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Abstract: Accurate visualization of bubbles in multiphase flow is a crucial aspect of modeling
heat transfer, mixing, and turbulence processes. It has many applications, including chemical
processes, wastewater treatment, and aquaculture. A new software, Flow_Vis, based on experimental
data visualization, has been developed to visualize the movement and size distribution of bubbles
within multiphase flow. Images and videos recorded from an experimental rig designed to generate
microbubbles were analyzed using the new software. The bubbles in the fluid were examined and
found to move with different velocities due to their varying sizes. The software was used to measure
bubble size distributions, and the obtained results were compared with experimental measurements,
showing reasonable accuracy. The velocity measurements were also compared with literature values
and found to be equally accurate.
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1. Introduction

Fluid flow is a central subject in engineering, encompassing all traditional engineering
disciplines. It holds significant importance across a wide array of contexts [1,2]. Research
on gaseous fluxes contributes to the advancement of various technologies, including the
design of machinery such as turbines and combustion engines, as well as the production of
automobiles, aircraft, and spacecraft. Moreover, it plays a crucial role in civil engineering
projects such as harbor design, modeling tidal and river flow patterns, and coastal area
protection. In chemical engineering, understanding flow behavior in process equipment
like reactors [3] and pipe networks is essential. Additionally, it finds application in medicine
for modeling blood flow through arteries and veins.

While the flow of single-phase fluids is well understood, the dynamics of multiphase
flow remain less so and are currently a focal point of research. Mass transfer processes
involved in separators and reactors heavily rely on detailed knowledge of multiphase fluids,
particularly the motion of droplets/bubbles in the continuous phase. New methods for
determining droplet distribution and motion are scarce, and visualization-based techniques
offer a promising direction.

A primary requirement for an accurate multiphase flow measurement technique is a
high degree of temporal and spatial resolution, as the flow significantly varies over time
and space. In comparison to probe techniques such as hot-film and optical probes employed
in multiphase flow, visualization techniques offer several advantages, including minimal
flow disturbance, quick response time, high visual resolution, and the ability to identify the
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profile near the gas-liquid interface despite its limited thickness. This method can provide
more precise information on void fraction, flow pattern, gas and liquid velocity, and bubble
size and velocity through individual bubble tracking. Additionally, it can be utilized to
calibrate sensors/probes used in industrial applications that cannot be visually monitored
through transparent walls.

1.1. Fluid Flow Visualization

Flow visualization has existed alongside fluid flow studies for as long as fluid flow
research has been conducted. Experimental flow visualization has been the primary method
used in the study of fluid flow until quite recently [4]. The following are examples of reasons
why experimental flow visualization techniques are utilized:

1.  To gain insight into fluid movement around a scale model of a real object without the
need for extensive calculations.

2. Toinspire the development of new and improved theories of fluid flow.

3. To verify a new theory and test prototypes for new products.

Computer-generated visualization is a more recent innovation. It is used to represent
complex data streams produced from mathematical models and simulations of flow systems.
Often, the data produced are too complex and extensive to fully analyze as strings of
numbers. It is widely accepted that the benefits of the growth in computing power will
be greatly enhanced if the computer is not only used to calculate numerical data but also
to visualize these facts in an understandable way [5,6]. Thus, information can be better
comprehended when presented visually through pictures, graphs, and locus plots rather
than numerically.

The data visualization acquired through modelling fluid flow can serve various pur-
poses, depending on its context of use. The process of verifying and analyzing theoretical
models is an essential component of fundamental research. Comparing the flow model
being used to the “real” fluid flow is necessary whenever a flow phenomenon is represented
by a model [7].

Calculating and visualizing flow using a model, as well as comparing the results with
experimental data, are two approaches that can validate the correctness of the model. If
numerical results and experimental flow are displayed similarly, qualitative verification
through visual inspection can be highly effective.

Research into numerical methods for solving flow equations may be aided by visually
representing the solutions found, as well as visually representing the intermediate study
results obtained throughout the iterative solution process. This can be done both before
and after finding the solution [8,9]. Visualizing fluid flow phenomena can be useful for
design, optimization, and evaluation. Additionally, it can assist in designing any object
functionally related to fluid flow.

