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Abstract 

Aerating hydroturbines have recently been proposed as an effective way to mitigate the problem of low 
dissolved oxygen in the discharge of hydroelectric power plants. The design of such a hydroturbine 
requires a precise understanding of the dependence of the generated bubble size distribution upon the 
operating conditions (viz. liquid velocity, air ventilation rate, hydrofoil configuration, etc.) and the 
consequent rise in dissolved oxygen in the downstream water. The purpose of the current research is to 
investigate the effect of location of air injection on the resulting bubble size distribution, thus leading to a 
quantitative analysis of aeration statistics and capabilities for two turbine blade hydrofoil designs. The two 
blade designs differed in their location of air injection. Extensive sets of experiments were conducted by 
varying the liquid velocity, aeration rate and the hydrofoil angle of attack, to characterize the resulting 
bubble size distribution. Using a shadow imaging technique to capture the bubble images in the wake and 
an in-house developed image analysis algorithm, it was found that the hydrofoil with leading edge 
ventilation produced smaller size bubbles as compared to the hydrofoil being ventilated at the trailing edge. 

Keywords: Ventilated hydrofoil, Hydroturbine aeration, Shadow Image Velocimetry, Bubble size 
distribution, Auto-venting turbines. 

1. Introduction 
The depletion of fossil fuel supplies has broadly affected the electric power industry, thus impelling an 

increased attention on renewable non-polluting energy technologies such as hydroelectric power in the past 
few decades [1]. However, hydroelectric facilities present environmental concerns due to the discharge of 
water with low dissolved oxygen (DO). The low DO water when released to the river downstream adversely 
affects the downstream ecosystem, including aquatic flora and fauna. Therefore, a variety of methods have 
been suggested to provide dissolved oxygen in the downstream water [2]. One of the most attractive 
techniques to mitigate low DO while maintaining operation efficiency, is the use of an auto-venting turbine 
(AVT). AVT is a self-aspirating hydroturbine designed to ventilate the turbine discharge through ports 
located at low pressure regions which are open to the atmosphere. When air is allowed to flow through these 
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ports, it breaks down into small bubbles by the high liquid turbulence present in the flow through the turbine, 
thus augmenting DO transfer because of the high interfacial area of the resulting smaller bubbles [3]. 

The size of bubbles in the wake is a result of different bubble breakup and coalescence processes which 
consequently affect the gas transfer at different downstream positions. A preliminary study at Saint Anthony 
Falls Laboratory (SAFL) has discussed the challenges associated with developing the necessary techniques 
to study the ventilated hydrofoil wake [4]. In this study, two different types of image analysis algorithms for 
bubble images along with some preliminary bubble size results were reported for an aerated hydrofoil wake. 
However, a systematic investigation in the bubbly wake was not presented. A more recent study has reported 
the bubble size distributions in experiments carried out by a systematic variation of Reynolds number, air 
entrainment and the hydrofoil angle of attack in a ventilated hydrofoil wake [1]. Yet, the effect of air 
injection location on the resulting bubble size distribution in the aerated hydrofoil wake has not been 
explored. Thus, in the current study, a series of ventilation experiments are conducted at several 
hydrodynamic conditions at the SAFL water tunnel, allowing for quantitative analysis of aeration statistics 
and capabilities for two turbine blade hydrofoil designs. The two turbine blade designs investigated in our 
experiments vary only in their location of air injection, one of them is ventilated near the leading edge, while 
the other design is ventilated at the trailing edge.  

This paper is structured as follows: Section 2 provides the details of the experimental facility and the 
experimental methodology employed. The obtained results are presented in Section 3 chronologically along 
with a brief discussion which is followed by a final conclusion in Section 4. 

