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ABSTRACT

Utilizing some novel instrumentation which allowed detection
and location of individual cavitation bubbles in flows around
headforms, Ceccio and Brennen (1991 and 1989) recently examined
the interaction between individual bubbles and the structure of the
boundary layer and flow field in which the bubble is growing and
collapsing. They were able to show that individual bubbles are often
fissioned by the fluid shear and that this process can significantly
cffect the acoustic signal produced by the collapse. Furthermore
they were able to demonstrate a relationship between the number of
cavitation cvents and the nuciei number distribution measured by
hofographic methods in the upstream flow. More recently Kumar
and Brennen (1991-1992) have closely examined further statistical
properties of the acoustical signals from individual cavitation
bubbles on two different headforms in arder to learn more about the
bubble/flow interactions.

However the above experiments were ail conducted in the same
facility with the same sizc of headform (5.08cm in diameter) and
over 2 fairly narrow range of flow velocities (around 9nv's). Clearly
this raises the issue of how the phenomena identfied in those carlier
experiments change with changes of speed, scale and facility. The
present paper will describe experiments conducted in order to try to
answer some of these important questions regarding the scaling of
thc cavitation phenomena. We present data from experiments
conducted in the Large Cavitation Channei of the David Taylor
Research Center in Memphis Tennessee, on similar headforms
which are 5.08, 25.4 and 50.8cm in diameter for speeds ranging up
to 15m/s and for a range of cavitadon pumbers. In this paper we
focus on visual observations of the cavitation paiterns and changes
in these patterns with speed and headform size.

NOMENCLATURE

pressure coefficient, (P,-P)/(0.5pU,2)
D  headform diameter
P static local pressure
P,  static free-stream pressure
Py,  water vapor pressure
r non dimensional bubble radius, R/D
R bubble radius at the base
Rmax bubble maximum radius at the base
Re  Reynolds number, U,D/v
t time
U, free-saeam velocity
X,  attachment coordinate along axis of revoiution
%(C collapse coondinate along axis of revolution

bubble thickness in the direction normai to the headform
surface

bubble sphericity, (5/R)
kinematic viscosity
density

T M

G cavitation number, (Py-Py)/(0.5pU,2)
i inception cavitation number

1. INTRODUCTION

The purpose of the experiments described herein was 1o
investigate the cffects of scale in the cavitation occurring on a
simple axisymmetric headform. The focus is on traveling bubble
cavitation, and the interaction between the flow and the dynamics
and acoustics of individual bubbles. Experiments by Ceccio and
Brennen (1991) on 5.08cm diameter axisymmetric hcadfom}s had
revealed a surprising complexity in the flow around singie cavitation
bubbles. Among the phenomena observed during thosc previous
expériments were the fact that the bubbles have an approximaiely
hemispherical shape and are separated from the solid surface by 2
thin film of liquid. This general conformation persists during the
growth phase though, especially with the larger bubbles, the thin
film appears t¢ become unstable and may begin to shear off the
underside of the bubble leaving a ¢toud of smalier bubbles behind.
On the other hand, the collapse phase is quite compicx and consists
of at least three proccsses occuming simuitancously, namely
collapse, shearing due to the velocity gradient near the surface and
the rolling up of the bubbles into vortices as a natural consequence
of the first two processes. These processes tend to produce smail
transverse vortices with vapor/gas filled cores. It was noted that the
collapse phase was dependent on the shape of the headform and the
details differed between the ITTC headform (Lindgren and
Johnsson, 1966) which possessed a laminar separation and the
Schiebe body (Schiebe, 1972; Meyer, Billet and Holl. 1989} which
did not. The current investigation empioyed Schiebe headforms
which have a minimum pressure coctficient on the surface of
Cpiyin=-0.78. oo o

Scveral other features of the flow around individual cavitation
bubbles were noted in thosé earlier experiments and need to be
mentioncd here. On the ITTC headform, when some of the larger
bubbles passed the point of laminar separation they would induce an
atnached "streak” of cavitation at both the laterai extremes of the
bubble as indicated in figure.l. These streaks would stretch out as
the bubble proceeded downstream, being anchored at onc end to 2
point on the body surface atong the laminar separation line and at
the other end to the "wing-tips” of the bubble. The main bubble
wouid collapse, leaving the two streaks it induced to persist longer.

