Journal of Applied Fluid Mechanics, Vol. 16, No. 4, pp. 778-793, 2023.
Available online at www.jafmonline.net, ISSN 1735-3572, EISSN 1735-3645.
https://doi.org/10.47176/jafm.16.04.1487 F

Mechanism of Microbubbles and Cavitation Effect on
Bubble Breakage in a Venturi Bubble Generator

Q. Lif, X. Guo, J. Zhang, M. Lei, J. L. Liu, D. Z. Ming and L. Fang

College of New Energy, China University of Petroleum (East China), Qingdao, Shandong, China.

tCorresponding Author Email: ligiangsydx@163.com

(Received August 4, 2022; accepted December 14, 2022)

ABSTRACT

Venturi bubble generators have been extensively studied because of having a simple structure and high foaming
efficiency, while producing a uniform bubble size. The effect of a noncondensable gas on hydraulic cavitation
was considered to improve the Zwart-Gerber-Belamri cavitation model. This improved model and a population
balance model were used to study the effect of cavitation on bubble fragmentation. The CFD-PBM results were
compared with experimental results, and the accuracy of the improved calculation method was verified in terms
of the distributions for the cavitation cavity, gas phase, and bubble size. The calculation results showed that
increasing the noncondensable gas content over a certain range promoted the development of hydraulic
cavitation, and the cavitation intensity could be indirectly controlled by adjusting the noncondensable gas
content. With increasing cavitation intensity, the average bubble size decreased, and the bubble size distribution
became narrower. Therefore, a high-pressure pulse generated by cavitation could effectively break bubbles. The
development process of microbubbles was studied. The main controlling factors for bubble formation were
determined to be the turbulent shear force of the fluid and the collapse impact force of the cavitation group,
which provides a theoretical basis for optimizing the design of bubble generators.
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NOMENCLATURE

Br  growth rate of the number of bubblesdue Psss  liquid saturation vapor pressure

to fragmentation Py pressure in bubble
Bc  growth rate of the number of bubbles due Rp  radius of single bubble
to coalescence Re condensation rate per unit volume
Dy extinction rate of the number of bubbles R. vaporization rate per unit volume
due to fragmentation Ry total mass transfer rate per unit volume
D.  extinction rate of the number of bubbles Vi velocity of mixture phase
F.  condensation coefficient per unit volume o volume fraction of vapor
F,  evaporation coefficient per unit volume Pm density of mixture phase
fe mass fraction of NCG m dynamic viscosity
k turbulent kinetic energy Pn bubbles number density

pv vapor phase density

operating costs (Kawashima 2000; Parmar and
Majumder 2013). To develop a bubble generator with
. . excellent performance and a simple structure,
A bubble gene.rator breaks gas into mlc.rob}lbbles considerable research has been performed on bubble
through the action of turbulent shear by a liquid on a generator mechanisms (Uchiyama er al. 2018;
gas (Watarai 2011). Compared with traditional Brasileiro et al. 2019). Yin et al. (2015)
bubbles, .mlcro/ nanobubpl.es (0.01~100 “m) are experimentally studied the development of the
gharacterlzed bya sl.ow.rlsmg speed, long residence bubble size in a Venturi bubble generator (VBG) and
time, and large gas-liquid contact area (Juwana et al. found a linear relationship between the bubble size

2018), which can effectively enhance the gas—liquid and gas volume ratio. Nao-Aki ef al. (2020) studied
two-phase mass transfer process and reduce
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the effect of the shear stress on bubble breakage and
designed a honeycomb bubble generator.
Researchers at Oak Ridge National Laboratory
carried out experimental studies on different types of
bubble generators and found that that a simple
structure makes the VBG highly feasible for
application; thus, several types of VBG-based bubble
generators were designed (Flynn and Deboisblac
1966). Huang showed that the VBG performance
depends on the mechanical structure and working
conditions of a bubble generator, which together
determine the bubble size distribution (Huang et al.
2020).

