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ABSTRACT
We review current accomplishments in Task 1-3 ''Flow Control and Thermofluid Modeling' o f the Japan~US ^TITAN*' 

collaboration program. Our task focuses on experimental activities and also computer modeling o f 
magnetohydrodynamic flows and heat and mass transfer o f electrically conducting fluids under conditions relevant to 
fusion blankets. Since our task started, major efforts were taken to design, construct and test a new 
magnetohydrodynamic lead-lithium (PbLi) loop at UCLA, to accumulate the PbLi handling technology, and to develop a 
high-temperature ultrasonic Doppler velocimetry and a differential-pressure measurement system for PbLi flows. In the 
present paper, the loop construction, the electromagnetic pump performance test, our on-going experiments with the 
constructed loop are described.

1. Introduction

Because of its lower chemical reactivity with air, water 
andconcrete compared to pure lithium, eutectic alloy 
lead-lithiumPbLi (originally Pbl7Li, and more recently 
Pb 16Li) has been proposedas a tritium breeder and coolant 
fluid m several liquidmetal blanket concepts for fijture 
fusion power plants, includingself-cooled lead-lithium 
(SCLL) [1], dual-coolant lead-lithium(DCLL) [2], 
helium-cooled lead-lithium (HCLL) [3], and 
water-cooledlead-lithium (WCLL) [4] blankets. Starting 
from the 1980s,various studies, both experimental and 
theoretical, were performedfocusing on various aspects of 
PbLi flows and associated heat andmass transfer 
phenomena with and without a magnetic field. Forthe last 
two decades of the 20th century, many
experimentalfacilities utilizing PbLi as a working fluid 
were constructed and successfullyoperated all over the 
world, some of which are still in use.

Among them are purely hydrodynamic loops (no 
magnetic field):PICOLO at KIT (former FZK) in 
Germany [5], ANAPURNA at CEA,France [6], a loop at 
the ENEA Research Center in Brasimone, Italy[7], and a 
loop at the Institute of Advanced Energy, Kyoto 
University,Japan [8]. There are only a few
magnetohydrodynamic (MHD) PbLifacilities currently in 
operation: a loop at the Institute of Physicsin Latvia [9], 
several MHD PbLi loops DRAGON I-IV at the Instituteof 
Plasma Physics of the Chinese Academy of Sciences 
[10-12], andthe ELLI loop at the Korea Atomic Energy 
Research Institute [13,14].

Using these facilities, many studies were conducted 
over thelast two decades, focusing on various aspects of 
PbLi flows withand without a magnetic field, alloy 
manufacturing, its handling andinteraction of PbLi wifli

structural and functional materials. Amongthem are: 
compatibility and corrosion behavior of candidate 
steelsfor fusion reactor blankets [4,9,10,15-25], 
mechanical properties ofstructural materials exposed to 
PbLi flows [26], physical-chemicalprocesses associated 
with the extended use of PbLi in 
blanket-relevantconditions [27], chemical interaction 
between liquidPbLi with oxygen-containing gases and 
water [28-30], onlinemonitoring of liquid PbLi 
composition [31,32], PbLi impuritycontrol and removal 
[33], and compatibility of silicon carbide (SiC)with 
high-temperature alloy [34]. Although a good 
understandingof PbLi behavior in blanket relevant 
conditions has been achieved,many practical problems 
vital to liquid metal blankets still remainopen; thus, 
further studies are required.

In particular, many unresolved issues still remain in 
regardsto potential use of SiC (either composite or foam) 
as a functionalblanket material for electrical and thennal 
insulation or even as astructural material in some 
innovative blanket concepts. For example,in the DCLL 
blanket, which is currently the main US choice forflirther 
utilization in FNSF and DEMO reactors, a SiC flow 
channel insert (FCI) is proposed to decouple 
high-temperature PbLi from theferritic steel wall, both 
thermally and electrically [35,36]. Althoughmany blanket 
design studies [35—37] rely on good insulating 
propertiesof the SiC FCI, its effectiveness as electrical and 
thermal insulator in the flowing PbLi conditions has not 
been demonstratedyet. Another concern, which needs to 
be resolved, is corrosionbehavior of reduced activation 
ferritic/martensitic (RAFM) steelsexposed to a molten 
PbLi flow in the presence of a strong magneticfield 
followed by transport and deposition of corrosion products 
inthe “cold” leg of the loop. The effect of a magnetic field
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on the corrosionrate seems to be strong, resulting in some cases m doublmgof the mass loss [17,38]， but the physical

Fig.l.MHD PbLi Loop at UCLA;1)PbLi Melting Tank with Heaters; 2) Glovebox; 3) EMP; 4) EMF; 5) Pipes 
with Heaters & Thermal Insulators; 6) Circular-Pipe Test-Section 7) Electromagnet; 8) Data Acquisition System

mechanisms associatedwith such a process are not well 
understood yet. Moreover, theexisting experimental 
databases on corrosion are not full enoughto extrapolate to 
blanket conditions. Also, further experimentalprogress in 
the case of PbLi flows can be seriously limited by lackof 
flow diagnostics tools, which need to be developed and 
tested totake into account special effects not pertinent to 
ordinary fluids orroom-temperature liquid metals, due to 
high-temperature effects,presence of a magnetic field and 
high PbLi chemical reactivity.

