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Experimental and numerical research in a strong magnetic field is described in this article testing silicon carbide
(SiC) flow channel inserts (FCI) in lead-lithium (PbLi) liquid metal flow. The study aims to further develop the
High-Temperature Dual-Coolant Lead-Lithium nuclear fusion blanket concept by testing new variations of SiC
inserts operating in the relevant electromagnetic conditions. These inserts act as electrical insulators in mag-
netohydrodynamic lead-lithium flow and can also play the role of the thermal insulator in the potentially real
fusion environment. The liquid metal pressure and integral flowrate measurements were performed on up to 5T
DC magnetic field created by a superconducting magnet at high temperatures up to 700 °C, which is close to the
real fusion environment. Comparisons of several cases with and without inserts are provided, demonstrating
their impact on hydraulic resistance. Additionally, electrical potential distribution is recorded on the lead-
lithium channel walls, which can be used to evaluate the character of liquid metal velocity distribution in the

lead-lithium channel.

1. Introduction

A High-Temperature Dual-Coolant Lead-Lithium (HT DCLL) fusion
blanket concept is a promising option for future nuclear fusion reactors
[1-3], such as DEMO [4]. It allows achieving reasonable safety re-
quirements, high thermal efficiencies, and relatively simple working
principle [5,6]. The idea is based on the combination of separate flows of
helium gas and liquid lead-lithium (PbLi) eutectic alloy through the
system of channels typically made from stainless steel. In this case, the
liquid metal acts as a coolant and, simultaneously, as a breeder material,
producing tritium. The tritium is used as one of the fuel elements in the
tokamak, thus making energy production self-sufficient. However, the
critical aspects of this type of blanket are significant challenges and
difficulties related to the high magnetic field. Liquid metal blanket
systems are characterized by the fact that it is impossible to circulate the
coolant without crossing magnetic fields. The magnetic field for con-
trolling and confining the fusion plasma inside the power plant’s
toroidal chamber significantly influences the lead-lithium flow [7,8].
The liquid metal flow in a strong magnetic field induces electric currents

in PbLi. In this case, these currents interact with the applied magnetic
field, creating Lorentz force and, thus, a retarding force is generated in
the liquid metal loop, opposing the main flow, which increases hydraulic
resistance.

Furthermore, structural walls of the blanket channels typically have
relatively high electrical conductivity. This leads to the phenomenon
that induced eddy currents have trajectories that close through these
metallic walls [9,10]. In this case, these currents interact with the
applied magnetic field, creating a Lorentz force opposing the main flow
and increasing hydraulic resistance [11]. A well-known option to reduce
the liquid metal magnetohydrodynamic (MHD) pressure drop is the
introduction of insulating flow channel inserts (FCI) inside the
lead-lithium channel [12-14]. By using this approach, it is known that a
pressure reduction factor of several hundred has been predicted with
fully developed models [15,16]. A suitable material candidate for this
purpose is silicon carbide (SiC) [17-20]. This work is a continuation of
research performed by C. Soto [21-24]. In our study, new,
hollow-shaped, SiC porous inserts were manufactured. The production
was done by the gel casting method, and the porosity was controlled
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using the sacrificial phase technique. Porous inserts were covered by a
protective dense SiC layer of chemical vapor deposition (CVD). The
purpose of this layer is to prevent the liquid metal from infiltrating the
pores [22,25]. This covering was performed from all sides of the FCI,
although the inner coating thickness was roughly two times thicker than
the outer coating. More details concerning the FCI’s, their
manufacturing aspects and methodologies can be found in the work of
Perez Polo et al. [26] and Katoh et al. [27]. These inserts were then
located and tested in several experiments in the lead-lithium flow under
the influence of the magnetic field. An important observation that was
found after the tests during the sample analysis was that the dense layer
remains undamaged, and there is no sign of PbLi infiltration in the
porous core. This is also described in [26].

As reported in [28], numerical MHD simulations nowadays can reach
values of Hartmann number several tens of thousands. However, the
conditions for physical laboratory MHD experiments do not allow the
achievement of such high Hartmann numbers. Among the recent ex-
periments in the world, it is worth noting the fusion-related works
performed in China [29] on the PbLi loops, named “Dragon,” performing
MHD flow channel and corrosion studies. Up to now, these works were
performed on moderate Hartmann numbers till Ha=458 and B = 2T
magnetic field. In [30] there is reported an MHD experiment on the
“Dragon-IV” loop, where the PbLi temperature reached 650 °C in an
electrically conducting rectangular duct.

A new lead-lithium experimental facility is being developed in India
[31] to perform both isothermal and thermo-fluid MHD experiments
(B~1.4 T) in a variety of test mockups with different PbLi flow config-
urations. Also, similar studies are in preparation and being conducted in
MHD facilities in Japan [32], Korea [33,34], and Russia [35].

It is worth mentioning that laboratory MHD flow experiments are
typically conducted at temperatures lower than in a real nuclear fusion
reactor [36-38], till around 500 °C. As an example for higher temper-
atures, in [39], are reported experiments on the already mentioned
“Dragon” loop for SiC¢/SiC compatibility tests in static liquid PbLi at
700 °C, however, without an applied magnetic field. In [21] is reported a
corrosion experiment with dense-porous SiC-sandwich material samples
under static PbLi at 700 °C and 1.8-2T magnetic field. The same article
presents other test results under dynamic conditions with flowing PbLi
at ~10 cm/s and 550 °C under the same magnetic field. In contrast, in
our 5T magnetic field experimental session reported in the present
article, we managed to perform a dynamic test reaching more than
700 °C, relevant to the real fusion environment, that others have not
done before. So far, there are no experimental data available on the
MHD pressure drop under conditions similar to ours. The highest
Hartmann number reached experimentally in our study was Ha=1118.

