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Abstract

The microbubble content in the wake of a cavitating hydrofoil
is investigated in a variable pressure water tunnel using long-
range microscopy shadowgraphy. A 200 mm span, 120 mm
base-chord NACA 63A015 section elliptical planform hydro-
foil was mounted at 35incidence in a 0.6 m square tunnel test
section. The microbubbles generated by the cavitation in the
hydrofoil wake at a Reynolds number of &5 and a cavi-
tation number of 0.37 were characterised at several locations.
The bubble content was photographed at three locations down-
stream of the trailing edge, and five spanwise and three trans-
verse locations. Measurements were made downstream of the
region where shed vortices from the cavity trailing edge are still
visible. The bubbles were back-lit using diffused laser lighting
and images captured with a CCD camera. The image resolution
was approximately 2 um/pixel. The dominant bubble size in the
wake was found to range between 25 and 40 um depending on
location. Bubbles larger than 200 um are evident in the wake
but not well captured with these tests. Additional tests with a
higher magpnification are required to image bubbles below 20
pm.

Introduction

The characteristics of propeller induced wakes are important for
the development of acoustic scattering models for surface and
sub-sea vehicles. This requires an understanding of the basic
physical properties, processes and interactions that control bub-
ble size and distribution in the near field of a rotating propeller.
Data are required for determining the initial conditions for com-
putational fluid dynamics modelling of the structure and evolu-
tion of these bubble distributions within the propeller wake. To
gain understanding of the flow field and bubbly flow about a
propeller, a hydrofoil may be used as a simplified geometry ca-
pable of generating similar underlying physics. A hydrofoil also
allows data collection at higher Reynolds numbers unachievable
with a propeller in water tunnel experiments.

There is scant information on the microbubble size and distribu-
tion in the wake of a hydrofoil. Maedat al. [6] used hologra-
phy to measure the bubble distribution in cloud cavitation about
a hydrofoil and found the dominant bubble size to be in the or-
der of 10 - 20 um. Yu and Ceccio [8] using holography also
found a dominant bubble size of 10 - 20 pum in the wake of a
partial cavity. Qinet al. [7] used Phase Doppler Anemometry
to measure bubbles in the wake of a NACA 0015 hydrofoil and
found the average bubble size to be 250 pm. éte. [5] made
shadowgraphy measurements in the wake of a ventilated NACA
0015 hydrofoil and found the dominant bubble size to be about
200 pm. From the above it is evident that little is known about
the underlying physics governing the bubble size and distribu-
tion in the wake of a propeller or hydrofoil.

This paper presents results from flow visualization experiments
using long-range microscopy shadowgraphy and high resolu-
tion imaging to estimate the microbubble size and distribution
in the wake of an elliptical planform hydrofoil.
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Figure 1. Comparison of standard and modified NACA 63A015 sacti
Standard profile blue solid line, modified profile green dadhmed

Experimental Setup and Methods

A 200 mm span, 120 mm base-chord aluminium hydrofoil of
elliptical planform with a modified NACA 63A015 section was
manufactured and mounted from the ceiling in the test section
of the Cavitation Research Laboratory (CRL) variable-pressure
water tunnel at the University of Tasmania. The hydrofoil was
modified to have a thicker trailing edge to reduce susceptibil-
ity to damage. The modified profile was achieved by adding
0.0038% to the standard profile equation, giving:

y— 0.12\/1.652 _ (i _ 1.65)2

012 +0.0038% (1)
wherey is the offset at the chordwise locatien The profiles

are shown in figure 1.

The test section of the tunnel is 0.6 m square and 2.6 m in
length. The tunnel velocity can be varied from 2 - 12 m/s and
the centreline pressure from 4 - 400 kPa (absolute). Further
details on the tunnel and facility can be found in [1, 2]. The
hydrofoil was set at an incidence, of 3.5’ and the free stream
velocity was set to give a chord-based Reynolds nuniRey,

of 0.5x1CP. The cavitation numbeg = (p— py)/(1/2pU?),
wherep is the pressure in the centreline of the tunnglthe
vapour pressurep the density of the fluid, ant the mean
freestream velocity, was set at 0.37.