The prime objective of the newly constructed (2011) 
MHD PbLiflow loop at University of California, Los 
Angeles (UCLA) calledMaPLE
(MagnetohydrodynamicPbLi Experiment) is to address 
theabovementioned issues via a series of experiments, first 
of all totake into account the effect of a magnetic field. 
Some results of thefirst runs of the loop were briefly 
reported in a conference paper[39] to highlight research 
progress achieved in the course of the so-calledTITAN 
project between the US and Japan (see Ref. [39]). 
Thepresent article introduces more details about the 
facility, its operationand flow diagnostics and also 
introduces details of currentexperiments and near-term 
experimental plans.

In the present paper, the loop construction, the EMP 
performance test, our on-going experiments with the 
constructed loop are described.

the loop operation, approximately 100 kg of PbLi ingots 
(from Atlantic Metals & Alloys, USA) are loaded into the 
melting tank, the air was evaluated and then melting 
started. After the melting was done, the loop was filled 
with an ultrahigh purity argon gas.

The EMP (Style V from Creative Engineers, USA) 
was chosen for the loop since EMPs have a simple pump 
structure, which is suitable for the corrosive PbLi. The 
EMP performance with the PbLi was tested and 
characterized The circular-pipe test-section was mounted 
onto the constructedPbLi loop as shown in F ig .1 .The 
transverse magnetic field was applied to the test-section 
by using the electromagnet. An MHD pressure drop was 
non-invasively imposed on the test-section by applying a 
transverse magnetic field. The MHD pressure load was 
controlled by changing the magnetic field intensity.

The test-section was identical to the rest of the loop 
pipe, which was made of SUS304, 25 mm in outer 
diameter, and 22 mm in interior diameter. The whole loop 
was installed on the wheeled platform, and was able to 
move in and out of the electromagnet gap. The bellows 
made of a stainless steel were mounted to the loop pipes to 
relax the longitudinal stress due to the thermal expansion 
of the loop pipes.

The EMF measured the PbLi flow-rate downstream 
from the EMP. The total pressure loss of the loop Ap was 
theoretically estimated as follows:

2. PbLi loop construction and performance test

The MHD PbLi loop is shown in F ig .1 .There are a 
glovebox with attached cylindrical melting tank at its 
bottom, the EMP, the EMF, a vacuum pump and a gas 
purification system. All parts of the loop including pipes 
were heated by electric heaters and thermally insulated to 
prevent the molten PbLi from solidification. At the start of

Ap = 4?hd + ̂ Pemf + ̂ Pmhd (1)

here, the hydrodynamic flow resistance is Apf/Iy, the flow

resistance at the EMF ApEMF\ and the MHD pressure drop

induced by the electromagnet ApMHp- 
The pressure loss at the EMP was not considered. Thus,
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the hydrodynamic flow resistance ApHD is expressed by:

HD ~  2 ~ + 〉 I f bcnd Smelling tank j  »

- - ^ { f i M 5 + L 0 \
(2)

here, p/\s the fluid density; U〇 the mean flow velocity; /  
the friction factor of pipe; L the total length of the 
piping;rf/〇 the pipe inner diameter; ^  a factor of 
hydrodynamic pressure drop due to pipe bends or the 
melting tank. The friction factor of pipe/ was evaluated by 
the BlasiusLaw (f=0.316Reu ). The present estimation 
employed that ぐbcnd was 0.5; “他叩tank was 1.0. The total 
length of the piping L was 7.9 m (except for lengths of the 
EMF and the EMP).

A theoretical relation of an MHD pressure drop in a 
circular pipe with an electrical conducting wall [40] is 
given by:

, /   ヽ

み い +cり
Cj-UqBq

び“(穴- 尸)
(3)

here, R\s the outer radius of the pipe (25 mm); r the 
interior radius of the pipe (22 mm); B〇 the magnetic 
induction perpendicular to the flow; cw the wall 
conductance ratio; <j„. the electrical conductivity of the 
pipe; c^the electrical conductivity of the fluid. The mean 
flow velocity was calculated from the flow-rate measured 
by the EMF.