The average bubble size is an important parameter
for characterizing the performance of a bubble
generator. Serizawa (2003) designed a VBG that
can produce bubbles with an average size of 72.2
pum. Tabei et al. (2007) carried out experimental and
numerical simulation studies on the hydraulic
characteristics of bubble generators with strong
swirl jets and found an average microbubble size of
48.8 um was produced. Sadatomi et al. (2012)
constructed a multifluid mixer from a simple
combination of porous tubes and orifice plates that
produced microbubbles with an average size of 120
pum. The bubble size distribution is also an
important factor for improving the process
efficiency, which is influenced by the structural
design and operating conditions of the bubble
generator (Rezai and Koleini 2008). Gordiychuk et
al. (2016) used a postprocessing algorithm to
extract data from experimental videos and discussed
the significance of the bubble size distribution. Kim
et al. (2019) designed a novel swirling microbubble
generator for a system for multistage direct contact
membrane distillation and desalination and
characterized the effect of the bubble size
distribution on the bubble generator performance.

During the formation of micro/nanobubbles, the
throat of the VBG exhibits a negative pressure below
the saturated vapor pressure, such that a cavitation
cavity forms in the back and divergent sections of the
throat (Li et al. 2017; Cai et al. 2019) and the
pressure pulsation caused by the cavitation effect can
break bubbles around the throat (Dular and Coutier-
Delgosha 2013). Deng et al. (2020) used atomic
force microscopy to observe how micron-sized
bubbles generated by the cavitation effect promoted
flotation. Therefore, hydraulic cavitation is also a
key factor in the formation of micro/nanobubbles.

The presence and influence of a noncondensable gas
(NCQG) in a liquid are often overlooked in cavitation
studies. The presence of an NCG changes the
cavitation characteristics in the flow field, which
considerably affects the performance of the
equipment used (Sun et al. 2019; Braun and Hannon
2010). The presence of NCGs affects the initial
volume of the liquid gas core (Briggs 1950), thereby
affecting the formation, collapse, and shedding of
cavitation bubbles in a fluid (Dilip ez a/. 2018; Yan et
al. 2018; Baidakov and Vinogradov 2019).

Prosperetti (2017) experimentally determined that, in
the presence of an NCG, the formation rate of
cavitation bubbles increased with the gas core
content in water and ultimately reached a fixed value.
The NCG significantly changed the fluid collapse
dynamics, and bubbles collapsed sharply beyond an
NCG content of 2% (Dharmadhikari ez al. 2011).

In experimental studies, the similarity between the
microscopic phenomena of bubble collapse and
cavitation collapse make it very challenging to
elucidate the mechanism of bubble collapse (Kazakis
et al. 2008). Thus, numerical simulations and
experiments are combined in this study. The Zwart-
Gerber-Belamri (ZGB) cavitation model is improved
by considering the effect of an NCG on cavitation.
This improved ZGB model and a population balance
model (PBM) are used to analyze the effects of
cavitation on the processes of bubble breakage and
microbubble development in the divergent section of
a VBG.

2. NUMERICAL
METHOD

SIMULATION

2.1 Governing Equation

The horizontal flow of a gas—liquid mixture in a
venturi tube corresponds to a stable and uniform
foam flow. Li e al. (2011) found that the slip velocity
is negligible for bubble sizes below 0.1 mm or fluid
flow velocities above 0.1 m/s. Therefore, assuming
that the gas and liquid phases in the flow field are
completely mixed, a transport equation for the
mixture can be obtained by neglecting the effect of
the slip velocity between the two phases. The
continuity equation and momentum equation are
given below:

a:Dm + 6(pmuj)

ot oX i

=0 (1)

%Jrv-(pmvmvm)

(@)
=VP+V-[ (Vv +Vv])]
where v and pm are the velocity and the density of
the mixture phase, wun is the dynamic viscosity, and P
is the local pressure.

The continuity equation for the secondary phase can
be used to derive the following equation for the
volume fraction of the secondary phase:

2 -
E(appp)-"v'(apppvm) 3)
n
=V (apppvdr,p ) + 112::1( Mgy = Mpq )
where ¢ is the first phase, p is the second phase,
m,, denotes the mass transfer from phase g to phase

p- m,, denotes the mass transfer from phase p to
phase q.
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2.2 Mixture Model

The gas-liquid mixture is described using a
simplified multiphase flow model in which the two
phases flow at different velocities. In the model, the
phases are allowed to interleave with each other and
are strongly coupled. A uniform multiphase flow can
be simulated with a constant velocity for each phase
and strong coupling between phases. This hybrid
model offers the advantages of having a simple
structure, requiring low computational effort for
solution and producing relatively reliable results.
The mixture model is the best choice for systems in
which the interphase traction cannot be -easily
measured. The mixture model is convenient and fast
to use for studying systems in which the distribution
of dispersed phases is not concentrated, such as a
gas—liquid mixed flow in a bubble generator, for
which the bubble distribution is highly scattered.

