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Abstract: Cavitation is a typical physical process that has shown to be highly valuable in the wastewa-
ter treatment field. This study aims to investigate the effects of the converging and diverging sections
of a Venturi tube on the cavitation flow field. Multiphase flows in tubes are presented using the
mixture model and the standard k-e¢ model. And the Schnerr and Sauer cavitation model is employed
to simulate the vapor-liquid phase transition process. Both grid independence and the numerical
method’s feasibility were validated before the research. The results showed that the influence of the
divergence section length on Venturi cavitation characteristics depends on the provided pressure
conditions. As the pressure increases, shorter divergence sections result in more significant cavitation
effects. The length of the convergence section displays various cavitation behaviors under differ-
ent pressure situations. A small contraction section length can achieve better cavitation effects in
high-pressure applications, whereas the opposite is true in low-pressure cases. Within the scope of
this study, it was observed that the Venturi tube with a divergent section of 14 Lt and a convergent
one of 2.4 Lt provided enhanced cavitation performance when subjected to inlet pressures ranging
from 0.8 to 1.2 MPa. Our findings indicate that the selection of converging and diverging section
lengths in Venturi tubes should consider the corresponding operational pressure conditions, which
provides valuable guidance and engineering significance in the research and development of Venturi
cavitation devices in hydraulic engineering.

Keywords: Venturi tube; cavitation; vapor volume fraction; low-pressure zone

1. Introduction

Cavitation is a typical vapor-liquid phase change mechanism that is commonly found
in throttling structures. When the liquid’s local static pressure is lower than the saturated
vapor pressure at a reference temperature, the tiny gas nuclei in the liquid or the gap
at the solid-liquid interface gradually grow under the action of internal and external
pressure differences, and finally collapse and release a large amount of energy after pressure
recovery [1-4]. Currently, cavitation plays an important role in addressing the issue of
wastewater [5,6]. The localized high temperature and high-pressure environment created
by cavitation bubble collapse can cause the water molecules near the bubble surface to
pyrolyze into hydroxyl and hydrogen free radicals, which then have the effect of oxidizing
organic pollutants in the water body through the diffusion of hydroxyl free radicals in the
liquid medium [7]. Various studies have assessed the efficacy of cavitation in wastewater
treatment: Innocenzi et al. [8] carried out laboratory-scale research on the effectiveness
and possibility of treating methyl orange solution with cavitation of the Venturi tube;
their results demonstrated that the cavitation induction into the oxidation process can
improve dye degradation under regulated operating settings. Bagal et al. [9] investigated
the degradation effect of the residual pharmaceutical diclofenac sodium in wastewater
using a novel approach combining hydraulic cavitation and heterogeneous photocatalysis
and discovered that, under ideal conditions, the combined treatment had an advantage over
the single treatment scheme. Mezule et al. [10] developed a rotational cavitation device that

Appl. Sci. 2023, 13, 7476. https:/ /doi.org/10.3390/app13137476 https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13137476
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app13137476
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13137476?type=check_update&version=3

Appl. Sci. 2023,13, 7476

2 of 20

generates cavitation in a thin water layer in order to investigate the effect of hydrodynamic
cavitation on the disinfection of E. coli. Experiments have demonstrated that hydrodynamic
cavitations are particularly efficient in reducing bacterial division capacity. Badve et al. [11]
used a cavitation device that included a stator and a rotor assembly to clean effluent from
the wood finishing sector within a specific rotating speed range, and they discovered that
the chemical oxygen demand (COD) in real wastewater may be significantly lowered.
Therefore, it is evident that hydraulic cavitation has shown considerable promise in the
realm of wastewater treatments.

However, the design of hydrodynamic cavitation reactors has a substantial impact
on their cavitation performance. At present, there exist four main types of cavitation
reactors that are typically utilized in a laboratory setting: the orifice plate, the Venturi tube,
vortex, and rotary types [12,13]. While the latter two types exhibit low pressure loss, their
intricate structure and high maintenance costs serve as limiting factors for their widespread
adoption. In contrast, both the orifice plate and Venturi tube cavitation reactors operate on
similar principles of cavitation and offer the advantages of simple design, ease of use, and
strong controllability. Nevertheless, the orifice plate cavitation reactors are more prone to
blockages at sudden changes in the flow channel section and experience greater pressure
losses than the Venturi tube counterparts. Therefore, the Venturi tube cavitation reactors
are more widely applied in the field of hydraulic cavitation.