In the already mentioned article [13], a successful experiment is
reported with insulating FCI in a magnetic field up to 2T, performed at
the Southwestern Institute of Physics in China by Smolentsev et al.
However, a room temperature InGaSn eutectics was used as a working
fluid, and the insert was made from epoxy. This experiment gave a good
pressure drop reduction compared to bare duct MHD flow. However, a
disagreement between numerical and experimental data has been
observed. It is worth mentioning that a square-shaped insert was man-
ufactured for the InGaSn experiment with specific pressure equalization
slots and holes that can change FCI electromagnetic performance.

A relevant experimental work was also performed at Karlsruhe
Institute of Technology (“KIT”) [40]. The reported test section consisted
of an electrically insulating layer covered on both sides by steel sheets. It
is shown that FCIs may reduce pressure drop by more than one order of
magnitude. The fundamental difference between our experiments is that
the duct cross-section, performed by German scientists, is circular
instead of rectangular. Another difference is the working fluid, which
was the NaK instead of PbLi.

A similar experiment with square-shape SiC FCI was performed at the
University of California, Los Angeles (UCLA) on the MaPLE facility [41],
reported in [42]. The dimensions of the FCI were larger than in our
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study; however, it was found that PbLi infiltrated the pores of the FCI,
increasing the MHD pressure drop on the inserts. The comparison with
numerical models and MaPLE loop experiments are presented in [43].
The article shows that the FCI dimensions of the American experiment
were much higher than in our experiment conducted in IPUL. Also, the
magnetic field and PbLi temperature were lower than in our presented
research.

2. Experimental setup

A special experimental setup was designed for the purpose of this
experiment (see Fig. 1) in the Institute of Physics of the University of
Latvia (IPUL). It consists of a superconducting magnet with a 1 m length
in the axial direction and a PbLi liquid metal loop. The loop consists of
an electromagnetic pump with permanent magnets to pump the liquid
metal, a conduction type electromagnetic flowmeter for measuring
developed PbLi flowrate, a liquid metal filling tank, vacuuming, and
loop pressurizing system, pressure, temperature, and electric potential
measuring units across all the loop and also electrical heating control
circuit [44]. The temperature was measured with “K” type thermocou-
ples that are welded on the surface of the liquid metal loop directly on
the stainless steel channel. Heating was performed with 4 m long
commercially available wire-type electrical heaters: “Horst p-64,653’, t
(max)=900 °C. These heaters are wired to the liquid metal channel of
the loop and connected to the automatized thermoregulators and “Na-
tional Instruments” data acquisition (DAQ) and control system, based
on: “NI ¢DAQ-9188". Computerized heating system control was per-
formed with the self-written program in the “LabView” environment.

Pressure drop measured for the whole PbLi loop was measured with
“BD Sensors” series “DMP 331" relative pressure transducers with
measuring accuracy 0,35% of 5 bar full scale. The NI-DAQ module in-
troduces additional measurement error; the DAQ accuracy program-
matically configured for the measurement module in the “Labview”
software was 0,15%, according to the NI-9205 analog data measuring
module datasheet [45]. Also, random error can be distinguished sepa-
rately. In the presented graphs of this article, every measured data point
was acquired from the series of 10 measurements for one particular
regime, calculating the average (mean) value and, after that -
root-mean-square deviation. This leads to the result of the absolute
random measurement error of 0,1%, which corresponds to +/- 1 mbar.
Thus it can be seen that the error from our measuring equipment is more
than three times higher than the calculated random error. So the final
absolute error of the measurement can be assumed to be 0,35%-0,
15%=0,5%. This corresponds to a 25 mbar error, and this trend persists
during an experiment in other points as well. In contrary, pressure drop
measurements performed for the test section (further in the text, an
abbreviation is used — “TS”) were done with differential pressure sensors
“Huba Control 692" with accuracy 0,5% of 0,2 bar full scale. In the same
way, described previously, this leads to 0,65% final error corresponding
to roughly 1,5 mbar. Taking this into account, in all graphs presented in
this article, where the corresponding pressure measurement error bars
can not be seen, this means simply that the error is small and is not being
omitted.

In the pin potential graphs, the electric potential measurement error
is higher and reaches 7,05%. The maximum random error calculated for
PbLi velocity obtained from electromagnetic flowmeter measurements
was found to be 3,5%.

Another source of additive pressure measurement error comes from
the fact that pressure was measured not in direct contact with liquid
metal but in the cover gas in the expansion tanks. This means that the
correction for liquid metal column (head) difference in expansion tanks
should be added to the gas pressure difference (pressures measured by
sensors). This correction can be calculated by using the expression
provided in [37,46]:
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Fig. 1. (a) Schematical drawing of the experimental setup; (b) Photograph of PbLi MHD loop.
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where Py and Py, are initial gas pressure in the inlet and outlet
expansion tanks, respectively, in no flow condition. Py and Py, are gas
pressure in those tanks while liquid metal is flowing. hy;; and hy;, are the
initial height of the gas column in the inlet and outlet expansion tanks
respectively. p is the density of the PbLi and g gravitation acceleration.
AP is resulting pressure difference. This correction is integrated into the
total resulting pressure difference by the third term in Eq. (1) and hence
is not separated as an additional error by using error bars in the graphs
provided in this article. The maximum value of correction was observed
to be 10%, with the tendency of higher corrections for lower pressure
differences and, thus, smaller corrections for higher developed pressure
differences. This agrees well with the observations reported in [46]. To
summarize, it can be seen that more significant error occurs from ve-
locity measurements either than from pressure.

