Proceedings of the ASME 2010 Pressure Vessels & Piping Division / K-PVP Conference
PVP2010
July 18-22, 2010, Bellevue, Washington, USA

PVP2010-25989

DYNAMICS OF CAVITATING FLOW AND FLEXURAL WAVES IN FLUID-FILLED
TUBES SUBJECT TO AXIAL IMPACT

Kazuaki Inaba *and Joseph E. Shepherd
Department of Mechanical Sciences and Engineering
Graduate School of Science and Engineering
Tokyo Institute of Technology
2-12-1 16-5, Ookayama, Meguro-ku, Tokyo 152-8550, Japan
Email: inaba@mech.titech.ac.jp

ABSTRACT middle of the tube, and at the bottom (closed) end. High-spee
We have experimentally studied the coupling of flexural video of the cavitation events reveals that the cavities are cluster

waves in water-filled tubes with cavitating flow. To examine the of bubbles that have a rosary or grape-bunch appearance.

cavitation events in the tube, we used a transparent polycarbon-

ate (PC) tube. The flexural waves are generated by stress waves

in the water propagating along the tube axis. A steel impactoris NOMENCLATURE

accelerated by gravity and strikes a polycarbonate buffer placed A Area of tube cross sectioBmiRh

on top of the water surface within the tube. Strain gages mea- a; sound speed in fluid (water), 1488 m/s

sure hoop strain along the polycarbonate tube and a piezoelec- ¢  Korteweg wave speed

tric pressure gage measures the pressure at the bottom of thec, bar wave speed in soliq/m

tube. The events were visualized by a high-speed video cameray \Velocity

synchronized with the strain and pressure measurements. Theg  Young's modulus of tube material, polycarbonate 2.4 GPa

impact of the projectile creates a stress wave propagating along y  Poisson ratio of tube materiak0.3

the tube and coupled to the pressure wave in water. A sequence off  Natural frequency of a circular ring

traveling waves results and when the pressure in the waves dropsp  Thickness of tube wall

below the vapor pressure, cavitation occurs in the tube. When | Type cross section, moment of inerteamRh /12

cavitation bubbles are present, the tube vibrates at the natural k  Bylk modulus of water, 2.2 GPa

frequency of the second mode of the circular ring. The duration | | ength of tube

of the cavitation can be estimated from a balance between the ;  th mode (order)

buffer kinetic energy and the work done in accelerating the fluid. Average of inner and outer radius of tube

Cavitation does not occur uniformly or simultaneously; cavita- Vs  Buffer velocity immediately after impact

tion events are observed near the bottom surface of the buffer, theVP Projectile impact velocity

B FSlcoupling parametek2R/(Eh)

ps Density of tubular structure (polycarbonate), 1250 k§/m
*Address all correspondence to this author.
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pt Density of fluid (water), 1000 kg/f steel projectile  cavitation  specimentube  pressure gage

= 7+

stress \
plastic buffer waves strain gage

INTRODUCTION

An example of fluid-structure interaction (FSI) that is very
relevant to industrial fluid distribution systems is water ham- rigyre 1. Schematic diagram of axi-symmetric water-in-tube configura-
mer [1-3]. Water hammer is the consequence of rapid flow {ion for generation of shell flexural waves coupled with stress waves prop-
changes due to valve or pump operation in a fluid-filled piping  agating in water.
system. The effects are manifested as propagating waves of wa-
ter pressure and piping mechanical stress waves that are coupled
by forces and motion occurring at the fluid-structure boundary,
i.e., the pipe interior surface. If the propagating waves result in
low or negative pressures within the fluid, cavitation, which is
the generation of low-pressure gas bubbles, will occur within the c= i
water. These bubbles significantly influence the dynamics of the V1+B
wave propagation in the water.

Water hammer resulting in substantial cavitation is known The limitations of this analysis and extensive comparisons with
as “column separation” [4] since the cavitation often results in t€st results are given in the literature on water hammer [1-3]
the fracture of the fluid column into parts separated by large gas Shepherd and Inaba [12] found that the primary flexural wave
bubbles. The collapse of the gas bubbles results in rapid Iores_spe_ed in the present test configuration could be predicted by E
sure rises that create severe mechanical loads on pipelines and With reasonable accuracy for both metal and polymer tubes.
supporting structures. Due to the industrial importance of this In the present experiment§, = 6.36 or 12.5, whereas in
topic, there is a substantial engineering literature, reviewed by commercial steel pipe, a value of O<1B < 0.4 is typical. As a
Bergant et al. [4]. Recent work from the group of Tijsseling [5-7] consequence of the large valuegdothe Korteweg speeds in the
has reported cavitation experiments with steel tubes with various Présent experiment are predicted (and observed) to be subste
configurations such as a closed pipe, a pipe with an elbow, and atially lower (see Table 1) than the water sound speed.
pipe with a tee branch.