2. Experimental Methodology 

2.1. Description of experimental facility and apparatus 

The experiments were conducted in the SAFL high-speed water tunnel at the University of Minnesota [1, 
5]. As shown in Fig. 1, the SAFL water tunnel has a horizontal test section of 1 m (length) × 0.19 m (width) 
× 0.19 m (height) with three side walls made of plexiglas for optical access. The tunnel is specifically 
designed for air ventilation studies and is capable of velocities in excess of 20 m/s. The gas collector dome 
(in the settling chamber) of the tunnel provides for the removal of large quantities of air injected as part of 
ventilation experiments, allowing such experiments to continue for extended periods of time without 
affecting test section conditions. 

 

Fig. 1 Schematic of the SAFL water tunnel facility. 

2.2. Hydrofoil and the air injection configurations 
The two NACA 0015 hydrofoils used in our experiments had a span and chord of 190 mm and 81 mm, 

respectively. As shown in Fig. 2, the first hydrofoil tested had its air injection slot located near the leading 
edge (also referred to as ‘Leading Edge Ventilated Foil’ or ‘LEV Foil’), on the suction side when the angle 
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of attack is non-zero. The second NACA 0015 aerating hydrofoil configuration had its air injection slot 
centered on the trailing edge of the foil (also referred to as ‘Trailing Edge Ventilated Foil’ or ‘TEV Foil’). 

In order to make bubble measurements, ventilation was limited to a narrow 9.6 mm wide slot (5% of 
span) at the center of the span. This configuration ensured that bubbles remain mostly within a narrow 
distance away from the centerline. The air flow rates used in the experiments were likewise reduced by 95% 
for these tests maintaining the specific air discharge (flow rate per unit slot length). All other parameters 
were held constant. It was shown that this technique would be equivalent to illuminating the wake with a 
thin sheet of light [1]. Masking off all but the center 5% of the ventilation slot did not substantially alter the 
bubble size distribution, supporting the contention that the experiments accurately represent the flow physics 
of the original full slot gas transfer experiments.  

Each hydrofoil was tested under 15 different conditions, varying angle of attack (0, 4, and 8 degrees), air 
flow (0.5, 1.0 and 1.5 SLPM), and water velocity (5, 7.5, and 10 m/s). At each of these conditions, the 
bubbly wake was shadow imaged, capturing double frames, with backlighting and a high-speed camera at 
three downstream locations: 109 mm, 243 mm and 377 mm from the center of rotation of the hydrofoil. 

 

 

Fig. 2 Details of the NACA0015 ventilated foils: (a) LEV Foil (b) TEV Foil. 

2.3. Shadow Image Velocimetry 
Shadow Image Velocimetry (SIV) employs direct in-line volume illumination using a low power source, 

such as LED and an optical setup to produce a narrow depth-of-field for two-dimensional plane imaging [6]. 
Fig. 3 shows a schematic of the experimental setup as reported previously by Karn et al. [7]. A 1K × 1K 
pixel Photron APX-RS camera (capable of 3000 frames per second at full sensor size) with a 60 mm 
telephoto lens was used to acquire images. A pulsed LED light source was used to illuminate the flow, with a 
pulsed LED array having flash rates up to 10 kHz with a 5 μs pulse width and rise and fall times around 200 
ns. To ensure uniform backlighting and to eliminate noise in the images, a diffuser sheet was placed between 
the light source and the flow.  

In the SIV technique, two LED light pulses are separated by a short duration, and are synchronized with 
camera exposure in order to obtain two consecutive images. In our experiments, the time duration between 
two pulses varied between 100-230 μs depending upon the free stream liquid velocity. Using the image pairs, 
the instantaneous velocity field of the bubbles was obtained using commercially available software DaVis 
(Version 7.2 from LaVision). The image pairs were captured at a frame rate of 25 image-pairs per second 
and the exposure time for individual images was reduced to 15 μs to prevent any blurring in the bubble 
images. A data set consisted of 1000 image-pairs recorded over a duration of 40 s. The field of view of the 
captured images was approximately 60 mm × 60 mm. The imaging system was calibrated prior to the 
experiments using a 2.5 mm × 2.5 mm calibration grid located at the water filled test section centerline. The 
pixel dimensions in both x and y directions were 0.059 mm in all calibrated images. The image depth of field 
was approximately determined to be 15 mm at the location of image capture. The lateral spread in the bubble 
plume was measured at the location of image acquisition and the calculated uncertainty in spanwise bubble 
location translated to a length scale (and calculated velocity) uncertainty of 1.6% near the hydrofoil and 
3.2% at the farthest location of image capture (i.e. 377 mm). The bubble sizes were in the range of 2 to 68 
pixels, which corresponded to a bubble diameter of 0.12 to 4 mm.  
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Fig. 3 Schematic of the experimental setup for shadow imaging of bubbly flows in the ventilated hydrofoil wake. Adapted 

