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ABSTRACT

A new, novel approach to liquid metal plasma facing components called “divertorlets” is presented and
accompanied by experiments, simulations, and analysis. The development of a robust and reliable plasma facing
component at the divertor is ongoing, with liquid metal divertor concepts gaining interest by showing promise
for being able to handle higher heat fluxes as well as improve plasma performance through a reduction in particle
recycling. The presented design in this work seeks to address challenges associated with evaporation, operation
power, and liquid metal inventory. Divertorlets utilize many adjacent narrow channels with alternating vertical
velocity that maintain large flow rates with small velocities at the surface by minimizing the flow path length.
Preliminary results using a test stand on LMX-U at PPPL and simulations in COMSOL demonstrate the successful
operation and the potential for divertorlets to remove large heat fluxes, with projections made to reactor scale

showing the expected system performance.

1. Introduction
1.1. Motivation and background

Tokamak fusion reactors can experience extreme heat flux in the
divertor region. Within an experimental device the divertor region may
reach heat flux over 10[MW/m?], and this number will likely become
larger in a commercial device [1]. Solid divertor solutions like those
proposed on ITER have shortcomings both in handling the upper limits
of heat flux as well as having potential to experience irreversible damage
that would require frequent shutdown and component replacement.
Liquid metals are a proposed solution to address both of these challenges
in their ability to actively carry away heat and self-heal through constant
replenishment. Numerous liquid metal systems have been investigated
for the last several decades, and beyond the details of the geometry and
operation of the systems the working liquid metal is also hotly debated.

For the design considerations and calculations for the concept pre-
sented in this work the working liquid metal is lithium. Lithium offers
low density, low-Z, and creates a low-recycling condition that makes it a
primary candidate as an LM-PFC [2-4]. Tin is also under consideration
despite being over an order of magnitude larger in both density and
atomic size, but it can work under significantly higher temperatures
before evaporating which provides for a larger operating regime that
relaxes certain design constraints [5].
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Amongst all of the factors that come into a lithium system design the
three most important considerations for each concept are the following:

— Reducing the lithium inventory as much as possible

— Minimizing the amount of energy required to run the liquid metal
system

— Avoiding excessive evaporation and splashing of the liquid metal

Failure in any one of these three areas effectively translates to the
design being infeasible. The target goals for these areas of consideration
with a new design were the following:

— Less than 200[kg] of lithium

— Less than 5% of the rated reactor power to operate

— Maintaining peak lithium temperature below 475[C] with flow
speeds under 30[cm/s]

Reduction of lithium inventory requires as little lithium as possible
exposed to the plasma at a time, and as little supporting plumbing as
possible. Lowering the required power to operate the system can be
accomplished by reducing flow speeds to minimize MHD drag losses.
Finally, maintaining a low peak lithium temperature at low speeds re-
quires the lithium to be taken in and out of the heat flux region over
short distances. Divertorlets accomplish all of these tasks by having no
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plumbing leading out of the reactor, and having lithium travel minimal
distance in the hot area to keep flow speeds low.

2. LM-PFC concepts

There are numerous LM-PFC concepts that have been proposed for
the purpose of handling large amounts of heat flux from a tokamak
divertor. Amongst the LM-PFC concepts there is not a consensus on
which provides the best traits for a reactor setting, and the advantages
and existing challenges for various designs are continuously reviewed
[6-9]. A set of common weaknesses have been determined from these
reviews for the benefit of future designs.

Flow speed of the liquid metal is one of the more important con-
siderations for the designs as it greatly contributes to MHD drag. Fast-
flowing concepts are most susceptible to MHD drag which often cau-
ses losses that far exceed any hydrodynamic losses, translating either to
flow piling in a free-surface application or massive pressure drop within
a closed duct. Slow-flowing concepts avoid MHD drag, but are then
challenged with avoiding evaporation.

Another of the major concerns with LM-PFCs is droplet ejection and
splashing into the plasma. While j x B force can be used in LM-PFCs for a
positive effect, there are also instances where j x B force can be induced
by plasma currents or magnetic field changes that result in the droplet
ejection and/or splashing. These stability limits have been investigated
by others and add additional design considerations [10].

Despite the projected challenges with implementation the expected
benefits for reactor operation remain significant. Lithium PFCs have
been tested and shown to improve plasma performance to reach higher
confinement and reduce ELMs even as a monolayer coating, with further
improvements expected from flowing systems that may self-heal and
replenish [11-13].

2.1. Fast-flowing concepts

Fast-flowing LM-PFC concepts attempt to remove the incoming heat
from the divertor region entirely by way of the flowing liquid metal
while also avoiding large temperature increases that would cause the
liquid metal to evaporate. The concepts accomplish protecting the
substrate from thermal stress, creating a low-recycling condition that
leads to a higher plasma confinement, and reduces impurity introduc-
tion into the plasma by preventing evaporation. Fast-flow can been
achieved in a free-surface context with mechanisms such as the Mar-
angoni effect and j x B force, with the latter being suitable for control in
a continuous flow loop [3,14]. Fast-flowing designs are faced with
criticism that MHD drag is insurmountable at the required flow speeds
and are predicted to have high-risk of piling and splashing [15].

