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Cavitation damage in mercury target

Cavitation-induced erosion degrades structural integrity of the target vessel, 
e.g. mercury leakage and fatigue failure 
Damage increases with the beam power 
Cavitation damage mitigation is necessary under high power operation  
   Designed lifetime of JSNS target is 2500 MWh  (tentative dose limit 5 dpa)

Pitting 
damages

(3 GeV, 25 Hz)
Proton beams

Pressure waves

Mercury

Thermal  
  expansion

Cavitation

Neutrons

Inside beam window of 1st JSNS target 
  475 MWh (200 kW at maximum)

  JSNS mercury target vessel
SS316L	
Length:	2m	
Weight	1.6ton

Beam window 
(3 mm)



Cavitation damage mitigation
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Surface hardening

Double walled structure

Microbubble injection

Reduce cavitation damage 
   Nitriding & Carburizing, Kolsterising

Reduce pressure wave and cavitation damage  
   Inject helium gas microbubbles (R<50 µm)  
    into flowing mercury (VF:10-2 in flow ratio)

Reduce cavitation damage by high-speed  
  mercury flow and narrow gap

1st

3rd
4th

5th

Target

8th
|

50 mm

3rd target vessel with bubble generator

Surface hardening

Surface hardening

Bubble generator

Surface hardening

Bubble generatorDouble-walled 
structure

2nd target (Spare) No-bubbling techniques 
   to mitigate pressure waves and cavitation damage

   Order of target vessel operation 
      1st      3rd      5th      7th     2nd (8th)
Year 2008     2011     2014      2015      2016       (2017)       
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Expects damage reduction effects inside narrow channel  
  - Flowing effect (increase pressure gradient around surface)  
  - Narrow channel effect (asymmetrically bubble collapsing) 
SNS target has actual results of damage mitigation effect  
 by double-walled structure

Double-walled beam window

Bubble generator

Inner wall (5 mm)

Bulk side

Outer wall (3 mm)

Narrow channel

Beam

5th target ~

Investigate the effect of double-walled structure on  
cavitation damage mitigation

Purpose

5th target damage inspection 
Compared damage distribution with negative pressure period

Schematic illustration of mercury vessel

Expected narrow 
channel effect

Small bubble

Large bubble

Microjet ejects  
  vertical to wall

Microjet ejects 
  parallel to wall

Microjet

4 m/s



Cutting and inspection of 5th target

6

  Measured dose rate at the center of beam 
  window is 245 Sv/h at 680 MWh  
  after 4 moths cooling

Water shroud   
 Outer: 21 Sv/h Inner: 24 Sv/h 
Mercury vessel  55 Sv/h at contact

5th target vessel was failed by water leak from water shroud 
Before replacing target to 7th target, beam window part was cut using 
annular cutter 50 mm in inner diameter to inspect inside damage 
Cut performed without any lubricant by full-remote handling

Cutting performed under target fixing on trolley

Outer mercury vessel

50 mm
Total dose 
Max. 0.19 dpa

Cover with acrylic to prevent  
scatter of swarf 
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Difficulties of cutting multi-layered wall
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Vertical cross section of  
double walled target (5th target)

    Before cutting After cutting

   4th layer remains on cut hole

Water Helium

Mercury

5th target (4 layers structure) was cut using annular cutter  
All prepared cutters (tip of saw) were broken by heat of dry cutting (>500ºC)  
  Need to reconsider cutting condition and material of saw (coating, etc.) 
Innermost layer of beam window is still remains on cut hole  
   The effect of gas microbubbles injection on cavitation damage was not confirmed

Dry condition 
Rotational speed  
      400-480 rpm 
Feed speed  
      0.1 mm/s

Saws broken

Outer water  
shroud (3t)

Inner water  
shroud (3t)

Outer mercury 
 vessel (3t)

Inner mercury 
 vessel (5t)



Damage inside narrow channel
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Φ55

Hg flow 
direction 

Inner mercury vessel  
 (narrow channel side)

Target center

Annular cutter was ca. 7.5 mm offset from center 
Horizontal damage band due to change of roughness was observed 
Machined scratch is recognized at top and bottom side, eroded depth seems small 
Color of surface is changed by heat of cutting 
Severe damage due to the cavitation and erosion was not observed on inner side

