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Effect of wettability on bubble formation at gas nozzle under stagnant condition
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Injection of gas microbubbles into mercury might be effective to mitigate pressure waves generating and
propagating in liquid mercury target for MW-class spallation neutron sources. The effect of mitigation is
very dependent on the bubble conditions; size, population, etc. It is important to make clear bubble
formation behavior from a nozzle for development of making suitable gas microbubbles into mercury.
Visualization of microbubbles in mercury was carried out by refraction-enhanced imaging with
high-energy synchrotron radiation X-rays at SPring-8 to observe the bubble formation behavior at
micro-gas nozzle of 100 lm in inner diameter and 200 lm in outer diameter. The bubble formation
behavior in mercury was quite different from that in water. A constant taking account of the wettability
and interfacial tension force between liquid and solid metals in an equation of force balance around bub-
ble was identified by visualized bubble size. The bubble size under mercury flowing condition was esti-
mated from the force balance equitation.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Japan Atomic Energy Agency (JAEA) is currently building
the Japan Proton Accelerator Research Complex (J-PARC) project
together with the High Energy Accelerator Organization (KEK)
[1]. An intense pulsed spallation source called the Japan Spallation
Neutron Source (JSNS) is installed in the Material and Life Science
Facility (MLF) of J-PARC. In pulsed spallation neutron source, high-
energy protons bombard a heavy metal target and neutrons are
produced by spallation reaction. The produced high flux neutrons
are used for mainly neutron scattering experiments on materials
and life sciences. In JSNS, pulsed protons (3 GeV, 1 MW at 25 Hz,
1 ls pulse duration) bombard a liquid mercury target. This liquid
metal target material has advantages with heat removal by virtue
of its ability to be circulated as well as high neutron yield.

At the moment the protons bombard the target pressure waves
are generated in the mercury due to thermal shock [2,3]. The pres-
sure waves will stress the target containment vessel and can cause
cavitation erosion damage (pitting damage) [4–8]. The JSNS target
vessel is made from type 316LN stainless steel (SS316LN). High fa-
tigue stress and excessive pitting damage are concerns for shorten-
ing the life of the target vessel.

The pressure waves should be mitigated to reduce the stress
and the cavitation erosion damage in the target vessel. It was
numerically suggested that the gas microbubbles injection into
ll rights reserved.

: +81 282 6712.
gawa).
the mercury was effective to mitigate the pressure waves but this
is very dependent on bubble conditions, i.e., on bubble size and
population. For an example in the JSNS target, the initial peak pres-
sure generated at the proton beam center could be reduced from
80 MPa to 40 MPa by introducing gas microbubbles 100 lm in
diameter and 10�4 in volume fraction [9].

Bubble generating technology in mercury needs development
to obtain a suitable bubble size that sufficiently mitigates the
pressure waves. Generally, many kinds of bubble injection meth-
ods have been developed for the conventional liquid, e.g., water.
Examples include injecting gas from micro nozzles; tearing macro-
bubbles into microbubbles by violent liquid flow; forming
microbubbles from gas saturated pressurized liquid by abrupt
pressure release. Such bubble generating technologies have been
used in the purification of water, food process and chemical
engineering processes, etc. [10].

Bubble formation is affected by wettability and interfacial ten-
sion force at the interface between liquid and solid (gas–nozzle
wall). The effects of wettability and surface tension are quite differ-
ent between liquid metal and any conventional liquids such as
water. These characteristics affect the microbubbles formation,
i.e., size of bubble produced. Literature related to the bubblers or
bubble behavior in the liquid metals is sparse due to their opacity.
Nevertheless, Sano et al. showed that a bubble of about 4 mm in
diameter was formed when injecting gas into mercury from a noz-
zle of 1.7 mm in inner diameter and 2.7 mm in outer diameter and
also derived an empirical equation for the bubble size. Because of
the poor wettability of mercury, the estimated bubble diameter
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generated in the mercury agreed well with the experimental work
only when the bubble was assumed to leave from the outer surface
of the nozzle as opposed to the inner surface which is appropriate
for water [11]. Takahashi et al. derived an equation to estimate the
bubble size formed in the water taking account of the force balance
around the bubble in the range of bubble size more than a few
millimeters [12], so-called meso-bubble, which is relatively larger
than that for the mitigation by microbubbls, i.e., 10–100 lm. The
equation is helpful for understanding bubble formation behavior
in mercury even with its poor wettability compared with conven-
tional liquids, such as water. It can also be used to estimate the
bubble sizes formed at the tip of nozzles sized for gas microbubble
technology development for pressure wave mitigation.

