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ABSTRACT
This paper describes a high-temperature ultrasonic Doppler Velocimetry (HT-UDV) technique that has 

beensuccessfully applied to measure velocity profiles o f thelead-lithium eutectic alloy (PbLi) flows. The impact oftracer 
particles is investigated to determine requirementsfor HT-UDV measurement o f PbLi flows. The HT-UDVsystern is tested 
on a PbLi flow driven by a rotating-disk inan inert atmosphere. We find that a sufficient amount ofparticles contained in 
the molten PbLi are required tosuccessfully measure PbLi velocity profiles by HT-UDV.An X-ray diffraction analysis is 
performed to identify thoseparticles in PbLi, and indicates that those particles weremade o f the lead mono-oxide (PbO). 
Since the specificdensities o f PbLi and PbO are close to each other, the PbOparticles are expected to be well-dispersed in 
the bulk ofmolten PbLi. We conclude that the excellent dispersion ofPbO particles enables the HT-UDV to obtain 
reliablevelocity profiles for operation times o f around 12 hours.

1. Introduction

The heat and mass transfer in a liquid metal flow 
underthe influence of a plasma-confining magnetic field 
issignificantly affected by magnetohydrodynamic 
(MHD)effects arising from the interaction between the 
appliedfield and electrical currents induced inside the 
movingliquid metal (such as lead-lithium eutectic alloy: 
PbLi).However, the understanding of MHD flows in 
fusion-relevantconditions is limited since the MHD flow 
regimesare determined by multiple effects such as a 
strongmagnetic field, buoyancy forces, an interfacial 
phenomenarelated to the liquid metal wettability, and the 
complexflow passage geometry[1] . A technique to 
measure local velocity inside these opaque liquid metal 
flows is necessaryto study such effects. Therefore, we 
have been developinghigh-temperature, ultrasonic Doppler 
velocimetry (HTUDV)as a PbLi flow diagnostic.

UDV is based on pulsed ultrasonic 
echographytogether with the detection of the 
instantaneous Dopplershift frequency[2,3]. The travelling 
time between the emissionand reception of a pulsed 
ultrasound provides spatialinformation, and the Doppler 
shift frequency provides thevelocity.

UDV has the following advantages:

(1)  Acquisition of spatial-temporal velocity 
informationalong the beam line of ultrasound,

(2) A non-intrusive method, and
(3) Applicability to opaque fluids, such as liquid metals.

UDV requires the following prerequisites:

( 1) Ultrasonic transmission at the interface of the 
UDVprobe material and the target fluid,

(2) Acoustic properties of the target fluid, and
(3) Ultrasonic reflecting particles (in other words:

tracerparticles).

In addition, UDV can potentially work in 
hightemperature conditions, and therefore requires 
high-temperatureUDV probes or waveguide sensors [4,5].

In thisstudy, we employ high-temperature UDV probes 
since theyare more compact than waveguide sensors, and 
thereforecan fit in a narrow gap between electromagnets to 
measurePbLi flows in a magnetic field.In the past, UDV 
has been applied to various liquidmetals, such as mercury 
(Hg) [2,3], gallium (Ga) [6,7], and gallium-indium-tin 
eutectic ally (GalnSn) byusing the normal transducer^ 
and sodium (Na) [4],lead-bismuth (PbBi), and bronze 
(CuSn) by using theacoustic waveguide [5]. Nevertheless, 
UDV has not beenapplied to PbLi flows. As a prerequisite, 
the authors havemeasured PbLi acoustic properties， the 
results of whichindicate that the acoustic coupling 
between PbLi and thewetting material of the HT-UDV 
titanium (Ti) tipped probeis good enough for the HT-UDV 
measurement [9].

The UDV technique requires the presence of 
ultrasonicreflecting particles inside a target fluid. Artificial 
or naturalparticles, gas bubbles, or fluctuations in density 
can workfor this purpose [10]. The UDV signal quality 
depends onparameters such as the concentration and size 
of theparticles, as well as the ultrasonic reflection 
characteristicsof the particles. Usually the liquid metals 
contain somenatural impurities such as oxide particles etc. 
It is favorableto utilize these natural impurities suspended 
in the liquidmetals to work as tracer particles instead of 
seeding anyartificial tracer particles in the liquid metals. 
Since mercurycontains a higher concentration of natural 
oxides,introducing small bubbles are necessary to reflect

100



emittedultrasound [3]. Additionally, Ga is easily 
oxidized,contributing to an excess amount of oxide 
particles thatcauses the multi-scattering of ultrasound. 
Therefore,artificial particles, which are made of ZrB2, are 
added intoGa as tracer particles for the UDV [6,7]. 
According to the pastreferences, it is important, but not 
easy, to choose suitabletracer particles for each liquid 
metal.