Until recently, researchers’ interest in Venturi cavitation characteristics has not waned.
Most of them focus on the cavitation inception, evolution process, cavitation instability,
and the structural parameters of Venturi tubes. Simpson et al. [14] analyzed the effect of
key geometric parameters, such as the throat length and diffuser angle of Venturi tubes
on cavitation inception. Further, Li et al. [15] investigated the impact of various geometric
parameters on cavitation inception using a numerical simulation and experimental methods
and discovered that flow resistance determines cavitation inception. Sato et al. [16] used
a high-speed video camera to visualize the behavior of a moving bubble cavitation in a
Venturi from the inception to collapse process. Brunhart et al. [17] verified two mechanisms
of vapor shedding (re-entrant jet and condensation shock) and offered more information on
vapor shedding using the computational fluid dynamics (CFDs) method. Fang et al. [18]
investigated the primary features and physical signals of two vapor-shedding mecha-
nisms in Venturi tubes using a self-developed compressible cavitation phase change solver.
Long et al. [19] evaluated the global cavitation behavior in a Venturi tube and found that
the inlet pressures had no effect on the cavity length, which was only a function of the
pressure ratio or the cavitation number. Kuldeep et al. [20] optimized the structural char-
acteristics of various types of Venturi tubes (such as slit, circular, and elliptical), and they
came to the conclusion that the optimal geometry for cavitational activity has a throat
height/diameter to length ratio of 1:1 and a divergence angle of 6.5°. Shi et al. [21] carried
out two-dimensional (2D) CFD simulations using a two-phase mixture model to investigate
the impact of the convergent angle on the cavitation performance in the Venturi tube;
the numerical findings revealed that a larger convergent angle enhances the cavitation
yield but requires more power. In addition, they developed a semi-empirical model for
predicting cavitation in the Venturi tubes. In a study by Zhao et al. [22], experiments
were conducted to identify the role of the Venturi divergent angle in bubble breakup and
showed that the divergent angle had a significant influence on the deceleration process.
The larger the divergent angle, the shorter the distance and time, which is required for
bubble deceleration.

While much research has been conducted on the inception, evolution, and structural
parameters of Venturi-induced cavitation, there remains a lack of discussion on the influence
of converging and diverging section lengths of a Venturi on cavitation characteristics under
varying operating pressure. Furthermore, in this study, the convergence and divergence
angles of the Venturi tube, which are significant factors influencing cavitations, were not
altered. This provided a favorable starting point for conducting such research. Additionally,
the Venturi cavitation reactors are often subject to different pressure conditions in various



Appl. Sci. 2023,13, 7476

3 0f20

application scenarios, such as wastewater treatment, organic compound synthesis, and
biodiesel production [23-25]. Therefore, we focus our attention on an investigation of the
effect of diverging and converging section lengths on cavitation characteristics at different
pressure conditions. In this study, several Venturi devices with varying converging and
diverging section lengths were simulated with a two-phase mixture model and the standard
k-¢ turbulence model, and the simulated results were validated using an actual pressure
drop and flow rate data. Additionally, changes in the cavitation flow field within the Venturi
under different pressure conditions were also investigated. Other flow field characteristics
in the Venturi, such as the maximum throat velocity, mass flow rate, and vapor volume,
were also measured and analyzed. The findings and conclusions from this study can
provide insights for the design and application of Venturi cavitation devices.

2. Materials and Methods
2.1. Governing Equation and Turbulence Model

The governing equation can be utilized to elucidate the liquid flow behavior in a
Venturi tube. In the presence of cavitation, the flow in a Venturi tube is a combination of
vapor and liquid phases. To describe the two-phase flow of vapor and liquid in a Venturi
tube, the mixture model is applied [7,15,21,26]. Based on this, a hypothesis is proposed,
which assumes that the vapor and liquid phases are homogeneously mixed and able to
permeate each other, regardless of their relative velocities. Moreover, it is assumed that
the fluid is continuous during the flow process and the impact of volume force on fluid
movement is negligible. The continuity and momentum equations of the mixture phase are
provided as follows:

V- (pme) =0 (1)

V- (omVmVm) = —Vp+ V- [ym (va + val)} )

where pm, Vm, and pm denote the mixed phase’s density, mass-averaged velocity, and
viscosity, respectively. p is pressure; V is the nabla symbol.

The phenomenon of cavitation is often accompanied by significant turbulence and the
formation of cavities within the fluid flow, which grow, merge, collapse, and ultimately
affect the performance and durability of engineering devices. The complex nature of
cavitation events, which exhibit different time-scales and are influenced by various flow
parameters, poses significant challenges for accurate and efficient numerical simulation.
Although Direct Numerical Simulation (DNS) can be used to simulate the details of cavi-
tation flows, it is computationally expensive and impractical for most actual engineering
applications. Consequently, the Reynolds-averaged Navier-Stokes (RANS) equations are
widely accepted to model the time-averaged variables of such a turbulent flow in the Ven-
turi device. According to the calculations performed using the Reynolds number formula,

_ pwvd

Hw
where p,, denotes water density, v represents the average flow velocity at the inlet of
the Venturi tube, d is the diameter at the inlet of the Venturi tube, and i, represents the
viscosity of water.

