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I. Introduction

The high-power pulsed spallation neutron source of the
Japan Proton Accelerator Research Complex (J-PARC) start-
ed its operation in May 2008, and it is now used as one of the
most powerful facilities in the world for research in the most
advanced fields of material and life sciences.” However,
there are some hindrances to achieving full-power operation
at 1 MW. The most significant is the cavitation problem.
When the short-pulse high-power proton beam is injected
into the mercury target, pressure waves are generated by
the abrupt thermal expansion of mercury, which may cause
cavitation damage to the target vessel wall. Because cavita-
tion damage degrades the structural integrity and seriously
decreases the lifetime of the target vessel,>> technologies to
mitigate pressure waves have been crucially needed.

Microbubble injection into mercury is one of the prospec-
tive technologies to mitigate the pressure wave, and the effect
of microbubbles has been investigated experimentally and
numerically.*” The injected microbubbles are expected to
absorb the thermal expansion of the mercury at the heat
source location, and attenuate the pressure wave during the
propagation process.*> Okita et al. showed by numerical
simulations that bubbles with radius less than 100 um are
desirable to mitigate pressure waves effectively.® To realize
these effects, several difficulties must be overcome. First of
all, microbubbles must be properly distributed in the area of
the peak heat load, which is the source location of strong
pressure waves. Since liquid mercury has a higher density
than liquid water, microbubbles should be subject to strong
buoyancy, and hence, controlling the bubble distribution in
flowing mercury may be difficult. The other concern is that
the essential cooling of the target vessel by the mercury might
be degraded by the injected gas. Since the thermal diffusivity
of gases is much lower than that of liquid mercury, accumu-
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lated gas layers attached to the surface of the vessel walls
could significantly decrease the cooling performance.

In this paper, we report the preliminary results of a mer-
cury loop test using a mockup model of the target vessel,
performed as one of the studies for a mercury target design
with a bubbling system. This experiment was carried out
under collaboration with the Oak Ridge National Laboratory
(ORNL) using their Target Test Facility (TTF), which is an
actual-scale mercury loop constructed for the mercury target
development at ORNL. We performed mercury flow experi-
ments to investigate the bubble flow phenomena in the actual
target size of J-PARC. We report here the measured bubble
size distribution and several interesting phenomena observed
in the experiments. One of the difficulties in using liquid
mercury comes from its opacity: one cannot see gas bubbles
in mercury by optical techniques. In the present experiment,
injected microbubbles in contact with the transparent top
wall were observed to determine the bubble size distribution
in the target vessel. A large void area formed at a down-
stream flow vane is also reported.

II. Experiment

1. Experimental Setup

Figure 1 shows the schematic view of the mockup model
of the mercury target. The dimensions of the model are
961 mm in length, 545 mm in width, and 220 mm in height.
Because the mercury flow field and the bubble rising motion
due to buoyancy were considered to be the dominant factors
that determine the bubble distribution, the arrangement of
the flow vanes and the size of the model were made almost
the same as those of the actual target. The forefront wall of
the target vessel, where a proton beam is injected, is called
the beam window. Because the beam window is very close
to the source location of strong pressure waves, it is the place
most vulnerable to cavitation damage. Thus, distributing
microbubbles around the beam window is the most impor-
tant point to mitigate pressure waves effectively. The top

849



850

Digital still camera

Transparent
acrylic lid

Source location of strong
pressure waves

Fig. 1 Schematic view of the mockup model

wall of the mockup model was made of transparent acrylic
plates to observe the bubbles rising to the inner surface of
the top wall. The transparent acrylic top wall is 50 mm thick
to endure an internal pressure of 1 MPa required by the TTF
safety rules. The side walls were made with a flat plate to
simplify the model structure, while the actual target has
rounded side walls. The bubble generator, hereafter called
bubbler, was installed at the mercury inlet. A swirl-type
bubbler was used in this experiment. The performance of
the swirl-type bubbler was evaluated in a small mercury loop
in advance, where microbubbles from several tens to several
hundreds micrometers in radius were generated. Pressure
gages were mounted at the inlet and outlet of the bubbler
and the outlet of the target vessel.

