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ABSTRACT

The effect of a propeller flow on the characteristics of a
nuclei population was studied experimentally. Using a
volumetric velocimetry technique combined with a three-
dimensional sizing method, quantitative information on the
size distribution and void fraction of bubble nuclei is ob-
tained. It is observed that bubbles tend to concentrate in
the areas of high vorticity and strong shear. In particular,
the vortical structures generated by the blade tips are shown
to correspond to a high void fraction and a high population
density. The turbulent shear wake of the blades show simi-
lar features.
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1 INTRODUCTION

Bubble transport is an important issue for the understand-
ing of problems such as the interaction of bubbles with
boundaries in the scope of drag reduction, their collective
behavior in shear and turbulent flows, or their breakup and
coalescence processes. In problems specific to ship hydro-
dynamics, a bubbly wake has a significant impact on the
far-field noise scattering, on the optical signature of a sur-
face ship, and on the drag reduction. A bubbly upstream
flow favors the occurrence of cavitation on the propeller
blades, further enhancing the noise radiation and the opti-
cal and noise scattering characteristics of the ship. Cavi-
tation is also a source of structural vibrations and, though
to of lesser extent in the field of marine propulsion, of ero-
sion and loss of efficiency. Hence, the understanding of the
process of generation and transport of bubbles is primor-
dial to assess the physics of noise and optical signature,
and represents an essential step toward the development of
prediction tools of ship wakes. Yet, most of the focus has
been paid on the generation of bubbles through the bow
breaking waves, their entrapment by the large scale vor-
tical structures and their transport along the ship hull and
into the ship’s wake. Little effort has been put on the effect
of the propeller on the nuclei population statistics, and the
reciprocal effect of nuclei on blade cavitation and of this
latter on the downstream bubble population.

On the experimental side, the problem has been scarsely
studied. Pereira at al (2006a) have studied the interaction
of clouds of bubbles with the flow field generated by a
small model propeller. In particular, the work has shown
that the bubble density, size and void fraction are increased

in the regions of strong vorticity. Recent numerical work by
Hsiao et al (2006) and Raju et al (2009) describes the modi-
fication of the bubble nuclei population due to the presence
of a rotating propeller and of cavitation. The effects of such
parameters as the cavitation number, advance coefficient,
incoming bubble spatial distribution, gravity and propeller
scale, have been investigated. Strong commonalities can be
found with the experimental results of Pereira et al (2006a).

The present paper revisits this latter study, with a large
model propeller operated in controlled nuclei conditions
and at realistic Reynolds numbers. The primary objective
is to better understand the interaction of bubbles with the
flow induced by the propeller, and the resulting effect on
the downstream nuclei population.

2 EXPERIMENTAL SETUP

2.1 Flow Facility

The experiments are carried out at the Italian Navy cavi-
tation tunnel facility (C.E.I.M.M.). The tunnel is a closed
water circuit with a 600 mm× 600 mm square test section,
long 2200 mm. Optical access to the section is possible
through height large 300 mm × 1000 mm rectangular Per-
spex windows, thick 30 mm. The maximum water speed is
12 m · s−1.

The propeller used in the present tests is a modified
Wageningen-type model propeller, referred to as the IN-
SEAN E779A propeller. This skewed four-blade propeller
has a diameter D = 2R = 227 mm, a pitch-to-diameter
ratio of 1.1 at 0.7R and a forward rake angle of 4◦35”. The
blockage ratio in the test section is about 10%.

The measurement configuration is pictured in Fig. 1. The
propeller shaft is equipped with a rotary encoder that sup-
plies an electrical trigger signal, used to pilot a pulse delay
generator, which in turn drives the measurement chain, de-
scribed hereafter.

2.2 Velocimetry and Size Apparatus

The work makes use of the Defocusing Digital Particle Im-
age Velocimetry (DDPIV) technique, see Pereira & Gharib
(2002).

2.2.1 Velocimetry and Size Apparatus

In a standard 2D imaging system, light scattered by a point
source is collected through a converging lens and a single
aperture, which is usually located on the lens axis. The



Figure 1: Experimental setup: schematic description (top) and actual configuration (bottom).



DDPIV technique uses a mask with a multiplicity of off-
axis pinhole apertures, arranged in a predefined geometri-
cal pattern, to obtain a multiplicity of images from each
scattering source. These images form the same pattern,
but scaled according to the depth location of the scatter-
ing source. Hence, the particle three-dimensional location
can be determined by simply measuring the centroid and
size of the pattern on the image plane, respectively giving
the in-plane and out-of-plane coordinates.

