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A B S T R A C T

The EU-DEMO divertor is currently foreseen to employ a dual cooling scheme, which involves two separate
cooling circuits for the Cassette Body (CB) and the Vertical Targets (VTs), provided with cooling water at
distinct operating conditions. Following the EU-DEMO project Gate Review 1, the cassette design has been
revised to employ a high-temperature (295-328 ◦C) and high-pressure (15.5 MPa) coolant for the CB cooling
circuit. These design assumptions present novel challenges in achieving uniform and effective cooling of the
structure, to ensure reliable operation over the intended lifetime. Furthermore, alternative materials for the
VTs-supporting Target Support Bodies (TSBs), namely CuCrZr, SS 316Ti and Eurofer97, are currently being
evaluated to extend the operational lifetime of these components under irradiation. The University of Palermo,
in collaboration with EUROfusion and ENEA, analysed the steady-state thermal-hydraulic performance of the
EU-DEMO divertor cooling circuits with an integrated conjugate heat transfer analysis campaign of the entire
divertor cassette, with the twofold aim to evaluate the CB thermal performance under the revised coolant
conditions and to compare the temperature distribution in the TSBs with the different materials considered.
The work was carried out following a numerical approach based on the finite volume method and adopting
the ANSYS CFX computational fluid-dynamic commercial code. Models, loads and boundary conditions are
herewith reported and critically discussed, together with the main outcomes obtained.
1. Introduction

The divertor is a crucial in-vessel component in future nuclear fu-
sion power plants, being responsible for several essential functions that
enable stable and long-pulse reactor operation. It must withstand the
intense power deposited by charged particles and neutron irradiation,
facilitate the removal of fusion ashes and unburnt fuel towards the
pumping ports, provide plasma-facing surfaces compatible with the
plasma, and shield both the Vacuum Vessel (VV) and surrounding
magnets from nuclear loads [1].

The divertor cooling circuit has to be designed to manage the large
heat and particle fluxes coming from the plasma, to ensure that the
structural and functional materials operate within their temperature
limits (to enhance the component lifetime and thus reduce the nuclear
waste), to guarantee limited pressure losses, and to operate at high
temperatures to maximise the plant electricity conversion efficiency.

∗ Corresponding author.
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The European Demonstration Power Plant (EU-DEMO) divertor cur-
rently employs a dual cooling scheme [1], which provides cooling
water at distinct operating conditions to the Vertical Targets (VTs) and
to the Cassette Body (CB), depending on their thermal requirements.

The selection of coolant operating conditions for the DEMO divertor
has been a debated topic in recent years. While past research activi-
ties considered a low-temperature coolant for the CB cooling circuit,
devoted to providing coolant to the Eurofer97 components [2,3], re-
cently the possibility of employing a high pressure and temperature
coolant has been investigated to extend the operational lifetime under
irradiation of these components [4]. For the same reason, different
materials are currently under investigation for the low-temperature VTs
structural components.

In 2023, as part of the activities promoted by the EUROfusion
Work Package Divertor, a research campaign was jointly carried out
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Fig. 1. EU-DEMO divertor cassette (High-pressure, dual-cooling circuit option).

between the University of Palermo and ENEA to assess the steady-
state thermal-hydraulic performance of the EU-DEMO divertor cooling
circuits with the CB operated at high-temperature and high-pressure,
while considering different structural materials for the VTs Target
Support Bodies (TSBs).

The research campaign was conducted with a numerical approach
based on the finite volume method and adopting the ANSYS CFX 2021
R1 Computational Fluid-Dynamic (CFD) code [5].

2. General description of the high-pressure dual cooling scheme
DEMO divertor cassette

The EU-DEMO divertor currently consists of 48 toroidal cassette
modules. Each module comprises a CB supporting the components
directly exposed to the plasma, i.e. a Shielding Liner (SL), two Reflector
Plates (RPs), and two VTs, namely an Outer VT (OVT) and an Inner
VT (IVT). Each cassette is moreover equipped with a couple of Neutron
Shields (NSs). The cassette fixation system to the VV relies on two
noses at the inboard, while at the outboard it is foreseen the adoption
of a wishbone. It is designed to provide the flexibility needed to
accommodate differential thermal expansion of the VV and cassette,
while maintaining the divertor’s position and mitigating shaking mo-
tion during vertical displacement events, cold disruptions, and other
dynamic plasma scenarios. The wishbone is locked to an outer rail,
mechanically connected to the VV.

