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Abstract

Microbubble populations within the test section of a variable pressure water tunnel have been characterised
for various operating conditions. The tunnel was operated with demineralised water and artificially seeded with
microbubbles from an array of generators located in a plenum upstream of the tunnel contraction. The generators
produce a polydisperse population of microbubbles 10-200 pm in the diameter. The microbubbles are generated
from supersaturated feed water within a confined turbulent cavitating microjet. The generator and tunnel operating
parameters were systematically varied to map the range of nuclei concentrations and size ranges possible in the
test section. Microbubbles were measured with Mie-Scattering Imaging (MSI), an interferometric sizing technique.
A new method was introduced to calibrate the detection volume and extend the dynamic range of the MSI.
The acquisition and processing of microbubble measurements with MSI have a fast turn-around such that nuclei
concentration measurements are approaching real-time. Estimation of the total bubble concentration was within
5% of the sampled concentration after only 100 detections but 10* were necessary for full histogram convergence.
The tunnel is operated with water at low dissolved gas content to ensure all injected microbubbles dissolve and
do not complete the tunnel circuit. As a result of this the injected population is altered by dissolution as well as
pressure change during the short residence between plenum and test section. The transformation is shown to be
complex, changing with tunnel operating conditions. The measured test section nuclei populations were found to
follow a power law for the higher concentrations. Test section nuclei concentrations of 0-24 mL~! can be achieved
through variation of generator and tunnel operating parameters.
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cavitation nuclei. d) Distribution of bubble concentration by size.



1 Introduction

Microbubble disperse flows are intrinsic to surface oceanog-
raphy and naval hydrodynamics as they control, or in-
teract with, many phenomena and processes of interest
including cavitation inception and dynamics, gaseous
diffusion, noise generation, acoustic and shockwave prop-
agation and turbulence. With regard to cavitation, mi-
crobubbles provide nuclei that control the inception and
dynamics of unsteady cavitation; but cavitation itself
is also a prolific source of microbubbles by its very na-
ture. Modelling of these flows experimentally remains a
challenge as microbubble concentrations and size ranges
may vary over several orders of magnitude. To this end,
several techniques for generating and measuring mi-
crobubbles have been developed in the Cavitation Re-
search Laboratory (CRL) at the Australian Maritime
College (AMC) (Brandner, 2018). Sample results from
these techniques for measuring microbubbles or nuclei
populations in the AMC cavitation tunnel are shown
in Fig. 1. Overall concentrations and sizes range over
10 and 5 orders of magnitude respectively. The popula-
tion with the largest concentrations and sizes is typical
of that in the wake of a cavitating object at relatively
high Reynolds numbers (Russell et al., 2018). This pop-
ulation of high concentration/larger microbubbles has
been measured using Long-range Microscopic Shadowg-
raphy (LMS). The most sparse population shown in
Fig. 1 is typical of the background or naturally occur-
ring nuclei population ever present in the AMC cavita-
tion tunnel under normal operating conditions. These
nuclei cannot be measured using optical techniques due
to their small sizes and low concentrations. These have
been measured via mechanical activation using a Cavi-
tation Susceptibility Meter (CSM) (Khoo et al., 2017).
The intermediate population is representative of a test
flow artificially seeded with a modest concentration of
microbubbles in the size range 2 to 200 pm for experi-
mental modelling of cavitation inception. It is the char-
acterisation of these intermediate populations within
cavitation tunnels that is the subject of the present
work.

The measurement of micro-bubble concentrations
on-the-order-of 0-1 cm™2 with in-focus imaging is chal-
lenging, as discussed in a review paper on optical mea-
surement techniques in fluid flows by Tropea (2011).
In order to accurately size the bubbles, high magnifica-
tion is required (field-of-view ~ 1 mm?), resulting in the
need for an impractically large number of images to ob-
serve enough detections for a converged measurement.
To circumvent this issue interferometric techniques pos-
sessing a larger detection volume have been employed.
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Fig. 1 Nuclei distribution graph showing the bubble diam-
eter, d, and concentration, C, ranges (shaded regions) for
which practical measurements can be made using the Cavi-
tation Susceptibility Meter (CSM), Mie Scattering Imaging
(MSI) and Long-range Microscopic Shadowgraphy (LMS).
Optical methods (e.g. IMI and LMS) are more suitable for
higher concentrations of larger bubbles, while mechanical ac-
tivation (CSM) is suitable for lower concentrations of smaller
bubbles. The lines represent recent nuclei measurements at
the AMC cavitation tunnel.

Early use of interferometric sizing techniques was re-
ported for application in particle spray measurements,
particularly in fuels (Konig et al., 1986; Skippon and
Tagaki, 1996; Mounaim-Rousselle and Pajot, 1999), and
its development stemmed from the Global Phase-Doppler
technique (Albrecht et al., 2013). Various implementa-
tions of the method have been developed, but the fun-
damental operating principle is the same, monochro-
matic light illuminates a bubble (or particle) and the
scattered light produces an interference pattern. Infor-
mation from the interference pattern is used to deter-
mine the bubble/particle size. Based on the slight differ-
ences between implementations, the method has been
given different names; Interferometric Laser Imaging,
Mie Scattering Imaging, Global Phase Doppler, Intefer-
ometric Laser Imaging for Droplet Sizing, Interferomet-
ric Particle Imaging, and Interferometric Mie Imaging.
We adopt the nomenclature of Grafimann and Peters
(2004) and label the method Mie Scattering Imaging
(MSI). This name reflects the techniques roots in the
mathematically rigourous scattering of a plane wave by
a sphere, postulated by Lorentz-Mie Theory (Bohren
and Huffman, 2008).

Numerous extensions to MSI technique have been
proposed in the published literature. A cylindrical lens
can be incorporated to compress interference patterns
in one dimension on imaging sensors (Masanobu et al.,
2000; Kobayashi et al., 2000; Qieni et al., 2014). This
reduces overlap of the fringes when multiple bubbles (or
particles) are present and thus increases the concentra-
tion limit of the technique. The use of laser light also
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lends itself to simultaneous particle-image velocimetry
and size measurement (Kawaguchi and Maeda, 2005).
Novel methods have also been proposed to measure
the 3D location of droplets in addition to the diameter
through an optical arrangement that shears the inter-
ference pattern as the distance from the sensing plane
increases (Brunel and Shen, 2013; Shen et al., 2013).
Alternatively the size of the interference disc can also
be used to estimate the out-of-plane location (Tropea,
2011).