2.3 Improved Cavitation Model

Cavitation models that are commonly used include
the ZGB, Schnerr-Sauer and full cavitation models
(Yang et al. 2013). The ZGB model can capture the
details of a cavitation flow field and is more suitable
for numerical simulation of a Venturi tube than other
models (Li et al. 2018). However, the effect of an
NCG on the cavitation flow field is not considered in
deriving the ZGB model. Therefore, in this study, the
presence of an NCG is incorporated into the ZGB
cavitation model. This improved cavitation model is
used to analyze the effect of the NCG content on the
cavitation intensity in the bubble generator.

The vapor volume fraction ay can be expressed as the
product of the bubble number density p» and the
volume of a single bubble as follows:

4
a, = p, -(sﬁRéj )

where R is the radius of a single bubble.

The interphase mass transfer rate per unit volume of
vapor R is the product of the mass of a single bubble
and the number density of bubbles (assuming that all
the bubbles have the same size):

drR
Ro=p, (4”R§Pv (T,[B] )

where pris the density of the vapor phase.

The relationship between the change in the bubble
radius and the pressure is given below.

dRs _ E‘R/_P‘ (6)
a  \3 p

Substituting Eq. (4) and Eq. (6) into Eq. (5) yields
the following expression for the net mass transfer:

R‘n :M /EM %)
Re N3 n

where Pris the interior pressure of the bubbles.

The presence of an NCG is incorporated into the
ZGB model (Singhal et al. 2002) as follows:

3anuc (17% 7ag)pv 2 PV -P

R =F = P<R
e v RB 3 P ( V)
R —F WA /LD_PV (P>R)
Re \3 »
(®)

where R:. and R. are the condensation and
vaporization rates per unit volume, respectively; F\
and F. are the evaporation coefficient and
condensation coefficient per unit volume,
respectively; and Py is the interior pressure of a
bubble and is expressed as

R, =P, +0.19p, -k ©)
where kis the turbulence intensity.

The density of a mixture with an NCG becomes:

po=lavn +(1-a -a)p ] /(1-1,)  (10)

where fg is the NCG mass fraction and a» is the
volume fraction of the vapor.

Antoine's formula is introduced to accurately
account for the temperature dependence of the
saturated vapor pressure of the water vapor (Wagner
1973; Wisniak 2001; Drioli and Giorno 2016).

logP,

sat

= A-B/(T-273.15+C) (11)

A, B, and C are empirical parameters with values of
8.10765, 1750.286, and 235, respectively, over a
temperature range of 10 °C to 55 °C.

2.4 Population Balance Model

Under general conditions, the particles constituting a
phase are characterized by a size distribution. The
size of these particles, such as solid particles,
droplets, bubbles, etc., changes with time. The
bubbles in the bubble generator undergo nucleation,
growth, coalescence, and fragmentation (Wencai et
al. 2014). Therefore, in addition to the basic energy
conservation equation, an equation must be derived
to describe the equilibrium between particles in
multiphase flow. This equilibrium equation is
derived within the PBM framework. The PBM
includes a bubble coalescence model and crushing
model.

The PBM can be expressed as follows:
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2 [n(v)]+v-[in(vt) =5 (vit) (12)

where v is the original bubble volume, ¢ is the time,
n is a bubble number density function, and S(v, ?) is
a source term for bubble coalescence and breakage,
which can be expressed as (Zhang and Li 2020):

S(v,t)=B,(v,t)—D,(v,t)+B,(v,t)—=Dy(v.t) (13)

B, :%J'Ova(v—v',v‘)n(v—v‘,t)n(v',t)dV' (14)
D = [ a(vv' n(v.t)n(v')dv (15
B, =], g(v)B(vv)n(vt)dv 10
D, =g(v)n(v.t) 7

where Bc and D. are the growth and extinction rates
of the number of bubbles due to coalescence,
respectively, and By and D, are the growth and

dl1

—
d

extinction rates of the number of bubbles due to
fragmentation, respectively. v'is the volume of a sub-
bubble. a (v, v') is the coalescence frequency of
bubbles with volumes between v and v'; g(v) is the
breaking frequency of a bubble with a volume v; and
S(v, v') is the probability density function associated
with bubbles with volumes between v and v'".

