Scientific Visualization, 2021, volume 13, number 3, pages 66 - 74, DOI: 10.26583/sv.13.3.07

Determination of the parameters of a vortex ring with an
air core in a liquid by computer processing of video images

E.A. Chashnikov?, V.V. Nikulin2

Lavrentyev Institute of Hydrodynamics SB RAS

1 ORCID: 0000-0002-1775-1703, chashnikov.e.a@gmail.com
2 ORCID: 0000-0001-8996-6490, nikulin@hydro.nsc.ru

Abstract

The aim of this work is to study vortex rings with high buoyancy. Due to the vertical
upward injection of a pulsed air jet into water, an air ring is formed, the shape of which
is close to a torus, but not stationary in time and inhomogeneous in space. To compare
experiments with theory, it is necessary to know the average geometric sizes of the ring.
An autonomous method for processing vortex ring’s video images obtained from two
mutually perpendicular directions: from the side and from above, has been developed in
the Matlab. The proposed technique can be ported to other programming languages and
allows to measure dependences of the distance travelled, the core mean radius, the core
cross-section mean radius and core volume on time by defining the visual boundaries of
the ring from both directions. The technique does not depend on the background
uniformity. Necessary condition is a leap in the intensity of the black-and-white image
between the background and the entire ring boundary. Visualization was carried out by
the shadow image method. The threshold contrast leap in our case was equal to 4.
Processing of a colour image is possible after conversion to black and white.

Keywords: vortex ring, buoyancy, toroidal bubble, image processing, scientific
method.

1. Introduction

This work is devoted to the method for processing shadow video images of vortex
rings with a gas (air) core in water, and its experimental approbation. A vortex ring with
a gas core in a liquid is also called a toroidal bubble [1, 2], since the gas volume has a
shape close to a torus. Such a vortex is a particular case of a wider class of floating
vortex rings. Floating vortex rings differ from vortex rings in a homogeneous liquid in
that they contain a fluid within themselves, the density of which is less than the
surrounding one. As a result, a buoyant force acts on them, directed against the
acceleration of gravity. The relevance of the study of floating vortices is due to their
frequent occurrence in technogenic and natural processes. They can be formed, for
example, during explosions, pulsed emissions of liquid or gaseous fluid with a density
different from the environment during man-made processes or accidents, volcanic
eruptions, thermals formation, by dolphins [3 - 6]. Note that the vortices generated by
the explosion have found practical application for extinguishing fires in oil and gas wells
[7]. Recently, the urgency of studying the dynamics of toroidal gas bubbles in a liquid
has grown in connection with the creation of screens that damp low-frequency acoustic
noise when using them [8]. This is due to the fact that only toroidal bubbles remain
stable at sufficiently large sizes required for this purpose. Such screens can be used to
protect marine mammals from noise arising from the installation and operation of wind
power generators on the offshore. In addition, the study of vortex rings with a gas core
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in a liquid is of broader importance, since their example may help to identify various
regularities in the dynamics of floating vortex rings as a whole.

In the experimental study of vortices with a gas core, it is necessary to be able to
determine in the process of motion such parameters as the volume of the gas, the
characteristic dimensions of the toroidal bubble, and the speed of motion. This
information is required for comparison with the available theoretical models of floating
vortex rings [9, 10]. Graphic methods for processing experimental images previously
used in the field of studying vortex rings had a rather limited functionality that did not
correspond to actual needs. For example, in [11, 12], the parameters of vortex rings were
measured manually using shadow video images. In [13], software processing was used to
measure the vortex shadow image darkening in the mass transfer process and some of
its parameters, the exact shape of the core not being determined.

In the experiments carried out, the vortex rings have large air cores of complex
shapes; therefore, direct measurement of their parameters by manual methods is
impossible due to the need to measure the dimensions of the core in many sections and
to average them. It should be noted that such inhomogeneity is a typical phenomenon
for experiments with large air cores. In the photograph presented in [14, 15], the shape
of the bubble core is also inhomogeneous in space. However, the method for measuring
the vortex parameters is not described there. So, the determination of the geometric
dimensions of the specified air ring is an urgent task. In this way, the task of developing
a software method was posed and solved. This software allows us to determine the
evolution of the vortex ring air core parameters as it moves and to compare the
experimental results with the previously developed theoretical model, which will enable
the model to be tested under fundamentally new conditions. Dependences of the
distance travelled, the core mean radius, the core cross-section mean radius on time,
and its initial volume are required to compare the experimental data with the
conclusions of the analytical model [10].

2. Experimental setup

The experimental setup is transparent vertical plexiglass vessel with water with a
cross section of 195x220 mm?2 and a height of 1200 mm. At the vessel base, at a distance
of 100 mm from the bottom, there is a nozzle with a diameter of 4 mm. Air is supplied
from the compressor at a pressure of 2 to 6 atmospheres for short periods of time from
10 to 40 ms. Due to the vertical upward injection of a pulsed air jet into water, a vortex
ring with air core is formed, the core shape is close to a torus, but not stationary in time
and inhomogeneous in space. Air trapped in the vortex core is contained inside the core
throughout the entire path of the vortex ring.