The Reynolds numbers for all investigated operating conditions in this study fall
within the range of 34,174 to 141,767. These values significantly exceed the widely accepted
critical Reynolds number threshold of 5000 for lamina flow in pipes. Hence, it can be
inferred that the flow inside the Venturi tube exhibits turbulent characteristics. To account
for the turbulence, the standard k-¢ model is employed, which has been extensively vali-
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dated by previous researchers [20,27,28]. The transport equations for the turbulence kinetic
energy (k) and its dissipation rate (¢) are expressed as follows:
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where p denotes fluid density; k is turbulent kinetic energy; ¢ is turbulent kinetic energy
dissipation rate. x and the subscripts i and j represent the coordinate direction; u; is
the component of the velocity vector in the i direction; Gy represents the generation of
turbulence kinetic energy due to the mean velocity gradients; G, is the generation of
turbulence kinetic energy due to buoyancy; Y represents the contribution of the fluctuating
dilatation in compressible turbulence to the overall dissipation rate; Sk and S, are user-
defined source terms; 0} and o, are the turbulent Prandtl numbers of turbulent kinetic
energy k and dissipation rate ¢, which are 1.0 and 1.3, respectively. Cy, Cy, and Cs, are
model constants, which are 1.44, 1.92, and 0.09, respectively. y; is turbulent viscosity.

2.2. Cavitation Model

The Rayleigh—Plesset equation and its variations are commonly employed to simulate
mass transfer in the cavitation phenomena. Within the Ansys Fluent software package,
three prevailing cavitation models are available, namely, the Singhal, Schnerr and Sauer,
and Zwart-Gerber-Belamri models. Among these models, the Singhal model is the most
comprehensive, considering the effects of phase transition, bubble motion, turbulent pres-
sure fluctuations, and non-condensable gases on vapor phase formation and condensation.
However, its numerical stability is inferior to that of the Schnerr and Sauer model and
the Zwart-Gerber-Belamri model. In addition, prior studies [21,28,29] have utilized the
Schnerr and Sauer model to analyze Venturi cavitation, making it a suitable choice for
simulating vapor-liquid mass transfer in Venturi tubes. The rate of evaporation (Re) and
the rate of condensation (Rc) of vapor in the Schnerr and Sauer models can be expressed
as follows:

When P < Py

3 [2(Py—P)

Re = Fvap%"w(l - “V)%iB gT (6)
m

When P > Py
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where py is the density of vapor; p; is the density of liquid phase; P is the pressure in the
liquid surrounding the bubble; Py is the saturated vapor pressure of water; Fyap and Foonq
are empirical calibration coefficients for evaporation and condensation, which are 1.0 and
0.2, respectively. ay is the vapor volume fraction; g is the bubble radius; «y is a function
of §RB
ny % 7'[5)%%
141y % T éR%

®)
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where ny, is the bubble number density, and the default value of np, =1 x 10'> m~3 is taken
in Fluent.

2.3. Geometric Model

Figure 1 shows the geometric structure of a Venturi tube. Based on the Venturi pipe
designed by Long et al. [19], the straight pipe of the inlet and outlet sections is adequately
extended. The entrance straight pipe is 5Dy, and the outlet straight pipe is 35D;. Meanwhile,
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in order to investigate the impact of the lengths of converging and diverging sections on
Venturi cavitation characteristics, a series of 15 Venturi models were constructed under
varying operational conditions, as outlined in Table 1. The models maintained a consistent
throat diameter (L; = Dt = 10 mm), convergence angle (¢ = 45°), and divergence angle
(B =12°). In addition, the dimensionless parameter cavitation number is also included in
Table 1, which reflects the cavitation flow state inside the Venturi tube, which is obtained

from the following equation:
o= Pout — Py (9)

1
501U

where Py is the outlet pressure, and Uy, is the average velocity at the throat of the
Venturi tube.

50 350
= B
&) a)
Figure 1. The geometry of the Venturi tube.
Table 1. Structural and operational parameters of Venturi model.
Pin Lc Din . L4 Dout
Cases (MPa) o (mm) (mm) Lc/Djq (mm) (mm) L4/Dout
1 0.2595 48 50.00 0.960 140 39.42 3.55
2 0.2603 48 50.00 0.960 190 50.00 3.80
3 0.4 0.2608 48 50.00 0.960 240 60.46 3.97
4 0.2480 24 29.88 0.803 190 50.00 3.80
5 0.2678 72 69.64 1.030 190 50.00 3.80
6 0.1294 48 50.00 0.960 140 39.42 3.55
7 0.1298 48 50.00 0.960 190 50.00 3.80
8 0.8 0.1299 48 50.00 0.960 240 60.46 3.97
9 0.1236 24 29.88 0.803 190 50.00 3.80
10 0.1328 72 69.64 1.030 190 50.00 3.80
11 0.0860 48 50.00 0.960 140 39.42 3.55
12 0.0863 48 50.00 0.960 190 50.00 3.80
13 1.2 0.0865 48 50.00 0.960 240 60.46 3.97
14 0.0823 24 29.88 0.803 190 50.00 3.80
15 0.0881 72 69.64 1.030 190 50.00 3.80

2.4. Solution Strategy and Grid Independence

In the present study, 2D axi-symmetric models of Venturi tubes were simulated using
a pressure-based solver. The working fluids considered were water and vapor, and the
surrounding environment was maintained at 25 °C. The specific boundary conditions used
for calculations in this study are listed in Table 2. For pressure solution, the PRESTO scheme
was selected, and the first-order upwind discretization scheme was employed to discretize
turbulent kinetic energy and turbulent dissipation rates. The momentum and vapor were
discretized using the second-order upwind discretization scheme and QUICK scheme,
respectively. Pressure—velocity coupling was carried out using the SIMPLE algorithm. To
ensure convergence, the consistency of mass flow rates at the inlet and outlet was checked,
and a convergence criterion of residual of the continuity equation below 10~ was set. All
CFD simulations were performed under steady-state conditions.
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Pressure inlet
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Table 2. Boundary conditions applied to the calculation.