The bubble aggregation and fragmentation
frequencies in the equations are influenced by the
bubble size in the multiphase fluid, the density of the
two fluids, and Weber’s number.

3. NUMERICAL PROCEDURE

3.1 Model Geometry

To produce a large number of tiny bubbles efficiently,
increase the sample number and reduce experimental
measurement error, the VBG throat structure was
redesigned. The bubble generator used in this study
is shown in Fig. 1. The dimensions of each part of
the 3D model are shown in Table 1.

D1

.
—
—

In—-
—
—_
—

Out

[

D2
D3
D4

. lThroat{

T T
Contraction

Diffusion

Fig. 1. Model of the bubble generator.

Table 1 Dimensions of different parts of the model.

Serial Dimension
number Model part (mm/®)

1 Liquid inlet and outlet D1 and D5 15
2 Convergence angle o 25
3 Divergence angle 8 6

4 Air inlet port d1 10
5 Air suction port d2 1

6 Throat diameter D2 3.6
7 Throat diameter D3 4.0
8 Throat diameter D4 3.8

3.2. Grid Independence

FLUENT 18.0 was used to simulate and analyze the
internal flow field for all calculations. The results of
previous studies on grid independence show that the
grid resolution significantly affects the distribution
of the cavitation flow field, bubble coalescence, and
the bubble size distribution (Long e a/. 2017, 2019).
Therefore, the sensitivity of the spatial discretization
was investigated based on the flow-field pressure
distribution under an inlet/outlet pressure ratio of

0.287. ANSYS MESH was used to mesh the model,
and the model was chunked to obtain as many
structured meshes as possible; a lower computational
error was obtained using a structured mesh than
using an unstructured mesh. Considering that three
phases meet and mix in the throat, the throat mesh
was encrypted to ensure the quality of the mesh. The
grid quality was higher than 0.8. Figure 2 is the grid
division diagram of the model. The numerical
calculations were carried out using 300,000, 400,000,
500,000, and 600,000 grids. The calculation results
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are shown in Fig. 3. The pressure distribution did not
change beyond 500,000 grids. Thus, 500,000 grids
were used to ensure grid quality. X=12 mm
corresponds to the throat entrance, and X=22 mm
corresponds to the entrance of the divergent section.
A comparison of the grid sensitivities of first-order
and second-order quantities showed that using the
second-order quantity condition increased the
calculation accuracy without significantly increasing
the computation time; therefore, the second-order
quantity was chosen for this study.

To verify the accuracy of the model, the inlet
pressure of the bubble generator using different inlet
flow rates and an outlet at atmospheric pressure was
compared with experimental values. The results are
shown in Fig. 4. The same trend is observed for the
inlet pressure determined by both experiment and
simulation, and the maximum error does not exceed
10%, which is acceptable for multiphase flow
simulation results and effectively verifies the
accuracy of the model.

3.3 Boundary Conditions and Solution
Methods

Changes in the flow rate significantly affect the
performance of a bubble generator. The liquid flow
rate was set at 1.0 m’h, and the gas flow rate was
maintained at 0.02-0.05 m3/h. The gas-liquid ratio
was changed by adjusting the gas inlet flow rate. The
outlet pressure was set at 0.1 MPa. Second-order
upwind discretization was used to increase the
accuracy of the calculation of the turbulent kinetic

energy and turbulent energy dissipation rate. The
SIMPLEC algorithm was used to calculate the
coupling of the pressure and velocity in the flow field,
and the PRESTO! format was used to present the
differential pressure value. The RNG k-¢ turbulence
model, which is suitable for fast strain medium
vortices and local complex shear flow, was used as
the turbulence model. The time step was 0.00001 s.

Functions for bubble coalescence and fragmentation
must be given to solve the PBM of a gas-liquid
system and are key to accurately predicting the
bubble size distribution in a liquid. Figure 5
compares the bubble size distribution obtained using
different models with experimental data. Both the
average bubble size and bubble size distribution
obtained using the Luo and free Luo models were
found to be inconsistent with the experimental data.
The bubble sizes obtained using the Tur—Luo model
were between 20 and 80 pm, and the corresponding
average bubble size was approximately 51 pm,
which was slightly smaller than the experimental size
of 56 um. The experimentally determined bubble
size was based on images from drainage tests, where
bubble aggregation occurs in a drainage pipe.
Therefore, the bubble size distribution measured by
image analysis is slightly larger than the actual
bubble size distribution at the exit. Therefore, the
results of the turbulent convergence model and Luo
fragmentation model are consistent with the

experimental data. The Tur-Luo model was thus
used to describe bubble breakage in the analysis
presented below.