A goal of this study is to determine suitable 
tracerparticles for the HT-UDV measurement of PbLi 
flows. Weapplied the HT-UDV to a PbLi flow driven by a 
rotatingdiskin an inert atmosphere glovebox in order to 
determineif the natural particles contained in PbLi work as 
tracerparticles. A chemical analysis was also carried out 
toexamine the chemical composition of the natural 
particles.

2. Velocity profilemeasurementofPbLi flows

2-1. Experimental setup

The HT-UDV measurement was performed in an 
argon-filledglovebox, where the oxygen and the moisture 
werecontrolled to stay under 1 ppm in concentration. 
PbLiingots (from Atlantic Metals & Alloys, Inc.) were 
melted ina melt pot inside the glovebox. An oxide layer, 
floating onthe liquid surface, was removed by using a 
metallic mesh tomanually scrape the surface. After this 
treatment, themolten PbLi was transferred to a test 
cylinder, shown inFig.l. The test cylinder and the disk 
were made of anaustenitic stainless steel. The test cylinder 
was 90 mm indiameter, and 120 mm in height, and heated 
by an electricheater underneath it. Serious PbLi corrosion 
occurs againstthe stainless steel at temperatures higher 
than around 400°C.

Based on this limitation, the PbLi temperature 
wascontrolled to stay at around 320°C, in order to mitigate 
thePbLi corrosion effect. The physical properties of the 
moltenPbLi at 320°C are shown in Table 1.The PbLi flow 
wasdriven by the rotating disk which was spinning in 
thevicmity of the cylinder bottom. The disk-rotating 
frequencywas about 500 rpm, either in clockwise and 
counterclockwisedirections.

Even though the PbLi was melted in the inert 
glovebox,we observed that the free surface of the molten 
PbLi wascovered with fine particles after tens of minutes. 
Still, wewere not sure if the fine particles came from the 
PbLioxidation or the separation of the particles by the 
differenceof the specific gravities. Because of our concern 
about thePbLi oxidation, we carried out second run of the 
HT-UDVmeasurement approximately 12 hours after the 
first run.

After the first measurement, the molten PbLi 
wascontrolled to stay at around 3200C for approximately 
12hours.

Tablel. Physical properties of molten 
PbLi (at 320 °C) 19,111

Melting point 235°C
Density: p 9.45 x 10Tkg/mj'

Kinetic viscosity: v 2.10 x lO'W/s
Sound velocity: C 1780 m/s

Fig.l. Schematic view and photograph of the 
HT-UDVmeasurement of the PbLi flow.

In this study, we employed a HT-UDV probe 
(JAEAtypetransducer) shown in Fig.2. The HT-UDV 
probe wasloosely inserted into the probe port of the test 
cylinder. TheHT-UDV probe was connected to a UDV 
system (UVPMonitor model X-l, by Met-Flow SA). The 
HT-UDVprobe has a thin Ti membrane at the tip of the 
probe. Ahigh-temperature piezoelectric element is 
attached to theinner side of the membrane. The thin 
membrane is around0.5 mm in thickness. The 
piezoelectric element is made oflithium-niobate (LiNb〇3), 
and 10 mm in diameter. Ti ischosen as membrane material, 
since the thermal expansioncoefficient or Tiis comparable 
with that of piezoelectricelement material. The authors 
have showed that theacoustic coupling between molten 
PbLi and Ti tipped probewas satisfactory for the HT-UDV 
measurement [9]. The HTUDVprobe is 56 mm in length, 
and 20 mm in diameter.