A mirror is installed in the upper part of the vessel at an angle of 45 degrees, which
allows to simultaneously register the vortex ring both from the side, perpendicular to
the direction of movement (vertical projection) and from above, along the direction of
movement (horizontal projection). To use the developed image processing method,
which will be presented below, no special lighting conditions are required, for example,
background uniformity. The only and important condition is the sufficient amount of
contrast between the vortex ring and the background. Registration was carried out by
the method of shadow image on a light background. An LED lamp was used as the
background for the side view, and for the top view, a white matte plate located under the
nozzle in the vessel and illuminated by two halogen lamps.

Registration was carried out on a high-speed MotionalXtraHG-100k camera with a
frame rate of 500 fps and an exposure of 125 ps. The camera was located at a distance of
6200 mm from the vessel, that allows eliminating



the change in scale when registering the vortex motion from the side and to
minimize the change in scale when registering from above. The characteristic vortex
diameter was 50-70 mm, and the path was 300 mm. The camera shoots in black and
white. The proposed method for measuring the ring parameters is applicable to a colour
image. Image processing was implemented in the Matlab environment using the Image
Proccesing ToolBox and basic elements. In particular, new functions in the field of
vortex ring image processing, functions edge, grayconnected, bwconcomp,
bwboundaries, regionprops, rangefilt, imadjust were used.

3. Vertical projection

Side view registration is used to measure the law of vortex motion, that is, the
dependence of the distance travelled on time. The rest of the parameters from this angle
cannot be measured due to the core shape complexity and the ring plane deviation from
the horizontal. The arithmetic mean of the boundary coordinates is taken as the
coordinate of the vortex in space in the motion direction. The coordinate relative to the
vortex obtained is shown in figure 1(d) with a white line. Accordingly, to determine the
vortex position the knowledge of a bubble boundary is required.

The algorithm for determining the bubble boundary is similar for all images.
Preliminarily, a fragment is cropped from the general image by imcrop, which includes
only the area of motion of the vortex ring, but excludes all external hard boundaries,
changes in colour intensity in the image, for example, a dark vessel and a nozzle against
a light background.

In the first step, the edge function applied to the above image finds all contours with
a sharp drop in intensity. The parameters in the function is the Canny method with a
threshold equal to 10 and a standard deviation of the sigma filter equal to 0.9. The edge
parameters were obtained empirically in such a way that only the boundary encircling
the bubble was determined (figure 1(a)), and the background inhomogeneity was not
taken into account.

In the experiments processed the ring was often followed by air bubbles of different
sizes, but certainly smaller than those of the ring. In the vertical projection on the
images they are always separate. The function edge returns a binary image that will
include both the border of the ring and the border of the bubbles. The function
bwconcomp, which finds and structures all connected, contiguous pixels with a value of
1, are used to find all contours in a binary image. By this function it is easy to find the
largest contour in terms of the number of pixels and remove all others by changing
those value to 0. The resulting contour lies close enough to the real boundary of the ring
in order to calculate all the necessary parameters with high accuracy. However, figure
1(a) shows the ideal case, in some of the images the resulting contour has
discontinuities, that is, it is not closed, and any algorithm for artificially completing the
contour contradicts the idea of accurately identifying the entire border. The resulting
contour allows the preliminary position of the vortex on the image to be automatically
determined as the extreme vertical and horizontal contour points, which, due to shadow
imaging, are always strongly darkened compared to the light background. Then a small
rectangular fragment that contains a vortex ring is cropped along these points on a large
image with indents of several pixels (figure 1 (b)).
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Figure 1. Typical vertical projection processing: (a) frag;ment with ring boundary
from edge, (b) cropped from original image, (c) background selection, (d) typical
coordinate and resulting selection.

d)

At the second stage, the grayconnected function is used, which works on the
magicwand principle by analogy with well-known graphic editors like PhotoShop. This
function selects an area lying nearby and closes in intensity to the selected point and
returns the matrix. The matrix size is equal to the image size, and nonzero matrix values
correspond to the selected area. Applying this function to some points on the image
border like figure 1(b) and adding the matrices, the region around the vortex ring is
selected (figure 1(c)). The numerical scalar that determines the threshold difference of
tolerance contrasts, in our case, is 4. Such a small value of the threshold difference
relative to the entire intensity scale of a black-and-white image of 256 units is enough to
select the entire background, except for small irregularities, but at the same time not to
select the ring. After binarization u inverting the selection (matrix), the bwconncomp or
regionprops functions may be used to structure all connected pixels and calculate some
properties, for example, the square of the resulting connected areas. Thus, by selecting
the largest area and removing all the rest only the ring remains. The result of using this
algorithm is shown in figure 1(d). The obtained selection is seen to visually coincide with
a high accuracy with the vortex ring. The vortex position is then calculated as stated
above.

4. Horizontal projection

In case of horizontal projection, functions grayconnected, bwconncomp,
bwboundaries, regionprops, rangefilt, imadjust are required. In this case, the vortex
boundary extraction method is similar to the second stage of vertical projection image
processing. Initially, a fragment containing only a vortex ring and a background is
cropped (figure 2(a)).