Section Boundary Conditions Remark
Working fluid . Primary phase: water
Second phase: vapor
Inlet Pressure inlet Table 1 (0.4-1.2 MPa)
Outlet Pressure outlet 0.1 MPa
Wall No slip condition The wall treatment méthod: standard
wall functions
Intensity and hydraulic Intensity: 3%
Turbulence diameter Hydraulic diameter: 50 mm

Accurate simulations in computational fluid dynamics (CFDs) require careful con-
sideration of the mesh size used. Therefore, conducting a sensitivity analysis is crucial to
evaluate the impact of varying grid sizes on the accuracy and consistency of simulation
results. As shown in Figure 2, ANSYS ICEM was employed to generate a structural mesh
and apply local refinement to create half of two-dimensional Venturi geometric model,
given its axial symmetry characteristics. Additionally, initial grid layers were positioned
within the turbulent core region to ensure that most wall-adjacent grids had Y+ values
exceeding 30. The heights of the first layer of grids were set to 0.1 mm, 0.08 mm, and
0.05 mm for model circumstances of 0.4 MPa, 0.8 MPa, and 1.2 MPa, respectively. The
Y+ distribution of the Venturi tube is depicted in Figure 3 across three distinct pressure
conditions. It is evident that the Y+ values for all pressure conditions predominantly reside
within a reasonable range of 30 to 300 (suitable for standard wall functions). For the Venturi
geometric model with a divergence segment length of 190 mm, four different grid sizes
were generated with respective cell counts of 21,064, 41,584, 80,804, and 121,211. Figure 4
displays the absolute pressure profile along the Venturi wall for four distinct mesh sizes.
It is evident that no significant deviation in the pressure distribution occurs upon further
grid refinement beyond a certain point when using 80,804 grid cells. Therefore, it can be
asserted that a grid containing 80,804 cells is sufficient to conduct the present simulation.
The identical mesh generation approach was also utilized for both the model parameters
of 140 mm and 240 mm divergence section lengths, resulting in mesh element counts of
74,632 and 87,484, respectively.

No slip wall
Pressure outlet

E——
—_—

Figure 2. The refinement of the Venturi tube throat.
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Figure 3. Distribution of Y plus at different inlet pressures.
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Figure 4. Absolute pressure profile of Venturi in four different mesh sizes.

3. Results and Discussion
3.1. Verification of the Simulation Method

In order to verify the reliability of the proposed numerical method, the Venturi tube
geometry model utilized in the Long et al. [19,30] experiment was employed as the CFD
calculation model. The inlet pressure was fixed at 0.4 MPa, whereas the outlet pressure
ranged between 0.091 MPa and 0.378 MPa, with the temperature set at 19 °C, resulting in a
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saturation vapor pressure of 2200 Pa. In addition, the pressure ratio is defined as the ratio
of outlet pressure to inlet pressure, which can be written as follows:

Pout
Pratio = %

1

(10)

where Py, is the inlet pressure.

The simulated flow rate results were subsequently compared with the experimental
data. Figure 5 displays a comparison between the measured flow rate and the predicted
values obtained from numerical simulations using the Venturi tube model employed in the
experiment. As depicted in the figure, while there exists a discrepancy of 4.49% between
the critical pressure ratio prediction from numerical simulation and its corresponding ex-
perimental value at the inception of cavitation, the numerical simulation results agree well
with the experimental values for pressure ratios below 0.8. Figure 6 shows a comparison
of the distribution of the vapor phase obtained from the experiment [30] and numerical
simulations at an outlet pressure value of 0.188 MPa. It is noteworthy that there is a high
degree of consistency in the extent of cavity development between the two approaches.
And from the detailed local flow streamlines, it can be observed that there is a recirculation
region at the downstream end of the cavitation region. The emergence of this structure
effectively inhibits further extension of the cavity. This observation indicates a good agree-
ment between the numerical simulation results and the experimental measurements under
cavitation conditions.

4.0

35| —=— Exp cavitation
—&— CFD cavitation
—&— Exp non-cavitation
—&— CFD non-cavitation

Py
=)
T

D
W
1

Volume flow rate/(L-s™ 1)
N
o

15F |
| |
1.0 F o
| |
|
05F 0.85 : : 0.89
|
| |
0.0 1 1 M 1 M 1 M L M 1 l\\l / 1

02 03 04 05 06 07 08 09 10 1.1
P

Figure 5. Comparison of experimental flow rate and simulation results.

ratio
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Figure 6. Comparison of the distribution of vapor phase between the experiment and the numeri-
cal results.