Korteweg speed

ars

(1)

In this paper, we report some observations about FSI and EXPERIMENTAL SETUP
cavitation that are relevant to the analysis of water hammer in a £.oo g4 Impact Tester
very flexible piping system. In order to focus on the fundamental
aspects of FSI and water hammer, we have used a very simple ex'specimen as shown in Fig. 2. The guide tube with a diamete
perimental test setup with projectile impact creating propagating ot 5o mm is mounted vertically above the specimen, a polycar
waves in water-filled tubes as shown in Fig. 1. This configura- 1,5a1e type filled with water. The 1.5 kg steel projectile is ac-
tion has been used by many other researchers to examine d'Versecelerated by gravity from a height of 2.2 m. The projectile is
issues such as cavitation [8], metal forming [9], and underwater |, completely ejected from the guide tube when it impacts 2

shock wave simulations [10, 11]. polycarbonate buffer placed on the water surface. A gland ses
As discussed by Shepherd and Inaba [12], the extent of fluid- is used to prevent water moving through the clearance space b
solid coupling in this geometry is determined by the parameter tween the buffer and tube. In this fashion, the stress waves due:
B = K2R/(Eh). Unlike the case of normal impact of a shock the impact of the projectile are transmitted directly to the water
wave, the coupling depends only on material properties and is surface inside the specimen tube.
independent of flow behind the shock. In the simplest analysis, The impact-generated pressure waves in the water creat
the fluid in the tube is treated as compressible and the motions stress waves and deformation in the tube, and the resulting col
in the fluid are treated as quasi-one dimensional. Balancing the pled fluid-solid motion propagates downward from the buffer to-
acoustic pressure in the fluid with static membrane stress of the ward the bottom of the tube. The deformation of the tube is
tube, the FSI flexural waves are predicted to propagate with the measured by strain gages oriented in the hoop and longitudiné

Our free-fall impact tester consists of a guide tube and a tes
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directions, and the pressure in the water is measured by a piezo- Table 1. Test Matrix.

electric transducer mounted in an aluminum fitting sealedtothe  ghot  Tube L [m] h[mm] R[mm] B c[mis]
bottom of the tube. The bottom of the tube is fastened to an alu-
minum bar mounted in a lathe chuck that is placed directly on 57-63  #3  0.910  6.39 221 636 548

the floor. 66-77 #2 0904 3.08 210 125 404

Guide tube [ | ) o .
lengths of the water-filled section in tests with the tube #3 anc

Steel #2 are 0.72 m and 0.82 m, respectively.
projectile l Free fall Strain gages were mounted in the hoop and longitudinal di-
rections at 100 mm increments for tube #3 (see Fig. 2). A high-

"""""" - speed video camera (Vision Research Phantom v7.3) is used
Polycarbonate observe buffer motions in shots 57-60, 63, 68 and cavitation phe
buffer B 305 mm nomena in shots 61, 62, 69-77. The buffer speed just after th
impact is computed from a frame-by-frame analysis of the videc
Longitudinal =y : recording. The typical projectile speed just before the impact is
,% Vp = 6.4+ 0.1 m/s and the typical buffer speed just after the
= 160 mm . . . . ..
Hoop impact isVg = 5.3+ 0.1 m/s. The projectile speed is in good
flg1| agreement with estimated speed of 6.42 m/s for free fall from
Polycarbonate 100 mm 2.1 m height. In previous studies [12], we confirmed that fluid
tube fg2-} pressure observed in the tube is close to the pressure estimat
100 mm with the acoustic relationship
493
Strain /| Ap=picAu, 2)
gages \\‘
\ o5
100 mm wherec is the water hammer (Korteweg) speed (estimated by
g6 1 Eqgn. 1) andAu is the change in velocity of the fluid (water) esti-
frf..s::;ier\ mated as the buffer velocilys. For tube # 3, the estimated peak
,,,,,,, 150 mm pressure in the wave created by the initial buffer motion is abou
Aluminum 30 2.9 MPa, which is consistent with the measured peak strain of -
bottom mm

""""" - x 1073 and static deformation of the tube.

