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ABSTRACT

Liquid metal (LM) divertors are considered for the European DEMO reactor, because they may offer improved
performance compared to the tungsten monoblock concept. The goal of this work is to provide a concept design,
and explore the limitations of liquid metal divertors. To this end, a set of design requirements was formulated in
close collaboration with the EUROfusion Power Plant Physics and Technology team (responsible for the design of
the EU-DEMO). Tin was chosen as the preferred liquid metal, because unacceptable Tritium retention issues arise
when lithium is used in DEMO. A concept design was then chosen that consists of water cooled pipes that are
square on the outside and round on the inside, a corrosion barrier, and a 3D-printed porous tungsten armor layer
filled with liquid tin. The porous armor layer acts as a Capillary Porous System (CPS). The design was analyzed
using thermo-mechanical FEM simulations for various armor thicknesses and heat sink materials: Densimet, W/
Cu composites, and CuCrZr. The highest heat loading capability achieved is 26.5 MW/m? in steady state (18.9
MW/m? when taking into account a safety margin of 1.4). This is achieved using a CuCrZr pipe, with a 1.9 mm
thick armor. When increasing the armor layer to 3 mm thick, more than 80 MW/m? can be withstood during slow
transients thanks to vapor shielding, but at the same time the steady-state capability is reduced to 18 MW/m?.
Resilience against disruptions cannot yet be proven, but is deemed within the realm of possibility based on
estimates regarding the behavior of vapor shielding. This should be further investigated. Overall, the concept is
considered a significant improvement compared to the original specifications (which are also the specifications
to the tungsten monoblocks: 10 MW/m? in steady state, and ~ 20 MW/m? during slow transients). Moreover, the
possibility of withstanding disruptions is regarded as a potentially major improvement.

1. Introduction

2020 [5], and aims to complete the conceptual design phase in 2027. To
incorporate an LMD in the EU-DEMO, a viable engineering concept

To deliver a high performance fusion power plant, liquid metal-
based divertors (LMDs) present a promising option compared to solid
(W) based divertors such as the DEMO baseline ITER-like design [1,2].
LMDs feature improved robustness against transient loading (e.g. dis-
ruptions), which is achieved via vapor shielding. Additionally because
the component can be thinner than the baseline design due to the
self-replenishing liquid surface, it is possible to increase the tolerable
steady-state heat loads. In such a case reactors can be designed to be
smaller [3], and thus more economical. An example of this approach is
the ARC tokamak, which aims at delivering the same fusion power as
ITER (500 MW) in a device with half the major radius (3.3 m compared
to 6.2 m) [4]. In this work, we focus on the design of an LMD for the
nearest step towards a fusion power plant: the European DEMO.

The EU-DEMO reactor completed the pre-conceptual design stage in
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should be developed on a similar timescale. In spite of this, LMD designs
are not yet at a sufficient technological readiness level. Solid tungsten
divertors are already developed further within the EUROfusion DIV
work package. They are undergoing extensive testing and analysis
[6-8], which can be taken as an example. For LMDs, a concept should
first be developed for testing at intermediate stages such as a Divertor
Test Tokamak, DTT. Presently, concept designs are needed with the
potential to fulfill the requirements for DEMO, that can eventually be
tested as thoroughly as the solid divertors.

This work was supported by a EUROfusion engineering grant and
performed in close collaboration with the Power Plant Physics and
Technology (PPPT) team (which is responsible the design of the EU-
DEMO), and in collaboration with the EUROfusion DIV and LMD work
packages (which are responsible for the design of the tungsten
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monoblock concept, and the liquid metal divertor concepts respec-
tively). Asides from the concept described in this work, other LMD
concepts are under development as well within the work package LMD,
a first description of which can be found in [9].

Existing designs of liquid metal components are considered in the
design process. There are important lessons to be learned from these,
even though none of these can be directly applied in their current form.
The most important are: First, the theory describing LM surface stability
[10], and the effective suppression of LM splashing by using capillary
porous systems (CPS) [11-13]; second, the theory and practical
demonstration of vapor shielding, which provide an estimate of power
handling capability and LM surface temperatures [14-18]; third, the
concept of a vapor box, which can be used to prevent excessive LM
concentrations in the core plasma, despite high evaporation rates [19];
and fourth, the studies of LM flow to dissipate heat through convection
[20,21], which indicate the importance of J x B driven forces and MHD
drag. Related to the design requirements, also the studies regarding the
LM loss rate and plasma contamination are crucial [22-24]. Namely
these studies provide concrete limits for allowable LM evaporation rates.

The approach of this work is to design a concept from the ground up,
in order not to be hindered by assumptions that may not be valid for the
EU-DEMO. In Section 2, first the design requirements for DEMO are
formulated. Next, a concept is chosen and developed into a more
detailed concept design. This design is presented in Section 4, and its
heat loading capability is analyzed in Section 5. The exact design of the
porous structure in which the liquid metal will be confined is discussed
in Section 6. Finally, in Section 7 it is assessed whether the design meets
all requirements for the EU-DEMO, and also the potential for further
improvement is discussed.

2. Design requirements

The main functionality of the divertor target is that of the power
exhaust. The divertor must therefore be resistant against the power flux
from the plasma, and given its location, it must also be resistant against
various other loads. These include the neutron flux and resulting decay
heat (~3 W/cm? [25]), and EM-forces created by halo currents during
disruptions and Vertical Displacement Events (which can be up to 272
kA in a single divertor cassette [25]). Furthermore, machine compati-
bility requirements must be satisfied. For example, the targets must fit
within the available space. The following requirements were found to be
the most relevant to the concept design proposed here. References are
given where possible. In other cases requirements are based on internal
decisions made within the PPPT team.

