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ABSTRACT

The free stream nuclei number distributions in the Low
Turbulence Water Tunnel at Caltech were measured
using a Phase Doppler Anemometer. The changes in
- nuclei number distributions with water tunne! running
time, with initial air content, with tunnel velocity varying
from 2m/sec 10 9m/sec and with water tunne! static
tunnel pressures ranging from 40 kPa to 110 kPa were
examined. Quite complex changes in nuclei humber
- distributions were observed in the nuclei size range of
interest from the point of view of cavitation, hamely the
range from 5 to 200m. Order of magnitude changes
were observed in the nuclei population.

1 Introduction

The bubble nuclei number distribution in a test fa-
cility can be very important in determining cavitation
inception, limited cavitation and even fully developed
cavitation (Keller and Weitendorf, 1976, Kuiper, 1978,
00i,1985, Ceccio and Brennen, 1991). Many years
ago Lindgren and Johnson (1966) showed that dif-
ferences in cavitation in different facilities could be
ascribed to differences in the nuclei content. But apart
from Keller's (1972,1974) pioneering investigations we
know little about why nuclei number distributions take
the form that they do or about the changes that may
occur during a cavitation experiment.

Very little has been done to investigate the question
of the influence of nuclei size distribution on cavitation.
+ The limited evidence available indicates that changes
in the nuclei population can be an important factor
in water tunnel cavitation experiments (Keller, 1972,
1974, Gates and Acosta, 1978 ) and that the popula-
tion may vary by as much as an order of magnitude
from facility to facility or within the same facility. Pe-
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terson {1972) measured cavitation nuclei distributions
both by holography and by a light scattering method;
his results showed about 1 order of magnitude changes
in the nuclei number distribution. We are, however, un-
aware of any systematic investigation of the cause of
these changes and of the factors that influence the nu-
clei number distributions. Recently, Kuhn de Chizelle
and Brennen (1992) and Meyer (1992) attempted to
synthesize the event rate on two axisymmetric bodies,
using characteristic nuclei number distributions and
they identified a significant discrepancy between the
experimental and theoretical results, which further un-
derscores the need to explore the free stream nuclei
number distribution.

The main difficulty impeding study of cavitation nuclei
population dynamics has been inadequate instrumen-
tation for measuring the bubble nuclei (Billet, 1986).
Though many techniques for the measurement of cav-
itation nuclei have been developed over the past 30
years (Ripken, 1959, 1962, Feldberg, 1971, Keller,
1972, Peterson, 1972, Morgan, 1972, Peterson et al,
1975, Gates, 1978 ), few have been accepted as reli-
able and repeatable. An exception is the holographic
method which involves reconstruction and analysis of
a small, three dimensional volume of tunnel water. But
processing holographic results is very time consum-
ing and hologram resolution limits its application to
particles with radius greater than about 10um.

Recently, a Phase Doppler Anemometer (PDA)
made by Dantec has been used to measure velocities
and size distributions of particles including cavitation
nuclei (Saffman and Buchhave, 1984). In order to
provide verification and calibration of this PDA system,
simultaneous measurements of the free stream cavi-
tation nuclei number distributions were made using a
PDA and an on-line holographic system at different
tunnel speeds, pressures and aeration levels. A typi-
cal comparison is shown in figure 1. As one can see
in figure 1, substantial agreement between these two



techniques was achieved. It should be noted that the
holographic method was limited to nuclei radii larger
than 10um and the data only provide calibration of the
PDA measurements for bubbles of radius larger than
10em. We believe that PDA measurements for smaller
nuclei radius down to about 5;0n are also valid. Note
that the holographic data show some scatter. This
is primarily because of the small numbers of nuclei
counted in the larger size ranges.
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Figure 1: Comparison of PDA measured and holo-
graphically measured nuclei distribution functions at a
tunnel velocity of 6.10 m/sec, pressure of 93.9k Pa and
corresponding cavitation number of 4.89.

In this paper, free stream nuclei distributions in a
water tunnel were measured using a PDA. Changes
in nuclei populations with cavitation number, tunnel
velocity, air content and tunnel running time are de-
scribed.