The EU-DEMO high-pressure, dual-cooling circuit option cassette
design [6] is shown in Fig. 1 with an indication of the main components
(the NSs are not visible, being inside the vacuum pumping hole).

The EU-DEMO divertor is water-cooled, and the two cooling cir-
cuits adopted are depicted in Fig. 2. The design driver for the VTs
cooling circuit is the necessity to withstand nominal peak heat fluxes
up to 20 MW/m2 [1] without incurring into Critical Heat Flux (CHF)
issues, thus requiring outstanding cooling performances. Instead, the
CB cooling circuit is characterised by lower thermal loads, thus al-
lowing a greater degree of freedom to explore different coolant oper-
ating conditions, potentially optimising component lifetime and plant
integration.

As it may be argued from Fig. 2, the two VTs are connected in
series to each other, and the coolant routing is made possible by a
set of connecting pipes running along the sides of the cassette. The
adoption of VTs in series allows for a lower coolant mass flow rate, but
the requirement to maintain the CuCrZr Plasma Facing Units (PFUs)
assemblies cooling pipes at temperatures not lower than 130 ◦C (to
avoid a further decrease from the minimum thermal recovery tempera-
ture of irradiated CuCrZr of 150 ◦C [1]) requires a higher coolant inlet
pressure of ≈7.5 MPa [4], compared to the 5.0 MPa employed with the
VTs connected in parallel [7].

The PFUs assemblies, whose details can be found in [1], are
mounted on dedicated TSBs. Different materials are under investigation
2

Fig. 2. Divertor cassette (High pressure, dual-cooling circuit option) cooling circuits.

Fig. 3. Divertor CB cooling circuit flow routing.

Fig. 4. Divertor CB cooling circuit region nomenclature.

for the TSBs and, in this paper, the effects of the selection of either
CuCrZr, SS 316 Ti, and Eurofer97 on the cooling performance of the
divertor are investigated.

Concerning the CB cooling circuit, its layout is rather complex, as
shown in Fig. 3 with the region nomenclature depicted in Fig. 4.

The details of the cooling layout of the singular divertor components
are unchanged compared to the previous divertor designs and can be
found in [8]. The main differences are the coolant routing inside the CB
and the NSs cooling layout. This latter has been redesigned to a simpler
solution with four cooling channels moving along the radial direction
for each NS, as visible in Fig. 4.

According to the rationale described in [4], the CB cooling circuit is
fed with cooling water at Pressurized Water Reactor (PWR)-like condi-
tions, i.e. at an inlet pressure of 15.5 MPa and an inlet temperature
of 295 ◦C, to reduce the risk of operating the irradiated Eurofer97
in brittle conditions [9]. Moreover, as the same coolant operating
conditions are considered for the Water-Cooled Lead Lithium Breeding
Blanket [10], plant integration could be potentially simplified [11].

The revised CB coolant operating conditions present novel chal-
lenges in achieving uniform and effective cooling of the structure, as
will be discussed in the following.
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Fig. 5. Structure domains considered for the CHT analyses and details of the different
materials.

3. Divertor cooling circuit CFD analysis setup

The thermofluid-dynamic assessment of the divertor cassette was
performed by running 3D steady-state Conjugate Heat Transfer (CHT)
analyses. With respect to past years’ investigations on dual cooling
scheme divertor designs [3,7], the study was approached with inte-
grated simulations encompassing both cooling circuits, as the TSBs
supports have proven to be particularly critical in terms of thermal hot
spots [8].

All the divertor cassette geometrical details have been included in
the simulations, except for the PFU assemblies. For these components,
the structures are not modelled, while the effects of the swirl tapes on
the coolant flow are treated with the Orthotropic Virtual Swirl Tape
(OVST) approach [12] to ensure an acceptable computational burden
without significantly affecting the results accuracy.

Additionally, compared to past simulations, the cassette CHT model
was further advanced by inserting the outer rail (depicted in Fig. 1) to
improve the temperature predictions on the wishbone, and by including
further elements of the TSBs supports, detailing the different materials
of hinges and pins.

The structure domains considered in the CHT analyses are depicted
in Fig. 5, with an indication of the different materials (each colour
corresponds to a different material). Three distinct simulations were
performed, one for each material considered for the TSBs and their
feeding pipes.

The computational grid employed for the calculations was defined
by selecting suitable features, based on past mesh-independence stud-
ies [8]. The mesh details are visible in Fig. 6, while the main parameters
and quality metrics are summarised in Table 1. The large mesh size
necessitated the use of the computational resources provided by the
CRESCO/ENEAGRID High Performance Computing infrastructure [13].