Comparative experimental measurements of nuclei
size distributions using MSI and various other nuclei
measurement techniques have shown large discrepan-
cies in the results (Quérel et al., 2010; Ebert et al.,
2015; Boucheron et al., 2018; Birvalski and van Ri-
jsbergen, 2018). In order to minimize the uncertainty
and errors in the results obtained using MSI, Lacagn-
ina et al. (2011) suggest that a systematic calibration
of the method has to be performed. The most detailed
treatment of sensitivity and uncertainty analysis has
been reported by Dehaeck and van Beeck (2007). They
identify measurement of the lens and sensor plane lo-
cation as potential a source of error and uncertainty in
calibration experiments. Custom lenses or specialist op-
tics knowledge can provide the required precision (Mées
et al., 2010), but for a standard multi-element lens and
camera such data may not be accessible. Dehaeck and
van Beeck (2007) examined multiple methods for cali-
bration and full experimental calibration is identified as
very accurate. A calibration experiment of a similar na-
ture was conducted by Russell et al. (2019). Individual
microbubbles from a mono-disperse bubble generator
were simultaneously recorded using shadowgraphy and
MSI. A calibration procedure was demonstrated and
using this method measurements with the two tech-
niques deviated by less than +0.5um for bubbles 40-
150pm in diameter. In addition, the calibration method
for the size dependent measurement volume proposed
by Ebert (2015) was extended. The method of Ebert
(2015) assumes was developed from Laser-Doppler Ve-
locimetry theory (Albrecht et al., 2013) and assumes a
Gaussian beam profile (Ebert et al., 2016), whereas the
procedure of Russell et al. (2019) avoids this assump-
tion through measuring the beam profile directly. The
efficacy of the method was demonstrated using the lo-
cation of the bubbles in the beam measured from the
shadowgraphy data. The details of this correction are
critical, as just like shadowgraphy, the measurement
volume of MSI changes with bubble size (Mées et al.,
2010). Due to its sensitivity, volumetric correction er-
rors may then account for some of the discrepancies
between the microbubble measurement techniques re-

ported in hydrodynamic test facilities (Lacagnina et al.,
2011; Mées et al., 2010; Ebert et al., 2015).

The ability to measure and precisely control nuclei
populations in water tunnels enables rigorous compari-
son of results from different facilities (Lindgren, 1966).
The natural population present in each facility is in
equilibrium with the dissolved gas content, and often
nuclei control is achieved solely through dissolution of
these populations by degassing the water (Liu et al.,
1993; Etter et al., 2005; Weitendorf et al., 1987). How-
ever, natural populations may still be partly comprised
of nuclei biological, and particulate in nature, the cav-
itation susceptibility of which cannot be measured op-
tically. To produce populations of the desired concen-
tration and strength that can be measured optically,
the AMC water tunnel uses filtered, degassed water, to
which artificial microbubble nuclei are injected using
a seeding system (Brandner et al., 2006). This tunnel
architecture emulates the French Grand Tunnel Hydro-
dynamique (GTH) (Lecoffre et al., 1987). This facility
uses cavitating micro-jets of supersaturated water to
generate the artificial microbubble nuclei. These nuclei
generators were characterised outside the water tunnel
and typically produce a poly-disperse plume of bub-
bles 2-200pm in diameter (Giosio et al., 2016). However,
their response to changing tunnel operating conditions
has not yet been fully characterised. The scope of the
present work is to present the application of the refined
MSI technique for nuclei measurement in hydrodynamic
test facilities and analyse the effect of variable operat-
ing conditions to better understand the range of nuclei
populations that can be tested for in the facility.

A short summary of the equations used for bubble
sizing and antecedent Lorentz-Mie theory are presented
in Sect. 2, including deliberation on the choice of mea-
surement parameters. Experimental method and equip-
ment, including an outline of data processing technique,
are found in Sect. 3. Calibration methods are also pre-
sented in Sect. 3.2. This includes an improvement to
the in-situ calibration of the measurement volume that
extends the dynamic range of the technique. The mea-
surement technique is used to characterise the range
of microbubble sizes and concentrations that can be
produced in the test section by the nuclei seeding sys-
tem (Sect. 4). The modification of generated popula-
tions with changing tunnel conditions is shown to be
complex, as the microbubble population generated up-
stream are affected by the change in pressure through
the contraction, and dissolution that occurs due to bub-
ble residence time. To explore this process a quasi-
steady model of bubble dynamics with dissolution is
used to simulate the modulation of the injected pop-
ulation (Sect. 5). Results of the simulation are then
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related to the observed population as tunnel condi-
tions vary, and the implications for tunnel operation
explored. Conclusions are presented in Sect. 6.

2 Mie Scattering Imaging

Theory and experiments have shown that a linear map-
ping can be constructed between the size of a microbub-
ble (~ 1 — 100 pm) and the number of interference
fringes of light it scatters across a narrow angular do-
main (Mées et al., 2010; Boucheron et al., 2018). This
can be expressed by equation

i o ] ) "
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where d is the bubble diameter in microns, N the num-
ber of fringe wavelengths across the angle o, and K is
a proportionality constant. K depends primarily on the
wavelength of light used to illuminate the bubble and
the scattering angle 6, which is defined as the angle be-
tween the camera, the bubble and the direction in which
the light is propagating (Fig. 2 a). An example of in-
terference pattern resulting from Mie scattering of a 94
um bubble (Russell et al., 2019) is presented in Fig. 2c,
along with the calibrated shadowgraphy image of the
same bubble captured simultaneously (Fig 2b). In or-
der to create an image disc containing the frequency in-
formation, MSI images must be taken off-focus, as oth-
erwise the scattered light would focus back to a point.
In experiments by Russell et al. (2019), equation 1 was
recast to map the wavelength of interference fringes in
pixels, to the diameter of the bubble, by introducing
a second constant A. Its value encapsulates the angle
a single pixel represents in an interference pattern. By
converting N/a to a wavelength (Agey), and substitut-
ing A, equation (1) becomes,

e KaN [unfu]] [ (2a)
K [nm °]
= N i (2b)
_ K [ppm ] .
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Light scattered by a bubble can be decomposed into
two components. One parallel to the scattering plane,
i.e. the plane containing the camera, bubble, and direc-
tion of propogation (S)|), and the other that is normal
to the scattering plane (S ). The intensity of each com-
ponent is modulated by the angle between the polari-
sation of the laser and the scattering plane, called the
polarisation angle 5. Despite being overall less intense

the S} component produces a more uniform fringe spac-
ing making it preferred. For these experiments a scat-
tering angle s = 90°, with a polarisation angle s = 90°
was used. A polarising filter on the lens admits only S},
for measurement. Further discussion on the selection of
these parameters is presented in Russell et al. (2019).
Calibration of the value for K can be determined by
simulating intensity curves from theory and measuring
the fringe wavelength for a range of bubble sizes. For
532 nm light where 6; = 90°, K has been measured
to be 39.8 pm-deg_l. Experimental calibrations for the
setup-dependent value A, and the size dependent mea-
surement volume, are discussed in the following section.

