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Abstract

Power exhaust is a key mission in the roadmap to the realization of a future fusion reactor. Among the different solutions,
the use of liquid metals as plasma facing materials are of interest due to their potential increased lifetime. Several liquid
metal limiters have been successfully tested in the Frascati Tokamak Upgrade over the last 10 years. Liquid materials such
as lithium and tin have been investigated using capillary porous systems (CPSs), and their impact on plasma performance
has been explored. From such experience, a liquid metal divertor (LMD) concept design, CPS-based, is here proposed. Tin
has been preferred as plasma facing material. The proposed LMD would operate, in low evaporative regime, with matching
heat exhausting capabilities to those of the baseline ITER-like divertor. Continuous refilling of the CPS is guaranteed with
a reservoir at the back of the unit, where the metal is kept liquid through a gas heating circuit. The study has been carried
out using ANSYS and the thermal results will be shown. All the design choices are compatible with the current materials
and the constraints adopted for the DEMO W divertor. Using such configuration, thermal loads up to 20 MW/m? are
exhausted while keeping the surface temperature below 1250 °C. The design foresees values of pressure, temperature and
flow rate of the water coolant in the same range expected for the W DEMO divertor, thus facilitating the integration of such
solution in the current cassette design. Technological and practical aspects are addressed, i.e. tin corrosion and CPS
wettability. Possible solutions to prevent tin corrosion, and its compatibility with structural materials, will be outlined.
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Introduction 1. Self-healing/renewability of the plasma facing surface.

2. Less sensitivity to the neutron damage.
The baseline strategy for the DEMO divertor plasma facing
units (PFUs) consists in the W monoblock design, which
foresees CuCrZr heat sink pipes joined to W monoblock
armor through a soft Cu interlayer [1]. Lifetime of such
components is affected by erosion, thermal fatigue, as well
as damage due to a significant neutron flux. Many experi-
ments [2] have confirmed liquid metals (LMs) as a
promising candidate for plasma facing material. Their
peculiar advantages are:

As a result, an increased lifetime with respect to a solid
wall is expected. Possible liquid metal choices include
lithium (Li) and tin (Sn). Li is a low Z material (Z = 3),
which allows for good plasma performance. However, the
Li operational window is rather narrow, and must operate
below 680 °C [3] to avoid strong evaporation. On the other
hand, Sn is a high Z element (Z = 50), which can lead to
radiation losses not only in the outer plasma regions.
However, Sn benefits from a larger operational window
since low evaporation is observed up to 1250 °C [3]. In
addition, it provides low or negligible activation and less
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Extensive experience gained at the Frascati Tokamak
Upgrade (FTU) using both Li and Sn targets suggests that
the behavior of such components could be compatible with
quasi-stationary operation [7]. In fact, FTU campaigns
suggested that Sn contamination would not affect the typ-
ically metallic machine behavior. The plasma perfor-
mances appeared unaffected and compatible with the usual
scenario with a molybdenum limiter [7].

In this study, we present a Sn-based conceptual design
of an actively cooled LM PFU developed in ENEA. Design
requirements were chosen according to the specifications
of the DEMO divertor targets [1]. In the present analysis,
no power is lost due to phase change, as Sn operates below
the temperature limit (1250 °C) for high evaporation. CPS
has been chosen as LM containment structure. Rather than
having a flowing LM, the design choice is to keep the LM
basically still; the only motion is the refilling of the
evaporated material due to capillary forces. The porous
structure confines the LM and hinders the potential MHD
melt motion owing to electromagnetic loads that arise
during transients. In this work, the thermal behavior under
DEMO relevant conditions of the proposed design is
presented.

Conceptual Design
Geometry and Materials

A schematic cross-section of the LMD target is reported in
Fig. 1. The design comprises: the CPS, a heat sink
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Fig. 1 Schematic 2D design of the LMD module. The arrows indicate
the plasma facing surface

dedicated to exhausting the heat coming from the plasma
and a reservoir designed to supply the LM.

