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Influence of Venturi tube geometry on the hydrodynamic cavitation and bubble generation

Venturi tubes have been intensively used to trigger hydrodynamic cavitation. Its simple and tunable design make it suitable for a wide range of applications. Although the impact of the Venturi geometries has been studied in different specific contexts no clear relation between cavitation and geometry has been drawn. In this work, we investigate numerically and experimentally the influence of several geometrical parameters on the cavitation inception and activity (bubble generation). Using a dimensionless number analysis, we found a relation between the cavitation inception and the single-phase flow resistance set by the geometry. In the cavitation regime, the loss coefficient increases following a single trend regardless of the studied geometries. Moreover, the amount of bubbles generated was found to be correlated to extra-loss induced by the cavitation process and the dissolved gas concentration. The insights gained in this study provided a guide to design efficient Venturi tube in regard to the cavitation process.

Introduction

The use of the hydrodynamic cavitation, due to its energy efficiency, simplicity and up-scaling potential [START_REF] Gogate | A review of applications of cavitation in biochemical engineering/biotechnology[END_REF], recently raised interest in various applications such as waste water treatment [START_REF] Sivakumar | Wastewater treatment: A novel energy efficient hydrodynamic cavitational technique[END_REF][3] [START_REF] Matevz Dular | Ultrasonics Sonochemistry Use of hydrodynamic cavitation in ( waste ) water treatment[END_REF], food processing [START_REF] Ashokkumar | Hydrodynamic cavitation -an alternative to ultrasonic food processing[END_REF][6] [START_REF] Milly | Inactivation of food spoilage microorganisms by hydrodynamic cavitation to achieve pasteurization and sterilization of fluid foods[END_REF], chemical reaction enhancing [START_REF] Gogate | A review and assessment of hydrodynamic cavitation as a technology for the future[END_REF] [START_REF] Arrojo | A theoretical study of hydrodynamic cavitation[END_REF][10] and mineral processing [START_REF] Zhou | Role of hydrodynamic cavitation in fine particle flotation[END_REF][12] [START_REF] Sobhy | Nanobubble column flotation of fine coal particles and associated fundamentals[END_REF]. Historically used as a flow meter and controller [START_REF] Perumal | CFD Study of the Effect of Venturi Convergent and Divergent Angles on Low Pressure Wet Gas Metering[END_REF][15] [START_REF] Randall | Rocket Applications of the Cavitating Venturi[END_REF],

Venturi tubes are widely used in hydrodynamic cavitation owing to low cavitation inception and large bubble production, which are desirable for a wide range of the processes [START_REF] Gogate | A review and assessment of hydrodynamic cavitation as a technology for the future[END_REF].

The geometrical parameters of a Venturi tube have drawn some researcher's attention as they can significantly impact local pressures and cavitation time scale [START_REF] Arrojo | A theoretical study of hydrodynamic cavitation[END_REF]. With the advantages of easy monitoring as well as geometry and ambient condition control, CFD simulation was widely used in the parameter study [START_REF] Scardovelli | Direct Numerical Simulation of Free-Surface and Interfacial Flow[END_REF]. Increasing tube throat length has been shown to have no obvious effect on tube losses and pressure changes except increasing the cavity size [START_REF] Ashrafizadeh | Experimental and numerical investigation on the performance of small-sized cavitating venturis[END_REF][18] [START_REF] Brinkhorst | Numerical Investigation of Effects of Geometry on Cavitation in Herschel Venturi-Tubes applied to Liquid Flow Metering[END_REF]. Increasing outlet-throat diameter ratio enlarges pressure difference at the same flow rate [START_REF] Ashrafizadeh | Experimental and numerical investigation on the performance of small-sized cavitating venturis[END_REF] [START_REF] Sadatomi | Performance of a new micro-bubble generator with a spherical body in a flowing water tube[END_REF]. When outlet angle increases, the pressure difference at inception decreases and the vapor generation amount increases together with the intensity of collapse, causing unsteady flow rate [START_REF] Perumal | CFD Study of the Effect of Venturi Convergent and Divergent Angles on Low Pressure Wet Gas Metering[END_REF] [START_REF] Ashrafizadeh | Experimental and numerical investigation on the performance of small-sized cavitating venturis[END_REF] [START_REF] Bashir | The CFD driven optimisation of a modified venturi for cavitational activity[END_REF] [START_REF] Brinkhorst | Numerical Investigation of Effects of Geometry on Cavitation in Herschel Venturi-Tubes applied to Liquid Flow Metering[END_REF]. To complete the Venturi parameter research the efficiency of cavitation needs to be examined and the cavitation behaviors need to be explained.

