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Abstract
The ‘divertorlets’ concept is a potential non-evaporative liquid metal solution for heat removal
at low recycling regime. A toroidal divertorlets prototype was built and tested in LMX-U at
Princeton Plasma Physics Laboratory to evaluate the performance of this configuration. In this
paper, details of the design, experimental results, comparison with analytical theory and MHD
numerical simulations of toroidal divertorlets are covered. Experiments, analytical model and
simulations showed agreement and allowed the projection of operation properties at higher
magnetic flux densities (reactor-like operation), proving the concept to be a compelling
solution for divertor applications.
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1. Introduction

Plasma facing components (PFCs) of fusion reactors can expe-
rience extreme heat flux in the divertor region. Particularly,
divertors have reached over 10 MW m−2 in experimental
devices and may increase in commercial reactors [2]. Solid
PFCs for divertor solutions are limited in handling this heat
flux and experience irreversible damage, requiring frequent
shutdowns for maintenance.

Liquid metals have been proposed to address these
challenges as they can carry away heat and self-heal
through replenishment. In particular, lithium is the primary
candidate for its chemical affinity with hydrogen isotopes,
allowing low hydrogen recycling conditions [3–6]. The
improvements in energy confinement and plasma performance
due to low-recycling conditions have been widely demon-
strated [7]: reduced impurity radiation [8], higher edge temper-
atures, reduction of ELMs and smaller energy losses through
temperature gradient-driven instabilities [3, 9–11].

∗ Author to whom any correspondence should be addressed.

Besides the analysis of the most favorable operating liquid
metal, several concepts of liquid-metal-plasma-facing com-
ponents (LM-PFCs) have been proposed as solutions for a
divertor and no consensus has been reached about the most
advantageous configuration [4–6]. Among weaknesses out-
lined [1, 4–6], flow speed of the liquid metal is one of the
most important as it contributes to MHD drag. Fast-flowing
concepts encounter severe MHD drag for the system with
risk of piling and splashing [12]. On the other hand, slow-
flowing LM-PFCs use liquid metal flows as an intermediate
heat removal mechanism, achieving reduced MHD drag but
may not avoid evaporation [1].

The divertorlets concept is an alternative that combines the
advantages of both operating regimes: minimized MHD drag
due to relatively small velocities while addressing issues such
as evaporation, operation power, and liquid metal inventory.
Moreover, reduced exposure time of the liquid metal to the
plasma (a quality inherent to fast-flowing concepts) is also
achieved by the divertorlets concept through the minimiza-
tion of the flow path length [1]. The latter condition leads to
lower temperatures of the operating liquid metal and reduced
evaporation [12].
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Figure 1. Position of a divertorlets tile in a fusion device. Reprinted
from Nuclear Materials and Energy, Vol 25/100855, A.E. Fisher, Z.
Sun, E. Kolemen, Liquid metal ‘divertorlets’ concept for fusion
reactors, pages 1–11, Reprinted from [1], Copyright (2020), with
permission from Elsevier. CC BY-NC-ND 4.0.

Furthermore, the divertorlets concept offers a constant
replacement of the liquid metal surface that faces the plasma.
For the case of liquid lithium, the latter works in favor of
the hydrogenic uptake by avoiding the presence of saturated-
liquid-metal-facing surfaces. Thus, the low-recycling regime
would be possible and compatible with a continuous operation
scenario [7, 12].

In this article, the configuration tested was the toroidal
divertorlets [1]. First, geometry and operation of the system
are described. Next, details about experimental measurements
and simulations performed are listed. A comparison between
results from experiments and simulations at |je × B0| �
0.23 MN m−3 is shown. This comparison serves as
a benchmark for optimizations of the divertorlets con-
figuration at higher magnetic field intensities. Finally,
optimization directions for divertorlets are explained and pro-
jections of power requirements and permissible heat flux for
operation at the reactor scale are included.

1.1. The toroidal divertorlets concept

A divertorlets system is intended to be placed in the diver-
tor region of a tokamak reactor (see figure 1). The toroidal
divertorlets consists of direction-alternating flow paths that are
connected by a layer of liquid metal at either end. The flow
paths are separated by ‘slats’ that are oriented toroidally (see
figure 2(a)). These slats generate channels for each of the flow
paths.