Beam

Outer mercury vessel

Top side is unclear 

Φ50
Hg flow 
direction 

ca.4 m/s



Cavitation damage around center
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Damage band seems to be formed by accumulated pits 
Maximum depth at around center is not changed much compared with off-center 
Relatively deep pits are scattered with rough surface 
Maximum damage depth at center is 25±5 µm (deeper than predicted value 10-15 µm)

Center
Boundary of damage

50 μm

200 μm
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200 μm

50 μm

100 μm

50 μm

Boundary of band-like damageCenter of band-like damage

Silicone rubber replica 
 (Struers, RepliSet F1)

Replica enclosed in glass cell and 
measured depth profile by LSM

Outer mercury vessel



100µm

Why the band-like damage was formed

Top side is unclear

Possible reasons : Un-uniform gap, Flow distribution, Pressure distribution, etc.

C
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2.3 mm

Channel top
Bottom

Bulk

Gap
1.5 mm

Gap width
1.0 mm

5mm

5

Observed 
 location

Off beam experiment

20

55

67

1.75

1.74

1.771.68

1.59

1.521.78

1.63

1.77

[mm]

Measured gap between outer and inner wall (in fabrication inspection)

Damage seemed to be increased with increasing in gap width in off-beam experiment

!10

Gap at center part is slightly narrower than other part ….. not so much 
　Opposite trend with off beam experiment

Specimen surface after 106 impact test
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Flow velocity distribution in narrow channel

11

Downstream

Upstream

Water experiment 
with acrylic full-size model

25°
Y=0

Y=43mm

Acrylic target model

High speed 
video camera

Flow velocity distribution in narrow channel was experimentally investigated 
using full-size acrylic model with water loop 
Flow velocity at center part is slightly slower than top&bottom side

48 m3/h

63 m3/h

※Hg target 36 m3/h

Upstream 
Downstream



Pressure wave simulation by LS-DYNA
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Distribution of pressure waves in target vessel was calculated by LS-DYNA 
Initial pressure distribution based on nuclear heating calculated by PHITS 
and JENDL

Bubble generator

Half-model of target vessel
Total nodes: 5,072,820 
Total elements: 4,495,996 
Full solid model 
 (hexahedral elements)
Mercury : Elastic fluid with cut off 
               pressure of -0.15 MPa 
SS Vessel : Elastic 

Pressure 
 [MPa]

Example of initial pressure distribution 
Beam power:  1MW   
Peak energy deposition: 15.3 J/cc 
JSNS Gaussian beam profile

Temperature rise

Pressure rise

Cv: Specific heat  
ρ: Densiry 
β: Thermal expansion ratio 
KT: Bulk modulus

Bubbling effect is 
excluded in LS-DYNA

40 
36 
32 
28 
24 
20 
16 
12 
8 
4 
0

ΔT=8.15ºC@15.3J/cc
ΔP=38MPa@15.3J/cc
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Negative pressure period

TN1TN2 TNi…

500 kW 7.6 J/cc
Narrow channel

Negative pressure period 

TNaccum =

nX

i=1

TNi

Accumulated 
value at each 
element

TN=Saturation time of cut off pressure (-0.15 MPa)

Single bubble response
Keller equation

Black denotes the region of pressure  
  saturating at -0.15 MPa

Negative pressure period, which is correlated with degree of cavitation damage, 
was calculated using pressure time response 
Here, we focus attention on the distribution of accumulated saturation time

Front view

Pressure and bubble response at bulk side
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Negative pressure distribution
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Gaussian beam profile

Outer mercury vessel
t (ms)0 0.5t

Front view

Inner mercury vessel Bulk-side

Distribution of accumulated value 
 of negative pressure period: TNaccumBeam

0.5

1.0

2.0

5.0

500 kW, 7.6 J/cc

t (ms)

Beam 
window

Accumulated negative pressure period up to 2 ms seems to be correlated with 
the damage distribution on cut out disk 
Short time of negative pressure period is effective to form damage in narrow 
channel