Fig. 2. Generation of the mesh for the model.
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Fig. 3. Grid sensitivity analysis of the CFD
simulation.
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Fig. 4. Comparison of inlet pressures obtained
using simulation and experiment.
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Fig. 5. Comparison between results obtained from PBM calculations and experiments.

3.4 Experimental Device

Figure 6 shows the platform used to test the VBG
performance, which comprises a microbubble visual
observation system, a gas—liquid drainage system, a
bubble observation and treatment system, and fluid
delivery pipelines and control components. The
microbubble generation system includes a
transparent VBG for flow visualization, centrifugal
pump, liquid turbine flowmeter, and gas flowmeter.
The bubble observation and processing system
includes a bubble observation tank, microscope,
computer image recording system, and MATLAB
postprocessing program. We used a Phenix PH50
microscope, a frame rate of 2.7 during shooting, an
exposure time of 350 ms, and a lens magnification of
40. Table 2 shows the average particle size and
relative deviation determined from four groups of
measurements made under the same conditions,
where more than 1000 bubbles were collected in

each group of experiments. The results show that the
relative deviation in the average particle size
measured in each group is less than 10%, eftectively
verifing the experimental reproducibility.

3.5 Image Postprocessing

A mixture of bubbles and water is introduced into the
bubble observation tank via the drainage system, the
bubble image is obtained by microscope
amplification, and then an image is collected by the
computer connected to the microscope. The
MATLAB program is used to perform image
correction, image segmentation, particle counting,
and image restoration, and the bubbles in the image
are processed into clear, independent, and
nonoverlapping bubble groups. Finally, the bubble
particle size is measured. The processing process is
shown in Fig. 7. A binarization image is generated,
the number of pixels is accumulated, and the bubble

Table 2 Measured mean bubble diameters and calculated relative deviation

Experiment No. 1 2 3 4 Mean
Bubble diameter/um 58.16 53.49 60.32 54.76 56.68
Relative deviation/% 2.61 5.62 6.42 3.39 4.51
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Platform used to test the VBG performance.
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Fig. 7. Image postprocessing.
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diameter d is calculated. The calculation formula is
as follows:

g, = 4n,S,
T

(18)

where n,, is the number of pixel points occupied by
a single bubble, and S, is the area of a single pixel
point. The average bubble diameter corresponds to
the Salter average diameter given below.

>
d;, = i:l (19)

2.0
i=1

To reduce accidental error and ensure measurement
accuracy, no fewer than 1000 bubbles were
measuredunder each experimental condition. A
novel image processing method based on deep
learning for bubble detection, segmentation, and
shape reconstruction was developed to characterize
submillimeter bubbly flows with high gas holdup
(Cui et al. 2022). This method can characterize
submillimeter bubbly flows with gas holdups of up
to 20%.

4. RESULTS AND DISCUSSION

4.1 Comparison of
Experimental Results

Simulation and

The reliability of the numerical simulation results for
the VBG were verified against the experimental
results. The verification parameters were the
cavitation cavity length, gas phase distribution, and
bubble size distribution.

First, the cavitation cavity length parameters of the

Dre—"

(a) numerical result (ZGB)

(b) numerical result (ZGB+NCG)

(c) experimental result

VBG were verified. To eliminate the effect of air on
the results and facilitate observation of cavitation in
the throat, a venturi tube with the same structural
parameters but no air intake was adopted. The cavity
distribution were obtained from the numerical
simulation and experiment under the same working
conditions. Figure 8 shows the images obtained from
the simulation and experiment that were grayed out
using MATLAB software.

Cavitation groups refract light to create dark areas.
When the cavitation collapses, the gas—liquid
mixture formed appears as a gray area. The more
bubbles there are in a cavity, the darker the cavity
appears. The same locations in the simulation and
experimental results are cut off and grayed in Fig. 8.
Then, the gray values of the simulation and
experimental results are extracted after grayscale
processing, and the axial location (X) is
dimensionalized by the length of the diverging
section (L), as shown in Fig. 9 (the experimental data
presented were obtained by Qiang Li (Li et al. 2020).
The lowest gray value and the maximum volume
fraction of the vapor phase are obtained at X/L=0.15.
Compared with the results obtained using ZGB
model, the results of the numerical simulation in the
presence of an NCG exhibit a clear gradient.
Combining the results presented in Figs. 8 and 9
shows that the gradient corresponds to the falling off
and collapse of a captured cavitation bubble, and the
gray fitting curve obtained using the improved model
is closer to the experimental data than that obtained
using the ZGB model.