One of the important consequences of these variations in the
details of the collapse processes is the effect on the noise produced
by a singie cavitation event (Ceccio and Brennen, 1991; Kumar and
Brennen, 1991-1992). Bubble fission can produce several bubble
collapses and therefore several acoustic pulses. _Presumably this
would also effect the cavitation damage potential of the flow.
However it is important to reiterate that these carlier experiments
were all conducted with 5.08cm diameter headforms and utilized
only a very namow range of tunnci velocités of 8-9m/s.
Conseguently there arc very real questions as to how the observed
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‘phenomena might scale with both headform size and with tunnei
velocity. The experiments described here represent one effort to
answer some of these questions.
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Fig. | Schematic diagram indicating the conformation of a
cavitating bubble induced separation sireaks.

We digress briefly to note that questions on the scaling of
cavitation have been asked for many years but particularly in the
aftermath of the ITTC comparative tests conducted by Lindgren and
Johnsson (1966) who showed how disparate the appearance of
cavitation was at different speeds, in different facilities and at
different water "qualities”, The latter characterization refers to the
number of cavitation nuclei present in the water where most of these
nuclei usually consist of very small air bubbles in the range 5 to
300um. As O'Hern et al. (1985, 1988) have shown, these nuclei are
similar in size distribution in most deaerated water tunnels and in
the ocean. This causes one set of scaling questions since the ratio of
body size to the nuclei size will change with the body size. The
other set of scaling issues derives from the complex interactions
between the bubbles and the flow close to the headform with which
the bubbles interact. Since the flow is Reynolds number dependent,
scaling effects will also be caused by the changes in both body size
and tunnei velocity. As a guide to interpretation of the resuits of the
experiments a panel method was developed to solve the
axisymmetric potential flow around the Schiebe headform in the
absence of cavitation. Resuits from these calculations are presented
in figure 2, which shows the isobars in the low pressure region near
the nose of the headform.

Fig. 2 Pressure distribution around the minimum pressure point in
the flow above the Schiebe headform.

2. EXPERIMENTAL SETUP

Large Cavitation Channel

The authors were fortunaie to have the opportunity to examine
some cavitation scaling effects by conducting experiments in a new
facility called the Large Cavitation Channel, which has just been
constructed for the David Taylor Research Center (Morgan, 1990).
Briefly this facility is a very large water tunnei with a working
section which is 3.05m x 3.05m in cress-section. It is capable of
tunnel speeds above 15m/s and the pressure control allows operation
at sufficiently low pressures in the working section to permit
cavitation investigations. Polished lucite windows are located along

the side walls of the test section and in the corners at the top and
bottom.

Headforms

Three Schiebe headforms of diameter 5.08cm, 25.4cm and
50.8cm were machined out of solid blocks of clear lucite and were
mounted in the working section as shown in figure 3. The interiors
of the headforms were hollowed out in order to place hydrophones
in water within the headform and as close as possible to the
cavitation. Lucite was chosen for its good acoustical match with
water in addition to its electrically insulating properties. The inside
of the headform was filled with water at aumospheric pressure.
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Fig. 3 Schematic diagram the three headforms with afterbodies and
SUpporting strut.

Electrode bubble detection . )

Silver epoxy elecwodes were instalied flush in the lucite
headform. A pattern of alternating voitages is applied to the
electrodes. and the electric current from each is monitored. When a
bubble passes over one of the clectrodes, the impedance of the flow
is altered. causing a drop in current which can be detected (Ceccio
1989). Thirteen of these electrodes take the form of small patches
(about lmm in diameter) at different axial locations. In addition,
three ring electrodes covering the entire circurnference of the body
were installed at a particular axial location in order to measure the
cavitation event rate over the entire headform. Each one of the
signals from the 16 electrodes were connected to both a peak
detector trigger box and a computer data acquisition system.
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High speed photegraphy and (lash

Two cameras triggered simultaneously were set up in order to
take flash pictures of individual cavitation bubbles at different
angles and different enlargements. Four powerful EGG SS166 flash
heads with 55162-165 energy storage racks were used. The film
cxposure time was of the flash duration and was measured to be
about 30us. Triggering could be done either manually or through a
computer controlled lock-out system in- series with the electrode
peak detector signal. )

in addition, a CCD video camera was focused on the top surface
of the headform. The EGG flash heads were used in sirobing mode,
synchronized with the video camera framing rate in order to make a
video recording for each operating condition.