Bubbler 
side



Pressure and bubble responses at center
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500 kW, 7.6 J/cc 300 kW, 4.6 J/cc

Bubble growing and collapsing occurs before 2 ms in 300 kW 
In the case of 300kW (take bubble effect into account), it has the possibility to 
occur violent cavitation bubble collapse 

Expected narrow 
channel effect

Narrow channel

Bulk side
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Bulk side
Bulk side
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Microjet ejects  
  vertical to wall

Microjet ejects 
  parallel to wall

Gaussian

Narrow channel

Microjet
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Future plan to improve target 
 and mitigate cavitation damage

Cavitation damage mitigation effect is still expected because the fast flow  
velocity in the narrow channel is maintained even after the inner wall is failed 
Double flow target (single window at center, pre-hole inner wall)  
has the benefits of narrow channel and bubble injection 
Gas wall for absorbing pressure waves is an option for double flow target

Inner wall failure was assumed 
as a circular hole at the center

3.8 m/s 3.6 m/s

3.4 m/s

No	hole φ	10mm φ	30mm

Q : Flow rate through the hole Q : 0.2 cc/s 
      (0.03%)

Q : 27.3 cc/s 
      (3.2%)

Double flow target concept

Gas wall



Summary
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Beam window of used JSNS 5th target vessel after 670 MWh 
(av. 406 kW)  was cut and observed 

Measured damage depth of narrow channel by the replica was 
approximately 25 µm (deeper than predicted depth) 

Band-like damage damage was observed on narrow channel-
facing outer mercury vessel, but no-obvious damage was 
observed on inner mercury vessel 

Short time negative pressure might be affected damage 
formation, but inner side damage is unexplained by simulation 

Effect of microbubbles on cavitation damage mitigation is still 
unclear due to failure of cut out of innermost beam window, we 
should be revise the cutting process and tools





Backup slides
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Bubble behaviors in narrow gap
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日本混相流学会混相流シンポジウム 2013 講演論文集 

1. 諸言 

 壁面近傍でキャビテーション気泡が崩壊する際には，壁
面損傷の原因となる液体ジェットや衝撃波が発生するこ

とが知られている．特に近年の核破砕中性子源の開発にお

いて，狭い流路内での水銀キャビテーションによる壁面損

傷が重要な問題となっており，損傷の抑制に向けた研究が

進められている[1]．狭い流路内のような平行な二壁面間に
生成した気泡は，壁面間の幅や生成位置により崩壊挙動が

変化し，壁面損傷の程度も変化すると考えられる．そこで，

本研究では，平行な平板間において，レーザ誘起気泡を生

成し，その挙動から壁面間の距離や生成位置が気泡の挙動

に及ぼす影響について解析する． 
 
2. 実験装置および実験方法 

Fig. 1に実験装置の概略図を示す．精製水で満たされた
ステンレス容器中にコの字型壁面を設置し，Nd:YAG レー

ザ（波長：1064 nm，シングルパルスエネルギー：約 325.0 
mJ，ビーム径：約 8 mm，パルス幅：5~8 nsec）を用いて壁
面間に気泡を生成する．球状性の高い気泡を得るために，

平凹，平凸レンズおよび虹彩絞りを組み合わせた光学系を

構築し，また集光用のレンズとして，焦点距離 75 mmのア
クロマティックレンズを使用する．今回の実験で使用した

コの字型壁面の形状を Fig. 2に示す．レーザ誘起気泡を溝
の水平方向の中央部に生成し，幅 wや中心軸である x軸か

らの距離 hを変化させて，種々の位置での気泡の挙動を高
速度ビデオカメラで観測した．コの字型壁面は平行平板を

模擬したものであり，本実験条件下においては溝の開口部

および奥側の平行平板に垂直な壁面の影響がないことが確

認されている． 

 
3. 実験結果および考察 
まず，実験結果ではパルスレーザが照射された時刻を

t 0  μsとして表す．また，平行平板の間隔w，およびx軸か
ら気泡生成位置までの距離hは，各々の実験における気泡
の体積等価半径の最大値Rmaxによって正規化し，無次元パ
ラメータw* w/Rmax，h* h/Rmaxとして用いる．ここで，体
積等価半径Rは，画素ごとにx軸方向にスライスした気泡の
二次元画像に対し，その長さが直径となるような回転体を