3 Experimental Setup

Experiments were conducted in the Cavitation Research
Laboratory (CRL) variable pressure water tunnel at
the University of Tasmania. The test section is 0.6 m
square by 2.6 m and operates with velocities of 2 to
13m/s and pressures of 4 to 400 kPa. To manage tur-
bulence, upstream of the test section is a plenum con-
taining a 6mm plastic honeycomb. The homogenised
flow then passes through a contraction section lead-
ing to the test section entrance to constrict any re-
maining turbulence. The test section velocity is mea-
sured from the calibrated contraction differential pres-
sure. Depending on the value, either high or low range
Siemens Sitransp differential pressure transducers mod-
els TMF4433-1DA02-2AB1-Z (pressure range 0-25 kPa)
and TMF4433-1FA02-2AB1-2AB1-Z (pressure range 0-
160 kPa) are used, with estimated precision of the veloc-
ity measurements of 0.007 and 0.018 m/s respectively.
The test section velocity has been measured to be spa-
tially uniform to within 0.5%, and has temporal varia-
tions of less then 0.2%, with the free stream turbulence
intensity of 0.5%. Further details of the facility are given
in (Brandner et al., 2006, 2007; Doolan et al., 2013).
Nuclei injection was realized using an array of micro-
bubble generators positioned in the plenum upstream
of the tunnel honeycomb and contraction (Fig. 3). The
generators operating principle is based on rapid ex-
pansion of supersaturated water in a confined turbu-
lent jet. Supersaturated water is expanded through a
@ 0.5 mm by 0.3 mm long orifice into a @ 1.2 mm by
200 mm long hypodermic tube, where micro-bubbles
form in shear layer cavities. The generators produce
poly-disperse plume of micro-bubbles 2-200 um in di-
ameter (Giosio et al., 2016). The supersaturated water
is created using a separate recirculating pressure vessel
(saturation vessel) designed to facilitate the dissolution
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of gas into the liquid at high pressures and is capable
of maintaining pressures of 100-20000 kPa.

The microbubble population generated is a function
of the absolute and differential values of the satura-
tion vessel (ps) and tunnel plenum (p,) pressures, where
Ap = ps — pp. From which the dimensionless parame-
ters including the Reynolds, Weber and cavitation num-
bers, and the saturation pressure ratio of the supply and
tunnel water, may be formed. The Reynolds and We-
ber numbers are proportional to v/Ap and Ap respec-
tively. The cavitation number and saturation pressure
ratio may be defined as p,/Ap and p,/p, respectively.
The first two parameters are relatively large and don’t
change appreciably for the range of pressures involved.
The last two parameters arguably have the greatest ef-
fect on the generated population and hence ultimately
the tunnel test section population. The cavitation num-
ber and saturation pressure ratio control the cavity and
available gas volumes respectively. If it is assumed that
the Reynolds and Weber numbers don’t affect the flow
then a series of pressure combinations can be set for
which the cavitation number and saturation pressure
ratio remain constant. However for each of these com-
binations Ap will change which controls the flow rate
and hence the bubble production rate.

The array of generators can be configured to seed
different areas of the tunnel cross section. Generators
can be affixed in an 80 mm triangular grid pattern
across the plenum. For the present study, three rows
of 10 generators were used to seed a 300 mm high by
100 mm wide, nominally rectangular, area in the top
half of the test section.

Camera

The MSI measurements were captured using a 48MP
IO Industries Flare 48M30 CX high-speed CMOS cam-
era equipped with a Sigma 180 mm 1:2.8 APO Macro
DG-HSM lens, located above the test section. A Pro-
master HGX Prime 86 mm polarizing filter was at-
tached to the lens. Bubbles were illuminated using an
Ekspla NL204-SH TEMg laser emitting 532 nm light
with pulse frequency of up to 1kHz and the energy of
2 mJ per pulse. The beam was collimated using a plano-
convex LA1978-A-ML coated lens with a focal length
of 750 mm, and it was then passed through a Thorlabs
BSF10-A 17 UVFS 10% Beam Sampler before being
directed into the tunnel by a Thorlabs NB1-K12 1”
Nd:YAG mirror. A schematic of the optical arrange-
ment is shown in Fig. 4. Mirror M1 was mounted to
a Melles Griot microstage to enable precise position-
ing and movement of the laser beam in the tunnel.
The beam entered the tunnel test section horizontally
through an 80 mm thick glass port, 145 mm below the
test section ceiling. An angle of 87° to the port was
chosen to prevent any reflected and refracted rays from
overlapping the measurement beam. Accordingly, the
camera was rotated so that the horizontal axis was par-
allel to the direction of beam propagation. The camera
was set with the sensor-plane-normal perpendicular to
the beam so that the measurement scattering angle was
6s = 90° (Fig. 2a). The Ekspla laser was polarised hor-
izontally giving an MSI polarisation angle ¥, = 90°.

3.1 Processing

Images were analysed using a custom Matlab script.
Each interference pattern was reduced to a representa-
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Fig. 2 a) A schematic of the MSI measurement technique. b) A shadowgraphy image of a 94 pm bubble. c¢) The interference

pattern produced by the same bubble as in b).
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Fig. 4 An overview of the optical setup used to calibrate and capture the MSI images.

tive one-dimensional ‘pixel series’ of the same width
as the original pattern. To generate these series, an
iterative algorithm was used to extract the brightest
interference pattern from an image, masking out the
circular area afterwards. The masked image was then
re-processed, and the processing continued until the me-
dian of the intensity series extracted in the current step
was lower than a specified intensity threshold. Steps to
locate and extract pixel series were,

1. Cross correlate a down-sampled image with a down-
sampled template.

2. Locate correlation maximum.

3. Refine location by cross correlation in a limited do-
main with the full template.

4. Extract circular domain to generate an intensity se-
ries.

5. Sum each column of the extracted region and divide
by the number of pixels to generate the ‘pixel series’.

6. Mask out the region of the image and re-process the
masked image.

7. If the median intensity of the pixel series is too weak,
discard the last data and stop processing the image.

8. Filter and record all valid bubble locations and as-
sociated pixel series.

The last step filtered out bubbles that were too close
together, or too close to the edge of an image, for the
frequency detection algorithm to accurately measure
the bubble size. In the case of two bubbles close to-
gether, both were discarded. This would cause an un-
derestimate in the total bubble concentration if many
bubbles overlapped, however, in present data such oc-
currence was rare, and it was observed no more than
twice in 1000 detections. Once an image had been con-
verted into a set of pixel series, auto-correlation was
used to extract interference wavelengths. Each auto-
correlation was refined by fitting a quadratic curve to
the 7 points around the first maximum. The quadratic
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curve was then re-sampled with 1000 points to find the
dominant wavelength in the interference pattern. The
dominant wavelength was converted to bubble diame-
ter through equation 2. The intensity of an interference
pattern was defined as the 95th percentile of the ex-
tracted pixel series. This, along with the location of the
bubble in the beam, was used to calculate the mea-
surement volume of the technique for the optical setup
described above.