Test conditions

The test marrix included three saturation air contents of 80%,
50% and 30% for each of the three Schiebe headforms. The
measurcments were taken at three velocities of 9m/s, 11.5m/s and
15mvs, allowing a Reynolds number range from 0.54x10° 1o
9.41x10% For each velocity about five cavitation numbers were

investipated, ranging from bubble inception to fully atached
cavitation.

3. CAVITATION INCEPTION DATA

Cavitation inception was defined as the occurrence of some
minimum cavitation event rate over the entire body. The first
cavitation pattern that was observed at inception for this type of
headform consisted of individual raveling bubbles. The event rate
could, therefore, be easily monitored by the means of the elecoode
system located in the bubble growth region of the body. We
arbitrarily defined inception as corresponding to a minimum of one
event every 5 seconds detected by the upstream patch electrode.
Figure 4 shows the values of the cavitation inception number o; for
all the velocities, headforms and air content measured.

We note that the cavitation inception number increases with the
headform diameter and the air content. Cavitaton inception
therefore occurs at higher pressures as the number of cavitatabic
free stream nuclei increases. We can define a cavitatable free
stream nuclei as one whose pathline intercepts a low enough
pressure region above the headform, causing it to explode. As the
diameter of the headform, D, increases, the flow rate trough the low
pressure region increases like D2, causing more nuclei to be excited.
The decrease of o, with the velocity is somewhat surprising and can
be explained in the following way. In order to achieve the same
cavitation number for all velocities the pressure relative to the vapor
pressure, P-Py, has 10 be varied with 1/U_2. For lower velogities the
absolute pressure of the flow needs to be substantially less. Lower
pressures force the dissoived gas to come out of solution and thus
increase the size and number of free soeam nuclei available. At the
lowest pressures for the 5,08cm headform, the free stream gas
bubbles are of the same order in size as the bubble cavitation on the
headform, making it extremely difficult to differentiate one from the
other. We observe that when the pressure is sufficiently low for the
smallest headform to reach inception, the larger headforms already
exhibit quite extensive cavitation patterns. The interesting range of
cavitation numbers therefore varies considerably from one headform
to another.
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Fig. 4 Cavitation inception numbers oy, for the various headform
sizes, velocities and air contents.

4. CAVITATION APPEARANCE

A typical bubble cavitation event consists of the growth and
collapse of a bubble as it gavels through the low pressure region
close to the headform surface. The shape and size the bubble will
assumec is dependent on the cavitation number and the pressure
coefficient history it experiences along its trajectory. For each
operating condition, individual cavitation bubbles were observed
and measured both with high speed photographs and with vidco
recordings. The following observations were made at a dissolved
axygen content of 30%.

Bubble shape

For cavitation numbers close to the minimum pressure
coefficient -Cpp;,=0.78, the bubble life-time appears extemely
short. In figure 4 we see that the highest inception cavitation
numbers oj occur for the largest bodies at the lowest velocities,
Fipure 5a shows a cavitation bubble for such conditions (5;=0.77;
D=50.8cm: 9m/s; 30% air content).. All the bubbles assume a very
thin disk-like geometry. For such cavitation numbers there is little
or no growth normal to the headform surface. The bubbles grow
almost entirely in the piane parallel to the headformn. In its final
phase the center of the bubble does not collapse first. Instead we
observe the evanescence of the bubble's leading edge. There seems
to be a focation on the headform at which the cavity collapses,
creating a fairly straight leading edge on the bubble. At these
cavitztion numbers we can see from figure 2, that the critical isobar
Cp=-c appears very elongated and c¢lose to the body surface. The
region below vapor pressure is quite similar to the shape the bubbles
assume. It appears that the bubbles are prevented from growing in
the direction perpendicular to the body surface by the high normal
pressure gradients. The inception cavitation number for the smaiiest
headform is 0.62 at Sm/s and 0.5 at 15m/s and is therefore far from
0.78. For this headform size, even at inception conditions , we do
not observe the flat bubbie shape of figure 3-a.

