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The difficulty in finding clean water is issued to become Indonesia’s problem in 2025. 
Seawater processing to produce clean water for commonly used or called water 
desalination will be a promising solution to solve the problem of clean water scarcity. 
One of the seawater desalination processes is to utilize micro-bubbles generated from 
air entrainment. Air entrainment is a phenomenon where the surrounding air is 
trapped in the water and forms a bubble. Using the vertical plunging jet setup will lead 
to bubble formation as a result of the collision between the vertical water jet and the 
pond surface below it. This study determines the effect of downcomer diameter on the 
parameters that influence the parameter of air entrainment quality by using a vertical 
plunging jet configuration. Some set up tools that support research consists of pumps, 
nozzle, downcomer, airflow meter, anemometer, and water pond. Results of the 
research are in the form of qualitative data such as videos and photos, by using a high-
speed camera with backlighting. The qualitative data obtained will be processed with 
an image processing program to acquire quantitative data. The results of the study 
revealed that the downcomer diameter affects the air entrainment rate. On the other 
hand, jet velocity affects the area of dispersion and depth of penetration. 
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1. Introduction 
   

The applications of microbubble technology are appealing and expandable. One example of the 
use of microbubble is its application in the separation process. The separation process includes the 
separation of pollutants, the separation of valuable materials in mining industries, and others. 
Pollutant separation is a process to separate wastewater, including household wastewater, to 
produce a clean water source. The world's daily wastes generated are not only from large factories 
but households too. Roughly estimated, household waste alone contributed as much as 70% of global 
pollutants [1]. In the pollutant separation process, microbubbles function as a contaminant 
separation agent by applying hydrophobic and hydrophilic surface properties. Also, microbubbles are 
useful in aeration. 
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Fine bubbles types are divided into three types based on the size of the diameter of the bubbles 
formed, namely macro bubble, microbubble, and nanobubble. A microbubble is a bubble that has a 
diameter of 10 μm to 50 μm [2]. Microbubble can produce highly reactive free radicals without using 
harmful chemicals, which is regular to reduce the content of waste produced. The unique properties 
of microbubble make it applicable to water quality improvement, barriers reduction to mass 
transportation, radiology, and cardiology technology in the medical field, the process of removing 
microorganisms from decay factors, body washers, and also in developing shells and pearl shells [3]. 
The many uses of microbubble make the subject of discussion among the many applications of 
technology that are rife in research institutes [4], which expects favorable microbubble 
characteristics to be useful for the development of desalination technology. 

There are many ways of producing microbubbles. One way is to take advantage of the 
phenomenon of entrainment of air into water. Air entrainment is a phenomenon that is responsible 
for mass transfer on rivers and water flow, providing oxygen and carbon dioxide transportation, using 
a floatation device called Jameson Cell. Jameson Cell is a tool used in the mining industry to extract 
mineral deposits from residual water in the form of froth, which was developed in 1985 by Graeme 
Jameson. It relies on air entrainment methods to create a vacuum, which leads to air suction into the 
downcomer. Because of the continuous waves of water jet down to the pond, air bubbles formed. 
Mineral sediments attached to these bubbles float to the surface, forming a layer of froth and 
eventually separating the sediment from water [5]. 

Previous studies have been able to explain the importance of physical parameters that affect the 
performance of the air entrainment phenomenon [3, 6]. However, some relevant phenomena have 
not been elucidated, including the effect of downcomer diameter on the water entrainment 
performance and also the role of non-dimensional numbers. Therefore, this research focused on 
analyzing microbubble characteristics with a downcomer diameter and the relation of air 
entrainment performance with non - dimensional number for better understanding. 
 
2. Methodology  
 

Air Entrainment research conducted by using vertical plunging jets, the experimental setup is 
shown in Figure 1. This experiment setup consists of a water pool, a water pump, nozzles, 
downcomers, an airflow meter, and a water flowmeter. There are various dimensions of nozzle and 
downcomer diameter were tested. Table 1 shows the operational conditions of the research. The 
water pump circulates the water, produces a vertical plunging water jet through the nozzle into the 
surface of the water pond, and generates air entrainment processes. Interaction between entrained 
air and water surface generates bubbles. The water flow meter and the airflow meter measure the 
water flow rate and the air entrainment flow rate, respectively [7, 8]. The dynamic of the generated 
bubble is recorded by video with a backlighting method. Minimum incoming light is needed to 
capture the best picture of the air entrainment. The light required only comes from the firing lamp, 
which is placed opposite to the camera in the pool (backlight) so that the air entrainment image 
obtained is as sharp as possible and clear to observe [9]. Video image then processes using image 
processing software to get quantitative data. 

