conservation equation in steady-state conditions
Eq. (2) and the pressure drop equation rewritten as reported in Eq. (3)
are solved iteratively. With reference to the following equations, c,
is the fluid heat capacity under isobaric conditions, calculated at the
volume average values of pressure and temperature, and W; is the total
power (sum of surface and volumetric heat loads) deposited onto the
volume.

All the thermodynamic and transport properties of water, such as
¢, and p in the following Egs. (2) and (3), are dependent on tem-
perature and pressure and are calculated by adopting a MATLAB®
implementation [24] of the IAPWS IF97 water library [25].

T, =T, +—Wj 2
out,j — ~inj —i—1 _j_q
Gjc, (Tj P; )
. Pref Vi
Poutj =Pinj — —— —~ Y it 3)
p(Tj 2D )

At each iteration i, outlet temperature and pressure values are
updated considering the fluid properties obtained from the previous
iteration, and the calculation proceeds until relative errors of outlet
temperature and pressures calculated at two consecutive iterations
result lower than a given tolerance, set equal to 0.01%.
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The code is moreover capable of handling the parallel connection of
two components (namely A and B) by performing an additional outer
loop. In this case, an optimization algorithm is employed to find the
value of the branching factor y, defined according to Eq. (4) (where G,
the mass flow rate flowing inside the branch A), such that the difference
between the pressure drops in the two branches is the same.

Gy

T G4+Gy

The factor y is iteratively updated by adopting the Golden-section
search algorithm [26], until the ratio between the pressure drop un-
balance of the branches and the average pressure drop reaches values
below a given tolerance, chosen equal to 0.01%. Each outer optimiza-
tion iteration requires an inner loop to obtain consistent pressure and
temperature values, according to Egs. (2) and (3).

Once the iterative procedure converges, the outlet pressure (the
same for the two branches) is adopted as input value for the following
volume, while the temperature to be passed downstream is obtained
by solving the energy conservation law for two mixing flows of Eq. (5),
where 4 is the fluid specific enthalpy.

X @

hout (Taut’ pour) = /Yhom,A (Taut,A’ pout) + (1 - X) haut,B (Tam‘,B’ pout) (5)

When the average temperature and pressure values are available for
all the components, the margin against saturation is assessed according
to Eq. (6), where T}, is the saturation temperature calculated at the
outlet volume pressure. This variable is estimated and stored for each
volume, and the minimum value over the entire cooling circuit is

successively compared with the applicable constraint.

AT,

sat,j

= Tsat (p(mt,j) - Tour,j (6)

Special attention is moreover paid to the VT volumes, which ad-
ditionally requires estimating the CHF margin and maximum coolant
velocity. Each VT volume must be provided with the number and
geometrical details of the PFU cooling channels, i.e. the CuCrZr pipe
inner diameter, the thickness and the twist ratio of the ST.

Firstly, the average coolant axial velocity along PFU cooling chan-
nels is determined according to Eq. (7), where A is the cross-section
of each channel while #; is the number of PFU cooling channels of the
selected VT.

B &
n;Ap (T j,ﬁj)

Once the axial fluid velocity is obtained, knowing the fluid average
thermodynamic conditions and the geometrical details of the PFU cool-
ing channels, the CHF margin can be derived. The well-known Tong-75
correlation of Eq. (8) is employed to calculate the CHF according to the
procedure described in [13], where f ; is the Fanning friction factor,
calculated according to Eq. (9), r is the enthalpy of vaporization, p.,;
is the water critical pressure (22.064 MPa), Re ; 1s the Reynolds number,
calculated according to Eq. (10), Ja ; is the Jacob number, calculated
as per Eq. (11), and finally C, is a factor to account for the specific
geometrical configuration, that, for the case of an ST-equipped tube
can be assumed equal to 1.67.

— 1.8
- J > J 0.5
CHF; = O.23fjnjAjr(p/-)Cf l+0.00216<a) Re;>Ja; ®
06 d, 0.32
fj =8Re; @ ©
oo (T;.5, )

Ja; = . _. . an

Fusion Engineering and Design 197 (2023) 114055

The Tong-75 correlation is valid for a coolant pressure between 6.9
and 13.8 MPa [27], but it is successfully employed in [28] outside this
pressure range, maintaining good agreement with experimental data.