Forward-lit photographs were taken of the cavitating hydrofoil
to capture the extent and macroscopic bubble distribution of the
wake. These were obtained with a Canon 50D 35 mm SLR cam-
era and Canon EF 24-70 mm lens with triggered stroboscopic
lighting (DRELLO 1018/LE4040).

Shadowgraphy measurements were made in the bubbly wake of
the hydrofoil, downstream of the region in which hairpin vor-
tex shedding is visible (see figures 2 - 3). Several locations
were sampled to investigate the microbubble distribution in the
streamwise, spanwise and transverse planes. These locations
are summarised in table 1 and figure 2. The distances from the
hydrofoil mid-chord axis to the sampled locations in the stream-
wise,dq, and transversel,, directions are non-dimensionalised
using the hydrofoil chordg. The distance in the spanwisd,
direction from the root is non-dimensinoalised using the sgan,

A positive offset from the hydrofoil mid-chord axis is towards
the pressure side or into the page as shown in figure 2. One thou-
sand images were taken at each location to obtain converged
statistics [3]. The shadow photographs were backlit using a 120



Figure 2. Image showing the 11 locations sampled in the wakieeofavitating hydrofoil. The cavitating root and tip voeticlimit the spanwise extent
of the sheet cavitation that condenses/collapses proglumicrobubbles that seed the wake. The sheet cavitatiomllgitireaks down to cavitating
vortices that further condense to remnant microbubbles @fidensable gas with apparent clustering of the scale ofdfeal structuresa = 3.5;
Re; = 5x10f, 0= 0.37.

Location#  dg/c do/c ds/s stream the structures condense leaving populations of microb-
1 1.708 0.0175 0.500 bubles in clusters of a length scale similar to the shed vortices.
2 1.708 0.0590 0.500 The present work is focused on analysis and determination of
3 1.708 -0.0240 0.500 the size distribution of the microbubble population in this re-
4 1.500 -0.0050 0.500 gion of the wake. Figure 5 shows an example shadowgraph
5 1.292 -0.0050 0.500 image taken of the wake at location 7.
6 1.083 -0.0050 0.500 . . .
7 1.708 -0.0050 0.250 Using this shadowgraph technique, the relevant sample vol-
3 1.708 -0.0050 0.375 ume for each detected bubble varies. To calculate statisti-
9 1.708 -0.0050 0.500 cally significant results, two corrections are made to the detec-
10 1.708 -0.0050 0.625 tion probability of each bubble, the depth of field correction:
11 1.708 -0.0050 0.750 Pi.ooF = Di/DRreference, and the border correctiom; gorder =

(W —Dj)(H — Dj)/WH, whereD; is the particle diameter,
Table 1. Summary of sampled locations. DReference iS the reference diamet&¥, is the field of view width

andH is the field of view height [4].

Figures 6 - 8 show the volumetric concentrati¥g, void frac-

mJ Litron Nano L PIV Nd:YAG laser diffused through a Lavi-  ton: Vi, and dominant bubble siz8gom, for the streamwise,
sion high efficiency diffuser. The emitted light pulses are in the SPanwise and transverse planes in the wake of the hydrofoil.
wavelength range 574 to 580 nm and of 20 ns duration when The volumetric concentration, dominant bubble size, and void

excited by the 532 nm wavelength laser pulses of 5 ns duration, [raction (though only marginally) were found to decrease with
A Lavision Imager Intense camera with a Questar QM1 long- increased distance downstream of the hydrofoil (figure 6). A de-

range microscope captured images at 4.5 Hz of size 13080 crease in domir_1ant b_ubble _size suggests dissolution or conden-
pixels. The field of view of the camera was 2:62.22 mm giv- sation, or possible dispersion of Iarge_r bubbles. It could also
ing a resolution of about 2 um/pixel. Assuming that a minimum ~ Suggest bubble breakup; however, this far downstream of the
resolution of 10 pixels across the diameter is required for bub- hydrofoil itis unlikely that the turbulence is strong enough for
ble sizing [3], this configuration gave an expected lower limit this to oceur. Bubble d_|ssolut|_on and condensation would also
on bubble identification of 20 um diameter. Triggering of the result in a reduced void fraction, as seen here. The decrease