3.2 Calibrations

To calibrate the magnification factor of images in the
laser plane, mirror M1 (figure 4) was traversed in the
stream-wise direction. The beam was moved 5 mm up-
stream and downstream of the initial position with the
camera remaining fixed. Long exposure images captur-
ing a large number of bubbles passing through the mea-
surement volume were recorded. From these images, the
average location of the center of the interference pattern
was found, which represented the location of the center
of the laser beam for each mirror position. By dividing
the pixel shift in the image by the set mirror movement,
the magnification factor expressed in px/mm was deter-
mined.

Calibration of the angular wavelength constant A
was performed using the method described by Russell
et al. (2019). A 0.5 mm thick masking plate with two
holes was placed in between the lens and the beam at
the glass-water interface. The holes were 6 mm in diam-
eter, with the centers 14 mm apart. The plate was used
to mask the interference pattern and produce a diffrac-
tion pattern from which the distance between the hole
centers in pixels (D,,) could be measured. An example
of the resulting image is shown in Fig. 5a. With the dis-
tance between the masking plate and the beam known,
the angular constant A can be calculated from basic
trigonometry as

-1 Hole Distance
2 - tan (Z-Beam Distance)

e Q
A sample of 60 bubble instances was used to measure A,
and to estimate the uncertainty. From Fig. 5b, Dy =
260 px and has an estimated uncertainty of 10 pix-
els. Dy, does not change appreciably across the mea-
surement beam length. A was calculated to be A =
0.0123 px - deg™'. Linearised uncertainty in d has been
tabulated for a small and large bubble (Table 1), and
overall uncertainty from this calibration remains a con-
stant 3.85% from this source.
The effective measurement volume for MSI is de-
pendent on bubble size and characteristics of the op-
tical setup. The scattered light intensity of a bubble
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Fig. 5 a) An example of the two hole calibration pattern im-
age obtained using a masking plate, from which Dy, is mea-
sured. b) A scatter of Dy, values across 60 bubble instances,
with average value denoted with a dashed line.

Table 1 Tabulated values of the calculated diameter uncer-
tainty due to a 10 pixel variation in A for a small and a large
bubble.

Uncertainty %

+3.85%
+3.85%

Diameter (um)  Uncertainty (pm)

20 +0.77
150 +5.77

is nominally dependent on the square of the diameter.
Therefore, for a Gaussian beam profile the scattered
light intensity will depend on the bubble size and its
location in the beam profile. Consequently, larger bub-
bles are measured across a wider area as less incoming
light will be required to produce an interference pat-
tern that is above the lower limit of camera sensitivity.
However, a large bubble may also saturate the camera
sensor so that the interference pattern cannot be dis-
cerned, so a portion at the center of the beam may have
to be excluded. By using this approach, the dynamic
range of the technique is optimised at the expense of
more complex measurement volume calculation.

To detail the volume correction calculation a camera-
beam based coordinate system was introduced: the z-
axis was placed along the beam center-line and the y-
axis across one dimension of the beam profile, where
both x and y were parallel to the focal plane of the
camera. The z axis was normal to the focal plane of the
camera.

As a bubble moves in the z — y plane of the beam
the centroid of the interference pattern shifts in the
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MSI image. Pattern intensity depends on a bubble’s y
and z location in the beam profile. By plotting y posi-
tion against measured intensity for a narrow size range,
an estimate of the size-dependent maximum intensity
at each y location with size was obtained (Fig. 6). For
these data, bubbles were grouped into d = £2.5 pm size
bins and then sub-grouped into y = +0.5 pm location
bins. The 95" percentile of a single diameter /location

bin was used to estimate the maximum intensity I'1nax(d, )

and is plotted with a red line in Fig. 6.
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Fig. 6 A scatter of y-location and intensity of all bubble de-
tections in 20-25 pm range (& 30000 detections). A red line
representing the 95t percentile calculated for 1 pm bins is
plotted. This curve used to estimate the maximum intensity

Imax (d7 y)

As discussed by Ebert (2015), it is very unlikely that
a bubble measurement is observed in the exact center of
the beam for each size and y location, but with enough
data the described process provides a reasonable esti-
mate. By using all the data from an experimental cam-
paign a large number of detections can be compiled. In
the present experiment 2.46 million bubbles were de-
tected. A minimum intensity threshold (7,,,;,, = 50) was
applied to establish the maximum radius for effective
measurement for each bubble size. A maximum inten-
sity threshold I,,,, = 400 was also applied to ensure
that bubble patterns too bright to be accurately sized
were removed. This resulted with an annular area of
effective measurement for some bubbles. In Fig. 7a the
maximum intensity curve for two bubble size ranges,
20-25 pm and 80-85 pm, is plotted across the beam
y-position. By plotting the intensity with colour, and
stacking the intensity curves for each bubble size range
horizontally, a contour plot showing the measurement
area limits can be assembled, as show in (Fig. 7b). Mul-
tiplying the effective area by the measured beam length
gives the effective measurement volume plotted against
diameter in Fig. 7c. The comparatively low number of

detections for bubbles d > 150 pm introduces scatter in
the estimated measurement volume. A smoothing spline
was used to calculate the final size dependent volume.
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Fig. 7 a) The maximum intensity of interference patterns in-
tensity for two bubble size ranges (d =20-25 pm and 80—
85 pm) plotted against the vertical location of the bubble
in the beam. b) A colourmap of the interference intensity
mapped for a range of locations and measured diameters.
The dotted contour is the minimum intensity threshold and
the dashed line the maximum intensity threshold. The blue
lines represent the data presented in a). ¢) The dependence
of effective measurement volume on bubble size.

3.3 Convergence of concentrations and histograms

A study was performed to determine the number of
bubble detections required to obtain a converged statis-
tics for bubble size distribution. For this purpose a sam-
ple of 40000 detections was recorded. To calculate the
total bubble concentration, the detection volume for
each bubble was determined by interpolation of the fit-
ted curve in Fig. 7c. The total bubble concentration was
then calculated by

Noubbles 1
C = ( Z 'U> /Nimagesa (4)

i=1 v
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where v; is the size dependent measurement volume for
the i*"" bubble detection. To view these data as a distri-
bution of bubble size, a histogram with logarithmic bin
width was calculated. By dividing bin counts by the
bin width, concentrations are expressed as %—(j at the
bin centers. Integration between any two points on this
curve estimates the concentration of bubbles within the
sub-range. The total concentration was estimated using
all 40000 detections. Total concentration was then it-
eratively calculated including one extra detection each
time. Total concentration with each added bubble is
plotted in Fig. 8a and the percent difference from the
final estimate is plotted in Fig. 8b. The total concen-
tration converges quickly so that a crude estimate to
within 10% of the final concentration can be obtained
with only 100 detections. To remain within 1% of the
final estimated concentration 10000 detections are re-
quired. A similar number is required for convergence of
the bubble size histogram with a bin size of 2 pm. This is
presented visually in Fig. 9. A histogram was calculated
with the addition of each bubble. Each histogram was
normalised by its highest bin count. The normalised
histogram was converted to colour and stacked hori-
zontally. The distribution shape remained similar for
N > 10000.