As the cavitation number is further decreased, the bubbles grow
in volume (in diameter and in height). In some photographs we can
observe bubbles in the eariy growth stage quite distant from the
headform and presenting a fairly spherical shape. Rapidly though,
their growth appears to interiere with the headform surface, and
eventually all the bubbles will adopt a hemisphetical cap shape seen
in figure 5b. The maximum volume is mostly cavitation number
dependent, increasing with lower pressures. As those bubbles
approach their collapse phasc their thickness, 8, normal to the
headform surface decreases faster than their base radius, R, and the
leading edge collapses most rapidly along a fairly straight front
(figures 5j, 51). They appear thin and close to the headform surface.
This kind of phenomenon has also been observed by Ceccio in
previous experiments on the 5.08cm headform. The bubble shape is
then quite similar to the one observed at inception conditions for
high cavitation numbers.

On most bubbles we observe the presence of wave-like circular
dimples at the top of the cap {figures 3b, 5e. 5f, 5g. 5j. 51, 5m).
They seem 10 become more pronounced as the volume of the bubbie
increases. The dimples are absent during the growth phase as seen
in figure 5c, and appear early in the collapse phase. Their ring
shape could be interpreted as a precursor of a collapsing reentrant jet
formed early in the collapse phase, but we notice that the center of
the dimple retains a concave curvature at all times. The dimple
seems quite stable, and remains on the bubble until the very last
stage of collapse. For the 50.8cm headform the dimples sometimes
appear in pairs on the largest bubbles. On the smallest headform
they do not form as distnctly; occasionaily we observe 4 singie
rough depression in the center of the bubble.

QObservations of bubbles on all three headforms shows that their
radius at the base of the hemispherical cap. R, scales linearly with
the headform diameter, D. At the same cavitation number, the ratio,
r=R/D, appears to be the same for all three headforms. We do not
observe any variation of r with the velocity Uy,  Furthermore we
also notice that the dimensioniess collapse location xp=X¢/D is
approximately the same for ail headforms. This appears to be true
as long as the interactions between bubbles, or between bubbles and
patch cavities remnains limited. Therefore simple size scaling of the
base diameter of the bubble cap with the geomerry size seems to be
possible. This simpic scaling applies only to the bubble's basc
radius though, since the shape of the bubble. its thickness &, the
amount of shear on its base and the cavitation event ratc vary greatly
from one headform to the other.
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Fig. 5 High speed photography of cavitation events taken at a 30% saturation dissolved air content:

50.8cm diameter headform {(distance between the two pairs of patch electrodes: 2.54cmy) :

Figure a: Ug=9mys, 0=40.77; Figures b-cdeesf: Uy=15m/s, 0=0.60; Figures g-h: U,=15my/s, 0=0.54; Figure iz Uy=15m/s, 0=0.51
25.4cm diameter headform (distance between the two paifs of patch eiectrodes: l.27°cm) :

Figures j-k: Ug=15nvs, 0=0.53; Figures l-m-n: Uy=15mys, g=0.53; Figure 0: Uy=15mys, 0=0.49
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Bubble tail and patches