2.2.2 Instrument

The V3V
TM

(TSI, Inc), as depicted in Fig. 1, is the com-
mercial implementation of the DDPIV technology. It is
a self-contained instrument that allows the capture of the
three-dimensional information of the flow. It is composed
of three apertures arranged according to an equilateral tri-
angle, and uses 2048× 2048 pixels CCD sensors to collect
the light scattered by the flow markers (bubbles in our ex-
periment). The camera used in this experiment has been de-
signed to map a volume of 150× 150× 150 mm3 placed at
a distance of about 675 mm from the instrument. The sys-
tem uses direct-to-disk technology to record minute-long
sequences of full-resolution 12-bit images at a frame rate
of 30 Hz, or equivalently 15 Hz for double-frame DDPIV
images. The measurement domain is illuminated by a 200
mJ Nd:YAG laser light source, the beam of which is ex-
panded into a diverging cone by means of an assemblage
of spherical and cylindrical lenses, see Fig. 1. This light
cone defines the measurement volume.

2.2.3 Two-Phase Flow Analysis

Particle tracking velocimetry (PTV) technique is used
to track individual particle images in consecutive image
frames and computes the directionally resolved vector for
each matched particle. The relaxation algorithm used to
perform the tracking is thoroughly described in Pereira at
al (2006b).

The raw velocity vectors determined using the particle
tracking technique are randomly distributed in space. This
information is mapped onto a uniform three-dimensional
matrix made of voxels, or elements of volume, each with
a fixed size of 2 × 2 × 2 mm3, with an overlap between
adjacent voxels of 25%. The velocity vector associated to
this elementary domain is the average of the single track-
ing vectors falling in the voxel. This transformation allows
the calculation of derivative quantities such as vorticity, as
well as of the full Reynolds’ stress tensor.

As per the particle sizing, DDPIV uses a ray-optics ap-
proximation of the Mie scattering theory by which the
size of the particle (either gas, liquid or solid) is inferred
from its scattering intensity. A transfer function, deter-
mined through volumetric calibration, establishes the link
between this intensity and a reference intensity. This latter,
which characterizes the actual illumination pattern specific
to the experimental setup, including the laser beam quality,
expansion optics properties, optical path, reflections, water
quality and so on, is determined using calibrated particles
of know optical and size properties. The three-dimensional

sizing procedure is fully described in Pereira & Gharib
(2004).

2.3 Flow Conditions

Experiments were performed for two different sets of oper-
ating conditions, as reported in Table 1. The first condition
is an off-cavitation case, whereas the second is performed
for a lower advance coefficient. In this latter case, the blade
experiences a higher hydrodynamic loading, with incipient
tip vortex cavitation. Cavitation figures with extended cav-
itation patterns have not been investigated, as this would
have seriously put at risk the sensitive imaging sensors of
the V3V

TM
instrument. In the work reported here, we focus

on the non-cavitating condition.

Off-cavitation Incipient
cavitation

U0 m · s−1 4.99 4.99
n rps 25.08 29
J - 0.875 0.757
σ0 - 8.0 7.9
σn - 6.13 4.55
Re - 1.13.106 1.13.106

Table 1: Flow parameters

where U0 is the reference flow velocity, n is the propeller
angular velocity, and J is the advance coefficient. σ0 and σn
are the cavitation numbers related toU0 and n, respectively.

D being the propeller diameter, p0 the reference pressure
in the test section and pv the vapor pressure of water at
the operating temperature, we have the following relations
between these parameters:

J = U0

nD , σ0 =
p0−pv
1
2ρU

2
0

σn =
p0−pv

1
2ρ(nD)2

= σ0 J
2

Note that the oxygen content of water is set below 5 ppm
before every test.

The axes orientation is as following: X-axis points up-
ward; Y-axis points upstream; Z-axis points portside (left
of propeller). The volumetric measurements are performed
at four streamwise locations for the non-cavitating test
case: Y/R=-0.88, Y/R=0. Y/R=0.88; Y/R=1.76. This al-
lows an overlap of approximately 30% between the mea-
surement domains, for a total reconstructed volume of
150 × 150 × 450 mm3. The length covers about four pro-
peller radii.

3 SIZE CALIBRATION

Size calibration is an essential step to apply the proce-
dure described by Pereira & Gharib (2004). To this pur-
pose, a 0.3 × 0.3 × 0.3 m3, 5 mm thick walls, glass tank
is immersed in the test section. This container is seeded



with NIST-traceable, monosized polymer particles having
a mean diameter of 100 µm and a standard deviation of
1.5 µm. These particles have a density of 1.05 g/cm2, thus
they are almost free from buoyancy effect in water. The
fluid within the tank is put into slow motion with a pipe jet,
in order to provide spatial size information across the full
measurement domain, for a statistically confident calibra-
tion. A large number of images of the calibration particles
are recorded to have a dense dataset of calibration points, in
excess of 5.10 6 data points. Note that this calibration pro-
cess is applicable only if the volume is illuminated under
exactly the same conditions as for the experiment. There-
fore, particular care is taken to make sure that conditions
are not changed between the calibration and the actual test
phases.