1018

= o100k

1071k

102
10°

Fig. 8 a) Bubble total concentration (C) as a function of
number of bubbles counted (N). b) Percent difference from
the final concentration for large N. The difference is less than
1% which has been marked in red for N > 10%.

An important consideration for implementation of
MSI technique during the hydrodynamic facility op-
eration is the time required to obtain the nuclei size

Distribution —— >
Constant for N > 10*

£ 100 ——
= _—-—— p— 1 ‘
T T o ‘
—
50
1
100 10! 102 10° 10¢
N

Fig. 9 Normalised histograms of the bubble distribution are
oriented vertically and are presented as colour for an increas-
ing number of bubble counts. The bin width is 2 pm. The
population distribution converges for N > 10* detected bub-
bles for the presented bubble concentration.

distribution result. The time required to acquire and
process images using the full camera sensor, as it was
done for calibration and convergence analysis , while
reasonable, still proved to be somewhat prohibitive dur-
ing testing work-flow. In order to facilitate faster result
turnaround, the images obtained for the analysis of the
effect of tunnel operating conditions on the nuclei pop-
ulation were down sampled by the ratio of 2 in the di-
rection of the fringe pattern. Additionally, the images
were acquired over a reduced sensor area covering only
the horizontal region illuminated by the laser beam.
These steps yielded a measurement resolution of 4096
x 512 pixels. After applying these modification the time
required to acquire a set of images needed for the con-
verged result was in order of a few minutes, and there-
fore, the described MSI technique can be considered
as a near real-time measurement. An example image
captured by the measurement system is presented in
Fig. 10.

Fig. 10 An example image captured with MSI measurement
system after a logarithmic intensity filter has been applied
to enhance visibility of the interference patterns is presented.
Bubble diameters observed in the image from left to right are
16 pm, 39 pm, and 14.5 pm respectively.
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4 Tunnel Nuclei Results
4.1 Generator parameters

For constant tunnel operating conditions, the test-section
nuclei content can be altered by varying nuclei genera-
tor parameters, namely the generator driving pressure
Apgen and cavitation number oge,. In order to asses
the influence of each of these parameters, bubble pop-
ulations in the test-section were measured for a tunnel
velocity of 7 m/s, while Apge,, and ogep, were varied in-
dependently of each other. Both generator parameters
are coupled to tunnel operating conditions through the
pressure in the plenum (p,) where,

Apgen =Ps — Pp, (5)
and
Ps — Do DPs — Du
Ty = = . 6
gen DPs — pp Apgen ( )

Therefore the tunnel pressure (p;) was varied in con-
junction with the saturation vessel pressure (ps) to keep
one generator parameter fixed while the other varied.
Observations are made with the knowledge that tunnel
pressure will influence dissolution processes. In Fig. 11a
the total concentration of bubbles 10-200 pm in size
are plotted for fixed Apgen, = 400 kPa and varying
Ogen- Bubble concentration remains similar for oge, <
0.41, but decrease rapidly as ogey is further increased
such that very few if any bubbles are measured for
Ogen = 0.55. Bubble size distributions for the data
points shown in Fig. 11a are plotted in Fig. 11b. The
distribution shape remains similar for low ogepn, how-
ever a roll-off in the number of large bubbles produced
can be observed. This roll-off shifts towards the smaller
sizes as 0ger, increases. It is hypothesized that this trend
would continue as 04e, increases further, however this
cannot be supported by experimental data as the roll-
off moves below the minimum measured size. Irrespec-
tive of this, for o4e, > 0.55 only a low concentration of
very small bubbles remains.

In Fig. 12a the total bubble concentration is plot-
ted for a constant og4en = 0.25, while the Apge,, was
varied. An increase can be observed in the total con-
centration with increasing Apgen , however C plateaus
as Apgen increases above approximately 600 kPa. In
contrast to the results for constant driving pressure the
overall distribution shape remained identical Fig. 12b.
The increase in concentration is mostly associated with
the population of smaller bubbles, but the distributions
suggest a more global increase in all bubble sizes is pro-
duced. This behaviour is consistent with the premise
that for constant og4e, the bubble production mecha-
nism remains the same, but due to higher flow-rates
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Fig. 11 a) Total bubble concentration plotted against ojn;j.
The tunnel pressure was varied in conjunction with ps to
maintain constant driving pressure, Ap;n; = 400 kPa, with

a constant tunnel velocity Uy = 7 m/s. b) A plot of size
distributions for the examined range of 0. For Uy = 7 m/s,
pressure drop through the contraction leads to p, = p¢ +
35 kPa.

through the generator the number of bubbles produced
will increase. In both Fig. 11 and Fig. 12 the low number
of detections introduces scatter into distributions for
large bubble sizes. For the data in Fig. 11 and Fig. 12,
the tunnel pressure is labelled with the additional hori-
zontal axis above the graph. Note, that due to the con-
traction, at 7 m/s tunnel velocity, the pressure in the
plenum will be p, = p; + 35 kPa.

The measurements of bubble population for varying
0gen Were performed for a range of driving pressures
100 kPa < Apgen, < 800 kPa, for tunnel velocity of
7 m/s. Resulting total bubble concentrations and size
distributions are presented in Fig. 12. From the plot
of total concentration (Fig. 13a), it can be seen that
the critical cavitation number at which the concentra-
tion begins to reduce, increases with increasing driv-
ing pressure. In addition, the maximum concentration
increases with increasing driving pressure. The distri-
bution trends remain similar when comparing between
driving pressures. It is observed that as the total bubble
concentration increases the size distribution approaches
a power law like behaviour. This power law distribution
may be linked to the turbulent processes in the gener-
ator outlet, rather than the result of equilibrium pro-
cesses on injected bubbles as they are advected through
the plenum and contraction section. This is also true of
distribution roll-off as dissolution processes in the tun-
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4.2 Dissolved Oxygen Content

