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Abstract: Hydrodynamic cavitation (HC) is increasingly employed across various industrial 

sectors—from food and pharmaceutical production to wastewater treatment and packaging—thanks 

to its ability to generate shock waves and enhance extraction processes. Traditionally, Venturi tubes 

with circular cross-sections are used; however, in pursuit of more efficient and energy-sustainable 

solutions, new configurations are being developed. This study proposes the Reuleaux Triangle (VRA) 

as an alternative to the circular section, highlighting how its high Perimeter-to-Area ratio enables 

significantly higher pressure gradients and intensifies the cavitation phenomenon. The work presents 

a systematic theoretical and methodological analysis, focusing on the geometric comparison between 

the VRA and circular cross-sections, without relying on experimental data or numerical simulations. 

The analysis demonstrates that increasing the Perimeter-to-Area ratio in the VRA leads to higher 

pressure differences, shorter bubble collapse times, and more intense implosive effects—factors that 

are crucial for enhancing process efficiency. In addition, both the transformation of the tube section 

and an optimized internal configuration—designed to reduce friction, erosion, and solid 

accumulation—are illustrated, thus ensuring a reliable device even under extreme operating 

conditions. These results suggest that the VRA geometry offers significant potential for the 

intensification and optimization of controlled hydrodynamic cavitation processes, although full 

validation of these theoretical hypotheses will require future experimental studies. 

Keywords: hydrodynamic cavitation; VRA geometry; reuleaux triangle; bubble collapse 

intensification 

 

1. Introduction 

Hydrodynamic cavitation occurs when, in a moving fluid, the pressure drops below the vapor 

tension (ρᵥ), causing the formation of bubbles that, upon collapse, rapidly release energy in the form 

of shock waves. The pioneering work of Brennen [1] and the contributions of Franc and Michel [2] 

provided the theoretical foundations for understanding this phenomenon, which is now applied in 

industrial processes such as the extraction of active ingredients, sanitation, and the optimization of 

chemical reactions [3,4]. 

Bernoulli’s equation, expressed as: 

 
𝑝 +  ½𝜌𝑣2 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡”   

 

(1) 

 

is fundamental for understanding pressure recovery along the flow; however, Venturi tubes 

with circular sections show limitations in generating extremely high pressure gradients. The 

Reuleaux Triangle (VRA from Venturi, Reuleaux, and Albanese), stands out precisely for its high 

Perimeter/Area ratio, which allows for a more rapid and intense pressure recovery, thereby 

increasing the pressure difference (Δp). Experimental and numerical studies have shown that an 

increase in Δp reduces collapse times and increases the implosion speed of bubbles [5–7], intensifying 

the cavitation phenomenon and enhancing its energetic effectiveness [8,9]. These results, together 
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with further research on future applications, suggest that the VRA may offer more efficient and 

sustainable solutions for water treatment and the extraction of bioactive compounds [10,11].  

This contribution is theoretical and methodological, focusing on a comparative geometrical 

analysis of the Perimeter-to-Area ratio between the Reuleaux triangle and circular cross-sections, in 

order to highlight its influence on the key parameters of controlled cavitation. 

2. Mathematical Comparison Between Circular Venturi and VRA 

In order to quantitatively assess the advantages of the Venturi Reuleaux Triangle (VRA) over 

the traditional circular Venturi, it is essential to compare their key geometric and physical parameters. 

This section presents a detailed mathematical analysis, focusing on perimeter-to-area ratios, pressure 

differences, bubble dynamics, and the resulting effects on cavitation performance.  

2.1. Perimeter and Area 

Circular Venturi 

𝐴𝑐𝑖𝑟𝑐 =  𝜋 ·  𝑟2 

𝑃𝑐𝑖𝑟𝑐 =  2𝜋 ·  𝑟 
𝑃𝑐𝑖𝑟𝑐

𝐴𝑐𝑖𝑟𝑐
=

2𝜋 ·  𝑟

𝜋 ·  𝑟2
=

2

𝑟
 

VRA Venturi 

𝐴𝑉𝑅𝐴 =
(𝜋 − √3) ·  𝐿2

2
 

𝑃𝑉𝑅𝐴 =
(2 𝜋 ·  𝐿)

3
 

𝑃𝑉𝑅𝐴

𝐴𝑉𝑅𝐴

=
(

2𝜋𝐿
3 )

(𝜋 − √3) · 𝐿2

2

=  
4𝜋

3(𝜋 − √3)𝐿
 

therefore: 

 

𝑃𝑉𝑅𝐴

𝐴𝑉𝑅𝐴
>

𝑃𝑐𝑖𝑟𝑐

𝐴𝑐𝑖𝑟𝑐
 

 

(2) 

 

As highlighted in (2), the VRA exhibits a higher P/A ratio, meaning that per unit area the fluid 

interacts with a larger surface, generating more intense pressure gradients. 

2.2. Pressure Difference (Δp) 

The pressure difference, defined as the difference between the recovery pressure and the vapor 

pressure, is commonly expressed by Bernoulli’s equation (1). In traditional devices, this Δp is limited 

by classical geometries, whereas the VRA, thanks to its higher Perimeter/Area configuration, enables 

a more rapid pressure recovery and consequently a significant increase in Δp. Studies conducted by 

Shi et al. [12]  have shown that higher pressure gradients can intensify the cavitation phenomenon, 

while Advani and Arefmanesh [13] demonstrated that a high Δp contributes to greater efficiency in 

extraction and purification processes. These findings suggest that the VRA, with its increased Δp, 

offers operational advantages over circular models. 