A similar geometry to that of a divertorlets system is
the LiMIT concept [13], but these two concepts operate
differently. While the LiMIT concept uses a thermally induced
electric current to generate fluid motion, a divertorlets configu-
ration requires a unidirectional external current that generates
a current distribution je that is modified by strategically placed
conductors (see figure 2(b)).

Corresponding to a previous liquid metal divertor con-
cept called ‘actively convected liquid metal divertor’ [14], the

motion of the liquid metal in a divertorlets configuration is gen-
erated with the externally applied current in combination with
an external (toroidal) magnetic field B0. Thus, je × B0 drives
the body force, and the difference of je between consecutive
channels drives the flow due to the designed slat geometry.

The operational efficiency of the toroidal divertorlets intrin-
sically depends on the necessary liquid metal inventory, cool-
ing requirements, free surface conditions and the je × B0 force
distribution generated. Calculations and scaling for a reactor
scenario were presented in [1] using a set of parameters for an
ITER-like device.

The final design of the toroidal divertorlets would require
tests in reactor-like conditions. However, the prototype tested
for this paper had dimensions that could ease the manufactur-
ing process and measurements of flow speeds on the device.
Tests were performed at different magnitudes for the back-
ground magnetic field B0 and externally applied currents I0.
Moreover, simulation results of toroidal divertorlets were com-
pared and validated with experimental results. Finally, projec-
tions on the performance of toroidal divertorlets were calcu-
lated based on an analytical model derived on results from
simulations.

2. Methodology

For the toroidal divertorlets device tested, the operating liq-
uid metal was an alloy with 67% Ga, 20.5% In and 12.5% Sn,
commonly referred to as galinstan. A polycarbonate box was
used as a container for liquid metal and the slats. A slat con-
sisted of a copper–G10–copper sandwich. The purpose of the
G10 sheet was to force the electric current to pass through the
conductors and not through the slats (see figure 3). For reactor
scenarios, the G10 insulator would work as thermal insula-
tion between the flow passing through different channels. All
experiments were performed at room temperature.

Copper was also used for the conductors between the slats,
to ease the manufacturing process and for its relatively high
electrical conductivity compared to the conductivity of galin-
stan. Dimensions for all components of the toroidal divertor-
lets were chosen based on dimensional constraints from the
LMX-U test stand and simulation results. Figure 4 shows a
general diagram of dimensions and table 1 shows the dimen-
sions used for experimental results.

Finally, table 2 shows the properties of the galinstan alloy
used for experiments. These properties were also used for
other calculations/simulations. In addition, properties of liquid
lithium are also included for calculations shown in section 3.4.

2.1. Experiments

All experiments were performed using the LMX-U facility
at PPPL. An electromagnet was used to generate background
magnetic fields up to 0.33 T. Spatial variation of the mag-
netic field intensity is less than 5% for the test stand used [18].
Five different magnetic field intensities were used for measure-
ments, specifically 0.1 T, 0.2 T, 0.27 T, 0.3 T and 0.33 T.

External electric current was applied using four electrodes
connected to copper plates on each side of the divertorlets. The
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Figure 2. Toroidal divertorlets tile used for experiments.

Figure 3. Close view of slats (Copper - G10 - Copper Sandwich).

Figure 4. Diagram with dimensions of toroidal divertorlets.
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Table 1. Dimensions of divertorlets for experimental results.

Parameter (mm)

Slat width ws 2.0
Slat height hs 20.3
G10-sheet thicknesswa 0.8
Channel width wch 5.1
Slat height hs 20.3
Slat length ls 82.3
Conductor width wc 3.0
Gap between conductors gc 3.89
Conductor height hc 7.5
h1 4

Table 2. Properties of galinstan alloy and liquid lithium.

Property GaInSn at room temperature [15, 16] Li at 310 ◦C [17]

Density ρ (kg m−3) 6360 516
Therm. conductivity k W (m−1 K−1) 296 4300
Electrical conductivity σ (MS m−1) 3.1 3.341
Viscosity μ (Pa s) 0.0019 3.0
Heat capacity cp (J (kg−1 K−1)) 366.5 4169

Figure 5. Plastic tubes used for velocity measurements.

current source used generated currents up to 900 A. Measure-
ments were performed using values of current from 100 A to
900 A, with 100 A increments.