A recently designed experiment to demonstrate a fast-flowing free-
surface liquid metal divertor is Flowing LIquid Torus (FLIT). This fast-
flowing concept relies on j x B force to restrain and energize the flow
to offset the negative effects from MHD drag, as well as oppose any j x B
forces created by plasma currents. While the flow speeds are projected to
avoid evaporation and the restraint may prevent splashing, the fast
flowing concepts suffer in managing power consumption, and liquid
metal inventory to some extent.

MHD drag creates a large pressure drop in fast flowing systems,
translating to requiring significantly more power to drive. It is possible
to reduce MHD drag in the pumping system through increasing lithium
inventory-allowing for larger pipes in support that provide the same
flow rate at a lower speed-but lithium inventory becomes more of a
problem, and the MHD drag outside the plumbing is not at all affected.
With the optimizations chosen for FLIT, when scaled to an ITER-sized
device the power consumption would likely exceed 10% of the reactor
power, and the liquid metal inventory would exceed 500[1] [16]. Con-
ducting experiments of this nature are an essential part of optimizing the
design, but the challenges are apparent.
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2.2. Slow-flowing concepts

Slow-flowing LM-PFCs do not attempt to use the liquid metal flow as
the primary heat removal mechanism, but instead serve as a self-healing
surface with the heat conducting through the liquid metal to be removed
by a cooling solution within the substrate. By having slow-flow the
power requirements to operate the system are vastly reduced through
the dramatic reduction of MHD drag. However, a primary challenge to
slow flowing solutions is keeping the peak lithium temperature low as
the slower flow does not effectively remove heat-resulting in excessive
evaporation of lithium. A proposed solution to avoid this temperature
rise is maintaining a thin enough layer that a steep thermal gradient is
created with minimal temperature increase, resulting in both high heat
flux and low surface temperatures. Although, as no heat is removed by
the lithium this moves the problem by requiring the underlying solid
substrate to remove the heat at operational temperatures far below those
of actively cooled solid PFCs.

2.2.1. Thermoelectric Magnetohydrodynamics (TEMHD)

With the power requirements being low to circulate the liquid metal
in a slow-regime, one solution under consideration is using the Seebeck
effect-more commonly referred to as the thermoelectric effect [17]. The
thermoelectric effect creates a voltage based on material properties and
thermal gradients which then leads to an electrical current. Interaction
of that electrical current with the ambient reactor magnetic field then
results in aj x B force. Using the large thermal gradients present in free-
surface LM-PFCs to create a flow via j x B force has been experimentally
shown at small-scales like trench flows, and is a mechanism of interest to
help improve the pumping in other LM-PFC concepts [18-20].

2.2.2. Capillary-pore systems (CPS)

A popular concept within the slow-flowing solutions is a capillary-
pore system, or CPS. CPS works off of immersing a fine mesh in liquid
lithium, with the capillary forces associated with the small length scales
causing the lithium to both spread throughout the mesh as water does in
a sponge, and also restrain the flow from ejecting droplets [21]. A
shortcoming of CPS is the inability to prevent evaporation from the mesh
surface, however the lithium that does evaporate is projected to cool the
underlying liquid layer and prevent rapid evaporation [22]. Thermal
stresses are eliminated by reduction of temperature gradients, and the
lithium may be gradually cycled in and out of the system to address
concerns of tritium retention.

2.3. In-and-out honeycomb

A concept similar in principle to that presented here is the “in-and-
out honeycomb” which uses surface-normal liquid metal pipe flows with
concentric supply and drainage in a honeycomb arrangement to create a
constantly replenishing free-surface [23]. The in-and-out honeycomb
uses a combination of alternating magnetic fields and magnetic field
gradients to generate a restraining and stabilizing j x B force on the
liquid metal. Additionally, unlike divertorlets the in-and-out honeycomb
design uses a separate liquid metal pump and requires the associated
plumbing and liquid metal inventory increase.

3. Divertorlets concept

The divertorlets design looks to maintain the low-recycling and low-
evaporation conditions associated with fast-flowing liquid metal sys-
tems with a reduced flow speed that brings power requirements down.
Fast-flowing systems tend to have a single inlet and outlet, and the flow
must transverse the entire width of the divertor in fractions of a second
to avoid evaporation [16]. Instead of having a single flow path, the
divertorlets concept introduces many flow paths by positioning verti-
cally oriented inlets and outlets as close together as possible. The ben-
efits in the resultant flow speed are seen in (1), where lis the fixed length
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Fig. 1. 3D rendering of a small section of divertorlets with poloidally oriented
slats. Not to scale.

%o

Fig. 2. 3D rendering of a small section of divertorlets with toroidally oriented
slats that uses alternating polarity of slats to drive electrical currents. Not
to scale.

of the liquid metal flow path, t is the time the lithium can face the heat
flux before evaporating, u is the flow speed, and Ny is the number of flow
paths across the divertor length. There are several ways to calculate ¢,
which are discussed in Section 4.2. The value of t,, is constant for a given
reactor condition—for lithium in a typical reactor setting t. tends to fall
between 0.01[s] and 0.05[s] [16].

v 1
taly

@

To increase the value of Ny beyond unity while keeping the divertor
area covered with liquid metal, the divertorlets use directionally-
alternating vertical flow paths that are connected by a single layer of
liquid metal at either end-all driven by j x B force. The j x B force is
generated using the ambient magnetic field within the reactor in com-
bination with strategically placed conductors and electrodes to inject
external electrical currents in a way that causes a current distribution
that produces the vertically alternating flow. These alternating flow
paths are separated by what will be referred to as “slats” that may be
oriented radially or toroidally, with a resultant surface flow
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Poloidal

Current

Magnetic Field

Fig. 3. 3D rendering of a small section of divertorlets with toroidally oriented
slats and interconnecting rods in every-other channel to remove current from
the liquid metal in those channels. Not to scale.

