
Estimation of cavitation intensity from the time taken for bubbles

to develop

H. Soyamaa,* and M. Futakawab

aDepartment of Mechanical Engineering, Tohoku University, Aoba 6-6-01, Aramaki, Aoba-ku, Sendai, 980-8579, Japan
bJapan Atomic Energy Agency, Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan

Received 22 June 2006; accepted 19 July 2006; published online 12 August 2006

In order to estimate the cavitation erosion rate, the time taken for cavitation bubbles to develop and the cavitation erosion

intensity were investigated. The cavitation intensity was found to be proportional to the 7th power of the time taken for bubbles to

develop. This is a similar dependency to the effect of scaling on cavitation erosion, which shows how the cavitation erosion rate

increases with cavitating length.
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1. Introduction

In a joint project between the Japan Atomic Energy
Agency (JAEA) and the High Energy Accelerator
Research Organization (KEK), a MW-scale spallation
neutron source is being constructed for use in research in
new areas of science such as materials and the life sci-
ences. The neutron source is being constructed at the
Japan Proton Accelerator Research Complex (J-PARC)
[1]. Liquid mercury will be used as both the target and
coolant. However, Kass et al. [1] revealed that cavitation
erosion rate for stainless steel in mercury increased in a
nonlinear fashion with applied power using a vibratory
erosion test. Futakawa et al. [2–8] found that severe
cavitation erosion can occur in the wall of the target
vessel. As the thickness of the wall of the vessel is
2.5 mm, it is essential to establish a method for esti-
mating the lifetime of the vessel, and several methods
have been proposed [9–11].

In the target vessel in J-PARC, cavitation is gener-
ated by a pulsed proton beam with a pulse duration and
pulse rate of 1 ls and 25 Hz, respectively [2]. When the
proton beam hits the mercury in the target vessel, a
thermal shock is generated and the impact pressure
waves from the thermal shock propagate to the wall of
the target vessel causing the vessel to vibrate, which in
turn gives rise to cavitation in the mercury close to the
vessel wall. This cavitation produces pitting in the wall
of the target vessel. Pitting caused by injecting a pulsed
proton beam into mercury has been confirmed [6,7]. The

cavitation intensity in the target vessel depends on the
power of the proton beam in the spallation neutron
source. In order to predict the erosion rate, the cavita-
tion intensity needs to be estimated. Although the cav-
itation intensity seems to be related to the amplitude of
the high frequency components of the vibration excited
by proton bombardment, measurement of the amplitude
is difficult and not very accurate, since the target vessel is
set in a safety hull and the path by which the vibration
travels is complex. The time for cavitation bubbles to
develop at each cycle is one of parameters associated
with the cavitation intensity, as larger cavitation bubbles
are likely to produce a larger impact. On the other hand,
the time for cavitation bubbles to develop is related to
the size of the hydraulic machinery, i.e., there is a scaling
effect in cavitation erosion. Cavitation erosion becomes
drastically more aggressive as the size of machine in-
creases. When the size of the hydraulic machinery gets
larger, the cavitating length gets longer, and conse-
quently the time for bubbles to develop is longer at
constant flow velocity. It is crucial to measure a param-
eter, such as the time for bubbles to develop, in order to
investigate the scaling effect of cavitation erosion.

In the present paper, in order to predict the cavitation
erosion rate of target vessels and to study the scaling
effect of cavitation erosion, the time for cavitation
bubbles to develop and the cavitation erosion rate were
examined using a Magnet IMpact Testing Machine
(MIMTM) [9]. The dependencies of rate of erosion on
the development time for bubbles in MIMTM and the
cavitating length in hydraulic machinery were shown to
be similar.
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2. Experimental facilities and procedures

Figure 1 shows a schematic diagram of the mercury
chamber in MIMTM. The plate specimen, which is
electrically driven by the pressure pulse actuator, is
connected to a short cylinder filled with mercury, whose
capacity is about 120 cc. In order to change the cavi-
tating conditions, the driving impact force of the plate
specimen can be changed by altering the voltage applied
to the pressure pulse actuator.

In order to measure the time for cavitation bubbles to
develop, a laser Doppler vibrometer was used to detect
the vibration corresponding to bubble collapse, as high
frequency vibration is produced as the bubble collapses.
The acceleration of the plate specimen was also mea-
sured. Figure 2 shows a schematic diagram of the
measurement system. A 5 kHz high-pass filter and a
100 kHz low-pass filter were used as a band-pass filter
for the signal from the laser Doppler vibrometer.
The sensitivity of the laser Doppler vibrometer was
0.05 (m/s)/V.

In order to measure the cavitation erosion intensity in
MIMTM, the surface of the plate specimen was exam-
ined for erosion to assess the coverage on the surface in
the early stages of the incubation period. The coverage
C is defined as the fraction of the area damaged on the
surface. The cavitation erosion intensity is obtained as
follows [11]:

1. Measure the coverage in the early stages of incuba-
tion.

2. Obtain the constant a in Eq. (1).

C ¼ 1� eat ð1Þ

3. Obtain the incubation time from the Eq. (1) at
C = 0.98, i.e., 98%.The cavitation intensity is the
inverse of the incubation time [11].