Several safety measures were implemented because the mechanical
strength and durability of the stainless steel loop at high temperatures
up to 550 °C can drop. First, the pressurization of the loop was per-
formed with Ar gas mean pressure lower than 1,5 bar. Second, the
external mechanical loading of the loop was reduced. Finally, it should
be noted that the present liquid metal loop was subject to only one
experimental session and is not intended to be used repeatedly.

The part of the loop inserted into the superconducting magnet, as
already mentioned, is called the test section. It is a U-shaped rectangular
duct [47] made from a 316 L stainless steel, with FCI inserted and fixed
inside the center of the channel, as shown in Fig. 2.

As can be seen from Fig. 2, the geometry of the tested FCI is a hollow,

0

straight, rectangular-shaped tube with rounded edges. The thickness of
the FCI walls is 5 mm, as seen from Fig. 3b.

The insertion depth of the TS was 30 cm deep inside the magnet. This
distance was chosen to ensure the homogeneity of the magnetic field in
the location where the TS is located. The magnetic field distribution of
the magnet was investigated before the experiment. It was found that
the field is constant, starting at a distance of 20 cm from the end of the
magnet. This data was taken from the magnet technical specification;
see Fig. 4 [48], as stated, measured with “Bell” gaussmeter. In addition,
an experimental laboratory procedure was performed to confirm the
magnetic field evolution tendency. As can be seen, the experimentally
measured points effectively extrapolate the provided curve taken from
the manufacturer-provided data. In the provided magnetic field distri-
bution plot the y = 0 cm coordinate origin corresponds to the middle of
the magnet bore. The red dashed line shows the end of the magnet. So it
means, that only the half of the magnetic field profile is shown, and, thus
full length of the magnet is 106,55 cm. Only axial field component is
plotted. As can be seen, starting from 30 cm distance from the center, the
magnetic induction drops from 5T in the middle to 2T in the end of the
magnet. The magnetic field measurements performed in the IPUL were
done with a gauss-/teslameter “Magnet Physik FH 54". The measure-
ments were done on a 30T measuring range with the accuracy of 90 mT,
corresponding to 0,3% precision for DC magnetic field measurements
[49].

The pressure was measured at several positions across the loop - in
close vicinity of FCI (Fig. 5, gray tube connections, red dots in Fig. 3) and
also in the middle of the loop, thus in the location that is located outside
of the high magnetic field zone [50]. This last position is indicated with
the blue ellipse in Fig. 1(a). In this way, the pressure was measured for

Fig. 2. (a) TS with straight FCI; (b) FCI after PbLi tests.
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Fig. 5. Location of tubes and pins for pressure and electrical potential
measurement.

the whole loop (further in the text, an abbreviation is used — “WL”). This
was done to estimate the magnitude of potentially unwanted MHD
pressure drop in the ends of the superconducting magnet. The reason for
this additional pressure is the specific closure path of the magnetic flux

lines [51]. In this case, these lines also cross the horizontally placed
tubes of the liquid metal loop, thus inducing additional electric currents.
So it was desirable to have main pressure difference measurements done
as close to the TS FCI as possible. The cross-section of the main loop is
round-shaped, and, as can be seen in Figs. 2(a) and 3(b), there is a
transition from a circular to a rectangular shape in the cross-section. The
dimensions and position of the FCI in the channel are shown in Fig. 3,
and some dimensions are also plotted in Figs. 2(a) and 5.

To investigate the distribution of liquid metal in the cross-section of
the TS, 40 pins were installed at 5 different cross-sections, 4 pins on each
side of the channel (Fig. 5, denoted with letters A to E). The electrical
potential distribution on the channel walls can be used to evaluate the
character of the PbLi velocity distribution in the channel.

The relation between velocity and electric potential can be described
by the expression:

a

(p:B/udx. (2)

—a

In this equation, “x” is the plane coordinate in the direction from one
potential measurement pin to its opposite one. “B” is the magnetic field
induction component perpendicular to the Hartmann walls. “a” is the
half of the channel width, so the “-a” till “a” is the distance from the
potential measuring pin to its opposite one. “u” is the corresponding
liquid metal flow velocity component, that is perpendicular to the vec-
tors of the magnetic field and current density.

However, this expression can be used only when the wall conduc-
tance ratio is small enough because if the channel wall conductivity is
high, a significant part of electric current flows through it. This results
that the integration of the induced current density in the liquid metal
over the PbLi-used cross-section is not equal to zero anymore. The wall
conductance ratio, given in many articles such as [52], can be given as
follows:

Owhy
C= oL 3)
where o, and t,, denote the electrical conductivity and the thickness of
the wall. On the other hand, ¢ is the PbLi electrical conductivity and L is
the characteristic length, that is taken as half of the SiC FCI edge length.
Our estimations show that the wall conductance ratio is C = 0.178,
which is much lower than unity. However, this result still is the case of
relatively high wall conductivity. For example, experimentally reached
Hartmann number (dimensionless parameters are described in the next
chapter) Ha=1000 in this study yields the product of Ha*C = 178. Thus,
increase of hydraulic resistance ratio with field/without field is signifi-
cantly higher in comparison with the case for insulating walls. So, in
general, the velocity relation to electric potential can only be acquired
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by means of numerical modeling.