仮定した上で推定した気泡体積から算出している．また，

気泡生成時（t 0  μs）におけるh*をh0
*と表す．  

Fig. 3に壁面間の中央付近（h0
*≈0）で生成した気泡の観

測画像を示す．それぞれw*=2.24,  1.65,  1.17の時の画像であ
る．w* 2.24の場合，初期段階では気泡は球形を保ちつつ膨
張するが，壁面の影響により上下方向には膨張を続ける一

方，気泡側部では膨張が弱まることで気泡は徐々に楕円形

状となり，  t 140  μsにおいて最大体積をとる．気泡側部の
方が早い段階で収縮に転じるため，壁面垂直方向に伸びた

楕円体となり，そのまま中心部に向かって加速度的に収縮

し，x軸方向にくびれた 8の字形状となる．その後，気泡は
上下二つに分裂するが，各々の気泡はそれぞれ上下の壁に

向かって移動しつつ，壁面近傍において崩壊する．この崩

壊に際しては，単一平面とキャビテーション気泡の干渉で

知られているような，壁面方向への液体ジェットが発生し

ているものと考えられる．w* 1.65の場合，上下方向への膨
張がより制限されるため，t 150  μsの最大膨張時には円柱
状となる．その後，   w* 2.24の場合と同様に気泡側部が 

 

複数の固体壁面間におけるレーザ誘起気泡の崩壊に関する実験的解析 

Experimental analysis of the collapse of a laser-induced bubble between solid walls 
 

野田 達矢（阪府大院），石神 淳司（阪府大院），小笠原 紀行（阪府大）， 
高比良 裕之（阪府大），Emil-Alexandru Brujan（ブカレスト工科大） 

NODA Tatsuya, ISHIGAMI Atsushi, OGASAWARA Toshiyuki, TAKAHIRA Hiroyuki, Emil-Alexandru Brujan 
 

Abstract  We experimentally investigated the collapse of a laser-induced bubble generated 
between solid walls. The shadowgraphs of the cavitation bubble were recorded using a high-speed 
video camera. Two parallel plates made of aluminum were used as solid walls and their gap height, 
w, was varied from 0.5 mm to 2 mm. Also, a distance from a center of the two walls to the bubble 
generation point, h, was controlled to evaluate its influence on the bubble behavior. The results are 
summarized using dimensionless parameters w* = w/Rmax and h* = h/Rmax where Rmax is a 
maximum value of a volume equivalent radius in each case. In the case that h* is nearly zero when 
the bubble generates at the center of the walls, the bubble splits into two in its collapse phase, and 
the bubbles translate toward the nearby wall and collapse in the vicinity of the walls. However, by 
the decrease of w* less than 1.4, the bubble does not split and neutrally collapses. On the other 
hand, in the case that |h*| is not so small when a bubble is generated near one wall, the translation 
and the liquid jet formation toward the nearer wall occur under the condition of large w*. By the 
decrease of w*, this tendency toward nearer wall weakens, and finally the bubble translation 
during the collapse phase and the jet formation change their directions toward the opposite wall. 
 
Keywords: Bubble dynamics, Cavitation, Laser-induced bubble, Bubble-wall interaction 
 

   
  Fig. 1 Experimental setup.      Fig. 2 U-shaped wall. 
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High-speed camera

Solid wall

z

w h
x

15

F313

w

� =
w

R

max

large w* small w*

Record: 400,000 fps, Play: 20 fps Record: 200,000 fps, Play: 15 fps Record: 50,000 fps, Play: 15 fps

Splitting collapse Neutral collapse

h

� =
h

R

max

Toshiyuki Ogasawara, Osaka Prefecture University

IWSMT-12



21

Future plan for investigating 
narrow channel damage

Previously conducted off-beam damage experiment under stagnant mercury 
will extend under flow condition 
Under stagnant condition, damage was reduced with the decreasing in gap 
width 
Relationship among flow velocity, gap width, and cavitation damage in 
mercury will be investigated using MIMTM with mercury circulation loop