The fringing magnetic field produces the additional 
MHD pressure drop Apfringe is expressed by [41]:

ひ。2 (4)

here, ^is the empirical coefticient (the present estimation 
employed that rj =0.2 based on the reference [41]);N the 
Interaction parameter.

The pressure dropszJ/^A^and」 /^///) were calculated 
from Eqs. (3) and (4), respectively. Figure 2 plots the total 
pressure drop Ap versus the flow-rate Q measured by the 
EMF, with the magnetic field of different intensity of from
0.4 to 1.8 L iTie corresponding Hartmann number Ha was 
from 86 to 391. From the figure, it was found that the full 
EMP performance with the molten PbLi was close to the 
estimation calculated from the performance with the 
sodium-potassium (as shown in the solid line). It was

confirmed by the test that the constructedloop was capable 
of working for MHD experiments.

With weak intensity of the magnetic field, the total

Fig. 2.EMP Characteristics

pressure drop Ap was proportional to the squared mean 
velocity U〇2. On the other hand, with high intensity of the 
magnetic field of more than 1.2 T, Ap was 
linearlyproportional to the mean velocity U〇. Since the 
MHD pressure drop is proportional to U〇 as expressed by 
Eq. (3) and the hydrodynamic pressure drop is 
proportional to the squared mean velocity U〇2 as 
expressed by Eq. (2), with high intensity of the magnetic 
field of more than 1.2 T, the MHD pressure drop was 
dominant over the hydrodynamic pressure drop in the total 
pressure drop.

3. On-Going Experiments

The main purposes of the experiment with the 3SML 
channel are to experimentally validate that the 3SML 
channel mitigates the MHD pressure drop; and to verify 
the MHD flow simulation code. The channel consists of a 
tnm metal layer and a ceramic insulating layer on three of 
the four channel wall inner surfaces, as shown in Fig. 3. 
Corn-shaped connectors were mounted at the ends of the 
test channel to connect the loop pipes and the 3SML 
channel.

Figure 4plots the measured pressure drops in the 
downstream region of the 3SML channel in the magnetic 
field of 1.5 T with respect to the mean velocity, as well as 
the computational results.The figure shows that the 
measured pressure drops in the 3SML channel were 
mitigated by one-tenth,with respect to the computational 
predictions ofthose in the conducting channel; the 
measured values were close to the computational 
prediction of those in the 3SML channel. As results, it was 
demonstrated that the 3SML channel mitigated MHD 
pressure drops.

The main purposes of the experiment with the 3SML 
channel are to experimentally validate that the 3SML 
channel mitigates the MHD pressure drop; and to verify 
the MHD flow simulation code. The channel consists of a 
thin metal layer and a ceramic insulating layer on three of 
the four channel wall inner surfaces, as shown in Fig. 3. 
Corn-shaped connectors were mounted at the ends of the

107



0 0.1 0.2 0.3 0.4 0.5
Velocity(m/s)

Fig. 4. Comparison of MHD Pressure Drops 
(Measurement: Dot Plots; Calculation of 3SML 
Channel: Thin Line; Calculation of conducting 

Channel: Thick Line).

field of 1.5 T with respect to the mean velocity, as well as 
the computational results.The figure shows that the 
measured pressure drops in the 3SML channel were 
mitigated by one-tenth,with respect to the computational 
predictions ofthose in the conducting channel; the 
measured values were close to the computational 
prediction of those in the 3SML channel. As results, it was 
demonstrated that the 3SML channel mitigated MHD 
pressure drops.

4. Summary

In the task under the TITAN project, we had 
constructed the MHD PbLi loop, tested the loop 
components, and then confirmed that the loop was capable 
of working for MHD experiments. The 3SML channel was 
mounted on the constructed PbLi loop, and it was 
experimentally demonstrated that the 3SML channel 
mitigated MHD pressure drops. The SiC foam-based FCI 
will be tested after the 3SML channel.These experimental 
results will be dedicated to verify and develop MHD 
numerical simulations. In the task under the TITAN

test channel to connect the loop pipes and the 3SML 
channel.

Figure 4plots the measured pressure drops in the 
downstream region of the 3SML channel in the magnetic

monnotir' fiolH

Fig. 3. Schematic Drawing of 3SML Channel

onn_

project, we had constructed the MHD PbLi loop, tested 
the loop components, and then confirmed that the loop 
was capable of working for MHD experiments. The 3SML 
channel was mounted on the constructed PbLi loop, and it 
was experimentally demonstrated that the 3SML channel 
mitigated MHD pressure drops. The SiC foam-based FCI 
will be tested after the 3SML channel.These experimental 
results will be dedicated to verify and develop MHD 
numerical simulations.
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