laser and camera and analysis of the shadow images was donei” volumetr!c concentration s_uggests bubble_ dispersion due to
using LaVision DaVis software version 8.1. turbulence in the wake (see figure 4) or possible coalesence. In

this case, as the dominant bubble size is also decreasing, itis un-
likely that the bubbles are undergoing significant coalescence.
From the three properties, it can be deduced that the bubbles are
Forward-lit images of the cavitating hydrofoil are shown in fig-  undergoing dissolution or condensation and some dispersion.
ures 2 - 4. The general structure is evident, with the spanwise

extent of the sheet cavity limited by root and tip vortices. The  The volumetric concentration was also found to decrease at the

periodic spanwise features on the sheet cavity surface are due Upper and lower edges of the wake (figure 7). This is expected
to Kelvin-Helmholtz instabilities in the overlying separating ~ as the bubbles disperse and mix with the outer unseeded flow.
boundary layer. These instabilities lead to break up of the cav- Agdain, this is reflected in the decreased void fraction at these lo-

ity trailing edge with hairpin vortex formation. Further down-  cations. The dominant bubble size in the spanwise plane varies.
Larger bubble sizes towards the edge suggest they may be more

Results



Figure 3. Enlarged section of figure 2. The periodic spandés¢ures on the sheet cavity surface are due to Kelvin-Hdimhgstabilities in the
overlying separating boundary layer. These instabiliges to break up of the cavity trailing edge with hairpin earformation.

Figure 4. Hydrofoil wake from underneath showing cavitatiip vortex and bubbly wake from break down of sheet cawitatit = 3.5 ; Re; = 5x 10°,
0=0.37.

Figure 5. Sample image taken of the wake at a downstream lacaitio
dgq/c =1.708 and a spanwise locationdaf/s = 0.25 (location 7).

easily convected by the turbulent flow, which is in keeping with
the suggestion of dispersion of larger bubbles with increased
distance downstream. Across the wake (figure 8), the volumet-
ric concentration and void fraction again decrease towards the
transverse extents as the bubble population mixes out.

Figures 9 and 10 show sample bubble size distributions. Across
all of the locations, the dominant bubble size ranges from 25
to 40 um. For locations where the dominant bubble size is 25
pm, it is likely that the dominant size may be smaller than this

and that the spectra is not fully resolved. It was found that the
minimum accurately detectable bubbles were between 30 and
40 pm. This corresponds to requiring a minimum of 15 - 20

pixels across the bubble diameter, not the assumed 10 pixels.

As the bubbles appear to be generally smaller than 40 pm in
diameter, further work with improved optics is required to fully
characterise the microbubble size distribution.

In addition to increasing the magnification and/or resolution to
obtain a more accurate determination of the size distribution,
information on spatial distribution and clustering phenomena
would also be of interest. This can be obtained with optical
techniques that possess high spatial resolution such as Interfer-
ometric Mie Imaging (IMI) or time-resolved shadowgraphy.

Conclusions

Preliminary shadowgraph images were taken of the cavitating
wake of an elliptical planform, modified NACA 63A015 sec-
tion hydrofoil of 200 mm span and 120 mm base-chord at
3.5°, Re; = 0.5 x 10, anda = 0.37. The bubble size distribu-
tion is similar across the locations sampled and shows a dom-
inant bubble size of 25 to 40 um. As this is at the lower limit
of resolution for the current optics, further measurements with
improved resolution are required, in addition to a much denser
matrix of sample locations, to capture the entire size range of
detectable bubbles and resolve the bubble size distribution.
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Figure 6. Bubble statistics downstream of hydrofoil shayinlumetric
concentrationyc, void fraction, V¢, and dominant bubble sizBgom, at
locations 6, 5, 4 and 9.
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Figure 7. Bubble statistics downstream of hydrofoil in tipaswise
plane showing volumetric concentratiow, void fraction, V¢, and
dominant bubble sizé&)4om, at locations 7, 8,9, 10 and 11.
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Figure 8. Bubble statistics downstream of hydrofoil in thensverse
plane showing volumetric concentratio¥g, void fraction, Vi, and
dominant bubble sizé&)yom, at locations 3, 9, 1 and 2.
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Figure 9. Bubble size distribution (location 1).
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Figure 10. Bubble size distribution (location 5).
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