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Abstract The purpose of this study is to develop the necessary algorithms to determine the 
bubble size distribution and velocity in the wake of a ventilated or cavitating hydrofoil 
utilizing background illumination. A simplified experiment was carried out to validate the 
automatic bubble detection algorithm at the Saint Anthony Falls Laboratory (SAFL) of the 
University of Minnesota. The experiment was conducted in the SAFL high-speed water 
tunnel.  First, particle shadow velocimetry (PSV) images of a bubbly flow were collected. 
Bubbles were identified in the images using an edge detection method based on the Canny 
algorithm. The utilized algorithm was designed to detect partly overlapping bubbles and 
reconstruct missing parts. After all images were analyzed, the bubble velocity was determined 
by applying a tracking algorithm. This study has shown that the algorithm enables reliable 
analysis of irregularly shaped bubbles even when bubbles are highly overlapped in the wake 
of the ventilated hydrofoil. It is expected that this technique can be used to determine the 
bubble velocity field as well as the bubble size distributions. 

Introduction 

The discharge by hydropower facilities of water that is low in dissolved oxygen is increasingly of 
concern due to its effect on downstream water quality.  As a result, a number of techniques have 
been investigated that aerate the water employed, one being direct aeration by the hydroelectric 
turbine.  To assess the efficacy of such strategies, coupled experimental and numerical approaches 
are needed that connect bubble size and behavior in high speed and highly turbulent flow to the 
physical processes governing gas transfer.  The purpose of this study is to develop the necessary 
algorithms to determine the bubble size distribution and flow field in the wake of a ventilated 
hydrofoil utilizing background illumination. These data will provide an extensive and rich data set 
that can both be correlated to measurements of gas transfer efficiency and also used as a validation 
tool for computational studies of the two phase flow through ventilated hydroturbines.  

For a detailed analysis of two-phase flows, non-intrusive optical techniques are most suitable. Such 
measurement techniques can provide the velocity fields and the local bubble size distributions. Phase-
Doppler anemometry (PDA) has a higher sizing accuracy than direct imaging techniques when small 
spherical bubbles are studied, but accuracy decreases when the shape of the bubbles becomes non-
spherical and their size increases. Laser light sheet illumination is very useful for large-scale 
measurements. However, a remaining problem for the application of particle image velocimetry (PIV) 
to bubbly flows is the strong absorption of the penetrating laser light sheet by scattering on the surface 
of the bubbles, particularly in dense bubble clouds. One technique that allows the quantifying of 
bubble size, shape, and distribution is shadow imaging using a diffuse back-light. A problem that 
arises in higher void fraction bubbly flows is that of highly overlapping bubble images which may 
include in-focus and out-of-focus bubbles. A reliable algorithm is necessary to reconstruct missing 
parts of overlapping bubbles. There is also the issue of image calibration and the determination of 
appropriate length scales.  Unless a telecentric lens is used in the imaging system, the length scale 
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nanoseconds. Equipped with TTL control, the light source could easily be integrated with a LaVision 
TR-PIV system. This allowed the light source to be used for the acquisition of periodic image pairs 
(known as frame straddling) used by the in-house developed bubble tracking algorithm to calculate 
randomly located velocity vector fields and associated statistics or for high speed time series image 
acquisition needed to produce time resolved velocity fields such as is used in the tracking of coherent 
structures. To improve the uniformity of back-lighting in the images, a light shaping diffuser was 
placed between the light source and the test section. This improved the image processing associated 
with both the bubble size analysis and PSV. A 1-megapixel Photron APX-RS camera, capable of 3000 
frames per second at full resolution (up to 250,000 fps at limited resolution) was used to obtain 
images.   

 

 
 

Figure 2. Schematic of optical experimental setup 
 
In our initial studies, a 60 mm lens was used. The depth-of-field was 0.87 mm with the f-number of 
2.8 modified by a spacer of 46.5 mm in width. The time between frame-straddled LED pulses (dt) was 
50 s. During these experiments, the incoming flow velocity was maintained at 7.0 m/s. The flow rate 
of injected air passing though the hydrofoil was 0.094 m3/Hr, and the pulse width of the LED array 
was 15 s.  

 
 

Initial Studies 

Image Processing-Overlapping bubbles in bubble shadow images need to be identified and individual 
bubbles reconstructed to accurately assess bubble size, shape, distribution, and (using particle tracking 
methods) velocity. Hence a robust, reliable algorithm is required to separate bubble clusters into 
individual bubbles. Figure 3 provides an overview of the image processing procedure for 
distinguishing individual bubbles from a cluster of overlapping bubbles. First, the background can be 
removed by subtracting a reference image taken for the same setup without bubbles. Then, all parts of 
the image are segmented on the basis of a Canny edge detector (Canny, 1986). To distinguish 
individual bubbles from the group of overlapping bubble images, several algorithms have been 
developed to reconstruct missing parts of partially obscured bubbles. A curvature profile based 
method (refer to Honkanen et al., 2005; Pla, F., 1996) was applied in this work. The curvature along 
the perimeter represents the shape change of the perimeter. Several negative peaks of the curvature 
indicate potential connecting points which divide the perimeter into parts. For processing, peaks can 
be chosen arbitrarily and an ellipse is fitted to a partial perimeter by selecting two connecting points 
using a non-linear least squares method provided in Matlab. If the overlapping ratio So/Se, i.e. the ratio 
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Figure 6. Area-equivalent bubble radius

The bubble velocity was calculated by the displacement of the bubble centroid. The randomly located 
velocity vectors were interpolated onto a uniform rectangular grid, and the whole field was smoothed 
to account for regions without sufficient bubbles. The bubble velocities were normalized by the free 
stream velocity of 7 m/s. Figure 7 shows the averaged normalized streamwise velocity in the wake 
behind the hydrofoil. The spatially averaged values of normalized streamwise and vertical velocities 
are 0.91 and 0.02, respectively. The low velocity band near the boundary of the contoured bubble field 
results from Gaussian interpolation since the velocity field cannot be measured outside the wake 
where no bubbles are present. Keeping in mind that a very small number of data pairs were analyzed, 
the measured bubble velocity distribution appears to represent the velocity field of the wake behind 
the ventilated hydrofoil. 

 

 
 

Figure 7. Streamwise velocity contour 
 

Figure 8 shows normalized velocity deficit profiles of bubbles in the two-phase flows of this study 
and those associated with a pure liquid (single-phase flow). The pure liquid velocity field was 
measured by conventional PIV with dual head Nd:YAG lasers and optics. The velocity deficits are 
recovered downstream with similar trends between bubbles and pure liquid. There are differences in 
the velocity deficit between the bubble and liquid phase in the center of the wake, and the results 
imply that the spreading of the wake in a ventilating flow is significantly larger than that of the non-
ventilated, single-phase flow. 
 
Extension to Higher Airflow Rates-Our initial bubble analysis was carried out at relatively low 
airflow rates. It was found that as airflow rate was increased, bubble fields were produced that were 
much too dense to employ the bubble shadow technique in its original configuration. This is 
illustrated in Figure 9. As shown in the figure, bubbles became indistinguishable at the higher flow 
rates that were deemed necessary for a practical air injection system. Lacking a viable alternative 
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