1. In normal steady-state operation, the local maximum heat
flux of 10 MW/m? must be tolerated, and up to 17 to 21 MW/
m? during slow transients of 3 to 10 seconds [1]. Outside the
strike point the load will be kept below 5 MW/m?.

2. During disruptions, the load on the divertor can peak at 80
GW/m?. The total length of the pulse is about 4 ms [26]. Such
an event must be withstood at least one time throughout the
lifetime of the divertor.

3. The design must take into account a safety margin of 40% for
the tolerable heat flux density.

4. The lifetime of the LMD must be at least 2 full power years
(FPY).

5. The design of the tritium fuel cycle for DEMO, and the
tritium inventories, may not require significant changes for
the sake of the LMD. This requirement is imposed because the
availability of tritium, and its efficient use, are critical constraints
for the viability of a reactor [27-30]. The design of the fuel cycle,
and the systems involved are therefore leading.

6. The LM must not significantly reduce core plasma perfor-
mance. The work from [22] estimates net loss rates based on
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literature, and provides an estimate for the maximum strike point
temperature, which is 1250 °C for tin, and 690 °C for lithium.

7. The divertor must be a high recycling surface. The physics
basis for DEMO is based on the most relevant experiment avail-
able: ITER. In ITER, it is assumed that the divertor will be a high
recycling surface.

8. Activation should be kept below the allowable limits for low
or intermediate level nuclear waste. This results in a maximum
usage of elements, presented in [31].

9. The divertor target must be 70 cm wide, and it must be ori-
ented near vertically. This width of the target is required due to
the uncertainty in the strike point location.

10. It must be possible to re-wet the target, without removing
the divertor cassette. This guarantees that the target can
continue to operate in case of accidental drying of the target,
while minimizing the time required for maintenance.

11. The divertor should withstand exposure to atmosphere for
about 2 months during regular maintenance, and a 48 hour
bake at 200 °C during subsequent start-up procedures.

12. The LM divertor must not require major design changes to
diagnostic systems, or other in vessel components, including
the first wall This is required to maintain a manageable concept
design phase for DEMO as a whole. However, in case significant
improvements can be made that do require major changes to
other systems, it should be considered if these changes can be
realistically achieved.

Note that the use of LM will bring increased complexity to the
divertor. Hence, to be worth its cost, a LMD must perform significantly
better than its solid counterpart. Additionally, it is important to realize
that the heat flux requirements presented here are not set by the plasma
output power, but rather by the technological limit for the power
handling capacity of a solid divertor. As such, the specified loads are
simultaneously a requirement for actively controlled detachment con-
trol, which is responsible for heat load mitigation. In the case where
accidental full re-attachment of the plasma occurs, the heat load can
reach up to ~ 80 MW/m?, far above the specified load (F. Maviglia and
J.-H You, private communications). The capability to withstand such
loads, or unmitigated ELMs and disruptions, can justify the use of LMDs.

Lastly, in DEMO, it is not required to use the power impinging on the
divertor for electrical power generation. lL.e. no minimum divertor
coolant temperature is required for efficiency of the power plant steam
cycle. Being able to use higher coolant temperatures than the mono-
blocks (150 °C, [2]) is, however, considered a benefit.

3. Liquid metal choice

The liquid metal species is the single most important parameter for
the resulting concept design. This choice could be made independent of
any other concept choice, and is therefore presented here first. The main
candidates are lithium and tin (or an alloy the two). Out of these two, the
authors regard tin as the most realistic for DEMO. The main reasons are
that in DEMO, the use of lithium leads to issues with tritium retention as
well as maintenance.

With regards to retention: Lithium has the potential to retain up to
100% of the incoming D/T [32], which is on the order of 10%* s~1. To
build a feasible reactor, the retained tritium must be separated from the
lithium quickly enough to keep T inventory levels below the allowed
limits, or, retention must be prevented in the first place. Filtering out the
tritium is likely a significant challenge because the 100% retention of
the incoming particle flux requires an order of magnitude higher
throughput of the filtering system than currently foreseen for DEMO
[30]. Moreover, this will require a complete overhaul of the DEMO fuel
cycle, which highly undesirable (design requirement 5).

Preventing tritium retention is equally problematic. This can only be
done by ensuring that any location that lithium can reach, is hot enough
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to prevent the formation of LiD/T. The problems with this approach are,
first, that strongly cooled components are required in DEMO. For
example, port limiters for protection against disruptions [33,34]. Sec-
ond, lithium can migrate through gaps in the wall armor and condense in
colder areas behind it. Third, it is not certain if the strike point itself can
be operated at a temperature where LiD/T formation is prevented, while
maintaining an evaporation rate within the acceptable range [35]. The
most fundamental issue is, however, that evaporated Li must inevitably
be pumped or condensed somewhere, and D/T retention will be prob-
lematic in exactly these places.

With regards to maintenance: The maintenance periods require that
the reactor can be under atmosphere for about two months (design
requirement 11). During this period lithium surfaces will oxidize, and
cause a safety hazard. Though no quantitative analysis has been carried
out into the degree of oxidation, it is likely that a lithium divertor will
need some form of protection against exposure to atmosphere, which is
not straightforward.

For tin, current research suggests that tritium retention is compara-
ble to tungsten [36-38], and therefore a problematic buildup of tritium
inventory should not occur (however, further research on this topic is
recommended). Moreover, exposure to atmosphere at room tempera-
tures does not result in problematic oxidation, or safety hazards. For
these reasons, tin is considered the most realistic LM choice for DEMO. It
should be noted though that alloying or mixing with other elements is
still possible as long as retention is prevented, and might be used to
improve the material properties.