The parameters for the gas phase distribution of the
VBG were verified by comparing the gas phase
distribution obtained by experiment and simulation,

vapor: 005 01 015 02 025 03 035 04 045 05 055 06 065 0.7

Fig. 8. Gray processing of simulated and experimental results (vapor).
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as shown in Fig. 10. In the absence of cavitation, the
gas phase is mainly distributed on the divergent wall
surface, resulting in a wall attachment effect (the
Coanda effect). The Coanda effect of gas is partially
eliminated In the ZGB model due to the effect of
cavitation. However, gas-phase aggregation still
occurs, which prevents effective breakage of bubbles.
In the improved ZGB model, the gas phase bubbles
are gradually broken and dispersed from the throat to
the divergent section, and a uniform gas—liquid
mixture is formed at the exit. The simulation results
obtained using the improved ZGB model are
consistent with the experimental image.

0.6

Figure 11 is a comparison of the bubble size
distributions obtained by experiment and simulation,
and Table 3 shows the average bubble size obtained
under four conditions (a) ~ (d).

Figure 11 shows that the bubble size distribution
measured in the experiment is 10-140 pm. In the
absence of a cavitation model, the bubble size range
is 80-180 pm, which is significantly larger than the
experimental results. This result indicates that a
larger particle size is obtained by considering only
turbulent broken bubbles and the effect of cavitation
on bubble crushing must be considered. The bubble
size range obtained by numerical simulation of the
ZGB cavitation model is 20-70 pum, with almost zero
bubbles in the range of 24 to 34 um. In practice, the
bubble size distribution is close to a normal
distribution and tends to have a single dominant size.
Thus, the simulation results obtained using the ZGB
cavitation model do not follow a normal distribution,
indicating an unrealistic bubble size distribution. The
simulation results obtained using the ZGB model
incorporated with an NCG indicate a bubble size
range of 20-100 pm, which is more consistent with
the experimental results than the aforementioned
simulation results. The same conclusions can be
drawn using the average bubble size presented in
Table 3.

Table 3 Experimental and simulated average

bubble size.
Cavitation Model (a) (b) (c) (d)
Average bubble 57. | 112. | 45. | 56.
size (um) 01 51 72 34

4.2 Influence of the Inlet Flow Rate on the
Bubble Size

The experimental results show that the liquid inlet
flow rate and the gas—liquid ratio have a significant
influence on the bubble size distribution, where
different combinations of air and water flow rates
produce bubble size distribution curves with specific
characteristics. Therefore, it is necessary to study the
influence of the liquid flow rate on the bubble size
distribution. The bubble crushing performance can
be characterized by two parameters: the average
bubble size and the corresponding standard deviation.
The average bubble size is a measure of the ability of
the VBG to break bubbles. The standard deviation in
the bubble size reflects the range of bubble sizes and
indirectly represents the uniformity of the particle
size. Expressions for these two parameters are given
below.

SRS o
o(q)= ,/nf_i(qi ~ay @n

Figure 12 shows the average bubble size and
corresponding standard deviation at water flow rates
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Fig. 11. Experimental and simulated bubble size distribution.
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deviation are 361 um and 231 pm, respectively. At
flow rates above 0.8 m?/h, the average bubble size of
the bubbles decreases sharply to 58 pm and 54 um,
and the standard deviation in the bubble size
decreases from 98 pm and 80 um to approximately
17 pm.
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Fig. 13. Bubble size distribution at different flow rates.
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Fig. 14. Vapor phase distribution at different
flow rates.

For water flow rates in the range of 0.6-1.0 m%/h,
there is no apparent abrupt change in the pressure
distribution, flow velocity distribution, and
turbulence intensity, but the cavitation cavity starts
to form at 0.8 m*/h. A different phenomenon from the
formation of a gradient in the flow velocity occurs:
when the throat flow velocity increases from 16.1
m/s to 18.5 m/s, a cavitation cloud suddenly appears
and rapidly expands, forming cavitation clouds in the
throat and the divergent section of the VBG. Figure
14 shows the vapor phase distribution for water flow
rates of 0.7-0.9 m3/h. At flow rates above 0.8 m3/h,
increasing the flow rate causes the throat pressure to
drop below the saturated vapor pressure, and
prominent cavitation clouds are generated near the
throat.

