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ABSTRACT – The design of a Venturi microbubble generator (VMBG) is crucial in influencing 
the size and distribution of produced microbubbles, which are essential in several industrial, 
medicinal, and environmental applications. This study examines the impact of three critical 
geometric parameters: throat diameter, throat length, and divergent angle, on the formation of 
bubbles and the characteristics of flow. A combination of experimental visualization using 
Particle Image Velocimetry and computational fluid dynamics simulations using the Euler–
Lagrange approach with the realizable k-epsilon turbulence model was employed. Nine VMBG 
configurations were tested, with throat diameters of 8.5 mm, 12 mm, and 20 mm, throat lengths 
of 10 mm, 15 mm, and 30 mm, and divergent angles of 30°, 45°, and 60°. The findings showed 
that decreasing the throat diameter from 12 mm to 8.5 mm produced smaller and denser 
bubbles, resulting in an increase in flow velocity by 68% and vorticity by 30%. Results showed 
that smaller throat diameters (8.5 mm) increased flow velocities, turbulence, and vorticity, while 
longer throat lengths (30 mm) provided smoother fluid transitions. Larger divergent angles 
caused a significant drop in velocity, increased turbulence, and produced smaller bubble sizes. 
However, they also promoted bubble expansion and denser formation in the divergent section. 
Both throat diameter and throat length also played a crucial role in undergoing complete bubble 
formation stages. Experimental results, which were very similar to the computer results, verified 
the four stages of bubble formation: nucleation, expansion, coalescence, and breakdown. The 
study provides valuable insights for enhancing VMBG designs, enabling the creation of 
microbubbles with features suitable for specific applications. 
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1. INTRODUCTION 

The venturi microbubble generator (VMBG) operates by creating low-pressure zones that promote fluid movement 

and enhance cavitation, thereby facilitating the generation of microbubbles (MB) [1], [2]. The application of this 

technology spans various sectors, including agriculture [3], aquaculture [4], [5], medical treatment [6], [7], flotation [8], 

the automotive industry [9], [10], oil recovery [11], and marine engineering [12]. Controlling the generated size 

distribution of MB is essential for optimizing performance in these applications, as each application requires a specific 

size distribution. 

The size and distribution of MB are notably affected by the flow characteristics present within the geometry, which 

are contingent upon the geometrical configuration of the venturi and the prevailing flow conditions [1], [12], [13]. 

Previous studies have focused on how changes in throat diameter, throat length, and divergent angle affect bubble size 

and distribution in geometric configurations. The diameter of the throat influences the fluid velocity within the VMBG, 

where reduced diameters result in increased velocities and a greater potential for cavitation [14]. The study conducted by 

Huang et al. [15] revealed that a decrease in throat diameter notably enhances turbulence intensity and hastens the 

formation of MB, thereby improving the efficiency of processes such as oxidation and mixing. Furthermore, 

investigations conducted by Safreena et al. [16] revealed that reduced throat diameters result in a more significant pressure 

drop, thereby increasing the nucleation rate and regulating the size distribution of the produced bubbles. Optimizing the 

throat diameter is essential for customizing bubble characteristics and enhancing the performance of Venturi-based 

systems across various industrial applications.  

Throat length, on the other hand, impacts the residence time of the fluid within the low-pressure zone, thereby 

influencing the extent of cavitation and microbubble formation [14], [15]. Research by Ullas et al.[17]  highlighted that 

longer throat lengths increase the fluid's exposure time to low-pressure conditions, enhancing bubble growth and stability 

by allowing more nucleation and coalescence processes. Similarly, Sidhi et al. [18] found that optimizing throat length 

can reduce turbulence and improve bubble size consistency, making it crucial for applications requiring precise bubble 

control and efficient mass transfer. These findings underscore the importance of carefully designing throat length to 

balance fluid dynamics and maximize microbubble generation efficiency in Venturi-based systems.  
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The divergence angle is crucial in determining the fluidity of a constriction and its interaction with the environment, 

thereby affecting the generation and size distribution of bubbles. Prior studies have examined the impact of the divergent 

angle on flow reattachment and turbulence [9], [10], [11]. Subsequent research indicates that a larger divergent angle can 

promote smoother flow expansion and mitigate flow separation, thereby improving bubble stability and distribution [19], 