2 Experiments

The experiments were conducted in the Low Tur-
bulence Water Tunnel (LTWT) at Caltech. A full de-
scription of the facility was presented by Gates (1977).
The test section has a 0.31m x 0.31m cross-section
and is 2.5m long. To eliminate solid particles in the
water, the tunnel water was well filtered by using a 5.0
screen for about 7 to 10 hours before each experiment.
For all the experiments, the velocity was set, and the
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static pressure of the water tunnel was controlled by a
vacuum system.

To control the air content in the water, a de-aeration
system was used. The main component of this system
is a closed cylindrical vessel measuring 2.54 meter in
length and 0.91 meter in diameter. Tunnel water is
pumped to the top of the vessel, then forced through
a series of vacuum paths before it is returned to the
water tunnel by another pump. The typical tlow rate for
the de-aeration system was about 2.0 x 10~*m?/min.

An air injection system was also used to change
the tunnel nuclei distribution. The air injection draws
water from downstream of test section and makes the
water saturated by mixing the water with high pressure
air. 1t is then injected into the water tunnel stagnation
section by a series of very fine nozzles at a flow rate of
about 2.5 x 10~*m3/min. Because of the relative low
pressure surrounding the nozzle, it was believed that

- the air injection only generated very small bubbles.

The Phase Doppler Anemometer was used to simul-
taneously measure the fluid velocity, turbulent fluc-
tuations, bubble diameter and nuclei concentration
at the center of the water tunnel. The PDA uti-
lizes a 200m¥ Argon-ion laser with 514.7um wave-
length. The transmitting optics were mounted hori-
zontally and the receiving optics were mounted above
the top window and focused on the center plane of
the water tunnel. This focusing volume measured
0.204mm x 0.203mm x 2.348mm. The receiving
optics collected light scattered at an angle of 82° to the
incident laser beams. During the experiments, it took
about five to fifteen minutes to finish one PDA data
acquisition. The number of validated samples for one
experiment was from 1000 to 4000.

The experiments were performed under various tun-
nel velocities, V', varying from 2m/sec to 9 m/sec and
various tunnel pressures, P, varying from 40 kPa to
110 kPa. The corresponding cavitation numbers, o,
varied from 1.71 to 22.7. The water temperature was
20° C'. At low speed, the free stream turbulence level
was between 4% and 10%, at high speed it was around
2%.

3 Results and Discussion

A typical histogram of the nuclei or micro bubbles
is shown in figure 2. Notice that a peak appears at
the bubble radius of 8 ym. This is quite different from
the results of Peterson, where the nuclei number dis-
tributions approach maximum values as bubble radius
approaches zero. The velocities of the bubbles were
very homogeneous. The root mean square of bub-
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Figure 2: Histogram of cavitation nuclei at VvV =
5.12m/secand P = 98 k Pa.

ble velocities was 0.53 m/sec and the skewness was
-9.5 when the free stream velocity was 5.12m/sec and
pressure was 98 k& Pa. Calculation of the correlation co-
efficient between the velocity and bubble radius shows
values around 0.08, which means that the velocity of
an individual bubble was quite independent of its size.
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Figure 3: The effect of water tunnel running time on
the free stream nuclei number distribution at V' =
3.16 m/sec, P = 104 kPa, o = 22.7.

The effects of water tunnel running time on the free

stream nuclei distributions are shown in figures 3, 4,
5 and 6 and the changes in nuclei concentration as a
function of tunnel running time are shown in figure 7.
From these figures, It can be seen that the effects are
quite different for large cavitation numbers (¢ > 8.238),
intermediate cavitation numbers (7.63 > ¢ > 3.01)
and small cavitation numbers (¢ < 2.34). Several
experiments were performed at two large cavitation
numbers : ¢ = 22.7 and o = 8.28, where the velocity
was 3.16m/sec and the tunnel static pressures were
104 kPa and 40 k Pa respectively. Typical changes in
nuclei number distributions at o = 22.7 are shown in
figure 3, where the water tunnet running time is denoted
by t. As shown in the figure, the free stream cavitation
nuclei distribution decreases about one decade during
a three-hour running time. And from figure 7, it is
very clear that the nuclei concentration is a decreasing
function of time. At ¢ = 22.7, the nuclei concentration
decreased from 406 cc~! at the beginning to 196 cc~?
after 96 min., and decreased further to 135cc™! after
183 1nin. . And similar decrease in nuclei concentration
happened at ¢ = 8.28. Also from figure 7, the rate of
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Figure 4: The effect of water tunnel running time on
the free stream cavitation nuclei distribution at ¥ =
5.13m/sec, P = 98k Pa,oc = 7.63.

