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The Lithium/Metal Infused Trenches (LiMITs) concept, which utilizes the thermoelectric magnetohydro-
dynamic (TEMHD) driven flowing liquid lithium to cool the divertor surface, has been successfully dem-

onstrated at the University of Illinois. The IR camera results show that such self-driven flowing liquid
lithium in the open surface stainless steel trench structure can withstand heat fluxes of up to 10 MW/
m? for 10 s without significant evaporation. A clear asymmetric temperature distribution was observed
from the IR result and such asymmetry can be affected by the direction of the driven magnetic field. Ther-
mocouples are embedded in different positions to monitor the temperature within the lithium. These
direct measurements also reveal that flowing liquid lithium can effectively bring the heat from the direct
heating area and the efficiency can be influenced by magnetic field and heating power.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Heat transfer of the plasma facing component (PFC) is one of the
key challenges for first wall research. With the increasing power
needed for fusion reactors, traditional solid materials start to suffer
from the intense sputtering and thermal stress which may eventu-
ally lead to the failure of the PFC. An alternative is to use flowing
liquid metal such as liquid lithium, Sn-Li compounds, and gallium
[1,2]. The liquid metal flow and heat transfer related to fusion reac-
tor have been studied for years and the potential of using flowing
liquid metal is significant [3].

Using free liquid lithium for divertor was firstly raised at Uni-
versity of Wisconsin [4]. Gallium film was firstly used as the limiter
and later the divertor on T-3M [5,6]. Because of the difficulty to
flow liquid metal in strong magnetic field many methods have
been considered such as liquid metal film, liquid metal jets, and li-
quid metal droplets [7]. A big disadvantage of the above free-sur-
face flow methods is that liquid metal might ejects into plasma
due to the incoming current from the plasma [8]. Possible solutions
include grounding along the toroidal direction [9] and capillary
porous system (CPS) [10].

Among all possible candidate materials lithium has drawn a lot
of interest since the lithium injection experiment on TFTR showed
a significant improvement of the plasma performance [11]. The
passive pumping of hydrogen isotopes by liquid lithium surface
provides the ability of achieving low recycling wall [12,13]. During

* Corresponding author.
E-mail address: druzic@illinois.edu (D.N. Ruzic).
! Presenting author

0022-3115/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jnucmat.2013.01.085

open lithium surface experiment on CDX-U it was occasionally dis-
covered that a thin pool of liquid lithium can withstand 60 MW/m?
of electron beam heating without significant evaporation and li-
quid lithium can swirl by itself [14]. More experiments and analy-
sis [15] revealed that this is due to the thermoelectric
magnetohydrodynamic (TEMHD) driven flow, originally discussed
in 1979 by Shercliff [16]. Based on this effect a new concept, the
Lithium-Metal Infused Trenches (LiMIT), which drives liquid lith-
ium flow in open-surface metal trenches was envisioned and pro-
ven feasible at the University of Illinois [17]. Liquid lithium was
observed to flow inside the trench at the speed of 0.22 +0.03 m/
s. A one dimensional model was developed to describe the flow in-
side the structure [17]. In this paper the detailed heat transfer of
this concept will be discussed to reveal its potential application
for fusion reactors.

2. Experiment design and setup

The thermoelectric effect is the key of LIMIT concept. When a
temperature gradient exists, charge carriers tend to diffuse more
along the temperature gradient and, just like in thermocouples,
such diffusion can drive thermoelectric current inside heated li-
quid metal. In experiment this thermoelectric current is affected
by an external magnetic field to drive the liquid lithium flow along
stainless steel trenches.

The experiment setup is shown in Fig. 1. The purpose of LiMIT is
to build a self-driven flow in magnetic field to remove the severe
heat flux of fusion reactor while presenting a fresh lithium surface
to the plasma. In our experiment, a linear electron beam with
Gaussian distribution generating heat fluxes <10 MW/m? is used
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Fig. 1. Experiment setup for the TEMHD driven lithium-metal infused trench flow
experiment.
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Fig. 2a. Top view of the trench with stainless steel tray.
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Fig. 2b. Cross section view of the tray design. Four thermocouples (TC1-TC4) are
embedded. TC3 and TC4 are embedded in the trench. TC1 is attached to the bottom
inner face of the tray. TC2 is attached to the back side of the trench structure.
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to mimic the high heat flux in the divertor. A Helmholtz coil is used
to generate a magnetic field parallel with the electron beam which
ranges from zero to about 800 Gauss.