Figure 5a shows the presence of streaks of vapor shed behind
both sides of the bubbie. 1t appears as though the bubbie is sheared
in the region extremely close to the headform surface leaving tails
behind in its wake., The undersides of some bubbles appear
mughened towards the trailing and leading edges. The structure of
the 1ails i3 always extremely wavy, turbulent, and seems to "stick™ to
the headform surface (Fig. 5¢). The tails may be a result of the
treakup of the thin layer separating the bubble from the headform
swface. They first appear in the low pressure region, early in the
gowth phase of the bubble. As the bubble is convected
downstream it continues to “feed vapor” into the tails allowing them
to extend in length and height (Figures 5c, 5d. 5e, 5f). Ultimately
the. Jarger bubbles will collapse leaving behind patch-like cavities.
It stems clear that whether a bubble will be sheared or not is
determined early in the growth phasc. 1f a bubble does not exhibit
the trailing edge streaks early in its passage as seen in figure 5c, it
will grow and collapse with a smooth cap shape(Fig 5b, 5j, Si).
Therefore, for fixed cavitation conditions, the streaks always occur
around the same position on the headform (Fig. 5¢, 5d, Se, 5f and
Fig. 8). For this reason the leading edge of the patches also occur at
the same location. If the thickness of. those streaks is small, the
dynamics of the final collapse of the bubble appears unaffected by
them and similar to the process described in the previous paragraph
and seen in figure 5m. However, for smail enough cavitation
numbers the patch can out-grow the bubble and swallow it leaving
behind a patch-like cavity (Fig. 5k, 5n). At this point it is not clear
if all the patch cavitanon structures are generated by traveling
bubbles. Some of them evidently are, and can be recognized by a
planform shape, similar to a "V" with its vettex pointing
downsucam. The final length and thickness of the patch cavity is
dependent on the bubble that generated it, and therefore varies with
the headform diameter and cavitaton number. For cavitation
numbers close to the minimum pressure coefficient Cpynin, no
pakches and very few bubble tails are observed as in figure 5a. For
thest conditions the tails seem unable to prow sufficienty to form a
pach-like cavity. Figures 5k, 5n show twa typicat patches at lower
cavitation numbers. We natice that the paich on figure 5k is thinner
and ends soomer for higher cavitation numbers. The coliapse
mechanism of the patch itself is quite unclear. In the video
recordings they vanish entirely between two frames (1/30 seconds).
is the entire patch swept downstream once the bubble head has
vamshed, or does it entirely coilapse on the headform? The current
investigation has not, as of yet, been able to answer these questions.

The number of sheared bubbles scems to increase with the
cavitation number, headform diameter and flow velocity, Since the
ratio of the laminar boundary layer thickness to headform size will
scale with Re172, we would expect that the shearing of the cavitation
bubbles would increase as the relative boundary layer thickness
decreases. However, at the highest Reynolds number of 107, we
note that the theoretical laminar to turbulent transition comes close

o the iow pressure region and might cause further distuptive
effects.

Bubble-patch interactions )
When the cavitation number is sufficiently reduced, the transient

paches become fairly stable and remain on the headform, thus
creating attached cavities for periods of up to a fcw seconds. As

their numoer increases the patches will merge to create larger

atiached structures. Favre and Avelian (1987) have shown that
those attached cavities disturb the initial pressure distribution in
such a way that they actually extend downsueam beyond the
original Cp=-0; isobar. The cavitation number at which this
phepomenon happens varies considerably from one headform to the
other. Itczn be seen in figure 5i at a cavitation number of about 0.5
for the 50.8cm headform. By conmast at the same cavitation
number the 25.4cm headform produces just a foew bubbles and
paxches (fig. So) and the 5.08cm headform shows no cavitation. At
this point we note that the transient ¢avitation patch phenomenon
was never observed on the smallest headferm. That headform
seemns to exhibit an abrupt switch from traveling bubble cavitation
(smne of which have long trailing tails) to persistent attached
cavities. The auachment {ocation of these cavities on that headform
is fixed, and usually cortesponds to a roughness element. This has
not been observed on the larper headforms. even though the
potished finish was identical to that of the 5.08cm body. Roughness
appears to be a very critical parameter for the attached cavitation
scaling of these bodies.

For all iest conditions at cavitation number below 0.7 we noticed
the coexistence of the two different kinds of cavitation patterns:
trveling bubbles and transient pawches. Quite remarkably, even for

the conditions at which we observe many patch-type cavities, seme
very smooth hemispherical traveling bubbles are still prasent
{fig. Sb, Sh). We can sce in figures 5g, 5h, 51 bubble type cavitation
riding above attached cavities,

Comparing the shape of the bubbles riding the patch cavites
with the others, it is clear that the shapes differ because the former
arc not subjected to the boundary layer shear which the lauer
experience. Indecd their exterior shape is close to spherical. These
bubbles will eventually coliapse and merge completely with the
attnched cavity upstream of its closure region. By doing so they
appear 1o blow on it and perturb the attached cavity shape as has
been observed by Briancon-Marjollet et al, (1990).