Figure 2. Test specimen tube, #3, with projectile, buffer, pressure trans-
ducer, and strain gages. Test specimen tube, #2, used a shorter buffer RESULTS AND DISCUSSION
(100 mm) and was without strain gages for visual observations. Fluid Structure Interaction
The impact of the projectile creates a stress wave propaga
ing along the tube coupled to the pressure wave in the wate
Figure 3 is a stacked perspective view of the hoop strain histo
ries (black) measured at gages g1-g6 and pressure history (re
at the tube bottom. The origin of the time axis (0 ms) is se-
Test Conditions and Specimens lected as when the hoop strain at g1 becomes larger than a s
Dimensions of polycarbonate specimen tubes are summa- threshold value. The origin of the distance axis is at the buffel
rized in Table 1. The radius given in the table is the average bottom surface. The trajectory of the primary wave is shown ac
of the inner and outer values. For tube #3, the outer diameter a straight blue line located at the leading edge of the strain wav
was 50.5 mm and inner diameter 37.8 mm; for tube #2, the outer signal. The extrapolation of the strain wave trajectory to the tube
diameter was 42 mm O.D. and inner diameter 38.2 mm. The end shows that the pressure wave arrives at the same time as t
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leading edge of the strain wave. In shots 57-63, the averaged pri-
mary wave speed is 55b 10 m/s, consistent with the nominal
Korteweg speed of 548 m/s. The primary wave can be observed
to propagate from the buffer to the tube end, reflects and propa-
gate back to the buffer twice. After the second reflection from the
buffer at 6 ms, the waves become less distinct but a disturbance
can be observed to arrive at the bottom at 8 ms.
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Figure 4. Hoop strain and pressure histories for shot 63 at long times:

700 0.5 <t <50ms.
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Vibrational Analysis
To examine the phenomena during the low pressure periof
Figure 3. Hoop strain and pressure histories for shot 63, at early times: between 8 and 40 ms, we have analyzed strain signals, Fig. ¢
-05<t<9.5ms. during this time to determine the frequency content, Fig. 7 with

a Fast Fourier transform (FFT). The results for shots 60—62 ar:
very similar to those for shot 63.

After 8 ms, the pressure and strain signals vanish until the In Fig. 7, there are pronounced peaks in the spectrum fo
sudden appearance of low-amplitude, rectangular loading pulse thrée frequency ranges: 1800-2300 Hz, 750-800 Hz~a@80-
that emerges at 43 ms (see Fig. 4) from the bottom of the tube. 350 Hz. These frequencies are all substantially less thamie
This “reloading event” appears to be connected with the collapse frequency
of a cavitation region at the bottom of the tube. Similar events
are seen in shots 60-63 but the timing and amplitude of the event 1 E
vary in each shot. o . fu = 7R\ p1—v2)

Figure 5 shows the hoop and pressure histories during the
period 40 to 55 ms when the reloading event occurs for shots 60
and 63. In these shots, we can observe small oscillations in strainof 10.5 kHz. The hoop frequency is a structural mode (no FSI
prior to the onset of the reloading event at 40 ms. There is also considered) that corresponds to the breathing or axisymmetri
a small compressive disturbance visible just prior to the onset of radial motion of a tube section. The hoop motion is the larges
the reloading pulse. It appears that the weak compressive wavecontributor to the power spectrum in the vibration of detonation
collapses the cavitation bubbles at the end of the tube to initiate tubes [13], which have similar traveling load excitation. How-
the reloading event. The reloading event is then terminated by ever, in the present experiments, the hoop mode is not observe

(3)
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Figure 5. Hoop strain and pressure histories at the time of the reloading
event, 40 <t < 55 ms.
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Figure 6. Hoop strain histories after the initial large-amplitude oscilla-
tions for shot 63.