A set of the UDV measurement parameters is shown 
in fable 2. The ultrasonic frequency is the basic frequency 
ofthe emitted ultrasonic waves. The ultrasonic 
emissionvoltage is the voltage applied to the probes by the 
UDVsystem in order to emit ultrasonic waves. The 
number ofemitted cycles is the wavenumber per one pulse. 
TheDoppler angle is the angle at which the tracer particles 
aremoving, with respect to the axis of the ultrasonic 
beam.The pulse repetition rate ifpRF) is a repetition 
frequency ofthe pulses. The maximum depth (Dmax) is the 
maximummeasurable length of the measuring line, and is 
determinedby Dmax=cl2fPRj:. The spatial resolution in 
molten PbLi inthe longitudinal direction (S) corresponds 
to the length ofthe emitted pulse, and is determined by 
nc/f〇. The spatialresolution in the radial direction is mainly 
determined bythe diameter of the ultrasonic beam, and is
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does notcontain any suitable type or sufficient amount of 
tracerparticles, we cannot acquire any velocity profiles 
due to theinsufTicient signal reception of the probe. Plus, 
whenserious oxidation of the PbLi results in too many 
tracerparticles, this causes a multi-scattering of the 
emittedultrasounds and the velocity profile is deformed 
like thecase of Ga. Based on this, we infer that the 
HT-UDVtechnique was successfully applied to the molten 
PbLiflows, and that the amount of the tracer particles, 
whichwere naturally contained in the molten PbLi, was 
sufficientfor the HT-UDV measurement.

10 mm m thisstudy.

Table2. Set of system parameters adjusted 
in thisexperiment

Ultrasonic frequency 4 MHz
Ultrasonic emission voltage 160 V
Number of emitted cycles: n 4
Doppler angle 45°
Pulse repetition rate: /Jw 7812 Hz
Maximum depth: Dmax 114 mm
Spatial resolution in the longitudinal 
direction:万 1.78 mm

Temporal resolution (single profile) 37.2 ms
Number of profiles for averaging 1024

Wetting tip (Ti) ^ 20 r

Piezoelectric element 
(LiNbQ3) <|.10 mm

BNC connector

Fig.2. Schematic view and photograph 
of the HT-UDVprobe

2-2. Chemical composition o f PbLi

The PbLi eutectic alloy was fabricated by the 
AtlanticMetals & Alloys, Inc. in the USA. The 
chemicalcomposition of the PbLi alloy was examined by 
aninductively coupled plasma-mass spectrometry 
(ICP-MS).The chemical composition was 84.2 at% Pb and 
15.8at %Li, and at almost the Pb-Li eutectic point (84.3 
at% Pband 15.7 at% Li, revised by Okamotol2). The 
percentage ofimpurities in the alloy was less than the 
detection limit ofan inductively coupled plasma—Auger 
electronspectrometry (ICP-AES).

2-3. Measuredvelocity profiles

Mean velocity profiles were determined by 
averaging 1024 single profiles, and shown in Fig.3. The 
horizontalaxis shows the distance from the cylinder 
surface, and thevertical axis shows the mean velocity 
profiles.In this study, we found that the measured 
velocityprofiles were continuous. When the molten PbLi

The
ofaround 50 mm apart from the cylinder inner surface 
(PointA hereafter), which indicated that the upper wall of 
therotating-disk (Point B hereafter) was located at around 
50mm away from the Point A. The results agreed with 
thetesting geometry.

Even after approximately 12 hours, the second run 
ofthe HT-UDV measurement showed good agreement 
withthe first run. We infer that the natural particles 
wereuniformly dispersed in the molten PbLi and worked 
well asthe ultrasonic reflector, resulting in the sufficient 
quality ofthe ultrasound signals.

The probe port was installed to the test cylinder with 
adegree of asymmetry, as shown in Fig.1 . Thus, the 
velocityprofiles were not symmetric especially near the 
probe port.

3. TracerparticlesforPbLiflows

An X-ray diffraction (XRD) technique was employed 
toidentify the chemical composition of the natural 
particledispersed in molten PbLi. The specimen was 
prepared inthe inert glovebox by maintaining the molten 
PbLi at 300°Ctor approximately 16 hours before cooling it 
down, andseparating lighter particles from the bulk of the 
moltenPbLi. After this treatment, the specimen was 
packed in theglovebox and transferred to the inert XRD 
analyzer in orderto avoid the surface oxidation, which 
happens even at roomtemperature.
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Our analysis shows that the bulk of the solidified 
PbLicontains some amount of a lead monoxide (PbO), 
despitethe presence of many Li atoms in the molten PbLi. 
Thespecific density of PbO at room temperature is 
around9.53 [13], and is close to the 9.45 of PbLi (at 
320°C). Becauseof this, we infer that PbO exists uniformly 
in the bulk, andsmall quantities of PbO exist on the liquid 
surface due tothe difference in the specific density. Since 
the meltingpoint of PbO is around 8860C,14 the PbO 
particles areexpected to be still in solid state at around 
320°C, anddispersed in the molten PbLi.