Anemometer can measure the airflow and air velocity with range measurements for airflow 
around 0 - 999,900 m³/min and range for air velocity around 0.8 - 12.00 m/s [9]. The frame has a size 
of 1000 mm x 1400 mm x 1750 mm. Then this frame is held by a 3-inch caster wheel made of PVC. In 
an attempt to earn the best photography results when recording the air entrainment phenomenon, 
minimum incoming light is needed. The light source is limited only to the other side of the camera 
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direction.  This configuration will create a backlight so that the air entrainment image obtained is as 
sharp as possible [10]. 

 

 
Fig. 1. Schematics of experimental tools 

 
Table 1 
Tabulation of experimental data 
No. Independent Variable Range Unit 

1 Nozzle Diameter 9,12,14 mm 
2 Downcomer Diameter 24,34,44 mm 
3 Downcomer Length 400,450,500 mm 
4 Water Flowrate 10,12,14,16 Lpm 

 
To obtain data as accurately as possible, the authors use a data processing application (image 

processing) named ImageJ.  This software is an open-source image processing software based on 
Java. This software can filter images with pixels of 2048 x 2048 in just 0.1 seconds, 8-32bit in RGB 
color in a wide format. ImageJ offers image improvement as an optional selection, because of the 
need to take pictures at high speed (high-speed photo capturing). 
 
3. Results  
3.1 Microbubble Formation  
 

The phenomenon of air entrainment was recorded and then processed to obtain qualitative data. 
The recorded data is then processed using the software to acquire quantitative data. The video is 
converted first into a series of photos that represent each recording frame before the image 
processing. 

As illustrated in Figure 2, water jets hit the surface of the motionless water at relatively slow 
velocity (below the inception point). The collision forms a curve of the water-free meniscus. When 
the jet velocity increases, the meniscus depression also increases. If the jet speed is more than the 
inception speed, the air will be trapped and form bubbles and the observed entrainment. The 
resulting bubbles are small and follow the helicoidal path, which is around the centreline from the 
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direction of the jet crash. The entrained bubble moves downward, slowly decelerating. At a certain 
point, the speed becomes zero so that the bubbles rise to the surface of the water [6]. 
 

 
Fig. 2. Mechanism of Air Entrainment 

 
As depicted in Figure 3, when the jet hits the surface of the water, the surface tension of the pond 

breaks, creating a vacuum in the form of a water cavity. Observation shows the sequence of water 
surface tension breaks, while the meniscus of water is carried by jets that jump from the nozzle to 
the pond [10]. After reaching its maximum size, the energy that comes from the rupture of the 
meniscus at a certain depth creates a torus bubble. The trapped air continues to move down before 
it splits into smaller bubbles [7]. 
 

 
Fig. 3. Motion of Air Cavity Formation 

 
The bubbles that formed can be evaluated and divided into two different types based on the 

bubble region, namely 
i. Primary Bubble, a bubble inside the conical region. The primary bubble is mostly a fine 

bubble that has a diameter of about 1 mm [6]. 
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ii. Secondary Bubble, bubbles outside the conical region on the collection of bubbles in the 
observation pool. 

 
3.2 The Effect of Downcomer Diameter 
 

From the data presented in Figure 4, there is an increase in each downcomer and discharge given. 
Downcomer diameter tends not to have an influence on air entrainment rate or is arguably 
independent [7]. The varied downcomer diameters are 24 mm, 34 mm, and 44 mm. The penetration 
depth chart shows the best downcomer diameter to produce the deepest penetration is 24 mm in 
diameter. The existing theory shows that this is true, but for the diameter with the shortest 
penetration depth, there is a diameter of 34 mm. The dispersion area chart shows the influence of 
the downcomer diameter in water discharge, which has no pattern formed on the graph displayed. 
The increase in water discharge shows the increase in dispersion area, although the optimum 
dispersion area is not at the maximum water discharge. 
 