Fig. 4. Red area shows where the divertorlets depicted in Fig. 2 through Fig. 1
would be located in a reactor setting.

perpendicular to the slats. Three versions of divertorlets are shown in
Figs. 1-3, with Fig. 4 showing where each is situation in the reactor
divertor region. Two major classes of divertorlets are toroidal and
poloidal, referring to the direction in which the slats run in the reactor.

The j x B volume force that drives the flow is shown in (2), where 7

is current density and B is magnetic field.

F,=7xB @)
3.1. Poloidal divertorlets

Unlike toroidal divertorlets, poloidal divertorlets require that the
slats are electrically insulated and don’t act as a path for current to
traverse. Accomplishing this with the slats oriented in the poloidal di-
rection is done by placing an electrode at either-end of every-other
channel as well as a surface electrode to create a restraining force.
Electrical current preferentially travels in the channels that have elec-
trodes at either end, and the concentrated j x B force results in a pres-
sure gradient at the base of the divertorlets that generates flow.

A noted downside of poloidal divertorlets is that the expected surface
waves structure tends to increase the angle at which the plasma strikes
the liquid metal, although keeping wave amplitude small keep the
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Table 1

Table of baseline divertorlets parameters.
Variable/Symbol Value
Major radius: Ro 5[m]
Divertor length: L 0.2[m]
Incoming heat: Q 100[MW]|

Magnetic field: B 6[T]

Water @100 —200[Clavg.
9.09 x 10%[kg/m3]
1.824 x 10 *[Pa s]

Coolant choice
Coolant density: p,

Coolant viscosity: s,

Table 2

Table of liquid lithium and tin parameters.
Variable/LM Lithium [24] Tin [25-27]
Temp. range 205 —475[C| 325-925[C]
Avg. working temp. 340(C] 625(C|
Density 500(kg/m?] 6722[kg/m?]
Thermal conductivity 49, 03[£] 3071 [ﬂ]

m-K m-K

Electrical conductivity 3.341 x 10°[S/m]

5.078 x 10~*[Pa-s]

1.738 x 10°[S/m]

Dynamic viscosity 8.618 x 10 *[Pas]

Specific heat

2.427 x 10% [i]

J
169 x 103[——]
4.169 x 10 ] T

kg K

increased head flux in check. Furthermore, as the current can enter
channels in which it is not desired the pumping efficiency drops and flow
varies across the section, however by aligning the flow profile with the
heat flux profile the downside is mostly negated.

3.2. Toroidal divertorlets

Two toroidal divertorlets designs are shown in Figs. 2 and 3, to be
referred as toroidal V1 and toroidal V2 respectively. The designs differ in
that the former produces a current that alters in direction across the
channels to produce a pumping force down and up. The latter uses a
unidirectional current that causes a downwards force on the liquid
metal, but that current is passed through highly-conductive structural
components in every-other channel to reduce the current within the
liquid metal and thus reduce the downward j x B force in those chan-
nels. This results in a net pumping force as half of the liquid metal
channels experience significantly higher pressure at the base due toj x B
force being higher in those channels, resulting in flow loops between the
channels.

Unlike the poloidal design, the toroidal slat orientation creates an
expected surface shape that does not increase plasma strike angle and
maintains a lower resultant heat flux. Toroidal V1 has downsides in that
it requires many electrodes and does not provide an overall-downward
force on the liquid metal, resulting in loss of restraint upward-forced
channel. Toroidal V2 overcomes these downsides by have a simple
electrode structure as well as an overall restraining current that creates a
j x B force that prevents droplet ejection.

With all of these considerations, the toroidal V2 divertorlets is
considered to have the most advantages and will be the subject of further
analysis in this work. It is noted however that the poloidal divertorlets
have easier implemented slat cooling and a decaying flow profile that
may be tuned to the decaying heat flux profile at the divertor.

4. Calculations of divertorlets parameters

The expected divertorlets operational requirements were approxi-
mated using a series of calculations to test for feasibility. As a baseline, a
set of parameters for an ITER-like device are used as shown in Table 1.
Considerations like coolant choice compatibility, materials, and
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operation conditions are not fully addressed in this work and the pro-
posed baseline parameters are just that: baselines.

The necessary lithium inventory can be determined from the diver-
torlets geometry, while the divertorlets geometry is driven by factors
such as: cooling requirements, j x B pumping efficiency (to be referred
to as 77;,), and surface temperature considerations. Several simplifying
assumptions and geometric approximations are made to capture the
major scaling trends of how various dimensions effect the liquid metal
inventory. To illustrate some of the differences in using lithium vs. tin
from an operational standpoint, the material properties are made
available in Table 2.