MIMTM test section
MIMTM (electro Magnetic IMpact Testing Machine) 
 with mercury circulation loop

Mercury flow

Impulsive force

Specimen

Test section Parametrically 
change gap width 
and flow velocity 



Estimated depth change
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Power depend or time depend?
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Measured depth of pit at narrow channel is about 25 µm 
If this damage was time dependent erosion, < 0.1 mm at 5000 hours 
If power dependent damage , depth of 5000 hr at 550 kWeq —> about 0.7 mm 
Is the double wall effect smaller than bubbling?
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Gaussian profile

Pressure distribution at 1 MW

Octapole profile 
 (expanded beam  
    by Octapole magnet)

Pressure 
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Effect of proton beam profile on cavitation damage was examined by 
pressure wave simulation 
Time response of pressure and negative pressure period at the narrow 
channel is hardly changed 
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Pressure is not saturated at lower than 10 kW

Bulk side

Narrow channel

Negative pressure period that might be correlated with the cavitation damage 
is change with the beam power, not big difference by beam profile 
However, expanding beam (reducing peak energy deposition) is effective to 
reduce applied stress at the beam window
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Target Damage mitigation 
technology

Total power, 
MWh

Operating 
time, h

Average 
power, kW

1st 2008.
5~ 471 3713 126

3rd 2011.
12~ 2050 7537 272

5th 2014.
10~ 670 1672 406

7th 2015.
10~ SH+MBI+DW 170 330 517

2nd 2016.
2~ none 414 1906 217

Operation histories of JSNS target
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in operation

DW: Double-walled structure

SH: Surface hardening

MBI: Microbubble injection

SH+MBI+DW

SH+MBI

SH

1st target operation was stopped due to the earthquake 
5th and 7th targets operation were stopped by trouble of water shroud  
   Failed at 1month (5th) and 2 weeks (7th) after ramped up 500 kW operation 
Current average beam power is 200 kW (2nd target )　

Observed  
in 2015



Cutting device for PIE disk
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Drill machine 
 Power  
         1.6 kW 
 Forward force 
          7760 N

Cutter 
 with quick change tool 
Outer diameter 
          55 mm  
Thickness of cutting tip 
          2 mm 
Number of cutting tip  
          12 

Sugino-machine  
       SSV5-2610

Size  
 2.1x0.7x1.5m

Ultrasonic cleaner 
 with internal pot 
 130W, 42kHz  
 UPS 100W-140min    

Control equipment 
 PLC  
　（Wireless LAN） 
 Battery 
  12 V x 4 = 48 V ,  85Ah 
 Converter 
   200V   

Miyanaga 
   278P-55(S)

Blansonic   
B3510J-MT

Controllable rotation and feed speed, 
traverse position

Cover to prevent 
contamination in hot-cell

Wash specimen in water to 
remove mercury and 
radioactive product

Operation though the 
wireless network



Dose rate of target vessel target #5
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Water shroud 21 Sv/h 
Water shroud 24 Sv/h  
Mercury vessel 55 Sv/h 
  at contact

680 MWh 
(1672 h)
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Depth measurement by laser profiler
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Damage depth profile was measured using laser profile of 0.1 mm in resolution 
Resolution of this machine is insufficient for damage on specimen

Noise?

Z

X

Y

Mirror
Laser

X-stage

Shield

  Laser profiler

2D profile at center

Reassembled 3D-image 
from 2D profile



Depth measurement by replica
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Laser profiler

Replica

Replica

Damage band is 
replicated

Silicone rubber replica (Struers Repliset-F1, 0.1 µm in resolution) was used 
to quantitatively measure the damage depth using laser microscope 
Clear surface erosion was not detected 
Surface roughness (swell) is about ±10 µm



Cavitation bubble in narrow channel
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Keller equation

R: Bubble radius 
ρ: Density 
σ: Surface tension 
P: Pressure 
η: Viscosity

Single bubble
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Size of cavitation bubble caused by shot time negative pressure is less than gap size 
Bubble caused by short time negative pressure seems affected to band shape damage