Finally, it should be noted that tin activates slightly. According to
[31], no more than 10% of the entire first wall should be made up of Sn.
Given that the divertor target area makes up only ~ 8% of the total
surface area of the reactor, and the fact that only a few mm thick layers
of Sn will be used, this should not be problematic.

4. Resulting concept design
4.1. Concept layout and working principles

The resulting concept is shown in Fig. 1. The incoming heat flux is
conducted to a coolant through a layer of armor and the wall of the
coolant channel. This is the same working principle employed in the
monoblock design. However, here the armor consists of a Sn filled CPS
on top of the coolant channel. This concept is chosen because both water
cooling and the use of CPS are relatively well developed technologies.
Pressurized water cooling has been applied successfully in nuclear
fission plants, and in the monoblock designs for ITER and the EU-DEMO
[2,39]. The capillary porous system is currently the most reliable
method in the field to replenish a LM surface, and keep it stable against
droplet ejection. Despite relying on the same working principle as the
monoblock design, the power handling capability can be improved
because the armor layer can be made much thinner. To supply sufficient
Sn to the strike point, an array of pipes is placed inside a shallow bath. As
required, this bath is oriented vertically. Because the required height of
700 mm is too high to create a static liquid column held up by capillary
forces, the flow scheme from Fig. 2 is applied. Tin is injected at the top of
the component, and flows down due to gravity. At the bottom it is
collected and pumped back up. Heating of the Sn in this loop should be
considered in future detailed design activities, to ensure that the Sn
remains liquid and can indeed be pumped, but this may not be necessary
due to the high temperature environment. The parameters that deter-
mine the tolerable heat load for this design are the width w of the pipe,
the diameter D of the coolant channel, the thickness t of the armor, the
pipe and armor material choice, and the coolant pressure P, bulk tem-
perature Ty, and velocity v.

The coolant channel is round to avoid high stresses in the pipe due to
the coolant pressure. On the other hand, the pipe is square on the outside
to ensure as homogeneous cooling as possible for the PFS. The width of
the pipe and diameter of the channel are set to w =10 mm and D = 8
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~ 3D-printed tungsten CPS

~ Tungsten corrosion barrier

>~ Water, T, = 180 °C,
P =15 MPa, v =14 m/s

~ W/Cu composite, Densimet 176,
or CuCrZr

w = 10 mm

w = 10 mm

Fig. 1. Concept chosen for DEMO: Similar to a monoblock, the incoming heat
flux is directly conducted to a coolant. Under the strike point the Sn surface
temperature can be kept sufficiently low due to the low thickness of the CPS.
Yet, during slow transients, vapor shielding will become relevant before the
coolant boils excessively. Water at 180 °C is used so that sufficient heat flux
density can be tolerated before the CHF is reached, while keeping the top layer
of Sn liquid in regions with lower heat flux density.

<«— ¢ water inlet

Sn inlet

e coolant tubes

bath

e 3D-printed W CPS

<«— o water outlet

~ Sn collector

—<«———e Sn outlet
I

Y

Fig. 2. Impression of a full divertor target assembly. The coolant channels and
Sn filled CPS are constructed as shown in Fig. 1. An array of pipes is placed in a
shallow bath, which is fed with tin from the top, and drained from the bottom.
In combination with the 3D-printed CPS, this strategy can be used to optimize
the LM re-supply rate to the strike point. In case of unexpected dry-out, this
system can also be used to force re-wetting by increasing the Sn flow.




P. Rindt et al.

mm. The armor thickness t must be on the order of 1 to 3 mm. It must be
thin enough to keep evaporation with the acceptable range during
steady state operation, but, meanwhile, the PFS must get hot enough to
benefit from vapor shielding during slow transients. The influence of the
thickness on the heat loading capability is investigated in Section 5. The
armor thickness and material choices also influence the heat flux con-
centration factor (ratio of the heat flux density through the pipe inner
wall to the heat flux density through the PFS). Because the LMD has a
relatively smaller plasma facing surface area per cooling channel, this
ratio is smaller than it is in the monoblocks (<1.35 compared to 1.6 in
the DEMO monoblocks [2]).

4.2. CPS material and manufacturing

With regards to the CPS: tungsten is used because it has sufficient
thermal conductivity, it is compatible with the nuclear environment,
and it is resistant against corrosion by the tin [40]. The candidate pipe
materials are not expected to be resistant to corrosion by tin, and will
therefore also be cladded in a tungsten corrosion barrier. The CPS will be
3D-printed, which has the advantage that the internal structure can be
optimized for the most beneficial flow and lowest thermal stresses. A
detailed design of this structure is presented in Section 6. A second
advantage of 3D-printing is that the resulting plasma facing surface is
mechanically stable, provided a reliable joint between the CPS and the
tungsten coated cooling channel can be made.

4.3. Coolant conditions

Because the incoming heat flux is conducted though the cooling
pipes to the coolant, a coolant must be selected that can absorb high heat
flux densities. Moreover, to keep the PFS temperature below the
maximum of 1250°C a high convective heat transfer coefficient h is
required. Finally, the coolant must have high enough temperature to
keep the liquid metal liquid outside the strike point, where the back-
ground heat load is around 2.5 MW/m?, from F. Maviglia, private
communications and [25]. Water is selected as the most suitable
candidate to meet these requirements.