decline in nuclei conceniration slows down as time pro-
ceeds. Atboth o = 22.7and o = §.28, the bubble nuclei
concentrations approached the same equilibrium. Sta-
tistically, at & = 22.7, the standard deviations of bubble



radii changed very little, namely from 1.26 at the begin-
ning to 1.24 after 183 min. . But the mean of the bubble
radii increased from 18.05 pom to 20.38 pm. This means
that the cavitation nuclei number distribution became
flatter as time proceeded.

On the other hand, at intermediate cavitation num-
bers: o = 7.63 and ¢ = 3.01, where the velocity is was
5.13 m/sec and the pressures were 98k Pa and 40 k Pa
respectively, running time had little eftect on the free
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Figure 5: The effect of water tunnel running time on
the free stream cavitation nuclei distribution at V' =
5.13m/sec, P = 40kPa,0 = 3.01.

stream cavitation nuclei distributions. As shown in fig-
ure 4, there was very little change in the cavitation nu-
clei number distribution during a3 hourrun at o = 7.63.
After a h3 our run at ¢ = 3.01, the nuclei number in
the radius range from 10 to 25um remained unchanged
while the nuclei number in the radius range from 25 to
50um increased slightly, as shown in figure 5. These
two trends are also manifested in figure 7, where for
both cases, the nuclei concentrations remained almost
constant. Again both cases seem to yield the same
asymptotic distributions for long running time.

Finally experiments were also performed at two small
cavitation numbers: ¢ = 2.34 and ¢ = 1.17, where
the velocity was 8.00 m/sec and the pressures were
77 kPae and 40k Pa respectively. Typical changes in
nuclei number distributions at ¢ = 2.34 are shown in
figure 6. The nuclei distributions increase as time
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Figure 6: The effect of water tunnel running time on
the free stream cavitation nuclei distribution at V' =
8.00m/sec, P =T7kPa,oc = 2.34.

proceeds at both of the small cavitation numbers. In
figure 7, it can be seen that the increase in cavitation
nuclei distribution was completed within 25 minutes,
after which the cavitation nuclei distribution did not
change. And at ¢ = 1.17, the nuclei concentration
increases faster than at « = 2.34, and the asymptotic
distribution approached at o = 1.17is also a little higher
than that of ¢ = 2.34.

It may have been noted from figure 7 that the asymp-
totic nuclei concentrations for ¢ = 3.01 and ¢ = 7.63
are smaller than those of ¢ = 8.28 and o = 22.7. The
reason for this lies in the history prior to the measure-
ments. The experiments with ¢ = 3.01 and ¢ = 7.63
were performed just after a four-hour run at o = 22.7
during which substantial nuclei solution took place.
And since at ¢ = 3.01 and ¢ = 7.63, the cavitation nu-
clei distributions remain almost unchanged, the nuclei
concentration remained below the asymptotic concen-
tration for ¢ = 22.7 and ¢ = 8.28 as a result of low
initial free air content. It can also be seen in figure 7,
that as the cavitation number decreases from 22.7 to
1.17 , the slopes of changes in nuclei concentrations
as a function of time goes from negative to nearly zero,
then to positive.

Since water tunnel flow fields are quite complicated,
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Figure 7: Bubble concentration as a function of water
tunnel running time.

we cannot claim that the present trends would neces-
sarily occur in other facilities. But some of the trends
would seem to have generality. At large cavitation num-
bers (¢ > 7.63), whenthere is no cavitation in the water
tunnel, free air bubbles dissolve into the water slowly.
But at low cavitation humbers (o < 3.01), when there is
cavitation in the water tunnel (on the propeller blades,
behind the honeycomb or screen), free air bubbles are
generated. This raises a question as to whether the
cavitation on a model in the working section would, in
itself, control the nuclei population in the water tunnel.
How long would it take for the modelftunnel generated
distribution to reach equilibrium and would that equi-
librium differ greatly from operating point to operating
point. These questions need further attention.

