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Abstract—A swirl flow bubble generator with a unique adjustment scheme was developed to adapt to liquid feed flow
rate variation. However, a study on the scheme and flow field of the bubble generator has not been reported in the lit-
erature. Particle image velocimetry and computational fluid dynamics were utilized to explore the flow field and adjust-
ment scheme. The results showed that the standard k-& model could more accurately describe the flow pattern than
other turbulence models, and the pressure drop difference between experiments and simulations was less than 6%. A
mathematical expression was established to quantitatively describe the relationship among the pressure drop, open hole
number, and liquid flow rate. The pressure drop was proportional to the feed flow rate or inlet velocity square and
inversely proportional to the power of 1.86 of the open hole number. Interestingly, the pressure drop of different open
hole schemes with the same open hole number of 12 was close to 55 kPa. The spiral-bottom open hole schemes could
provide a higher turbulent dissipation rate for both the vortex chamber and straight pipe section. This work can guide
the bubble generator adjustment and fill the gap in this respect.
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INTRODUCTION

Flotation as a secondary treatment technology in oily wastewa-
ter has been widely applied [1-3]. One of the most critical compo-
nents in the flotation system is the bubble generator because the
bubble size and concentration are directly related to the collision,
attachment, and detachment between the bubbles and oil droplets
[4]. Hence, some investigations on the bubble generator should be
paid more attention. Recently, various bubble generators have been
reported, such as venturi type [5], pressurized dissolution type [6],
membrane type [7], and swirl flow type [8]. Due to the high tur-
bulence environment, the swirl flow bubble generator has more
advantages in the bubble generation performance.

The swirl flow bubble generator has been proven to have a sig-
nificant advantage in bubble generation and oxygen dissolution
performance. Terasaka et al. [9] compared several kinds of bubble
generators to explore the oxygen dissolution performance in water.
The results indicate that the oxygen transfer coefficient in the swirl
flow bubble generator is higher than other bubble generators at a
low superficial gas velocity of less than 0.001 m/s. Kim et al. [10] uti-
lized the swirl flow bubble generator to intensify the membrane flux
in a multistage direct contact membrane distillation system. Indeed,
the mean transmembrane flux is enhanced by ~26% to the maxi-
mum extent assisted with the swirl flow bubble generator at a feed
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temperature of 40 °C and feed flow rate of 120 L/h. Wang et al.
[11] added four tangential inlets in the traditional venturi type bub-
ble generator to introduce a swirl flow pattern. Due to the higher
turbulent dissipation provided by swirl flow; the swirl-venturi bub-
ble generator reduces the Sauter mean diameter by 48.3% at the
superficial liquid velocity of 0.32 m/s and superficial gas velocity of
0.013m/s. Wu et al. [12] modified the conventional venturi tube
using the fan-shaped baffle inlet and spiral channel in the converg-
ing section. The optimized swirl-venturi bubble generator installed
downstream of the venturi tube formed a micro-nano bubble gen-
erator, which can generate bubbles with a mean diameter of 1.74
pm, two orders of magnitude smaller than the traditional venturi
tube. Moreover, the dissolved oxygen is enhanced by 36.06%.

In the last ten years, more and more scholars have focused on
the swirl flow bubble generator. Levitsky et al. [13] designed a bub-
ble generator with a vortex chamber radius of 5.2 mm. At the lig-
uid flow rate of 60 L/h, the number of bubbles with diameters less
than 20 um is more than 90%. Xu et al. [14] explored the effect of
nozzle diameter on the bubble size distribution and spray mor-
phology in a swirl flow bubble generator. When the nozzle diame-
ter exceeds 8.6 mm, the generator begins to achieve gas self-suction.
There is a minimum mean bubble size of 0.27 mm at the nozzle
diameter of 21.6 mm with a pump pressure of 0.1 MPa. Mawarni
et al. [15] developed a swirl flow bubble generator and studied the
effect of two-phase flow rates and the gap between the air nozzle
and the generator outlet on the performance of the swirl flow bub-
ble generator. Increasing the gas flow rate leads to increasing the
mean bubble size and reducing the oxygen mass transfer coeffi-
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cient, while for the increase in the liquid flow rate, the opposite
results are obtained. The gap of 1 mm has a smaller and more uni-
form bubble size than other distances. Chang et al. [16] utilized a
gas-liquid swirling-sparger to generate a mean bubble diameter of
0.625 mm, and the oxygen absorption efficiency is more than 70%
at an inlet flow rate of 1.3 m’/h. In general, the investigation on the
swirl flow bubble generator is greatly meaningful.

