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Abstract - The objective of this paper is to evaluate the bubble properties and its motion, and to describe the characteristics of generating 

the surface flow in order to increase its efficiency (generate a strong, high, quick and wide surface flow over the bubble generation 

system). Moreover, to control the performance and the parameters of the surface flow such as: the thickness, the width and the velocity. 

Such flow depends on the gas flow rate, the bubble size (mean bubble diameter), void fraction, bubble velocity, the distance between the 

bubble generator and the free surface (the water height) and the temperature of the water. Laboratory experiments have been carried out 

in order to investigate the motion of bubbles, evaluate the bubble parameters, to discover their relationship, and improve the performance 

of the surface flow. The data was obtained by applying image processing of visualized images of the bubble flow structure for the different 

sections of the bubble regions. It has been confirmed that the temperature, bubble size and gas flow rate significantly affect the flow 

structure and bubble parameters.  
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1. Introduction 
Bubble columns are widely used in the petrochemical, pharmaceutical, biological fermentation, polymer polymerization, 

industrial wastewater treatment, environmental protection and metallurgical industries as multi-phase reactors and contactors 

because of their simple construction and ease of operation. The rising of a buoyancy-driving bubble in a liquid is one of the 

typical multi-fluid systems. A sound understanding of the fundamentals of the rising bubble is crucial in a variety of practical 

applications ranging from the rise of steam in boiler tubes to gas bubbles in oil wells. It is difficult to study the mechanism 

of the bubble behaviour through a purely theoretical method because of the strong nonlinearity accompanied by large bubble 

deformations [1-6]. The air bubble’s velocity dependence has been determined experimentally by numerous investigators. 

When rising through an infinite stagnant liquid, the single bubble’s terminal velocity is of fundamental importance in two-

phase flow [7-10], among others. The knowledge of bubble properties, including bubble velocity, bubble size, gas holdup, 

and specific interfacial area, is of importance for the proper design and operation of bubble columns [10-13]. An 

understanding of bubble-fluid interactions is important in a broad range of natural, engineering, and medical settings. Air-

sea gas transfer, bubble column reactors, oil/natural gas transport, boiling heat transfer, ship hydrodynamics, ink-jet printing 

and medical ultrasound imaging are just a few examples where the dynamics of bubbles play a role [14- 16]. 

This paper is concerned with the characteristics of bubble parameters that induce surface flow. These are the gas flow 

rate, the bubble size, bubble velocity, void fraction, and the internal two-phase flow structure of the bubble plume. Moreover, 

the temperature effect on the bubble parameter and its motion is evaluated. Image processing is applied after carrying out 

flow visualization for different sections of bubble regions in order to clarify the relationship between the bubble parameters, 

such as gas volume flow rate, mean bubble diameters, void fraction, water height in the tank (the height of the bubble plume 

which is equivalent to the distance between the bubble generator and the free surface), bubble velocity along the bubble 

plume, and the temperature of the liquid. The relationship between the bubble parameters is explained to improve the 

efficiency of the surface flow induced by bubble plume (generate a strong, high, quick and wide surface flow over the bubble 

generation system). Moreover, to control the performance and parameters of the surface flow such as: the thickness, the 

width and the velocity. The maximum speed of the surface flow induced by a bubble plume is governed by the flow structure 

in the initial region where the rising flow changes into a surface flow. The flow structure and bubble parameters are greatly 

affected by the gas flow rate, bubble size and liquid temperature. The surface flow is hence, expected to be an effective tool 
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to support the function of an oil fence since it can generate a strong and wide surface flow over the bubble generation system, 

and it can damp the wave motion. This will help designing the real system of surface flow technique generated by the bubble 

plume to use it to control and collect surface floating substances in naval systems, lakes, seas, rivers, oceans especially the 

oil layer formed during large oil spill accidents. The surface flows generated by bubble plumes are considered key phenomena 

in various kinds of reactors, engineering processes and industrial processes handling a free surface. 

