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ABSTRACT
In a lead-lithium (Pb-17Li) liquid metal blanketconcept, Pb-I7Li eutectic alloy circulates both as breederand coolant 

under a strong plasma-confining magnetic field, experiencing magnetohydrodynamic (MHD) force: Lorentz force. An 
important aspect o f the bilateralUS/Japan collaboration on Tritium, Irradiations, andThermofluid for America and 
Nippon (TITAN) is toinvestigate tritium behavior and thermal control in thePb-17Li eutectic alloy, flow and heat 
transfercharacterizations, and mitigation o f MHD effects. Thepresent paper focuses on Ultrasonic Doppler 
Velocimetry(UDV) as an effective diagnostic to measure the Pb-17Liflow in the presence o f the strong magnetic field. 
Thispaper firstly describes a favorable wetting material forhigh-temperature transducer. Next, the acoustic 
propertydatabase o f Pb-l7Li eutectic alloy is presented. Finally, material analyses after high-temperature 
measurementsare performed to discuss the durability o f titaniumtransducer.

1. Introduction

In some liquid metal fusion blanket concepts, 
leadlithiumeutectic alloy (Pb-17Li) circulates as a 
breeder(e.g. helium-cooled lead-lithium (HCLL) blanket 
concept[l]), or both as a breeder and a coolant (e.g. 
dual-coolantlead-lithium (DCLL) blanket concept [2]). 
The liquidmetal motion in a strong magnetic field B 
induces anelectric current 7, and then interacts with the 
strongmagnetic field. As a result, the Lorentz force, 

"dominates the liquid metal flow under the strong 
magneticfield. The heat and mass transfer of the liquid 
metal flowunder a strong magnetic field are also
significantlyaffected by the Lorentz force, known as 
magnetohydrodynamic(MHD) effects.

In a nuclear fusion blanket, MHD phenomena 
arecombined with a volumetric heating due to high 
neutron flux loading, and eventually provoke buoyancy 
flows.

Especially in the DCLL blanket, full
turbulenceclosure modeling for MHD flows combined 
withbuoyancy effects is very difficult [3]. Therefore, 
thepredictions of tritium behavior are even more difficult. 
Atpresent, understandings of MHD flows in 
fusion-relevantconditions are limited at a qualitative level. 
Prototypicphysical experiments have been required to 
study themajor multiple effects, but have not been 
conducted yet inspite of their own significance.

In order to comprehend the liquid Pb-17Li 
flowcombined with buoyancy force in a strong magnetic 
field,Ultrasonic Doppler Velocimetry (UDV) was 
expected asan appropriate diagnostic. The UDV is based 
on a pulsedultrasonic echography together with detection 
of theinstantaneous Doppler shift frequency [4]. A 
pulsedultrasonic travelling time between its emission 
andreception provides the spatial information, and 
theDoppler shift frequency provides the velocity 
information.Since liquid metals are opaque fluids,all 
optical methodsused to measure velocities, such as a

Particle Image Velocimetry (PIV), cannot be applied to any 
liquid metalflows. The UDV needs no optical windows, 
and is a noninvasiveflow measuring technique applicable 
to liquidmetals.

Until now, the UDV has been applied to various 
liquidmetals, such as mercury [4], gallium [5] using 
normaltransducer, and lead-bismuth (PbBi) using acoustic 
waveguide[6]. Nevertheless, the UDV technique has not 
beenapplied to any liquid Pb-17Li flows. Pb-17Li has 
highmelting point (235 °C). An ultrasonic transducer 
requiresheat resistance, and also favorable ultrasonic 
transmissionat the material interface between liquid 
Pb-17Li and thesurface material of the high-temperature 
transducer. TheUDV requires a sound speed of the target 
fluid to evaluatethe time of flight (TOF) of a pulsed 
ultrasonic. In addition,the acoustic impedances, i.e., the 
product of the densityand the sound speed, characterize 
the ultrasonicbehaviors at the material interface: acoustic 
transmission,reflection and refraction.

In the present paper, a favorable material of 
hightemperaturetransducer is firstly presented, and then 
thetwo acoustic properties of liquid Pb-17しi are 
reported.Next, material analyses are performed to discuss 
thedurability of the high-temperature transducer.