Moreover, with reference to equations Egs. (8)-(11), dy, is the
PFU cooling channel hydraulic diameter that can be calculated with
Eq. (12), where d; is the pipe inner diameter and § is the ST thickness,
dy is a reference diameter equal to 12.7 mm, p, is the water bulk
dynamic viscosity, and p, is the water vapour saturation density cal-
culated at the fluid pressure. Furthermore, the average block pressure
p; is calculated net of the fluid dynamic pressure % p (Tj,ﬁj)ilz., and

the calculation of the CHF is made assuming that at the strike point
the coolant is at the average water thermodynamic conditions within
the VT volume.

g T4 12
b +2-28/d;

Once the CHF is calculated, it is compared with the maximum heat
flux g, ... expected at the interface between the PFU cooling channel
and the coolant. It is obtained by multiplying the 20 MW,/m? nominal
heat flux onto the armour plasma-facing surface by a peaking factor
(equal to 1.60 for the considered monoblock geometry), required to
take into account the uneven distribution of the heat flux around the
pipe diameter. The CHF margin M definition is given in Eq. (13),
where the factor 0.95 is employed to take into account the uneven
flow distribution among the PFU cooling channels. In particular, a
5% deviation from average CHF value is considered, conservatively
taken on the basis of the past 3D-CFD calculation results of the entire
EU-DEMO divertor VTs cooling circuit [6,8].

CHF,
13)

Qw,max

Mcyp; =095

Similarly, the maximum velocity in the PFU cooling channels is cal-
culated for each target by increasing the average velocity of Eq. (7) of
5%, again in accordance with the results of past 3D-CFD simulations [6,
8].

ADRANOS, once supplied with the range and the number of sample
points to be considered for inlet pressure, inlet temperature and mass
flow rate, performs all the calculations described above. For each triplet
(Pin>Tin- G), ADRANOS checks whether the cooling circuit can provide
results compatible with the constraints of maximum pressure drop,
minimum saturation margin, adequate CHF margin and maximum PFU
channel coolant velocities for both IVT and OVT, in accordance with
the limits listed in Section 3. The CHF margin on SL and RPs is not
currently calculated by the code, as it is generally much higher than
1.4 [6,11].

4.3. Methodology - 2D FEM thermal analyses module

The ADRANOS FEM module performs 2D steady-state thermal sim-
ulations of a section of the monoblock located at the strike point. The
calculations are performed both for IVT and OVT and considering sur-
face heat loads under normal operation and slow transient conditions,
adopting the heat fluxes reported in Table 1.

The geometrical details of the domain considered are depicted in
Fig. 9 while the mesh adopted for the 2D simulations is shown in Fig. 10
(only half domain is taken into account for symmetry). Moreover, the
different regions, characterized by different materials (tungsten, CuCrZr
and copper), and the nomenclature adopted for the boundaries are
depicted in Fig. 10.

The computational mesh, whose details are summarized in Ta-
ble 2, has been selected by preliminary performing a grid-independence
study considering both 10 and 20 MW/m? incident heat fluxes. The
mesh-independence assessment has been carried out by a generalized
Richardson extrapolation procedure, as defined in [29], and the results
obtained are reported here briefly. In particular, it has been observed
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Fig. 9. Geometrical details of the EU-DEMO PFU monoblock slice.
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Tungsten

=~ side wall

Heat sink }’

Fig. 10. Mesh adopted for the monoblock steady-state thermal simulations with
indications of the regions and boundary nomenclature.

Table 2

Summary of the main mesh parameters.
Mesh parameter Value
Nodes 1279
Elements 2384
Elements order and topology Linear Tria
Maximum element size [mm] 0.5
Minimum element size [mm] 0.25
Mesh growth rate 1.5

Table 3

Summary of BCs adopted for the simulations.
Boundary Applied BC
Plasma-facing surface Heat flux of 10 and 20 MW/m?
Bottom and side walls Adiabatic
Symmetry plane Symmetry
Heat sink Robin BC

how with a 0.25-0.5 mm mesh it is possible to obtain fairly “grid-
independent results”, obtaining a grid convergence index on maximum
temperatures in tungsten, copper and CuCrZr well below 1%.