The resulting potential difference is acquired by subtraction between
measurements obtained from both sides; thus, it is a difference between
the potential on one side and the other.

3. Measurement results and discussion
In total, three different experiments were conducted:

e The first experiment was performed with stainless steel TS.
e The second one was done with FCI at 500 °C.
e The third experiment was done with FCI at 700 °C.

In Table 1., there are summarized experimentally used material
properties: a) for stainless steel, b) for FCI inserts, with the data provided
by CEIT, 3) for several PbLi physical parameters for both temperatures
of interest [53].

3.1. MHD experiment without FCI

The first experiment’s pressure and velocity measurement results are
presented in Fig. 6. The data, shown in Fig. 6., are acquired by
measuring the pressure drop on the WL. The measurements are repre-
sented in 2 ways: Ap = f (v) on different Ha and Ap = f (B) on different
Re, where Re corresponds to the Reynolds number:

Re = —, 4
v

and Ha corresponds to Hartmann number:

Ha = BL\/‘E, )
Y2

where:

B - magnetic field induction,

L - characteristic length: half of the SiC FCI edge length,

o — PbLi electrical conductivity,

u — dynamic viscosity of the PbLi,

v — kinematic viscosity, v — liquid metal velocity.

The results are plotted both in a dimensional and dimensionless form
on the same graphs (here and after — Figs. 6, 9, 10, 12, 14 and 21).
Measurements of PbLi velocity were performed at approximately 1, 8.5,
15, and 22 cm/s. The magnetic field was increased by 1T step till 5T. As
can be seen from Fig. 6., the shape of the curves on a high magnetic field,
higher than ~2T, is purely linear. On a magnetic field lower than 3T, it is
difficult to distinguish pressure measurements on such small maximum
velocities as in this case, so in the next experiment, more Ap points were
acquired on higher velocities. However, looking at Fig. 6(b), it can be
seen that the increase of magnetic field at the beginning of the curve
gives only a small rise in pressure for higher velocities. After a further
growth of the magnetic field, the rate of the pressure rise increases and
becomes higher.

Table 1
Experimentally used material properties and PbLi physical parameters on T =
500 °C and 700 °C.

Density [kg/m®] Dynamic Electrical
viscosity conductivity [S/
[Pa*s] m]
PbLi on 500 °C 9600 0,0014 812 363
PbLi on 700 °C 9362 0,001 733 424
Stainless steel 7750 - 1 390 000
SUS304 on
500 °C
FCI inserts on The range between - 0.0031142

500 °C 1840 and 1940, with

porosity 40-46%
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For electric potential measurements in the case without FCI under a
1T magnetic field, two metal flow directions were considered — direct (E-
A) and reversed (A-E). The measurement results and comparison of these
tests are shown in Figs. 7 and 8. In this particular test, the high flowrate
mode was chosen when the induced potential is sufficiently high and
more than 10 mV, corresponding to an average PbLi velocity of around
50 cm/s. The average velocity is calculated from electromagnetic
flowmeter measurements considering the corresponding cross-section
area at a specific position.

In Fig. 7 and 8, for example, analyzing the reverse flow, it can be seen
that in the input of the flow (cross-section — A), the shape of the potential
distribution is parabolic. Going further through the following cross-
sections, the profile is flattened. As a result, on the last cross-section
(E), all 4 measuring points tend to align in one horizontal line. This
can indicate a presence of the Hartmann effect even under such a rela-
tively low applied perpendicular magnetic field. The opposite, but the
same flow character is observed in the forward flow direction, where the
input is in the cross-section (E). This means that the profile is flattened in
the same way as described before; only the flow direction is opposite. In
Fig. 8 the moving tendency of measuring points is indicated with the
yellow arrows. Thus, it is possible to follow and observe the flow
development under the magnetic field. As can be seen, all data points,
taken on the same measuring spot, are close to each other. In this case it
can be explained mainly by the relatively low applied magnetic field and
limited pin potential measuring accuracy.

Comparing the forward and reverse cases, for example, in the cor-
responding input of each flow, it can be seen that the difference in the
potential levels in both cases does not exceed 3%. This can be observed
for example comparing cross-section A — forward flow and cross-section
E - reverse flow. However, this difference can most likely be explained
by a certain displacement of the facility and magnetic field positioning
during the tests caused by vibrations and minor inaccuracies of the
system and WL.

3.2. MHD experiment with FCI

The first test with a FCI was performed on the liquid metal temper-
ature 500 °C. In this case, the pressure and velocity measurements
are shown in Fig. 9, similar way as in Fig. 6. This time, measurements
were done at two times higher velocities, up to 46 cm/s. The char-
acter of the curves obviously remains the same and stays linear in the
case of the high magnetic field. The pressure comparison on the
highest field of 5T in both cases with and without SiC inserts is
plotted in Fig. 10. It is observable that the introduction of insulating
material inside the flow reduces the MHD pressure drop by approx-
imately 2 times.

There is also plotted theoretically calculated pressure drop on the
test section for the case without FCI. The configuration of a square
section channel with conducting walls under a uniform transversal
magnetic field is a well-studied case by several authors such as
Walker [54], Lielausis [55], Tillack, and later reported by Smo-
lentsev [28] under the thin-wall hypothesis. There is also a good
agreement observed with Miyazaki’s works [56]. By using the
assumption of a uniform electric current density, this correlation can
be written as:

C

ky=— . 6
P+ AE+C ©®

In this equation “a” stands for half length of the Hartmann walls, and
“b stands for half length of the side walls (in this case, equal with “a™).
The relation between the hydraulic resistance k, and dimensional
pressure gradient Vp is described by the equation:
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Fig. 6. WL pressure and velocity measurements in case without FCI on 500 °C: a) Ap = f (v) and p*=f(Re) on different Ha=const; (b) Ap = f (B) and p*=f(Ha)
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The corresponding estimated MHD pressure drop on the empty
channel is plotted in Fig. 10.