[20]. Nadumaran et al. [2] also found that optimizing the divergent angle enhances microbubble generation by reducing 

vortex formation and ensuring that the bubbles are all the same size. This demonstrates the importance of having precise 

control over bubble characteristics in VMBG systems [21]. Table 1 presents a structured comparison of earlier works to 

highlight the focus, methods, and limitations of the selected studies on VMBG geometry. 

Table 1. The summary of past studies on VMBG geometric parameters 

   Study 
Parameter 

Investigated 
Method Used      Key Findings    Limitations 

Huang et al. [15] Throat diameter Experimental Smaller diameters increase 

turbulence and cavitation 

No CFD validation 

Safreena et al. [16] Throat diameter Simulation Pressure drop enhances 

bubble nucleation 

Only a single 

parameter studied 

Ullas et al. [17] Throat length Experimental Longer throats increase 

residence time 

No link to bubble 

size 

Sidhi et al. [18] Throat length Experimental + 

CFD 

Flow stability improves with 

optimized length 

Divergent angle not 

considered 

Zhao et al.  [19] Divergent angle Experimental Larger angles increase 

recirculation and breakup 

Throat geometry not 

analyzed 

Nadumaran et al. 

[2] 

Divergent angle CFD Bubble breakup is sensitive to 

angle 

Lacks experimental 

support 

While earlier investigations have explored the separate influences of throat diameter and throat length on bubble 

formation in VMBGs, a comprehensive understanding of their combined effects remains lacking. The impact of throat 

diameter on fluid velocity and bubble nucleation is well-established [16]. However, the comparative influence of throat 

diameter and throat length on overall bubble production efficiency remains to be thoroughly investigated [1], [22]. 

Furthermore, the divergent angle has also been shown to influence bubble dynamics and flow patterns [23]. However, its 

role in optimizing bubble formation in conjunction with throat diameter and length has not been thoroughly explored. 

Most existing studies focus on isolated parameter effects and rely predominantly on either experimental or computational 

analysis [15], [20], leading to limited cross-validation and incomplete flow characterization. Therefore, there is a critical 

need for an integrated approach that combines experimental visualization and computational fluid dynamics (CFD), which 

holistically assesses how these geometric parameters collectively influence flow behavior and bubble formation in 

VMBGs. Moreover, the lack of integration between CFD simulations and experimental validation further restricts the 

generalizability of past findings. 

To address these gaps, the present study investigates the combined effects of throat diameter, throat length, and 

divergent angle on bubble formation characteristics in VMBGs. A dual technique comprising experimental testing with 

Particle Image Velocimetry (PIV) and numerical simulation utilizing the Euler-Lagrange model with the realizable k-

epsilon turbulence model was employed. The objective of this study is to (i) examine the flow characteristics and bubble 

formation stages across different geometries, (ii) validate CFD results against experimental observations, and (iii) identify 

optimal design parameters to improve microbubble generation performance. The insights gained will be useful for 

managing the distribution of generated MB sizes and enhancing performance for a variety of applications. 

2. METHODS AND MATERIAL 

2.1 Experimental Visualization 

The experimental visualization setup is illustrated in Figure 1, comprising a venturi, a water tank, a pump, and a PIV 

system. A total of six venturis with different throat diameters, lengths, and divergent angles were designed using 

SolidWorks 2020, a 3D design software. The detailed dimensions and design for all venturis are provided in Table 2 and 

Figure 2(a) and 2(b), respectively. Figure 3 shows the actual view of the experimental setup.  