2. Ultrasonic transmission test

Firstly, the ultrasonic transmission test was 
conducted.The ultrasound reflects at a material interface 
dependingon the acoustic impedance. Large difference of 
acousticimpedances between liquid Pb-17Li and a 
surfacematerial of a high-temperature transducer 
degradesultrasonic transmission at the interface. In 
addition, theinsufficient wetting of the transducer surface 
materialagainst liquid Pb-17Li prevents the ultrasound 
fromtransmitting efficiently at the material interface. 
Theymight lead to insufficient signal/noise(S/N) ratio 
whenevaluating the sound speed in liquid Pb-17Li 
fromtransmission signal through itself, and applying the
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3. Acoustic properties of liquid Pb-17Li

The sound speed in liquid Pb-17Li was evaluated 
bythe pulsed ultrasonic transmission path-length 
betweenthe emitter and the receiver divided by the TOF of 
pulsedultrasonic waves.

3-1. Experimental Setup and Conditions

Figure 4 shows the apparatus to evaluate the 
soundspeed in liquid Pb-17Li. The apparatus consisted of 
ahorizontal conduit for the transmission path, two 
verticalholes as the Pb-17Li inlet/outlet, the gas vents, and 
thethermocouple port measuring the liquid 
Pb-17Litemperature. The material of the apparatus was 
SUS304.The Ti high-temperature transducers were 
attached to theapparatus, so that the distance between the

Ultrasonic emitter-receiver Digital Oscilloscope

Fig.l Liquid Pb-17Li ultrasonic transmission test

In order to clarify the transmission characteristics atthe 
interface between liquid Pb-17Li and the surfacematerial 
of high-temperature transducer, the ultrasonictransmission 
test was performed.

2-1. Experimental Setup and Conditions

Figure 1 shows the ultrasonic transmission 
testapparatus. The wetted materials were assembled at 
eachside of the horseshoe-shaped holder whose thickness 
was20 mm. The material of horseshoe-shaped holder 
wasSUS304. The Pb-17Li wetted material was 40 mm 
squareand 10 mm in thickness.

The test apparatus let the liquid Pb-17Li exposed tothe 
surrounding gas, so that the Pb-17Li handling in 
anArgon-filled glove box was unavoidable because of 
theserious oxidation of liquid Pb-17Li. Tests were 
conductedunder strictly humidity-controlled and 
oxygen-controlledatmosphere of the glove box (under 
lppm). The wettedsurfaces were mirror-finished to 
improve ultrasonictransmission at the liquid-wall interface 
because the roughsurfaces hold gas in their own surface 
gaps to degradeultrasonic transmission at the interface. 
Titanium (Ti) wasused as the transducer surface material. 
Titanium has thefavorable compatibility with the 
piezoelectric element athigh-temperature because the 
thermal expansioncoefficient of Ti is comparable with the 
piezoelectricelement material (LiNb03).

The holder was filled with the liquid Pb-17Li 
beforethe holder and the transducers were preheated. 
Thetransducers were connected to the ultrasonic 
emitterreceiver,and the pulsed ultrasonic waves were 
emittedinto the liquid Pb-17Li through the test material. Ti 
platewas wetted at 420 °C for around 10 hours. At every 
onehour, the ultrasonic transmission was tested.

The high-temperature transducers were fixed on 
thetest materials by the connectors. Figure 2 shows 
thetransducer geometry (JAEA-type transducer). 
Thetransducer was endurable up to at 500 °C. The 
mainemission frequency was 4 MHz, and the pulse 
repetitioninterval was 2 msec.

UDVfor liquid Pb-17Li flow.

10 mm 20 mm Gonnecter
Wetted material

Transducer
(Emitter)

Transducer
(Rwuwivwi)

2-2. Results and Discussion
At the beginning of the liquid Pb-17Li wetting， 

theultrasonic transmission at the interface was sufficient 
forevaluating the signals through the liquid Pb-17Li. 
Figure3 shows the ultrasonic transmission signal through 
thestagnant liquid Pb-17Li.

The ultrasonic transmission improved with time,
i.e.the wetting condition improved with time. It meant 
theliquid Pb-17Li corrosion effects could manifest. 
Theliquid Pb-17Li corrosion effects on the 
ultrasonictransmission will be discussed in the following 
section.

Piezoelectric elem ent 
(L iN b 0 3)4» 10 mm

T ransducer shoe (Ti) 
length 70 mm

BNC connector

4> 16 mm

I ransducer length: »y mm 

Fig.2 High-temperature transducer
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themeasured signals. The signals transmitting the paths 
A and B shown in Figure 6 were overlapped with 
referenceto the input signals. The first large peak was the 
reflectionsignal at the shoe-(Pb-17Li) interface (Path A), 
and thesecond large peak was the transmission signal 
through theshoes and the liquid Pb-17Li (Path B). Since 
two shoelengths were equal, the time difference between 
twopeaks corresponded to the transmission time 
throughliquid Pb-17Li.