Dimensionless numbers such as cavitation number and loss coefficient can be used to globally describe the flow behavior as well as indicate the cavitation inception [START_REF] Rudolf | Characterization of the cavitating flow in converging-diverging nozzle based on experimental investigations[END_REF][19] [START_REF] Sadatomi | Performance of a new micro-bubble generator with a spherical body in a flowing water tube[END_REF].

In this paper, using both simulation and theory we investigate the synergy between cavitation and Venturi tube geometry. Preliminary simulations allow us to narrow the key parameters regarding cavitation and power consumption. Systematic measurement of the pressure, velocity, cavitation inception and bubble generation were conducted for various Venturi designs. The loss due to the flow resistance (single-phase) was distinguished from the loss induced by the cavitation. Our results reveal the key role played by the single-phase flow resistance (loss coefficient) on the cavitation inception and activity. Furthermore, the bubble generation was correlated to the cavitation loss and the dissolved gas concentration.

Material and Methods

Simulation

Single phase simulations were carried out using a commercial computational fluid dynamic software (COMSOL Multiphysics). The liquid flow was simulated using a stationary condition and k-ω turbulence model [START_REF] Eiamsa-Ard | 3-D Numerical simulation of swirling flow and convective heat transfer in a circular tube induced by means of loose-fit twisted tapes[END_REF]. Pressure and flow profiles were resolved in a 2-D axisymmetric domain. The code was found to converge with a mesh containing a number of elements of 100 000 or more. The pressure at the outlet was fixed to 1 atmosphere while the inlet velocity was varied to achieve throat velocities ranging from 8 to 23 m/s. Four main parameters were studied regarding the geometry optimization: the convergent or inlet angle (α), the throat length (L), the divergent or outlet angle (β) and the diameter ratio (D/d) as shown in Figure 1a. Table 1 summarizes the different geometries. 

3D Printing

The experimental optimization was conducted using 3D printed Venturi tubes. This technique allowed us to easily change the geometry using computer-aided design software (AutoCAD). Tubes were fabricated using Autodesk Ember Printer and were made of PR-57 polymer.

Equipment setup

General material and equipment

Figure 1b shows the experimental setup used to test the Venturi tubes. Tap water was flowed through the circuit using a peristaltic pump (Masterflex I/P Easy-Load) delivering a flow rate ranging from 0 to 10 L/min. The pump fluctuations were damped using a flow damper. The inlet pressure (p u ) and the flow rate (Q) were measured using a pressure transducer (IKA RW 20 digital) and a flow meter (Omega type FLR1001), both connected to an oscilloscope (Rigol DS1054Z). The outlet pressure was found to be constant and equal to the atmospheric pressure.

The measurements were taken once a stable state was reached (steady pressure and flow rate). and the recognized bubbles in white circles using our image analysis code.

Cavitation inception measurement

The cavitation inception was measured using a microphone (Florida Research Instrument) connected to an oscilloscope. When cavitation occurs, a characteristic high-frequency noise is detected in the acoustic power spectrum (Figure 1c) corresponding to the radiation of collapsing bubbles [START_REF] Moholkar | Hydrodynamic cavitation for sonochemical effects[END_REF].

Bubble generation measurement

The number of bubbles generated by hydrodynamic cavitation was monitored using a high-speed camera at 125 fps equipped with a high magnification lens (Fig 1d). The observation window was placed 26 cm downstream from the Venturi tube. A homemade MATLAB image analysis code was used to detect in-focus bubbles and measure bubble size. The bubble quantity and size distribution were calculated using 1362 images for each run.

Flow damper and dissolved gas

A sealed tank filled with water and air was used to dampen the pump pulsations. The air, being a compressible fluid, smoothed the fluctuations. The amount of dissolved gas was kept constant for geometry comparison by insulating the air inside balloons (no air-water interface).