Communication of flow analysis results to others, particularly those who are not
professionals in the subject, is important [10]. This is especially true when communicating
ideas to individuals who are not professionals in a specific industry.

1.2. Flow Visualization Procedures

In most cases, the visualization process consists of the following four stages: data
importing, data filtering and enrichment, data mapping, and data rendering, as depicted
diagrammatically in Figure 1. Step 1 involves locating a representation of the primary
information to be investigated in the form of a data set, which can be either continuous
or discrete in nature [10,11]. In practical terms, importing data entails selecting a specific
implementation of a dataset and then converting the initial information to the representation
implied by the selected dataset. This process should involve a one-to-one mapping or data

copying.
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Figure 1. Data visualization process.

The second step of data visualization is termed data filtering and enrichment. It
involves identifying the features or aspects of the data that require focus. In most cases,
the imported data do not correspond one-to-one with the relevant aspects. The data are
filtered to extract pertinent information and then enriched with higher-level data to aid in
the specific task. This process generates an enriched dataset that directly represents the
features of interest for the task at hand.

The third step entails mapping the dataset to the visual domain. This involves as-
sociating aspects of the visual domain with the data aspects included in the enriched
dataset.

The rendering operation marks the conclusion of the visualization process. Rendering
transforms the scene created by the mapping operation into two or three dimensions,
adjusting various user-specified viewing parameters such as viewpoint and lighting to
produce desired images. In typical visualization applications, viewing parameters are
considered part of the rendering operation.

A functional description of this process can deepen understanding of the steps com-
prising the visualization process [12-15]. The visualization process in Equation (1) can be
visualized as a function Vis that maps between the set of all possible types of raw input
data, known as Dj, and the set of created images, known as V [16]:

Vis : D; > V (1)

1.3. Flow Field Topology

Critical point theory serves as the foundation for flow topology analysis. This the-
ory has been applied in various settings to examine the solution trajectories of ordinary
differential equations. The topology of a vector field consists of critical points, where the
velocity vector equals zero, as well as integral curves and surfaces connecting these critical
points [17]. Visualizing the topology of a vector field can convey its topological properties
without overwhelming the viewer with excessive information that is already known. To
investigate and present vector field topologies, the following steps must be taken:

1.  Identify the most important locations.
2. Classify the significant components of the situation.
3. Compute integral curves and surfaces.

1.4. Objectives of This Work

Currently, Teesside University is conducting experimental measurements for small
droplets in three-phase separators on oil-water mixtures and for microbubbles in an
air-water Venturi-type microbubble generator. Both of these applications require a method-
ology to measure the droplet/bubble size distribution and determine the velocities of
individual droplets/bubbles. The results for these experiments are obtained as both still
photographs and video footage. Consequently, the data files produced are large, particu-
larly in the case of video footage containing moving images.

Computerized flow visualization is seen as a method of analyzing these images to
convert pictures into numerical data files. From this, the velocity, size distribution, and
number of droplets/bubbles in the continuous phase can be determined before transform-
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ing the data into graphs and locus plots, allowing for more quantitative interpretation
than is possible from video and still imagery alone. This technique makes information on
the entire flow field readily comprehensible, offering numerous advantages, especially for
moving images or large data files [18-21]. Notably, it eliminates the need for any data pro-
cessing, which is a significant benefit [10]. One outcome of this research is the development
of software capable of managing moving data; the bubbles investigated represent these
data. Working with a video provides potential improvements in accuracy and the ability to
measure velocity compared to working with discrete still imagery.

Applying computerized flow visualization to the systems measured by Teesside Uni-
versity poses challenges. Both water—air and water—oil-air are transparent fluid mixtures,
making it difficult to visualize the flow field and detect bubbles/droplets traveling within
it using visualization software.

The following section of this paper discusses a novel approach to the analysis of
moving data using data visualization. The newly developed software (Flow_Vis, https://
sites.google.com/view /flowvis /home) was applied to analyze video-recorded experiments.
During the experiment, the software successfully analyzed the bubbles present in the
moving liquid in terms of size, number, and velocity.