To perform the simulations, the coolant operating conditions sum-
marised in Table 2 were considered. Concerning the VTs cooling circuit,
a coolant mass flow rate (𝐺) of 45 kg/s was selected based on prelimi-
nary parametric analyses performed with the code ADRANOS [14], as
reported in [4].

Regarding the CB cooling circuit, instead, a mass flow rate of
≈17 kg/s was chosen to provide the desired coolant outlet-inlet tem-
perature increase 𝛥T of 33 ◦C for each simulation.

Surface heat loads on SL, RPs, and VTs were drawn from [15]
while the nuclear contributions were provided by the ENEA Frascati
Neutronics Team for the high-pressure divertor design and dedicated
neutronic simulation results are available for each material selected for
the TSBs and their connection pipes [16]. The nuclear load breakdown
is summarised for different cases in Table 3.

As one may argue from the table, the thermal loads have high
variations for the VTs cooling circuit due to the different materials
employed, and the higher values are foreseen for the case with TSBs
in CuCrZr. There are some variations in the CB nuclear loads as well,
but the differences among the three cases are smaller.
3

Fig. 6. Mesh adopted for the thermofluid-dynamic CHT analysis.

Table 1
Summary of the main mesh parameters and quality metrics.

Region Mesh parameter Value

Coolant

Mesh Type Hybrid
Nodes 9.05 ⋅ 107

Elements 1.31 ⋅ 108

Inflation Layers Number 12
First Cell Height [𝜇m] 20 − 50
Layers Growth Rate 1.2 − 1.35
Target Element Size [mm] 1.3 − 10
Surface with y+>200 [%] 0.02

Structure

Mesh Type Hybrid
Nodes 2.03 ⋅ 107

Elements 9.29 ⋅ 107

Target Element Size [mm] 2.5 − 10

Quality
Orthogonal Angle [ ◦ ] (ave/min) 76.3/0.34
Expansion Factor (ave/max) 1.85/11980
Aspect Ratio (ave/max) 29/1809

Table 2
Summary of coolant operative conditions for the two cooling circuits.

VTs CB
Cooling Circuit Cooling Circuit

Coolant pin [MPa] 7.5 15.5
Coolant Tin [◦ C] 130 295
G per cassette [kg/s] 45 ≈17
Total Deposited 3.7-4.0 ≈3.4Power [MW]
Coolant 𝛥T [◦ C] ≈22 33

Table 3
Nuclear heating breakdown for the three different TSBs materials [MW].

CuCrZr SS 316 Ti Eurofer97

OVT 0.770 0.611 0.623
IVT 0.783 0.608 0.618
Pipes 0.034 0.028 0.030
Total VTs 1.587 1.247 1.272

CB 0.808 0.785 0.784
SL 1.639 1.635 1.651
RPs 0.328 0.326 0.322
Total CB 2.775 2.746 2.757

4. Divertor cooling circuit CFD analysis results

The steady-state thermal-hydraulic performances of the divertor
cooling circuits under the operative conditions of Table 2 were assessed
to check whether the compliance with the applicable constraints [14,
17] is met:
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Table 4
Summary of assumptions, models and BCs.

Analysis type Steady-state CHT

Material Library

Water IAPWS IF97 [20]
Eurofer97 [21]
W, Ti6Al4V [22]
SS 316 Ti, Inconel 716 [23]
CuCrZr [24]
SS 316L (N) [25]

Liner/RPs Heat Flux From [15]
Nuclear Heating From [16]
Radiative Heat Transfer Towards VV @ 40 ◦C [26]
Turbulence Model k-𝜔 SST
Boundary Layer Modelling Automatic Wall Functions
PFU Assembly Modelling OVST
Wall Roughness 15 μm
Wall Roughness PFUs 2 μm
Inlet BC - VTs T=130 ◦C/𝑝𝑡𝑜𝑡=7.5 MPa
Outlet BC - VTs G=45 kg/s
Inlet BC - CB T=295 ◦C/𝑝𝑡𝑜𝑡=15.5 MPa

Outlet BC - CB G adjusted
for 𝛥T=33 ◦C

Fig. 7. VT cooling circuit absolute pressure field distribution.