from [7]. 

3. Results and Discussion 
3.1. Initial studies 

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. As shown in Fig. 4, bubbles became indistinguishable at the higher flow rates that were deemed 
necessary for a practical air injection system. Lacking a viable alternative measurement technique, it was 
decided to reduce the ventilation slot length by 95%, masking off all but the center 5% of the slot. The air 
flow rates used in the gas transfer experiments were likewise reduced by 95% for these tests, maintaining the 
specific air discharge (flow rate per unit slot length). All other parameters were held constant. It was felt that 
this technique would be equivalent to illuminating the wake with a thin sheet of light. The 5% unmasked slot 
length was sufficiently small to allow nearly all of the bubbles to be in focus (i.e. within the depth of field) 
allowing the possibility of performing a mass balance between the total amount of air injected and the total 
amount of air associated with the measured bubbles. The limitations to this experimental simplification are 
recognized, but after careful consideration, it was felt that the methodology was justified considering the 
absence of any other viable measurement alternative.  
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Fig. 4 Comparison of bubbly wake in the two cases: (a) Ventilation with full slot (Q = 30 SLPM), and (b) Ventilation with 5% of 
slot length unmasked at center (Q = 1.5 SLPM). 

 

An additional problem was that the previously developed approach for extracting the bubble size 
information from the captured digital images was computationally expensive (approx. 15-20 minutes per 
image). Also, the algorithm failed to resolve large clusters and was also limited in detecting bubbles that 
were slightly out-of-focus. Out-of-focus or small bubbles were eliminated in a pre-processing step under this 
scheme.To overcome these limitations, a robust and integrated image analysis based on multi-level 
segmentation was developed for a bubbly flow with a wide bubble size distribution in the size range of 60 
microns to 1.5 mm. Thus, all the relevant information from bubble images was extracted to the maximum 
extent possible.Additionally, the newly developed image-processing algorithm reduced the processing time 
to less than 5 seconds per image. The image processing was then parallelized over eight cores to further 
reduce the required processing time to about a second per image. This enabled the analysis of 1000 bubble 
images for each test condition in about 20 minutes. A total of 45,000 frame straddled image pairs were 
acquired as part of this phase of the test program. 

3.2. Image processing algorithm 
The image analysis approach employed to process the bubble images has been described in Karn et al. [7]. 

Fig. 5 presents the result of the image analysis technique on a typical bubbly wake image, showing that the 
developed image processing algorithm can very efficiently detect bubbles over a wide size range and can 
also resolve bubble clusters into individual bubbles. It assumes bubbles as generic ellipsoids and extracts the 
bubble properties such as centroid location, size and shape, 7.5m/s etc. from the projected area of each bubble. 
Broadly, the image processing consisted of three major steps: (i) binarization of grayscale images; (ii) 
labelling and characterizing bubble regions by a series of metrics including area, centroid, major and minor 
radius (assuming bubble projected areas as ellipses), circularity factor etc. Based on the area of each region, 
the bubbles were divided into small spherical bubbles, intermediate-sized non-spherical bubbles and large 
bubbles or clusters. (iii) Separation of bubbles in a cluster and bubble information extraction: A multilevel 
segmentation approach was used to extract the maximum information from the images. A customized 
approach named ‘Cluster Processing’ was developed using advanced “morphological operations” and 
“watershed transform” [8] to extract individual bubbles from bubble clusters. Finally, the information from 
all the levels was combined, and the locations, as well as the shape of all the individual bubbles, 
characterized by semi-minor and semi-major axes of an ellipse, were measured [7]. 
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Fig. 5 (a) A bubble image from the experiment, and (b) the same image after undergoing image processing. Note that all the 

bubbles in the image are captured by the image analysis technique. 
 