2. Flow_Vis Software
2.1. Generating the Bubbles

It is possible to use bubbles produced by a bubble generator in order to improve the
perception of flow pattern. Clearer streamlines are produced from bubbles injected in
the flow rather than smoke or solid particle dispersion because the bubbles are easier to
differentiate from one another. Bubbles are able to accurately convey the characteristics
of the flow because of their extremely low moments of inertia. One of the advantages of
following individual bubbles is one way to locate streamlines, in the event that they are
present.

Air bubbles, because of their low density and inert nature, can be formed and float
through the liquid. This is made possible by the fact that air bubbles may be generated by
any microbubble generator device such as a Venturi. Each bubble has a center of specific
air volume that is enclosed in a layer of liquid. The mixing nozzle is the location where
the bubbles are formed. The confined space in the throat is being traversed by the flow of
air. The air is sucked into throat by the vacuum generated due the high velocity of liquid,
which subsequently fills the space around the tube with air at a flow rate that has been
previously specified. This is accomplished by passing the bubble film solution through
the air that is contained in the central tube. When the bubbles are ready to be transported,
low-pressure, dry compressed air is forced into the outer tube. This causes the bubbles to
move forward.

Figure 2 shows the schematic diagram of the experimental apparatus used in this
study to generate the microbubble field. The apparatus consists of the water tank (380
x 280 x 740 mm) connected to a circulation water pump via a water flow meter, a flow
control brass ball valve, and Venturi microbubble generator. The maximum flow rate of
the water pump is 13.3 L/m at pressure of 3.2 bar at the inlet of the Venturi microbubble
generator. The Venturi is connected to the one of the tank walls where atmospheric air is
sucked into its throat through an air flow meter followed by the air feed pipe. The Venturi
is where the air is mixed with the main water flow.
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Figure 2. Schematic diagram of the experimental apparatus for microbubble generator. (1) Computer,
(2) flow visualization camera, (3) microscopic lens, (4) laser lamp, (5) flow meter and thermometer,
(6) water tank, (7) water flow meter, (8) water pump, (9) flow control brass ball valve, (10) Venturi
microbubble generator, and (11) air flow meter.

2.2. Visualizing the Bubble Flow

The visualization procedure can be considered as a series of stages, each modelled
by a different data transformation operation. Up until it produces the output visuals, the
incoming data go through this process while being transformed in a variety of ways. In
general, the bubble flow visualization process of data visualization can be viewed as a
process with four stages: importing data sets, filtering, mapping, and rendering, as shown
in Figure 1.

For the purpose of locating the bubbles in order to map them in visual space, a method
known as the Hough circle transform is applied. This method begins with the presumption
that the bubbles in the image are described as follows:

(x—a)+(y—b)>=r 2)

Any edge point (x; , y;) in the (a, b, r) parameter space will be turned into a correct
bubble if (a, b) is the coordinate of the bubble center and (r) is the radius of the bubble. If
each of the image points is located on a different bubble, then the bubbles will collide at
a single point in the coordinates (a, b, r) that correspond to the parameters of the bubble
when all of the image points are located on the same bubble.

If the radii of the bubbles in a space are known, then the search can be simplified
down to using only two dimensions. The (g, b) coordinates of the centers are the essential
information needed.

x =a+r-cos(h) 3)

y=Db+r-cos(f) 4)

The points in the parameter space denoted by the coordinates (a, b) lie on a bubble
with a radius of r and its center at (x, ). The real center point will be the same for all of the
parameter bubbles, and it is possible to locate it, as in Figure 3.

X

Figure 3. Every point in geometric space (left) produces a bubble in parameter space (right). The
intersection of the bubbles in parameter space with the center of geometric space is (a, b).



Fluids 2024, 9, 58

6 of 13

In an ideal situation, the center of the bubble would be situated on a line that is
perpendicular to the path of the moving bubble. Moving along the normal of each edge
point is consequently all that is required to determine the various places of the centers. The
distance that separates each edge point from the anticipated center of that bubble is one
measurement that might be used to approximate the size of the associated bubble’s radius.
Because the center of a bubble has to lie on the normal of each point on the bubble, the
actual center of the bubble is the point at which all of these points cross. The source codes
for this software can be obtained from the website in reference [22].