The 2D thermal steady-state simulations are performed considering
the Boundary Conditions (BCs) given in Table 3, while volumetric
nuclear loads are neglected. Concerning the materials, temperature-
dependent properties are considered for tungsten, CuCrZr and copper,
respectively taken from [30-32].
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Regarding the heat sink boundary, a Robin BC, necessary for the
well-posedness of the problem, is assigned. A heat transfer coefficient
is calculated based on the local CuCrZr temperature and the coolant
pressure and bulk temperature, according to the procedure detailed in
the following.

4.3.1. Heat transfer coefficient calculation

The correct calculation of the temperature distribution in the PFUs
is possible only if a model capable of predicting the heat transfer
coefficient for the part of the Nukiyama boiling curve of interest
is available. The correlations adopted for the various heat transfer
regimes are herewith reported.

Single-phase forced convection heat transfer

For the calculation of the single-phase convective heat transfer
coefficient in turbulent flow regime, ADRANOS adopts the Sieder-Tate
correlation [33] (valid for Re > 10000 and a broad range of Prandtl
number Pr) with the Gambill correction factor [34] to take into account
the presence of the ST (Eq. (14)).

Hy (va ﬁ)

0.14

— 1/3
Nu = 0.027Re" Pr (T.5) ! (2.18y700%) (14)

With reference to Eq. (14), Nu is the Nusselt number, Pr is cal-
culated at the coolant average pressure and temperature, u,, is the
water dynamic viscosity calculated at the average coolant pressure and
considering the local wall temperature T,,, while y is the ST twist ratio.
From Eq. (14) is then possible to calculate the heat transfer coefficient
and to evaluate the local heat flux g,, according to Eq. (15), where 2
is the fluid bulk thermal conductivity.

Nu (?, 7 ) B
Asp = d— <Tw - T) 15)
h
Two-phase forced convection heat transfer

The correlations used for the various two-phase regimes of the
Nukiyama boiling curve are taken entirely from [21,28].

Boiling incipience is evaluated by adopting the Bergles-Rohsenow
correlation for the onset of nucleate boiling reported in Eq. (16), where
the average pressure p is expressed in bar and g,; is given in MW/m?2.
The correlation is valid for water only, for a pressure range between
0.1 and 13.8 MPa [28].

2.1598

ap = 1082517 (1.799 (T, — Ty ) ) " 16)

Fully developed nucleate boiling is evaluated with the Araki corre-
lation, reported in Eq. (17) with  expressed in bar and ¢;; in MW/m?,
while the partially developed nucleate boiling is calculated with the
Bergles-Rohsenow correlation (Eq. (18)).

3

T,-T,
Gpam = 10°| —— a7
<25.7Ze% >
2
Qpdnb = qf,, + (Qfanb - qbi) 18

Although Araki’s correlation is derived from experiments conducted
with coolant inlet pressures up to 1.3 MPa and temperatures up to
80 °C, in [28] it is adopted up to significantly higher values of the two
parameters, maintaining a very good agreement with the experimental
data.

More in detail, according to the rationale defined in [35], the two-
phase flow regime is calculated by adopting the partially developed
nucleate boiling of Eq. (18). With this formulation, the heat flux asymp-
totically approaches fully developed boiling at high wall superheat. In
particular, when the heat flux calculated with Eq. (15) is lower than the
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one of Eq. (16), the formulation given in Eq. (15) is applied, otherwise,
the heat flux is evaluated by adopting Eq. (18).

Finally, as regards the calculation of the CHF and the estimation
of the post-CHF heat transfer regime (transition and film boiling),
it should be noted that, according to the constraints discussed in
Section 3, the divertor cooling circuit should allow operation with a
CHF margin always higher than 1.4. Consequently, the post-CHF heat
transfer coefficient calculation has not been currently implemented in
ADRANOS, and the FEM module is executed uniquely when a CHF
margin higher than 1 is obtained with the lumped-parameters module.
When the CHF margin is lower than 1, instead, temperature values
exceeding the pertaining limits are assigned on tungsten, copper, and
CuCrZr.

Under single-phase and two-phase heat transfer conditions, an
equivalent convective heat transfer coefficient is calculated, simply by
dividing the heat flux by the temperature difference between the bulk
of the fluid and the wall. Therefore, the Robin BC is assigned to the heat
sink surface of Fig. 10 by providing both the coolant bulk temperature
T and the equivalent heat transfer coefficient.