There are several possible explanations for the frequenc
peaks that are observed in the spectrum. The theory of vibratio
of liquid-filled cylindrical shell [14—16] predicts a large number
of modes with various shapes. At low-frequency only two axi-
ally symmetric modes are active, one corresponds to axial wave
propagating with a phase speed approximately equal to the bz
speedc, in the shell material, the other is a coupled shell-fluid
mode propagating with a phase speed approximately equal to tt
Korteweg phase speed= 1452 m/s. The lowest order modes
corresponding to axial oscillations in the shell will have a res-
onant frequencies between 700 and 800 Hz depending on ho
much of the shell participates in the oscillation. This brackets the
observed spectral peak at 750-800 Hz. Coupled fluid-structur
waves (Korteweg) will have a maximum resonant frequency of
about 355 Hz. The sound speed in the water will decrease witl

to participate strongly in the vibration induced by the impact or increasing bubble volume so that when cavitation occurs, we ex
subsequent reloading events. In general, the amplitude of vibra- Pect lower phase speeds and frequencies than for single-pha
tion of the tube wall and the pressure fluctuations are quite small water.

during the dwell period between 8 and 10 ms.

The vibrational mode responsible for the 1800-2300 Hz os-
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Figure 7. FFT analysis for data and time period shown in Fig. 6.

cillations is less obvious. One possibility is a circumferential
mode of vibration induced by the off-axis impact of the projec-
tile resulting in loading that is not coincident with the tube axis.
Treating the tube as a circular ring, the vibration frequency is
given by

_ 1nn?-1) | El _

wheren indicatesnth natural frequencyl, is moment of inertia

in tube cross sectiorA is area of tube cross section aRds
radius of tube [17, 18]. The natural frequency of the made

2 is calculated to be 2237 Hz, within the range (1800-2300 Hz)
observed in the experiments.

Kinematic Analysis
After the projectile impact, the buffer was set into an oscil-
latory motion. Figure 8 shows the buffer and projectile motion

the video we observed five distinct regimes of motion. Initially,
the buffer was at a height 0 mm until the projectile impacted at
t = —0.68ms as seen in Fig. 8(a). At this time the buffer began
to descend, compressing the water beneath it tugatiR.86 ms
(Fig. 8(b)) when the buffer was observed to stop at a height of
-9.5 mm. The buffer then began to ascend, lifting the projectile.
The buffer and projectile separated at 6.62ms (Fig. 8(c)) and
height 6.6 mm, but the buffer continued to travel upwards where
it reached a peak height of 18.1 mmtat 24.6 ms (Fig. 8(d)).
The buffer then gradually returned to its original location, stop-
ping at 48.4 ms.

(b)

(€)

Figure 8. High-speed video images around the buffer and the projectile
for shot 63 at (a) -0.68 ms, (b) 2.86 ms, (c) 6.62 ms, (d) 24.6 ms and (e)
48.4 ms.
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Figure 9. Top location history of the buffer obtained from the high-speed

after the impact as recorded by the high-speed camera. Fromvideo images for shot 63.
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The buffer is essentially rigid in these tests. This implies by the vapor pressure (0.06 J).
that the motion of the water immediately below the buffer may
be inferred from the path of the top surface of the buffer. There-
fore the buffer path as determined by the high-speed camera and
shown in Fig. 9 depicts the motion of the top surface of the water. §
The projectile speed just before the impact and just after the de-
tachment from the buffer was 6.2 m/s and 4.5 m/s, respectively.
Using the projectile mass of 1.5 kg, the kinetic energy difference
of the projectile before and after the impact is calculated as 13.6 J
(13.6 J=0.5x 1.5 kg x(6.2%2 — 4.52) m?/s?). We suppose that
most of this energy is transferred to the motion of the tube and
water.

When the projectile impacts the top of the polycarbonate
buffer, a stress wave propagates through the buffer, into the wa-
ter column, and continues until it reaches the stationary bottom
of the tube. A reflected wave is then created that propagates back
through the water column and into the polycarbonate buffer. Fur-
ther reflections will propagate down and up through the tube un-
til they are eventually damped by viscosity. It takes 3.25 ms
(0.44 ms through the buffer and 2.81 ms through the water)
for the wave to complete the first round trip. This time corre-
sponds to the times between Fig. 8(a) at -0.68 ms and Fig. 8(b)
at 2.86 ms. It should be noted that upwards acceleration of the
buffer was visible for times prior to 2.86 ms; 2.86 ms was the
time when reverse (upwards) motion was first detected. Hence
our data agrees with the relation between the wave propagation
and buffer motion.