4.1. Liquid metal inventory

The overall volume of liquid metal was divided into three distinct
sections: the liquid metal above the slats, the liquid within the channels
between the slats, and the liquid metal beneath the channels. Total
volume V,,, can be calculated with (3), where h; represents the thickness
of the liquid metal layer from the top of the slats to the free-surface, h,
represents the slat height, hs represents the thickness of the liquid metal
layer from the base to the bottom of the slats, Lis the poloidal length of
the divertor, and Ry is the radius at which the divertorlets begin. To
account for the volume taken up by the slats the variable f;, is intro-
duced and represents the fraction of that region that is liquid metal
depending on the width of the channels and slats (denoted by subscripts
of chor srespectively)-that calculation is shown in (4).

Vior = Vaurg + Vet + Viase = 7((Ro + L) — R2) (b +finhs + I3 3)
Wen
= 4
fo Wep, + Ws “

Given that the poloidal length of the divertorlets L is small compared
to the radius at which they start, the equation can be simplified to (5).

Vior & 2xRoL(hy + forha + h3) ()

The magnitude of h, is expected to be significantly larger than h; and
h,, making keeping both h, and f; as small as possible particularly
important in inventory reduction. Further, the poloidal length should
not be made any longer than necessary.

4.2. Flow and cooling requirements

Keeping the surface liquid metal from evaporating is a hard
requirement for a non-evaporative divertor design. Accomplishing that
is done by both minimizing liquid metal exposure time and mixing the
flow as well as possible to spread the heat out. Without any mixing heat
transfer through the flow can be modeled as purely conductive heat
transfer, while with perfect mixing a simple zero-dimensional heat
removal method can be used. Thus, for an allowable temperature change
of AT under an incoming heat flux g—with thermal conductivity k, mass
density p, and specific heat c,—the two bounds that may be looked to are:
one, treating the surface fluid layer and underlying slats/channels as a
semi-infinite solid plate that purely conducts heat downwards (6), and
two, having the surface fluid layer immediately reach a homogeneous
state through perfect mixing (7). These two values of t, represent
“critical times”-the amount of time that the liquid metal may be with the
heated zone before reaching excessive evaporation.

AT

ter = (Z)zﬂkpc,, (6)
_ pc, ATh, %)
cr q

As the surface layer of the divertorlets becomes thinner the semi-
infinite solution becomes invalid, and the time constant is over-
estimated several-fold as the actual “semi-infinite” substrate is the flow
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Fig. 5. Schematic of a divertorlets slat showing dimensions and cooling paths.
Not to scale or representative of actual design shape and/or cooling
configuration.

traveling upwards and then downwards, causing the liquid metal to be
additionally heated both before and after reaching the surface layer
which effectively reduces the allowable AT. The convective limit is
similarly unrealistic as it requires instant redistribution of the heat and
no peaks. Still, these critical-time values in combination with the
divertorlets size provide a useful guiding estimate for what flow speed is
necessary using (1).

To minimize the liquid metal inventory requirements associated with
running the liquid metal through an external heat exchanger, the cool-
ing is instead accomplished at the base of the divertorlets with addi-
tional cooling potentially possible within the slats. Cooling through the
slats may be accomplished with internal cooling channels. Fig. 5 shows a
summary of cooling taking place within a single slat (the exact geometry
of that cooling arrangement depends on the divertorlets design). Anal-
ysis of such a setup shows the feasibility of the concept, however this
analysis does not offer final design parameters as there are many addi-
tional considerations beyond the scope of this work.

A simple zero-dimensional energy balance shown in (8) estimates for
the flow rate requirements for the coolant-the subscript cindicates a
coolant property. The coolant property AT, can be estimated through
the expected working temperature of the liquid metal to obtain the
initial guess for flow rate, and then solved for in later calculations.

: 0
Ve= Cp P AT, ®

Before the heat can be carried away by the cooling fluid the heat
from the liquid metal has to conduct through the slat to the cooling
fluid-this heat transfer determines the temperature that the cooling fluid
will exchange with. Heat conduction through the slats is governed by (9)
where Q, is the total heat flow (equal to Qg for steady-state operation),
k, is the thermal conductivity of the slat material, T is temperature of
the liquid metal, T, is the temperature of the coolant pipe wall, ¢ is the
effective slat wall thickness between the liquid metal and cooling fluid,
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and S; is the surface area of the slat faces approximated with (11). Slat
surface area increases with the number of slats N, the slat count is
calculated with (10)-these values are for toroidal divertorlets, but the
calculation approach is similar for poloidal.

Q.\ = k.va(T/ - Tc.w)/t.x (9)
L
= 1
Ns Wen -+ Wy (10)
SS = 47[NJ’!2R0 (11)

Re-arranging (9) to solve for coolant pipe wall temperature results in
(12).

1,0,

Tew =17 = kS,

12

Heat transfer into the coolant can be calculated using the convective
heat transfer Eq. (13) in conjunction with (14) to find the pipe surface
area A, over which the heat is exchanged, where d, is the cooling pipe
diameter.

Qp = heSe(Tey — Teavg) 13)

S. = 2N.*d.R, 14

The convective heat transfer coefficient of the coolant flow h. is
found using the definition of Nusselt number shown in (15), with the
Nusselt number calculated using the Dittus-Boelter relation for a heated
pipe shown in (16). Values for the Reynolds number and Prandtl number

are found as Re, = % and Pr, = E",';’“ respectively.

Nu = hTthc = k”dN“" (15)
Nu, = 0.023Re*Pro* (16)

Pressure drop Ap within the cooling tubes is calculated with the
Darcy-Weisbach Eq. (17) using a Darcy friction factor fp for turbulent
flow in a smooth pipe. Determining the flow speed for this calculation is
done by taking the calculated coolant flow Q, and dividing it by both the
cross sectional area of a coolant pipe as well as the number of coolant
pipes, shown in (18) and (19).