The calibration output is an uniform matrix of cells, or vox-
els, within which the intensity derived from the calibra-
tion particles is integrated and averaged. Since the DDPIV
datasets are made of randomly distributed points in space,
it is relevant to assess the effect of “voxelization” on the
size determination. To this purpose, we reprocess the cal-
ibration datasets using the now established size calibration
matrix and compare the resulting size mean and standard
deviation with that provided by the particle manufacturer.
Figure 2 shows the size distributions for sizing measure-
ments performed with two different particle diameters, i.e.,
, 100 µm and 50 µm.

Figure 2: Size distributions for two calibration particle sizes: 100
µm (red plot), 50 µm (blue plot). The line plots represent the fit
to the measured distributions.

Table 2 reports the differences between the measured val-
ues and the actual ones. The mean diameter is found to be
underestimated by 4.5% for the 100- µm case, and by 7.9%
for the 50-µm case. In terms of standard deviation, the val-
ues are roughly one order of magnitude larger than those
from particle specifications, with 10.7% and 14.3%, re-
spectively for the 100- µm case and the 50-µm case. Those
values are consistent with the levels of error reported in
Pereira & Gharib (2004).

Nominal diameter: 100 µm
Mean [µm] Standard deviation [µm]

Actual 100 ±1.5 1.5 (1.5%)
Measured 95.46 10.22 (10.7%)

Nominal diameter: 50 µm
Mean [µm] Standard deviation [µm]

Actual 49.7 ±0.7 0.8 (1.6%)
Measured 45.74 6.56 (14.3%)

Table 2: Size calibration results for two nominal diame-
ters. The percentages in parenthesis are relative to the mean
value.

4 BUBBLE GENERATION

One central problem with bubble studies is the ability to
create a known size distribution, with statistical proper-
ties compatible with the phenomenology under observa-
tion. This normally does not arise with solid particles, as
those are much easier to produce and to use in a controlled
manner. For bubbles and droplets, this becomes a signifi-
cant challenge, and many have proposed devices and tech-
niques to provide a reliable and practical solution to this
issue, see for instance Gordillo et al (2004). In our case,
there is the need to create bubbles with a size distribution
in the range typical of cavitation problems, roughly from 10
to 100 µm. The other important issue is to create a bubble
population dense enough to reach a realistic void fraction.
Finally, the desired technique must be able to produce such
a bubble population on a sustained basis for long periods of
measurement.

We have designed a device that has this combined potential,
being altogether simple to build and to use. This device,
called a cavitation bubble generator (CBG), is schemati-
cally represented in Fig. 3. It is based on the hydrodynamic
pressure drop created by a flow forced into a small sec-
tion, as in a Venturi pipe. However, in order to create con-
trollable bubble density and size distribution, the incoming
flow is directed onto a wall and forced into a radial exit
section, the height of which can be adjusted. This has the
effect of creating a strong and localized pressure gradient
at the exit edges of the inlet pipe. A toroidal steady cavita-
tion sheet forms, generating a dense cloud of microbubbles.
The device is inserted in an upstream section of the test fa-
cility, in a place such that the stream of cavitation nuclei be-
comes sufficiently disperse to create a uniform bubble den-
sity at the measurement location. The adjustable height of
the exit section of the device allows one to control both the
density and the mean size of the bubble cloud thereby pro-
duced. Multiple CBG’s can be combined to reach higher
densities.

The free-stream test case described hereafter is used to
study the operation of the cavitation generator in terms of
bubble production in time. Figure 4 shows the evolution
of the bubble population in the measurement domain as a
function of time. In the free-stream test case, the mean
population is 12000 with a standard deviation of 4000. In



Figure 3: Cavitation bubble generator (CBG).

terms of bubble radius, the bubbles have a mean radius that
remains in the range 20 to 23 µm and a standard deviation
kept constant at roughly 6.5 µm, see Fig. 5. Therefore, we
can confidently assert that the CBG is a reliable device for
microbubble generation.

Figure 4: CBG operation: bubble population in time.

Figure 5: CBG operation: bubble mean radius in time.