Figure 10. Series of frames from high-speed video showing the devel-
opment and the collapse of cavitation bubbles around gages g3-g6 in shot
62. The top gage in the picture is g3. The first image is att = 8.1 ms
after trigger (8.78 ms after the projectile impact). The second image is at
t = 8.6 ms and later images are at an interval of 1 ms.

The detachment between the projectile and the buffer at

6.62 ms corresponds to the time at which the wave completes In shot 62, the high-speed video camera captured the cav
its second round trip. It was at this time that cavitation was first tation phenomena around gages g3-g6 (see Fig. 10). There a
observed inside the tube as seen in Fig. 10. The presence of cavno bubbles in the first image of Fig. 10tat 8.1 ms but three
itation indicates that the pressure in the water has dropped belowbig bubbles appear in the second image at 8.6 ms between gag
the vapor pressure of the water. The pressure will not decreaseg5-g6, g5-g4 and g4-g3. In addition to the big bubble betweer
below the vapor pressure until all the water has evaporated. As gages g4-g3, there are two more small bubbles in this vicinity.
this does not occur, we know that the pressure in the water is con- The sudden appearance of these bubbles is because the event
stant at the vapor pressure as long as cavitation is present. Thuscurs within 0.2 ms. Although the g5-g6 bubble becomes visible
the forces acting on the buffer are known and the buffer motion first, the size of the g4-g3 bubble is largest among them in the
may be derived. The equation of motion balances the kinetic en- third frame whert = 9.6 ms. In the fourth frame of 10.6 ms, the
ergy of the buffer just after the detachment (0.42 kg, 3.1 m/s) and g4-g3 bubble starts to collapse. The next several images portre
the work by the differential force between the atmospheric pres- the g5-g4 and g6-g5 bubbles collapse in turn as the wave proy
sure on the top surface (areal=2 x 10~2 m?) and the vapor agates downward from g3 to g6. Since it takes about 3 ms t«
pressure on the bottom surface. At 298 K, the vapor pressure is propagate from the g4-g3 bubble to the g6-g5 bubble (a distanc
3.14 kPa [19]. Immediately after separation, the kinetic energy of 0.2 m), the wave speed is approximately 66.7 m/s. The maxi
of the buffer was 2.02 J. This energy is approximately equal to mum void fraction due to cavitation is 2.32% as estimated by as
the work done by the atmospheric pressure, 1.99 J. At the peaksuming the amount of cavitation is equal to the increase in wate
displacement of 18.1 mm (Fig. 8(d)), the potential energy of the column volume as determined by the maximum height achievet
buffer (0.07 J) was small and of the same order as the work done by the buffer (18.1 mm). After cavitation occurs, the hoop strain
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histories indicate that there was no significant expansion of the shown in Fig. 11. The first and second peaks (2.6 and 6.8 m
tube and hence the volume change due to the tube deformationafter projectile impact) are caused by the initial impulsive load-
may be neglected. ing and the reflected wave. About 30 ms after the second pea
(t =38ms), there are a series of pressure spikes accompanied |
a 4 to 5 ms pressure plateau. The duration of the plateau agre:
with the reverberation time calculated with the Korteweg wave
speed of 455 m/s. Since tube #2 has a thinner wall-thickness, th
Korteweg speed is slower than that of tube #3. The top surfac
of the pressure transducer is 10 mm lower than the surrounding
which causes the extremely high pressure peaks of Fig. 11 whe
the cavitation bubbles collapse.

Cavitation Bubbles and Wave Propagation

Cavitation does not occur uniformly through the tube. As
discussed by Wylie and Streeter [2], wave propagation changes
the fluid velocity and head (pressure) so that the cavitation
threshold depends on location. In this regard, our experiments
are roughly similar to the situation of column separation with
distributed vaporization in an upward-sloping pipe. The flow fea-
tures in the present experiments are different at the initial stage ~ From analyzing the pressure signals and the high-spee
than classical column separation due to the use of a piston rathermovies, we conclude that the time between spikes in Fig. 11 i
than operating a valve to set up the wave motion. Another im- associated with several low speed waves propagating in the twc
portant difference is that the buffer motion can place the water Phase mixture or vaporous zone created by cavitation. For exan
column into tension. ple, using the standard approximations for determining the soun