As previously mentioned the tunnel is designed to op-
erate with a dissolved oxygen content (DOs) of 30%
of saturation concentration at atmospheric pressure, to
ensure that all injected microbubbles dissolve and do
not complete the tunnel circuit. Low DO, content pro-
motes dissolution of the generated microbubble popula-
tions between the point of injection and measurement
location in the tunnel test-section. To assess the ex-
tent of the dissolution related to the low DOs content.
Nuclei populations were measured with DO varied be-
tween 2 and 10 ppm for constant test section param-
eters (pp = 77 kPa, U, = 7 m/s, 0gen, = 0.25, and
Apgen, = 400 kPa). The measured concentration and
distribution of bubbles are plotted in Fig. 14. A non-
linear increase in total bubble concentration is observed
with increasing DOy, which is predominantly associ-
ated with an increase in the number of smaller bub-
bles. An approximate power law was again observed,

Fig. 13 a) Total concentrations plotted against ogern for vari-
ous Ap, . Each subplot (b-g) represents bubble size distribu-
tions for different o4y, for a particular value of Ay, _ . ogen is
represented by the colour in each subplot that corresponds to
the colours in a). The plots are for a fixed Uy = 7 m/s, while
the dissolved oxygen content was in range 2.6 - 3.4 ppm. As
a visual aid a curve denoting an approximate power law has
been annotated on distribution plots.

the exponent of which increased with increasing DO2
content.

4.3 Tunnel operating parameters

The influence of the tunnel parameters on the injected
bubble population is difficult to assess, as generator
parameters cannot be kept fixed while independently
varying the tunnel conditions. To gain some insights,
one generator parameter was fixed, while the variation
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Fig. 14 a) Total bubble concentration (C) as a function of
the dissolved gas level in the test section, for constant injec-
tor (ogen = 0.25 and A, . = 400 kPa) and tunnel parame-
ters (p; = 77 kPa and U; = 7 m/s). Injector parameters are
Ogen = 0.25 and Apgen = 400 kPa. Test section parame-
ters are p; = 77 kPa and U; = 7 m/s. The corresponding size
distributions are plotted in b).

of the other was coupled to the matrix of prescribed
tunnel conditions. Seven tunnel pressures, in the range
between 20 kPa < P; < 200 kPa, and five tunnel veloc-
ities , in the range between 3 m/s < Uy, < 11 m/s were
tested. A map of total concentration across the com-
plete range of tunnel conditions for a a fixed 0 ge,, = 0.25
is presented in Fig. 15a, and again for fixed Apgen, =
400 kPa in Fig. 15b. Contours of the unconstrained gen-
erator parameter are superimposed on the concentra-
tion map for reference. The empty triangle markers in
Fig. 15b denote the data that was rejected due to visi-
ble presence of large millimeter size bubbles in the test-
section, generated from gross audible cavitation in the
generators operating at low 04e,. In addition to this test
matrix, measurements were made along the curve where
the pressure in the plenum remained constant and the
generators were operated with fixed og4e, = 0.25 and
Apgen = 400 kPa. The variation in dynamic pressure
imposed by the changing test section velocity was com-
pensated by changing the tunnel static pressure. These
data, denoted by squares, are common to the two maps
in Fig. 15.

For constant og4c, = 0.25 bubble concentrations in-
creased with an increase in tunnel velocity at the fixed
tunnel pressure. The concentration also increased with
tunnel pressure. The latter observation is in contrast
with the expectation that higher tunnel pressure would

aid bubble dissolution and result with a lower bub-
ble concentration. However, an explanation for this be-
haviour can be found in the coupling of Apge, to the
tunnel pressure, as the increase in the tunnel pressure
results in the increasing driving pressure, and conse-
quent increase in bubble production.

In the case where the driving pressure was held
constant, the changes resulting from the variation in
the tunnel parameters were masked by the more dom-
inant effects of 04c,. Strong similarity was observed in
the concentration within a og4e, contour band. An in-
crease in bubble concentration was observed with in-
creasing tunnel velocity and decreasing tunnel pres-
sure. The variability in bubble concentration between
the contours followed similar trends to those presented
in Fig. 13a for the Ap = 400 kPa series (marked with
circles). When operating correctly the generators pro-
duced a high concentration of bubble population un-
til 0gen = 0.4. The concentration transitioned between
0.4 < 04en < 0.5 and diminished until very few bub-
bles for oger, > 0.5 were produced. These observations
foster the premise that the changes in the measured
bubble concentrations are, to a large extent, a result of
variation in ogep.

In order to assess the effect of the tunnel operat-
ing conditions on bubble population in isolation of the
generator parameters, the testing has to be performed
with a fixed injected population. A fixed nuclei pop-
ulation can be generated by maintaining a constant
plenum and saturation pressure (p,,ps) to produce con-
stant Apgen and ogen,. With this test the opposing ef-
fects of residence time and pressure on the bubble pop-
ulation evolution between the plenum and test-section
can be examined. The tests were conducted for the test-
section velocity varied between 2—-13 m/s and a constant
plenum pressure of 102 kPa. To account for the change
in dynamic pressure with variable velocity, the test-
section static pressure was varied between 20-100 kPa.
The results for both the bubble total concentration and
size distribution are presented in Fig. 16. In the absence
of dissolution, it would be expected that the measured
concentration would decrease six times as the flow ve-
locity increases from 2 to 12 m/s, due to a fixed bubble
population being injected for a higher water flow-rate.
In addition, the dynamic pressure change between the
plenum and the test-section should induce a growth in
bubble size as the reduction in pressure between the
plenum and test-section becomes larger as velocity in-
creases. Neither of these changes are observed in the
results, which indicates that the dissolution dominates
the bubble population evolution as increasing pressure
and longer residence times lead to a decrease in the
total concentration. From the size distribution plot, it
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can be observed that the decrease in total bubble con-
centration is mostly associated with dissolution of the
small bubbles due to their large surface to volume ra-
tio. These process do not have a prominent effect on
the concentration for bubbles larger than 50 pm.

These results are encouraging as together they show
that the measured population in the tunnel is fairly
insensitive to tunnel operating conditions. In general
then, dense bubble populations can be produced for the
majority of tunnel conditions by maintaining 0.15 <
Ogen < 0.3 and a driving pressure Ap > 300 kPa. This
produces bubble concentrations C' ~ 15 —20 mL~!. For
very low tunnel speeds and pressures, a reduced oger,
is required to avoid gross cavitation in the generator
outlet. Intermediate distributions are obtained by in-
creasing the cavitation number of the generators until
they reach the edge of their operational range. The crit-
ical 04ep, varies with the driving pressure Ap, a pseudo-
measure for the generator Reynolds number. Operation
in this range enables production of bubble concentra-
tions C' = 0—15 mL~! where the distribution of bubble
sizes changes slightly with tunnel conditions. Lower dis-
solved oxygen concentrations also reduces the number
of bubbles observed in the test section.

