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In the framework of the Work Package DIV 1 - “Divertor Cassette Design and Integration” of the 

EUROfusion action, a research campaign has been jointly carried out by University of Palermo and ENEA to 
investigate the steady-state thermal-hydraulic performances of the DEMO divertor cassette cooling system. The 
research activity has been focussed onto the most recent design of the Cassette Body (CB) cooling circuit, 
consistent with the DEMO baseline 2017 and equipped with a liner, whose main function is to protect the 
underlying vacuum pump hole from plasma radiation. The research campaign has been carried out following a 
theoretical-computational approach based on the finite volume method and adopting the commercial 
Computational Fluid-Dynamic (CFD) code ANSYS-CFX.  

The CB thermal-hydraulic performances have been assessed in terms of coolant and structure temperature, 
coolant overall total pressure drop and flow velocity distribution, mainly in order to check its aptitude to provide 
a uniform and effective cooling to both CB and liner structures. Moreover, the margin against coolant saturation 
has been evaluated in order investigate whether any risk of its bulk vaporisation is prevented. 

The outcomes of the study have shown some criticalities, mainly in terms of structure maximum temperature 
and coolant vaporization occurrence within the liner. As a consequence, some minor design variations have been 
suggested within the paper. 

Models, loads and boundary conditions assumed for the analyses are herewith reported and critically 
discussed, together with the main results obtained. 
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1. Introduction 

The recent European roadmap, drafted to realize 
commercially viable fusion power generation, has 
defined reliable power exhausting as one of the most 
critical missions. Heat-exhaust systems must be capable 
of withstanding the large heat and particle fluxes of a 
fusion power plant, allowing, at the same time, as high 
performance as possible from the core plasma [1].  

The divertor is the key in-vessel component to 
accomplish this mission as it is responsible for power 
exhaust and impurity removal via guided plasma 
exhaust. As a consequence, the divertor has to sustain 
very high heat and particle fluxes arising from the 
plasma (up to 20 MW/m2), while experiencing an intense 
nuclear deposited heat power, which could jeopardize its 
structure and limit its lifetime. Therefore, attention has to 
be paid to the thermal-hydraulic design of its cooling 
system, in order to ensure a uniform and proper cooling, 
without an unduly high pressure drop. 

Within the framework of the Work Package DIV 1 - 
“Divertor Cassette Design and Integration” of the 
EUROfusion action [2, 3] and in line with previous 
activities [4-6], in 2018 a research campaign has been 
jointly carried out by University of Palermo and ENEA 
to theoretically assess the steady-state thermal-hydraulic 
performances of the DEMO divertor cassette cooling 
system, focussing the attention on the Cassette Body 
(CB) cooling circuit. 

A theoretical-numerical approach based on the finite 
volume method has been followed adopting the 
commercial Computational Fluid-Dynamic (CFD) code 
ANSYS CFX v.19.2 [7], previously used in similar 
studies [8] and adopted to evaluate concentrated 
hydraulic resistances to be used in system codes [9, 10]. 

During 2018, CFD analyses have been carried out to 
investigate the steady-state thermal-hydraulic 
performances of the latest water-cooled CB design 
equipped with a shielding structure called liner. In 
addition, the aptitude of the cooling circuit to provide a 
uniform and effective cooling to both CB and liner 
structures has been assessed and potential solutions 
devoted to its improvement have been suggested. The 
assumptions relevant to these thermal-hydraulic analyses 
are herein reported and critically discussed, together with 
the main results obtained. 

 

2. Cassette body thermal-hydraulic analysis 
The DEMO divertor configuration has recently been 

adapted to the DEMO Baseline 2017 [11]. Conversely to 
the previous one, articulated in 54 toroidal cassettes, this 
new divertor concept is articulated in 48 cassettes, each 
composed of a CB, equipped with a shielding liner and 
supporting two Plasma Facing Components (PFCs), 
namely an Inner Vertical Target (IVT) and an Outer 
Vertical Target (OVT) (Fig. 1) [12]. 



 

 
Fig. 1. DEMO divertor cassette 2018 configuration. 

 

The CB is intended to support PFCs and shield 
Vacuum Vessel (VV) from irradiation. Therefore, in 
order to remove its nuclear deposited heat power, it is 
endowed with an active cooling circuit relying on the use 
of subcooled pressurized water at the inlet pressure and 
temperature of 3.5 MPa and 180°C, respectively, 
flowing with a thermal rise of ≈30°C [13].  