 
(a)                                                                   (b) 

 
(c) 

Fig. 4. Relation chart between Downcomer Diameter with (a) Air Entrainment Rate, (b) Penetration 
Depth, and (c) Bubble Dispersion Area 
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3.3 The Effect of Jet Velocity 
 

Figure 5 shows a comparison of jet velocity with a depth of penetration at each downcomer 
diameter at the nozzle diameter of 9 mm. From Figure 5(a), we can see that a downcomer with a 24 
mm in diameter performs the deepest penetration. The previous studies, with various diameters of 
the downcomer at 26 mm, 36 mm, and 46 mm, showed that a downcomer with a 36 mm in diameter 
performed the deepest penetration [11]. The theory put forward by Ohkawa, the downcomer 
diameter affects the depth of penetration. The smaller diameter of the downcomer penetrates 
deeper at the same jet speed [12]. The graphics presented in Figure 5(a). is in line with existing 
theories. 

Figure 5(b) shows the relation of the nozzle diameter (Dn) and the bubble dispersion area (Ad) 
using a nozzle diameter of 9 mm and a downcomer length of 40 cm, the value of the bubble 
dispersion area almost always increases every jet speed. Only the 34 mm diameter downcomer has 
decreased the bubble dispersion area. In each downcomer diameter, the best value in the 
downcomer diameter is fluctuating between 34 mm and 24 mm. The graph at the same nozzle with 
the downcomer length of 45 cm and 50 cm has a different phenomenon. The value of the bubble 
dispersion area at a 24 mm downcomer diameter is always the highest compared to other 
downcomer diameters. The results obtained are in line with the graph in Figure 5(b). Of the 
relationship between Jet Velocity and depth of penetration, the greater the diameter of the 
downcomer, the smaller the bubble dispersion area produced. 

Figure 5(c) depicts the value of air entrainment rate at 9 mm nozzle diameter with a Jet Velocity 
range from 2.62 m/s to 4.19 m/s. The most and the least air entrainment rate data is 20.68 LPM and 
8.27 LPM, respectively. Following the results of the graph, at the same jet speed, the rate of air 
entrainment is increasing to a 34 mm downcomer. When using a 44 mm downcomer, the resulting 
air entrainment rate drops. The increase in the air entrainment rate is proportional to the increasing 
jet velocity. Variation in the height of the downcomer with 40 cm, 45 cm, and 50 cm also affects the 
value of the water entrainment rate. Based on the graph, the air entrainment rate decreases as the 
length of the downcomer increases. Compared to previous research conducted by Raka Loh Jaya, the 
diameter of the downcomer with the most air entrainment rate is at 26 mm [13]. Research conducted 
by Tasdemir downcomer diameter with the most air entrainment tends to change at every jet speed. 
The results of all graphs in Figure 5(c) show that the downcomer diameter tends to be independent 
of the air entrainment rate [14]. 
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(a) (b) 

 

 
(c) 

Fig. 5. Relation chart between the Jet Velocity with (a) Depth Penetration, (b) Bubble Dispersion 
Area, and (c) Air Entrainment Rate 

 
3.4 Non-Dimensional Number Analysis 
 

For a deeper understanding, an analysis of non-dimensional numbers was carried out. The non-
dimensional numbers analyzed are numbers closely related to the phenomenon of bubble formation, 
such as Reynolds number, Weber number, and Froude number [15].  

Figure 6 shows the relation of air entrainment with non-dimensional numbers with Qg/Qw Ratio 
at 24 mm downcomer diameter and 40 cm downcomer length. The symbol in the graphic, squares 
are 9 mm diameter nozzles, circles are 12 mm diameter nozzles, and triangles are 14 mm diameter 
nozzles. The density value remains constant since the working fluid is water, the Qg/Qw ratio on the 
9 mm nozzle affects the Webber value, and the graphics depicted tend to be linear. Then on the 12 
mm and 14 mm nozzles, the resulting non-dimensional numbers are not affected by the ratio. 
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(a) (b) 

   

 
(c) 

Fig. 6. Correlation between (a) Froude Number, (b) Weber Number, and (c) Reynold Number to Ratio of 
Water and Gas Flow Rate 

 
4. Conclusions 
 

This research proves that the downcomer diameter at the time of increasing water flow does not 
affect water entrainment and penetration depth. The downcomer diameter does not affect the 
bubble diffusion. However, the air discharge is directly proportional to the bubble dispersion. At the 
penetration depth with increasing jet velocity and downcomer diameter, it is proven that the 
downcomer diameter is inversely proportional to the penetration depth. The dispersion of the 
bubbles is directly proportional to the jet velocity. Air entrainment is independent of downcomer 
diameter because the optimal value of air entrainment depends on the jet velocity. Non-dimensional 
parameters do not show any dependency. The 9 mm nozzle size is an exceptional because it shows 
an effect on Webber number. 
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