In 2003-2004, the University of Utah and the Clean Water Tech-
nology (CWT) [17] company invented a second-generation flota-
tion device, which directly uses influent wastewater to generate
bubbles. Due to many oblique holes, the bubble generator can be
considered a swirl flow type. The unique structure makes the bub-
ble generator have a different running mode. As the feed flow rate
changes considerably; the oblique holes can be opened or closed to
fit the flow rate variation to ensure the mixing energy in the bub-
ble generator. However, the adjustment mode usually depends on
the experience without guidance on the theoretical level, and the
unique adjustment technology has not been reported in the pres-
ent literature for the bubble generator. At present, various experi-
ment technologies have been developed to detect the bubbles or
cavitation and measure the flow field, such as vibration and spec-
trum analysis [18-21], acoustic analysis [22-24], high-speed camera
[7,12,15], and particle image velocimetry (PIV) [25-28]. Meanwhile,
with the development of computer hardware and mathematical
models, using computational fluid dynamics (CFD) for studying
chemical mechanical devices has become increasingly common.
Al-Obaidi et al. [29-36] successtully involved CFD numerical sim-
ulations in the pump unit operation. The simulation studies on the
bubble generator are also in some literature [16,37]. It indicates that
the CFD technique is promising for exploring device performance
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from the flow field aspect and reducing the experiment cost.

In this paper, single-phase flow of a swirl flow bubble generator
was studied using the PIV and CFD techniques. The aim of the
work was to study the effect of open hole number and open hole
scheme on the flow field and provide guidance from the theoreti-
cal level for the special adjustment mode. Firstly, the local flow field
information of the device was obtained through PIV experiments,
which were used to validate and select suitable turbulence mod-
els. Then, single-phase flow field analysis was carried out in terms
of the pressure, velocity, and turbulence characteristics. Next, the
relationship among the pressure drop, open hole number, and liquid
feed flow rate was established quantificationally. Finally, the differ-
ences of some general open hole schemes were compared. This work
can provide a clear guideline on the special adjustment mode.

EXPERIMENTS AND METHODS

1. Geometry

A CAD drawing of the swirl flow bubble generator is shown in
Fig. 1(a). It mainly consists of the annular cavity, vortex chamber,
and straight pipe section. The influent wastewater enters the annu-
lar cavity 10 from the liquid inlet 9 and injects into the vortex cham-
ber 8 along the multiple oblique holes 6 in the inner cylinder wall
7. The function of the cavity can make the liquid evenly flow into
the vortex chamber, improving the stability of the flow field. The
core component is the inner cylinder wall with oblique holes whose
purpose is to generate a swirl flow field in the vortex chamber and
straight pipe section. In the inner cylinder wall, there are 72 holes
connecting the annular cavity and vortex chamber. These holes are
divided into 6 columns uniformly along the circumference and 12
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Fig. 1. (a) CAD drawing and (b) three views of the swirl flow bubble generator.
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Table 1. Partial structural dimensions of the swirl flow bubble gen-

erator
Symbol Value (m) Symbol Value (m)
D, 0.044 D, 0.097
D, 0.081 Dy 0.041
d 0.003 D, 0.020
H 1.500 h 0.230

holes uniformly distribute at each column along the height direc-
tion. The hole central axis horizontal angle «r is 60°. These oblique
holes can be opened or closed to respond to the variation of the
liquid feed flow rate. When the feed flow rate reduces significantly,
plugging holes can ensure a high turbulent intensity in the vortex
chamber. The calculated fluid domain was extracted from the 3D
CAD drawing using the ANSYS SCDM software, as shown in Fig.
1(b). The angle between the central axes of adjacent holes on the
circumference is 60°. In the height direction, the vertical distance
of adjacent holes is 17.36 mm. Table 1 lists the other geometry sizes
of the swirl flow bubble generator.
2. Experiments

A schematic diagram of the experimental device is shown in
Fig. 2(a). It mainly contained a centrifugal pump (ISW50-200I), an
electromagnetic flow meter (DJLD-4032), a swirl flow bubble gen-
erator, and a recycle water tank (304 stainless steel, V=400L) to
form a circulation loop. The PIV measurements were only carried
out on the single-phase flow. Considering the observation of the
vortex chamber affected by the inner cylinder wall and the com-
plex flow; it is challenging for us to directly measure the flow field
of the vortex chamber. Therefore, the actual measurement location
was located at the straight pipe section. The measurement position
has been labeled in Fig. 2(a), and the window size was 44 mmx
60 mm. The selected region was close to the vortex chamber and
away from the outlet. On the one hand, it can quickly respond to
the flow field variation of the vortex chamber. On the other hand,
the outlet reverse flow cannot affect the region flow significantly.
Before starting the PIV measurement, reduce the globe valve 11
opening and open the vent valve 8 to remove the air from the
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generator 9. Once the air has been exhausted, close the vent valve
8 and open the globe valve 11 fully to begin the experiments.