Velocity measurements were performed using a straight
tube and an L-shaped tube (see figure 5), which follow the
same mechanism of a pitot tube. Both plastic tubes were placed
in a channel of the divertorlets prototype with upward flow
velocity (see figure 6).

In the aforementioned channel, the lower end of the straight
tube was located at the same height as the center of the the
cross section of the lower end of the L-shaped tube. The L-
shaped tube measured the static pressure generated by the
velocity field, and the straight tube measured an estimate of
the sum of dynamic and static pressures. These pressures gen-
erated columns of galinstan in each tube with different heights
(see figure 6).

The upper ends of both tubes were open to atmosphere
during experiments, then P2 = Patm + ρghb and P1 = Patm +
ρgha, where ρ is the mass density of galinstan, g is the standard
gravity, and Patm is the atmospheric pressure. If the effect of the
tubes on the velocitiy field is ignored, then P1 +

1
2ρ|U|2 ≈ P2.

Figure 6. Cutting plane view at the center of channel with upward
flow and installed tubes (channel with conductors). Note: drawing
not to scale.

Hence, the upward flow speed can be expressed as follows:

|U| ≈
√

2gΔh; Δh = hb − ha. (1)

Equation (1) was used to approximate flow velocities from
the measurements of height differences Δh at different exter-
nally applied currents I0 and magnetic field strengths B0. As a
note, galinstan oxidizes almost immediately after having con-
tact with oxygen. All the experiments were performed at open
atmosphere and it was not possible to avoid/reduce oxidation.
Galinstan oxides accumulated at the free surface were removed
and galinstan was constantly replenished during experiments.
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Figure 7. Velocity contour from side view of toroidal divertorlets.
Note: figure not to scale.

2.2. Simulation

The purpose of simulations was to compare the magnitudes of
flow velocities from simulations and experimental results. The
tubes used for experiments (see figure 6) measured an average
velocity, but simulation results yield a full velocity field. In
order to be able to compare these, the contour shown in figure 7
was used to estimate the average-upward-flow velocities from
simulations.

Simulations were done with COMSOL 5.6 using the CFD
and AC/DC modules [19–21]. The setup for the simulation
consisted of a non-deforming liquid metal box. The domain
for the liquid metal employed no-slip boundary conditions on
all physical surfaces, except on the top surface, where a slip
boundary condition was applied. Externally applied electric
currents were created by specifying a constant and uniform
current density at a terminal, and selecting the opposite bound-
ary for the electrical ground. Other external boundaries of the
liquid metal box were treated as electrically insulated.

The slats were placed inside the liquid metal box, and
boundary conditions for these components satisfied continuity
for the electric current density and electric potential. All appro-
priate material properties were applied to components within
the domain. The electrical conductivity of copper used for sim-
ulations was 59.97 MS m−1 [22]. The velocity field was caused
by the balance between the j × B forces (pumping from the
external current and MHD drag) and viscous forces from the
fluid.

3. Results and discussion

3.1. Experiments

Experimental results are shown in figure 9. Flow speeds were
calculated using equation (1). It can be observed that there is
an increasing flow speed with increasing external current I0.
This result was expected given that the pumping force from
the external current is linearly proportional to the difference
of current densities between consecutive channels. Moreover,
there is also an increasing flow speed with increasing mag-
netic field strength at all values of external current I0. These

Figure 8. Simulation result at 0.33 T, 900 A: vertical component of
flow velocity field.

two observations will be the the focus of the comparison with
simulation results.

Finally, it must be noted that the direction-alternating chan-
nel flow of the divertorlets concept generates a deformed free
surface during operation (wavy pattern, see figure 5, 4 mm was
the maximum peak-to-valley height observed during experi-
ments, at 900 A, 0.3 T). This could cause intense evaporation
of the liquid metal depending on the angle of incidence of the
heat flux. The latter could be solved by having a divertorlets
surface contour along a closed flux surface.