Zn
ZUJ
Z

TIM E [sec]

Fig. 6 Measured signal (liquid Pb-17Li at 500 °C)
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Fig. 7 Temperature dependency of sound speed in 
IiquidPb-17Li

Figure 7 shows the dependency of the sound speed 
inliquid Pb-l7Li on temperature. As well as sodium [7] 
andlead-bismuth [8], the sound speed in liquid Pb-l7Li 
haslinearity to temperature, and thus the sound speed 
wasevaluated by the linear approximation method. 
Theexperimental correlation equation relating the 
soundspeed in liquid Pb-17Li, CPbLi, to the liquid 
temperature, T[°C], is given as follows;

Cpbu [m/5]=1876 -  0.316T (240 < r f0c]< 51 〇) (1)

Using liquid Pb-17Li density [9], the acoustic 
impedanceof liquid Pb-17Li, ZpbLr p PhLlCpbu, is given as 
follows;

twotransducers was precisely 100.0 mm. The four 
electricheaters were horizontally inserted into the 
apparatus. Theapparatus was preheated up to 300 °C 
before filled withthe liquid Pb-17Li. The temperature of 
the liquid Pb-17Liwas measured by the thermocouple 
inserted into thevertical hole and was adjusted by a 
temperature controller.The test apparatus let the liquid 
Pb-17Li exposed to thesurrounding gas, so that the 
measurement was performedin the Argon-filled glove box.

PbLi Electric heater

su rfa ce s:100 r

Fig. 4 Sound speed measurement test apparatus

Piezoelectric element 
(LiNbO3H 1 0 m m

I ransducersho© (Ti) 
length 70 mm

<t>8 mm

BNC connector

Fig. 5 High-temperature transducer

Figure 5 shows the transducer geometry 
(JAEA-typetransducer). The piezoelectric element of the 
transducerwas the lithium niobate (LiNb03) and attached 
to thetransducer shoe by high-temperature brazing. 
Thepiezoelectric element was 10 mm in diameter, and 
themain emitting frequency was 4 MHz. The transducer 
shoewas 70 mm in length, made of T i.fhe  transducer 
wasendurable up to around 500 oC. The transducers 
wereconnected to the ultrasonic emitter/receiver. 
Theultrasonic waves were emitted into the liquid 
Pb-17Li,travelling through it and received by the other 
transducer.The received signals were recorded by a 
digitaloscilloscope. The sampling frequency was 1.25 
GHz. Themeasurement temperature ranged from 240 up to 
510 °C.Before the measurement of the liquid Pb-17Li, 
apreliminary check was performed using an ethanol 
atroom temperature. The measured sound speed in 
theethanol was within 1% error compared to the 
referencevalue.

3-2. Results and Discussions

ngure 4 also shows the schematic view of the 
soundspeed measurement. The transmission time in liquid 
Pb-17Li was evaluated by the time difference between 
thetransmission paths A and B, since the shoe lengths of 
twotransducers were equal, ngure 6 shows an example of
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Zm /[ig//M2j]=1.87xl07 -6.20x1037" +0.5137'2 ^

(240S7|oC]S450)

In measuring sound speed in liquid Pb-17Li, errors 
arecaused by the measurement error of the transmission 
pathlength, a reading error of the signal peak values and 
ameasurement error of the liquid Pb-17Li temperature. 
Themeasurement error of the transmission path length 
wasfound to be the largest among them, because the 
distancebetween two transducer surfaces was displaced 
from thelength measured at room temperature due to the 
thermalexpansion. As the error of the transmission path 
lengthderived from thermal linear expansion coefficients 
wasestimated within 土 1mm, the error of the sound speed 
inliquid Pb-17Li was within 士 3 m/s. The reading error 
ofthe signal peak values and the temperature 
measurementerror sums up to be 土 7 m/s as the total 
measurement error.The horizontal error bar shows the 
temperature measuringerror by the thermocouple. The 
vertical error bar showsthe sound speed measuring error.

4. Effects of surface structureat liquid-wall interface

In application of the ultrasonic technique to liquid 
Pb-17Li flow velocity measurement, the wetted 
materialagainst liquid Pb-17Li, i.e. the shoe material, is 
requiredto withstand the corrosion and the dissolution into 
theliquid Pb-17Li. In the ultrasonic transmission test, Ti 
testplate was employed as the liquid Pb-17Li wetted 
material,resulting in the transmission was improved with 
thewetting time. It meant the Ti test plate was corroded 
bythe liquid Pb-17Li to be better wetted, resulting in 
theimprovement of the ultrasonic transmission at the 
material interface. Two material analyses were conducted 
toclarify the surface characteristics effects on the 
ultrasonictransmission. One was the surface 
roughnessmeasurement using an atomic force microscope 
(AFM).The other analysis was a scanning electron 
m icroscopic(SEM) observation with an energy 
dispersivespectrometer (EDX).