2

_pp P
AP—ZJ‘D2 d. an
1%
S 18
YT Noad2 4 18)
hy
N.=N-—2 19
2(d. + 1) 19

Lastly, the power requirements for the coolant pumping system are
determined using (20), where 7, is the pump efficiency.
p, = APVe (20)

My

Cooling accomplished at the base of the divertorlets can be
accounted for using the same set of equations as the slats with a re-
calculated number of cooling paths N_ .. The geometric requirements
for the base aren’t as restrictive as for the slat, allowing for a more
aggressive cooling solution. With all of the above equations and using
the baseline parameters in Table 1 with a 5[mm] slat and channel width,
slat height of 5[cm], and cooling pipes of 2.5[mm] diameter, the pre-
dicted coolant flow speed is 2.4[m/s] with a pressure drop of 2.2[atm)].
Water is recognized to have prohibitive safety concerns in a liquid
lithium system and is used here as an example that is well understood.
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Helium cooling is an active research area in fusion engineering and
standard limits of such a system are not yet agreed upon to use as scaling
analysis at this point [28].

4.3. Voltage, electrical current, and power requirements

For large magnetic fields and associated large Hartmann numbers the
operating power requirement is almost completely governed by the
MHD drag incurred in moving the liquid metal within the reactor
magnetic field, and the losses associated with viscosity may be ignored.
Both the power loss per volume due to MHD drag and the magnitude of
MHD drag are shown in (21). The value Cy is a constant that reflects
how MHD drag may be mitigated by certain conditions. A Cy value of 1
would reflect the theoretical maximum drag force that could be expe-
rienced, while a value of 0 would imply no MHD drag. The effects of duct
dimensions, wall conductivities, and other contributing factors to Cy
have been investigated in past work [29,30].

Pox @ Fpoxi-(Cyo(W x B) x B) [e3))

To determine the total power requirement the expression for power
in (21) can be integrated over the volume of the liquid metal in the
divertorlets. This operation is simplified by recognizing that the flow
around each slat is identical, and the sum of the power requirements of
each of those flows equates to the whole. Calculating the requirements
of each slat can be done with a useful realization that integrating over
the volume by moving along the flow path around a slat greatly sim-
plifies the equation as the integral of the velocity across the cross section
is a constant volumetric flow rate (velocity is held constant as the flow
cross section is unchanged as the liquid metal moves around the slat).
Then, the sum of the integration around each individual slat yields to
total volumetric flow rate of the system which is determined by heat
removal calculations. In consideration of the length of the flow path, the
relatively small vertical components at the surface and base are ignored
for simplicity and the length of the flow path is set to 2(hy + Ws + Wen).
Additionally, we recognize that the velocity is always perpendicular to
the magnetic field such that the dot and cross products can be dropped.
This integration and summation yields the total power requirement
scaling shown in (22).

Ppo2(hy +wy +we,)Cyy VouB? (22)

Both the flow rate and velocity are present in (22), highlighting that
it is more advantageous to increase flow rate by holding velocity con-
stant while increasing flow cross section than it is to simply increase the
velocity. The flow rate requirement V emerges from what is required of
the liquid lithium to remove heat from the system as found in Section
4.2, the velocity is then determined through an optimization on factors
such as lithium inventory and power requirements.

For the purpose of calculating j x B pumping requirements, the
pressure drop expected from MHD drag (the drag force multiplied by
flow path length) can be equated to the pressure created by the j x B
pumping (the force-per-length across the channel width due to the total
current, divided by the toroidal length of the channel to find pressure).
An efficiency correction factor is added to account for electrical current
that isn’t captured by the conductive rods and opposes the pumping
force. The resulting balance is shown in (23).

1
quBTROB = 2(hy + wy + wey,) CyouB (23)
Re-arranging this result as shown in (24) provides a solution for the
total current required to achieve necessary pumping.

_4aRy(hy + wy 4 we) CyouB

I 24)

Nixp

From this electrical current, the power loss Py, from Ohmic heating
can be found with knowledge of the resistance Ry of the system. That
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power loss in combination with the losses due to MHD drag determine
the total power as shown in (25), and the voltage V; to drive the system
can then be calculated as well.

Py = Vil = PRy +2(hy + Wy + we)Cy VouB? (25)

4.4. Scaling, constraints, and projections

4.4.1. Scaling

The scaling of the quantities of interest (LM inventory, surface speed,
and operation power) are primarily driven by the slat height, poloidal
length, and slat/channel widths (for simplicity: w = w; + wch). Previ-
ously shown equations can be simplified to reflect the major scaling to
clearly lay out the major design considerations.

Liquid metal inventory as calculated in (5) can be reduced to a simple
scaling law only considering the parameters of interest as shown in (26).
It can be seen that aside from reducing the footprint as much as possible,
widening the slats while holding channel width constant also works to
decrease the liquid metal inventory from (4).