However, it must be recalled that the dimensions chosen
for the prototype tested were such to allow velocity measure-
ments, particularly the distance L (see figure 7). The parameter
L is expected to be smaller for reactor operation to achieve the
minimization of the exposure time of the liquid metal to the
plasma (see section 3.5). The reduction of the distance L will
allow the attainment of free surfaces with more uniform shapes
and the avoidance of critical heat flux conditions due to ripples.

3.2. Simulation

Simulation results are shown in figure 9. Additionally, figure 8
displays a general plot of the direction-alternating flow paths
of a divertorlets system. A first observation is the increas-
ing upward flow speed uavg with increasing externally applied
I0, which matches the experimental results obtained. How-
ever, there is a change in the flow speed trend with respect
to magnetic field strengths at I0 = 500 A and above. From
experiments, there is an increasing flow speed with increas-
ing magnetic field strength, but from simulations, there is a
peak flow speed at 0.2 T and decreasing flow speed with
|B0| > 0.2 T.

The latter difference between trends with respect to mag-
netic field strength can be explained by considering pressure
drops that the plastic tubes used for measurements impose on
the system and liquid metal oxidation during experiments.
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Figure 9. Results from experiments and simulations for a Cu–GaInSn divertorlets prototype.

The pressure drop caused by the plastic tubes was evalu-
ated with results from simulations that included tubes with
the shapes of those used during experiments. The setup for
these simulations is shown in figure 10(a). Simulations were
performed with I0 = 900 A at different values of magnetic
flux density (0.1 T, 0.2 T, 0.27 T, 0.3 T and 0.33 T). The
pressure difference ΔP = P2 − P1 is estimated directly from
simulation results, and the expected velocity measurements

|U| =
√

2ΔP
ρ are shown in figure 10(b).

From figure 10, it is observable that the tubes generate a sig-
nificant pressure drop that changes the flow-speed trend shown
in figure 9. For 0.2 T < |B0| < 0.33 T, the combination of
a pressure drop from the plastic tubes and MHD-drag varia-
tions due to liquid-metal oxidation/copper corrosion changed
the magnetic flux density at which the peak flow speed occurs.

Liquid metal oxidation would reduce the electrical con-
ductivity of the galinstan alloy during experiments, and con-
sequently decrease MHD drag in the system. Moreover, the
attachment of a layer of galinstan oxides at the walls of the
slats was observed after pouring out the galinstan from the
divertorlets box.

In addition, corrosion of the faces of the copper slats occurs
after being exposed to galinstan [23]. This layer of oxides
and corroded surfaces reduce the effective conductivity of the
boundaries that the galinstan flow has contact with, reducing
the MHD drag in the system.

A reduction of MHD drag in a divertorlets system would
cause the peak flow speed to happen at magnetic field strengths
higher than 0.2 T, given that MHD is proportional to |B|2. Mea-
surements to quantify the effect of a galinstan oxide layer at the
walls were not performed and this fact is just left as a source
of error for experimental measurements.

Finally, it must be noted that the simplified setup used for
simulations assumed a fixed shape for the liquid metal, when
in reality it is a deformable domain, particularly at the top
free surface. The inaccuracies implied by this simplification
are minimized if the deformations at the free surface are rela-
tively small in such a way that the resulting shape is similar to
that of the rectangular prism used for simulations. The mag-
nitude of these deformations is proportional to the flow speed

of the divertorlets system. Based on experimental and simu-
lation results, the agreement is observable up to flow speeds
∼0.4 m s−1 (see figure 9).

3.3. Analytical model

Once the simulation file was validated with experiments, an
analytical model to calculate flow speeds on the toroidal diver-
torlets was derived. Consider a steady-state pressure balance
along a liquid-metal flow path around a slat (see figure 7 for a
simplified diagram of flow paths):

ΔP j×B −ΔPvisc ≈ 0. (2)

In equation (2), ΔPvisc is the pressure drop due to viscous
losses and P j×B represents the pressure difference caused by
the total electric current through the liquid metal. The total
current density is expressed in equation (3). Additionally, the
direction of the main components of the current densities
around a flow path is shown in figure 11. An expansion of the
ΔPj×B term is in equation (4).

j = je + σ(E + U × B). (3)

Furthermore, in equation (3), je is current density produced
by the externally applied current I0. A portion of the total cur-
rent in the channels with conductors is carried through these
components, producing a current density difference in the liq-
uid metal in consecutive channels. In equation (4), (Δje)avg

takes into account this effect and it represents the difference
of average current densities between consecutive channels.