2.3. Bubbles Velocity

After the bubbles have been recognized, the next step is to identify their locations. To
achieve this an approximation of the velocity field in the region surrounding the bubble
X is obtained by applying a first order Taylor expansion. As a consequence of this, the
velocity u can be determined by applying the formula that is presented below:

du;
ax]-

(5)

up =ty + (xj = xp,)

The partial derivatives Au = g—;’]’ completely specify the velocity field in the area
surrounding the crucial point. A classification method for the bubble locations can be
determined by using the eigenvalues and eigenvectors of u. A vector field can take on
a variety of different configurations, including the following: Positive eigenvalues are
representative of velocities that are moving away from the critical point, whereas negative
eigenvalues are representative of velocities that are moving in the direction of the bubble.
When a bubble has both negative and positive real values, then such a bubble can be moved

without incurring either compression or expansion.

2.4. Dimension Reduction Visualization

Sometimes it is necessary to reduce a video of an experiment into a single image in
order to watch the movement of the bubbles as they move throughout the experiment. Thus,
this video may be reduced from D dimensions down to one dimension (where D >> 1),
allowing us to have one visualization that goes in for the target to be achieved. In order to
finish this procedure, it is necessary to use Equation (5), which will result in a reduction in
the dimensions.

Vi — d
Yi = yj+ AME).T(dy). :1]1'; — (v~ i) ©)
N 1, lf (dz] > dc(t)) and (dl] > 7‘1‘]‘)
T(d’]) o { 0, otherwise @

where y; is a point in the projection space, y; is a point that needs to be updated (and
is a neighboring point to y;), r;; weight (distance) in the high dimension, and d;; weight
(distance) in the projection space, and € value is small to prevent dividing by zero and
reduce varies depending on the data. The parameter d, is a hypersphere’s radius. The
original distance r;; in the video is being compared to the projected distance d;; in the new
location. The update is performed based on the value of the learning rate.

3. Experimental Results

The new software (Flow_Vis) was developed in MATLAB following the methodology
outlined in Section 2. The processing was performed on a computer running the Windows
11 operating system and equipped with an Intel Core i5 processor.

In the context of the present paper, accuracy, robustness, computational complexity,
and storage were the key aspects to be evaluated. The accuracy of bubbles in synthetic
images was assessed by comparing the absolute errors of the estimated diameter and center
coordinates with the actual values of the bubble sizes.
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The analysis of the results is divided into four stages:

1. The first stage explains how the video of the entire fluid movement is analyzed using
Flow_Vis.

2. Inthe second stage, each frame (or individual photo) is processed separately.

3. The third stage involves computing the velocity of the bubbles and visually illustrating
it as droplet loci.

4. Finally, a dimension reduction technique is applied to condense the video into a single
visualization of bubble loci.

3.1. Video Analyzing

To conduct a comprehensive analysis of the experimental data, a video recording
was made while the microbubble generator was operating. The recorded video was
subsequently analyzed using the Flow_Vis software, and conclusions were drawn regarding
the experiment’s reliability. One notable feature that distinguishes this tool from others is
its ability to handle lengthy video files. When recording the experiment, the video serves
as input to the software, which then processes it to generate the most accurate visualization
of the bubbles. Figure 4 illustrates that the video capturing the flow of bubbles through the
liquid consists of a total of 239 frames.

Figure 4. The video of an experiment has 239 frames.

In order to analyze the bubbles in this video comprehensively, it is necessary to
examine all frames within the complete collection of available options. The sequential
order of the frames in a video is crucial for accurate analysis and must be considered within
the context of a specific evaluation. Figure 5 presents four graphs that assess each frame
depicted in Figure 4. The software analyzes these frames based on the number of identified
bubbles, with an average of 1488 bubbles recognized throughout the experiment.

In Table 1, the Flow_Vis software analyzed the entire video, calculating the average di-
ameter of the bubbles across all frames, which is 35 micrometers. The software will focus its
attention on frame number 165, which exhibits the largest bubble diameter (39 micrometers),
while frame number 33 has the smallest diameter for a bubble size (30 micrometers).

Table 1. Results of analysis of bubbles in fluid.