5. BUBBLE DIMENSIONS

In order to sxamine the relative size of the bubbles on the three’
headforms and at different cavitation numbers various bubble
dimensions were measured from the still photographs and the video
tape. The base of an individual bubble (surface next to the
headform) being ciose to circular, that dimension was characterized
by the radius at the point of maximum bubble growth, R ,,,. The
height, 8, of the bubble in a direction normal to the headform
surface was also eStimated, as was the location of bubble collapse as
an axial distance, x¢, from the front stagnation point. First we
present in figure 6, the rato of maximum base radius to headform
diameter, r,,,=R;./D. For all three headforms, this non-
dimensional bubble size parameter remains roughly the same for a
fixed cavitation number. Furthermore, we can see that the velocity
has very little influence on the non-dimensional bubble size. This
result follows from the Rayleigh-Plesset equation for spherical
bubble growth. Once the nuclei has begun to grow, viscous
(Reynotds number) and surface tension (Weber number) effects
soon become negligible and the dimensionless bubble growth rate,
(dR/dt)/Uy (where R is the spherical bubble radius. and Uy is the
reference free sweam velocity) depends only on the pressure
coefficient history, Cp(t), and the cavitation number, 0. Moreover
the tirne available for growth in the low pressure region scales iike
D/U, and so the equations yield values for Rp,,,/D which depend
oniy on the headform shape (as manifest in Cp) and . To obtain
the necessary input to this calculaon, namely Cp along a
streamiine, the potential flow around the Schiebe headform was
obtained using a panel method. Substitution of the pressure
coefficient history on a syeamtine close to the headform surface into
the Rayleigh-Plesset equation produced the theoretical resuit
included in figure 6. It is remarkable that, despite the veéry non-
spherical shape of the aclual cavitation bubbles, the Rayleigh-Plesset
equation yields values which are close to the base radii of the actual
bubbles. 1t is as if the heudform surface acts as a plane of symmetry
for the prowth of the bubble and the pressure gradients parallel to
the surface are th¢ sole driving terms.

The only data in figure 6 which departs substantially from the
rest is that for the 5.08cm headform at 9m/sec since the gas coming
out of solution at this condition makes an accurate rcading of the
smail bubble radius difficult. Finally we note that for inception
conditions the bubbles on the smatler headform appear larger
relative to the size of the headform because the inception cavitation
number ¢ is lower for thay smaller headform.
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Fig. 6 Bubble maximum radius
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Tne bubble scnericity as measured by e=0/R at the point of
maximum growth of the bubble, also changes substantally with
cavitation number as seen in figure 7. The difference in sphericity
between the two larger headforms at the same cavitation number is
act clear.  On the larger diameter headforms, we observed that
bubbles appeared extremely thin for cavitation numbers close to
inception. The Cp distribution curves above the headform in figure
2, show that the isobars near the minimum pressure region Cp=-0.78
are extremely clongaled and close to the surface. Hence there exists
a high pressure gracient normal to the surface. Rayleigh-Plesset
calculations for a nuciei experiencing pressures along a streamline
extremely close to the headform show that for cavitation numbcrs
higher than 0.6, a bubble wouid grow to a radius that exceeds the
height of the critical 1sobar Cp=-3. This over-pressure exists over
the entire lifetime of the bubble. The three dimensionality of the
bubble for those conditions therefore has to be very important. For
smaller cavitation numbers, the critical isobar is considerably further
from the keadform surface and it transpires that even the top of the
bubble experiences pressures below the vapor pressure for some
time. allowing it to grow in the direction normal to the headform
surface. But even in this case the pressure gradient normal to the
surface remains much la.r%cr than that parallel to the surface (figure
2) and the bubble height 0, in the direction normal to the headform
surface, will decay faster than its base radius R in the collapse
phase. Therefore the sphericity of a bubbic will always decrease
towards the collapse phase and this for any cavitating condition.