• maximum temperature in Eurofer97 < 550 ◦C;
• total pressure drop for each cooling circuit < 1.4 MPa;
• coolant local minimum saturation margin > 20 ◦C;
• coolant maximum axial velocity in PFUs cooling channels <

16 m/s;
• minimum CHF margin.1 > 1.4 in PFUs, SL and RPs cooling

channels under nominal heat flux conditions.

The three simulations were performed considering the assumptions,
models and Boundary Conditions (BCs) summarised in Table 4. The
guidelines of [19] were followed to ensure the quality of the results
obtained and each CHT simulation required ≈24 h of calculation time
to perform 2000 iterations on the ENEA CRESCO cluster, running on
672 Intel Xeon Platinum 8160 processors @2.10 GHz.

The results obtained in terms of pressure drop, coolant distributions,
CHF and saturation margins are reported only for the case with TSBs
in CuCrZr, as the results are practically the same for the three cases
considered. In fact, the mass flow rate in the CB cooling circuit changes
by less than 1% due to the different nuclear heat loads of Table 3, while
the VTs cooling circuit mass flow rate is the same for all the simulations,
as it is only defined by CHF margin requirements. Therefore, the only
differences are related to the small variations in coolant density with
temperature which are very limited as the VTs cooling circuit outlet
temperature is ≈149.5 ◦C for the Eurofer97 and SS 316 Ti cases and
≈151.4 ◦C for the CuCrZr simulation.

The pressure distribution in the VTs and CB cooling circuit is
depicted respectively in Figs. 7 and 8, while the total pressure drop
of the two cooling circuits amounts to 1.13 and 0.50 MPa, lower than
the limit value of 1.40 MPa.

1 The definition of CHF margin can be found in [18]
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Fig. 8. CB cooling circuit absolute pressure field distribution.

Fig. 9. Coolant axial flow velocity distribution among PFU channels.

It is moreover worth mentioning that the pressure drop in the VTs
cooling circuit is mainly due to the IVT, contributing alone for more
than 50% of the total losses, while the SL and RPs present the highest
pressure losses in the CB cooling circuit.

About the pressure drop limit of the CB cooling circuit, it should be
observed that the 1.4 MPa value was originally selected for a cassette
operating at 180 ◦C inlet temperature and 3.5 MPa inlet pressure [17].
The adoption of a higher temperature mandates a revision of this limit,
to compensate for the lower water density. In this regard, 0.7 MPa was
already proposed in [4]. Even with this revised value, the pressure drop
calculated for the EU-DEMO divertor CB cooling circuit is within the
limits.

Concerning the coolant distribution, it is reported for the PFUs
(Fig. 9), and for the SL (Fig. 10) and RPs (Fig. 11) cooling channels
closest to the plasma.

As it may be argued from the figures, the coolant distribution is
acceptably uniform for the PFUs and SL channels, while the RPs present
a non-uniform distribution, with flow reversal in some channels.

Moreover, the coolant axial velocities in the PFUs cooling channels
are ≈14 m/s. Despite it would be beneficial to lower these velocities
to lower values to avoid potential swirl tape fretting issues, it was
prioritised to operate the CuCrZr at suitable temperatures, as is not
possible to reduce the VTs cooling circuit mass flow rates without
decreasing the inlet temperature below 130 ◦C [4].

The margins against CHF were calculated at the post-processing
stage by adopting the same procedure discussed in [8], i.e. the modified
Tong-75 correlation [18] was employed for the PFU cooling channels
and the Groeneveld look-up tables [27] for SL and RPs. The calcula-
tions were performed considering nominal heat flux values for these
components, i.e. 20 MW/m2 for the PFUs, 1 MW/m2 for the SL, and 0.2
MW/m2 for the RPs. The results obtained are reported in the following
Figs. 12 to 14 showing the minimum value of 1.4 with a dashed red
line.

Acceptable CHF margins are calculated for the PFUs and the SL,
while some RP channels present a zero margin, as visible in Fig. 14.
This result can be explained by the presence of stagnant coolant in these
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Fig. 10. Coolant axial flow velocity distribution among SL channels.

Fig. 11. Coolant axial flow velocity distribution among RPs channels.

Fig. 12. CHF margin distribution among PFUs channels.

Fig. 13. CHF margin distribution among SL channels.
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Fig. 14. CHF margin distribution among RPs channels.

Fig. 15. Divertor coolant margin against saturation field.

channels, causing the fluid bulk temperature to overcome saturation. It
can be confirmed by looking at the saturation margin field, depicted
in Fig. 15, showing in grey the areas where the saturation margin is
lower than zero: as it may be observed, some RP channels present vast
critical areas.