ΔPj×B ≈ (Δje)avg|B|(hs + wch) + σ

∮
Flow Path

(E+U×B) × B · dl.

(4)
(Δje)avg can be expressed as (Δje)avg ≈ η jI0 [1]. η j is a

coefficient that takes into account the arrangement, dimensions
and electrical properties of the components of the slats. For the
case of the Cu–GaInSn divertorlets prototype tested for this
paper, η j ≈ 374.98 m−2 (calculated from simulation results).

Since E satisfies ∇ · E = −∇ · (U × B), its magnitude can
be approximated as |E| ≈ CE|U × B|. The CE coefficient can
be calculated from simulation results as |E|avg

|U×B|avg
. The compo-

nent of E used for the calculation of |E|avg is the component
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Figure 10. Setup and results from simulations with plastic tubes.

Figure 11. Simplified diagram of a slat of a divertorlets prototype.

that is perpendicular to the flow path and the external mag-
netic field B0. The same procedure was applied to calculate
|U × B|avg. The average values of these vector components
were calculated on the cross-sectional area of the liquid metal
perpendicular to the flow path highlighted in figure 11.

It must be noted that the coefficient CE is intrinsic to the
specific geometry being tested and its applicability for other
geometries/dimensions must be reviewed. Figure 12 shows a
plot for the CE coefficient along the channel with conductors
(flow path is highlighted in green). Particularly, along this path,
the CE coefficient is significantly reduced (CE � 0.6).

Moreover, CE is relatively constant along the path high-
lighted in blue in figure 12 (CE ∼ 0.9). The difference of mag-
nitude of CE between the green and blue paths is because
of the recycling of the induced current σ(E + U × B) in
the liquid metal [24]. The presence of electrical conduc-
tors along the green path allows the recycling of the elec-
tric current to occur through these components, not through
the liquid metal strictly. The pumping effect due to current
recycling is lost due to the presence of these components,
which results in increased MHD drag in the channels with
conductors.

Based on figure 12, the expression for the pumping force
from E is simplified in equation (5) by splitting the flow path
in 6 sections (see figure 11(b)). Each section has a length Δsi

(i = 1, 2, . . . , 6) and the magnitude of E is approximated with
the average CE,i in those sections. It was assumed that the

CE ratio does not change at different magnetic fields B0 and
currents I0, and verified later with simulation results (see
figure 15).

Moreover, in equation (5), CU is a coefficient that takes into
account the flow speed variation due to the change of cross-
section area along a flow path. In general, CU,i = 1 along all
sections Δsi of a flow path, except for Δs5, where CU,5 = A0

Ac
.

Moreover, A0 and Ac are the cross-sectional areas of the chan-
nels with downward and upward flow, respectively. Hence, the
expression for MHD drag is simplified in equation (5). The
result in equation (5) is similar to the expression obtained
by [25] to approximate the MHD-drag pressure drop in pipe
flows.∣∣∣∣

∮
C

(E + U × B) × B · dl

∣∣∣∣
≈ |U||B0|2

∮
Flow Path

(1 − CE)CUdl

≈ |U||B0|2
6∑

n=1

CM,iCU,iΔsi; CM = 1 − CE. (5)

ΔPvisc represents the pressure drop produced by viscous
losses on a flow path. Drag losses can be approximated as
1
2ρCD|U|2, where ρ is the mass density of galinstan and CD is
the drag coefficient. CD depends on the geometry of the obsta-
cles/bifurcations/bends encountered by the liquid following
the flow path.

For the case of divertorlets, pressure drops were considered
due to the presence of conductors ((CD)conds) in some channels
and the branch flow ((CD)branch) at the corners of the slats. The
coefficients were (CD)conds = 0.8 [26] and (CD)branch = 1.5
[27]. The total expression for viscous losses can be expressed
as follows:

ΔPvisc ≈
1
2
ρ|U|2

[(
A0

Ac

)2

(CD)conds + 2(CD)branch

]
. (6)

Finally, the magnetic Reynolds number Rm � 1, then B ≈
B0. After applying all these simplifications to equation (2),
an estimate of the average upward flow velocity for divertor-
lets was calculated at different currents I0 and magnetic field
strengths B0. Results from this analytical model are shown
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Figure 12. Ratio CE along channel with conductors for Cu–GaInSn divertorlets. Plot on the right shows the values of CE of the section
highlighted in green. Results shown from simulations with I0 = 900 A.

in section 3.4. The agreement found between the analytical
model and simulation results validated the applicability of
this analytical model for projections at higher magnetic field
strengths.