Fig. 2(b) shows a schematic diagram of the PIV system. The PIV
measurements were carried out using a double-pulse laser with a
wavelength of 532 nm and a pulse frequency of 10 Hz (Continuum
Inc,, USA). The laser beam passed through an optical device con-
sisting of a cylindrical and spherical lens to produce laser sheets of
approximately 2mm thickness. The images were obtained by a
high-speed charge coupled device (CCD) camera (PowerView Plus,
TSI, USA) with a resolution of 2,048x2,048 pixels. The camera
and laser were controlled by a laser pulse 610035 synchronizer (TSI,
USA). A cube Plexiglas box was filled with water before the test to
minimize light refraction on the curved surface of the tube. In this
work, a non-fluorescent hollow glass sphere with a diameter of 100
pm was selected as the tracer particle because the size could be
captured clearly. During the measurements, the time interval be-
tween the two frames was 50 pis to identify the particle displace-
ment in the two frames. The obtained images were processed by
Insight 4G software using the velocity cross-correlation analysis
algorithm. The CCD camera captured 200 image pairs in each ex-
periment. Finally, the average velocity of 200 image pairs was pro-
cessed using Tecplot software.

Apart from the PIV measurement, pressure drop measurements
were also conducted. The pressure drop is defined as the pressure
difference between the liquid inlet and outlet, namely, AP=P,,-P,.
In this work, the pressures of the inlet and outlet were measured
by the pressure gauge (MEACON, SUP-Y810, 0-0.6 MPa, +0.5%).

NUMERICAL SIMULATIONS

1. Turbulence Models

Reynolds-Averaged Navier-Stokes (RANS) turbulence models
were used to describe the turbulence environment in the swirl flow
bubble generator because of their high accuracy and low calcula-
tion cost. The RANS equations expressed by the Cartesian tensor
form are listed as follows. There are additional terms —puu;
appearing on the right side of Eq. (2). Therefore, it must be mod-
eled by introducing new turbulence models to close the equations:
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Fig. 2. (a) The schematic diagram of the experimental system, and (b) PIV test system.
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where p is the fluid density. u and p denote the fluid velocity and
pressure, respectively. z is the fluid viscosity. The subscripts i and j
represent the tensor form.

To select suitable turbulence models, the standard k-& model
[38], renormalization group (RNG) k-& model [39], realizable k-&
model [40], shear stress transport (SST) k- model [41], and
Reynolds stress model (RSM) [42-44] for the incompressible fluid
were compared. The equations of these turbulence models are
listed as follows.

1-1. Standard k-& Model

The standard k-& model is based on the transport equations of
turbulent kinetic energy k and dissipation rate & which is one of
the broadest application turbulence models at present.
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where 4, denotes the turbulent viscosity. Gy is the generation term
of k resulting from the mean velocity gradient. C,,, and C,, are
empirical constants, respectively. o, and o are the Prandtl num-
bers for k and g respectively.
1-2. RNG k-& Model

By correcting the turbulent viscosity, the RNG k-& model con-
siders the rotation and swirl flow and adds a term to the & equa-
tion to reflect the time-averaged strain rate E;.
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17,=4.377, f=0.012 (10)

1-3. Realizable k-& Model

The Realizable k-& model also considers the effect of rotation
and curvature by modifying the turbulent viscosity. It has been
widely applied in swirl shear, jet, and boundary layer flow.
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where £2; is the mean rate-of-rotation tensor viewed in a moving
reference frame with the angular velocity .
1-4. SST k- Model

The SST k-® model is an improvement on the standard k-
model. In addition, turbulent shear stress transport is considered
in the turbulent viscosity. Therefore, the SST k- model is more
accurate and reliable in various types of flows, for example, adverse
pressure gradient flow; than the standard k- model:
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where G, is the generation of @. Y, and Y,, denote the dissipation
of k and @ due to turbulence. S is the magnitude of the strain
force. y represents the distance to the next surface.
1-5. RSM

The anisotropic problem is considered in RSM. Compared to
two-equation models, RSM considers more strictly the effects of
streamline curvature, eddy; rotation, and rapid changes in strain rate.
Therefore, it has more potential to predict complex flows accurately.
Different from the other turbulence models, RSM directly divides
the Reynolds stress term — pu;u; into five terms, namely:
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Turbulent diffusion term:
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Fig. 3. (a) Geometry and (b) mesh of the swirl flow bubble generator.
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2. Mesh Generation and Independence

First, the ANSYS SCDM software was used to construct the 3D
geometry, which was divided into two parts: liquid inlet tube and
main body part. Then, the two parts were blocked into hexahe-
dral mesh by ANSYS ICEM CFD software using the default
BiGeometric mesh distribution law; as shown in Fig. 3. Finally, the
generated mesh was imported into CFD solver FLUENT, and the
data communication between the two parts used the interface
method. The inflation layer is subject to the wall function in tur-
bulence. Here, the standard wall function was adopted to avoid
the fine mesh along the wall, and the Y" value was ~30.