Value Frame No.
No. of Frames 239
Mean of Bubble Diameter 35
Mean of Bubble No. 1488
Maximum Bubble Diameter 39 165
Minimum Bubble Diameter 30 33
Maximum No. of Bubbles 1744 45

Minimum No. of Bubbles 1151 193
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No of the bubbles

Bubbles diameter (um)

Figure 5 presents the results of visualizing the video footage. In Figure 5a—c, the orange
data represent the curve fit of the experimental data obtained from image processing soft-
ware. Throughout the experiment, there was a noticeable change in both the total number
of bubbles and their individual diameters, as depicted in Figure 5. Based on the information
presented in Figure 5a, a significant number of bubbles were initially observed, which
gradually decreased over time. Simultaneously, it was noted that the bubble diameters
were very small at the beginning of the experiment but increased throughout the frame
sequence, as shown in Figure 5b. This indicates that under these conditions, the bubbles
are coalescing. Additionally, Figure 5c illustrates that the bubble diameter decreases as the
bubble number increases, which is consistent with droplet coalescence.

Number of Bubbles b) Bubble Diameter
1800 40
n.y n _
o E 38 |
1600 Y V =
236
1400 | \[\ E I A
[ T 34
[ h bL 3 !M
1200 - 5 32 |
1000 b 30 L—
0 50 100 150 200 0 50 100 150 200
Frame number Frame Number
c) Bubbles Diameter via their Number 12000 d) Bubbles Distribution
40 F
. 10000
3g [ &4 . 3
i \‘,\ § 8000
36 | 3 2
; Yool o 5 6000
“ | 3 :
. \1 o [B oo S 4000
X \-x >
32 Z 2000
30 P " M R R T R 0
1100 1300 1500 1700 1900 0 50 100 150
Number of Bubbles Bubble Diameter (Hm)

Figure 5. Analyzing the video to study the bubbles’ behavior. In (a—c), the orange data represent the
curve fit of the experimental data from image processing software.

Figure 5d displays the bubble size distribution, revealing that the majority of the
bubbles fall within a diameter range of 20-60 pum, with a peak number of bubbles at 35 pm.

An issue that may arise is how to address the location of certain bubbles. In this
method, it is desired to project the relationships among three bubbles to accurately arrange
their positions, as illustrated in Figure 3.

As evident from Figure 6a,b, frame 165 exhibits the largest bubble radius (39 microme-
ters), while frame 33 displays the smallest bubble radius (30 micrometers). This information,
provided by Flow_Vis, is crucial for supporting scientific research, as it aids specialized
researchers in their identification efforts. Figure 6¢,d indicate that frames 1 and 2 have the
highest and lowest number of bubbles, respectively. These identified frames are significant
as they are also utilized in Figure 5. Table 2 offers further insights and details on this aspect.
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a) Maximum Diameter.

b) Mimimum Diameter.

Figure 6. Frames which have maximum and minimum bubbles diameter and largest and smallest
number of bubbles.

Table 2. The relation between the bubble size and their number for the selected frames.

Frame No. No. of Bubbles Diameter
33 1605 30
45 1744 34
165 1206 39
193 1151 38

The key findings from Figures 5 and 6 are summarized in Tables 1 and 2. It is evident
from these figures that frame 45 contains the highest total number of bubbles, while frame
33 has the smallest bubble diameter. Hence, at the outset of the implementation process,
the bubbles initially exhibit the characteristics of fluid flow bubbles. However, towards the
end of the implementation, as depicted in frames 165 and 193, this situation is reversed,
with the number of bubbles decreasing while their diameter increases. Figure 5c illustrates
the relationship between bubble diameter and number, indicating a decrease in the number
of bubbles as their size increases, and vice versa.

3.2. Data Analysis

After analyzing the video and locating the frames that are likely to play a significant
part in the analysis, the Flow_Vis software gives the user the option to investigate any
individual frame. For instance, frame number 165 was selected for further interrogation,
because it has an adequate number of bubbles with the largest diameter. Figure 7 depicts
the selected frame alongside the recognized bubbles, totaling 1206 as in Tables 1 and 2.
Despite demonstrating an average bubble diameter of 39 micrometers, Figure 7 presents
the size distribution of all bubbles in this frame. The orange line represents the data from
this work, plotted against the results from standard image processing software in blue.
Once again, a strong correlation is observed between both datasets.
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The results of analysis of frame 165.
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The proposed software can handle samples by identifying a specific region containing the
bubbles required for the study. Figure § illustrates the enlargement of the selected region, enabling
a more focused examination of the bubbles to obtain more accurate observations and conclusions.
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a) The original image.
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b) The visualized bubbles.
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Figure 8. A sample of the visualized bubbles is taken from (b), and then they are enlarged and