3.3. Comparison of the hydrofoil wake of two foils 
Fig. 6 shows images from the LEV and TEV Foils, where images captured at different downstream 

distances have been shown on the same axis so that the relative distance of these measurement locations is 
apparent.   

 

 
 
Fig. 6 Example images of bubbles illuminated by a backlight for (a) LEV Foil, and (b) TEV Foil. In both cases, the angle of 

attack of the hydrofoil was 4o, the water velocity was 7.5 m/s and the air flow rate was 1.0 SLPM. The air-injection slot for the 
LEV Foil is located on the suction side of the foil. 

 
In Fig. 6, it is seen that the LEV Foil produces a bubbly wake that is much wider than the TEV Foil. 

Using the LaVision image analysis software package DaVis 7.2, shadow imaging velocimetry analysis was 
performed on all sets of double images taken by the high-speed camera.  Each double image produced a 
velocity vector field based on the moving bubbles. No velocity vectors were calculated at the locations 
where no bubbles were present. Averaging these 1000 velocity fields produced a single velocity field for 
each condition and location that was demonstrative of the bubble velocity field around the foil. A mean 
velocity vector was not computed for any location that had less than 100 valid vectors (10%) at that location 
throughout the 1000 vector field data set. This helped to eliminate extraneous data from the resultant mean 
vector field.   

Fig. 7 shows the streamwise bubble velocity field around the LEV and TEV Foils at 4o angle of attack, 
7.5 m/s water velocity and a 1.0 SLPM air injection rate. As is also apparent in Fig. 6, the LEV Foil 
disperses bubbles more widely in its wake, providing the shadow image velocity “seed” particles for the 
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more widely characterized bubble velocity field. The TEV Foil bubbles are not as dispersed, resulting in a 
more narrow characterized velocity field. The calculated velocities are only those associated with the bubble 
field in the wake and do not characterize the overall wake water velocities or extent. While the LEV Foil 
injects air near the leading edge of the foil, the TEV Foil injects air from the trailing edge, in the wake of the 
foil itself. The wider wake of the LEV Foil as compared to TEV Foil is not surprising given the location of 
the air injection. 

 

 
Fig. 7 Mean streamwise bubble velocity fields for the (a) LEV Foil and (b) TEV Foil. In both cases, the angle of attack of the 

hydrofoil was 4o, the water velocity was 7.5 m/s and the air flow rate was 1.0 SLPM. 
 

3.4. Comparison of the bubble size for the two foils 

The Sauter mean diameter (SMD) of the bubble population is an appropriate representation of mass 
transfer [5]. SMD was computed for both the LEV and TEV Foils for each of the 15 test conditions and for 
each of the three locations at these conditions. The SMD for both the foils are presented in Table 1. SMD 
increases by 11-14% (LEV Foil) and 11-31% (TEV Foil) as the ventilation airflow rate is tripled at all liquid 
velocities and decreases by 23-35% (LEV Foil) and 44-59% (TEV Foil) when the liquid velocity is doubled 
at the same airflow rate. An increase in angle of attack from 0 to 8 degrees leads to a 10-29% (LEV Foil) 
and 17-60% (TEV Foil) decrease in SMD, provided the liquid velocity and air ventilation rates are kept 
fixed. 