5 PRELIMINARY RESULTS

5.1 Free-Stream Condition

The free-stream flow is studied without the propeller setup,
in order to establish the bubble characteristics of the in-
coming flow in non-perturbed conditions. Figure 6 rep-
resents the bubble mean radius and the void fraction, in
eight selected sections of the measurement volume. The

free-stream flow presents a void fraction that is maximized
along the centerline of the measurement domain. The mean
radius is mostly in the range from 20 to 25 µm, with a slight
increase in the top part of the domain that is probably due
to a stratification effect where the larger bubbles produced
by the CBG are naturally lifted by buoyancy. Note that the
slices at the upstream and downstream locations show trun-
cated data due to the pyramidal shape (along the Z-axis) of
the volume actually mapped by the system.

We report in Fig. 8 (black dotted line) the size distribution
of the bubble population generated by the CBG, calculated
across the full measurement domain. The mean radius is
22.95 µm with a standard deviation of 6.22 µm. The dis-
tribution shape is clearly not Gaussian, indicating that the
bubble production is composite. In particular, the graph
shows a peak at approximately 30 µm that is related to the
larger bubbles observed in the top plot of Fig. 6. However,
the size range is quite narrow, with radii comprised exclu-
sively between 10 and 35 µm, and an almost flat profile.

5.2 Propeller Bubbly Flow

5.2.1 Velocity Field

Figure 7 represents a slice of the volumetric velocity field
along a longitudinal plane. Note that the flow field rep-
resented here is calculated based on a limited number of
samples. Therefore, our comments will be succinct until a
thorough data analysis is performed.

The thrust induced by the propeller action is clearly visible
with a 30% increase in velocity in the propeller slipstream.
The effect of the blade wake is also well captured, with a
deficit of velocity transferred into the turbulent component
of the flow. We also represent the in-plane components
of the velocity vector. The reference velocity of the flow
(≈ 5 m·s−1) has been subtracted to better visualize the flow
structures, in particular the turbulent blade shear wake and
the tip vortices. Those are well rendered here and outline
the contraction of the slipstream.

Figure 7: Sample velocity field: longitudinal slice. Flow is from
left to right.

5.2.2 Bubble Field

Figure 8 reports the size histograms at four locations, start-
ing upstream at 0.88R and ending at 1.76R downstream.
The histogram measured in free-stream conditions is also



Figure 6: Free-stream bubbly flow: bubble mean radius (top) and void fraction.

reported for reference. As bubbles approach the propeller
plane, their size tends to increase in response to the suction
effect produced by the propeller rotation. Moving past the
propeller in the downstream direction, an opposite trend is
observed were the center of mass of the size distribution is
shifted towards the lower size range.

Figure 8: Bubbly flow: size histograms for the free-stream refer-
ence case, and with propeller at four locations.

In Fig. 9, we represent the isosurface of void fraction at
3.10−7, along three different viewing perspectives. The
void fraction is maximal along the tip vortices and in the
turbulent shear wake of the blades. Interestingly, the void
fraction in this wake is seen to fade as we move down-
stream. The fact that the population density in these areas

evolves in a similar way makes it reasonable to think that
bubbles tend do disperse as the turbulence levels are also
seen to decrease. In other words, this seems to indicate
that the governing transport mechanism in these specific
flow regions is the aggregation of bubbles rather than the
increase of bubble size. The opposite seems to occur for
the tip vortices: the void fraction is high because bubbles
are also larger as a result of the strong vorticity field therein.
However, it is not yet possible at this point to separate the
effects of bubble coalescence and breakup. A local anal-
ysis, similar to Pereira at al (2006a)’s and supported by a
flow analysis, is in process.

6 CONCLUSION

The interaction of a bubbly flow with a propeller has
been presented. Using quantitative flow visualization tech-
niques, the velocity and size fields have been determined
in a volumetric manner. The preliminary results reported
here show that the bubble density and size are increased in
the regions of strong vorticity and turbulence. In particular,
the vortex system created by the blades’ lift and the blades’
turbulent shear wake play a major role in the spatial redis-
tribution of the bubble population. However, a thorough
flow analysis is needed to support these initial observations
and to provide a broader view of the problem. In that re-
gard, the numerical parametric studies performed by Hsiao
et al (2006) and Raju et al (2009), are fully relevant as they
can provide a complementary basis for the phenomenolog-



Figure 9: Void fraction at 3.10−7.



ical analysis as well as for comparison purposes.

Further analysis is ongoing to complete the data set with
more propeller phases in order to have bubble and velocity
information over two quadrants of the propeller plane. A
second data set has also been recorded at a lower advance
coefficient, corresponding to a higher blade loading and in-
cipient tip vortex cavitation.
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