To ensure the simulated accuracy and reduce the calculation
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time, it is necessary to make mesh independence validation. The
grids 209940, 418990, 645494, and 744894 were used to test. At a
liquid feed flow rate of 5.56E-4 m’/s, the mean axial velocity and
mean turbulent dissipation rate with different mesh scales were
compared at the height of Z=—80 mm in the vortex chamber, as
shown in Fig. 4. When the number of grids is greater than 418990,
the variation of mean axial velocity and mean turbulent dissipa-
tion rate can be ignored. Therefore, the grids with 418990 were
selected for the subsequent simulations.
3. Boundary Conditions and Simulation Setting

In this paper, only the liquid phase was considered. Its density
and viscosity are 998.2 kg/m’ and 0.001003 Pa-s at room tempera-
ture, respectively. The inlet and outlet boundary types were velocity-
inlet and pressure-outlet, respectively. The corresponding boundary
condition equations are displayed in Eqgs. (26) and (27). The speci-
fication method of turbulence involves turbulent intensity and
hydraulic diameter. The turbulent intensity was set as 5%, and the
hydraulic diameter was consistent with the inlet or outlet diame-
ter. The 5% turbulent intensity is suitable for a modest turbulence
environment, which is the common setting inlet turbulence condi-
tion method. Yan et al. [45] also adopted the “Intensity and Hydrau-
lic Diameter” method to set the initial turbulence conditions at the
inlet and outlet in a gas-liquid bubble column. The wall adopted
the no-slip boundary condition, and the standard wall function was
adopted near the wall.

velocity-inlet

u(x)=—1u,, u(y)=u(z)=0 (6)
pressure-outlet

Pour=0 @7)

where u, is the liquid inlet velocity magnitude.

In this study, the pressure-based solver and transient simulations
were considered. The pressure-implicit with splitting of operators
(PISO) algorithm was adopted for the pressure-velocity coupling
scheme. Gradient and pressure were estimated by the least squares
cell-based method and pressure staggering option (PRESTO!)
scheme, respectively. Moreover, quadratic upstream interpolation
for convective kinematics (QUICK) scheme was adopted for the
momentum, the turbulent kinetic energy, and the turbulent dissi-
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Fig. 4. The mesh independence on (a) mean axial velocity and (b) mean turbulent dissipation rate.
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pation rate discretization. The solution was controlled by under- were default values. The time step size was 0.0005 s, and all scaled
relaxation factors. The under-relaxation factors of pressure and residuals for the equations convergence criteria were less than 10™.
momentum equations were set as 0.3 and 0.7, respectively. More- The max iterations were set as 20. The flow field used the stan-

over, the under-relaxation factors of both turbulent kinetic energy dard initialization method, and the velocity was initialized as inlet
and turbulent dissipation rate equations were set as 0.8, and others velocity; as shown in Eq. (28). When the calculation time was greater
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than 105, the monitored velocity magnitude of the outlet was stable,
and the calculation was regarded as convergence. Then, we con-
tinued calculating for 55, and took the average of 5s data as the
final simulation results for all cases.

u(x, t=0)=—-u,, u(y, t=0)=u(z, t=0)=0 (28)

4. Explanation of the Open Hole Number and Scheme

The open hole number refers to the number of the open holes
in the inner cylinder wall. The open hole number is increased or
decreased according to the variation of the feed flow rate. The open
hole scheme means that when the open hole number and feed
flow rate are not changed, there are many schemes for open holes.
As an example of open hole number of 12, there are a total of C;;
open hole schemes. It is impossible to compare the differences of
all the open hole schemes. Therefore, several typical open hole
schemes were selected here, such as the top, middle, bottom, and
spiral open hole schemes, as shown in Fig. 5. A blue box means
that the hole is open, and a white box indicates that it is closed. S
represents the spiral open hole schemes. The open hole number
and scheme adjustments were achieved by applying wall boundar-
ies inside the holes during the simulations.

RESULTS AND DISCUSSION

1. PIV Measurement Results and Models Validation

At the liquid flow rate of 5.56E-4 m’/s, the open hole number
of 12, and the open hole scheme S-1_12, the results predicted by
the above-mentioned turbulence models were compared with the
PIV experimental data, as shown in Fig. 6. It shows the mean axial
velocity of the swirl flow bubble generator at Z=—680 mm. The
short error bars indicate the accuracy of the measurement results.
The values predicted by the standard k-& were closest to the exper-
imental values, and the errors of other turbulence models were rel-
atively large. Alam et al. [8] also validated the reliability of the
standard k-¢ in a swirl flow bubble generator. Although the stan-
dard k-& model had the best compatibility among these turbu-