The influence of dissolved gas was studied by removing the balloons which allowed the air to dissolve in water as the inlet pressure increased.

Parameters and Equations

Different tube geometries were compared using dimensionless numbers. The pressure change induced by a Venturi tube is characterized by the flow resistance, also called loss coefficient, (L c ) defined as:

𝐿 𝑐 = 𝑝 𝑢 -𝑝 𝑑 1 2 ρ𝑣 𝑡ℎ 2 ,
Where p d and p u are the downstream or outlet pressure and the upstream or inlet pressure, respectively, v th is the velocity in the throat and ρ is the liquid density. The potential of a flow to cavitate is characterized by the cavitation number defined as

σ = 𝑝-𝑝 𝑣 1 2 ρ𝑣 𝑡ℎ 2 ,
With p a reference pressure and p v the vapor pressure. The pressure was measured upstream and downstream leading to two possible definitions of the cavitation number:

σ 𝑑 = 𝑝 𝑑 -𝑝 𝑣 1 2 ρ𝑣 𝑡ℎ 2 𝑎𝑛𝑑 σ 𝑢 = 𝑝 𝑢 -𝑝 𝑣 1 2 ρ𝑣 𝑡ℎ 2 = 𝐿 𝑐 + σ 𝑑 ,
The power consumption P, the power loss across the tube, was calculated using:

𝑃 = 𝑄× 𝑝 𝑢 -𝑝 𝑑 ( ) .

Results and Discussion

In the Venturi tube geometry study, we focused on four geometrical parameters: inlet angle, throat length, outlet angle, and diameter ratio. For a preliminary understanding of the geometry's effects, single-phase numerical simulations were performed in advance to help indicate the critical parameters that require further experimental investigation.

Simulation Results

The numerical simulation provides the pressure profile along different tube models (Figure 2). Pressure evolution follows the same trend regardless the geometry. The pressure decreases since the liquid is accelerating in the throat (Bernoulli's principle) and then increases in the outlet to recover the atmospheric pressure. The inlet pressure differs from the outlet pressure due to viscous loss, which depends on the tube geometry. To identify the geometric key parameters, we focused our analysis on the inlet and throat pressures. The throat pressure is a good indicator of the cavitation as bubble nucleation is expected when the throat pressure reaches the vapor pressure. In addition, the inlet pressure characterizes the loss and thus the power consumption of a tube. Although single-phase simulations cannot accurately predict inlet and throat pressures, it allows us to identify a global trend and determines the critical geometrical parameters. Figure 2 shows the liquid pressure profile along the center of different Venturi tubes for a fixed throat velocity of 20 m/s. Figure 2a and 2b compare pressure profiles across different inlet angles (α) and throat lengths (L t ). Inlet and throat pressures are similar regardless of the geometry. Therefore, the inlet angle and throat length can be eliminated for further experimental studies. In contrast, the outlet angle (β) strongly affects the pressure profile in the tubes. As the outlet angle increases both the inlet and throat pressures increase. This trend originates from eddy formation at the outlet due to the sudden expansion. The higher the outlet angle, the larger the recirculation. This results in an extra loss and higher inlet pressure which in turn increase the throat pressure. For different diameter ratios (Figure 2d), similar inlet and throat pressures are observed. However, the same throat velocity requires differing flow rates resulting in different power consumptions. Based on these preliminary simulations we identify two key geometric parameters: the outlet angle as it strongly affects the pressure profile and the diameter ratio for its influence on the power consumption.

Experimental Results

Having identified the critical geometrical parameters above, their effects on power consumption and cavitation behavior were investigated by testing six fabricated Venturi tubes with different outlet angles and diameter ratios (see Table 1).

Cavitation Inception

We first study the influence of the geometry on the cavitation inception by comparing the cavitation number (σ d in ) and the power (P in ) at the inception in Figure 3. A decrease of the inception cavitation number with the outlet angle was observed (Figure 3 left), i.e. the higher the outlet angle, the higher the inception velocity. This trend was anticipated in the simulation part as the pressure in the throat increased with the outlet angle. Reaching the cavitation inception requires a higher velocity to overcome the pressure lost in the large eddies at the outlet. Consequently, the inception power drastically increases (by a factor of 5 from 5° to 90°) due to high pressure loss and high velocity. For the diameter ratio experiments, the inception throat velocities are similar and the cavitation number is constant (Figure 3 right). This agrees well with the simulations where similar pressure profiles were found at the same throat velocity. However, the inception power increases with decreasing diameter ratio since higher flow rates are required for the low ratio to achieve similar throat velocities. 