The exact water pressure (P), bulk temperature (T3), and flow ve-
locity (v) must be chosen carefully. These determine the pipe wall
temperature at which the water starts boiling (the onset of nucleate
boiling, the convective heat transfer coefficient, and the critical heat flux
density (CHF) beyond which all cooling capacity is lost due to excessive
boiling. The behavior of these parameters is shown in Fig. 3 and 4. To
maximize the critical heat flux, first the water pressure is set at 15 MPa.
Increasing the pressure further does not increase the CHF. Next, the bulk
temperature is set to 180 °C, which is the minimum temperature
required to prevent solidification of the top millimeter of tin outside the
strike point. The velocity is set to 14 m/s. Further increase has a negli-
gible effect on the CHF and h.

Water under the selected conditions provides h ~ 175 kW/m?K.
Moreover, h increases when the wall temperature rises to the point
where nucleate boiling starts, thus keeping the wall temperature almost
constant. Note that nucleate boiling cannot be used in steady state
operation, due to the erosion of the pipe material caused by the collapse
of the bubbles. Under the selected conditions nucleate boiling starts
when the pipe inner wall reaches 345 °C. The CHF through the inner wall
is 56.1 MW/m?. These calculations are based on a modified Sieder/Tate
correlation and a Thom correlation [42] and [41].

5. Material candidates and performance analysis
5.1. Material candidates

The material used for the cooling pipes must have high thermal
conductivity, and sufficient strength at high temperature. Several can-
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Fig. 3. Trade-Off in the choice for coolant bulk temperature T,. Lower T}, al-
lows for increased CHF (colored, left axis), but will eventually reduce the tin
temperature (black, right axis) outside the strike point below the melting point
(dashed). The CHF is calculated at various pressures using the modified Tong
correlation from [41]. The minimum temperature in the top 1 mm of Sn is
calculated assuming h = 175 kW/m?K and an incoming heat flux density of
2.5 MW/m?.

400 -

300 |-

200

100 | — D=8 mm, P=15 MPa, Th=180 °C,
v=14 m/s, y=2, tt=0.8 mm

- - - onset of nucleate boiling
\

\ \ \ ] J
(iOO 150 200 250 300 350 400

wall temperature [°C]

convective heat transfer coefficient [kW /m?K]

Fig. 4. Calculation of the convective heat transfer coefficient. A modified
Sieder/Tate correlation is used before the onset of nucleate boiling, in the
forced confection regime. Beyond this point a CEA/Thom correlation is used.
Both are taken from [42] and [41].

didates are considered: copper chrome zirconium alloy (CuCrZr) [43,
44], W/Cu composite with 60 wt% tungsten [45,46], W/Cu composite
with 85 wt% tungsten from [45,46], and Densimet grade 176 from
Plansee [47,48]. Densimet is a composite of ~ 93% tungsten, with an
iron and nickel binder. The advantage of this material and the other
W/Cu composites is increased strength and reduced copper content (the
latter reduces nuclear waste). The disadvantage is reduced thermal
conductivity. The presence of nickel in Densimet is problematic in the
nuclear environment, but this material is considered an interesting
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proxy to assess the potential of composites with high tungsten content.

5.2. FEM model

The heat loading capability of the design is investigated using a
thermomechanical model in COMSOL. An overview of the model ge-
ometry and applied boundary conditions can be seen in Fig. 5. The
tungsten CPS is set to have a void fraction 62%, which is filled with tin.
This is based on the CPS design presented in Section 6. The CPS is
assumed not to have an influence on the thermal stresses in the pipe, and
is neglected in the stress analysis. The pipe itself is constrained stress
free. The thickness of the CPS is a variable. The incoming heat flux is
modeled as a gaussian beam with a FWHM of 44 mm, on top of a ho-
mogeneous background load of 2.5 MW,/m? [25]. Values of the power
flux density mentioned in this analysis refer to the maximum value of the
sum of both. Vapor shielding is implemented according to the model
from [16]. In the steady state analysis a redeposition coefficient for
eroded LM of R = 0.99 is used, and the dissipated energy per LM particle
is assumed to be €., = 1000 eV. The latter is the order of magnitude
obtained when the cooling function L, from [23] is multiplied with an
electron density of 102° m~3 and a particle lifetime of 107> s. The
behavior of the target during normal and off-normal operation are both
modeled assuming a steady-state, because it is assumed that thermal
equilibrium is reached during slow transients. A time dependent simu-
lation is used to assess the behavior during millisecond transients.

5.3. Heat loading capability in steady state and slow transients

The main results from the analysis are summarized in Table 1 and 2,
and it is immediately clear that the required steady-state heat flux
density of 10 MW/m? is achieved for all considered pipe materials and
CPS-thicknesses. The analysis using the FEM proceeded as follows: The
maximum tolerable power in steady state is found when one of the
following limits is encountered: First, the pipe inner wall must remain
below the onset of nuclear boiling at 345°C; Second, the Sn surface must
remain below 1250°C; Third, the pipe stress must remain below the yield
stress. The maximum tolerable power during off-normal operation (slow
transients) is also determined. In this case the heat flux through the pipe
inner wall must remain below the CHF of 56.1 MW/m?, and also the pipe
stress must remain below the yield stress. Fig. 7 shows a typical thermal
response under various loads. These temperatures are measured along
the z-coordinate in the center of the pipe and along the side of the pipe,
see fig. 5. Fig. 6 shows a typical result for the stress relative to the Von
Mises stress.