3.4. MHD-drag reduction

Following the results presented in [1], a toroidal divertorlets
configuration was designed with liquid lithium as the operat-
ing liquid metal and tungsten for the slats (W–Li divertorlets).
The electrical conductivity of tungsten used for simulations
was 17.9 MS m−1 [28]. Simulations were performed with two
modifications to optimize flow speeds of the system.

The first modification was the inclusion of a thin layer
of electrically insulating material that coats the walls of the
upward-flow channels (including slats and conductors). This
allows the reduction of MHD drag, as shown in figures 13
and 14. Additionally, the coefficients CM,i decrease, reducing
power requirements of the system.

The second modification allows the increase of the pumping
force caused by the external current density je. This is achieved
by increasing the area of the cross section of the conductors. h1

and hc were changed to 1 mm and 15.3 mm, respectively (see
table 1 for original magnitudes used). These two latter modi-
fications maximize n j and minimize CM to ∼0.06, as assumed
in [1].

Results from the latter two changes can be observed in
figures 13 and 14. Figure 13 shows the the magnitudes of the
MHD drag current σ(E + U × B) for two different configura-
tions: (a) ∼0.07 MA m−2 for a W–Li insulated system and
(b) ∼0.36 MA m−2 for the Cu–GaInSn divertorlets prototype
tested. Moreover, figure 14 shows that the magnitude of CE

increased, particularly in the critical region where it signifi-
cantly decreased for the case of Cu–GaInSn divertorlets (see
figure 12).

A summary of results from experiments, simulations and
analytical model is shown in figures 15 and 16. For generaliza-
tion purposes, electric currents are shown as current densities
j0 at the power inlet of the divertorlets system. The area used
for this calculation is A = (wch + hs)ls.

The performance of divertorlets has already been observed
in other liquid metal concepts [29]: an increase in magnetic
field strength causes an increase in MHD drag, which could
yield reducing flow speeds for the system when operating
above a specific magnetic flux density. This threshold is char-
acteristic of the liquid metal system and depends on elec-
trical properties of the liquid metal/slats and dimensions of
components.

It must be noted that the analytical model is in agreement
with the performance trends of both configurations of diver-
torlets (Cu–GaInSn and W–Li insulated). However, there is
a discrepancy between predicted values and simulation results
of W–Li insulated divertorlets. The drag coefficients (CD)conds,
(CD)branch were held constant, even though the magnitude of
flow speeds is different between configurations. Also, dimen-
sions used in simulations slightly changed between configu-
rations. A reduction of (CD)branch from 1.5 to 1.25 is enough
to yield agreement between the analytical model and simu-
lation results of W–Li insulated divertorlets. This observa-
tion suffices the analysis as the search of more accurate drag
coefficients is out of the scope of this work.

3.5. Heat flux exhaust

Severe temperature increases at the surface of a LM-PFC could
cause intense evaporation, which in turn may result in a loss of
material from the PFC into the nearby plasma [30]. Thus, the
maximum permissible temperature of a liquid metal defines
the critical heat flux qcrit that could be exhausted by a LM-PFC.
The relation between these two parameters can be established
through the semi-infinite slab model with a constant heat flux
at the boundary [31]. This model has been used to capture the
main effects of the exposure of a liquid metal flow to a heat
flux from the plasma [14, 30].

Consider the direction-alternating small streams of liquid
metal at the free surface of a divertorlets system (see figure 7),
which move under a uniform heat flux. Assuming the thickness
of the fluid flow is larger than the thermal penetration depth,
then the temperature increase ΔT(t) as a function of time t at
the free surface of a divertorlets system is approximated with
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Figure 13. Toroidal–poloidal view from top of current density distribution σ(E + U × B) for liquid metal in a channel with conductors.
Results shown are from a simulation with I0 = 900 A, |B0| = 0.3 T. (a) Liquid lithium–tungsten combination with insulated walls near
conductors. Plot shown does not include electric currents inside slats because of the electrical insulation around them. (b) Galinstan–copper
combination without insulated walls near conductors. Plot shown includes currents inside liquid metal and slats.