 

3. CB cooling circuit CFD analysis 
The thermal-hydraulic performances of the CB 

cooling circuit have been assessed by running a steady-
state, fully coupled fluid-structure, thermofluid-dynamic 
analysis under the operative conditions in Table 1. 

 
Table 1. Summary of coolant operative conditions. 

 Conditions 
Inlet Temperature/Pressure 180°C / 3.5 MPa 
∆T [°C] ≈30 
G per Cassette [kg/s] 22.08 
 

To this purpose, a sensitive analysis has been carried 
out to select the geometric discretization of fluid and 
structure domains allowing grid-independent results to 
be obtained saving calculation time. Selected mesh 
parameters are reported in Table 2 and a detail of the 
mesh selected is shown in Fig. 2. Main assumptions, 
models and Boundary Conditions (BCs) adopted for the 
analysis are reported in Table 3. 

 

 
Fig. 2. Details of the mesh selected for calculations. 

Table 2. Summary of the main mesh parameters. 

Region Mesh Parameter Value 

Fluid 

Nodes 1.60 10+7 
Elements 3.83 10+7 
Inflation Layers Number 12 
Liner/CB First Layer Height [µm] 20/200 
Layers Growth Rate 1.4 
Typical Element Size [m] 6.67·10-3 
Surface with y+ < 200 [%] 94 

Structure 
Nodes 5.19 10+6 
Elements 2.08 10+7 

 

Table 3. Summary of assumptions, models and BCs. 

Analysis Type Steady-state 

Material Library 

Water IAPWS IF97 [14] 
EUROFER [15]  

W / Ni-Al-Bronze [16] 
316L(N) SS / SS 660 [16] 

Heat Flux / Nuclear Heating 0.5 MW/m2/Non uniform 
Radiative Heat Transfer Towards VV @ 40°C 
Turbulence Model k-ε 
Boundary Layer Modelling Scalable Wall Functions 
Wall Roughness 15 µm 
Inlet BC T=180°C / ps=3.5 MPa 
Outlet BC G=22.08 kg/s 
 

As to nuclear heating data, the non-uniform 
distribution of nuclear-deposited heat power density 
calculated by ENEA [17] has been adopted (Fig. 3).  

 

 
Fig. 3. Nuclear heating distribution adopted for calculations. 
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A detailed breakdown of the total deposited power is 
reported in Table 4. Moreover, the complex heat transfer 
process towards VV has been roughly simulated by 
means of a radiative condition towards the VV heat sink, 
uniformly assumed at 40 °C (according to [18]). 

 
Table 4. Deposited power breakdown. 

 Power per Cassette [MW] 
Liner Surface 0.718 
Liner Armour 0.076 
Cassette Structure 1.653 
Cassette Coolant 0.760 
TOTAL 3.206 
 

3.1. Results 

A steady-state, fully coupled fluid-structure, 
thermofluid-dynamic analysis of the water-cooled CB 
cooling circuit has been carried out assessing its thermal-
hydraulic performances in terms of coolant and structure 
temperature, coolant total pressure and flow velocity 
distributions and coolant margins against saturation and 
Critical Heat Flux (CHF) occurrence.  

Thermofluid-dynamic calculations have allowed to 
check whether the performances of the investigated CB 
configuration comply with the corresponding limits [13], 
paying a particular attention to fluid and structure 
temperature fields. In fact, the fluid should not reach the 
saturation temperature to avoid the occurrence of bulk 
saturation in any part of its domain. Furthermore, the 
structure, made in EUROFER, should not overcome the 
temperature of 550 °C [19].  

The main results obtained are reported in Table 5, 
summarizing the coolant thermal rise and total pressure 
drop between inlet and outlet sections (Fig. 4), the total 
pumping power needed to route the coolant inside the 
CB cooling circuit and the maximum temperatures 
predicted for both the coolant and the steel structure. 

 
Table 5. Summary of CB thermofluid-dynamic analysis results. 