5. ADRANOS validation

To check the correctness of the implementation, ADRANOS un-
derwent a validation campaign of both the FEM and the lumped-
parameters modules. First, the experimental setup of [36] has been
reproduced, and the outcomes of the stand-alone FEM module have
been compared to the experimental data. Then, the divertor VTs cooling
circuit of the DCC option has been studied with the aim to check if
the results obtained under design operating conditions are in agree-
ment with CFD calculations and if the temperature distributions in the
monoblocks are in line with the results available in literature.

5.1. Marshall’s experimental results validation case

The ADRANOS FEM module has been validated by comparing
the code predictions with the experimental results obtained by Mar-
shall [37] and reported in [38]. The comparison has been performed by
reproducing Marshall’s experimental setup reported in [36], by looking
at the temperature of the Oxygen-Free High-Conductivity (OFHC)
copper monoblock at the thermocouple location, i.e. 0.6 mm from
the plasma-facing surface on the side of the monoblock, as shown in
Fig. 11. The OFHC copper monoblock dimensions are 15.7 mm x 15.7
mm X 133.4 mm, while the length of the heated area (in red in Fig. 11)
is 40 mm. The comparison between experimental and ADRANOS results
is depicted in Fig. 12.

As can be seen, there is a very good correspondence between the
ADRANOS results and the experimental data, with errors in predicting
thermocouple temperatures within the +10% range. At high heat flux
values, a significant deviation between the curves is observed, related
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Fig. 12. Comparison between ADRANOS and Marshall’s experimental results at inlet
pressure of 1.0 (a), 2.0 (b) and 4.0 (c) MPa.

to the occurrence of the post-CHF heat transfer regime, not predicted
by the calculation tool. However, this does not affect the predictive
potential of the code since the divertor cooling circuit should never
reach this boiling regime.

5.2. EU-DEMO divertor VTs cooling circuit validation case

The parametric study of the VTs cooling circuit (DCC option, 2019
design) has been carried out starting from the layout shown in Fig. 4
considering four different volumes: the IVT, the OVT, the inlet and the
outlet manifolds.

The ADRANOS volumes have been defined considering integral
surface and volumetric heat loads drawn from [9], while the pressure
drop breakdown reported in [8] has been employed to define the
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Table 4

List of constraints and their IDs considered for the simulations.
D Constraint Region Load
A Meppmn = 1.4 OVT 20 MW/m?
B Mcppmn = 1.4 VT 20 MW/m?
C Appae = 1.4 MPa All -
D Upay = 16 m/s OVT -
E Upax = 16 m/s vT -
F AT,y in = 20 °C All -
G T, =300 °C OVT CuCrZr 10 MW/m?
H T = 300 °C IVT CuCrZr 10 MW/m?
1 T, =450 °C OVT CuCrZr 20 MW/m?
J T, = 450 °C IVT CuCrZr 20 MW/m?
K T = 3222 °C OVT tungsten 20 MW/m?
L Thax = 3222 °C IVT tungsten 20 MW/m?
M T, = 885 °C OVT Cu 20 MW/m?
N Tax = 885 °C IVT Cu 20 MW/m?

max

hydraulic characteristic functions. Since simulations of the VTs cooling
circuit at different mass flow rates are not available, a value of 2 has
been selected for the y exponent of Eq. (1).

The analysis has been carried out by keeping the coolant inlet
pressure fixed at 5.0 MPa while varying both the inlet temperature and
the total mass flow rate, respectively from 70 to 180 °C and from 50
to 150 kg/s. The selected inlet temperature and mass flow rate ranges
have been discretized with 30 points each, for a total of 900 cases. The
overall run time to perform all the simulations was of approximately
13 min on a 3.00 GHz 18 core 19-9980XE workstation.

The results obtained are shown in Fig. 13, with reference to the
constraints listed in Table 4. The figure shows the region in which the
circuit can operate in compliance with all the selected constraints (filled
in green) and indicates in red the VTs cooling circuit design operating
point, i.e. G = 98.6 kg/s and T}, = 130 °C.

Fig. 13 shows that the design operating point is close to the inter-
section of two constraint curves: the CHF margin at the IVT (curve B)
and the maximum coolant velocity in the OVT (curve D). These same
curves entirely delimit the green region in the figure, while all other
constraints are less relevant, including the temperatures in the PFUs.