VLf ,ha (26)

Moving to surface speed, the contributions from geometry are not
quite as simple. The straight-forward speed result comes from (1) in
conjunction with either (6) or (7). Being able to spread the heat over a
larger area reduces heat flux ¢ in either equation while requiring a
proportional increase in poloidal length L. Expressing the scaling of the
surface speed in terms of slat height, channel/slat width, and poloidal
length is then given by (27) and (28)-if the limiting peak heat flux
cannot be reduced through an increase in L then that dependence is
removed. In most current reactor environments increasing L is not ex-
pected to reduce the surface speed.

w

Ui X5 Usurf W (27)
w

usurfcxz_) Uy XW (28)

Lastly, consideration is given to scaling of the power requirements to
run the system. For the sake of simplification, an assumption of w<hs is
used to reduce the number of terms that appear in the scaling. Due to
there being two terms in (25), the scaling of the losses associated with
Ohmic heating in the electrical system and the losses from MHD drag are
considered separately in (29) and (30). Without regards for the relative
magnitude of each term, it is clear that reduction of slat size and spacing
work to lower power consumption.

Ponmiw? (29)

Pyrpxhyw (30)

Summarizing the results, it is clear that shrinking each parameter
works to improve the design in some way (except for an increase in f
through only reducing slat width leading to larger inventory)-as such,
the lower-limits of these parameters need to be examined.

4.4.2. Constraints

Each of the parameters used within the aforementioned scaling laws
have constraints. Some of the constraints stem from particular design
considerations, for example whether or not and what kind of a coolant is
to be present within the slats. For considerations of manufacturability
and structural integrity, initial estimates are made but a full analysis is
not offered.

Beginning with slat height, constraints arise from the necessary ge-
ometry to have the pumping and circulation properly function. For
proper pumping function the slat height is estimated to need to be at
least five times that of the channel-plus-slat width to keep the current in
the proper area.

If the slats cool the system, they must also be sufficiently tall to
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Fig. 6. Projection of lithium inventory based on the channel/slat size and
slat height.

accommodate the pipes. The incoming heat to the divertor per-slat 31‘:';
must be handled by some kind of heat removal system at steady-state
operation, with contributions coming from the base and the slat. By
working on a per-slat basis the heat is normalized by the dimensions of
the footprint, so only slat height being out-of-plane contributes to heat
removal, this is shown in (31) where ¢, represents the heat that may be

removed through a slat per-height.

On_0+0. 0 4

slat slat  slat ' slat

I (31)

Poloidal length of the divertorlets is set based on the width at which
the plasma deposits heat on the divertor. In general it is advantageous to
spread this heat as much as possible to lower the peak heat flux, and the
poloidal length of the divertorlets should conform to that size.

Finally, the width of both the slats and channels are constrained on
hydrodynamic, structural, and cooling concerns. For the width of a slat,
a minimum width may be necessitated by the presence of a cooling
channel with a prescribed pipe diameter and wall thickness for opera-
tion. Without cooling, the slat still cannot be made so thin that it be-
comes overly fragile to the forces from the flow and j x B.

Channel width on the other hand may not become so small that
clogging events due to impurity formation becomes a concern. Addi-
tionally, a constraint arises from the aim to keep the surface depth close
to half the channel width to maintain a constant flow cross section. As
channel width and surface depth decrease the heat-removing cross
section at the surface decreases as well, requiring an increase in velocity
to maintain flow rate which may be prohibitive.

4.4.3. Projections

As stated from the outset, the three parameters of most interest are:
the liquid metal inventory, the operational power requirements, and
surface flow speed. With previously formulated equations and scaling,
projections can be made for a reactor design. To better visualize the
performance space, the divertorlets poloidal length will be fixed as listed
in Table 1 as it only acts to linearly increase liquid metal inventory and
that can be found easily.

First, projections are made for the liquid metal inventory. To reduce
complexity and provide a general guide, the surface and base depth will
be held constant at 2[mm] while both h, and f;, are varied-in reality the
surface depth and base depth are best set to half the channel width
(which increases with f, if the slats are held constant). The expected
volume of the liquid metal inventory according to (5) is shown in Fig. 6.
Staying in the lower-left quadrant is ideal, although the NW/SE corners
present acceptable values as well. On the other end, requiring both small
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Fig. 7. Projection of flow speed based on the channel width and slat width.
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Fig. 8. Projection of the power needed to run the system-the total width is
varied while holding the channel and slat widths equal according to: w =
2Ws = 2Wep.

slats relative to flow paths and tall slats leads to prohibitively high
volumes to be avoided.

Projections of surface speed are made based on the primary driving
factors concluded in (27) and (28)-the slat width and channel width.
Calculations for surface speed are done by dividing the transverse flow
path length (I = ws + w.,) by the expected time that the flow can be
heated. As previously discussed there are two times to consider calcu-
lated in (6) and (7)-as a first order approximation, these times are
averaged and then doubled. This approach is taken to account for con-
siderations from both timescale calculations, and make up for the under-
estimation at the conductive limit due to the upward flow being a worse
condition that a solid plate, and the convective limit requiring unreal-
istic thermal mixing.

Additionally, the flow condition of having the surface depth be half
the channel width is enforced in the projection. The velocity projection
is shown in Fig. 7, and clearly reveals the benefits of keeping both
channels and slats small.

Increasing channel width shows a relatively weak increase in surface
speed compared to increasing slat width. This is due to how holding slat
width constant while increasing channel width effectively increases the
flow rate at the same flow speed-leading to a lower speed requirement
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Fig. 9. An image of the poloidal divertorlets setup showing electrode prongs in
every-other channel, as well as the divertorlets filled with liquid metal.

to carry the heat away. If slats carry coolant and thereby require higher
thicknesses (> 3[mm)]), a significantly higher flow speed will be neces-
sary to prevent excessive evaporation.