The CPS consists of a porous structure (typically W
based mesh or felt) that exploits capillary forces to provide
an effective refill, as well as to confine the LM at the
plasma facing surface. In our design it has a thickness of
2 mm, being this value in the range of the one used in the
experimental experiences on FTU. The CPS soaked by
liquid Sn plays the role of the armor material. Unlike solid
armors, in a LM target small thicknesses can indeed be
achieved since the refilling times are small enough to
ensure the replenishment of LM and the self-healing of the
plasma facing surface. Wetting tests on W-based meshes
and felts have revealed that this feature is mainly influ-
enced by the size and effective radius of the chosen
structure [8]. Due to the Sn corrosion, a thin W coating in
the order of few hundred microns is mandatory to protect
all the surfaces in contact with the LM. The limited liter-
ature on the topic suggests good compatibility between W
and Sn [9-11].

Nonetheless, corrosion analyses are ongoing for the
expected operating conditions. In the present calculation,
the coating layer was not modelled owing to its negligible
thermal resistance resulting from the small thickness.

The geometry in Fig. 1, used for the present analysis,
represents the cross section of the 3D component already
designed and of which some mock-ups are under fabrica-
tion. The description of the thermo-mechanical behavior of
the 3D component and the mock-up fabrication will be
subject of a future publication.

The 3D component is composed of a central structure
made of Eurofer, machined from a single block. This
central steel structure is attached from one side to the heat
sink and to the other to the reservoir.

The heat sink body consists in a single-block with three
circular cooling channels having a diameter of 8§ mm. Two
alternatives have been considered as the heat sink material:
CuCrZr and a composite W/Cu. The former has been
chosen since it is the reference heat sink material for
divertor targets. On the other hand, copper alloys might not
be relevant for a DEMO reactor, where a significant neu-
tron flux may lead to material activation and excessive
degradation of its properties. Therefore, W/Cu composite
having 70%wt. of W content was investigated as an
alternative option. Its material properties were taken from
existing literature [12, 13]. The W concentration in the
composite can be changed based on inputs from neutronic
analyses which will be carried out in a second phase.

The heat sink is fixed to the steel structure with pins
inserted in horizontal slot machined in the central rib of the
structure. This solution allows sliding between the two
parts due to their different thermal expansion coefficients,
reducing the thermal stresses in the component. In the
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thermal FEM calculation, reported here, the thermal con-
tact resistance between Eurofer and heat sink has been
neglected by assuming perfectly bonded surfaces. This
leads to conservative results, since the heat transfer
between the heat sink and the hot reservoir is
overestimated.

After fixing the heat sink to the structure, the CPS can be
placed around the component. The steel box, which houses
the gas heating circuit is mounted last, and has the task of
both containing the LM and also anchoring the CPS. The
reservoir is fixed to the steel structure by means of screw
joints placed in the bottom part. Even if this solution might
not be employable in a fusion reactor for safety reasons, it
was chosen for the mock-ups to allow easy refilling of the
reservoir and replacement of the CPS. Towards the final
design, screw joints could be easily replaced by welding.

In the proposed layout, heat transfer between heat sink
and the reservoir is hindered due to the presence of a gap
which impedes heat conduction. In such a way, we have an
effective decoupling between a water-cooled part of the
component which has the sole purpose of exhausting heat
form the plasma, and a gas-heated reservoir devoted to
refilling.

For the simulations, the adopted Sn properties are listed
in Table 1. Phase change of Sn has been taken into account
by means of a change in the material properties, from solid
to liquid, at the melting temperature (232 °C). Melting
kinetics was not implemented, since all calculation has
been carried out in steady-state. The equivalent thermo-
physical properties of the CPS have been calculated by a
linear mixture law, assuming a Sn volume fraction of
50%vol. with respect to W. Properties of W and CuCrZr
were taken from the ITER SDC-IC [14], while for Eurofer
we adopted [15]. In this paper, porosity of the CPS will not
be addressed in detail, even if it has a substantial impact on
the performances of the CPS. However, the thermal design
is not affected by the choice of pore size, having modeled
the CPS material as a homogenized body. In fact, the CPS
can theoretically have any porosity at fixed Sn-volume
fraction and CPS total volume, which are the only relevant
parameters for the thermal analysis; especially in our case

Table 1 Pure Sn material properties

Temperature Density Thermal conductivity Specific heat
(°C) (kg/m*) (W/mK) (J/kgK)

20 7290 63.2 256

200 7290 56.5 256

232 6450 32.6 213

332 5770 32.6 213
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where the pore diameter is far smaller than the CPS
thickness (tens of microns vs. millimeters).