Loss Coefficient

In the previous section, we study the synergy between geometry and the cavitation inception and highlight the influence of the pressure loss on the inception determination. To further explore the correlation between cavitation inception and geometry, we compared the evolution of the loss coefficient (L c ) in term of the cavitation number (σ d ) for the different tubes (Figure 4). Two regimes can be identified: a single-phase regime at high cavitation number (low velocity) where the loss coefficient is constant and a cavitating flow at low cavitation number where the flow resistance linearly increases as the cavitation number decreases.

In the first regime, the loss coefficient exhibits a clear correlation with the outlet angle.

As anticipated, the dissipation associated with large eddy formation increases the flow resistance of big outlet angle tubes. Alternatively, different diameter ratios show only a slight loss coefficient deviation indicating a similar flow structure at small divergent angle. Once the cavitation starts, regardless of the geometry all the loss coefficients collapse into a single curve corresponding to a constant upstream cavitation number. Under cavitating flow, the throat pressure remains constant and is equal to the vapor pressure [START_REF] Randall | Rocket Applications of the Cavitating Venturi[END_REF].

Consequently, the inlet pressure only depends on the convergent geometry and the vapor pressure which results in a fixed upstream cavitation number. This result reveals that the pertinent cavitation number to describe the hydrodynamic cavitation is the upstream cavitation number (σ u ) as it takes into account the tube geometry through the inlet pressure. It is also interesting to note that the cavitation inception can be seen as the interception between the single-phase loss coefficient (L c0 ) and the constant inlet cavitation number (σ d ). Low flow resistance tubes (small L c0 ) have a higher inception downstream cavitation number (σ d in ) as

shown in the inception study.

Bubble generation

The cavitation phenomena consist of the nucleation of bubbles inside a liquid where the local pressure drops below the saturation pressure. As the pressure recovers a part of this bubble collapses while the other part can be stabilized by the dissolved gas inside the liquid and therefore can be recorded with a high-speed camera. This nucleation process is associated with an increase of the loss as shown in Figure 4. In Figure 5 we compared the cumulative bubble volume recorded by the camera to the extra-loss induced by the cavitation defined as the difference between the loss coefficient under cavitation and the single-phase loss coefficient (L c0 ) : The average loss coefficients before cavitation were extracted from Figure 4 and are summarized in Table 2. It should be noted that for the outlet angle of 19° and 90° no significant amount of bubbles was recorded. The total bubble volume increases linearly with the cavitation loss (ΔL c ) without regard to the tube geometries. The bubble generation depends only on the extra energy added to the system once the cavitation starts. Therefore, the tube efficiency regarding the cavitation process is determined by the inception point; the earlier the inception, the larger the amount of bubbles generated. In conclusion, the tube geometry fixes the single-phase loss coefficient (L c0 ) which in turn controls the cavitation inception and activity (bubble generation and collapsing).

△𝐿 𝑐 = 𝐿 𝑐 -𝐿 𝑐𝑜 ( ) .

Dissolved air on bubble generation

As discussed in the previous section, the stabilization of cavitated bubbles is controlled by the transfer of the dissolved gas into nucleated bubbles. Previous experiments were carried at a fixed amount of dissolved gas by insulating the air from the liquid in the flow damper (air entrapped into balloons). The influence of the dissolved gas was investigated by removing the balloons allowing the air to dissolve into water inside the pressurized flow damper. The total amount of bubbles with and without air insulation in terms of cavitation loss is shown in Figure 6. The total amount of bubbles increases faster without balloons (Figure 6 insert) indicating that more bubbles are stabilized. The dissolved gas concentration is governed by Henry's Law [START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF] and is proportional to the air pressure in the gas phase. The normalization of the total bubble volume by the atmospheric pressure in the insulated case and by the upstream pressure (pressure in the flow damper) in the other case collapses all data into a single line. This reveals that the bubble generation and stabilization are proportional to the dissolved gas concentration, and emphasizes the importance of the dissolved gas on the hydrodynamic cavitation.