The cavitation inception number for the 5.08cm headform is
around (.55 . Therefore all the bubbles we have cbserved on this
headform are quite hemisphericat since the Cp=- isobar is far from
the surface at this cavitation number.’

Dilem| Y fmysi
— 58 a 1S
— 254 } 2 115
--~ 5087 & 9

04 043 05 0.35 0.6 0.65 07 0.73 0.8

-3

Fig. 7 Bubble sphericity at the maximum growth phase

The influence of the Reynolds number on non-dimensional the
attachment location of cavitation xy=X,/D is shown in figure 8.
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Fig. 8 Attachment point axis coordinate for ail headforms and
cavitation numbers

The data on that figure includes measurements made on ail thres
hcadforms and all cavitation numbers. This attachment position
appears to be the same for both trailing tails on waveling bubbies,

for the leading edpe of transient paiches or for the separation of
zitached cavities. We note that this location is mostly Reynolds
rumber dependent, and is very little afiected by the cavilation
aumber.

Measurements of the non-dimensional location of bubble
collapse as represented by X/D, are presented in figure 9 and
exhibit a clear dependence on cavitation number with littie
dependence on the body diameter or the free sweam velocity. The
Rayleigh-Plesset calculations provided similar results and the
location of collapse is in fair agreement with the gbservations. For
cavitation numbers higher than 0.55, the agreement is very good and.
remains so as long as the bubble does not interact with an attached’
cavity. As soon as the transient paiches or autached cavities appear
(o less than about 0.55), the pressure distributien is modificd and
the bubbles tend to merge into these cavities at locations further
upstream.
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Fig. 9 Bubble collapse iocation

As the cavitation number is reduced the number of cavitating
bubbles appearing on the surface in a stll photograph increases.
The fracton of the surface in the low pressure region which is
covered by bubbles was estimated from the pictures and plotied
against ¢ in figure 10. Note that the increase in the void fraction at
lower ¢ is mostly due to the presence of patches and attached
cavities; bubbles do not contribute significantly to this void fraction.
Examining this graph, we scc that the void fraction increases with
headform diameter. Clearly this void fraction is going to depend on
the cavitation nuciei number distribution in the incoming sacam,
and we discuss the consequences of this on the event rate later.
However this data was ail obtained with similar nuciei populations
and so we should addiess the possible reasons for the trend toward
an increasing number of patches or extent of attached cavitation for
larger headforms and lower velocities. While the explanation is not
at all clear it scems reasonable to suggest that this trend is related to
the boundary layer thickness in the region in which cavity
attachment may occur. If attachment were reiated to the ratio of the
boundary layer thickness (proportional to (D/U)!?) to the size of a
typical roughness (same for all headforms) then this might explain
the gbserved trends.

| -
0.9 lt Dieml U fmfs)
0.8 ¢+ — 8 y O 1§
2074 — 254 } ° 115
Z --- 508} a 9
= 064
2
g as 4
S04 j-»
=03 1.
024
0.1
0 G
0.4 0.6 0.65 0.7 0.78 0.8

Fig. 10 Average void fraction area over the nose of the headform
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6. SOME OBSERVATIONS OF THE CAVITATION EVENT
RATE

. The photographic and videotape records of the headform
cavitation were also analyzed in order to compare the cavitation
cvent rates for the different headform sizes and flow velocities. By
counting the number of individuai bubbles (or events) observable in
a single frame and averaging this number over many frames, we
constructed the data of figure 11 in which the average number of

events observed on the hecadform are plotted against cavitation
number. Not surprisingly the number of events at a given ©
increases with headform size. It also increases with the decrease in
speed, an effect which is due to the fact that, at the same cavitation
number, a lower speed implies a lower tunnel pressure and therefore
more potential nuclei (larger both in number and in size).