Selection the external background with the grayconnected function along the
border of the image either does not capture the shadow from the nozzle, or captures the
ring if the tolerance parameter is too high. Nozzle shadows and other irregularities can
be filtered with rangefilt, further increasing the contrast of the filtered image with
imadjust. The rangefilt function replaces the intensity of each pixel in an image with the
difference between the maximum and minimum intensities of neighboring pixels,
thereby increasing the image contrast and darkening areas where the intensity changes
smoothly. The use of grayconnected at the border of the filtered image allows one to
select the vortex ring without significant deviations (figure 2(b)).



Figure 2. Typical horizontal projection processing: (a) original, (b) selection after
filtering outside, (c) second selection outside, (d) first selection inside, (e) second
selection inside, (f) resulting vortex selection. Green - selection area at the
corresponding stage. Blue is the area of the previous selection. Red - coordinates of the
grayconnected function application.

To increase the selection accuracy of the outer and inner borders, grayconnected
function is applied closer to the ring border. To do this, after a rough selection of the
external background, areas and boundaries of a small square and size are similarly
removed. The selection is inverted. Next, the regionprops function is used to the
selected area with the Centroid parameter, which returns the arithmetic mean of the
coordinates of all points in the area, that is, the vortex conditional center. By the
bwboundaries function one can return the coordinates of the border of this area. Thus,
by shifting the resulting border a few pixels from the vortex center (red dots in figure
2(c)), allows applying grayconnected close enough to the ring in the original image
without touching it. After re-selection of the outer border, the error becomes minimal
(green + blue area in figure 2(c)).

For a rough selection of the inner area we apply a grayconnected function to points
lying on a circle with a radius several times smaller than the radius of the outer border
and center in the center of the vortex (red points in figure 2(d)). The imfill function fills
in the empty areas of the resulting selection. Then, on the contrary, by a few pixels,
pulling the border of the previous selection closer to the vortex center (red points in
figure 2(e)), grayconnected selects the vortex inner region (figure 2(e), green area +
blue area). The result of the inverted alignment of the inner and outer regions is the
core, which shown in figure 2(f).

Forward angular integration is not suitable for obtaining the average vortex
parameters, since it depends on the conditional center of the vortex, which essentially
depends on the vortex. To measure the vortex parameters, a calculation by the method
of equivalent diameters calculated by the regionprops function with the EquivDiameter
parameter was chosen. The method of equivalent diameters is to replace the selection
with a circle of equal area. That is, the core radius and the core cross-section radius were



calculated as the half-sum and half-difference of the equivalent circle’s radii of the outer
and inner torus boundaries. The vortex ring volume was calculated as the volume of the
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torus V = 5 Ra?, where R is the core radius, a is the core cross-section radius, V is the
core volume.
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Figure 3. The resulting graphs for the experiment shown in the previous images:
dependences (a) travelled path, (b) radius, (c¢) radius of cross section, (d) volume of the

core on time.

The obtained parameters from the horizontal projection are multiplied by the
perspective coefficient, that is calculated from considerations of geometric optics as

follows: r = r'(1 + é), where 7 is the real size, r’ is the size in the mirror, [ is the distance

from the mirror to the vortex, L is the distance from the camera to the mirror. In the
experiment, [ varied from 315 to 15 mm.

5. Results and discussion

The developed method allows automatic registering of all necessary vortex ring
parameters with high accuracy for comparison with the analytical model [1]. The law of
motion is constructed, in which the nozzle position is taken as the zero traversed path of
the vortex, z = 0. The intersection of the vortex with a certain coordinate 8 centimeters
from the nozzle, where it can be considered formed [4], is taken for the zero moment of
time. The dependencies of the radius of the core, the radius of the cross-section of the
core, and the volume on time are also constructed (figure 3). Based on similar results,
the experimental results will be compared with the conclusions of the analytical model.

The advantages of the proposed method may include its complete autonomy, which
allows processing of large series of images of the same type without user participation,



high accuracy in measuring the required parameters, and the ability to analyze the
shape core dependency on time. Method implementation relies only on the basic Image
Toolbox, all stages of video image processing can be ported to other programming
languages.

The proposed method has several disadvantages. In a number of images, some areas
at the vortex ring border are equal in intensity to the background, that is, they are
visually indistinguishable, which leads to the selection of a ring part along with the
background and, accordingly, incorrect results. Points that significantly fall out of the
general dependence in figure 3 correspond to those images. Touching the bubbles
border following the vortex with the inner border of the vortex leads to an accidental
error at the initial stages of the vortex movement, since it is almost impossible to fully
separate them, and the selection of a bubble can lead to a vortex selection. These errors
can be taken into account visually based on the obtained dependencies, or by creating an
automatic differential filter, which being based on the absolute difference in values
between adjacent points can sweep out points with a difference exceeding a certain limit
value.

Currently, a search is underway for other areas where the proposed methodology
may be useful. The possibility of using machine learning to reduce the contrast
requirements between the ring and the background is also being considered.
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