The lithium tray is tilted by 60° relative to the floor so the angle
between the beam and the tray is about 30°. Liquid lithium does
not fall out of the trench because of the surface tension. An infrared
camera (Inframetrics 760) is used to monitor the surface tempera-
ture change of the trench.

The lithium tray has 2 mm wide and 1 cm deep stainless steel
trenches built on the top side and a gap at bottom side for return
flow which form a closed loop. The top surface is heated by the
electron beam while the bottom surface is actively cooled. Four
thermocouples (TC1-TC4) are embedded inside lithium (see
Figs. 2a and 2b). TC4 is placed closer to the direct heating area than
TC3 and the reason will be discussed in detail.

3. Results
3.1. IR camera measurement

The IR camera is observing the lithium surface through a ZnSe
viewport. Since the emissivity of liquid lithium is very low, the
IR measurement becomes sensitive to the emissivity calibration.
Previous in situ calibration found that the emissivity of liquid lith-
ium between 200 °C and 300 °C is about 0.046 and the wavelength
range of the IR camera is 8-12 pm [18]. The IR measurement can
be disturbed by the IR emission from the impurity scale on the sur-
face which looks like a hot spot in the IR image and the reflection of
IR light from the beam filament. Without the acceleration voltage
one IR image was taken when the filament is heated to the re-
quired temperature as a background image. After IR measurement
was taken in experiments the subtraction of both images gives the
actual temperature rise caused by heating.

Fig. 3 is the temperature increase when the tray was heated by a
3 MW/m? beam for about 20 s and the transverse magnetic field is
589 Gauss. In the IR image lithium trenches look like cooler thin
stripes lying horizontally and the hotter region is mostly stainless
steel wall and impurity since their emissivity is higher. Some cold
spots in the hot region are caused by the subtraction of the satura-
tion regions. The asymmetric temperature distribution is clearly
shown in the figure. It is predicted that lithium flows from right to
left and Fig. 3 shows that such flow can bring the heat away from
the center region to the left side while the right side has much smal-
ler temperature increase. At the position where lithium meets the
electron beam the steep temperature gradient can be observed.

When the magnetic field is changed to the opposite direction,
the liquid metal is expected to invert its flow. This is confirmed
by our experiment, where an asymmetry of the temperature distri-
bution is found after the reversal of the field, as reported in Fig. 4.

3.2. Thermocouple results

Fig. 5 shows the temperature change of embedded thermocou-
ples when lithium was heated from solid to liquid. Because TC4 is
placed closer to the heating area, its temperature increases faster
than TC3 and the temperature difference keeps increasing. After
the lithium starts to melt TC4 does not increase while TC3 in-
creases to the melting point. After the lithium is totally melted
the flow starts to build up which brings cooler lithium towards
the heating area and transfers heat from the heated area to the
downstream side so that the subtraction of (TC3-TC4) quickly be-
comes a positive value, which is also proved by the IR image. This
flow also increases the heat transfer to the back flow channel and
this explains the speedup of the TC1 temperature increase after the
top trench is totally melted (at t ~ 40 s).

Previous swirling flow experiment [15] found that TEMHD dri-
ven flow can exist for a long time after the direct heating is turned
off while the magnetic field still exists. Such effect also appears in



S424 W. Xu et al. /Journal of Nuclear Materials 438 (2013) S422-5425

AT (°C)

250

g 200

S 1150
.‘§

4 100
>

x-position (cm)

Fig. 3. Surface IR temperature contour of liquid lithium when the center is directly
heated [17].
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Fig. 4. Surface temperature contour of liquid lithium after the magnetic field is
changed to the opposite direction.
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Fig. 5. Temperature changes of embedded thermocouples when lithium is heated
from solid to liquid phase.

the trench flow, as is shown in Fig. 6. After the heating is turned off
the inlet temperature will stay at a high value for about 3.1 s before
it starts to decrease. If the magnetic field is turned off when the
heating stops the temperature of the outlet will immediately de-
crease. In addition with the magnetic field the speed of the falling
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Fig. 6. Comparison of the temperature changes of thermocouples inside the lithium
trench when the magnetic field is kept on or off after the electron beam is turned
off.

temperature difference between TC3 and TC4 quickly decreases to
a low value since the continuous flow acts to even-out the temper-
ature profile along the trench.