Full field imaging microscopy is now widely used in the hard
X-ray region for observing internal structures of heavy element
materials. Especially, the advent of high-energy third-generation
synchrotron radiation light sources such as the Super Photon
ring-8 GeV (SPring-8) has enabled utilization of high brilliance
X-ray beam in high-energy region [13].

An experiment to visualize microbubbles in mercury formed at
the tip of a micro-gas nozzle was carried out by using a high-en-
ergy X-rays at SPring-8. This paper describes the experiment and
the observations of bubble formation, and applies those observa-
tions to understand the effect of the wettability on the bubble for-
mation in mercury and for estimating bubble size considering the
mercury’s poor wettability and the interfacial tension force be-
tween mercury and nozzle material.

2. Experimental

2.1. X-rays at SPring-8

The experiment has been carried out at the undulator beamline
BL20XU at SPrnig-8. Fig. 1 shows transmission of X-rays in the
mercury and acrylic resin obtained by calculation. The transmis-
sion ratio increases with the energy of X-rays. However, there is
a K-absorption edge at 83.1 keV for mercury because X-rays at this
energy excites electrons in the mercury atom. Also, the intensity of
X-rays at SPring-8 rapidly decreases over about 100 keV [13].
Therefore X-rays of 82 keV, which have the highest transmission
ratio below 100 keV, were used for the visualization experiment
from the viewpoint of maximizing intensity of transmitted X-rays.
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Fig. 1. Transmission ratio of X-rays.
As for the acrylic resin, the transmission ratio is almost 1 over
50 keV.

Fig. 2 shows an attenuation of intensity of 82 keV-X-rays in
mercury obtained by calculation. The intensity attenuates to
0.48% of injected intensity when passing through mercury of
2 mm in thickness while it is 77% in the acrylic resin of 10 mm in
thickness. However resolution and contrast to sufficiently recog-
nize gas microbubbles depend not only on X-ray intensity but also
on properties of the camera used to take the image of the gas
microbubbles. Therefore a preliminary test was carried out to opti-
mize the condition of the testing apparatus, including thickness of
mercury and acrylic container, and to verify the detectable bubble
size. Fig. 3 shows the photograph of the experimental setup at
BL20XU. An X-ray Charge Coupled Device (CCD) camera was posi-
tioned 5 m behind a sample in order to obtain the visualization im-
age of bubble in the mercury by refraction-enhanced imaging. The
X-ray CCD camera used in this experiment can resolve the differ-
ence of about 0.15% in contrast. As shown in Fig. 2, since the inten-
sity of X-rays attenuates to 0.48% and 0.63% of injected intensity
when passing through mercury of 2 mm and 1.9 mm of mercury,
respectively, the corresponding difference of the intensity of X-rays
is 0.15%. Therefore, it was estimated that a bubble of 100 lm in
diameter could be visualized in 2 mm of mercury.
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Fig. 2. Attenuation of intensity of X-rays of 82 keV in the mercury and acrylic resin.

Fig. 3. Experimental setup at SPring-8.



Fig. 4. Preliminary test at SPring-8. (a) Acrylic container with needle, and (b) Visualization result by X-rays.
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Fig. 5. Schematic drawing of mercury vessel.

Di=φ 100 μm

Do=φ 200 μm

Fig. 6. Narrow nozzle installed into the mercury vessel.
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Fig. 4(a) shows a mercury container with a glass needle to sim-
ulate a gas bubble used for the preliminary test. The mercury thick-
ness of this container was 2 mm which was the same thickness
with the vessel used for the bubble visualization as mentioned
later. The container was made of acrylic resin. The diameter of
glass needle varied gradually to examine the visualization on bub-
bles with various sizes. Fig. 4(b) shows visualization image taken
by X-rays of 82 keV when the container was filled with mercury.
The needle part appeared in white in the image thus confirming
a gas bubble of order hundreds micro-meter in diameter could
be visualized in the mercury of 2 mm in thickness.

2.2. Experimental set-up

Microbubbles of 100 lm and less in diameter might be suitable
for pressure mitigation [9]. This experiment’s aim was to visualize
the behavior of microbubble of 100 lm order in diameter from the
needle of 100 lm in inner diameter. Helium gas was injected
through a lance type bubbler into mercury which was contained
in a vessel. Fig. 5 shows a schematic drawing of the vessel used
in the experiment. The vessel was made of acrylic resin to transmit
the X-rays and to clearly observe the bubbles in the case that water
replaces mercury for another experiment. The attenuation of the X-
rays in the acrylic resin was negligible as mentioned above. The
size of the vessel cavity is 75 mm in height, 25 mm in width. As
for the thickness of mercury through which the X-rays transmit,
two vessels were used. One was built for 2 mm and another one
for 4 mm mercury thickness. To visualize the smallest bubbles
(100 lm � a millimeter in diameter) the vessel of 2 mm in thick-
ness was more suitable. However, for the bigger bubbles (millime-
ter order in diameter bubbles) would easily stick to the wall in the
vessel of 2 mm in thickness so it was difficult to measure those
sizes. The vessel of 4 mm in mercury thickness was better for
observation of bigger bubbles.