Figure 14. Ratio CE along channel with conductors for W–Li insulated divertorlets. Plot on the right shows the values of CE of the section
highlighted in green. Results shown from simulations with I0 = 900 A.

the semi-infinite slab model in equation (7) [31].

ΔT(t) = 2
q
k

√
αt
π
. (7)

In equation (7), q is the incident heat flux and α and k are
the thermal diffusivity and thermal conductivity of the liquid
metal, respectively. The time exposure of the liquid metal to
the plasma can be approximated as t = L

|U| . L is the distance
along which the liquid metal is exposed to the plasma (see
figure 7), and |U| is the flow speed of the liquid metal at the
free surface. After solving for the critical heat exhaust qcrit for
a divertolets system, equation (8) is obtained:

qcrit =
kΔTcrit

2

√
π|U|
αL

. (8)

For the case of liquid lithium, a maximum temperature
increase ΔTcrit could be set at 425 K, before the growth of the
evaporation rate with respect to temperature becomes expo-
nential with increasing temperature [7]. Figure 17(a) shows
the critical heat flux for a divertorlets system with L = 10 mm,
which is the same magnitude chosen for the prototype tested.

The relation between qcrit and the distance L in equation (8)
indicates there is an increasing permissible heat flux for the
system with a decreasing exposure distance of the liquid metal
to the plasma. For a fixed heat load of 10 MW m−2 [2], a
divertorlets system with L = 10 mm requires a flow speed of
≈0.7 m s−1, but one with L = 1 mm requires≈0.07 m s−1 (see
figure 17(a)).

Furthermore, figure 17(b) shows the significant change of
qcrit for different values of L. A smaller exposure length L can
either relax the requirements on flow velocity or increase the
heat-exhaust capacity of the system [30]. This advantage might
allow a divertorlets system to handle even more intense heat
conditions as the ones estimated in [32].

Caveats about the analysis with the semi-infinite slab model
have been previously mentioned [30]. Nevertheless, the semi-
infinite slab model captures the main effects and allows mak-
ing conclusions about the advantage of flow-path minimization
(reduction of L).

Additionally, the magnitudes of L shown in figure 17(b)
were chosen, according to the capabilities of manufacturers
[33], to illustrate its relation with qcrit. However, a final design
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Figure 15. Average upward flow speed at |j0| = 0.43 MA m−2

(I0 = 900 A).

Figure 16. Average upward flow speeds on a divertorlets system at
different regimes.

of a divertorlets system must allow the integration of a cool-
ing system, and the magnitude chosen for L might impose a
constraint for this purpose. Furthermore, the reduction of the
distance L requires the minimization of dimensions of other
components of the system, particularly the thickness ws of

the slats (see figure 4). The chosen distance L for a divertor-
lets configuration should be such that guarantees the struc-
tural integrity of the system against mechanical stresses dur-
ing operation. The consolidation of all these aspects will be
considered in future work.

A final observation is the fact that the heat flux received by
a divertorlets system could generate thermally induced electric
currents (thermoelectric magnetohydrodynamics (TEMHD))
[29, 34, 35]. TEMHD current densities are proportional to
S∇T, where S is the Seebeck coefficient, and∇T is the temper-
ature gradient in the liquid metal. The temperature distribution
in an operating divertorlets system depends on the cooling sys-
tem integrated into it. The analysis and design of such a system
have not yet been investigated.

A rough estimate of S|∇T| can be derived as follows:
the maximum temperature at the free surface of the liquid
metal is assumed to be T2 = 580 K, and the bottom temper-
ature is T1 = 473 K. The Seebeck coefficient at the average
between these two temperatures is approximately 50.3μV K−1

[36]. The temperature gradient is calculated as |∇T| ≈ T2−T1
wch+hs

.