The VMBGs were fabricated through CNC machining using acrylic material to maintain transparency for visualization 

purposes. In the experiment, water was used as the working fluid, and the VMBG was secured in a test rig measuring 

800 mm × 600 mm × 519 mm. A pump with 0.75 hp and 550 W was utilized to provide pressurized water to the VMBG, 

while another pump was used to circulate the water from the observation tank to the supply tank. The water flow rate was 

controlled using a ball valve and kept constant at 70 LPM. The PIV setup was used to observe the flow pattern and bubble 

formation between the throat and divergent sections of the VMBG. For calibration, it was performed on a defined plane 

to ensure laser alignment and accuracy. The camera and laser were fixed in place after calibration to maintain consistency 
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throughout data capture. The transverse stage was used to reposition the laser sheet and camera during scanning. Captured 

images were processed in Dynamic Studio software to extract velocity vectors and track tracer particles. 

 

Figure 1. Experiment setup used 

 

  
(a) (b) 

Figure 2. (a) The 3D drawing of the ideal venturi, (b) The dimensions of the ideal venturi 

 

 
Figure 3. Actual view of the experimental setup 
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Table 2. The dimension of the fabricated VMBG  

VMBG 
Convergent 

Angle 

Divergent 

Angle 

Throat 

Diameter (mm) 

Throat Length 

(mm) 

V1 19° 15° 8.50 20 

V2 19° 15° 12.50 20 

V3 19° 15° 20.00 20 

V4 19° 15° 11.11 10 

V5 19° 15° 11.11 15 

V6 19° 15° 11.11 30 

V7 19° 30° 11.11 20 

V8 19° 45° 11.11 20 

V9 19° 60° 11.11 20 

2.2 Computational Analysis 

A similar design of VMBG was utilized in a computational simulation analysis to obtain detailed flow characteristics. 

The virtual model was developed, with CFD selected as the Physics Preference and Fluent as the Solver Preference. A 

mesh independence test was conducted for the VMBG (V1) to ensure that the mesh size did not influence the results. The 

mesh quality, including orthogonal quality, skewness, and aspect ratio, was evaluated to determine the most suitable type 

of mesh for use throughout the study. The element size varied from 0.4 mm to 0.7 mm for the VMBG. A mesh 

independence study was conducted on VMBG 1 using element sizes from 0.7 mm to 0.4 mm. Results showed a difference 

of less than 1% in average velocity between the 0.5 mm and 0.4 mm meshes, confirming that 0.5 mm was sufficiently 

accurate and could be used for all models, as shown in Figure 4. 

 

Figure 4. Velocity graph of mesh independence study 

For the solver setup, the Euler-Lagrange flow model was employed to analyze the flow of the VMBG [22], [24]. 

Additionally, the realizable k-ε turbulence model was utilized to account for the effects of turbulence. The simulation 

employed the Euler–Lagrange multiphase approach to model water and air interaction, with turbulence effects captured 

using the realizable k–ε model due to its improved accuracy in swirling and separated flows, particularly in diffuser-type 

geometries[21], [25], [26]. The pressure at the outlet was maintained at 1 atm, while the inlet velocity was set according 

to a 70 L/min flow rate. The inlet velocity was calculated using the continuity equation. As for the wall condition, a non-

slip boundary condition was implemented. The control equations were discretized using the finite volume method, and 

the velocity-pressure coupling was solved by employing the semi-implicit pressure-linked equation (SIMPLE) method. 

The primary physical properties of the model setup are provided in Table 3. 

Table 3. The physical properties of water 

Fluid Property  Value and Unit 

Liquid (water) density  998.2 kg/m3 

Liquid (water) dynamic viscosity  0.001003 kg/m·s 

Gravity acceleration  9.81 m/s2 

Convergence was achieved when residuals dropped below 1×10⁻⁴ for all continuity and momentum equations. Temporal 

stability and convergence of transient solutions were monitored using velocity probes at key locations. 
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3. RESULTS AND DISCUSSION 