4-1. Surface Roughness Measurement

After the transmission test, the Pb-17Li was adherentto 
the Ti test plate. The Pb-17Li adherents were 
removedchemically using the mixture solution of an acetic 
acid, anethanol and a hydrogen peroxide ( 1:1:1) until the 
testplate weight kept constant. Firstly, the wetted surface 
wasobserved by an optical microscope, and the 
surfaceroughness and the submicron structure were 
measuredusing the AFM (Keyence VN-8000). Arithmetic 
averagedroughness, Ra, Maximum depth, Ry， and 
10-pointaveraged roughness, Rz, were employed to 
evaluate thesurface characteristics. The surface roughness 
definitionsemployed were JIS standard (1994).

Figure 8 shows the optical images. The left image 
isthe picture of the Ti plate surface before the liquid 
Pb-17Li, and the right is the picture of the Ti plate 
surfaceafter the Pb-17Li wetting at 420 oC for around 10

hours.The color change of the Ti surface was found. 
Table 1 shows the surface roughness measurement result. 
Thearithmetic roughness of the wetted surface 
increasedaround 700% compared to the original surface.

Fig. 8 Optical observation (left: Ti plate before 
Pb-17 Li wetting, right: Ti plate after Pb-17Li wetting)

Table 1 .Measurement result
Titanium surface Ra fnml Ry fnml Rz fnml
Before PbLi wetting 14.84 326.0 184.1
After PbLi wetting 100.8 2944 2046

4-2. SEM Observation with EDX Analysis

The other Ti test plate after the ultrasonictransmission 
test was set in an epoxy resin and cut itbefore polishing 
the cutting surface. A cross-section
ofresin-(Pb-17Li)-substrate interface was observed 
usingthe SEM with the EDX (JEOL JED-2140). Figure 
9shows the SEM images of the cross-sectional Ti plate, 
Pbelement mapping, and Ti element mapping. It showed 
thePb-17Li was adherent to the Ti surface, but 
nomicrometer scale corrosion was observed.

4.3. Discussion

Taking the two results into consideration, the 
liquidPb-17Li corrosion effects were limited to the 
submicronscale in the time scale for achieving sufficient 
ultrasonictransmission for the UDV measurement. That is 
becausethe liquid Pb-17Li exposure time in the 
transmission testwas too short for the micrometer scale 
corrosion tomanifest. The time scale of ordinary 
corrosionexperiments is order of 103 hours. From the 
point of viewof transducer durability, it is favorable to 
achieve thesufficient transmission at the beginning of the 
liquid Pb-17Li exposure, and for the high-temperature 
transducemot to have serious damages in time scale for 
achievementof the sufficient transmission.

Fig. 9 SEM image of cross-sectional Ti plate (left),
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Pbelement mapping (center), Ti element mapping 
(right)

5. Conclusions

The conclusions of the present research regarding 
thedevelopment of liquid Pb-17Li flow speed 
measurementusing high-temperature UDV technique are 
as follows:

( 1)  Titanium has favorable sound characteristic to 
liquidPb-17Li eutectic alloy, and is a promising 
materialas surface of high-temperature transducer to 
achieveultrasonic emission into liquid Pb-17Li 
sufficient forUDV measurement. It is confirmed that 
Titaniumhigh-temperature transducer is suitable for 
UDVmeasurement of liquid Pb-17Li flow.

(2) The sound speeds in liquid Pb-17Li were measuredin 
the temperature range from 240 up to 510 °C. 
Thesound speed in liquid Pb-17Li shows the linearity 
intemperature, as well as other liquid metals. 
Theexperimental correlations of the two 
acousticproperties were obtained.

(3) Liquid Pb-17Li corrosion thickness of Titanium 
waslimited to submicron meter after the 
ultrasonictransmission test. The durability of titanium 
high-temperaturetransducer was confirmed in the 
rangeof the present experimental conditions.

The remaining issue in applying UDV for liquid 
Pb-17Li flow is to find appropriate tracer particles 
reflectingemitted ultrasonic pulses in liquid Pb-17Li to the 
high-temperaturetransducer in its listening mode. Since 
theexcessive or deficient tracer particles such as liquid 
metaloxides particles prevent us from appropriate 
UDVmeasurement, an evaluation of appropriate amount 
andsize of tracer particles is necessary for achieving 
liquidPb-17Li flow measurement by UDV technique.
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