At the bottom of the two vessels, a lance type narrow nozzle
was installed. Fig. 6 shows the lance installed in the vessels. The
used lance was of 100 lm in inner diameter and 200 lm in outer
diameter and made of stainless steel. Helium gas was injected into
mercury from the exit of the lance. Flow rate of the helium gas was
controlled by a needle valve set on the helium gas supplying line.



Fig. 8. Refraction-enhanced image of bubble generated in mercury at the exit of the
lance.
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Helium gas ejected from the mercury was vented from the top of
the vessel through a mercury vapor filter.

To compare bubble generation behavior in mercury versus
water, experiments using water were also carried out. The bubbles
generated in water were observed by using a high-speed camera;
frame rate was 250 frames per second.

3. Results

Fig. 7 shows a bubble generated in water at the exit of the lance
observed by the high-speed camera. Since the lance used for this
test was thin, soft and low stiffness, the lance had bent when the
lance was installed into the vessel. Consequently the lance inclined
15� to vertical. The bubble grew from the exit of the lance. In com-
parison, Fig. 8 shows the generated bubble in the mercury around
the exit of the lance observed by X-rays in the case of the vessel of
2 mm in thickness. The bubble formation in mercury was different
from that in water; the bubble grew surrounding the lance. This
suggests that the difference between bubble generation in water
and mercury was greatly affected by the wettability between li-
quid and the surface of lance.

Fig. 9 shows the bubble growing behavior after the situation
shown in Fig. 8 in the mercury in the case of the vessel of 4 mm
in thickness. The bubble grew up surrounding the outer surface
of the lance in a spherical like shape as shown in Fig. 9(a) and
(b) as well as Fig. 8. Later, necking was observed as shown in
Fig. 9(c). From these observations, it is understood that the bubble
grows on the outer surface of the nozzle in the mercury.

Fig. 10 shows the bubble diameter measured from the images
taken by X-rays at SPring-8. The bubble diameter seemed constant
independently of the gas flow rate. Fig. 10 also shows the results by
Sano et al. [11] for relationship between the gas flow rate and bub-
ble diameter generated from a lance of 1.7 mm in inner diameter
and 2.7 mm in outer diameter. These bubble diameters were esti-
mated from ratio of the gas flow rate to the bubble formation
frequency. The bubble formation frequency was measured by pie-
zoelectric sensor to catch rapid pressure change in the lance due to
the bubble detachment from the lance. The bubble diameter gener-
Fig. 7. Bubble generated in water at the exit of the lance.
ated in mercury was almost constant in low gas flow rate region,
less than 20 cm3/min and the bubble diameter was ca. 4 mm. In
the present work, a narrow lance was used; 100 lm in inner diam-
eter and 200 lm in outer diameter. The bubble diameter
became ca. 2 mm for this smaller lance independently of the gas
flow rate.

4. Discussion

As shown in Fig. 9, the bubble grew with a spherical shape at
first, and then the necking part appeared. The bubble growing
behavior seems to be expressed in two stages as shown in
Fig. 11. Wettability is represented by contact angle. The contact an-
gle between the mercury and nozzle material is large because of
poor wettability of mercury to the nozzle material. The contact
point between bubble and solid grow away from the center of
the bubble to keep constant contact angle when the bubble is
growing as shown in the first stage of Fig. 11. After the contact
point reaches the corner of the lance, bubble is growing as sur-
rounding the outer surface of the lance to keep constant contact
angle as shown in Fig. 8. While, the bubble in the water can grow
keeping constant contact angle and contact point because the con-
tact angle between water and solid is small.

The bubble size is very important to realize the pressure wave
mitigation. Takahasi et al. calculated the generated bubble in water
by solving the force balance equation among a inertia forces, buoy-
ancy, drag, and interfacial tension forces assuming a 2stage model
in a cocurrent flowing water [12]. At the end of the first stage, the
force balance equation is expressed as follows:



Fig. 9. Bubble growing behavior in the mercury at the narrow nozzle.
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d½ð11qLV f=16Þðv� ULÞ�
dt

¼ qLV f g �
CDpR2

f qL

2
ðv� ULÞjv� ULj �MpDir;

V f ¼
4
3

pR3
f ;

CD ¼ 1þ 16=Re;