 
 

Table 1 Bubble size for both LEV and TEV Foils at all the experimental conditions (at X = 377 mm) 
 

AoA 

(deg) 
U  

(m/s) 
Q 

(SLPM) 
SMD LEV	
 (mm) 

SMD TEV	
 (mm) 

8 5 0.5 0.79 1.20 
8 5 1.5 0.89 1.53 
8 7.5 1.0 0.68 0.90 
8 10 0.5 0.51 0.50 
8 10 1.5 0.58 0.63 
4 5 0.5 0.84 1.30 
4 5 1.5 0.95 1.59 
4 7.5 1.0 0.75 1.05 
4 10 0.5 0.58 0.67 
4 10 1.5 0.66 0.85 
0 5 0.5 0.88 1.61 
0 5 1.5 0.98 1.79 
0 7.5 1.0 0.80 1.41 
0 10 0.5 0.66 0.77 
0 10 1.5 0.75 1.01 
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The bubble size distribution was also obtained for each test condition. Initially, the data took the form of a 

probability density function (PDF) of bubble diameter, PDF(d), as presented in Fig. 8 for a reference flow 
condition (which is chosen as AoA= 8, U = 5 m/s, Q = 0.5 SLPM, X = 377 mm).  However, it was felt that 
this way of analyzing the bubble size data misrepresents the gas transfer potential of the bubble population. 
A better understanding of the bubble size results, one that is more closely tied to the mechanics of gas 
transfer, can be accomplished by scaling the bubble diameter PDF by bubble surface area as is shown in Fig. 
9.Since SMD is defined as (6*bubble volume/bubble surface area), the number of bubbles of a certain size 
were scaled by, d-' = Si/6Vtotto stay consistent with the SMD definition, where Si represents the surface area 
of a single bubble and Vtot denotes the total volume of all the bubbles in the population.The integral 
(summation) of the scaled bubble size PDF (histogram) scaled in this way equals the value of 1/SMD. Since 
it is known that the rate of gas transfer from a bubble population to the surrounding water scales inversely 
with SMD, we believe scaling our bubble size data in this way most closely represents the associated gas 
transfer process [5].  

 
Fig. 8 PDF of bubble diameter for both the LEV and TEV Foils at the reference flow condition. 
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Fig. 9 The scaled bubble diameter PDF (d'') at the reference flow condition. 

 
A summary of the SMDs computed for all test conditions is shown in Fig. 10. The average SMD of the 

LEV Foil was 0.8 mm and the average SMD of the TEV Foil was 1.1 mm. The histogram shows that both 
the LEV and TEV Foils have a large number of conditions where the SMD of the bubble population is 
around 0.5 mm. For the LEV Foil, the majority of conditions produced populations with a SMD in this range 
with a single condition producing an SMD greater than 1 mm. The TEV Foil, on the other hand, produced 
bubble populations with SMDs spread across a wider range and up to 1.8 mm.     

 

 
Fig. 10 Histogram of computed SMD for the LEV and TEV Foils. Total number of test cases for both the foils was 45. 
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Fig. 11 Comparison of the SMD of the bubble populations produced by the LEV and TEV Foils. The colors of the markers 
represent the angle of attack of the foil, and the dashed line has a slope of unity. 
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Fig 12 Comparison of the SMD of the bubble populations produced by the LEV and TEV Foils. The colors of the markers 
represent the water velocity, and the dashed line has a slope of unity. 

 
The larger bubbles produced by the TEV Foil were generally found to occur at low angles of attack and 

slow water velocities. Figs. 11 and 12 show that the test conditions in which the TEV Foil SMDs were 
significantly larger than the LEV Foil SMDs occur at 0o angle of attack and at a water velocity of 5 m/s. 
Conversely, the bubble populations produced at 8o angle of attack and water velocity of 10 m/s showed little 
measurable difference between the two foil configurations. In general, the TEV Foil SMD equaled or 
exceeded that of the LEV Foil for the same test condition. 