A comparison between the results obtained by ADRANOS for the
design operating point with those of the 3D-CFD analysis of [8] is
reported in Table 5. As it may be argued from the table, there is a
very good prediction of the overall pressure drop, of the axial fluid
velocities that occur in the targets, and of the CHF margins, with rela-
tive errors below 3%. Furthermore, the results obtained with ADRANOS
are conservative if compared to those of the detailed CFD calculations,
as the coolant velocities and the CHF margins are closer to the limit
values reported in Table 4. These findings are not surprising since the
ADRANOS simulation has been set on the basis of the results of the
3D-CFD analysis.
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Table 5
Comparison between ADRANOS and CFD results.
CFD ADRANOS

Ap,,, [MPa] 0.94 0.94
voyr [m/s] 14.91 15.09
vy [m/s] 13.18 13.22
Mcyrovr [-] 1.49 1.43
Mcppvr -] 1.41 1.38

R
| —— =S S————

N
i
<
T [°C]

Fig. 14. Temperature distributions for an OVT PFU under an incident heat flux of 10
MW/m?.

A
A

Fig. 15. Temperature distributions for an OVT PFU under an incident heat flux of 20
MW/m?.

To further validate the ADRANOS FEM module, the thermal field
within the monoblocks has been evaluated under design operating
conditions. In particular, Fig. 14 shows the thermal field predicted
by the code for an OVT PFU considering an incident heat flux of
10 MW/m2. Under these load conditions, the maximum temperature
predicted in tungsten is around 1100 °C, in good agreement with the
value reported in [2]. Considering instead an incident heat flux of 20
MW/m?, the temperature distribution depicted in Fig. 15 is obtained,
with a maximum tungsten temperature of approximately 2220 °C.
Similar temperature fields are obtained for the IVT PFU, as the slightly
different local coolant conditions do not affect significantly the results
of the FEM analyses.

Further tests, not reported here for the sake of brevity, have been
carried out considering the PFUs with a height of 25 mm (and not
28 mm as in the reference case, so decreasing the thickness of tungsten
in the plasma-facing region of 3 mm). In this case, the predicted
maximum temperature value in tungsten is approximately 830 °C under
an incident heat flux of 10 MW/m?2. This maximum temperature is
in good agreement with the results presented in [39] for the same
monoblock geometry, with a relative error of ~6%.
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Table 6
Deposited volumetric and surface power breakdown for each SCC option divertor
cassette.

Component Power [MW]
Volumetric Surface

CB 0.717 -

SL 1.558 0.771
RPs 0.150 0.062
NSs 0.030 -

VT 0.620 1.045
OVT 0.633 1.385
TOTAL 3.707 3.263

6. Application of ADRANOS to the EU-DEMO divertor SCC option
cooling circuit

In this section, ADRANOS is employed to study the performance
map of the EU-DEMO divertor SCC option, starting from the 2021
cooling circuit design described in Section 2.2 and considering three ad-
ditional cases. The study has been carried out with the aim of exploring
if it is possible to increase the coolant inlet temperature (to improve the
divertor lifetime) by selecting optimal operating conditions, adopting
different cooling circuit layouts, or optimizing the circuit to reduce
pressure losses.

6.1. 2021 Design cooling circuit

The parametric study of the EU-DEMO divertor SCC option has
been carried out starting from the cooling circuit breakdown shown
in Fig. 8, referring to the results reported in [40] for the hydraulic
characterization. Since CFD results are not available at different values
of coolant mass flow rate, the exponent y of the characteristic function
has been set to 2 for all the volumes. Regarding thermal loads, the
values reported in Table 6 have been adopted, where the volumetric
loads have been drawn from dedicated neutronic analyses of the 2021
divertor design [41] and the surface loads from [6].

The analysis has been performed considering a coolant inlet pres-
sure of 5.0, 7.5, 10.0, and 15.0 MPa, varying the overall flow rate from
20 to 60 kg/s and the inlet temperature from 70 to 180 °C. The selected
inlet temperature and mass flow rate ranges have been discretized with
30 points each, for a total of 3600 cases, while the overall run time to
perform all the simulations was approximately 1 h and 18 min on a
3.00 GHz 18 core i9-9980XE workstation.