Design requirements

The thermal design was conducted in order to respect the

following boundaries:

1. Surface temperature must not exceed 1250? to avoid
high Sn evaporation. (No vapor shielding effects are
therefore implemented in the thermal model).

2. Nominal steady-state load absorbed by the component
is fixed to a maximum value of 20 MW/m?.

3. Sn on the plasma facing surface must remain liquid,
even at the minimum expected power density on the
divertor, assumed equal to 5 MW/m?> [16].

4. The Critical Heat Flux (CHF) margin must be higher
than 1.4, as also adopted in ITER [17].

5. Operative temperatures ranges inside the materials
under neutron irradiation must respect the following
requirements: ~150-350 °C  for CuCrZr and
300-550 °C for Eurofer [1, 18, 19]. For W/Cu
composites no existing data is available regarding
neutron embrittlement.

6. Quantities of high/moderate activation materials must
be reduced to the minimum possible. Although low
activation is desired, at present the need for a viable
solution for the divertor overwhelms this [19].

Design Choices

In order to match the steel operational window, the gas
temperature cannot be lower than 300 °C. In the present
analysis, this parameter was fixed to 350 °C to meet
requirement 3.

The thermo-hydraulic conditions are listed in Table 2
and compared to those of the solid DEMO divertor [1]. For
the case of CuCrZr, the operational temperature was raised
to 140 °C with respect to the DEMO baseline, in order to
verify requirement 3 and at the same time better satisfying
requirement 5. For the W/Cu concept, due to the lack of
knowledge in the scientific community of operational
constraints, the same temperature as the reference was
kept. A water velocity of 12 m/s was selected because
higher velocities showed phenomena of “erosion/corro-
sion” at the pipe inner surface [20]. Water pressure was set
at 5 MPa, as in the DEMO design.

Having given these parameters, the heat transfer coef-
ficient (HTC) can be calculated from the following semi-
empirical laws [21]: Sieder—Tate for single-phase convec-
tion, Thom—CEA correlations for nucleate boiling regimes
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Table 2 Water cooling
parameters

DEMO monoblock CuCrZr heat sink W/Cu heat sink

Pressure (MPa)

Temperature (°C)

Tape Twist Ratio

Velocity (m/s)

Pressure drop (bar/m)

Critical heat flux (MW/m?)
Peaking factor

CHF Margin (ICHF/20 MW/m?)

5 5 5
130 140 130
2 2 2
12 12 12
35 6.0 6.0
423 40.4 43.2
1.75 1.38 1.42
1.21 1.46 1.52

and Bergles—Rohsenow for the onset of nucleate boiling.
The resulting HTC is a function of the temperature at the
pipe wall, Fig. 2

An additional key parameter related to the heat exhaust
capabilities of water cooled PFU is the Critical Heat Flux
(CHF), i.e. the maximum heat flux that can be absorbed at
the pipe by cooling water before reaching the boiling crisis.
At such a point, bubble coalescence forms a vapor film that
insulates the pipe wall from the water, leading to an abrupt
failure. The CHF is not evaluated at the plasma facing
surface, but at the pipe at the CHF event. The corre-
sponding heat flux flowing through the plasma facing
surface differs from the CHF due to a flux concentration
which depends on the component geometry and the mate-
rial properties. To take into account such concentration, it
is common practice to define the peaking factor, f,. Con-
sequently, one gets the corresponding heat flux flowing
through the plasma facing surface, namely the Incident
Critical Heat Flux (ICHF), by dividing the CHF by the
peaking factor (ICHF = CHF/f}).