Unfortunately there were no TS pressure measurements performed
for the case without FCI, that could be used for comparison. However
from these data it can be seen, that about 5% of the pressure is lost in the
distance from the test section pressure transducers, till the further placed
pressure sensors. This could be explained by the possibly still relatively
strong stray magnetic field outside of the superconducting magnet cy-
lindrical zone, in the position where PbLi loop horizontal tubes are
located. This was already discussed in the experimental setup section,
that the magnetic field in this region has a component that is perpen-
dicular to the horizontal flow in the circular pipe. The reason for this is
the closure path of the magnetic field lines. Of course, a certain level of
ordinary hydrodynamic pressure drop in the liquid metal channel is also
always present in such cases.

The corresponding electric potential distribution profile is plotted on
a 5T magnetic field and velocity of 10 cm/s, coupling all cross-sections
in one graph (Fig. 11). In this case, the character is entirely different if
analyzing it stepwise, going through each cross-section individually. As
can be seen, in the input of the flow (Fig. 5- cross-section (A)), the po-
tential is high. This corresponds to the level where the magnetic field is
going only through liquid metal, and FCI is not present. Then, going to
the cross-section (B), the flow enters the beginning of the insert zone, so
the electric potential level decreases. The explanation for this is
straightforward. The induced electric currents in this zone are not
allowed to fully close through stainless steel walls as before. Further,
when the flow continues to go deeper into the insert zone, it reaches the
middle of the FCI (zone - C), where the induced potential is lowered to
the lowest possible level. Later, when the PbLi is going to the output, the
potential increases again, as can be seen in (D). Finally reaching the
output (E), the electric potential level is raised again to the initial level.
Due to the high vibrations during the experiment, some pins lost electric
contact, so in Fig. 11 several lines have only 3 points. This was fixed in
the next test.

Data represented in Fig. 7 was a preliminary experiment on low
magnetic field B = 1T, to test functionalities of the experimental facility.
On contrary, the high magnetic field (B = 5T) and low PbLi velocity (10
cm/s) mode in Fig. 11 was chosen, because this was the regime for long-
time SiC FCI corrosion test, described in the article of B. Perez Polo et al.
[26].

In Fig. 12a, there are shown results directly measuring the pressure
inside the TS, corresponding to tube connectors shown in Fig. 5. As can

be seen, the character of the graphs is similar to those observed in
Figs. 6a and 9a.

By using the already presented data, it is helpful to assess the pres-
sure reduction ratio (PRR). It can be obtained using the pressure drop in
the case without FCI divided by the pressure drop in the case with FCI. In
Fig. 13, two cases are plotted: taking pressure measurements from TS
and WL. Since there were no pressure measurements performed for the
TS case without FCI, these values, which were used in Fig. 13(a), were
calculated by the expressions (6) and (7) provided by Tillack.

For high Ha numbers, it can be seen, especially from Fig. 13(b), that
the PRR dependency of the Ha number is non-linear, and a slight in-
crease in the magnetic field gives a solid rise for PRR. Simultaneously,
the error bars are also higher for the smaller values of Ha numbers. This
can be explained by the low-pressure values for the low Ha under the
same Re numbers, as seen in Fig. 13(a). This leads to the relative error
values being higher for the lower Ha. By lowering the Re number, the
relative error also increases. This is due to the same reason explained
just above, that for moderate Re numbers, the measured pressure is
rather small and comparable with the resolution of our data acquisition
system.

We see from Fig. 13(a) that the PRR tends to reduce for the lower Ha
numbers. For the lowest Ha value of 35, the PRR is lower than one. This
also comes from the consideration that the FCI acts as an obstacle to the
PbLi flow, which increases the hydraulic resistance.

Comparing the PRR cases for the WL and TS, it can be seen that for
the TS, the PRR for the same Re and Ha, taking, for example, Ha=984
and Re=28,795, approaches the value of 3,7. As can be seen, it is higher
than in the case of WL, where the PRR value is 1,93 for the same Ha and
Re.

3.3. 700°C MHD experiment with FCI

In the previous two paragraphs, except in Fig. 12a, all the pressure
measurements were performed for the WL. On the contrary, in the
700 °C test, the measurements were done in the pressure connectors
directly next to the border of an insert, as close as possible (see Fig. 5).
The comparison of these 2 cases is shown in Fig. 14. It can be seen, for
example, that the highest point on 5T also has more than 2 times the
difference in pressures measured in both places. The reason for this
phenomenon is the magnetic field that crosses the external parts of the
loop outside of the TS, as explained before. This once again indicates
that it is essential to choose proper measuring spots when considering
the present configuration of the magnetic field created by the super-
conducting magnet.
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Fig. 7. Electric potential distribution on the stainless steel flow channel side walls in the experiment without FCI, 500 °C test, and 1T magnetic field; pin locations on

sidewalls shown in Fig. 5.