It may be moreover observed from Fig. 15 how the entire VTs
cooling circuit presents a high saturation margin, due to its high
coolant pressure and low temperature, while the CB cooling circuit is
characterised by various regions where the saturation margin is low
or even below zero, suggesting the necessity of some design changes,
e.g. in the SL and in some corners of the cassette.

Additionally, the coolant outlet bulk saturation margin is calculated
to be 14 ◦C at the outlet of the CB cooling circuit, a value which is
below the 20 ◦C requirement of [17]. In fact, the saturation margin
limit was originally defined for a low-pressure and low-temperature
cassette [3], and it is not applicable to the new operating conditions.
Indeed, the water saturation temperature at 15.5 MPa is ≈345 ◦C [28]
so, even supposing zero pressure drop inside the system, the saturation
margin cannot be higher than 17 ◦C as a consequence of fixing the
coolant outlet temperature to 328 ◦C.

Finally, as far as the structure temperature field is concerned, the
temperatures obtained for the three different scenarios are reported in
the following Figs. 16 to 18, respectively for the TSBs in CuCrZr, SS 316
Ti, and Eurofer97. The temperatures are shown from 130 ◦C to 550 ◦C,
the latter being the maximum suggested temperature in Eurofer97. All
the regions where the temperatures exceed this maximum value are
shown in grey.

As one may observe, the major differences among the three cases
are observed in the TSBs, both due to the different nuclear thermal
loads and the distinct thermal conductivities of the materials. Although
the highest thermal loads are expected for the CuCrZr case, as reported
in Table 3, the thermal conductivity plays a stronger role. Therefore,
the temperatures are the lowest for the CuCrZr case, while the highest
values are obtained with SS 316 Ti, with values as high as 575 ◦C for
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Fig. 16. Divertor structure temperature field with TSBs in CuCrZr.

Fig. 17. Divertor structure temperature field with TSBs in SS 316 Ti.

Fig. 18. Divertor structure temperature field with TSBs in Eurofer97.

the TSBs and even higher for their supports. Furthermore, there are
common issues in all the cases, with Eurofer97 temperatures exceeding
550 ◦C in some regions of the CB, such as the SL side walls and
some corners of the cassette, requiring the review of their cooling
circuits. Indeed, high temperatures could pose problems in terms of
fulfilment of the criteria prescribed by the reference structural design
code, jeopardising the integrity of the components.

The major criticalities are related to the non-actively cooled sup-
ports of the SL, RPs, and TSBs, which are of particular concern. Similar
issues have been observed in past EU-DEMO divertor designs [3,8], and
can be solved by acting both on the reduction of the length of these
supports and by improving the shielding performance of the supported
components, e.g. by increasing their thickness.

Furthermore, compared to previous analyses [8], the temperature
in the wishbone is significantly reduced, due to the different modelling
strategy that includes the outboard rail.

Finally, although not shown for the sake of brevity, no thermal
criticalities are observed for the revised NSs due to the very low
volumetric thermal loads experienced by these components.

5. Conclusions

The University of Palermo, in collaboration with EUROfusion and
ENEA, carried out a research campaign focused on the thermofluid-
dynamic assessment of the novel high-pressure and high-temperature
EU-DEMO divertor cassette under steady-state operational conditions.
The studies were performed with an integrated CFD simulation ap-
proach encompassing both the divertor cooling circuits, made possi-
ble by the use of the ENEA CRESCO High Performance Computing
infrastructure.
6

The results obtained highlighted good thermal-hydraulic perfor-
mance for the VTs cooling circuit, assessed in terms of pressure drop,
maximum velocity in the PFU cooling channels, CHF and saturation
margins, confirming the outcomes of the studies performed for the
selection of VTs cooling circuit operating conditions of [4].

The CB cooling circuit operated at PWR-like conditions presents
some criticalities related to the higher coolant temperature. The pre-
dicted pressure drop is within the limits, but thermal hot spots are
observed in the CB, SL, and the passively-cooled supports, while po-
tential local vaporisation issues are predicted by the analyses. Further-
more, coolant distribution in the RPs should be redefined to avoid
fluid stagnation and flow reversal. These findings, resulting from the
increased CB coolant operating temperature, suggest the need to revise
the cassette structures and their cooling circuit design, with particular
attention to the supports.

Additionally, the constraints on saturation margin and pressure drop
considered for the CB cooling circuit should be updated, to adapt them
to the revised operating conditions.
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