The results obtained are shown in Fig. 16, with reference to the
constraints listed in Table 4. Several considerations can be derived:

+ the green region is limited only by the pressure drop (curve C)
and the CHF margin of the OVT (curve A) at 5.0 and 7.5 MPa;
at higher pressures (>10.0 MPa), the constraint on maximum OVT
CuCrZr temperature at 10 MW/m? comes into play (curve G). This
constraint completely delimits the green area together with the
pressure drop curve at 15.0 MPa;

the OVT is the critical component in terms of CHF margin and
monoblock temperature. The reason is that the two targets are
connected in series and the same mass flow rate is distributed
among a greater number of PFUs within the OVT, resulting in
lower coolant velocities and thus lower CHF margins and heat
transfer coefficients, resulting in higher structure temperatures;
curve G set a maximum coolant inlet temperature of ~154 °C
(Fig. 16(d)) which cannot be increased by further raising the
coolant pressure. In fact, single-phase heat transfer conditions
are observed at 10 MW/m? and the heat transfer coefficient
calculated for this heat transfer regime is marginally affected by
coolant pressure;

Fusion Engineering and Design 197 (2023) 114055

zzrr—~zommoow>|

9)")‘—_ -
2(5) T | | | | | A H
O S SN N SR IR IR O I S
Tip €]
()
60 ‘pi“=‘7'5 I‘VIPa‘
55
500
345’ If;f
40 5
O35 f‘
30 e
1o - .
20 = — -
CR PRI PR S
Tin 1°C1
(b)
0 ‘pin=‘10.0 ‘MPa‘

=
B
B
D
E
F
G
H
1
3
K
L
- M
g i N
em——— . =T
PP PR SLSL
[
Tin [°cl
(©)
p:. =15.0 MPa
60 L
551 1
SON
345 A
Fa0) —:
035 77:;-7
e H
30 %
e - K
25 = L
20 - E i I L gt >
I S NI RO RO RO IR
o]
Tip €1
(d)

Fig. 16. Range of acceptable operating conditions for the SCC option divertor (in
green) for an inlet pressure of 5.0 (a), 7.5 (b), 10.0 (c), and 15.0 (d) MPa.

« the current divertor cassette is designed to withstand a pressure
of 5.0 MPa. Therefore, the results obtained at higher coolant
pressures should be considered as qualitative, as a thorough
revision of the cassette design should be required to guarantee
its structural integrity;



A. Quartararo et al.

Inlet
Manifold

Inlet

Outlet

Outlet CB

SL H CB4 H NS Up

Fig. 17. Flowchart of the EU-DEMO divertor SCC option with VTs in parallel.

+ at a coolant inlet pressure of 5.0 and 7.5 MPa, the 2021 design
SCC divertor can operate with maximum inlet coolant temper-
atures of respectively 85 and 115 °C. Under these conditions,
a component lifetime of ~0.8 and ~0.9 fpy can be respectively
estimated using the same reasoning on the maximum irradiation
dose damage as in [17], well below the requirement on divertor
lifetime.

6.2. Optimized 2021 design cooling circuit

The first additional case investigates how the results are affected
if the total pressure drop of the cooling circuit is drastically reduced.
This cooling circuit optimization is highly unlikely, as most of the
pressure losses occur in the components directly exposed to the plasma
(VTs, SL and RPs). These components are equipped with small cooling
channels and high coolant velocities are required to provide the neces-
sary cooling of the structures, thus definitely resulting in high pressure
losses.

However, even considering this case, the maximum coolant oper-
ating temperature can only be increased to a small extent. In fact,
looking at Fig. 16, the acceptable operating region of the circuit would
be delimited by the OVT CHF margin curve and the maximum velocity
in the IVT PFU channels (curve E) in the absence of the pressure drop
constraint. Consequently, it would be possible to reach up to ~115 °C
coolant inlet temperature at an inlet pressure of 5.0 MPa, and up to
~145 °C at 7.5 MPa.

More realistically, an optimization of the hydraulic circuit could
allow an increase in operating temperature of only a few degrees, not
solving the issues related to the component lifetime.

6.3. VTs in parallel

The second additional case studied is the adoption of a parallel
connection between the two VTs, similarly to the DCC divertor option
VTs cooling circuit. The flowchart adopted for this analysis is shown
in Fig. 17, while loads, coefficients of the characteristic functions and
assumptions are the same as those used for the baseline cooling circuit.
The results obtained are depicted in Fig. 18.