∆p [MPa] 1.383 
Pumping Power [kW] 35.58 
∆Tfluid [°C] 32.75 
(Tfluid)Max [°C] 333.46 
(Tstructure)Max [°C] 1419.18 
 

As it may be deduced from the analysis of Table 5, 
the overall hydraulic performances of the CB cooling 
circuit result partially acceptable, its overall total 
pressure drop being slightly lower than the prescribed 
limit of 1.4 MPa and the estimate pumping power 
resulting ≈36 kW per cassette, for a total of ≈1708 kW 
(48 cassettes). Nevertheless, the heat removal aptitude of 
the same circuit shows some critical issues. In fact, even 
if the overall coolant thermal rise amounts to ≈33 °C, 

letting the coolant exit the circuit with a bulk 
temperature slightly higher than 212 °C, the coolant and 
the structure experience locally very high temperatures, 
suggesting the occurrence of local vaporization and 
thermal crisis. 

 

 
Fig. 4. CB cooling circuit main sections. 

 

As to the fluid domain, total pressure, temperature 
and margin against saturation distributions are reported 
in Figs. 5-7. In particular, margin against saturation, 
defined as Tsat(p)-T with Tsat(p) drawn from [20], has 
been reported in Fig. 7, where grey spots indicate 
surfaces where vaporization is predicted to occur. 

 

 
Fig. 5. Coolant total pressure field. 

 

 
Fig. 6. Coolant temperature field. 
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Fig. 7. Coolant margin against saturation field. 

 

In addition, pressure drops along the main sections 
(Fig. 4) of the CB cooling circuit are reported in Table 6, 
while bulk temperatures and margins against saturation 
are shown in Table 7. 

 

Table 6. Coolant total pressure drop distribution. 

Sections Pressure Points ∆p [MPa] 
Inlet 
Manifold Inlet → CB - A 0.0371 

Upper 
Cassette 1 CB - A → Liner Inlet 0.0266 

Liner Liner Inlet → Liner Outlet 1.2305 
Upper 
Cassette 2 Liner Outlet → CB - B 0.0199 

Lower 
Cassette CB - B → CB - C 0.0347 

Outlet 
Manifold CB - C → Outlet 0.0337 

Cassette Total Inlet → Outlet 1.3825 
 

Table 7. Coolant Tbulk, Tsat and margin distributions. 

Sections Tbulk [°C] Tsat [°C] Margin [°C] 
Inlet 180.00 242.56 62.56 
Outlet 212.75 215.29 2.54 
Liner Inlet 185.55 241.51 55.96 
Liner Outlet 202.13 217.39 15.27 
CB - A 180.05 241.95 61.91 
CB - B 210.69 216.93 6.24 
CB - C 212.76 216.10 3.34 
 

Even though the maximum temperature calculated 
(333.5 °C) is significantly higher than the saturation 
temperature (predicted to range between ≈215 °C and 
≈243 °C), critical areas seem to be localized mainly at 
the fluid/walls interface, being the bulk temperature 
always lower than the saturation temperature at the 
predicted pressure. Nevertheless, the minimum margin 
against saturation amounts to ≈2.5 °C, being sensibly 
lower than the desired limit of ≈20 °C, and it has to be 
raised by properly increasing the minimum coolant total 
pressure within the CB cooling circuit so to increase the 

minimum saturation temperature. In this regard, it has to 
be highlighted that ≈89 % of the overall pressure drop is 
concentrated within the liner cooling circuit (Table 6), 
which suggests to check whether there is room to 
improve its layout, e.g. enlarging its plasma facing 
channels diameter, so to minimize its contribution to the 
CB cooling circuit pressure drop. Therefore, attention 
has been paid to the coolant axial velocity, bulk 
temperature distributions and CHF margin among the 
liner channels that have been shown in Figs. 8-11, their 
key-parameters being reported in Tables 8-10. 

 

 
Fig. 8. Coolant vax distribution among liner front channels. 

 

Table 8. Coolant vax distribution key-parameters. 

vMax [m/s] 13.209 
vmin [m/s] 13.052 
εv 1.20% 
<v> [m/s] 13.130 
σ [m/s] 0.031 
 

 
Fig. 9. Tbulk distribution among liner front channels. 

 

 
Fig. 10. Tbulk distribution among liner back channels. 
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Table 9. Bulk temperature distributions key-parameters. 