3.1 Effect of Different Geometry Parameters on Flow Characteristics 

3.1.1 Effect of throat diameter on flow characteristics   

Figure 5(a) illustrates the velocity distribution along the throat and divergent sections in all VMBGs. The relationship 

between throat diameter and fluid velocity shows that the velocity increases as the cross-sectional area (throat diameter) 

decreases [16], [17], [22], [27]. The same phenomenon can be seen in venturis with different throat diameters (V1, V2, 

and V3). In the case of V1, a significant drop in velocity of 1.5123 m/s after the throat, as the fluid exits into the divergent 

section, is found due to the sudden expansion of the divergent section after the throat section. For V2 and V3, larger throat 

diameters result in stable flow with less velocity variation [16], [22]. The closer throat and outlet diameters allow for 

smoother fluid transition, maintaining nearly constant velocity at the exit [28]. 

Table 4 illustrates the flow characteristics, including experimental visualization images, velocity vectors, and vorticity 

contours, within the VMBGs. In general, experimental findings indicate that bubble formation only occurs in the VMBG 

with the smallest throat (V1) and not in the other throat diameters. Recirculation flow occurs in all VMBGs at the 

divergent section, with the high-velocity region occurring on the upper side in V1 and the lower side in V2 and V3. 

Recirculation zones appear much earlier for V1 than V2 and V3, indicating high vorticity and denser bubble formation in 

the VMBG (Table 3) [14], [29]. Overall, the venturi with the smallest throat diameter (in this study, 8.5 mm) produced a 

smaller and greater density of bubbles due to a 30% increase in vorticity, as calculated by comparing the average vorticity 

magnitude in the divergent section for V1 against V3 using CFD post-processing tools in ANSYS Fluent. The data is 

further supported by the findings from [14], [30], which showed that the smallest bubble is produced from VMBG with 

a smaller throat diameter. 

3.1.2 Effect of throat length on flow characteristics   

As shown in Figure 5(b) (velocity distribution), the venturi with the longest throat (V6) illustrates the highest velocity 

rise compared to other VMBGs at the throat section. On the other hand, V4 exhibits a quicker transition in bubble 

formation compared to V5 and V6. Thus, the findings conclude that as the length of the throat increases, the velocity rise 

in the throat also increases and accelerates more rapidly. Conversely, a shorter throat would cause the fluid to accelerate 

more rapidly [31].  

As for the flow characteristics for venturis with different throat lengths, as shown in Table 4, experimental findings 

indicate that bubble formation occurs in the VMBG with the shorter throat length (V4 and V5) and not in V6, which has 

the longest throat length. It is observed that the maximum velocities of 3.466 m/s, 3.095 m/s, and 2.59 m/s at the throat 

section for V4, V5, and V6, respectively, indicate the effect of throat length on flow velocity along the throat area. This 

shows that the velocity in a longer throat (V6) results in gradual velocity recovery compared to V4 and V5. In addition, 

the length of the throat also impacts the vorticity distribution, which leads to the disintegration of gases in the VMBG, 

with Table 4 illustrating that V4 and V5 exhibit slightly lower vorticity from the throat section to the divergent section 

compared to V6. Findings show that the length of the throat can influence the strength and formation of these vortices, 

affecting the vorticity levels in the flow field and thereby impacting the dispersion and interaction of bubbles within the 

flow.  

3.1.3 Effect of divergent angle on flow characteristics   

As for the comparison between different divergent angles (VMBG 7, 8, and 9) in Figure 5(c), the venturi with the 

larger divergent angles (V9) shows a great drop in velocity after the throat section. The results indicate a greater velocity 

drop after the throat section as the divergent angle increases. VMBGs with 30º and 45⁰ divergent angles (V7 and V8) 

show a similar trend, with average velocities of 4.849 m/s and 4.337 m/s, respectively, while V9 has an average velocity 

of 3.114 m/s. The velocities in V7 and V8 are higher, but the divergent angle is too large, leading to rapid velocity 

recovery at the divergent section. These findings are consistent with those of a previous study [20], [23], [31], [32].  