Based on our results, we conclude that the PbO 
particles,which are naturally contained in molten PbLi, 
areuniformly dispersed in the molten PbLi to work as 
HTUDVtracer particles. This is a fortunate 
conclusionindicating that PbLi does not require any 
artificial tracerparticles for HT-UDV.

4. Velocityprofilemeasurement of waterflows

We measured a water laminar flow by using the 
HTUDVin order to characterize the HT-UDV 
measurementwith respect to the case of the PbLi flows.

4-1.Experimental setup

A simple loop was used in this measurement. A 
circularpipe made of acrylic was used as the test channel, 
and was40 mm in diameter. The loop consisted of the test 
section, apump, and the connecting pipes. The length of 
the pipe was 1000 mm, and the probe was installed at 850 
mm from theentrance of the test channel.A water flow 
was driven byusing the pump, and the flow got developed 
through thetest section. Artificial reflecting particles were 
seeded inthe water, in order to give enough scattering 
signals of theultrasound.

The fully-developed flows were measured by the 
HTUDVprobe and the UDV system. The set of 
ultrasonicparameters was the same as the PbLi case. The 
Reynoldsnumber of the water flow was about 1800, and 
therefore theflow was a laminar.

Pipe wall

Fig.4. Experimental setup of the velocity measurement 
ofvvater flows.

4-2. Measurement results

The measured velocity was normalized and 
comparedwith a theoretical solution. Theoretical velocity 
profile in alaminar regime in a pipe channel is expressed

— ^ l - ^ - r ) 2 (1)
m̂ax

wherev: local velocity, vmax: maximum velocity, R: thepipe 
radius, and r. the distance from the pipe surface.

The normalized velocity profile is shown in Fig.5, 
withrespect to the analytical solution. The results showed 
thegood agreement in the range between about 10-20 
mmfrom the pipe wall as shown in Fig.5. Plus, Fig.5 
showedthat the measured velocity profile had defective 
region inthe vicinity of the pipe wall (less than about 10 
mm fromthe pipe wall).

We conclude that the measurement defect was 
causedmainly by the effect of the probe port region on the 
flow,since the probe port was not so small compared to the 
mainchannel. Compared to room-temperature 
piezoelectricelements, the piezoelectric element, which is 
made ofLiNb〇3, poorly damps the remaining oscillation 
even whenthe HT-UDV probe was in listening mode of 
the reflectedechoes. However, the effect of the unstable 
sound field wasexpected to be less, compared to the effect 
of the probe portregion.

Plus, Fig.5 showed that the measurement reliability 
wasnot good beyond around 20 mm from the pipe wall, 
sincethe ultrasound beam radically spread when it traveled 
inlongitudinal direction.

5. Conclusions

This study has demonstrated that the HT-UDV has 
beensuccessftilly applied to measure the velocity profiles 
oftnolten PbLi flows. We have showed that the PbO 
particles,which are naturally contained in the molten PbLi, 
havecapability to work as the HT-UDV tracer particles in 
thetime range of approximately 12 hours.

In order to understand more detailed characteristics 
ofthe HT-UDV measurement, we are planning to apply 
theHT-UDV to the PbLi flows in a simple flow passage, 
suchas a circular or rectangular duct. After this 
characterization,we will test the HT-UDV under strong

Distance from the pipe wall [mm]

Fig.5. Non-dimensional velocity profile of water
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magnetic field, inorder to examine if the HT-UDV is an 
effective diagnosticof the PbLi MHD flows. The concern 
is that the HT-UDVprobe, which is electrical conducting, 
may give anelectrical disturbance to MHD flows which 
are sensitive toelectrical boundary conditions.

If the HT-UDV has capability to acquire the 
PbLivelocity profiles under strong magnetic field, the 
HT-UDVis expected to open new prospects for 
investigating PbLiMHD flows and heat/mass transfers in 
the fusion-relevantconditions.
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