1.0
Standard k-¢
—SST k-0
——RNG k-¢
Realizable k-¢
S+
0 ——RSM

PIV Z = -680 mm

,,,,,,,,

Axial velocity (m/s)
(=]
<

1

S

9}
1

_100 T T 1
-1.0 -0.5 0.0 0.5 1.0

Scaled radial position, r/R

Fig. 6. Comparison of axial velocity between turbulence models and
PIV experiments at Z=—680 mm.
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lence models, there were still some differences compared with the
PIV results, especially in the central region with the simulation of
the velocity profile deviating from the experimental data by a fac-
tor of 2. The reasons can be explained as follows: (1) the actual
geometry, especially the inner cylinder, has various tiny configura-
tions such as guide groove and internal thread in open hole inner
face. However, these structures were ignored during simulations to
simplify the modeling process. A pipe with a diameter of 3 mm
replaced the actual holes. (2) The errors can be from the PIV shoot-
ing process, such as the shooting plane of nonuniform illumina-
tion and the image noise with bad points. (3) The density of tracer
particles with a diameter of 100 pum is less than the density of water.
Due to swirl flow; the particles can aggregate at the center of the
pipe, leading to significant errors in the central region. Therefore,
it is not easy to achieve complete consistency. Although RSM is
the most robust RANS based turbulence model, it produced the
maximum deviation in comparison with the PIV data in this paper.
It is possible that RSM mainly applies in the strong swirl and shear
flows, overestimating the swirl flow pattern in the swirl flow bub-
ble generator. Hence, the selection of the turbulence model should
be based on the experimental data.

Fig. 7(a) shows the two frames A and B image analysis results
using Insight 4G software. The final velocity vectors were aver-
aged by Tecplot software, as shown in Fig. 7(b). It was found that
velocity vectors were along the downward right direction without
the upward arrows. It indicated curvature flow in the straight pipe
section, but the swirl flow was not strong enough to produce the
eddy. In the radial direction, the velocity magnitude increased and
then decreased. Near position Y=0, the velocity magnitude had the
maximum value of ~0.75m/s. Fig. 7(c) shows the velocity vector
calculated by different turbulence models in the X=0 plane. The
results of the standard k-& model were consistent with the PIV.
However, other turbulence models overestimated the presence of
vortices in the flow field. RNG k-g Realizable k-& and RSM are
primarily applied in the strong turbulent environment, for exam-
ple, hydrocyclone [46]. Meanwhile, the holes and vortex chamber
diameters in the swirl flow bubble generator are 3 mm and 44
mm, respectively. The almost 15 times difference makes the flow
field of the device different from that of the hydrocyclone. Here,
we chose the standard k-& model to analyze the flow field further.
PIV was only used to obtain the local flow field distribution, and it
did not measure the flow in the vortex chamber in this paper. There-
fore, it was necessary to use the CFD numerical simulation method
to analyze the flow of the entire equipment, which included the
vortex chamber and the straight pipe section.

The whole pressure drops of the equipment predicted by the
standard k-& model were compared with the measured values, as
shown in Fig. 8. The open hole number was 12, and the open hole
scheme was S-1_12. With the increase in the feed flow rate, the pres-
sure drop increased for both experiments and simulations. The rela-
tionship between them seemed to be a quadratic function, and the
specific expression can be seen in the following section 3 (RESULTS
AND DISCUSSION). The simulations were in good agreement with
the experimental values, and the maximum relative error was less
than 6%. The standard k-& model was also used to successfully
predict the difference pressure with respect to the flow rate in the
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Fig. 7. (a) Image analysis results of frames A, B in Insight 4G software, (b) mean velocity vector, and (c) the velocity vector diagram of differ-
ent turbulence models.
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axial flow pump [35]. Therefore, in this study; the standard k-£ model
accurately predicted the flow field of the swirl flow bubble genera-
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6.0lE-4
Liquid feed flow rate (m’/s)

8.0E-4

tor, and the model will be used in subsequent simulations.
2. Flow Field Analysis

Fig. 9 shows the streamlines of the swirl flow bubble generator

1.0E-3

with a liquid flow rate of 5.56E-4 m’/s, an open hole number of 12,
and an open hole scheme S-1_12. When the liquid entered the vor-
tex chamber from multiple oblique holes, it generated a swirl flow
in the vortex chamber and straight pipe section. The liquid spi-
rally descended from the vortex chamber to the straight pipe sec-
tion. However, its vortex flow field is weaker than traditional hydro-
cyclones [46] based on the PIV measurement results and turbu-
lence model validation.

Fig. 10 shows the pressure, axial velocity, radial velocity; and tan-
gential velocity distribution at X=0. Due to the large ratio between
height and diameter of the swirl flow bubble generator, the vortex
chamber region (Z=—0.23 m-0 m) was magnified to illustrate the
flow pattern. In the vortex chamber, the pressure near the wall has
a higher value of ~2,000 Pa than in other zones, and the low or
negative pressure was concentrated in the zone of more than 60%
space of the vortex chamber. In the straight pipe section part, the
pressure was close to the gauge pressure of 0. The axial velocity
was very complex without flow regular in the vortex chamber,
which was different from the hydrocyclone axial flow profiles [46],
namely, without significant quasi-free and quasi-forced vortices
along the radial direction, especially in the upstream zone. The
axial velocity was close to 0.10 m/s near the central region down-
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Fig. 9. Streamlines in the swirl flow bubble generator with a liquid
flow rate of 5.56E-4m’/s, an open hole number of 12, and
an open hole scheme S-1_12.