Therefore, the sudden change in the bubble size
induced by changing the flow rate is mainly caused
by the secondary crushing of the bubble group by the
impact force generated at the moment of collapse of
the cavitation bubble.

4.3 Effect of the Cavitation Intensity on the
Bubble Size

The bubble size decreases abruptly with increasing
flow rate because cavitation occurs as the flow
velocity increases. However, the change in the flow
rate also affects parameters such as the pressure,
flow rate, and turbulent kinetic energy of the flow
field. Therefore, the influence of cavitation on the
bubble particle size needs to be further analyzed.

The influence of the cavitation intensity on the
bubble size can be determined by controlling the

—
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Fig. 15. Turbulent kinetic energy distribution for
different NCG contents.

NCG content in water. An NCG usually exists in
water at an extremely low content in the form of tiny
cavitation bubbles, which change the cavitation
characteristics of the flow field. An NCG has little
effect on parameters other than the cavitation flow
field and does not affect the fluid characteristics of
the bubble generator. For example, changing the
NCG content has little effect on the turbulent kinetic
energy, which influences bubble fragmentation (as
shown in Fig. 15).

The NCG content was set to 0.002%, 0.004%,
0.006%, and 0.008% to investigate the effect of
cavitation on the bubble size. Figure 16 shows the
vapor phase distribution generated by cavitation in
the VBG. When the fluid enters the throat, the
cavitation cavity gradually expands from the inner
wall of the throat to the central axis and then
gradually disappears in the middle of the divergent
section with the exfoliation and collapse of the
cavitation group.
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n
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Fig. 16. Schematic of the vapor volume fraction
along the central axis.

The volume fraction of the vapor phase along the
central axis was extracted to compare the effects of
different NCG contents more clearly, and the results
are shown in Fig. 17. When the NCG is taken into
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Fig. 17. Effect of the NCG content on the vapor
volume fraction.

account, the cavity length does not change
significantly after cavitation, but the maximum
volume fraction is significantly affected. The vapor
volume fraction in the VBG increases with the NCG
content. At an NCG content of 0.008%, the vapor
volume fraction reaches up to 48.5%, indicating that
the presence of the NCG significantly enhances the
cavitation intensity without affecting the cavity
length.

Figure 18 shows the bubble size distribution for
different NCG contents. The minimum bubble
particle size is 32 pm at an NCG content of 0.002%

and decreases to 20 um at an NCG content of 0.008%.

The minimum bubble size decreases with increasing
NCG content, which indicates that increasing the
cavitation intensity improves the ability of the fluid
to fracture bubbles. The bubble size distribution is
processed to obtain the average bubble size and the
corresponding standard deviation, which are shown
in Fig. 18. When the NCG content increases, the
average bubble size decreases, consistent with the
conclusion obtained from Fig. 18.

24

—=— NCG=0.002%
20] ——NCG=0.004%

| |
—A—NCG=0.006%
—v— NCG=0.008%
16
A
>A .
12 v
\L

A

Bubble size distribution (%)

4 A x\‘/_
A /

0 Y/"' . ‘ ; —a 3

20 30 40 50 60 70 80

Bubble size (um)

Fig. 18. Bubble size distribution for different
NCG contents.

Figure 19 shows that the standard deviation in the
bubble size increases slightly with the NCG content.

This result is obtained because increasing the
cavitation intensity leads to an increase in the range
of bubble sizes. Although the maximum particle size
of bubbles for different NCG contents is maintained
in the range of 80 pum, the minimum particle size
decreases with increasing cavitation intensity, which
leads to an increase in the range of bubble sizes and
the standard deviation in the bubble size. However,
the standard deviation in the bubble size remains
stable overall.
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Fig. 19. Average bubble size and corresponding
standard deviation for different NCG contents.

Considering that the collapse of the cavity creates a
pressure pulsation in the flow field, the time step was
adjusted to 1x10° s to effectively capture the
pressure change in the flow field. The sampling point
M in the divergent section of the VBG is shown in
Fig. 16.