Re ¼ 2Rf v
m

; ð1Þ

where, qL is density of liquid, Vf the volume of the gas bubble at the
end of the first stage, v velocity of bubble center, UL the velocity of
liquid, Rf the radius of bubble at the end of the first stage, Di the in-
ner diameter of lance, r the surface tension of liquid, m the kinematic
viscosity of liquid and M the constant to express interfacial tension
force between the liquid and solid metal. At the second stage, the
force balance is expressed as follows:
d½ð11qLVb=16Þðv0 � ULÞ�

dts

¼ qLðV f þ QgtsÞg �
CDpR2

bqL

2
ðv0 � ULÞjv0 � ULj �MpDir; ð2Þ
v0 ¼ ds
dts

;

where, s is the length of necking. Eq. (2) is solved by assuming that
the bubble leaves the lance at s = [3Vf0/(4p)]1/3, where Vf0 is the vol-
ume of the gas bubble at the end of the first stage in stagnant liquid.

In the present data, the generated bubble diameter did not de-
pend on the flow rate, similarly as in Sano’s data in the low gas
flow rate region; Qg < 20 cm3/min. At low gas flow rate, since the
bubble growth rate is very slow, the inertia force and the drag force
become negligible small. Then, Eq. (1) can be rewritten in Eq. (3)
for the low gas flow rate region as the case of the present test,

Db ¼
6MrDi

qg

� �1=3

ð3Þ

The third term of the right hand in Eqs. (1) and (2) shows the
interfacial tension force between the liquid and solid. The interfa-
cial tension force would depend on the interface condition such as
the wettability as well as the surface tension. In the estimation, the
effect of the interface condition is noted by M value. The empirical
equations have been proposed for the bubble diameter generated
in the water at low gas flow rate. The form of the empirical
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equations is the same as Eq. (3) but M value is different. In the
empirical equations, M varied from 0.79 to 9.145 [14–16]. Fig. 12
shows the bubble diameter calculated by Eq. (3) against M value.
In the calculation, the inner diameter, Di, replaced the outer diam-
eter, Do = 200 lm, since the bubble was generated from the outer
surface of the lance in the mercury as shown in Figs. 8, and 9. Since
the generated bubble in the present test were in 2.5–2.8 mm range,
the estimation by Eq. (3) agrees with the present data when M
value is 3.9–4.8. The lance inclined 15�. This inclination increases
projected outer diameter to horizontal plane only 3.5%. So this
hardly has an influence on the generated bubble diameter.

As shown in Fig. 9, necking was observed in bubble growth.
Then, the 2-stage model was used as expressed by Eqs. (1) and
(2) to estimate the bubble diameter. Since the bubble was gener-
ated from the outer surface of the lance in the mercury as shown
in Figs. 8 and 9, the inner diameter, Di, in Eqs. (1) and (2) replaced
by the outer diameter, Do. The estimated bubble diameter is plot-
ted in Fig. 13 when the M value is 4.5 in Eqs. (1) and (2). The esti-
mated bubble diameter by 2-stage model agrees well with the
experimental.
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To make smaller bubbles, the effect of the mercury flow to up-
ward was considered due to a drag force become to load upward as
shown in Eqs. (1) and (2). The bubble diameter under the mercury
flow condition was estimated from Eqs. (1) and (2) and shown in
Fig. 13. In this estimation, 4.5 was used for M value and mercury
flow velocity, UL, was set to 1.0 m/s which is equal to the estimated
mercury flow velocity in the JSNS mercury target. The generated
bubble diameter was decreased to 570 lm when the gas flow rate
is 0.1 cm3/min.

In the JSNS mercury target, flow velocity of mercury would be
increased up to 5 m/s by taking care of degradation of the target
vessel by erosion induced by mercury flow. The generated bubbles
of 110 lm and 165 lm in diameter could be realized at 1 cm3/min
and 10 cm3/min of gas flow rate, respectively.
5. Conclusion

Bubble formation from a narrow lance (Di = 100 lm, Do =
200 lm) was visualized by using X-rays at SPring-8.

Bubble behavior around the lance in the mercury is obviously
different from that in water because of the difference in wettabil-
ity; the bubble grows surrounding the lance in mercury due to the
poor wettability though it grows at the top of the lance in water.

The estimated bubble diameter using 2-stage model agreed
well with the experimental taking into account that the bubble left
from the outer surface of the lance in mercury and the interfacial
tension force between the mercury and the lance.

The generated bubble diameter from a lance of 200 lm in outer
diameter was predicted to be 110 lm, which would be effective on
the pressure wave mitigation, under the conditions of the mercury
flow of 5 m/s and gas flow rate of 1 cm3/min from the estimation of
the 2-stage model.
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