Considering an inlet coolant pressure of 5.0 MPa, no acceptable op-
erating condition can be found. At higher coolant inlet pressure values,
the SCC option with VTs in parallel allows operation only at lower
coolant temperatures with respect to the configuration with targets in
series. Additionally, by increasing the inlet pressure of the coolant up
to 15.0 MPa, it is possible to increase the inlet temperature up to a
maximum of ~115 °C due to the constraints on CuCrZr temperature.

6.4. VTs in parallel and CB bypass
Lastly, a case with VTs connected in parallel and a bypass line

connecting the outlet of the targets to the outlet of the cassette has
been considered. This line ensures that only part of the coolant mass

10

Fusion Engineering and Design 197 (2023) 114055

60
551 &
50+ G
345

240

30F

zzrr-~zommoow>|

25

ZOBBQQ‘Q
IS MIRNEN

H

1 1 1 /

O D D O O D

NN NN NN
(]

Tip 1°C1

(a)

p; n=7‘5 MPa

60 ;

55 g e
50+

345 - _/V

£40 o

O35+ &

30 =

25

20
D

SPIII PP
Tin 1°€
(b)
p;,,;=10.0 MPa
60 S
55 A
50+ =

745 = =
Faor— o
O35 2

30 i :
25 o=e” E—
20 : o =
PP PP S
T °€
(©

pin=15'0 MPa

\.
\
zzrx-—ZoTmo O >

60
55 ,,,w‘/
50

= —
5540 /j’“/w f,
e 5

// af

O35+
30
25 3

20=
,\Q

D D ® O © D O
NZECEC NN NN
T. [°C]

m

(d)

BN QQ \QQ \\Q

Fig. 18. Range of acceptable operating conditions for the SCC option divertor with
VTs in parallel (in green) for an inlet pressure of 5.0 (a), 7.5 (b), 10.0 (c), and 15.0
(d) MPa.

flow rate is fed to the CB while maintaining the full flow rate at the
VTs. With this cooling circuit layout is possible to increase the mass
flow rate fed to the circuit while avoiding unduly high pressure losses.
If the same solution is applied to the series-connected VTs, the results
are equivalent to those of the cooling circuit optimization case.
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Fig. 19. Flowchart of the EU-DEMO divertor SCC cooling option with VTs in parallel
and CB bypass.

Reference is made to the flowchart shown in Fig. 19, where the
bypass line is shown in red. The bypass line has been modelled by
imposing a fixed mass flow rate through the CB equal to 35 kg/s for
all the operating conditions of the map. This mass flow rate value is
close to the one adopted for the DCC option divertor CB [42], so it can
surely provide adequate cooling to the components.

In addition, with reference to Fig. 19, the value of the characteristic
function coefficient a (see Eq. (1)) of the Inlet Manifold volume has
been reduced by a factor of 10. This reduction is necessary to avoid
excessively high pressure drops inside the Inlet Manifold, which has
been originally designed to route a significantly lower mass flow rate.

The results obtained are reported in Fig. 20. As can be seen, the
green region is delimited here by the CHF margin curves in the lower
part and by the maximum coolant velocity curves in the upper part.
Moreover, the green region is delimited by the CuCrZr temperature
constraint in the lower part at high coolant pressure values. Comparing
the results shown here with those of the previous sections, the gain
obtained with the CB bypass is remarkable, with a maximum value of
coolant inlet temperature of ~135 °C at 5.0 MPa, 175 °C at 7.5 MPa,
and 195 °C at 15.0 MPa.

Although this configuration appears promising, some additional
issues should be considered: it is necessary to adopt properly sized
orifices downstream of the targets, capable of producing a localized
pressure loss of ~0.7 MPa in the bypass line, resulting in high localized
coolant velocities that could cause erosion problems. Moreover, consid-
ering the coolant operating point at the maximum allowable coolant
inlet temperature of Fig. 20(d), the orifice alone would result in a
loss of fluid mechanical power in the order of ~60 kW per cassette
(approximately equal to the 50% of the pumping power required by
both the CB and VTs cooling circuit of the DCC option [2]), which
would have to be supplied to the fluid by the circulation pumps.
Finally, it should be further investigated the behaviour of the cooling
circuit under transient conditions, and the possibility to establish flow
distribution instabilities between the CB and the bypass line, which
could potentially pose a risk to the structural integrity of the cassette.