On the middle part of the specimen tube, we observe dis- SPeed in gas-liquid mixtures, we compute a speed of 90.5 m/
crete cavities (large cavitation bubbles) at several locations (seefor @ two-phase flow with 10% void fraction. The void frac-
Fig. 10). Near the buffer bottom, cavitation bubbles were ob- tion of 10% is the maximum fraction that would occur due to
served after the buffer rises past the original height. The duration the observed volume associated with the buffer motion and th
of the cavitation bubbles near the top of the specimen was short, Measured change in tube diameter during the experiment. Tt
on the order of 0.5 ms, while the duration of the bubbles near the local void fraction could still be larger, but we expect the space-

bottom end was long, on the order of 30-40 ms. averaged volume fraction should be lower than 10% in our ex
periments.
12.0 —~ ; ;
10.0 — ——stress wave
—tension wave
1.0 ——wave in piston
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Figure 11. Reflected pressure history in shot 77 Vjg=4.7 m/s, 3.1 mm Time (ms)
thick-wall.

Figure 12. Schematic of waves, piston and buffer motion in cavitation
The reflected pressure history in shot 77 with tube #2 is events.
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41 ms. It is interesting to notice that the cavitation causes the
bubbles to form structures reminiscent of grapes or a rosary.

Cavitation appears to occur throughout the water after the
arrival of the second tension wave (2). The time between event
(1) and (2) is close to the reverberation time calculated from the
Korteweg speed without air entrainment. Although the details of
wave propagation and the mixture condition are unknown, the
subsequent buffer motion between events (2) and (4) is consis
tent with waves propagating through a vaporous zone. Cavitatio
is observed until the arrival of the compression wave (4) cause
® Shot 68, Top @ Shot 68, Top collapse of the vaporous zone. The pressure spikes of Fig. 11 a
pear to be associated with the collapse of the vapor bubbles ar
are very similar to those observed in shallow-water underwate
explosion tests and simulations [20].

L1

e 2

IE

CONCLUSION

A steel projectile impacting a polycarbonate buffer was usec
to create stress and pressure waves that propagated through flu
® Shot 69, Bottom @ Shot 69, Bottom filled tubes. We observed the distinct sequence of downwart
wave propagation, reflection off the bottom plug, upward wave
propagation, and reflection off the buffer for two complete cy-
Figure 13. Cavitation bubbles in Shots 68 and 69. (Numbers correspond cles. The third cycle is visible, but considerably more vague
to the points indicated in Fig. 12). than the first two cycles. During the third sequence, the pressur
signal dropped to the vapor pressure of the water and cavitatio
events occurred. Several small, low-frequency peaks and higr
frequency oscillations were observed in the hoop strain historie
of the tube wall during the cavitation events. The low-frequency
oscillations correspond to the forcing of the fluid-structure inter-
action and the high-frequency oscillations show agreement witt
the natural frequency of the circular ring which had the same di-
mensions and material properties of the tube. After the projectile
impact, the buffer oscillated up and down. The buffer motion af-
ter the separation from the projectile was estimated by balancin
Sthe kinetic energy of the buffer just after the detachment and th
work by the differential force between the atmospheric pressur
and the vapor pressure.

The proposed wave propagation process is given ix the
diagram of Fig. 12. In this figure, the time of 0 ms is the instant
of the piston impact. The images in Figure 13 are extracted from
the movies in shots 68 and 69 and show flow features around the
buffer bottom and the tube bottom such that the picture numbers
1 to 4 correspond to the points plotted in thet diagram. From
the movie, we see that the piston moves downward until 4 ms af-
ter impact and separates from the buffer at 7.4 ms. Instantaneou
cavitation occurs below the buffer after the buffer and piston be-
gins to move upward as shown in Fig. 13 (1). At the tube bottom,
cavitation bubbles start to develop after the arrival of the first ten-
sion wave (3). The piston and the buffer separate from each other Cavitation events occurred heterogeneously. At the top o
at 7.4 ms as indicated by rapid upward motion of the piston. Af- the tube, instantaneous cavitation events occurred within 0.5 m:
ter the separation, we observe a large number of instantaneousThe shape of the cavitation bubbles were round, but their assen
cavitation events (2). The first tension wave causes the rever- bly formed shapes resembling a bunch of grapes or a rosary. A
sal of the piston motion and the reflected (second) tension wave the middle of the tube, the growth and collapse of several bub
leads to the piston-buffer separation. The buffer upward motion bles were observed over 3 ms. At the bottom of the tube, discret
stops at about 22 ms, reverses direction and stops again at aboutavity bubbles grew for a much longer period, about 30-40 ms.
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