An important observation can be seen in Fig. 14 (and Figs. 9a and
12). If we compare the curve without a magnetic field (B = 0T) with the
one at a high magnetic field, for example, 5T, we see a completely
different character between these 2 cases. Without a magnetic field, the
fluid flow is entirely governed by only hydrodynamic forces, so the
graph is parabolic. This can be confirmed by almost any hydrodynamics
textbook and, of course, by numerous MHD articles such as [37]. This
graph character was clearly illustrated in Fig. 12b. From here, it can be
seen that approximated trendline is perfectly described by a
second-order algebraic expression, thus also confirming its nonlinear
nature. However, in the case of the PbLi flow in the strong magnetic field

at 5T, we see the already discussed pressure linear dependence from
velocity. From here, we can clearly say that the magnetic field has a
significant impact on the electrically conducting fluid flow in the
perpendicular magnetic field. This can be explained that, in this case, the
electromagnetic forces are dominant over hydrodynamic ones.

Finally, from Figs. 10 and 14(a), it is possible to perform a compar-
ison for both experiments at 500 and 700 °C, measuring the pressure
drop for the WL. These temperatures were registered with the “K” type
thermocouples on the surface of the TS. It can be seen that increasing
temperature by 200 °C gives, for example, a 360 mbar reduction of
pressure difference from 0,91 bar to 0,55 bars on a 5T magnetic field.
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The reason for this pressure reduction is obvious and is due to the
decrease of PbLi electrical conductivity when the liquid metal temper-
ature increases. This results in lower MHD interaction.

It is possible and worth performing a non-dimensional analysis of the
previously provided data in this article by representing it on the double-
logarithmic scale. So in Fig. 15, based on measurements provided in
Fig. 14(b), a non-dimensional flowrate is plotted as a function of the
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Hartmann number.

The values plotted on the abscissa of Fig. 15 are a ratio of flowrate
with the magnetic field (Qp) attributed to the flowrate in the case
without a magnetic field (Qo). These values were extracted from the
cross-section of the corresponding curves to the horizontal, red, dashed
line (Fig. 14(b)). This line represents the particular choice of specific,
constant pressure. It allows interpreting the results obtained for one
particularly chosen value of Reynolds number if it is calculated using the
velocity obtained from the flowrate without a magnetic field. In this
case, it is equal to Re=26,473, which indicates that the flow is fully
turbulent.

The practical interest is in the slope coefficient of the decreasing part
of the curve. This corresponds to our highest Hartmann numbers. Also,
in this graph, there are plotted lines with the slope coefficient that
corresponds to the case with perfectly conducting walls (1/Ha?) as well
as insulating walls (1/Ha) [57,58]. The more horizontal tendency fol-
lows the curve, the better performance of the insulating FCL In
connection with this, it can be noted that the shape of the experimental
curve in Fig. 15 follows the tendency observed in Fig. 2 of the reference
[59] and Fig. 6 of the [60] which presents the dimensionless flowrate
and pressure reduction factor dependency on the FCI electrical con-
ductivity. Even if the Ha number itself contains conductivity of PbLi
instead of FCI, at some point, this once again confirms the statement
about the desired horizontal tendency of the graph. In the mentioned
articles, the higher the FCI conductivity, the lower the pressure reduc-
tion factor. Similarity can be seen with the Hartman number on the
abscissa.

It is expected that, in a perfect case, there should be an agreement of
slope tendencies between the experimental case with FCI and with nu-
merical simulation and theory. Fig. 15 shows that the experimental slope
tendency is the same as in the case with perfectly conducting walls,
which we should not want to expect. The reason is the location of the
pressure measuring tube connections. The connections are placed 8 mm
away from the FCI on either side, see Fig. 3b, but it is enough to over-
whelm the effect of the FCI and the positive trend of 1/Ha. The overall
pressure drop is reduced with the FCI, but to catch the theoretical trend
1/Ha the pressure tube connections must be mounted very precisely on
the edges of the FCI. Furthermore, the results of the numerical model
support the observations. It will be discussed more in the following
paragraph.

On the other hand, it can be seen that both of the two small theo-
retical lines - 1/Ha and 1/Ha? - fit well within the error bar range for the
experimentally acquired curve. The exception is the last point on the
highest Ha number (<1000), where it starts to go out of the error bars.
This can be explained by the fact that increasing the Ha number to a

Ha
0 200 400 600 800 1000 1010
14 " 5 s y 2
® Re=26492
12 Re=20157 ° %35
- ® Re=12094 i
® Re=9502
4 ® Re=8063
® Re=5759 35
® Re=576 5
[ [ 23t
g 0.8 E
a 2.5 «3
<10.6 ey
. 2 4
L ]
L] 1.5
0.4 P =
° 1
°
0.2 ° ® ®
2 b4 0.5
[ ] ks
0 (] 'Y e 0
0 1 2 3 5 6
B, T

Fig. 9. “Ap” and “v” measurements in the case with FCI on 500 °C, with Ap measured for the WL: (a) Ap = f (v) and p*=f(Re) on different Ha=const; (b) Ap = f (B)

and p*=f(Ha) on Re=const.
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sufficiently high value leads to more significant observable differences
for perfectly conducting and insulating wall cases.

In MHD literature, there can be found expressions for quick assess-
ment of the hydraulic resistance change under an applied magnetic field
for various MHD flow configurations [28,55,61,62]. For example, in
[56] is reported a comparison of experimental measurements with
theoretical prediction, made on an assumption of a uniform electric
current density, neglecting the friction with walls.