On the basis of these plots, it is conjectured that for the TEV Foil, which discharges air to the wake 
directly from the trailing edge, a non-zero angle of attack and higher water velocity tend to shear the bubbles 
down to smaller sizes. At zero degree angle of attack and water velocity of 5 m/s, the bubbles remain large 
because they are injected into the wake in the direction of the flow with less shear than the LEV Foil. For the 
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LEV Foil, the bubbles experience significant shear at all velocities and angles of attack because they are 
injected orthogonally to the flow direction near the foil’s leading edge. This results in less variation in 
bubble size and generally smaller bubbles for the LEV Foil compared to the TEV Foil. 

4. Conclusions 
A bubble field image acquisition technique coupled to the developed and improved algorithms to identify 

and characterize the bubble fields in the images obtained behind a ventilated hydrofoilwith high-speed video 
were successfully implemented. Two NACA 0015 hydrofoilshapes with different locations of air injection 
were compared in a high-speed water tunnel. The first aerating hydrofoil tested (LEV Foil) had its air 
injection slot located near the leading edge, on the suction side when the angle of attack is non-zero. The 
second aerating hydrofoil configuration (TEV Foil) had its air injection slot centered on the trailing edge of 
the hydrofoil. 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 too dense to employ the bubble shadow 
technique in its original configuration. Bubbles became indistinguishable at the higher flow rates that were 
deemed necessary for a practical air injection system. Lacking a viable alternative measurement technique, it 
was decided to reduce the ventilation slot length by 95%, masking off all but the center 5% of the slot. The 
air flow rates used in the gas transfer experiments were likewise reduced by 95% for these tests maintaining 
the specific air discharge (flow rate per unit slot length). All other parameters were held constant. It was felt 
that this technique would be equivalent to illuminating the wake with a thin sheet of light. Masking off all 
but the center 5% of the ventilation slot did not substantially alter the bubble size distribution, supporting 
our contention that the experiments accurately represent the flow physics of the original full slot gas transfer 
experiments.  

The bubbles in the wake of the ventilated hydrofoils were well captured, and their velocities provide a 
representation of the velocity field of the wake. The shadow imaging experiments in the bubbly wake 
revealed that roughly 50% and 28% of the bubbles are less than 0.35 mm in diameterfor LEV and TEV Foils, 
respectively. However, larger bubbles (diameters between 0.5 mm and 1.5 mm) are the primary contributors 
to the total surface area of the bubbles, represented by Sauter mean diameter (SMD), one of the primary 
drivers of gas transfer. SMD increases by 11-14% (LEV Foil) and 11-31% (TEV Foil) as the ventilation 
airflow rate is tripled at all liquid velocities and decreases by 23-35% (LEV Foil) and 44-59% (TEV Foil) 
when the liquid velocity is doubled at the same airflow rate. An increase in angle of attack from 0 to 8 
degrees leads to a 10-29% (LEV Foil) and 17-60% (TEV Foil) decrease in SMD, provided the liquid 
velocity and air ventilation rates are kept fixed. 

The position of the air injection had a significant effect on the bubble size distribution. The larger bubbles 
produced by the TEV Foil were generally found to occur at low angles of attack and slower water velocities. 
Conversely, the bubble populations produced at a high angle of attack and larger water velocities showed 
little measurable difference between the two foil configurations. In general, the TEV Foil SMD equaled or 
exceeded that of the LEV Foil for the same test condition. It is hypothesized that the smaller SMDs for the 
LEV Foil are due to injection close to the leading edge where theair is injected orthogonally to the flow 
direction, shears down to smaller bubbles immediately on exit and mixes with the outer flow more 
effectively. At the lower water velocities the air injected for the TEV Foil does not experience as great of a 
shearing force. 
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Nomenclature 
AoA 
U 
Qair 
SMD 

Angle of attack of hydrofoil (deg) 
Mean water velocity (m/s) 
Ventilation air flow rate (LPM) 
Sauter mean diameter (mm) 

LEV 
TEV 
LPM 

Leading Edge Ventilated Foil 
Trailing Edge Ventilated Foil 
Liters per minute 
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