analyzed in great detail in (c).
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The proposed software is able to deal with samples by selecting a particular region
that contains bubbles that are required for the study. Figure 8 shows that the selected region
is made larger, and a more concentrated study of the bubbles is carried out in order to
obtain observations and draw conclusions that are more accurate.

3.3. Bubble Velocity

It is essential to understand the velocity of bubbles in a fluid and the direction in
which they move. The Flow_Vis software was capable of deriving these measurements
from the recorded video, which is not achievable with standard image processing of still
photography. Specifically, it provided a visualization illustrating the relationships among
bubble velocity, diameter, and their number, demonstrating the movement of bubbles in
relation to speed, as depicted in Figure 9. Upon examining Figure 9A, a direct correlation
between bubble velocities and the number of bubbles is evident. The velocity of the bubbles
is observed to decrease as the number of bubbles increases. This behavior can be attributed
to changes in drag force and virtual forces with higher numbers of bubbles. Figure 9B
indicates a decrease in bubble velocity with increasing bubble diameter, contrary to the
physics of the flow. This discrepancy may be due to the short duration of data recording
or an unknown error. Nonetheless, Figure 8 confirms that the velocity values are within
expected ranges, and the Flow_Vis software successfully identified this relationship.

A) the relation between bubbles number and the velocity

400
350 | K
A
by L
€ 300 V l v
= L
z Lo
8 250 |
° [
>
200-||||I||||I||||I||||I||||I||||I||||I||||
1400 1500 1600 1700 1800 1900 2000 2100 2200
Number of bubbles
B) the relation between bubbles diameter and the velocity
400
< 350
[&]
@ . ]
w
2 300 y M
2
z v
o
()
> 250
200 L L L L 1 L L L L 1 L L L L 1 L L L L 1

27 28 29 30 31 32
Bubbles diameter in micrometer

Figure 9. Relation between bubble velocity with their number and diameter.

3.4. Dimension Reduction Visualization

When the theory of dimension reduction is applied to a fluid that is moving and
contains bubbles, a great deal of information may be derived about the system. We observe
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the degree of attention on the presence of these bubbles, and this is what is noticeable in
Figure 10 when applying Equation (5) to reduce the dimensions from 239 to 1.

Figure 10. A reduced visualization of the 239 frames to one, which shows the bubbles flow in a whole
processing.

The presence of white locations, in Figure 10, demonstrates that bubbles are being
recorded from those locations, and an increase in the intensity of white indicates that
bubbles are continuously present in those areas. Inversely, the darkness indicates that the
bubbles are crossing in a short amount of time, and the length of time that they are present
decreases as the darkness increases.

4. Limitation

One limitation of the method is the inability to analyze changes in bubbles while they
are not in motion. In such cases, the system can only study a single image, making it
difficult to observe any changes occurring in the bubbles. Consequently, the size of the
bubble remains constant. However, the likelihood of this is low, as the bubble is filled with
air, which facilitates its movement within the surrounding liquid.

5. Conclusions

The Flow_Vis software, with the ability to analyze both video and still images to
extract data, has been developed. The software has been tested against real experimental
data generated from injection of air microbubbles into a tank of water. The Flow_Vis
software results were compared with data produced from experimental measurements
made from still photography processed using conventional image processing techniques.

This comparison demonstrated that the software can accurately calculate the distribu-
tion of bubble sizes and the average diameter of bubbles. Further analysis was performed
to compare bubble velocities generated from CFD models of the experiments with the
Flow_Vis generated velocities. Again, the results were found to agree well.

Experimental studies have demonstrated that this software possesses the ability to
recognize bubbles even under challenging circumstances that provide difficulties for identi-
fication. Furthermore, it had the capability to analyze the bubbles from various perspectives,
ascertaining their dimensions, velocity, and flow direction.
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