Finally, the system power requirements are examined. As found in
(30) the variables of impact are the channel/slat width and slat height,
and the effect on power is shown in Fig. 8 with the bulk of operation
conditions falling below 1[MW]. The power losses incurred from running
the electrical current from the power supply to the divertorlets are not
included in the figure. While these losses are important we do not
include them as it will heavily depend on the machine and type of
connections-the losses can be substantial, with some designs finding
effective efficiencies of less than 20% [16].

Operations in the SW quadrant with small geometry keeps power
requirements negligible compared to the reactor power, while
increasing geometric scales quickly raises the power requirements.

Overall, the clear direction to take the design is to reduce the system
dimensions as much as possible. Both slat height and channel/slat width
have strong effects on two-out-of-three design considerations, and given
that each of these parameters are constrained in the slat-cooling case it
would seem to be beneficial to stay in the non-cooled slat regime and
have the cooling handled at the base.

5. Poloidal divertorlets experiment
5.1. Experimental setup

Experiments were performed on a poloidal divertorlets test section
using the LMX-U facility at PPPL. Unlike the toroidal divertorlets,
poloidal divertorlets must be fully electrically insulated and can be 3D
printed in plastic.

The divertorlets structure used had twelve slats having a height and
width of 28[mm] and 3[mm] respectively, channel width of 5[mm], and
bottom gap of 6lmm]. A 1/4” thick copper “comb” was inserted at either
end that had prongs that entered every-other divertorlets channel to the
base of the slats. Each copper comb was connected to a power supply
with two connection points on the copper comb to better distribute
current across the comb. The working fluid was a 67% Ga, 20.5% In,
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Fig. 10. Depth change at various j x B configurations-the predicted depth
change assumed there was no over-flow preventing the depth change from
further increasing, while the saturation limit represents when flow spilled over
the slats.

12.5% Sn eutectic alloy that is commonly referred to as “galinstan”.

The divertorlets setup was placed within the LMX-U magnet and
operated up at various field strengths—characterization of the magnetic
field can be found in past work [14,31]. Current up to 700[A] was able to
be injected through the liquid metal using a Magna-Power TSA16-900/
480 + LXI DC power supply. A Sony Cyber-Shot RX10 IV was used to
take images and video up to 1000 frames per second of the divertorlets
surface. Fig. 9 shows an image of the divertorlets both empty and full of
galinstan within the LMX-U channel. The electrode prongs are seen in
every-other channel-the same prong structure is on the other end of the
divertorlets.

Direct flow speed measurements of the liquid metal within a channel
during steady-state operation was infeasible due to the small length
scales prohibiting certain traditional in situ measurement devices,
material-related incompatibilities with galinstan (corrosivity, high
electrical conductivity, etc.), and the opaqueness prohibiting optical
techniques. Surface particle tracking was attempted, but as has been
observed in past experiments the surface impurities on galinstan flows
can remain stationary on top of a flow below a certain threshold [32].
During operation there was a substantial amount of surface deformation
and apparent flow taking place of order centimeters per second, but a
meaningful and measurable net motion of surface particles could not be
made.

In order to get an idea of the pumping pressure within the channel
without being able to take a direct measurement the divertorlets were
purposefully drained to have the liquid metal rest below the top of the
slats such that the j x B pumping force would cause a visible change in
depth across the channels.

5.2. Experimental results

Video of a colored surface particle on the surface of an upward-
forced channel was translated to a displacement using pixel tracking
techniques, similar to past methods on LMX-U that tracked small
changes in laser sheet height [33]. Due to the current spreading
throughout channels, the j x B force considered is the difference in force
between the channels with and without electrodes, as it is that resultant
pressure difference that results in depth change. A plot of the particle
displacement at various j x B forces is shown in Fig. 10, with the same
forces used at two different magnetic fields to verify that there was no
independent dependence on magnetic field or electrical current.

The “predicted change” curve is based off of a hydrostatic calculation
with an efficiency correction factor where the pressure at the base of the
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Fig. 11. Predicted surface shape of LMX-U experiment, the dividing line be-
tween the fluids represents the 0.5 volume fraction crossover from
the simulation.

slats is in equilibrium, and does not account for galinstan beginning to
spill over into adjacent channels which leads to the saturation limit. The
pressure balance of an electrode channel (subscript a) and non-electrode
channel (subscript b) is shown in (32), where Ah is the change of depth
from the baseline depth (conservation of mass requires that —Ah, =
Ahy). The correction factor necessary to fit the data suggests the current
distribution was roughly 70% of the total within the electrode channels
and the remaining 30% moved into the non-electrode channels-result-
ing in a pressure drop less than half of what would be the theoretical
maximum for the given j x B.

(UIYRS B+pg)h, = P8hy—1;,pj X Bhy = pg(2Ah) (32)

At j x B~ 2000[N/m?] the liquid metal within the non-electrode
channel raised above the slats and galinstan began to spill over.
Further projected change in depth based on hydrostatics is not realized
at the tracer particle point due to the overflow draining into the adjacent
channels. Using the projection however, the pressure head can be pre-
dicted by doubling the value of the black curve (the value is doubled due
to an increase in depth in one channel resulting in an equal decrease in
another).