6.5. Summary and discussion on EU-DEMO divertor SCC results

The results obtained considering the EU-DEMO divertor SCC op-
tion 2021 design and the three additional cases discussed above are
summarized in Table 7.

As can be observed from the table, the most promising SCC option
divertor arrangement is the one with targets in parallel and CB bypass.
By adopting this configuration, the coolant inlet temperature, and thus
the lifetime of the divertor cassette, can be comparable with the one of
the baseline DCC option but, as discussed in Section 3, it will not meet
in any case the divertor lifetime requirement. Moreover, also accepting
this result, this cooling circuit layout would entail the criticalities
discussed in the previous section, making it doubtful whether this
solution may be adopted.
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Fig. 20. Range of acceptable operating conditions for the SCC option divertor with
VTs in parallel and CB bypass (in green) for an inlet pressure of 5.0 (a), 7.5 (b), 10.0
(¢), and 15.0 (d) MPa.

With other cooling circuit layouts and adopting coolant inlet pres-
sure values up to 7.5 MPa, it is realistically not possible to exceed
a maximum coolant inlet temperature of ~120 °C, regardless of the
VTs arrangement, definitely resulting in a cassette lifetime lower than
1 fpy. At higher pressures, it is possible to increase these values, but, as
can be argued from the summary, it is not feasible to obtain the same
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Table 7
Summary of the maximum coolant inlet temperature values obtained for the different
EU-DEMO divertor SCC option cooling circuit cases.

Scenario Din

5.0 MPa 7.5 MPa 15.0 MPa
2021 SCC design ~85 °C ~115 °C ~155 °C
SCC optimization <115 °C <145 °C <175 °C
Par. VTs - ~80 °C ~115 °C
Par. VTs and Bypass ~135 °C ~175 °C ~195 °C

inlet temperature of the CB circuit as in the DCC configuration, which
would lead to a divertor lifetime lower than 1.2 fpy. Furthermore, it
would be necessary to significantly change the divertor design in order
to withstand the mechanical loads deriving from the increased coolant
pressure.

7. Conclusions

In the framework of the activities of the EUROfusion action, UNIPA
carried out a research campaign to study the new EU-DEMO divertor
SCC option, which foresees the integration of the VTs and the CB
cooling circuits.

To find suitable operating conditions able to fulfil the different
thermal and thermal-hydraulic constraints and requirements of the
divertor, the UNIPA thermal-hydraulic research unit has developed
ADRANOS, a coupled lumped-parameter/2D-FEM code able to quickly
determine the operating map of the divertor cooling circuit. ADRANOS
has been properly validated against experimental data, CFD and ther-
mal calculations, and has been used to study the SCC option divertor
2021 design and three additional cases. The analyses highlighted the
criticalities of adopting the SCC option for EU-DEMO, as CHF margin
and pressure drop requirements allow for operation only at low coolant
temperatures, limiting the divertor lifetime if Eurofer is employed as
structural material. Moreover, the analyses reported here pointed out
how it is not possible to significantly increase the divertor lifetime by
acting on the coolant pressure, as the constraints on monoblock temper-
ature pose an upper bound on the coolant temperature. Furthermore,
even considering an optimized cooling circuit with reduced losses or
the adoption of a complex layout with a CB bypass line, the maximum
coolant inlet temperature is still limited by the maximum PFU coolant
velocity. As a result, the divertor lifetime obtained is always lower than
the 1.5 fpy requirement for all the cases investigated.

The outcomes presented here are the result of the actual assump-
tions in terms of plasma surface heat load, the current design and
technology of the VTs, as well as the still incomplete knowledge of
the properties of the adopted materials exposed to high levels of
neutron-induced damage at low operating temperatures. Additionally,
a different rationale for the calculation of the divertor lifetime based
on less conservative criteria, as suggested in [2], would probably result
in a longer lifetime for the divertor. However, under the assumptions
and requirements currently adopted for the EU-DEMO divertor and
considering the cases presented here, the SCC option divertor would
certainly simplify the design of the balance of plant and the cassette
maintenance operations, but it is doubtful whether it is compatible with
the adoption of Eurofer as structural material, as it is not possible to
guarantee the desired component lifetime.
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