 Liner Front 
Channels 

Liner Back 
Channels 

TMax [°C] 206.48 204.04 
Tmin [°C] 194.66 199.99 
εT 5.73% 1.98% 
<T> [°C] 196.30 201.82 
σ 1.837 1.522 
 

In particular, the distribution of the margin against 
CHF onset within the liner plasma facing channels (front 
channels in Fig. 4) has been assessed mainly in order to 
check whether its prescribed minimum value of 1.4 is 
guaranteed by the present layout. To this purpose, 
attention has been paid to the final sections (front out in 
Fig. 4) of the liner front channels, where coolant 
temperature is supposed to reach its maximum value. In 
these sections, the local values of total pressure, 
temperature and axial velocity previously calculated 
have been considered together with the incident heat flux 
value of 0.5 MW/m2. In these hypotheses, the CHF at the 
interface between the coolant and the channel walls has 
been calculated for each channel by means of the proper 
correlation given in [21, 22]. An analogous procedure 
has already been adopted by authors to evaluate the CHF 
margin distribution of the PFCs cooling circuit [23-25]. 

 

 
Fig. 11. CHF Margin distribution among Liner front channels. 

 

Table 10. CHF Margin distribution key-parameters. 

(CHF Margin)Max 23.817 
(CHF Margin)min 22.491 
εCHF 5.57% 
<CHF Margin> 23.575 
σ 0.203 
 

From the analysis of the results obtained for the liner 
channels, it may be argued that: 

• the distribution of coolant axial velocity is 
considerably uniform, since maximum deviations 
lower than 2% have been estimated between the 
maximum (vMax) and minimum (vmin) values; 

• coolant bulk temperature distributions exhibit a regular 
behaviour with an acceptable margin against saturation 

for both front and back channels, whose minimum 
values (≈18 °C and ≈14 °C, respectively) are slightly 
lower than the desired limit of ≈20 °C; 

• CHF margin distribution is significantly higher than 
prescribed minimum value of 1.4, its minimum value 
being equal to 22.5. 

Therefore, a significant margin seems to be available 
for that strong velocity reduction within liner front 
channels needed to decrease the pressure drop, thus 
increasing the margin against saturation Tsat-T. 
Specifically, considering that the average liner channel 
∆p is ≈0.64 MPa, a slight increase in its diameter (D) 
from 6 to 8 mm would almost halve the overall liner ∆p 
as distributed pressure drop is roughly proportional to 
the fifth power of the channel hydraulic diameter. 

Finally, the structure temperature field has been 
reported in Fig. 12 with a focus on the critical regions 
where temperature overcomes 550 °C (grey spots). 

 

 
Fig. 12. Structure temperature field. 

 

Results obtained indicate wide critical areas where 
temperature is predicted to overcome the limit of 550 °C, 
mainly located, as expected, nearby the liner attachment 
system, whose layout prevents the coolant to effectively 
remove nuclear deposited heat power. In particular, a 
maximum temperature equal to 1419 °C is predicted, 
which would certainly jeopardize the integrity of the 
component, suggesting the need for a further revision of 
its design. In this respect, the most straightforward and 
effective solution would be to reduce the volume and, 
consequently, the thickness of the liner supports so to 
considerably decrease the maximum temperature. 

 

4. Conclusions 
Within the framework of the activities foreseen in the 

WP-DIV1 of the EUROfusion action, a research 
campaign has been carried out at the University of 
Palermo, in cooperation with ENEA, to investigate the 
steady-state thermal-hydraulic performances of the 
divertor CB cooling circuit, focussing the attention on 
the latest design devised in 2018 according to the DEMO 
Baseline 2017. A theoretical-computational approach 
based on the Finite Volume Method has been followed 
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and a commercial CFD code has been adopted to run a 
steady-state, fully coupled fluid-structure, thermofluid-
dynamic analysis of the considered cooling circuit under 
the nominal operative conditions. 

Results obtained have indicated that the CB cooling 
circuit seems to be able to provide a sufficiently uniform 
and effective cooling to the main part of the cassette 
steel structure without overcoming the coolant pressure 
drop limit of 1.4 MPa. Anyway, some small regions have 
been observed where the fluid experiences vaporization 
at the interface with steel walls, suggesting that a further 
slight revision of the flow path and/or the coolant 
operative conditions is needed. Moreover, the peculiar 
structure of the liner supports does not allow them to be 
properly cooled, resulting in a unviable maximum 
temperature of 1419 °C. Nevertheless, a straightforward 
design revision is suggested that would allow to maintain 
the topology already selected for the supports, while 
improving their thermal performances. 
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