 

2. Experimental Apparatus, Method and Conditions 
The experimental apparatus for carrying out the experiments of the temperature effect on the bubble parameter 

measurements and its motion is constructed as shown in figure 1. The inner tank size is 750 mm in length, 500 mm in height, 

and 200 mm wide, and made of transparent acrylic resin. The experimental conditions are listed in Table 1. The bubble 

generator is installed at the centre of the bottom part of the tank. The bubble generator size is 300 mm in length, 20 mm in 

height, and 20 mm wide, made of transparent acrylic resin with 40 holes in the liner to avoid any over-lapping bubbles and 

to assure accurate two-dimensional measurements; each hole is 0.8 mm diameter and the distance between the holes is 7 

mm. The range of water temperature is selected to be from 20 to 50 C in order to avoid high temperature of the bubble 

generator hence, to avoid any irregular performance and function0 of the bubble generator. A lighting setup (direct lighting 

method) with a black back sheet background and two LED lamps of 1000 W is used to clearly visualize and capture the 

images of the experiments for the measurements. The visualized flows are recorded by a digital video camera (Panasonic 

HC-MDH2) that captures 50 fps. The digital images are pre-processed through the video to JPEG converter image software 

and Adobe After Effects CS6 image processing software. In order to have more accurate measurement results, the tank height 

is extended to be 1200 mm and set of experiments are added for higher tank. 

 

 
Fig. 1: Schematic diagram of experimental setup. 

 
Table 1: Experimental and simulation conditions. 

Parameter Value 

Density of water =1000 kg/m3 

Kinematic viscosity of water  =0.547 10-6 ~10-6 m2/s 

Initial water height H =0.1 ~ 1.2 m 

Atmospheric pressure 101 kPa 

Environment temperature 22-25 C 

Temperature of Water 20-50 C 

Density of gas (air) 1.25 kg/m3 

Maximum gas flow rate Qg =50  10-5 m3/s 
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On the other hand, the void fraction () is calculated by using the equation (=Qg/AVb) [1, 4, 17], where A is the area 

of calculation in the injector region, (injector surface of the bubble generator). The bubble rising velocity Vb is about 0.08 to 

1.01 m/s. The bubble rise velocity is unsteady at the beginning (at the nozzle exit) and after a short period of time it reaches 

the terminal rise velocity. The measurement uncertainty for the rising bubble velocity is estimated to be about 2%. The 

relative velocity between the bubbles and the liquid flow corresponds well to the terminal rising velocity of the bubble in a 

quiescent liquid. The measurement uncertainty for the void fraction is estimated to be about 2 to 3%. This reflects the 

accuracy of the experimental results. 
 

3. Bubble Parameters Calculations 
The mean (average) bubble diameters and the bubble velocities are calculated for water heights of 100, 200, 300 and 

400 mm respectively (referring to change the height of the free surface in the tank) and for three ranges of gas volume flow 

rates [Qg-1 to Qg-3]. The values of these calculation are achieved by using the time average of 250 consecutive frames in the 

image processing (5 seconds). The average bubble diameter, bubble velocity and the standard deviation are calculated by 

measuring more than 15000 bubbles in the local VTR images inside the bubble plume using image processing. These images 

are taken by recording local pictures of different regions. The experiments for measuring bubble size and velocity are 

conducted in three regions of the bubble plume: the first region is over the injector region of the bubble generator, the second 

is in the middle region of the bubble plume and the third is just under the free surface. Figure 2 shows samples of bubble 

images for different conditions of bubble generator including these regions. The first image to the life of the figure illustrates 

the bubbles for a gas flow rate of Q1=1.510-5 m3/s and water height of H=400 mm and temperature of T=30 C. The middle 

image of the figure shows the bubbles for a gas flow rate of Q2=2810-5 m3/s and water height of H=400 mm and temperature 

of T=30 C, and the third image to the right of the figure illustrates the bubbles for a gas flow rate of Q3=5010-5 m3/s and 

water height of H=400 mm and temperature of T=30 C. The bubble diameter is defined by the equivalent bubble diameter 

using ellipsoidal approximations for the bubble shapes. The equivalent bubble diameter is estimated by the vertical and the 

horizontal lengths of each bubble of the image object, which are obtained by using the JPEG converter image software and 