Conclusion

A geometric optimization of Venturi tubes regarding hydrodynamic cavitation was performed using both simulations and experiments. The divergent angle and the diameter ratio were found to be the two key parameters to decrease the throat pressure and the power consumption. Using dimensionless numbers, two hydrodynamic regimes were identified in experiments: a single-phase geometry-dependent regime at low throat velocity and a cavitating flow at high throat velocity independent of the geometry. In the first regime the flow resistance (dimensionless pressure difference) is constant and increases with the divergent angle while in the cavitating regime all loss coefficients increase and collapse into a single curve. The cavitation inception corresponds to the intersection between these two regimes and is set by the loss coefficient before cavitation. Higher flow resistance results in higher inception velocity.

Under cavitating flow, the bubble generation scales linearly with the extra loss induced by cavitation (difference between the loss coefficient in the cavitating regime and the single-phase flow) and with the dissolved gas concentration. This confirms the universal behavior under cavitation for all the tested geometries. The efficiency of a Venturi tube to transfer the flow energy to the cavitation is characterized by the cavitation loss and depends on the single-phase flow resistance. Thus, the cavitation inception and activity (bubble generation and collapse) are governed by the Venturi tube geometry through the loss coefficient before cavitation.

Consequently, a powerful way to design efficient cavitation Venturi tubes is to decrease the single-phase flow resistance by lowering the divergent angle.
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 1 Fig 1. (a) schematic diagram of a Venturi tube and its associated parameter symbols, (b) schematic of the experimental setup, (c) acoustic power spectrum with and without cavitation, (d) high speed camera imageand the recognized bubbles in white circles using our image analysis code.

Fig 2 .

 2 Fig 2. Pressure profile along the Venturi tubes at 20 m/s throat velocity with different geometrical parameters: (a) inlet angle, (b) throat length, (c) outlet angle, (d) diameter ratio.
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 3 Fig. 3. Inception cavitation number and power for different outlet angles (left) and diameter ratios (right)
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 4 Fig. 4. Loss coefficient in terms of downstream cavitation number for different Venturi tube geometries.
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 5 Figure 5. Total bubble volume as the function of cavitation loss for different tube designs

Figure 6 .

 6 Figure 6. Total bubble volume (insert) and normalized bubble volume in terms of the cavitation loss with and without water-air insulation for a diameter ratio of 4.5 and outlet angle of 5°.

Table 1

 1 Specifications of Venturi tubes tested in single-phase numerical simulation.

	Subject	Inlet	Throat	Inlet	Throat	Outlet	Diameter
		Angle,	Length,	Diameter,	Diameter,	Angle,	Ratio,
		α ( o )	L (mm)	D (mm)	d (mm)	β ( o )	D/d
	Inlet Angle	5	10	9	2	5	4.5
	Inlet Angle	12	10	9	2	5	4.5
	Inlet Angle	19	10	9	2	5	4.5
	Inlet Angle	45	10	9	2	5	4.5
	Throat Length	19	5	9	2	5	4.5
	Throat Length	19	10	9	2	5	4.5
	Throat Length	19	20	9	2	5	4.5
	Outlet Angle*	19	10	9	2	5	4.5
	Outlet Angle*	19	10	9	2	12	4.5
	Outlet Angle*	19	10	9	2	19	4.5
	Outlet Angle*	19	10	9	2	90	4.5
	Diameter Ratio	19	10	9	4.5	5	2
	Diameter Ratio*	19	10	9	2.6	5	3.5
	Diameter Ratio*	19	10	9	2	5	4.5
	Diameter Ratio*	19	10	9	1.5	5	6
	* Tubes that were fabricated for experimental study		

Table 2 .

 2 The average single phase loss coefficient L c0 for the different geometries

	Tube Design	Mean System Loss,	Standard
		L c0	Deviation
	β=90° D/d=4.5	1.372	0.047
	β=19 o D/d=4.5	1.250	0.042
	β=12 o D/d=4.5	1.030	0.072
	β=5 o D/d=4.5	0.621	0.013
	β=5 o D/d=3.5	0.583	0.032
	β=5 o D/d=6	0.669	0.075
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