2. Experimental Conditions and Techniques

The experiment was carried out at mercury flow rates of 5
and 7.5 L/s, while the mercury flow rate of the actual system
is 11.4L/s. These flow rates correspond to mercury veloc-
ities of 0.5, 0.75, and 1.14m/s at the target model inlet,
respectively. 5L/s was determined sufficient to maintain
microbubble generation. 7.5L/s was the limit determined
based on the pressure loss at the bubbler to maintain its
structural integrity because it was made of synthetic resin.
The amount of helium supplied to the bubbler was 0.1% (in
volume percent) of the mercury flow, which was an optimum
value for bubbler performance. The microbubbles were gen-
erated and scattered by the swirl-type bubbler continuously;
hence, the bubble distribution at the outlet of the bubbler was
assumed to be quasi-homogeneous.

Images of the bubbles on the inner surface of the top wall
were taken with a digital still camera, which was a Nikon
D200 with a Micro Nikkor lens (105 mm) and a teleconvert-
er mounted on it. The shutter interval was 0.2s and the
shutter speed was 1/8,000s. An extra light source was used
to obtain proper brightness. Images were taken at the five
positions A to E along the main stream channel numbered as
#1 in Fig. 2; #2 indicates the inner flow channel.

Figure 3 shows the bubble motion schematically. The di-
mension of the field of view was 33 x 22 mm?. B; and B, in
Fig. 3(a) are the free bubbles flowing in mercury and appear
in the field of view when they reach the top wall in Fig. 3(b).
We wanted to count the number of such free bubbles in the
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Fig. 3 Schematic motion of bubbles appearing on the top wall

image. On the other hand, B3 and B4 are bubbles clinging to
the top wall all the way, whose origins are not clear. After
new free bubbles reached the top wall one after another and
the number increased in the field of view, a large gas slug
passed through the field and most of the small bubbles were
cleared, as shown in Fig. 3(c). This was the repeating pattern
of bubble behavior in the image. Thus, only the bubbles that
newly appeared in the image were counted as the valid data to
abstract free bubbles like B; and B,. Because of the obtuse
contact angle of mercury on the wall, the size of the bubble
clinging to the wall surface appears larger than that of the
free bubble. This effect was taken into consideration to con-
vert the bubble sizes on the image to the free bubble sizes.
Because the bubbles with radii up to several hundred micro-
meters were of interest, bubbles larger than 1 mm were not
counted. Bubbles appearing in the field of view in 1's, which
included five sequential images, were counted to obtain the
bubble size distribution at each position of the target model.

III. Results and Discussion

1. Bubble Size Distribution in the Introductory Channel
Figure 4 shows the bubble radius distribution measured at
positions A, B, and C in Fig. 2. Because these positions are
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Fig. 4 Bubble size distribution at positions A, B, and C
(Helium supply: 0.1% of mercury flow rate)

located along a straight single channel of the main stream of
mercury, the fundamental behavior of bubbles can be ob-
served without disturbances. It can be seen that the bubbles
with the radius larger than 150 um are very few in all cases,
while the small bubbles around the radius of 40 um were
formed. In the case of 7.5 /s, it can be seen that the number
of bubbles increased in the range from 10 to 90 um, and the
peak shape became sharp as the position went downstream
from A to C, which indicates that the bubbles in those size
ranges are most likely to be transported further. In the case
of 5L/s, a notable peak rise was not observed.

In order to understand the reason underlying these results,
we evaluated the reachable distance of bubbles L, using the
following equation:

h
L=-V. (1)
u
Here, h is the height of the mercury flow channel of the
target model, which is 80 mm, u is the terminal rising veloc-
ity of a bubble, and V is the mercury flow velocity. Bubbles
were assumed to rise from the bottom to the top of the target
model in order to evaluate the maximum reachable distance.
Because no data was available for the terminal rising veloc-
ity of microbubbles in mercury, we used the empirical equa-
tion of Peebles and Garber.®

0 0.52
U= 0.3380.76 <_) R1.28 (2)
“

g is gravitational acceleration, p is liquid density, u is liquid
viscosity, and R is bubble radius. Peebles and Garber meas-
ured the terminal rising velocity of bubbles in 22 liquids,
although mercury was not included, and formulated it taking
the liquid properties such as density, viscosity, and surface
tension into consideration. Figure 5 shows the calculated
flowing distance versus the bubble radius. Assuming that the
bubbles that rise to the top wall do not go back into the
mercury bulk flow again, it can be understood that bubbles
with the radius larger than 230 um do not reach the down-
stream region of position A as free bubbles. The size of the
reachable bubble decreases as the position goes downstream,
and finally, at position C, only the bubbles with the radius
smaller than 130 um can exist. Although the actual bubble
flow is strongly affected by the mercury turbulence and
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Fig. 5 Flowing distance of bubbles from the bubbler
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Fig. 6 Bubble size distribution at positions D and E
(Helium supply: 0.1% of mercury flow rate)

coalescences, this simple calculation could estimate qualita-
tively the range of reachable bubble sizes shown in Fig. 4
fairly well.