stream of the vortex chamber. With the increase in flow distance,
the axial velocity was close to a constant of ~0.35 m/s. Unlike the
hydrocyclone, the radial velocity could be compared with the axial
velocity because of the 60° horizontal angle of the holes and the
large diameter ratio of approximately 15 between the vortex cham-
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ber and hole. The positive and negative radial velocities appeared
alternately along the flow direction due to the spiral flow. The tan-
gential velocity had the largest value among the three velocity com-
ponents, and the values were almost the same in the vortex chamber.
The reason may be the uniform open holes along the height of the
vortex chamber. Along the radial direction 0<r/R<1, the tangen-
tial velocity increased first and then decreased. The maximum
tangential velocity of ~2.7 m/s was close to the wall. The tangen-
tial velocity gradually reduced in the straight pipe section due to
the flow resistance.

To describe the flow field of the bubble generator further quan-
titatively, the velocities and turbulence characteristics in the radial
direction were extracted, as shown in Fig. 11. The distribution of
the mean axial velocity, radial velocity; tangential velocity, and resul-
tant velocity in the radial position at Z=—120 mm and Z=—1,000
mm is illustrated in Fig. 11(a), (b). They show that the tangential
velocity and resultant velocity were approximately symmetrical.
The tangential velocity was an “M” shape. At the Z=—120 mm posi-
tion in the vortex chamber, the tangential velocity from center to
0.75R increased from 0 to 2.7 m/s and then decreased because of
walls. The tangential and resultant velocities were almost the same,
indicating that the tangential velocity was the primary velocity com-
ponent in the vortex chamber. Due to the turbulence energy con-
sumption of fluid flow from the vortex chamber to the straight pipe
section, the maximum tangential velocity dropped from 2.7 m/s to
0.65 m/s. The tangential velocity was always positive, indicating
that the fluid rotated in the same direction at the vortex chamber
and straight pipe section. According to the streamlines of fluid
shown in Fig. 9, the rotation direction was counterclockwise. At
Z=—120 mm, the axial velocity and radial velocity had equivalent
values, and the conclusion was the same as Fig. 10. In the straight
pipe section, the axial velocity was negative, and the radial veloc-
ity was close to 0 at Z=—1,000 mm. The axial velocity was compa-
rable with the tangential velocity because of weak swirl flow and

Fig. 10. The pressure, axial velocity, radial velocity, and tangential velocity distribution at X=0.
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gravity.

Fig. 11(c), (d) shows the mean turbulent kinetic energy and tur-
bulent dissipation rate in the radial position at Z=—120 mm and
Z=-1,000 mm. At Z=—120 mm near the liquid inlet, the maxi-
mum values of turbulent kinetic energy and turbulent dissipation
rate were 0.25m’/s” and 90 m’/s’ because of greater hole velocity
near the liquid inlet. The turbulent dissipation rate curve was flat
with small values of approximately 0 in the range of —0.5R to 0.5R,
indicating that the energy dissipation was mainly concentrated
near the wall. At Z=—1,000 mm, due to the flow resistance, the order
of magnitude for the turbulent kinetic energy and turbulent dissi-
pation rate became 10~ and 10", respectively. There were also maxi-
mum values near the wall.

3. Open Hole Number

The characteristic of the bubble generator is that it can adapt to
the change in the liquid feed flow rate. When the feed flow rate is
low; the turbulence intensity in the vortex chamber becomes weaker.
Plugging holes is usually used to increase the turbulent intensity of
the vortex chamber. The plugging holes method refers to reduc-
ing the open hole number and increasing the flow velocity in the
open holes. The greater the hole velocity; the stronger the turbu-
lence in the vortex chamber. It is noted that the gas or bubble den-
sity is significantly less than the liquid density. Therefore, the liquid
flow can reflect the actual operating status because it directly affects
the entire equipment’s turbulent intensity and energy consumption.

In the actual adjustment process, the turbulence intensity can
be determined indirectly through the pressure drop of the equip-

ment. However, this adjustment method needs further study to
facilitate actual operation. Therefore, finding the relationship among
the pressure drop, liquid feed flow rate, and open hole number is
necessary to guide the operation and run.

Through the validation and selection of the turbulence model in
Section 1 (RESULTS AND DISCUSSION), the relationship among
the pressure drop, liquid feed flow rate, and open hole number was
obtained by simulations. According to chemical engineering princi-
ples, under turbulent flow conditions, the flow pressure drop AP
(Pa) in the pipeline is proportional to the square of the mean veloc-
ity, namely, the square of the volume flow rate Qy (m’/s). The rela-
tionship can be described as follows:

AP=kQj 29

Fig. 12(a), (b) shows the relationship between pressure drop AP
and the feed flow rate Q; The AP was proportional to Qj at the
same open hole number, and Eq. (29) held for both even and odd
open hole numbers. With the increase in the open hole number,
the proportional coefficient k decreased, and the variation tendency
was plotted in Fig. 12(c). The proportional coefficient k increased
approximately exponentially with the decrease of the open hole
number N, indicating that the AP was more sensitive to the varia-
tion of Q, when the open hole number was small. Therefore, the
plugging hole adjustment method was limited when the Q; was
low. The relationship between k and N was plotted in the double
logarithmic coordinate and linear fitting regression, as shown in
Fig. 12(d). Finally, the relationship among AP, N, and Q; was ob-
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tained, expressed by Eq. (30). The parameters a and b, respectively,
were 1.58E13 and 1.86. Notably, AP was negatively correlated with
N and positively correlated with Qg The smaller the open hole
number, the greater the pressure drop at a constant feed flow rate.
Eq. (30) correctly represents the relationship among the pressure
drop, the open hole number, and the feed flow rate. It provides great
convenience for the actual operation.

AP= a—QZf: a—”zD?’; : (30)

N 16N
where AP is the pressure drop of the swirl flow bubble generator.
Qy is the liquid feed flow rate. N refers to the number of open holes.
D, denotes the liquid inlet diameter.

Eq. (30) reflects the relationship among pressure drop of the
swirl flow bubble generator, open hole number, and feed flow rate
from a macroscopic and global perspective. However, as shown in
Fig. 12(a), the same pressure drop corresponds to difterent feed flow
rates and open hole number. Fig. 13 illustrates their influences on
the tangential velocity, turbulent dissipation rate, and Q criterion
of the vortex chamber at a pressure drop of approximately 55 kPa.
Five cases of open hole number and feed flow rates were selected
to compare: (A) N=12, Q;=5.56E-4m’/s; (B) N=29, Q,=131E-
3m’/s; (C) N=36, Q;=1.58E-3 m’/s; (D) N=55, Q;=2.28E-3 m’/s;
(E) N=72, Qy=2.78E-3m’/s.

When the pressure drop was approximately the same, the larger

April, 2023

the feed flow rate, the greater the open hole number. The mean
tangential velocity increased with the increase in feed flow rate.
From A to E, the maximum tangential velocity increased by ap-
proximately 35%. Furthermore, a region width with a low velocity
of less than 1.0 m/s in the vortex chamber decreased by 44%. Due
to the increase in open hole number, the tangential velocity became
more uniform in the vortex chamber, which can also be reflected
in the mean turbulent dissipation rate, as shown in Fig. 13(b). The
turbulent dissipation rate was mainly distributed in the wall region,
and from A to E, the maximum turbulent dissipation rate was all
almost close to 50 m’/s’ because of the similar hole velocity. The
central region dissipation rate increased from A to E. High turbu-
lence intensity is conducive to the generation of tiny bubbles [47].
Furthermore, Fig. 13(c) displays the Q criterion (Q>0) in the vor-
tex chamber. The vorticity was mainly concentrated in the central
region. Near the wall, the vorticity was close to null, and the strain
rate dominated. From A to E, the maximum vorticity gradually
transferred to the center, and the maximum value increased by four
times. It means that at a higher feed flow rate and more open hole
number, the energy in the vortex chamber is adequate, and the gas
phase is easier to break into tiny bubbles.
4. Open Hole Scheme

The relationship among the pressure drop, feed flow rate, and
open hole number was established in Section 3 (RESULTS AND
DISCUSSION). In this section, the pressure drop and the mean
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Fig. 13. Effect of various feed flow rates and open hole numbers on the flow field in the vortex chamber at the same pressure drop of 55 kPa
(X=0): (a) tangential velocity, (b) turbulent dissipation rate, and (c) Q criterion. ((A) N=12, Q;=5.56E-4 m’/s; (B) N=29, Qy=131E-
3m’/s; (C) N=36, Q;=1.58E-3 m’/s; (D) N=55, Q;=2.28E-3 m’/s; (E) N=72, Q;=2.78E-3 m’/s).

turbulent dissipation rate in the vortex chamber and the straight pipe
section were selected to express the differences in the open hole
schemes. The pressure drop represents the energy consumption.
The dissipation rate is relative to the bubble diameter. The maxi-
mum stable bubble diameter can be estimated by Eq. (31) [47].
DMux:Aé:Z/S O_3/5p73/5 (31)

where D,,, is the maximum stable bubble diameter. A represents

a proportional constant. is the turbulent dissipation rate. o denotes
the surface tension. p refers to the density of the liquid phase.

Fig. 14(a) shows that the variation in pressure drop caused by
different open hole schemes can be ignored. The abscissa denotes
the open hole schemes as displayed in Fig. 5. When the feed flow
rate was 5.56E-4 m’/s and the open hole number was set as 12, the
pressure drop was approximately 55 kPa in all cases. So Eq. (30)
can apply to all open schemes. The pressure drop did not effec-
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tively illustrate the difference in the open hole schemes.