3.2. Effects of Divergent Length on Cavitation Characteristics
3.2.1. Analysis of Pressure and Vapor Volume Fraction

Figures 7 and 8 depict the changes in the absolute pressure and vapor volume fraction
for varying divergence lengths of Venturi tubes at inlet pressures of 0.4 MPa, 0.8 MPa, and
1.2 MPa. The results indicate that the absolute pressure variation profile is similar across
all three operating conditions, characterized by a sudden drop in pressure, followed by
the lowest pressure in the throat, and eventually rebounding to the outlet pressure. The
aforementioned process was also reported in a study conducted by Hwang et al. [28], who
observed that the pressure flatness at the throat of the Venturi indicates the occurrence of a
phase transition. However, our current study reveals that the influence of the divergence
length on the absolute pressure is contingent upon the inlet pressure. Specifically, when
the inlet pressure is 0.4 MPa, as depicted in Figure 7a, the curves representing the absolute
pressure variation for the three different divergence lengths show a remarkable overlap,
suggesting that the length of the divergence section has a negligible effect on the absolute
pressure under these conditions. In Figure 7b,c, the effect of the length of the divergence
section on the absolute pressure becomes more prominent when the inlet pressure is
either 0.8 or 1.2 MPa. It is observed that shorter divergence sections in Venturi tubes
result in longer low-pressure zones, which promote bubble formation. This distinction
becomes increasingly apparent with higher inlet pressures. The rationale behind this
phenomenon can be ascribed to the synergistic impact of two key factors: the inlet pressure
and the expansion of the diameter in the diverging section. In the context of higher
pressure conditions, the length of the low-pressure zone within the Venturi tube is not
solely determined by the magnitude of the inlet pressure but is also influenced by the
degree of diameter expansion in the diverging section. Venturi tubes with shorter diverging
sections exhibit a relatively smaller increase in diameter. As a result, the velocity decay
inside the tube is gradual, leading to an extended low-pressure zone. Figure 8 exhibits a
rising trend in the vapor volume fraction within the Venturi’s throat, which is aligned with
the previously discussed pressure variation. These findings indicate that the low-pressure
region in the throat plays a significant role in generating cavities. Furthermore, it has
been observed that there exists a certain degree of overlap in the ascending segment of the



Appl. Sci. 2023,13, 7476

10 of 20

vapor phase curve under varying pressure conditions, suggesting that alterations in the
length of the divergent section do not impact the cavitation characteristics of the throat.
Moreover, at an inlet pressure of 0.4 MPa, the distribution of vapor volume fraction remains
consistent across different divergence section lengths. However, at inlet pressures of 0.8
MPa and 1.2 MPa, this consistency is broken, and an increasing trend is observed in both
the amplitude and coverage area of the vapor volume fraction with a decreasing divergence
section length. This shows that shorter divergence section lengths under higher pressure
circumstances are beneficial to enhance the cavitation effect in the Venturi tube.

04 08 12[ .
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Figure 7. Absolute pressure variation along Venturi wall with different divergence lengths under
varying inlet pressure: (a) 0.4 MPa, (b) 0.8 MPa, and (c) 1.2 MPa.
100 100 100
A 1
—s—case 1 (L14L,) i —8—case 6 (L=14L,) 1 —&—case 11 (L=14Ly)
g or —e-case2 (Le1oL) | 50T ¢ ~e-case7@LetoLy | € T : - © -case 12 (L~19L)
3 --A- case3 (Lg=24L) | 3 i --A- case8 (Lg24L) | = ° - -A- case 13 (Ls=24L)
2 60} 260} ! 260} H
2 2 ! 2 H
g g ! g '
& & i & 4
] o I v 3 1
g 40f E 40 | E40f ;
s G i G 2
£ 5 | E !
S 20f g 20} ! S 20} )
< < < N
> > I > i
! '
OF & LA e A A O & ;L———OMI-—*G—O~A Of & "'-~—-’LA——E}—-!-A'>~A
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80

The axial position of the venturi tube/Throat diameter

(@)

The axial position of the venturi tube/Throat diameter The axial position of the venturi tube/Throat diameter
(b) (©)

Figure 8. Vapor volume fraction variation in Venturi tube with different divergence lengths under
varying inlet pressure: (a) 0.4 MPa, (b) 0.8 MPa, and (c) 1.2 MPa.

Figure 9 presents a comparison of the vapor volume fraction contours for three diver-
gence lengths of the Venturi at various inlet pressures. The figure illustrates that vapor
initially appears in the neck of the Venturi and then develops further in the divergence
section. Furthermore, it is worth noting that the sensitivity of the vapor volume fraction
exhibits variations under different pressure conditions. When the inlet pressure is 0.4 MPa,
the cavity lengths of the Venturi with different divergence lengths are very similar, as
demonstrated in Figure 9a. This can be attributed to the relatively small pressure differ-
ence in the Venturi at this point, resulting in a shorter low-pressure zone formed in the
Venturi throat compared to the 0.8 and 1.2 MPa conditions. According to the research by
Bashir et al. [31], the extent of cavity growth is determined by the residence time of the
cavity within the low-pressure region. Thus, under the pressure condition of 0.4 MPa, the
generated cavity has a shorter residence time in the throat and collapses in the diffusion
section before it fully develops to the outlet. So, the cavity length is weakly influenced by
the length of the divergence section in this situation. Figure 9b,c show that the Venturi
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with a shorter divergence length has a broader coverage of the cavitation region when the
inlet pressure is 0.8 or 1.2 MPa. This variation can be attributed to the fact that the shorter
divergence section reduces the cross-sectional area of the outlet, which in turn reduces the
pressure recovery rate in the Venturi and lengthens the cavitation coverage area. This is also
confirmed by the work of Kuldeep et al. [20], which shows that the pressure recovery rate in
the downstream section has a significant impact on the growth of these generated cavities.