5 Theoretical Dissolution

To contextualise the observed population, a quasi-steady
model of bubble dynamics coupled with a diffusion model
was applied to microbubbles of different sizes as they
are advected from the injection point, through the tun-
nel contraction, to the test section entrance. Numerous
models have been developed to account for the diffusion
of gas between phases (Azbel, 1981), and studies such

as Yu and Ceccio (1997) compare the congruence of se-
lect models to results obtained from experiments. Ap-
plicability of a model is usually assessed in terms of two
limiting cases, with the understanding that most flows
are a balanced combination of the two. In a stationary
environment the problem is analogous to that of heat
transfer in solid materials, where the ‘film model’ con-
siders concentration gradients near the phase interface,
and the related development of a diffusive boundary
layer (Brennen, 2014). In turbulent flow the ‘penetra-
tion model’ considers the rate at which dissolved gas
is convected from an interface by flow eddies (Azbel,
1981). Characterisation of the flow by Schmidt(S¢) and
Sherwood(Sh) numbers aids in the selection and devel-
opment of models. The majority of model validation
has been performed on bubbles ~ 1 mm in diameter,
using parameters such as the rise velocity to determine
Sc and Sh numbers. The low Stokes number for bub-
bles on the order of micrometers in size makes deter-
mination of these values difficult and extrapolation of
model results to microbubbles dubious. In addition, for
the present work, Sc and Sh will vary as the level of
turbulence changes between the location of bubble in-
jection and the tunnel test section. Consequently, the
film model (Brennen, 2014) was used to qualitatively
discuss the effects of dissolution on the injected bubble
population, where the magnitude of changes in bubble
size with dissolution could vary.

As the flow approaches the tunnel test section, the
change in the tunnel cross-sectional leads to an increase
in the flow velocity and decrease in pressure. During
this process bubbles are assumed to grow or shrink
rapidly to permit a quasi-steady solution. The bubble
radius due to pressure change has been modelled using

(p(t) — p‘,)r3 + 2972 — pGorS’ =0, (7)

U, (m/s)

Fig. 15 Total bubble concentration as a function of test section velocity and pressure. In (a), the injector cavitation index
is constant at 0.25, and the driving pressure is represented by the contour levels. In (b), the driving pressure is constant
at 400 kPa. The injector cavitation number is given by the contour levels. Triangle points indicate where the injectors were
suffering gross cavitation. The squares are the same data as Fig. ref and are all Apgen = 400 kPa.
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Fig. 16 Bubble concentrations presented for the case where
the generator parameters, ogen = 0.25 and A = 400 kPa,
and plenum pressure, p, = 102 kPa, remained fixed while
tunnel parameters vary. For the same data, total concentra-
tion is plotted against o; in a), and against Uy in b). The
distributions for these data are shown in c).

for a bubble of radius r with initial radius ro and sur-
face tension . The initial pressure of gas inside the
bubble is pgo , py vapour pressure, and p(t) the pres-
sure experienced by the bubble at time ¢. Together with
the ‘film model’ for dissolution presented in Brennen
(2014), a marching scheme for small dt is developed.
Once the change in radius with external fluid pressure
is calculated from 7, the gas pressure inside the bubble

is calculated using
g
po =2+ p(t) = po. (8)

Bubbles contain a mixture of gasses, but are mostly
comprised of nitrogen and oxygen liberated upon con-
densation of vapour cavities. In the solution, oxygen
constitutes approximately 20% of the dissolved gases.
It is assumed that the injected bubbles are comprised
of a similar mixture. Together with Henry’s Law

P
Cs — E, (9)

the concentration of a single gas species inside a bubble
can be calculated from its partial pressure. In practice
the various gasses will dissolve at different rates but
for simplicity it has been assumed that oxygen is rep-
resentative of the general dissolution process. Diffusive
processes will usually grow a concentration boundary
layer around the bubble (the ‘film model’) that may be
stripped away by small scale turbulence, and relative
motion between the bubble and the bulk flow (the ‘pen-
etration model’). As has been discussed, the determi-
nation of turbulence intensity and its effect on bubbles
of this size is unclear. The model described in Brennen
(2014) with a fully developed diffusive boundary layer
was then applied to calculate the diffusive growth of a
bubble in the given time step.

R— R+ 2D(co0 — 0502)15.
Pg

(10)

In Fig. 17a the ambient pressure history experienced
by a bubble between the injection point and the test
section entrance is plotted for the tunnel velocity U; =
7 m/s and the tunnel pressure p, = 78 kPa. Bubbles
spend the majority of their residence time in the slow
moving plenum before being advected quickly through
the contraction where the ambient pressure decreases
by 20 kPa. In Fig. 17b the evolution of the bubble
diameter calculated using the described model, with
and without diffusion, and the pressure history from
Fig. 17a has been plotted. The dissolved oxygen con-
centration was set to be DOy = 30% atmospheric satu-
ration. Without diffusion a bubble 40 pm in size grows
approximately 9% between the injection point and the
test section. With diffusion, steady dissolution of the
bubble causes it to shrink so that even after the pressure
induced growth its size upon reaching the test section
(dy) is 5% lower than its original size (d,). Dissolution
occurs primarily during the extended residence in the
plenum, with dynamic growth in the contraction occur-
ring quickly at the end.

The balance of dissolution and dynamic growth de-
pends on the bubble size and relative strength of surface
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Fig. 17 a) The pressure history of a single bubble injected
at the centerline of the tunnel is plotted as calculated from
Bernoulli’s equation upstream of the test section through the
contraction for a tunnel speed Uy = 7 m/s, P, = 78 kPa,
DO2 = 30% atmospheric saturation. b) The evolution of the
bubble size under these conditions as modelled with and with-
out the effects of diffusion.

tension during this process. The evolution of a range
of bubble sizes using the model with the diffusion ef-
fect included, normalised by the bubble original size,
is plotted in Fig. 18. Bubbles larger than 50 pm grow
in size, while the increase in internal pressure due to
surface tension caused bubbles < 21 pm to completely
dissolve.

The effect of tunnel conditions on the injected pop-
ulation is examined by using the theoretical model to
calculate the bubble sizes upon reaching the test-section
across the range of tunnel velocities and pressures. The
ratio of the calculated and initial bubble size is then
plotted against the initial bubble size. In Fig. 19 a plot
denoting the effect of variation in the tunnel velocity in
range between 2 and 12 m/s while the test section pres-
sure is held constant is presented. Due to reduced res-
idence time, the minimum bubble size at the injection
point d, required for a bubble to avoid being dissolved
before the test-section, i.e. di/d, > 0, decreases as the
tunnel velocity is increased. For Uy = 2 m/s the pres-
sure change through the contraction is so small that the
effects of dissolution cause all bubbles to reduce in size.
As the tunnel velocity increases the pressure change ef-
fect becomes increasingly dominant and at 12 m/s all
but the smallest bubbles increase from their initial size.