2.3. Collapse Time and Velocity 

Several studies, beginning with those of Board and Kimpton [14], have highlighted the 

importance of the relationship between Δp and bubble behavior. According to these studies, an 

increase in Δp results in a reduction in collapse time—making the process faster—and a higher 

implosion velocity of the bubbles. Naidu et al. [15] further elaborated on this concept, emphasizing 

that devices with high Δp, such as the VRA, generate more violent and rapid bubble implosions. This 

effect is crucial for industrial applications that require a strong energy release, for example, to break 
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down cellular structures during the extraction of bioactive compounds or to enhance water 

purification processes. 

2.4. Shock Pressure 

The shock pressure developed during bubble collapse is a key indicator of cavitation 

effectiveness. For example, Charrière and Goncalvès [16] conducted experiments demonstrating that 

an increase in the pressure gradient—i.e., a higher Δp—leads to shock waves of significantly greater 

intensity. Similarly, Qiu et al. [17] developed numerical models that confirm that a higher collapse 

velocity, directly correlated with an elevated Δp, translates into intensified shock pressure. These 

observations clearly indicate that the VRA, capable of generating a higher Δp, produces much more 

violent bubble implosions—essential for industrial applications that require a robust energy release 

to break up aggregates or cellular structures. Such evidence is further supported by studies showing 

that greater pressure gradients result in more intense shock pressure, significantly enhancing the 

overall effectiveness of cavitation applications [18]. 

3. Comparison of Operational Performance 

It is clear that, at equal flow rate, the VRA generates a higher Δp compared to the circular Venturi 

tube. This increase, achieved through a more rapid pressure recovery, leads to shorter bubble collapse 

times and a higher implosion velocity [14,17]. These effects combine to produce an intensified shock 

pressure, a fundamental element for improving cavitation effectiveness [16,17]. In practical terms, the 

VRA enables more violent bubble implosions that can break down cellular structures or contaminant 

aggregates, thus enhancing processes such as the extraction of bioactive compounds and water 

treatment [13,18]. These results, supported by both theoretical models and experimental evidence, 

demonstrate the operational superiority of the VRA over the circular model. 

4. Transition from Circular Section to VRA 

It is appropriate to describe the geometric transformation process from the classic circular-

section Venturi tube to the new VRA. 

 

Figure 1. Transition from the circular section to the Reuleaux section. 

The figure shows how a tube with a circular section can be gradually transformed into a VRA 

section. This transformation can be achieved through electroerosion. 

5. Internal Section 

A possible internal configuration is illustrated, characterized by curvatures designed to evenly 

distribute energy during bubble collapse and to reduce the risk of friction, erosion, and the 

accumulation of solid particles. 
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Figure 2. internal geometry of the VRA with curvatures designed to reduce friction, erosion, and solid deposits. 

This solution was designed because sharp angles can create zones of stress concentration Yang 

et al. [19]. Shad’s work highlights the importance of developing configurations that minimize the 

effects of friction and erosion, while Jiang et al. [20] show that an accurate internal design increases 

durability and operational reliability. Thus, the VRA not only intensifies the cavitation phenomenon 

due to the higher Δp, but also ensures high performance under extreme operating conditions. 

6. Future Applications 

The potential applications of the VRA extend to numerous industrial sectors. In the food 

industry, for instance, the VRA could revolutionize the extraction of bioactive compounds from plant 

raw materials, improving both yield and extract quality through its ability to facilitate the breakdown 

of cellular structures [3,4,21]. Similarly, in the beverage sector, the VRA can optimize both 

sterilization and mixing processes, reducing processing times and ensuring higher-quality final 

products [8,10,22–24]. In the pharmaceutical field, the adoption of the VRA for the extraction of active 

ingredients and the formulation of emulsions and suspensions promises to enhance product efficacy 

and bioavailability [4,25,26]. Furthermore, the VRA’s ability to generate intense shock waves makes 

it particularly suitable for water treatment and purification, facilitating the removal of both organic 

and inorganic contaminants [9,18,27,28]. 

In the future, pilot tests will be necessary to verify the VRA’s performance in the field. Yang et 

al. [19] underscore the importance of developing configurations that reduce friction and erosion 

effects, ensuring consistent performance, while Jiang et al. [20] suggest that refined geometric 

modifications can intensify chemical reactions in industrial processes. These findings, together with 

numerous experimental and theoretical studies, open new prospects for the industrial application of 

the VRA. 

7. Conclusions 

The Venturi Reuleaux Triangle (VRA) represents a significant evolution compared to the 

traditional circular Venturi tube, thanks to its high Perimeter/Area ratio that enables the generation 

of more intense pressure gradients and more violent bubble collapses. By adopting this configuration, 

the VRA achieves a higher Perimeter/Area ratio, which accounts for the increase in pressure 

difference (Δp) observed in the studies of Shi et al. [12] and Advani and Arefmanesh [13]. 

The analyses by Board and Kimpton [14] indicate that a higher Δp leads to shorter collapse times 

and a greater collapse velocity, thereby generating shock waves of higher intensity. This aspect is 

further confirmed by the experimental work of Charrière and Goncalvès [16] and the numerical 

models developed by Qiu et al. [17], which demonstrate that higher pressure gradients translate into 

intensified shock pressure—significantly improving the effectiveness of cavitation processes. 

Similarly, studies by Yang et al. [19] emphasize the importance of developing configurations that 

reduce friction and erosion effects, ensuring performance stability over time. These results suggest 
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that, thanks to its innovative configuration, the VRA may prove to be superior and more efficient 

compared to traditional circular models. 
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