Figure 20 shows the pressure pulsation diagram at
Point M. Fig. 20(a) shows that the pressure pulsation
has excellent periodicity (T). Points a ~ ¢ in Fig. 20(b)
correspond to four stages of cavitation development:
a primary stage, development, shedding, and
collapse. At the monitoring point "d," an extremely
strong pressure fluctuation occurs due to the collapse
of the cavitation, and the instantaneous pressure peak
reaches 1650000 Pa. Finally, the instantaneous high
pressure is transmitted as a pressure wave through
the flow field and dissipates rapidly. The high-
pressure pulsation at the moment of cavitation
collapse clearly strongly impacts the nearby bubble,
thus producing a good crushing effect on the bubble

group.

4.4 Development of Bubbles in Divergent
Segments

To explore the process by which the gas is broken
into microbubbles, five subsections at equal intervals
in the divergent section are selected at the locations
shown in Fig. 21. The positions of the five
subsections are chosen to follow the developmental
process of the cavitation cavity.
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Fig. 21. Schematic showing locations of selected
subsections.

The maximum bubble size at Section 1 and Section
2 is over 300 um. To facilitate comparing the particle
sizes via image processing, the bubble size range in
the figure is limited to 25-105 um. That is, bubble
diameters larger than 105 pm are treated as 105 pm.
The bubble size distribution of the five sections is
processed and summarized. Figure 22 shows the
bubble size distribution that is used to determine the
average bubble size and the corresponding standard
deviation shown in Fig. 23.

At Section 1 of the divergent section, nearly 30% of
the bubbles are larger than 100 pm in diameter, and
a large number of bubbles have diameters above 300
pm. This result indicates that cavities have been
formed at Section 1 but all exist as bubbles that have
not undergone collapse and breakage: thus, bubbles
cannot be broken in Section 1. At the same time, the

liquid enters the throat to form a high-speed jet, such
that a portion of the gas is sheared into microbubbles.
When the gas—liquid mixture reaches Section 2, the
cavity is fully developed and begins to fall off and
collapse locally. At this time, the bubble size follows
a normal distribution and tends to a single dominant
size of 72 um. This result indicates that the turbulent
shear force and impact of cavitation collapse in
Section 2 affects most of the gas: the average bubble
size is further reduced, but large bubbles still remain.
When the cavity reaches Section 3, a large area of the
cavity has collapsed. At this time, both the average
bubble size and corresponding standard deviation
significantly decrease. Although the dominant
bubble size is still 72 pm, there is a sharp decrease in
the number of large bubbles over 100 pm in diameter
in the flow field. The bubbles at Section 4 and
Section 5 are further broken, and the average bubble
size is further reduced.

In conclusion, there are two main factors that control
the formation of bubbles in the VBG. First, the
turbulent shear force has a strong effect on bubbles.
The turbulent flow in the VBG starts from the throat
and extends to the entire divergent section. Strong
turbulence creates a force in the flow field that shears
and breaks bubbles. Second, the impact effect of the
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cavitation group collapses in the flow field. Gas
nuclei are generated rapidly in the water body in the
throat and collapse in the divergent section. A large
quantity of energy is generated during the process,
which has a strong impact on the nearby bubble and
a crushing effect on the bubble group.

5. CONCLUSIONS

In this study, a Venturi bubble generator is
constructed, and the Zwart-Gerber-Belamri
cavitation model is improved and numerically
simulated. The numerical simulation is validated by
experimental results. The improved Zwart-Gerber-
Belamri model is used to analyze the effect of
cavitation on the bubble size.

The conclusions drawn from the study are
summarized below.

(1) The presence of a noncondensable gas affects the
cavitation strength. As the noncondensable gas
content increases, the vapor volume fraction
increases but the cavity length is not affected.

(2) With increasing liquid flow rate, there is a sudden
turning point in the bubble size that is mainly caused
by the cavitation effect.

(3) The cavitation strength can affect bubble
breakage. As the cavitation strength increases, both
the average and minimum bubble particle sizes
decrease.

(4) The crushing effect of cavitation on the bubble
group mainly depends on the impact of the high-
pressure pulsation generated during cavitation
collapse, where the instantaneous pressure peak can
reach 1650000 Pa.

(5) Bubble breakage occurs mainly in the divergent
section of the Venturi bubble generator. The
turbulent shear force of the fluid and the impact force
of cavitation collapse are the main controlling factors
for the formation of micro/nanobubbles.
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