With the help of dimensionless pressure gradient, it is possible to
evaluate the magnetic field influence on the PbLi channel hydraulic
resistance. The approximated formula [62,55] valid for incompressible,
fully developed laminar flow that corresponds to our particular channel
can be written as:

Ha? th Ha a\ Ha*C
Py~ |————3+P(Ha=0; — R
" {HafthHa +p(Ha=0; b)+1+C] (62)
where:
—0 N _ 211
P(Hafo, b) a*n v 'Vp, (7a)

thus, ordinary hydrodynamic dimensionless pressure gradient for rect-
angular ducts, where a/b is the channel aspect ratio, which in the case of
a square duct is equal to 1.

According to [62], the first term in Eq. (6) is just the classical
Hartmann boundary layer solution between insulated parallel plates.
The reason for adding second and third terms (—3 + P(Ha=0; a/b)) is,
that the Eq. (6) is now forced to yield the exact results for all rectangular
ducts at H = 0. The fourth term is the typical electromagnetic term [56].
According to [62] this approximation is based on the idea that the two
basic magnetic effects (1st and last term) are almost uncoupled and
hence additive for rectangular channels, as they are exactly for infinite
parallel plates.

By using this equation, a comparison has been made for nondimen-
sional pressure gradient in three particular cases:

(1) for perfectly conducting channel walls (C—0),

(2) for insulating walls (C = 0),

(3) for the relevant wall conductance ratio during the experiment (C
=0,178).

It can be seen from Fig. 16 that while the Ha number is small, the pH
is practically independent of the wall conductance ratio. On the con-
trary, when C increases from 0 to 0,178, the hydraulic resistance in-
creases by several orders of magnitude for a high Hartmann number.
This means that it is still relatively far from a perfect insulator case.

It should be mentioned that Eq. (6) has to be used carefully because,
according to the principle of construction, this formula should be
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considered purely empirical.

In Fig. 16 there is also made a comparison of our results with the data
from existing literature [13]. As can be seen, for Hartmann numbers
higher than 1000, the tendency of the curve continues in the same
manner for the case with Non-conducting FCIL. Thus, the extrapolation of
the theoretical data can be done in good agreement with numerical
calculations obtained in the article provided by Smolentsev et al. (2010).
As reported in the cited article, this can be done, considering the cor-
responding wall conductance ratio based on the FCI thickness and the
half-width of the FCI box. However, experimental data from [13] should
not be used for direct comparison with our experiment due to the dif-
ferences in both experiments. The reported use of pressure-equalizing
slots and holes, as well as InGaSn instead of PbLi and epoxy FCI
instead of SiC material, makes changes in the system under study. Also,
it should be noted that our data calculated with Eq. (6) and plotted in
Fig. 16 with the solid lines is intended for the case with pure PbLi MHD
channel without FCIL.

Another already mentioned reference [43] that reports the SiC FCI
experiment, hypothetically, can be used for comparison to our obtained
results. However, the reported fact of PbLi ingress into the FCI material

Fusion Engineering and Design 194 (2023) 113920

does not allow us to make an adequate comparison with our experi-
mental data. At the same time, using data provided in the [43] about the
MHD channel dimensions and used material, several hypothetical data
points can be acquired. They are also plotted in Fig. 16 for a case with an
empty channel without FCIL. Used SUS304 steel [63] electrical conduc-
tivity: o, = 1,39-10° S/m, reported corresponding channel dimensions
and channel wall thickness t,, = 3 mm gives wall conductance ratio C =
0.1297. This information can be used to get values at relevant Ha
numbers corresponding to the unsuccessful experiment numerically
modeled data points provided in Fig. 17 of the cited article [43]. This
indicates that the lower wall conductance ratio leads to lower dimen-
sionless pressure gradients for high Ha numbers compared to our
experiment.

From Fig. 16, it can be seen that range of Ha numbers used in our
experiment partly covers the range of the Ha numbers for experiments
performed in both cited articles [13] and [43].

4. Comparison with numerical calculations

Numerical simulations of the MHD flow in the TS were performed. A
3D model of the MHD duct flow was created and solved using the finite
volume method in ANSYS FLUENT 18.0 software to compare and
interpret the experimental results. A refined mesh was used in the cal-
culations to describe the thin MHD boundary layers at the Hartmann
walls and side walls. Fine mesh is required not only to resolve the thin
boundary layers, but also the transition regions from the duct to FCI. The
mesh in the core region of the flow channel was left relatively coarser
because the largest velocity gradients are located at the wall boundaries.
In the numerical model, the FCI has been described as a perfect insulator
with the electrical conductivity of zero, which is a valid approach even
for small non-zero conductivities of up to 10 S/m, as concluded by our
side study. The conducting channel walls have been described using a
thin-wall boundary condition that assumes a wall with a given thickness
without specifying its geometry and mesh. Homogeneous velocity inlet
and zero pressure outlet boundary conditions were used in the simula-
tions. Constant liquid metal properties are assumed for the isothermal
duct flow, and no gravity effects, i.e. buoyancy and hydrostatic pressure,
are considered. For isothermal flows, there is no buoyancy, and hydro-
static pressure does not impact the flow in a closed loop. Heat flows are
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Fig. 16. Experimental hydraulic resistance / dimensionless pressure gradient as a function of Hartmann number for different wall conductance ratio: (1) zero; (2)

high; (3) experimental; (4) and (5) comparison with existing literature.
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Fig. 17. Comparison of numerical calculations of pressure distribution: (a) without inserts - left; (b) with FCI - right.

