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Abstract. A vertical plunging jet has been investigated experimentally by means of an 

innovative volumetric shadowgraphy technique. A space carving algorithm has been used for 

the measurement of the size and concentration of the air bubbles, to follow the air bubbles path 

inside the investigated volume, providing both spatial and temporal evolution of the same. 

Furthermore, the air bubble tracking has been performed by means of an algorithm based on the 

Lucas-Kanade optical flow algorithm. Results highlighted a distribution of the air bubbles that 

follows the free jet spread inside the investigated volume with a dependence of speed and size 

from the action exerted by the vertical jet. The volumetric shadowgraph technique has proven 

effective in characterizing air bubbles, also in presence of relevant void fraction. 

1. Introduction 

The plunging of a falling water jet into a water pool involves the entrainment of a large amount of air 

bubbles at the impinging point, leading to a submerged air-water flow. Air entrainment phenomena 

occur in a wide range of situations. Examples in Chemical Engineering are the air-water oxygen transfer 

through plunging jet entrainment mechanism [1]. In Civil Engineering, air entrainment by plunging jet 

is a key factor for the proper design and operation of hydraulic structure [2, 3, 4, 5]. A several number 

of experimental studies on plunging jet are reported in literature, both conducted by means of intrusive 

conductive probes, which allows to measure air concentration and bubble velocities based on the air-

water electrical resistivity difference [6, 7, 8], and non-intrusive optical measurement technique, e.g. 

Particle Image Velocimetry (PIV), providing the flow field of the two phases and a measurement of the 

air bubble size and shape [9, 10, 11, 12]. However, for the analysis of air-water flows characterized by 

high void fraction and/or a strongly three-dimensional dynamic, the investigated region should be 

extended from a section to a volume.  

In this work, an experimental investigation on a vertical plunging jet has been performed by means of a 

volumetric shadowgraphy technique, providing a characterization of the air bubbles, both in terms of 

void fraction and geometric features. The measure of the size, shape and concentration of the air bubbles 

is provided by means of a novel space carving algorithm. Furthermore, the air bubble tracking is 

evaluated by means of an algorithm based on the Lucas-Kanade optical flow method [13, 14]. A number 

of experimental results are presented in order to show the suitability of the developed technique for 

performing a detailed analysis of the air bubbles for two-phase air-water flows in presence of relevant 

void fraction. 
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2. Materials and Methods 

2.1. Experimental setup and instrumentation 

The laboratory model consists of a vertical steel pipe (diameter D = 21 mm), from which a water jet 

comes out and plunges into a squared plexiglas tank (side equal to 14D and height equal to 24D) filled 

with water up to a height of 15D. The water level is kept constant by means of a gate valve located 

downstream of the tank, with a jet falling height hf of 5D. Furthermore, the centreline of the jet is in line 

with the center of the tank, at 7D from the sidewall. The recirculation of the water in a closed loop is 

allowed through a centrifugal pump (maximum flow rate equal to 40 l/min). The measurement volume 

extends from the free surface to 6.5D streamwise (x-direction), from -2.5D to 2.5D spanwise (y-

direction) and from -1D to 1D depthwise (z-direction). 

The measurement instrumentation consists of four gray-scale cameras equipped with 35 mm focal length 

lenses, with maximum resolution 1400 x 1024 pixels at 100 fps (frames per second). However, a 

preliminary analysis of the bubble motion in the vertical plunging jet revealed that the optimal frame 

rate, that allows the optimal bubble tracking with displacement lower than 10 pixels for velocity of about 

1 m/s, is equal to 130 fps, achieved through an active lines reduction, from 1024 to 800. However, the 

arrangement of the cameras in a vertical position allows the investigation of the jet zone, losing only the 

most extreme portions of the lateral recirculation zones, the latter characterized by a low void fraction. 

Cameras are arranged in couples, located in front of two tank sides. The backlight illumination is 

provided by two LED panels with a dimension of 29,7 cm x 21 cm and a power of 30 W, placed on the 

opposite side of the tank with respect to the camera couples (Figure 1). 

 

Figure 1. Experimental setup. 

2.2. Measurement technique 

The principle of the used volumetric shadowgraphy technique is the evaluation of the three dimensional 

position, flow motion and geometrical features of the air bubbles, based on the observation of the air 

bubble silhouettes from multiple points of view. In particular, the projections of the air bubble silhouette 

in the Euclidean space, starting from the n points of view, leads to an intersection of n cones, having as 

apex the optical center of the digital camera lens, with a common finite volume that envelops the 

identified object. Figure 2 illustrates this principle through the case of an object projection on two planes, 

with the projection planes indicated as Oxy and O'x'y', with O and O’ as optical center and the z-axis as 

optical axis.  

The use of this technique requires a proper calibration step, in order to evaluate the camera parameters:  

extrinsic, intrinsic and distortion coefficients. Through these parameters it is possible to correct images 

from lens distortion, convert the image from pixel to world units allowing a measure of the recorded 

objects and evaluate the camera location with respect to the investigated volume [15]. The estimation of 

the camera parameters takes place through a calibration procedure that involves the use of specific target 
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that consists of a planar chessboard (90mm x 50mm) with checkerboard size of 5 mm. The complete 

calibration procedure is described in detail in Di Nunno et al. (2020) and led to an error in the 

reprojection of the checkerboard corners in the 3D space between −1.5 pixels to 1.5 pixels corresponding 

to −0.2 mm to 0.2 mm. In addition, the technique has been validated through a series of measurements 

on polypropylene spheres of known size [16]. 