The ICHF divided by the design heat flux g, (20 MW/
m?) defines the CHF margin. This margin is 1.4 for the
ITER divertor design [17]. The CHF is strongly dependent
on the bulk water temperature: higher temperatures lead to
a drop in CHF by decreasing the difference between bulk
and saturation temperatures. To compensate the reduction
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Fig. 2 HTC as a function of the pipe wall temperature (see water
parameters in Table 2)

in CHF margin, an increase in water pressure would be
required. However, approaching the critical pressure, the
water latent heat of vaporization goes to zero. Therefore,
bubble formation is facilitated and a further increase in
water pressure does not result in an additional increase in
CHF. This physical behavior is qualitatively caught by the
modified Tong-75 empirical correlation [22], used for the
ITER divertor design and plotted in Fig. 3.

To keep the Tin liquid with the same water used for the
heat exhaust, a bulk temperature of around 250 °C is
needed. On the base of the modified Tong-75 correlation
(at 250 °C and with a reasonable velocity of 12 m/s) the
maximum CHF of 26.6 MW/m? occurs at 153.7 bar. Even
by finding an optimal design with a very low peaking
factor, the CHF margin remains small with dangerous risk
of component failure. For instance, by assuming an opti-
mistic peaking factor of 1.20, an ICHF of 21.3 MW/m? is
derived, with a CHF margin of 1.1. Based on these con-
siderations, it was chosen in our design to adopt two sep-
arated circuits: the first for heat removal and the second for
keeping Sn liquid. This represents an advantage not only in
terms of CHF margin, but also in respect to maintaining
lower pressures in the water circuit, which results in a more
agile integration of this design into the actual DEMO
divertor.

CHF Toulk

=250 °C, swirl yes

—8ms' —10ms™” 12ms' —14ms’ —16ms’

40 60 80 100 120 140 160 180 200 220
p [bar]

Fig. 3 Modified Tong-75 plots as a function of water pressure at
250 °C, for different velocities. After 160 bar, CHF start to decrease
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It is important to highlight that the modified Tong-75
correlation was validated for lower temperature and pres-
sure ranges (T bulk of 115-180 °C, pressure of
3.3-3.5 MPa), as reported in [21]. This means that the
calculated values of CHF, on which the previous reflection
is based, might be affected by uncertainty. In any case, the
physical considerations and trends previously described do
not lose their validity, and a deleterious effect on the CHF
is always expected while approaching the water critical
pressure. Only a dedicated experimental campaign would
be able to support more extreme design choices (e.g.
pressures above 15 MPa).

Thermal analysis

The geometry in Fig. 1 was meshed using 24608
PLANE77 elements. The FE analysis was carried out using
ANSYS Workbench 18.2. A steady state analysis was
performed with 3 different heat load conditions at the
plasma facing surface of 5, 10 and 20 MW/m?. Figure 4
shows that the proposed layout may operate without strong
evaporation of Sn up to 20 MW/m>for both the options.

Indeed, the maximum temperature of the plasma facing
surface never exceeds 850 °C for CuCrZr and 930 °C for
W/Cu. Moreover, Sn remains liquid always along the CPS
outer surface already from 5 MW/m? (see Fig. 5) ensuring
the refilling of the Sn also at the minimum peak load
assumed for the DEMO divertor in stationary conditions
[16]. Where the power density deposited is lower than
5 MW/m?, Sn will be solid on the surface of the compo-
nent, behaving like other metal plasma-facing materials.
The PFC performance is not hindered in any way, because
where the refill is needed (high load area) LM supply is
ensured by the reservoir.

At 20 MW/m? (Fig. 6 left) the CuCrZr heat sink may
locally reach temperatures above the material limit sug-
gested in [18]. However, the same happens in the mono-
block design for the CuCrZr of the pipe, when exposed to
the same heat load [1]. Therefore, this aspect it is not
considered to be a showstopper. In any case, the copper

CuCrZr 20 MW/m?

W/Cu 20 MW/m?