For a fixed velocity of Uy = 7 m/s the tunnel pres-
sure was varied from 10 to 200 kPa and the resulting
effect on the bubble sizes is plotted in Fig. 20. Low
test section pressures amplified bubble growth stem-
ming from pressure change through the contraction.
This was the result of increased tension applied to the
bubbles as pressure in the tunnel approached their crit-
ical pressure. Decrease in the ambient pressure also re-
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Fig. 18 Evolution of bubble size for the range of initial bub-
ble diameters as they are advected towards the test section
for Uy = 7 m/s, P, = 78 kPa, DO> = 30% atmospheric
saturation.
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Fig. 19 The ratio of the final versus initial bubble size, across
the range of initial bubble sizes, plotted for various tunnel ve-
locities. The tunnel pressure is kept constant at Py = 78 kPa,
with dissolved oxygen concentration of DOs = 30% atmo-
spheric saturation.

sulted in a decrease in the minimum bubble size that
completely dissolved.

In experimental data, tunnel parameters could not
independently varied without affecting generator pa-
rameters. A useful capability of the model is that it can
be used to predict the effect of changing only one tun-
nel parameter for a set initial bubble population. The
model was used to calculate a theoretical bubble pop-
ulation in the plenum from a bubble distribution mea-
sured in the test-section. This theoretical initial bubble
population was then forward mapped to the test-section
population while changing only one of the tunnel pa-
rameters. In Fig. 21 the simulated effect of changing
tunnel pressure for a constant tunnel velocity is plot-
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Fig. 20 The ratio of the final versus initial bubble size, across
the range of initial bubble sizes, plotted for various tunnel
pressures. The tunnel velocity is kept constant at Uy = 7 m/s,
with dissolved oxygen concentration of DOy = 30% atmo-
spheric saturation.

ted. In Fig. 22 the results of the same manipulation,
but for changing tunnel velocity and constant pressure,
are presented.

From Fig. 21 an increase in the concentration of
larger bubbles can be seen as the pressure in the tun-
nel is reduced, while the concentration of small bub-
bles decreased. This is in contrast to the measurements
presented in Fig. 16. The reason for this discrepancy
stems from the model mapping principle. As the model
functions by only mapping an initial bubble size to a
final bubble size, the bubble size distribution curve can
only be shifted and stretched along the horizontal axis,
i.e. bubble diameter axis, while the curves remain unaf-
fected along the concentration axis. In Fig. 22, it can be
seen that the concentration of large bubbles increased
following an increase in the tunnel velocity. The shift in
size, in particular for small bubbles, is more pronounced
at the lower tunnel velocities due to increased dissolu-
tion with extended residence time in the plenum.

There are two caveats to these simulated results.
The first is that this modelling technique does not fun-
damentally alter the observed distribution, but rather
maps the observed bubble size to a new diameter. It is
then unable to capture non-linear change that is proba-
bilistic in nature. For example, different bubbles within
a population may experience random pressure histo-
ries imposed by the flow turbulence that would cause
even a mono-disperse population to result in a distribu-
tion of resultant diameters. The second caveat, is that
the consistent roll-off in concentration as the bubble

size decreases below 15 pm might be artefact of optical
measurement techniques at the edge of their dynamic
range. It is possible that the power law like behaviour
observed for larger sizes continues well below the lower
limit of the MSI technique. The observed roll-off has
been reported in numerous studies that utilise optical
bubble/particle measurement (Liu et al., 1993; Russell
et al.,, 2016; Mées et al., 2010). The fact that these
mapped distributions do not concur with the measured
data in Fig. 16 is therefore not surprising.
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Fig. 21 A plot of modelled test-section populations for dif-
ferent tunnel pressures (px =17 and 186 kPa), obtained using
backward mapping of the test-section population measured
in the experiment (p; = 77 kPa) to the plenum, and then
forward mapped back to the test-section for different tunnel
conditions. The experimental measurements were obtained
for Uy =7 m/s, 0gen = 0.25 and Ap,., = 400 kPa.

6 Conclusions

It has been demonstrated that injected nuclei popula-
tions can be measured for experiments in hydrodynamic
test facilities with the MSI technique. Populations of
10-200 pm in diameter were measured with concentra-
tions of 0-60 bubbles/mL. This system forms a vital
component in the measurement of cavitation nuclei in
hydrodynamic test facilities, capable of measuring semi-
sparse bubble populations.

The acquisition and processing of microbubble mea-
surements with MSI have a fast turn-around such that
nuclei concentration measurements are approaching real-
time. The method presented to calibrate the size depen-
dent detection volume is of benefit as it is an in-situ cal-
ibration, which also extends the dynamic range of the
technique. Estimation of the total bubble concentration
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Fig. 22 A plot of modeled test-section populations for dif-
ferent tunnel velocities (U; =2 and 10 m/s), obtained using
backward mapping of the test-section population measured
in the experiment (Ux = 7 m/s) to the plenum, and then
forward mapped back to the test-section for different tunnel
conditions. The experimental measurements were obtained
for ps = 77 kPa, 0gen = 0.25 and A = 400 kPa.

Pgen

was within 5% of the sampled concentration after only
100 bubbles were counted, but it was found that 10* de-
tections were necessary for convergence of bubble size
histograms. The large number of detections led the un-
certainty in the total concentration measurements to be
within 1%.

Tunnel velocity, pressure and dissolved oxygen con-
centration, as well as microbubble generator feed pres-
sure (and hence saturation pressure) were varied, and
the resultant concentration of bubbles measured in the
test section. Low dissolved oxygen content in the tun-
nel led the measured population to decrease as they
dissolved in the under-saturated environment between
injection upstream and measurement in the test sec-
tion. This dissolution is also a function of residence time
so that the measured population increases with tunnel
speed. Generator parameters are coupled to tunnel op-
erating conditions through the pressure in the plenum
where nuclei are injected. This produces a complex bal-
ance between bubble production and dissolution pro-
cesses. Similar distributions are produced in high con-
centrations for low generator cavitation numbers. These
distributions follow a power law suggesting that the
generated populations also follow a power law. Inter-
mediate concentrations are achieved at higher generator
cavitation numbers, but exhibit a different distribution
of bubble sizes. The critical cavitation number at which
the generators begin to produce high concentrations in-
creases with the driving pressure. It is reasoned that
that this is an effect of increased generator Reynolds
number but also the total gas content available to be

liberated from the injected fluid. To decouple the mi-
crobubble production and dissolution processes and to
develop a model for predicting the population in the
test section, measurements of the population upstream
in the plenum are required.
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