The influence of the pipe material choice is investigated first, by
finding the maximum steady state load for each case. This maximum is
determined only by the limit on pipe inner wall temperature, and the

Table 1

Maximum tolerable loads for steady state derived from the FEM simulation. The
maximum heat flux density is found at the point where either the inner wall
temperature reaches 345 °C or the maximum Von Mises stress equals the yield
stress (temperature dependent). The limiting factor is indicated in bold text. The
CPS thickness is varied such that PFS reaches around 1250°C when the
maximum load is applied.

pipe Prax steady Tpipemax Omises/Oy(r) ~ max. CPS Tprs max
material
MW/ [*C] [-] thickness [C]
m?] [mm]
Densimet 15 296 limit: 0.98 2.7 1235
176
W/Cu 85/15 22,5 336 limit: 0.99 2 1252
W/Cu 60/40 25.3 limit: 0.7 1.8 1223
345
CuCrZr 26.5 limit: 0.53 1.9 1255
345
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limit on the stress. When the maximum heat flux density is found, the
CPS thickness is set so that the PFS reaches the limit of ~1250 °C. At this
temperature, vapor shielding plays a negligible role. From the results, it
appears that the materials with the highest thermal conductivity can
handle the highest heat load. Densimet 176 and the W/Cu 85/15 com-
posite have higher strength, but they are still limited by the induced
thermal stresses. This is due to their low conductivity, and subsequently
higher temperatures at the top of the pipe. These temperatures increase
thermal expansion and thermal stress, while reducing the local yield
strength. The more conductive materials are not limited because of high
thermal stresses, but rather because the coolant reaches the onset of
nucleate boiling. CuCrZr, shows the best performance because it has the
highest thermal conductivity, and roughly the same strength as the W/
Cu 60/40 composite.

The influence of the armor thickness becomes clear when both
steady-state operation and slow transients are considered. It appears
that the maximum tolerable load during slow transients increases
strongly with CPS thickness, while the tolerable load in steady-state
decreases with a thicker CPS. The increased thickness makes the PFS
reach higher temperatures for the same load, which results in more
vapor shielded power and less power conducted to the cooling water. In
the most extreme case of a 3mm thick CPS, more than 80 MW,/m? can be
withstood when using a CuCrZr heat sink. During slow transients,
excessive Sn evaporation is not considered as a concern, because they
are off-normal events. Hypothetically, high Sn evaporation rates could
even contaminate the core and reduce the fusion power output, thus
creating a feedback mechanism protecting the divertor. In steady-state
operation, however, the evaporation is of concern, and the PFS tem-
perature becomes the limiting factor. Thus, the maximum tolerable
power in steady state decreases with thicker CPS layers. Depending on
the overall reactor design, a balance between steady-state performance
and resistance to slow transients can be found by varying the CPS
thickness.

In conclusion, all considered materials and CPS thicknesses can
withstand the required 10 MW/m?. Densimet and W/Cu 85/15 can
withstand the lowest heat flux densities of 15 and 22.5 MW/m?
respectively. These materials are limited by the thermal stresses, and
consequently cannot tolerate any higher loads during short transients.
When pipes are made from W/Cu 60/40 or CuCrZr the steady state
operation is limited by the onset of nucleate boiling in the cooling water,
at 25.3 and 26.3 MW/m? respectively. But, during slow transients
nucleate boiling is allowed, and higher heat flux densities are possible.
Short transients in excess of 80 MW/m? can be withstood when a CPS of
3mm is applied onto a CuCrZr heat sink.

5.4. Resilience against millisecond pulses

Finally, the resilience against millisecond pulsed loads is assessed.
Fig. 8 shows the temperature response expected during disruptions and
unmitigated ELMs. The imposed pulse has a triangular shape in time,
with a peak power density of 80 GW/m?, lasting 4 ms. The pulses are
applied on top of the maximum tolerable steady state load of 21 MW/
m?, for a CuCrZr pipe with 2.5mm thick CPS. the maximum temperature
that is achieved is strongly dependent on R and ¢, It plays a role here
that the vapor pressure is a less strong function of temperature than it is
during steady-state scenarios, due to relatively higher temperatures. The
melting temperature of tungsten is taken as a failure criterion. Excur-
sions above the recrystallization temperature are not considered prob-
lematic, even though this might weaken the material, because stresses in
the CPS are generally low.

Because the effective values of R and e, cannot be determined
precisely, a worst- and a best-case scenario are considered. As in Section
5.2, we can determine that €., = 6000 eV from [23], by estimating that
the electron density during an ELM is at least 102! m~3. Yet, as a
worst-case scenario, it is assumed that e, = 600 eV, and, that only a
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Table 2
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Maximum tolerable loads for slow transients derived from the FEM simulation for a CuCrZr pipe with different CPS thicknesses. The maximum heat flux density is
found at the point where either the heat flux density through the inner wall reaches the CHF of 56.1 MW/m? or the maximum Von Mises stress equals the yield stress
(temperature dependent). A higher thickness results in higher tolerable power because more power is vapor shielded. For each CPS thickness also the maximum
tolerable power in steady state is derived, which decreases with increasing CPS thickness due to overheating of the PFS. *For a 3mm thick CPS, vapor shielding is strong
enough to withstand the maximum expected load of 80 MW/m?2, but this is not the maximum possible load.

CPS thickness, off-normal off-normal off-normal opses/ vapor shield steady-state steady-state steady-state opmises/ steady-state
t Prax Pinnerwalt Oy(1) fraction Prna steady Tpipe,max Oy(1) Tprs max
[mm] [MW/m?] [cl [-] [-] [MW/m?] [rcl [] [rcl

2 42 50.5 limit: 1 0.068 25.5 341 0.5 limit: 1257
2.5 57 50.2 limit: 1 0.323 21 315 0.4 limit: 1247
3 80* 46.6 0.89 0.551 18 297 0.35 limit: 1246

Uniform load of 2.5 MW /m?