A simple 1D model built in the previous work [17] reveals that a
higher heating power can lead to a higher temperature gradient
which will in turn accelerate the fluid and mitigate the temperature
gradient. The overall effect is the relation between the temperature
increase and the heating power is less than linear. This is also ob-
served in Fig. 7a. After the beam is turned on, the temperature differ-
ence between inlet and outlet starts to ramp up, but after few
seconds (<5 s) it becomes stable since the fluid has already been
accelerated to a stable velocity and during the 30 s heating pulse
the temperature difference keeps more or less stable. From 1 kW
to 3 kW the temperature difference only increases by a factor of two.

The 1D model also predicts that as a function of the magnetic field
the temperature difference decreases to a minimum point and then
increases. According to our calculation within the experiment
parameter range the temperature difference should increase when
the magnetic field increases. But in Fig. 7b the temperature differ-
ence seems decreases when magnetic field increases. More experi-
ments need to be done to explore this effect on a larger magnetic
field range.

4. Discussion of the heat transfer

From the IR contour the intensity values along the trenches (to-
tally 10 trenches are chosen) are measured and scaled to the temper-
ature. This process gives the average temperature increase along the
lithium trench of 28.3 + 9.8 °C across the heating area. The compara-
bly large error may come from the influence of the surface impuri-
ties. From previous experiments it was discovered that when the
heating power is 1500 W and the transverse magnetic field is
589 Gauss the flow velocity is 0.22 +0.03 m/s by particle image
velocimetry (PIV) [17] which gives a Peclet number of about 43 so
that the convection heat transfer should dominate. Assuming that
the energy absorbed by the trench is all transferred out by the flow
and assuming a linear temperature change from the top to the bot-
tom of the trench, the average flow velocity can be roughly esti-
mated by i = ﬁ where q is the power absorbed by the trench
(75 W), p is the dehsity, G, is the heat capacity, h is the height of
the trench (1 cm) and w is the width of the trench (0.2 cm). The cal-
culated velocity is 0.12 + 0.04 m/s and this differs from the velocity
measured in experiment almost by a factor of two.

The influence from the beam current is not the reason for the big
difference. The current from the beam is 150 mA and it is deposited
onto a 7 cm by 0.7 cm rectangular area which leads to about 300 A/
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Fig. 7a. Temperature differences between inlet and outlet of a lithium trench with
different power.
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Fig. 7b. Temperature differences between inlet and outlet of a lithium trench in
different magnetic fields.

Table 1
Heat transfer of the trench flow through conduction and convection.

Total power Conduction heat transfer Convection heat transfer
W) (W) (W)

1056 494 (47%) 526 (53%)

1655 651 (39%) 1003 (61%)

1928 729 (38%) 1199 (62%)

2418 842 (35%) 1575 (65%)

2963 972 (33%) 1991 (67%)

m? current density while the thermoelectric current density esti-
mated as So(8T/dz) is 1.75 x 10° A/m?. The induced MHD current
is of the same level as the thermoelectric current. So the current from
the electron beam can be safely neglected.

However some initial 3D fluid simulation reveals that such flow
seems to have a fast top layer while most part of the fluid stays at a
comparably lower velocity. In the region close to heated stainless
steel wall the flow velocity will speed up to increase the local heat
transfer rate which makes the assumption for the energy balance
not completely valid.

Due to the flow in the long and narrow duct, little amount of lith-
ium flows from top surface to the bottom of the trench and in this
case the Peclet number on the direction from top to bottom is small.
The heat transfer inside the trench should include conduction from
top to bottom and convection along the trench. If the temperature
of the bottom inside the trench is assumed to be the same as the inlet
then in Fig. 73, then the conduction heat transfer can be easily calcu-
lated with the measured temperature difference. The convection
heat transfer can be calculated by the subtraction from the total ab-
sorbed power. Table 1 shows the portion of conduction and convec-
tion of which the convection part is larger when the total power
becomes higher.

5. Conclusion

In this paper the heat transfer of the TEMHD driven open duct
flow is investigated. With an IR camera and embedded

thermocouples the unique temperature variation in response to sur-
face heating and magnetic field is measured and analyzed under dif-
ferent experiment conditions. Heat transfer analysis reveals that
LiMIT concept has the ability to achieve surface heat flux mitigation,
convection cooling and passive pumping of liquid lithium in a low
magnetic field and may be extendable to higher fields as well. Future
work will include a complete 3D heat transfer and fluid flow model
that can describe the detail of the fluid field, as well as experimental
validation at higher magnetic fields. The MHD effect on the heat
transfer, especially the cooling of the wall in the direct heating re-
gion, would be an important topic for the application in real fusion
reactors.
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