3.2.2. Analysis of Cavitation Collapse Strength

Figure 10 depicts the profiles of the turbulence kinetic energy (TKE) along the axis of
a Venturi tube for various inlet pressures, which reveals two conspicuous spikes in TKE
within the Venturi tube, corresponding to the inception of cavitation at the throat and
the subsequent collapse of bubbles in the divergence section. Notably, the surge in the
TKE during the collapse of cavitation bubbles surpasses that during the throat cavitation
inception, which is indicative of a pronounced release of energy during bubble collapse.
Upon comparing Figure 10a—c, it is evident that changes in the length of the divergence
segment do not significantly impact the fluctuation behavior of the first turbulent kinetic
energy inside the Venturi tube, which can be attributed to the fact that variations in the
length of the divergent section have no impact on the cavitation characteristics at the throat
of the Venturi tube. Nonetheless, there are noticeable differences in the variations of the
second turbulent kinetic energy within the tube due to changes in the length of the Venturi
tube divergence under various inlet pressures.

To gain further insights into the fluctuation characteristics of the turbulent kinetic en-
ergy, Figure 11 exhibits the trends in the variation at two distinct locations of peak turbulent
kinetic energy across diverse pressure conditions. It can be seen that the turbulent kinetic
energy peak values at the throat of the Venturi tube are consistent for different divergence
lengths at different inlet pressures, and the peak values show a linear relationship with the
inlet pressure. In addition, as the inlet pressure increases from 0.4 to 1.2 MPa, the turbulent
kinetic energy peak in the divergence section of the Venturi tube undergoes two stages of
growth. In the first stage, a short divergence section results in fast peak growth. In the
second stage, the slow growth of the peak value can be attributed to the fact that as the
cavities develop closer to the exit straight section under higher pressure conditions, the
variation in the cross-sectional area at the diffuser section is minimal, leading to a slow
enhancement of the cavitation collapse intensity. Furthermore, the maximum diameter that
the cavities can achieve imposes a limitation on further improvements in the cavitation
collapse intensity.

3.2.3. Analysis of Flow Field Parameters

Several significant flow field parameters at three different pressure conditions were
collected in Table 3 to assess the impact of divergence section length on the cavitation flow
field more accurately. The table shows that for the inlet pressure of 0.4 MPa, the variation
of the cavitation volume of Venturi with different divergence section lengths is very tiny.
However, at the inlet pressure of 0.8 and 1.2 MPa, Venturi tubes with shorter divergence
section lengths obviously have higher cavitation volumes, which is consistent with the
analysis in Figure 8. Furthermore, the maximum velocity of the throat increases slightly as
the length of the divergence section decreases under varied inlet conditions. Another fact
we may observe is that with the same inlet pressure, the outlet mass flow rate of Venturi
tubes with various diffusion lengths is nearly identical, indicating that the diffusion length
has no significant impact on the outlet mass flow rate.
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Figure 9. Vapor volume fraction contour of Venturi tubes at various inlet pressures and divergence
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Figure 11. Variations of turbulence kinetic energy peaks at two locations (throat and divergence) in a
Venturi tube under different pressures.
Table 3. Comparison of Venturi tubes’ flow field characteristics at various pressures and diffu-
sion lengths.
Pin Ld Q Vt Vol
Cases (MPa) o (mm) (kg-s1) (m-s—1) (mm?3) Vapm
1 0.2595 140 1.88831842 27.29931 17,694.4 0.8916025
2 04 0.2603 190 1.88298337 27.26803 18,965.5 0.8933302
3 0.2608 240 1.88450754 27.23960 18,932.1 0.8932120
6 0.1294 140 2.67930270 38.68253 106,551 0.9799927
7 0.8 0.1298 190 2.67167545 38.62886 85,491.1 0.9747809
8 0.1299 240 2.67394078 38.60078 85,072.4 0.9747983
11 0.0860 140 3.29722403 47.45741 268,358.5 0.9915485
12 1.2 0.0863 190 3.28465412 47.39365 162,272.6 0.9926510
13 0.0865 240 3.28479553 47.33728 149,088.7 0.9912778

Vi represent the maximum velocity of the Venturi throat; Vol is the volume of the cavity in the Venturi; Vapn, is

the maximum

vapor holdup.
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3.3. Effects of the Convergent Length on Cavitation Characteristics
3.3.1. Analysis of Pressure and Vapor Volume Fraction