Adobe After Effects CS6 image processing software after binarizing the images. The measurement uncertainty for the bubble 

diameter is estimated to be around (0.01~0.015 mm) of the averaged bubble diameter according to the pixel resolution. This 

reflects the accuracy of the experimental results. This reflects the accuracy of the experimental results since the number 

of frames and the time allocated for either the calculation and the measurement is rather long when compared to 

those by others [2, 5, 10, 17, 20, 21]. 

 

 

Fig. 2: Sample of bubble images. 

Figure 3, 4, 5 and 6 show the relationship between bubble diameter and water height in the tank for water temperature 

of t=20, 30, 40 and 50C respectively. The data were collected for 3 gas volume flow rates (Qg1=1.5 10-5, Qg2=28 10-5, 

Qg3=50  10-5 m3/s). The bubble diameter is calculated for three regions or level of the height of the bubble plume: the first 

level is over the bubble generator (over the injector region of the bubble generator that is region L), the second is in the 

middle level height (the middle region which is Region M) of the bubble plume and the third is just under the free surface 

which is region H. 
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Fig. 3: A sample of the relationship between bubble diameter and water height for t=20 C. 

 

   
Fig. 4: A sample of the relationship between bubble diameter and water height for t=30 C. 

 

   
Fig. 5: A sample of the relationship between bubble diameter and water height for t=40 C. 

 

 
Fig. 6: A sample of the relationship between bubble diameter and water height for t=50 C. 

 

It is clear from these figures that the bubble size increases as the water height in the tank increases. These results are 

similar to the results obtained by our earlier paper [16, 18]. Furthermore, the bubble size increases as the water temperature 

increases. It is clear from these figures that the bubble diameter increases about one mm when the water temperature increases 

by 10C. Figures 7, 8, 9 and 10 illustrate samples of the relationship between the bubble velocity and water height in the 
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tank for water temperature of t=20, 30, 40 and 50 C respectively. The data were collected for 3 gas volume flow rates 

(Qg1=1.5 10-5, Qg2 =28 10-5, Qg3 =50  10-5 m3/s). The bubble velocity is calculated for three regions or level of the height 

of the bubble plume L, M and H. It is clear from these figures that the bubble velocity increases as the water height in the 

tank increases. Hence, the magnitude of bubble velocity increases along the bubble plume. It is also recognized that the 

bubble velocity magnitude in the middle region is almost 1.5 times of the bubble velocity magnitude over the bubble 

generator. Moreover, the bubble velocity magnitude under the free surface is almost twice the bubble velocity magnitude 

over the bubble generator. Furthermore, the bubble velocity increases as the water temperature increases. It is clear from 

these figures that by increasing the water temperature by 10C, the bubble velocity increases about 1.5 to 2 times. As 

temperature increases, viscosity and surface tension decrease because the raise in temperature speeds up the molecules and 

the movement makes the liquid move faster so the viscosity decreases, hence, the velocity of the bubble increases. 

 

 

 
Fig. 7: A sample of the relationship between bubble velocity and water height for t=20 C. 

 

 
Fig. 8: A sample of the relationship between bubble velocity and water height for t=30 C. 

 

 
Fig. 9:  A sample of the relationship between bubble velocity and water height for t=40 C. 
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Fig. 10: A sample of the relationship between bubble velocity and water height for t=50 C. 

 

Figures 11, 12, 13 and 14 illustrate samples of the relationship between the void fraction  and water height in the tank 

for water temperature of t=20, 30, 40 and 50 C respectively. The data were collected for 3 gas volume flow rates (Qg1=1.5 

10-5, Qg2 =28 10-5, Qg3 =50  10-5 m3/s). The void fraction is calculated for three regions or level of the height of the bubble 

plume L, M and H. These figures confirm that as the water height increases the void fraction decreases. Furthermore, the 

void fraction decreases as the water temperature increases. It is clear from these figures that by increasing the water 

temperature by 10C, the void fraction decreases about 1 to 2 times. 