2. Bubble Size Distribution around the Beam Window

Figure 6 shows the bubble radius distribution measured
in the vicinity of the beam window. It can be seen that the
bubble sizes were concentrated outstandingly in the range
less than 100 um in radius and only a few bubbles were seen
in the larger range at both flow rates of 5 and 7.5L/s. This
observation is also consistent with the calculation result
shown in Fig. 5.

The curve for 7.5 L/s shows that the number of bubbles at
position E, which is at the far side from the beam window,
was larger than that at position D. The reason is considered
to be the extra supply of bubbles from channel #2, which is
shown in Fig. 2. In the preliminary bubble flow simulation
carried out before,” the mercury flow from channel #2
encounters the mercury flow from channel #1 near the beam
window, and the bubbles from channel #2 flow through the
area of position E.

In the actual mercury flow, flowing distances and sizes of
bubbles will be affected by the flow turbulence and bubble
coalescences. These influences will be investigated further in
the future. The good findings were that the bubbles observed
near the beam window had the ideal size for our purpose
to suppress the pressure wave, and the bubble number was
enhanced by the extra supply from channel #2. In the actual
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Fig. 7 Top view of bubble flow (Mercury flow rate: 5L/s)

mercury target, it is expected that more bubbles will be
transported rapidly to the beam window due to the higher
mercury flow rate of 11.4L/s. The dotted line in Fig. 5
shows that bubbles with the radius less than 140 um can
reach the beam window.

3. Behavior of Large Bubbles Observed in the Experi-
ment

We observed an unexpected phenomenon in the experi-
ment, which might pose a significant effect on the cooling
performance of mercury for the vessel wall. Figure 7 shows
the top view of the bubble flow in the case of a mercury flow
rate of 5L/s. It can be seen that a stable large void area was
formed at the downstream side of the flow vane. This void
area was formed clearly by the accumulation of bubbles at
the flow separation area. As the flow rate was increased, the
size of the void area became smaller, and it disappeared at
mercury flow rates larger than 6 L/s. Because the heat gen-
eration density at the forefront tip of the flow vane is large
due to the direct irradiation of the proton beam, the gener-
ation of void area is considered to cause the thermal stress of
the flow vane with the degradation of the cooling perform-
ance. Based on the experience from this experiment, it can
be considered that such a void area is not likely to appear
under the flow rate of 11.4L/s of the actual target. However,
the fundamental condition for this void generation must be
investigated quantitatively in order to confirm that the void
area will not be generated in the actual target. The force
balance between the mercury surface tension and the inertia
of mercury flow might be one of the elements to explain
this phenomenon.

Large bubbles with radii from several to ten mm, which
were formed by the coalescence of injected small bubbles,
were strongly affected by the centrifugal force of the flow
channel curvature near the beam window, and the stream
line passed through the innermost area of the curvature. It
can be seen in Fig. 7 that large bubbles were flowing through
the area around 87 mm apart from the beam window. Be-
cause the heat generation density in the top wall becomes
highest in this area, which is 24 W/cm3, the effect of the
intermittent bubble flow on the cooling performance of mer-
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cury was evaluated. The estimated temperature rise in the
top wall due to the bubble flow was 30°C, which was not so
significant.

IV. Summary

Mercury loop tests to inject helium bubbles into a mockup
model of the target vessel of J-PARC were carried out to
obtain the data of the bubble size distribution in the mercury
flow and also to investigate the bubble flow phenomena in
the actual target size. Only the bubbles in the range smaller
than 300 um in radius, which are of our concern, were
investigated. As a result, bubbles in the range of radius from
10 to 150 wm, which are the ideal size for our purpose to
suppress the pressure wave, were transported to the peak
heat load area near the beam window, where the bubbles
should be distributed. It was found that the bubbles larger
than 150 um in radius were removed from the distribution by
buoyancy at the early stage after the bubble injection, and
only the smaller bubbles could be transported downstream.
Attention to the effect of bubbles on the cooling performance
of the target vessel was raised by the experiment. These
results will be reflected in the design of the target vessel that
can suppress the pressure wave.
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