1t is interesting 1o evaluate the event rate {or number of events
per second) by dividing the ordinates of figure 11 by the bubble
lifetime obtained from knowledge of the location of collapse (Figure
9) multiplied by the fluid velocity. If we then divide this data by
D2U, in order to create a valid comparison for the different sizes
and speeds, we obtain the data presented in figure 12 on the number
of caviation events per volume of water.
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Fig. 12 Cavitation event per volume of water

We observe an increase in cavitation activity as the cavitation
number decreases. Twa factors may contribute to this increase. As
© decreases smalier nuclei become also subject to cavitaton. Also
the isobars Cp=-0 above the headform extend further in the flow for
lower © values, thus increasing the volume of water passing through
the low pressure region. Some other trends are quité surprising in
this graph. As the velocity increases the number of free stream
nucier passing through the cavitatable low pressure region should
increase linearily and one would therefore expect an increase in the
event rate in figure 11 and comparable event per volume in figure
12. We actually observe a substantial decrease in bubble cavitation
cvent rate as the velocity goes from 9 to 11.5 and 15 nvs. This
occurs in the data for ail three headforms. This trend is consistent
with the previously described influence of the velocity on the
cavitation inception number. The trends are consistent since the
inception number is normally judged in part by the observed event

rate. As previously remarked these trends result from the fact that,
for a given cavitation number, lower tunnel velocities imply lower
tunnel pressures and these in turn iead to an increase in the size and
number of cavitation nuclei. During this program, measurements

were made of the nuclei number distributions and this data will be
correlated with the event rate in later reports.

7. CONCLUSIONS

The cavitation patterns observed on the different sizes of
headform appear drastically different. For the same air content,
velocity and cavitation number one can observe bubbie inception on
the smallest headform, and fully attached cavitation on the largest

" one. The present experiment were designed to reveal differences in

the dynamics of traveling bubble cavities as the scaic of the flow (or
headform) and the velocity-of the flow are changed. The Large
Cavitation Channel (LCC) of the David Taylor Research Center was
used for the observation of cavitation on Schiebe Headforms 5.08.
25.4 and 50.8cm in diameter.

The cavitation inception numbers, o;, for these headforms were
all less than -Cp,;, and, for different speeds and sizes. showed a
clear and coherent dependence on Reynolds number, Re, with g
decreasing as Re increased. The differences in appearance of the
cavitation on the three headforms, could be attributed in part to the
differences in G;. However it was also clear that the complex flows
around individual traveling bubbles and their interaction with the
boundaty layer are influenced by Reynolds number (and Weber
numoer) effects. Virtually all the waveling bubbles on all the
headforms were of the spherical cap shape described earlier by
Ceccio and Brennen (1991). Many of the detailed phenomena
described in that paper were aiso present on the larger headforms.
Among these phenomena were the shearing of the surface of the
bubble next to the surface, the fissioning of bubbles during collapse
and the eventual emergence of one or more small transverse vortices
with vapor filled cores. Also observed was the phenomenon of
bubble induced attached cavities or "tzils". On the smailer
headform (lower Re) these tended to occur at the lateral exmremes of
the bubble producing two trailing (or wing-tip) cavities attached to
the surface near the cavity attachment point and being stretched out
behind the bubble. On the larger headforms (larger Re) they tended
to rapidly degenerate and extend over the entire width of the passing
bubble. At low cavitation numbers, O, we observed "patches” of
attached cavities rather than the more limited "tails". The patch
tended to be very ephemeral at higher cavitation numbers. At lower
G it persisted longer and, at low enough o remained indefinitety
attached. This provides one expianation for the origin of patch
cavitation though it may not be the only one. Another new
observation during the present experiments was the appearance of a
remarkably repeatable "dimple" on the exterior surface of the
traveling bubbles on the two larger headforms. These seem to
appear when the actual bubble becomes sufficiently large which
suggests that they are influenced by surface tension.

The present paper has presented detailed data on the dimensions
of these traveling bubbles and shown that, despite the radical
departures from spherical symmetry, the overall dimensions and the
location of separation are surprisingly close to those predicted by
the Rayleigh-Plessct equation. In section 6 we have presented some
preliminary data on the cvent rates and how they scaled with
headform size, velocity and cavitation number. Later papers will
focus on the relationship between the cavitation event rates and the

cavitation nuclei population in the channel during these
experiments,
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