6. Simulation

Simulations of the divertorlets were done with COMSOL 5.4 using
the CFD module, AC/DC module, and heat transfer capabilities [34-36].

Vertical velocity component

2% )\ , '(.

il e
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Fig. 13. Entire simulation domain for toroidal divertorlets containing inter-
connecting rods at the base. The area outlined in red is the portion shown in the
results to highlight the area of interest.

Both a simulation of a poloidal divertorlets setup similar to the one used
at LMX-U and a simulation of toroidal V2 divertorlets were performed.
The poloidal case was done to work as an approximation to the exper-
iment done on LMX and employed the level set method described in
general by others and in COMSOL documentation to resolve the free-
surface, while the toroidal case was done to demonstrate handling of
high heat fluxes and did not employ a free-surface [37,34].

The simulation domain employed no-slip boundary conditions on all
physical surfaces and had slip boundaries in the poloidal case where a
boundary occurs in the middle of a channel. Electrical currents were
created by applying a difference in electric potential boundary condition
on electrode surfaces. Simulation boundaries were otherwise treated as
electrically and thermally insulating. All appropriate material properties
are applied to components within the domain, however the slats in the

Transverse velocity component 15[cm/s]

-
-
—

-15[cm/s]

Fig. 12. Color represents velocity, with the same scale used for the vertical and transverse plots-red implies flow in the positive direction, while blue is in the

negative direction.
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Fig. 14. Vertical velocity profile of the toroidal v2 setup, with red indicated
upward flow and blue indicating downward flow.

Temperature profile

Z
m.i

Fig. 15. Temperature profile of the toroidal v2 setup with cooled lithium
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poloidal simulation are treated as voids as they carry neither current nor
heat. At this point the effects of plasma pressure on the flow surface and
any resulting instabilities have not been considered.

6.1. Poloidal divertorlets simulation

An LMX-like poloidal divertorlets setup was simulated. The geometry
was made to represent an LMX-like setup with slat width of 3[mm)],
channel width of 5[mm]|, and 50[mm]| length-the domain was restricted
to two channels with electrodes, and one and two half channels without
electrodes (the two half channels are at either end of the domain). The
interpolated free-surface shape at the edge of the domain next to the
electrode is shown in Fig. 11. Qualitative comparison to the experiments
done showed surface displacements of similar size.

The vertical velocity profile towards the edge of the section as well as
the transverse velocity at the surface is shown in Fig. 12. The surface
flow speed is seen to decrease towards the middle of the divertorlets as
pumping efficiency drops due to the spreading current-however, the
exponential heat flux profile typically experienced at the divertor may
be matched to this such that the highest heat flux is handled by the
fastest flow, and the lower heat flux may be handled by the slower flow.

6.2. Toroidal divertorlets simulation results

A toroidal divertorlets setup using interconnecting conducting rods
between channels was also performed using COMSOL. Slats and chan-
nels were set to be 1mm] wide and 20[mm]| high, with the surface layer
kept to 0.5{mm)] deep-the surface was kept flat as an approximation. As
previously described, the interconnecting rods within every-other
channel are significantly more conductive than the liquid metal and
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essentially remove all current from the liquid metal in the channels they
pass through. Variance in current density across the channels leads toj x
B gradients that lead to pumping at the bottom of the slats, with Fig. 13
showing the simulation domain with the interconnecting rods shown
towards the bottom (the interconnecting rods are out-of-plane).

A 10[MW/m?] heat flux was added to the surface of the setup to
quantify how heat is removed from the surface to maintain an accept-
able peak temperature and avoid evaporation. Each of the slats in the
simulation contain a 0.1/mm] slit that thermally (and electrically) in-
sulates the adjacent channels to prevent heat from transferring
across-this could be similarly accomplished with cooling channels. An
example of the vertical velocity profile and temperature profile for one
such simulation are shown in Figs. 14 and 15

The flow configuration shown is able to maintain a peak surface
temperature 450[C] occurring at “hot-spots” above the channels that
flow downwards. Initial lithium temperature was set to 225[C|, as the
hot lithium was re-circulated the temperature gradually rose-for an
actual system implementation this heat would have to be removed at the
base. The flow field was created through pumping via j x B using elec-
trodes at either end of the domain. Simulations were run up to magnetic
fields of 0.3(T], matching the maximum magnetic field that may be used
for future experiments on LMX-U.

7. Summary and outlook

This work illustrates that divertorlets have the potential to serve as a
non-evaporative liquid metal solution for heat removal and low-
recycling regime operation. Initial experiments demonstrated success-
ful operation of a divertorlets configuration, with accompanying simu-
lations showing the ability to handle high heat flux. By operating with
many of the traditional advantages of fast- and slow-flowing solutions
and having addressed many of the disadvantages, divertorlets have more
potential in a reactor implementation than many of the alternatives.

The toroidal V2 configuration of divertorlets is viewed as the one
with the most potential and will be the primary focus of future work. An
experimental setup is planned to perform experiments like the poloidal
setup shown in this work, with the inclusion of heat flux to provide
another method of measurement. Flow measurements will be a high
priority for future experiments to more clearly demonstrate the flow
rather than rely solely on simulation results. However, expansion of the
simulations is planned with aims to implement and project the perfor-
mance of various cooling solutions as well as operation at higher mag-
netic field conditions.
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