 

Figure 2. Measurement principle. 

2.3. Image processing 

In a shadowgraphy image containing air bubbles, the image background presents the highest pixel 

intensity while the bubbles show the lowest one. In Figure 3 are represented the image processing 

algorithm for the bubble silhouettes detection, applied simultaneously on the sets of images recorded 

from each camera. The first operation is the background removal (Figure 3b), obtained by subtracting 

the median image from the entire set of images (Figure 3a). Images are then binarized using the IsoData 

algorithm (Figure 3c, [17]). Since the bubbly flows with significant air concentrations characterized by 

the presence of bubble clusters, the detection of the single bubbles inside clusters is improved using the 

watershed technique. This technique considers the cluster as hydrographic basins adjacent to each other, 

allowing their division and, consequently, their detection (Figure 3d, [18, 19]). Finally, the detection of 

the bubble silhouettes is obtained by considering the outline pixel of the air bubbles (Figure 3e). 

 

Figure 3. Steps for the silhouettes detection: raw image (a); background removal (b); binarization 

(c); watershed (d); detection of the bubble silhouettes (e). 

3. Results and Discussion 

An experimental campaign has been conducted, consisting of three data sets, recorded increasing the 

water flow rate Qw, from the minimum flow rate for the air bubble entrainment inception, that occurs 

for a water flow rate equal to 0.5 l/s (PJ1), passing from 0.6 l/s (PJ2), until 0.7 l/s (PJ3). An increase in 

water flow rate, passing from PJ1 to PJ2 and PJ3, corresponds to a non-linear growth of the air entrained, 

as can be observed in Figure 4 and better explained in the subsequent results. The number of frames for 

each data set is equal to 2000, recorded at 130 fps. 
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Figure 4. Recorded images: PJ1 (a); PJ2 (b); PJ3 (c). 

 

A statistical analysis of the air bubble geometric features and velocity for the three data sets has been 

conducted. The voxel presents a side of 2 mm. The maximum number of air bubbles for each voxel is 

equal to: 221 (PJ1), 275 (PJ2) and 496 (PJ3). Figure 5 shows the dimensionless void fraction, expressed 

as the ratio between the void fraction Φb and the relative maximum value Φb,max, the latter equal to 3.25% 

for PJ1, 5.10% for PJ2 and 14.86% for PJ3, with the void fraction calculated as: 

 b b
b

f v

N V

N V
 =   (1) 

where number of detected bubbles Nb, Nf is the number of recorded frame, equal to 2000 for the three 

data sets, Vb is the mean volume of the air bubble equivalent sphere inside the voxel with volume Vv. 

The distribution follows the free jet spread inside the investigated volume. For the three data sets, the 

ratio Φb/Φb,max is equal to or exceeds 80% inside the jet zone while it is close to 30% inside the 

recirculation zones. 

 

Figure 5. Dimensionless void fraction: PJ1 (a); PJ2 (b); PJ3 (c). 
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The air bubble size has been measured and expressed in terms of air bubble equivalent diameter. Figure 

6 reports the horizontal profiles of the mean equivalent diameter in the plane Z/D = 0, highlighting peaks 

inside the recirculation zones with lower values in the jet zone. The size of the air bubbles inside the jet 

zone is affected by the action exerted by the vertical plunging jet. When the same reach the lateral 

recirculation zones, the air bubble rising is governed exclusively by the buoyancy forces, involving an 

increase of size, which becomes more marked as the depth decreases, owing to the simultaneous 

reduction of the water pressure on the bubble surface. 

The air bubble tracking in the Euclidean space has been also performed starting from the bubble 

boundaries in the 2D frames recorded from each camera. Considering the volumetric shadowgraphy 

application here used, a 2D vector field has been obtained, where each vector indicates the displacement 

of a point of the bubble silhouettes between the consecutive frames. Knowing the bubble positions in 

the Euclidean space, it is possible to interpolate a 3D vector field, based on the n 2D vector fields related 

to the n cameras. Figure 7 shows the streamwise velocity for the three data sets. As the depth from the 

free surface increases, passing from X/D = 2 to X/D = 6, the bubbles tend to rise owing to the buoyancy 

force, which counteracts the forces exerted by the liquid jet on the same. Therefore, the jet zone is 

characterized by positive streamwise velocities, from top to bottom, while negative streamwise 

velocities are observed inside the lateral recirculation zone. 

 

 

 

Figure 6. Air bubble: equivalent diameter 

(Plane Z/D = 0). 

 Figure 7. Air bubble mean streamwise velocity 

profiles (Plane Z/D = 0).  

4. Conclusions 

An experimental investigation on a vertical plunging jet has been presented. In order to allow a three-

dimensional analysis of the air bubbles, a volumetric shadowgraphy technique has been used, which 

allows to follow the trajectories of the air bubbles inside the investigated volume, providing a 

measurement of the size and concentration of the air bubbles. 

Results show an air bubble distribution that follows the free jet spread inside the investigated volume. 

The size of the air bubbles is affected by the action of the plunging jet. Along the lateral recirculation 

zones, the rising depends exclusively from the buoyancy forces, with an increase of size as the depth 

decreases, owing to the simultaneous reduction of the water pressure on the bubble surface. In addition, 

the air bubble tracking shows positive streamwise velocities, from top to bottom, inside the jet zone with 

negative one along the lateral recirculation zone. Overall, the technique has proved to be well-suited for 

an accurate analysis of the air bubbles in a two-phase air-water flow, also in presence of relevant void 

fraction. 
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