. 922,59
843 Max
| 743,09
643,19

543,28
E 443,37
343,46
243,56
I 143,65 Min
132,98

Fig. 4 Temperature field (°C) with heat sink in CuCrZr, on the left,
and with heat sink in W/Cu on the right
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W/Cu 5 MW/m?

CuCrZr 5 MW/m?

349,93
334,94
319,95
304,96

289,97
274,98
259,98
244,99
230
210,37

Fig. 5 . CPS temperatures (°C) with heat sink in CuCrZr, on the left,
and with heat sink in W/Cu on the right

CuCrZr 20 MW/m? W/Cu 20 MW/m?2

. 544,19 . 544,19 Max
453,39 Max 498,5
409,14 452,81
364,89 407,12
320,64 361,43
276,4 ! 315,74
232,15 270,05

I 1375965 Min 224,36
X
132,08 I 178,67

132,98 Min

Fig. 6 Heat sink temperatures (°C) in CuCrZr on the left, and in
W/Cu on the right

CuCrZr 20 MW/m? W/Cu 20 MW/m?

u 427,96 [ 504,23
396,98 463,78
~ 366 423,32
335,02 382,86
304,04 342,41
273,06 a 301,95
© 242,08 © 2615
211,1 221,04
I 180,12 I 180,58
149,14 140,13

Fig. 7 EUROFER temperatures with heat sink in CuCrZr, on the left,
and with heat sink in W/Cu on the right

content in the CuCrZr LMD is near 75% larger than that of
the monoblock. This means that the requirement 6 is not
verified by this component. For this reason, the composite
variant was considered. The results for the W/Cu option are
reported in Fig. 6 right.

The maximum temperature at the heat sink, although
increased, should not represent an issue for the composite
material, as suggested in [12], but further studies are
needed.

Finally, Fig. 7 shows that the maximum operating
temperatures of the EUROFER parts that remain below
550 °C in both of the variants.

We observe that where the steel structure is in contact
with the heat sink, the temperatures are lower than 300 °C.
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However, as explained before, we plan to fix the parts by
means of pins/slot joints, in order to allow differential
thermal expansion between the different metals. In this
way, it is reasonable to expect that the heat transfer among
the parts is hindered, leading to an isolation effect of the
steel and higher temperatures. In this simulation a perfect
bonding was modelled, leaving more accurate considera-
tions of the thermal contact conductance to future works.

Conclusion

In DEMO, power exhaust will represent one of the key
challenges and advancements form the state-of-the-art
ITER-like solution are currently under investigation. In the
present work, an original, robust and feasible Sn-based
liquid metal target layout for DEMO is proposed. 2D
thermal analyses have confirmed performances that match
those required by the DEMO monoblock design within the
range of 5-20 MW/m?. In particular, Sn can be kept always
liquid and far from strong evaporative regimes. Operating
limits potentially affecting the CuCrZr heat sink could be
solved replacing it with a W/Cu composite heat sink. With
respect to the ITER-like solid solution, the CPS model
proposed by ENEA ensures higher stability margin and
complete compatibility with standard divertor design. The
liquid tin refill pipe and a hot gas line should be easily
integrated in the cassette due to the reduced dimension of
the tubes Reflections regarding the CHF have been carried
out, justifying our design choices, as well as underlining
the potential criticalities of more extreme ones.

Towards the final design of a liquid divertor module
some aspects are yet to be addressed. Above all, a 3D finite
element model development is on-going to assess its
thermo-mechanical response, including extremities and
fixing solutions. CFD analysis is also needed for confir-
mation of 3D effect on the water flow. Moreover, elec-
tromagnetic forces arising during transients require
additional studies on the structural stability and segmen-
tation options. In addition to this, Sn corrosion and wet-
tability are being investigated in ENEA. Corrosion resistant
coatings produced using detonation gun or plasma spray
are being tested to prevent the surfaces in contact with the
liquid Sn from corrosion. Finally, a felt 2 mm thickness
porous structure is the chosen CPS solution for the ENEA
layout.
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