Gaussian heat flux density profile, FWHM = 44 mm

- | (center)
= N \ (side)

/l Sn/W CPS

coolant channel

Convective cooilng BC
Symmetry BC

Fig. 5. Setup of the used FEM model. The indications 'center’ and ’side’ show
where the temperature profiles shown in Fig. 7 were taken.

CuCrZr pipe, 2.5mm CPS, 21 MW /m?

Umises/ay(T)

max: 0.4

0.35
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Fig. 6. Von Mises stresses during steady state operation at 60 MW/m?. The CPS
is considered to have no stiffness, and is therefore neglected for this result.
Analysis of the individual stress components (not shown) indicated that stresses
oriented along the length of the pipe are the main contribution to the Von
Mises stress.

fraction (1 — R) of the evaporated flux contributes to vapor shielding. In
this case the tungsten substrate melts during disruptions when R > 0.9.
When R = 0.9 and ¢.,,; = 6000 eV, the substrate stays below the melting
point. For the best-case scenario we assume that up to 100% of evapo-
rated particles contribute to vapor shielding. This is because €., may be
dissipated mainly in the form of radiation, regardless of whether parti-
cles are redeposited or not, which is in fact not unlikely. If 100% of the
particles remove 6000 eV, the PFS will not exceed ~ 2250°C. When 50%
of the evaporated particles each reduce the incoming power by 600 eV,
the surface temperature will be maximum ~ 3000°C. To determine with
more certainty whether disruptions can be withstood is unfortunately
not possible at this time, as it requires more detailed simulations or
dedicated experiments. It is however deemed well within the realm of
possibility.

6. CPS geometry and flow stability
6.1. CPS geometry

A prerequisite for the heat loading capabilities estimated above, is
that the liquid tin flow through the CPS is stable and homogeneous. The
flow is driven by gravity, but, it is also influenced by the magnetic field,
electric currents, and the geometry of the CPS. The latter can be
controlled to a high degree, due to the use of 3D-printing to fabricate the
CPS. To determine a suitable geometry, several candidate geometries
were printed out of plastic and tested with water. The stability and flow
rate are assessed, and compared to an analytical estimation of the flow
rate. The results in this experiment are used to recommend a final ge-
ometry, however, further testing is required to fully demonstrate the
feasibility of achieving a stable flow.

The geometry that produced the most stable and homogeneous flow
is shown in Fig. 9. The geometry consists of an array of blocks that are
tapered towards the pipe. When viewing along the pipes, the channels
between these blocks are almost triangular. The gap between the blocks
is 1.5 mm nominally on the pipe surface, and narrows to ~0.2 mm at the
PFS. The PFS itself is flat. No fine texturing could be applied due to
insufficient printing resolution for plastic. The height of the test piece is
150 mm. The substrate to which the CPS is attached is printed in the
same step, and mimics the geometry of the coolant channels. Including
the spaces between the pipes.

The test shows that the water flow is both stable and homogeneous
across most of the PFS, see Fig. 10. The only exceptions are the corner,
where the CPS is curved, and the region near the inlet at the top, where
the flow is still developing. The inlet flow rate is set at the point where
the CPS is neither under-filled nor overflowing, which was determined
by eye. The velocity of the flow is measured by two approaches. First,
the velocity is derived from the inlet flow rate by dividing by the
calculated flow area within the CPS. Second, colorant is injected and
tracked, as shown in Fig. 10. The two measurements agree well, and
result in flow rates of 0.22 4+ 0.02 m/s and 0.29 + 0.07 m/s respectively.

The flow rate is also estimated using a 0-D analytical model. The
model assumes that the flow is fully developed, homogeneous, and
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Fig. 7. Vertical temperature profiles ranging from the PFS, down to the pipe surface (5 mm), and to the pipe inner wall 1 mm lower. The profiles are taken in the
center of the pipe, and on the side (dashed), as indicated in Fig. 5. At an incoming heat flux density of 23.8 MW/m? the onset of nucleate boiling is reached. At an
incoming heat flux density of ~ 60 MW,/m? the CHF of the coolant is reached. Indicated by the black dashed lines are: The temperature for the pipe inner wall where
the onset of nucleate boiling occurs (345 °C); The temperature below which the W/Cu has a tensile strength above 500 MPa (816 °C); The temperature below which

Sn evaporation is acceptable (1250 °C).

laminar. Bernoulli’s equation can in this case be simplified to Eq. 1,
where AP is the pressure drop across the entire flow path, p is the liquid
density, h is the height difference between the beginning and end of the
flow path, and g is the gravitational acceleration. The pressure drop
across the CPS is given in Eq. 2. The first term describes the viscous
friction for trapezoidal channels as described in [49]. The second term
describes the MHD drag caused by the magnetic field. Here, u is the
viscosity, v is the flow velocity, Dy, is the hydraulic diameter, B is the
strength of the B-field, o is the electrical conductivity of the liquid, and L
is the length of the flow path. Po is Poiseuille number as determined in
[49]. For the flow test with water and a plastic CPS, the MHD drag is not
applicable because no magnetic field was used. For this case a flow rate
of 0.53 m/s was found, which is on the same order of magnitude as the
experimentally determined values.

AP = pgh (@)

AP = (2uvPo/D;, + vB’c)L 2

Coming back to the actual LMD design, where the CPS will be printed
from tungsten: it is recommended to use a similar geometry as the one
proposed here because of the observed flow stability. Slight changes
must be made though. First of all, a texture must be applied to the PFS to
prevent droplet ejection, similar to the texture from [18]. Second, to
prevent splashing also the channels in between the rectangular struc-
tures must be much narrower than in the plastic version, preferably
< 50 pm. Third, to relieve thermal stresses in the CPS and to create more
channels connecting the PFS with the underlying tin flow, it should be
considered split the tapered blocks in the structure (fig. 9, to form
branches. Again similar to [18].