To verify that running the water tunnel at low cavi-
tation numbers increases the nuclei concentration, the
water tunnel was first run at a large cavitation number.
- Then it was run at a very low cavitation number. After
a short time, it was again run at the original condition.
Then the nuclei number distributions are compared for
the same velocity and cavitation number. Experiments
were performed in which the water tunnel was first
run at o = 22.9 (V = 3.19m/sec, P = 106 kPa) and
o =171 (V =5.10m/sec, P = 98 kPa) respectively
for fifteen minutes. After this the water tunnel was
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Figure 8: Changes in the free stream cavitation nuclei
distribution before and after running the water tunnel at
V = &86mm/sec, P = T1lkPa,c = 1.72 for 10 minutes.

runat o = 1.72 (V = 8.86m/sec, P = 71kPa) for ten
minutes. Then, in the final phase the water tunnel
was again run at initial conditions. The correspond-
ing changes in the nuclei distribution are shown in
figure 8. In all cases the nuclei number distributions
increased substantially after the low pressure period.
Large changes occurred in the nuclei concentrations.
The nuclei concentrations were 7Tlcc™! for o = 22.9
and 126 cc=! for ¢ = 7.71 originally. After running the
water tunnel at ¢ = 1.72 for 10 minutes, the nuclei con-
centration jumped to 472 cc~! for ¢ = 22.9 and 460 cc ™!
for ¢ = 7.71. And when the water tunnel was running
at o = 1.72, the nuclei concentration was 510 cc™ L.

The de-aerator described above was used to lower
the initial air content in the water. As shown in figure 9,
de-aeration did change the nuclei distribution, but the
decrease in nuclei number distribution was not large.
The nuclei concentration decreased from 248 cc™! at
the beginning to 178 cc~! after two hours de-aeration,
and further decreased to 151 cc™! after another six
hours de-aeration. [t is also noted that when the air
content decreases, the effectiveness of de-aeration
goes down. During the first two hours of de-aeration
the nuclei concentration decreased by 28%, but the
nuclei concentration decreased by only 15% in next six
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Figure 9: The effect of de-aeration on the free stream
cavitation nuclei distribution at V' = 5.12m/sec, P =
97 kPa,o = 7.51.

hours of de-aeration.

As shown in figure 10, during the course of air in-
jection the cavitation nuclei distribution increased a
little. But as soon as the air injection was stopped, the
cavitation nuclei distribution returned to the original dis-
tribution. The nuclei concentration during air injection
rose from 235 cc™! to 273 cc~! during air injection, and
returned to 233 cc—! immediately after the air injection
was stopped.

We conciude that the air injection used here is not an
effective way to increase free stream cavitation nuclei
distribution. The main reason is that the flow rate of
the air injection used here was so small that it took a
long time to make evident changes in the large volume
of tunnel water.

4 Conclusions

We can draw the following conclusions from these
preliminary investigations of the population dynamics
of cavitation nuclei in the Low Turbulence Water Tunnel
at Caltech:

1. The changes in cavitation nuclei distribution in a
water tunnel are very complicated and may be

124

Nuclei density distribution (m=*)

le+14 ¢ T T T | 1

b ¢ before deasration :

+ during deaeration B

O after 30-minute deacration |

le+13 = ‘g =

u + ]

& + b

[a] + 1

o o 8 g

le+12 | 4

le+11 ' 1

10 20 30 40 50

Bubble radius (pm)

Figure 10: The effect of air injection on free stream
cavitation nuclei distribution at V' = 3.16m/sec, P =
109k Pa, o = 23.66

influenced by the air content, water tunnel running
time, velocity and pressure. The changes in the
nuclei distributions can be as much as an order of
magnitude.

2. Running water tunnel at different cavitation num-
bers for a long time has a large effects on the
nuclei concentration. At low cavitation numbers,
the concentrations increase within a coupie of
minutes; at intermediate cavitation numbers, the
nuclei concentrations remain almost constant and
at large cavitation numbers, the nuclei concentra-
tions decrease over long times. There appears to
be a specific asymptotic nuclei concentration for
each specific operating condition.

3. De-aeration and running the water tunnel at very
large cavitation number for a long time can de-
crease the nuclei concentration effectively. And
running the water tunnel at a low cavitation num-
ber can increase the nuclei concentration sub-
stantially. But air injection with injecting saturated
water into water tunnel! is not an effective way to
increase nuclei concentration.
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