Figures 12 and 13 disclose the influence of the convergence section length on the
absolute pressure and vapor volume fraction at various inlet pressures. Figure 12 indicates
that the impact of the convergence section length on the absolute pressure of the flow field
depends on the inlet pressure. Specifically, when the inlet pressure is 0.4 MPa, a slower
pressure recovery rate is observed for the Venturi with a 24 mm convergence section length.
These results suggest that a contraction section length of 24 mm results in a higher throat
velocity and slower velocity reduction, potentially impacting the intensity of cavitation.
However, for inlet pressures of 0.8 or 1.2 MPa, a shorter convergence section length leads
to a longer low-pressure region, with greater differences observed as the inlet pressure
increases. Furthermore, changes in the absolute pressure can affect the volume fraction of
vapor, as depicted in Figure 13. The coverage and amplitude of the vapor volume fraction
decrease as the length of the convergence section decreases when the inlet pressure is
0.4 MPa. Conversely, when the inlet pressure is 1.2 MPa, the coverage area of the vapor
volume fraction increases with decreasing convergence section lengths. These findings
indicate that the impact of the convergence section length on the cavitation characteristics
of the Venturi tube is non-monotonic and also dependent on the inlet pressure conditions.
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Figure 12. Absolute pressure variation along Venturi wall with different convergence lengths under
varying inlet pressure: (a) 0.4 MPa, (b) 0.8 MPa, and (c) 1.2 MPa.
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Figure 13. Vapor volume fraction variation in Venturi tube with different convergence lengths under
varying inlet pressure: (a) 0.4 MPa, (b) 0.8 MPa, and (c) 1.2 MPa.

Figure 14 compares the effect of the length of the convergence section on the distribu-
tion of the vapor phase under different pressure conditions in a more visible way. It can
be observed that the cavitation cloud within the Venturi tube, characterized by a 24 mm
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convergence section length, exhibits a distinct “jet” shape under an inlet pressure of 0.4
MPa. Furthermore, it is noteworthy to mention that the length of the cavitation cloud
is comparatively shorter compared to other convergence length scenarios. The observed
phenomenon can be ascribed to the direct impact of the length of the convergence section on
the cross-sectional area of the inlet. The Venturi tube with a small cross-sectional area of the
inlet has a higher inflow velocity under the same inlet pressure. Cavities in the throat may
have a shorter residence time due to the higher flow velocity, and they are carried into the
divergence section by the flow before they fully develop and are pushed to both sides of the
tube axis by the flow. As a result, cavitation clouds develop into the shape of jets. However,
when the inlet pressure is 0.8 or 1.2 MPa, the shorter convergence length of the Venturi
tube has a longer cavitation cloud. There are two potential causes for this. On the one hand,
as depicted in Figure 12, a bigger pressure difference causes the low-pressure area with a
shorter contraction section length to be longer, which is beneficial to the development of
the cavity. Furthermore, fluid impinging on the wall of the convergence section will result
in a significant flow loss at high-pressure differentials. Shorter convergence structures
reduce the flow loss in the convergence section, improve the throat velocity, and extend the
cavitation cloud’s coverage area.
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Figure 14. Vapor volume fraction contour of Venturi tubes at various inlet pressures and convergence
lengths: (a) 0.4 MPa, (b) 0.8 MPa, and (c) 1.2 MPa.

3.3.2. Analysis of Cavitation Collapse Strength

The formation and collapse of cavities often lead to changes in the local turbulent
kinetic energy [14,20]. Figure 15 depicts the profile of turbulent kinetic energy distribution
within the Venturi tube under varying inlet pressures. The plot effectively captures the
discernible alterations in turbulent kinetic energy resulting from the inception of cavitation
at the throat region and the subsequent bubble collapse in the divergence segment. In
contrast to Venturi tubes with varying divergence lengths, alterations in the convergence
length of a Venturi tube exert an influence on the turbulent kinetic energy at both the
throat and diffuser sections. Comparing the profiles of the turbulent kinetic energy in
Figure 15a—c, it is evident that the effect of the convergence length on the turbulence kinetic
energy at the throat is consistent, regardless of the pressure conditions. Clearly, the peak
value of the turbulent kinetic energy at the throat increases with the increasing convergence
length. The turbulent kinetic energy distribution at the divergence section of a Venturi tube
varies differently under varying pressure conditions. Specifically, at an inlet pressure of
0.4 MPa, it is apparent from Figure 15a that Venturi tubes with longer convergence lengths
exhibit higher peak turbulent kinetic energy and stronger bubble collapse intensity at the
divergence section. Conversely, at an inlet pressure of 1.2 MPa, the peak turbulent kinetic
energy at the divergence section of Venturi tubes with different convergence lengths is
similar, and the intensity of the bubble collapse is comparable as well. These observations
suggest that the variations in the turbulent kinetic energy at the divergence section of the
Venturi tube are more sensitive to pressure conditions than the convergence length.