All these changes to the geometry are not expected to influence the
velocity of the tin flow greatly. Rather, it is expected that the presence of
the magnetic field will completely dominate the resulting flow rate. For
a magnetic field of 1 T, a flow rate of only 8-10~3 m/s is expected. For
DEMO, where the magnetic field can be rougly estimated at 10 T (~5.5 T
on axis and ~12 T on the conductors [50]), this value is reduced to 8-
1075 m/s. This velocity corresponds to a total flow rate through the

divertor of about 1.2:102 L/s, which is considered suitable. Namely, at
such a low flow rate the pumping power, required to recirculate the LM
from the CPS outlet to the inlet, is expected to be acceptable (the flow
through the CPS itself is gravity driven). Furthermore, the flow rate is
still various orders larger than the total expected evaporation flux,
which is estimated at 3.8:107° L/s in the 26.5 MW/m? steady state case
from Table 1, and thus the CPS should not dry out.

7. Discussion

A conceptual LMD design is proposed, that can meet all re-
quirements. Excessive tritium retention is avoided by the use of tin. This
also means that the divertor is a high recycling surface for hydrogen, as
required. Though tin does activate slightly, sufficiently little is used so
that waste and safety limits are not exceeded. Surface temperatures are
kept below the limit for excessive evaporation during steady state. The
gravity driven flow across the surface allows the target to be the required
height, and also allows for forces re-wetting in case of accidental dry out.
The divertor can be exposed to atmosphere during maintenance without
excessive oxidation of the tin. Only the heat loading capability depends
on the materials used for the cooling channels.

FEM analysis shows that all materials are able to meet the steady-
state heat load requirement of 10 MW/m?2, or even significantly
exceed it, even if a safety factor of 1.4 is applied. In the best case, When
CuCrZr is used, 26.5 WM/m? can be tolerated in steady-state, when the
CPS is thinner than 1.9 mm. When the CPS thickness is increased, the
resilience to slow transients goes up. A CPS of 3 mm thick on a CuCrZr
pipe would allow slow transients in excess of 80 MW,/m?, while the
steady-state load goes down to 18 MW/m? (13 MW/m? taking the safety
factor into account). The requirement for slow transients of maximum
21 MW/m? cannot be met when Densimet 176 or W/Cu 85/15 is used.
These materials have too low thermal conductivity and too high stiff-
ness, causing the yield stress to be exceeded during slow transients.

Note, however, that the final material choice should not be based
solely on the theoretical heat loading capability. The bonding between
the cooling channels, corrosion barrier, and 3D-printed CPS is equally
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Fig. 8. Temperature evolution during disruptions. Several combinations of R
and ey, Were considered, as well as the case where a percentage of particles
Temoves €.y, from the beam regardless of redeposition. This could be the case
when energy is mainly dissipated via radiation. Also the temperature response
during ELMs is given (gray), as well as the melting point of tungsten (black
dashed). All material properties are kept constant, regardless of temperature.
This introduces a negligible error in the temperature because ~99.5% of the
incoming power is vapor shielded in all cases.

important, as this determines the lifetime to a large degree. The LM PFS
is self healing after all. Additionally, also the lifetime of the corrosion
barrier surrounding the pipe is unknown, which is affected by both
thermal cycling and liquid metal corrosion. To assess the lifetime of the
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component is recommended to conducting thermal cycling, and corro-
sion tests on realistic mock ups of different materials.

Finally, it could not yet be concluded whether disruptive heat loads
could be withstood. Experimental tests on CPS targets have shown that
disruptive loads can be handled when Li is used [14]. However, tin has a
much lower vapor pressure, which makes the tungsten CPS more likely
to melt, as the surface temperature required for sufficient vapor
shielding to occur is much higher. Nevertheless, the modeling results
from Fig. 8 indicate that dependent on the effective values of R and €.,
disruptions could also be tolerated by Sn-filled CPS. It should be noted,
however, that the specified heat flux density onto the divertor during
disruptions, from Section 2, is based on an estimate for ITER. In the
EU-DEMO, an even higher heat flux density should be expected, since
the plasma stored energy is increased from ~ 350 MJ in ITER [26] to ~ 1
GJ in the EU-DEMO reactor [51]. This should be carefully taken into
account before any definitive statement about the resilience of LMDs
against disruptions can be made.

Resilience against disruptions would be perhaps the most significant
improvement that can be made using an LMD. Currently the baseline
tungsten divertor design is likely to sustain extensive damage during
disruptions or even unmitigated ELMs, based on predictions for ITER
[52]. This will be worse in DEMO, which may therefore be fragile and
economically impractical. It is therefore recommended to experimen-
tally test the resilience of LMDs against disruptions in the near future.

7.1. Future work towards DEMO

Several concrete steps are proposed for future work, apart from the
tests suggested directly above. With regards to the proposed CPS ge-
ometry: The LM flow scheme is proposed to realize a sufficiently high
PFS, as required. In this scheme, the simplest approximation is that the
flow is purely driven by gravity. It is expected that the flow though the
CPS reaches a constant terminal velocity almost directly at the LM inlet,
due to viscous friction in the CPS and due to MHD drag. Flowing at a
constant velocity will allow the flow cross section to also remain con-
stant, and thus the liquid should not bulge out of the CPS at any point.
This is demonstrated in the water flow experiment from Section 6.