outside the scope of this work. A series of simulations have been carried
out, varying the mean flow velocity from 1 cm/s to 10 cm/s and the
applied magnetic field strength from 0 T to 5 T. The O-tesla case rep-
resents a purely hydrodynamic flow with no applied magnetic field. Two
cases have been considered and compared, an empty TS and one with a
long (11 cm) FCI. The pressure distribution results in the TS taken at a
mean flow velocity of 10 cm/s and magnetic field 5 T are shown in
Fig. 17. A constant velocity inlet and a pressure outlet together with no
slip wall boundary condition for velocity is used in the model. From
Fig. 17, it is evident that in the case without inserts, the pressure drop is
gradual in the TS and reaches 0.55 bar total pressure drop, see Fig. 17(a).
However, in the case with FCI, all the pressure drop is concentrated in
the small regions between the 90° bend and the edge of the insert, on
both sides of the FCI symmetrically, see Fig. 17(b). The FCI has reduced
the total pressure drop in the TS to 0.29 bar. The phenomenon is well
known, and similar cases are described in the literature [40,64,65].
The pressure has been charted along the axis of the central part of the
duct to better demonstrate the impact of the FCI, but also to highlight
the MHD effect at the FCI entrance and exit, see Fig. 18. The gray dots
mark the pressure drop of 0.55 bar in the case of an empty test section.
The data points have also been shifted down for easy comparison of
trends. The blue and orange dots correspond to the FCI case along the
center line and through the narrow gap normal to the magnetic field
lines, respectively. Dashed black and red lines mark the FCI bounds and
pressure measurement points, respectively. The impact of the FCI on the
MHD pressure drop can be clearly distinguished by the flat part in the
middle of the test section. The data points match nicely in the regions
outside the FCI, and only in close vicinity of the FCI the pressure trend
deviates away from the empty TS case. The pressure gradient in the gap
is slightly higher than the one inside the FCI because electrical currents
can still loop back through the outside wall. The pressure gradient inside
the FCI is ~0.06 bar, and in the gap it is ~0.45 bar. Both numbers are
small compared to 2.5 bar in the empty test section. Unfortunately, the
small numbers could not be captured experimentally because of the FCI
entrance and exit effect that leads to an increased total pressure drop
within the bounds of the FCI and the small regions between the pressure
measuring points and FCI where the pressure gradient matches the

12

0.6 T T T T

Empty TS
shifted data
® FClcenter
® FClgap
— — —Pressure points
— — —FCl bounds

04

Pressure, bar
o
@

o
N

0.1

0.1 0.15 0.25

Axis position, m

0.2

Fig. 18. Pressure along the axis of the central part of the test section; B = 5T; v
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empty test section values.

The numerical model and the employed mesh with the refined
boundary layers have both been previously validated using the theo-
retical Hunt model [66,67], see Fig. 19. The main idea was to check if
the boundary layers are well-described, and the “M-shaped” velocity
profile can be captured [60,68,69]. The validation was successful.
Because the comparison was done for a case with conducting Hartmann
walls and insulating sidewalls where the velocity gradients are the
steepest, the employed mesh with refined boundary layers was deemed
to be valid for the modeling of the experimental setup where the velocity
gradients are less steep.

The results of the potential difference for the case without the FCI are
shown in Fig. 20. The mean flow velocity is 8.3 cm/s, and the magnetic
field is 5 T. It is easier to obtain clear experimental measurements of the
electrical potential at higher flow velocity and magnetic field values
because the signal-to-noise ratio improves with increased velocity and
magnetic field values. The experimental data are compared to the
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numerical results. The agreement between the numerical and experi-
mental results is good.

Finally, the numerical and experimental comparison between inte-
gral pressure drop dependence on flow velocity at different magnetic
field strengths is provided in Fig. 21. Although there is a slight
disagreement between the experimental and numerical slopes, the
introduction of FCI in both cases reduces the total pressure drop by the
same amount; the difference is less than 1%. Both cases here are meant
to be B = 4T and 5T magnetic field cases. Consequently the numerical
model has also confirmed that the FCI reduces the pressure losses by a
factor of 2 in our MHD duct flow experiment.

5. Conclusions

The performed tests showed that using our SiC prototyped inserts, it
is possible to reduce PbLi magnetohydrodynamic pressure drop by 1,93
times. However, it was observed that the electromagnetic performance
of the FCI is still far from the case of an ideal insulator. The main reason
is the location of the pressure measuring tube connections. The con-
nections are placed too far from the FCI on either side, but it is enough to
overwhelm the effect of the FCI. In further experiments, the measure-
ment accuracy could be improved in the manner that the welded
incoming tubes for TS pressure sensors should be positioned even more
closer to the FCI. This would allow us to see the impact of the relatively
small distance from the sensing place to the border of an insert and also
to compare this potentially observable pressure to the impact of the
insert itself on the MHD flow.

In all the discussed cases, the character of the Ap = f (v) curves
gradually changes from parabolic to linear by applying and increasing
the magnetic field value. This means that in such case of MHD flow in a
straight channel under a uniform magnetic field, the electromagnetic
forces are dominant over the inertia forces. However, by introducing an
electrically insulating inserts, the role of inertia increases.

The performed PbLi temperature increase from 500 °C to 700 °C
leads to a lower MHD pressure drop. This rise in temperature leads one
step closer to a relevant fusion environment and it should be pointed out
that these conditions have never been tested before so these tests are
first-of-its-kind and provide important information for the design of FCIs
in a HT-DCLL blanket.

The conducted experiments lead to an important deduction. These
results do not completely evaluate FCI impact on the flow in general, but
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only in our particular case of geometry, PbLi velocity, and magnetic
field.
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