Regarding the effect of divergent angles on flow characteristics, as shown in Table 3, experimental findings indicate 

that bubble formation occurs in all VMBGs. Table 4 also shows the velocity vector plots illustrating the presence of a 

recirculation zone at the wall in all VMBGs, with the largest occurring in the venturi with the largest divergent angle 

(V9). The presence of recirculation zones in the divergent section generates higher vorticity levels. This initiates longer 

bubble residence times within the divergent section [32], [33]. Bubbles tend to be trapped or recirculated within these 

zones for a longer duration, which can result in smaller bubbles [33]. The findings also show irregular vorticity at V8 and 

V9. This is because sudden expansion in the divergent section triggers the onset of vorticity [19], [32], [33].  
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Figure 5. (a) The velocity distribution of different throat diameters, (b) velocity distribution of different throat lengths 

and (c) velocity distribution of different divergent angles 

 

Table 4. The outcome of bubble formation (experimental result), flow vectors (computational result), turbulent intensity 

(computational result) and vorticity (computational result) of different geometry parameters 

Parameters Bubble formation Flow vector Turbulent intensity Vorticity 

  

   
Throat 

diameter 

    
Throat 

length 

    
Divergent 

angle 
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3.2 Bubble Formation Characteristics in VMBGs 

3.2.1 Bubble formation characteristics in VMBG with different throat diameters 

Table 4 illustrates the detailed bubble formation in V1 at a flow rate of 70 LPM. The bubble formation data is 

organized as follows: V1 is shown in the first row, V4 in the second row, and V9 in the third row. Overall, V1 experiences 

the four stages of the bubble nucleation (cavitation) formation phenomenon: bubble nucleation, bubble growth, bubble 

coalescence, and bubble breakup. At 0.0 ms (milliseconds), the bubble starts to form at the upper corner of the throat. The 

elongation of bubbles continues at 1.2 ms until 2.4 ms. The bubble starts to break up at 3.6 ms. Between 4.8 ms and 6.0 

ms, the bubble breaks up more significantly, resulting in the generation of finer and more dispersed bubbles. This occurred 

due to the turbulent intensity and vorticity, which enhanced the bubble breakup [15], [34]. Thus, the diameter of the throat 

can be considered one of the prominent geometric parameters that can be controlled to obtain the desired microbubble 

sizes [35]. In summary, experimental findings on formation phenomena, supported by simulation results, demonstrate 

that a small throat diameter increases flow velocities, associated vorticity, and turbulent intensity [34]. This may result in 

slow bubble breakup and dispersion, leading to the formation of smaller and denser bubbles. Thus, the throat diameter 

can be considered one of the prominent geometric parameters that can be controlled to obtain the desired microbubble 

sizes [15], [35].  

3.2.2 Bubble formation characteristics in VMBG with different throat lengths 

Table 5 illustrates the bubble formation characteristics in V4 at 70 LPM. At 0.0 ms, V4 experiences bubble cavitation 

at the upper corner end of the throat. In 2.4 ms, the bubble starts to break up in V4. It experiences continuous bubble 

breakup from 3.6 ms to 6.0 ms. From the results, changes in throat length may impact the flow dynamics and the ability 

to maintain a stable flow regime. Findings prove that the length of the throat can affect the dispersion and interaction of 

bubbles within the flow [30]. These variations in velocity and turbulence, coupled with vorticity, influence the formation 

of bubbles. The data is further supported by the findings from [17], [31], which obtained the same findings on bubble 

formation by using different throat lengths. 

3.2.3 Bubble formation characteristics in VMBG with different divergent angles 

Table 5 presents the experimental visualization of the detailed bubble formation characteristics in V9, along with the 

turbulent intensity contours obtained from computational simulation at 70 LPM. In general, all three VMBGs experience 

the four stages of the formation phenomenon of bubble nucleation (cavitation), bubble growth, bubble coalescence, and 

bubble breakup. V9 shows the bubble cavitation at 0.0ms, then elongates at 1.2 ms. At 2.4 ms, the bubble continues to 

elongate. The bubble in V9 begins to break up at 3.6 ms. At 6.0 ms, the experimental findings illustrate that V9 produces 

a much denser number of bubbles compared to V4. A larger divergent angle can promote faster bubble expansion and 

stretching due to decreased flow velocities [23]. This phenomenon also indicates denser bubble formation in the divergent 

section. Besides, rapid expansion can also cause bubbles to reach their maximum size more quickly, resulting in smaller 

bubbles being formed overall (as shown in the red circle in Table 5 at 2.4 ms).  