The reality of a fusion reactor, however, will be more complicated:
First, the MHD drag must be taken into account; second, heat loading
will locally increase the depth of melt layer, and thus change the local
flow area (recall that with the 180°C coolant only the top 1 mm of the Sn
is liquid outside the strike point); third, plasma loading will induce
electric currents which will give rise to j x B forces in the presence of the
magnetic fields. In addition, it must be considered whether it is possible

Fig. 9. CAD drawing of the plastic CPS used for the water flow test. The proposed CPS geometry consists of rectangular knobs that are tapered towards the coolant
channels. This creates a trapezoidal channel for the liquid metal to flow through from top to bottom.



P. Rindt et al.

ﬂ : |
B

S BiEr
Wi |
Wi
‘\\}v
vl
hof)
i Ry

‘;‘ y
Wiy
10
1

,4‘1 nﬂui

Fusion Engineering and Design 173 (2021) 112812

Fig. 10. Photograph of the water flow experiment in progress. The water flow is homogeneous and stable across most of the surface. Overflowing is only observed

where the CPS curves around the corner, and near the water inlet.

for the PFS to have a slight overhang, while maintaining a stable LM flow
inside the CPS. Finally, the LM inlet flow must controlled well to closely
match the flow through the CPS, which poses a practical challenge. A
test in a linear plasma device or experimental tokamak is heavily rec-
ommended to assess whether all of these effects and demands can be
dealt with. Such a test is essential because the flow behavior, as well as
the resilience to thermal cycling will determine the eventual CPS
geometry.

Additionally, several essential engineering details should be worked
out, which are beyond the scope of this paper: The connection of the
coolant channels to inlet and outlet manifolds must be determined. This
will be challenging due to the closer packing of cooling channels
compared to the monoblocks. The exact geometry of the LM inlet and
outlet must be decided. Their geometry must be chosen so that inlet and
outlet effects do not result in un-homogeneity’s in the LM flow. Finally,
the placement of the water and LM manifolds must be considered. These
may have to be put in shadowed regions to avoid overheating, while at
the same time, freezing of the LM in the manifolds must be avoided.

7.2. Beyond DEMO

Looking beyond DEMO, further improvement of the divertor per-
formance may be required. Higher heat loads may have to be tolerated,
as for example in more compact high-field tokamaks, or higher coolant
temperatures may be required to enable higher thermodynamic effi-
ciency of the plant. It appears from this design study, however, that this
is unfeasible in any LMD design where the incoming heat flux is con-
ducted directly to the coolant. As shown in Table 1 and 2, increasing the
incoming heat flux density will cause either overheating of the PFS, or
the stresses in the pipe will exceed the yield stress. Moreover, coolants
with higher temperature are likely to have lower critical heat fluxes.
Therefore the only possible option for further improvement is to spread
out the incoming heat flux before it is conducted to the coolant.

Although this paper will not go in detail, two possible ways to

achieve this are foreseen: a fast liquid metal flow can be used, or vapor
shielding can be used. A fast liquid metal flow has the advantage of
creating a cool liquid metal surface, from which evaporation may even
be reduced compared to the currently proposed design. The challenge
however is to overcome the magnetic drag force. This challenge is
substantial, considering that the required flow rate is on the order of 1
m/s [20], which is three orders of magnitude higher than the flow rate
expected here. The second option for spreading out the heat flux might
be more feasible: vapor shielding inside a vapor box. Vapor shielding has
been demonstrated to effectively protect underlying surfaces from se-
vere heat fluxes, including ELM-like pulses [35]. The incoming heat flux
is directed elsewhere via radiation and particle transport. The challenge
will be to prevent contamination of the plasma by the evaporated tin. In
[53] it is proposed to achieve this through the use of a vapor box, but this
has not yet been demonstrated. All methods of heat flux spreading have
the common advantage that materials may be used with lower thermal
conductivity and strength, allowing for the use of materials that activate
less than e.g. copper. This could possibly reduce nuclear waste from the
divertor.

8. Conclusion

The liquid metal divertor concept proposed in this work is suitable
for application in DEMO. In this design liquid tin is used to avoid
problematic tritium retention. The tin is confined in a 2 to 3 mm thick
3D-printed tungsten CPS. This CPS is printed on top of a cooling channel,
which is round on the inside (D = 8 mm) and square on the outside
(w = 10 mm). This channel is coated in tungsten to prevent corrosion by
the tin. Water at 180 °C, 15 MPa, and 14 m/s is used as a coolant. The
heat loading capability depends on the material choice for the coolant
channels and the CPS thickness. Channels made of CuCrZr allow for the
highest heat loading capability. Combined with a 1.9mm thick CPS a
maximum steady-state load of 26.5 MW/m can be withstood (18.9 MW/
m including safety factor). Increasing the CPS thickness increases the
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maximum load during slow transients to more than 80 MW/m, while it
reduces the steady state capability to 18.0 MW/m. The final material
choice, however, must also take into account the bonding between the
coolant channels, corrosion barrier, and CPS. In that aspect Cu/W
composites might be favorable, due to more similar thermal expansion
coefficients. Compared to the monoblock design, the heat loading
capability is generally improved. Resistance against disruptions cannot
yet be confirmed with certainty, but is not outside the realm of possi-
bility. Currently, the tungsten monoblock design is not resilient against
disruptions, and a single disruption can render the divertor, and thus the
entire machine, unusable. In case a liquid Sn divertor is indeed resilient
against disruptions, this is considered a major improvement of the
robustness of the entire fusion reactor.

Given the predicted performance, it is recommended to develop this
concept further. Resilience against disruptions should be further inves-
tigated experimentally in the near future. Future studies should also
confirm whether the required lifetime of 2 FPY can be achieved. For this,
mainly the effectiveness of tungsten as a corrosion barrier against tin,
and the resistance of the 3D-printed material against thermal cycling
should be investigated.
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