 

       

Fig. 11: A sample of the relationship between the void fraction  and water height for t=20 C, gas volume flow rate of Q1, Q2 and Q3. 

 

       
  Fig. 12: A sample of the relationship between the void fraction  and water height for t=30 C, gas volume flow rate of Q1, Q2 

and Q3. 
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  Fig. 14: A sample of the relationship between the void fraction  and water height for t=40 C, gas volume flow rate of Q1, Q2 

and Q3. 
 

      
  Fig. 15: A sample of the relationship between the void fraction  and water height for t=50 C, gas volume flow rate of Q1, Q2 

and Q3. 

 

Table 2 presents the relationship between the gas flow rate, water temperature and the width area of the bubble plume on the 

surface (the area which contains bubbles on the free surface “the width of the surface flow” in the horizontal direction), 

which is measured from video images. It is confirmed that this area increases when the gas flow rate increases. Moreover, 

this area increases when the water temperature increases. Hence, the higher the temperature, the stronger surface flow. It is 

clear from the table that by increasing the water temperature by 10C, the width of the surface flow increases about 2 to 4 

mm. 

As a result, the following properties are desired in order to generate efficient surface flow: higher temperature, bigger 

bubble size, higher water height, gas flow rate, hence higher velocity. 
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Table 2: The relationship between the temperature and area width of the bubble plume on the free surface for 3 gas flow rates 

(Qg1=1.5 10-5, Qg2 =28 10-5, Qg3 =50  10-5 m3/s). 

Gas volume flow rate Qg [m3/s] Water 

temperature C 

Area width of surface flow 

(mm) 

Qg1=1.5 10-5 20 320 

30 322 

40 325 

50 329 

Qg2 =28 10-5 20 345 

30 348 

40 350 

50 353 

Qg3 =50  10-5 20 369 

30 372 

40 374 

50 376 

 
4. Conclusion 

Flow visualization and image analysis of the bubble plume and bubble motion are carried out in order to improve the 

applicability of the bubble plume. The parameters of bubbles (mean bubble diameter, bubble velocity, gas flow rate, and the 

distance between the bubble generator and the free surface, which is equivalent to the water height in the tank) and the water 

temperatures are calculated, and their relation is demonstrated. The results of this paper resemble those results obtained by 

our earlier paper [19]. It was confirmed that the flow structure is greatly affected by the gas flow rate, bubble size and water 

temperature. The main results can be summarized as follows: 

1) The bubble size increases as the water temperature increases. It is clear that the bubble diameter increases about one 

mm when the water temperature increases by 10C. The bubble size increases as the water height in the tank increase. 

2) The bubble velocity increases as the water temperature increases. It is clear from that by increasing the water 

temperature by 10C, the bubble velocity increases about 1.5 to 2 times. Also, the bubble velocity increases as the water 

height in the tank increases, and the magnitude of bubble velocity increases along the bubble plume. Moreover, it is also 

recognized that the bubble velocity magnitude in the middle region is almost 1.5 times the bubble velocity magnitude over 

the bubble generator. Moreover, the bubble velocity magnitude under the free surface is almost twice the bubble velocity 

magnitude over the bubble generator. 

3) The void fraction decreases as the water height increases. Furthermore, the void fraction decreases as the water 

temperature increases. By increasing the water temperature by 10C, the void fraction decreases about 1 to 2 times. 

4) The width area of the bubble plume on the surface (the area which contains bubbles on the free surface “the width of 

the surface flow” in the horizontal direction) increases when the water temperature increases. Hence, the higher the 

temperature, the stronger surface flow. Moreover, this area increases approximately proportional to the gas flow rate.  

5) The following properties are desired in order to generate efficient surface flow: higher temperature, bigger bubble 

size, higher water height, gas flow rate, hence higher velocity. 
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