Table 5. The outcome of bubble formation (experimental result) in all VMBGs 

Parameters Bubble formation images in 6ms 

Throat 

Diameter 

 
  

Throat 

length 

 
  

Divergent 

angle 
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This finding is supported by several works regarding the bubble collapse or breakup in a VMBG [29], [30], [31], [36]. 

In summary, experimental findings on the bubble formation phenomenon, supported by the flow characteristics, show 

that a larger divergent angle leads to a more intensive bubble breakup process, resulting in a higher density of smaller 

bubbles compared to a smaller divergent angle [37].    

Overall, the bubble formation with different geometry parameters is further supported by the simulation findings, 

namely, velocity distribution, turbulent intensity, vorticity, and velocity vector. Due to these changes in velocity 

distribution, turbulent intensity, and vorticity, a bubble experiences four main stages of formation characteristics, which 

are bubble nucleation (cavitation), bubble growth, bubble coalescence, and bubble breakup, as summarized in Table 6.  

Table 6. The summarized outcome of computational simulation and experimental visualization 

Parameter Throat Diameter Throat Length Divergent Angle 

Impact on Velocity Higher flow 

velocities 

More gradual increase in 

velocity 

Affects deceleration and 

recirculation of flow 

Impact on Vorticity More pronounced 

vorticity 

Affects the strength of 

vortices 

Promotes vorticity at 

divergent walls 

Impact on Turbulence Greater turbulent 

intensity 

Affects bubble interaction Influences the spread and 

turbulence near walls 

Bubble Characteristics Smaller and denser 

bubbles 

Larger, elongated bubbles 

with reduced turbulence 

Finer bubbles with greater 

breakup potential 

4. CONCLUSIONS 

This study investigated the impact of three important geometric factors, such as throat diameter, throat length, and 

diverging angles, on bubble generation and flow in VMBGs. These factors are significant for bubble formation in both 

experimental imaging with Particle Image Velocimetry (PIV) and computational fluid dynamics (CFD) simulations. 

Comparison in terms of throat diameter shows that the reduction of diameter from 12.5 mm to 8.5 mm increased the flow 

velocity by 68%, apparently, this also increases turbulence and vorticity. Thus, the bubbles generated were smaller and 

denser. This result was the same in both experimental and simulation data. Besides, longer throat length reduces the 

turbulence and makes the flow more stable, while shorter throat lengths accelerate the flow and induce stronger vorticity. 

This resulted in a longer throat producing bigger and more stable bubbles, while a shorter throat produced smaller and 

denser bubble formation. Lastly, the diverging angle had a significant impact on velocity and turbulence in the VMBG. 

Angles of up to 60° caused the velocity to drop greatly after the throat. This made it easier for bubbles to grow and 

circulate more, which led to smaller bubbles. Bubbles stayed in the water longer than in a larger divergent angle.  

The study demonstrates that the throat diameter, throat length, and diverging angle play vital roles in the generation 

of microbubbles. The results showed how different geometric parameters affected the bubbles' size, speed, turbulence, 

and vorticity. This showed how geometry affects bubble properties. To get the desired bubble characteristics for 

applications in areas such as water treatment, biomedical devices, and environmental systems, it is essential to 

meticulously adjust these parameters. The study also revealed that CFD simulations were accurate by comparing them to 

experimental data from PIV. The validation confirmed that the CFD model could properly predict microbubble production 

and flow dynamics. Researchers need to examine how flow rates and increasingly complex fluid behaviors impact VMBG 

designs for various applications in the future. 
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