Finally, |S∇T| ≈ 0.21 V m−1.
From the current density range shown in figure 16, it can

be concluded that |σ−1j0| � 0.6 V m−1 for the case of liquid
lithium. The latter indicates that the magnitude of |S∇T| is
comparable to |σ−1j0|. However, thermally induced currents
would also suffer the recycling effect due to current conser-
vation [24], reducing the overall thermoelectric current in the
liquid metal. Therefore, the overall pressure drop generated by
thermoelectric currents might be still small compared to the
pumping effect of the external current je. Future work must
include a detailed study of the localized temperature gradients
and their effect in the performance of divertorlets.

3.6. Power requirements

At the reactor scale, magnetic field strengths are of the order of
3 T and higher. This condition defines a new operation regime
at which viscous drag is negligible compared to MHD drag.
Hence, for reactor projections, the forces that drive the flow
around a slat are reduced to a balance between the pumping
from the externally applied current and MHD drag, as in [1]:
ΔPj×B ≈ 0. Thus, the electric current required for operation
of a divertorlets system with ls = 82.3 mm is as follows:

I0 ≈ |U||B0|
η j(hs + wch)

6∑
n=1

CM,iCU,iΔsi. (9)

Power requirements for the operation of a W–Li insulated
divertorlets system at the reactor scale are shown in figure 18.
Calculations shown are for a system with the dimensions of
the prototype tested for this article (L0 = 10 cm, see figure 7).
The system was assumed to form a complete annulus at the
divertor region, with a mean radius placed at a radial position
R = 5 m from the center of a reactor.

The electrical resistance R0 of a section of this divertorlets
system with an arc length of ls was calculated from simula-
tions (R0 ≈ 10.06 μΩ). The total resistance RT of the system is

calculated as an electrical circuit in parallel RT =
(

2πR
ls

)−1
R0.

10
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Figure 17. Critical heat flux for a divertorlets system at different liquid metal flow speeds and ΔTcrit = 425 K.

Figure 18. Reactor-scale projections for toroidal divertorlets. Note:
operation points shown are for a heat load of 10 MW m−2.

The total current IT for operation is IT =
(

2πR
ls

)
I0 (I0 is calcu-

lated from equation (9)). Finally, the total power required for
a divertorlets system is calculated as P = I2

TRT.
As shown in figure 18, the maximum power required to

operate a W–Li insulated divertorlets system is ∼0.8 MW. As
a projection for reactor scale operation, this power requirement
is small compared to the 300–500 MW net output expected
from the DEMO power plant [37]. At a magnetic field strength
of 6 T, the power requirements of the operation points shown
in figure 17(a) are shown in figure 18.

As a note, results shown are not representative of a final
design of a toroidal divertorlets system. This analysis showed a
first approximation of power requirements after demonstrating
the working principle of a toroidal divertorlets configuration.
The inclusion of a cooling system and instabilities from rapid
heating on the liquid metal must be regarded. The integration
of all these aspects will be considered in future work.

4. Conclusions

This work presents the analysis of the performance of a
toroidal divertorlets configuration at low magnetic field inten-
sities (|je × B0| � 0.23 MN m−3). Experiments demonstrated
the cyclical flow of liquid metal around the slats of a toroidal
divertorlets configuration, and simulations showed agreement
with experimental measurements. Based on this, an ana-
lytical model to describe flow speeds on a toroidal diver-
torlets device was derived and compared with simulation
results.

Agreement between simulations and analytical model was
shown. While there is a discrepancy in the flow speed
trends between experimental results and simulations/analytical
model, the error could be attributed to liquid-metal oxidation,
corrosion of the faces of the slats and pressure drops generated
by the plastic tubes used for measurements.

Furthermore, projections for the performance of this device
at the reactor scale were extrapolated using the model derived.
Results from projections indicate that the toroidal divertor-
lets meets the criteria stated in previous work [1] for quali-
ties desired in a non-evaporative liquid metal solution for heat
removal. Moreover, it was shown that the minimization of the
flow path length could allow a divertorlets system to withstand
heat loads of 10 MW m−2 and above, while operating in a flow
speed range that reduces MHD drag.

Future upgrades for a toroidal divertorlets configuration
must include the analysis of thermoelectric magnetohydrody-
namics effects on the system and the integration of a cooling
system, while looking forward to achieving flow path length
minimization and maintaining structural integrity.
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