Figure 16 presents the trends in the variations of the two locations of turbulent kinetic
energy peaks within the Venturi tube. In general, both peaks show an increase as the
inlet pressure rises. The growth trend of the peak at the throat is relatively stable. Longer
convergent sections in the Venturi tube lead to higher turbulent kinetic energy peaks.
However, the impact of the convergent section length on the turbulent kinetic energy peak
in the divergence section depends on the inlet pressure. As the inlet pressure increases,
the effect of the convergent section length on the turbulent kinetic energy peak in the
divergence section gradually diminishes. This indicates that the effect of the Venturi tube
convergence section length on the downstream bubble collapse strength is limited, and this
effect gradually weakens as the inlet pressure increases.
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Figure 15. Variation of turbulence kinetic energy along the axis of the Venturi tube under different
inlet pressures: (a) 0.4 MPa, (b) 0.8 MPa, and (c) 1.2 MPa.
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Figure 16. Variations of turbulence kinetic energy peaks at two locations (throat and diffuser) in a
Venturi tube under different pressures.

3.3.3. Analysis of Flow Field Parameters

Table 4 presents the variations in several flow field parameters for each Venturi model
across different inlet pressure conditions. According to the data in the table, under different
inlet pressures, the mass flow rate and the maximum velocity of the throat show different
degrees of decrease with an increase in the length of the convergence section. This indicates
that the maximum velocity of the throat and the mass flow of the Venturi are not only
related to the inlet pressure but also to the length of the convergence section. In addition,
the variation in the cavitation volume observed in the table indicates that the effect of the
convergence section’s length on the cavitation characteristics depends on the provided
inlet pressure. When the inlet pressure is low, a short convergence section length does not
improve the cavitation effect of the Venturi tube. When the inlet pressure is high, a small
convergence section length can significantly improve the cavitation effect, and the cavitation
effect becomes more significant as the inlet pressure rises. Thus, the specified pressure
conditions should be considered while determining the length of the convergence section.
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Table 4. Comparison of Venturi tubes’ flow field characteristics at various pressures and conver-

gence lengths.
Pin LC Q Vt Vol
Cases (MPa) o (mm) (kg-s—1) (m-s—1) (mm?) Vapm
4 0.2480 24 192805647  28.05349 8058.9 0.9013388
2 0.4 0.2603 18 188341402 27.27604 19,173.1 0.8957157
5 0.2678 72 1.86739731 26.88531 19,232.4 0.8973735
9 0.1236 24 272022116 39.705% 110,433.2 0.9740466
7 0.8 0.1298 18 2.67167545 38.62886 85,491.1 0.9747809
10 0.1328 72 265792438 38.19953 77,2813 0.9731250
14 0.0823 24 3.34104545 48.63226 253,014.8 0.9919481
12 12 0.0863 18 328465412 47.39365 162,272.6 0.9926510
15 0.0881 72 326788526 46.89446 146,933.8 0.9918739

Vi represent the maximum velocity of the Venturi throat; Vol is the volume of the cavity in the Venturi; Vapn, is
the maximum vapor holdup.

4. Conclusions

In this study, the CFD method was used to study the Venturi tube’s cavitation phe-
nomenon. The effects of convergence and divergence segment length on Venturi tube
cavitation characteristics are investigated and discussed. The findings provide useful
guidance for designing and studying Venturi structures under various pressure conditions.
The present work leads to the following conclusions:

The cavitation characteristics around the throat region are generally unaffected by
changes in the divergence section’s length. In addition, the influence of the divergent section
length on Venturi cavitation characteristics relies on the pressure conditions provided. With
the increase in pressure drop, the Venturi tubes with shorter divergence section lengths have
longer low-pressure areas, which can yield greater cavitation zones. The peak turbulence
kinetic energy at the divergence section of the Venturi tube shows a two-stage growth.
In the first growth stage, the Venturi tubes with shorter divergence sections have a faster
growth rate of the turbulence kinetic energy, resulting in a significant enhancement of the
bubble collapse strength. In the second growth stage, the growth rate of the turbulence
kinetic energy peak slows down due to the limited development space of the straight
section, leading to a suppression of the enhancement of bubble collapse strength.

Unlike the divergence section, the length of the convergence section has a more pro-
found impact on the cavitation behavior in the Venturi tube. Under different pressure
conditions, the length of the convergence section exhibits varied cavitation behavior. The
cavitation effect in the Venturi tube is not enhanced by shortening the length of the con-
vergence section when the inlet pressure is low. In contrast, a shorter convergence section
length can extend the low-pressure area and promote the formation of longer cavitation
clouds when the inlet pressure is high. The amplification of turbulent kinetic energy in-
duced by the inception of a cavity at the throat of the Venturi tube increases as the length of
the tube’s contraction section grows. However, the primary factor influencing turbulence
kinetic energy at the diffuser section is the inlet pressure conditions. With increasing inlet
pressure, the effect of changing the contraction section length on turbulence kinetic energy
at the diffuser section gradually diminishes.

Under the same inlet pressure, the effect of Venturi tube divergence section lengths on
the outlet mass flow rate and maximum throat velocity is minor, whereas the length of the
convergence section has some discernible impact on these parameters. As the convergent
section increases, the outlet mass flow rate and the maximum throat velocity exhibit a
decreasing trend.
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