In order to investigate the correlation between the
scaling effect and the time for cavitation bubbles to
develop, the result of scaling on hydrofoils was also
examined. The scaling effect of the hydrofoils was
investigated by measuring the variations in the acoustic
power and the plastic deformation pits when the chord
length was varied from 53 to 160 mm at constant flow
velocity [12,13]. The hydrofoil was set in the cavitation

tunnel and the acoustic power was measured by hy-
drophone. Plastic deformation pits on a thin aluminum
plate placed on the hydrofoil were measured. The cavi-
tation intensity was calculated from the acoustic noise
and the plastic deformation pits.

3. Results

Figure 3 shows the output signal of the acceleration,
the vibration without the band-pass filter and the
vibration with the band-pass filter as a function of time t
using MIMTM. When the plate specimen was driven by
the magnetic force, cavitation was produced in the
mercury and the bubbles collapsed at t� 2 ms, as the
high frequency components related to cavitation bubble
collapse are superimposed on the measured vibration at
around 2 ms after actuating the plate. Using the band-
pass filter, the high frequency components become much
clearer. The time from when the plate is first driven to
the maximum amplitude is related to the time for bub-
bles to develop. In the present paper, the development
time td is defined as the time between actuating the plate
and that at which the bubble collapses, which occurs
when the maximum amplitude of the high frequency
signal is detected, as shown in figure 3.

Plate specimen 
Impact force

 f10015
Hg

Figure 1. Mercury chamber in MIMTM.
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Figure 2. Schematic diagram of measuring system.
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Figure 3. Output signal of accelerometer and laserDoppler vibrometer.
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Figure 4 shows the output signal from the laser
Doppler vibrometer through the band-pass filter under
different cavitation conditions, i.e., different voltages
applied to the pressure pulse actuator. The amplitude of
the vibration and the time td increase with increasing
voltage from 1.4 to 1.95 V. At an applied voltage of 1 V,
cavitation erosion was scarcely observed. The results
show that cavitation bubbles develop further and the
cavitation erosion intensity increases with voltage.

Table 1 shows the time td and the coverage of the
cavitation damage on the eroded surface. The coverage
was measured after 105 cycles. In the present paper, the
erosion time is the number of cycles of the applied
driving force. Thus, the incubation time refers to the
number of cycles in the incubation period. From Eq (1),
the number of cycles in the incubation period ni was
obtained from the coverage for each condition. The in-
verse value of ni is proportional to the cavitation
intensity. The normalized cavitation intensity was cal-
culated from ni normalized to its value at Vp = 1.4 V.
The time td was measured 10 times and averaged for
each condition.

Figure 5 reveals the relationship between the esti-
mated time for cavitation bubbles to develop td and the
cavitation intensity Icav. The development time and the
cavitation intensity are normalized by their values at
Vp = 1.4 V. The results of the scaling effect on hydro-
foils are also plotted in figure 5, in order to illustrate the
correlation between the scaling effect and the develop-
ment time for cavitation bubbles. In the case of the

hydrofoil, the chord length L and the cavitation inten-
sity are normalized by their values at L = 53 mm. The
cavitation intensity increases with development time,
and applying a power law shows the exponent n to be
7.2. That is, the cavitation erosion intensity increases
approximately as the 7th power of the development
time. The cavitation intensity using the hydrofoil also
increases dramatically with chord length. Even though
the results are scattered, the dependency of Icav on td for
the hydrofoil measurements is similar to that of the
results from the experiments using MIMTM.

Figure 6 illustrates the relationship between the input
power Pin and the estimated time for cavitation bubbles
to develop td. This shows that td increases with the
square root of Pin. Since the results above show that the
Icav increases with td to the power of 7.2, it increases
with input power Pin to the power of 3.6. Pressure pulse
tests done at the Weapon Neutron Research WNR of
the Los Alamos Neutron Science Center LANCE and
MIMTM of JAEA have shown the cavitation erosion
intensity to increase with a 3.8 power law dependency on
input power [10]. This agrees well with the result
obtained here. Thus, monitoring the high frequency

0 1 2 3 4 5

O
ut

pu
t s

ig
na

l

Time  t   ms

0.
00

2 
m

/s
 

1 V

1.4 V

1.5 V

1.7 V

1.95 V

Figure 4. Variation of the vibration measured using a laser Doppler

vibrometer with cavitating conditions.

Table 1.

Input power of pressure pulse actuator, time for cavitation bubbles to develop and cavitation intensity.

Voltage applied to

pressure pulse

actuator Vp V

Input power Pin W Estimated time for

cavitation bubbles

to develop td ms

Coverage C Number of cycles

of incubation period ni

Normalized cavitation

intensity Icav

1.4 294.2 1.84±0.51 0.101 3.69� 106 1.0

1.5 340.6 1.73±0.15 0.184 1.93� 106 1.9

1.7 438.0 2.11±0.05 0.346 9.27� 105 4.0

1.95 556.5 2.76±0.17 0.752 2.82� 105 13.1
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Figure 5. Plots showing the similar dependency of cavitation erosion

on the time for cavitation bubbles to develop and on scaling.
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components of the vibration, which is related to bubbles
collapsing, is a good method for predicting cavitation
intensity. This can be used to estimate the cavitation
intensity of the target vessel used for the spallation
neutron source.

4. Conclusions

In order to estimate the cavitation erosion intensity in
the target vessel of a spallation neutron source, the time
for cavitation bubbles to develop was examined as a
function of cavitation erosion. It can be concluded
that the time for the bubbles to develop can be used in
estimating the cavitation erosion intensity.
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Figure 6. Relationship between the input power and time for cavita-

tion bubbles to develop.

26 H. Soyama, M. Futakawa/Estimation of cavitation intensity



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