As shown in Fig. 14(b), the mean turbulent dissipation rate in
the vortex chamber and the straight pipe section was different
among the open hole schemes. In the vortex chamber, when the
open hole schemes were 3_4, the turbulent dissipation rate of the
vortex chamber had a minimum value of 12 m*/s’. When the spi-
ral open hole schemes were used, the turbulent dissipation rate
increased to 14-16 m’/s’, indicating that the spiral open hole schemes
helped increase the turbulent dissipation rate of the vortex chamber
and reduced the maximum stable bubble diameter. In the straight
pipe section, the turbulent dissipation rate was two orders of mag-
nitude lower than that of the vortex chamber. Compared to the
top and middle open hole schemes, the turbulent dissipation rate
in the straight pipe section could be enhanced by 41.2% and 29.4%
for the bottom open hole scheme, respectively. This is because the
bottom open hole scheme is located at the junction of the vortex
chamber and the straight pipe section, and it increases the turbu-
lence intensity at the inlet of the straight pipe section and the over-
all turbulent dissipation rate of the straight pipe section. Based on
the above analysis of the open hole schemes, the spiral-bottom
open hole schemes can be selected to enhance the turbulent dissi-
pation of the vortex chamber and the straight pipe section.

The influences of different open hole schemes on the flow field
in the vortex chamber are illustrated in Fig. 15. Here, spiral (S-
2_6) and non-spiral (2_6) open hole schemes are compared. A, B,
C, D, E, and F denote above-2_6, middle-2_6, bottom-2_6, spiral-
above-2_6, spiral-middle-2_6, and spiral-bottom-2_6 open hole
schemes, respectively. The tangential velocity has a similar velocity
distribution pattern. The maximum tangential velocity exists at the
location of open holes. At these positions, the tangential velocity is
a uniform distribution for the non-spiral open hole schemes com-
pared with that of spiral open hole schemes. However, the maxi-
mum tangential velocity of ~3.5m/s in the spiral open hole schemes
is greater than that of the non-spiral open hole schemes. When
the open hole number is 12, the velocities in the holes are approxi-
mately equal to 6.5m/s. In the non-spiral scheme, the tangential
velocity is small because the fluid from the upper and lower holes
always comes into the same radial position in the vortex chamber.
The spiral schemes can ensure that fluid enters the vortex cham-
ber in the entire circumference of the vortex chamber. This can
make tangential velocity higher. Meanwhile, the variation in the
turbulent dissipation rate and Q criterion between spiral and non-
spiral schemes is similar to that of the tangential velocity. The maxi-
mum turbulent dissipation rate of the spiral open hole schemes
near the hole outlet was 50 m’/s’, which was 40% higher than that
of the non-spiral open hole schemes. The maximum Q criterion
value was also distributed near the hole outlet, and the spiral open
hole schemes had higher values than non-spiral schemes. The anal-
ysis indicates that the spiral open hole scheme is beneficial to the
generation of bubbles.

CONCLUSIONS
We performed PIV tests and CFD simulations of a unique swirl

flow bubble generator. Results with different turbulence models
were compared with PIV data at the straight pipe section. The

results show that the axial velocity distribution predicted by the
standard k-& model agreed well with PIV data compared to other
turbulence models. The velocity vectors calculated by the standard
k-&£ model were more in accordance with the actual flow pattern.
The maximum pressure drop difference between CFD simulations
and experiments was less than 6%. The relationship among the
pressure drop, open hole number, and feed flow rate was obtained
by CFD simulations. The pressure drop was proportional to the
feed flow rate or inlet velocity square and inversely proportional to
the power of 1.86 open hole number. The expression was suitable
for both odd and even open hole numbers. The pressure drop in
different open hole schemes at the same open hole number of 12
was approximately 55kPa, which indicated that the open hole
scheme was not a sensitivity parameter for the pressure drop. The
established expression could be used without considering the dif-
ference in the open hole scheme at the same open hole number.
However, the effect of the open hole scheme on the turbulent dis-
sipation rate was significant. The vortex chamber had a minimum
turbulent dissipation rate value of ~12 m’/s’ for the open hole scheme
3_4. When the spiral-open hole schemes were adopted, the turbu-
lent dissipation could increase to 14-16 m*/s’. Meanwhile, com-
pared to the top and middle open hole schemes, the turbulent dis-
sipation rate in the straight pipe section could be enhanced by
41.2% and 29.4% for the bottom open hole scheme, respectively.
Therefore, the spiral-bottom open hole schemes are suggested to
ensure high turbulent dissipation rates in both the vortex cham-
ber and straight pipe section. This work can provide an adjustment
guideline for the swirl flow bubble generator from the theoretical
level and fill the gap in this respect.

It should be pointed out that the numerical simulation was based
on single-phase flow without considering the effect of the gas phase
or bubble in this work. The bubble generation performance was
qualitatively judged according to the turbulent dissipation rate in
the vortex chamber and straight pipe section. In further work, we
will consider the multiphase flow study using the computational
fluid dynamics-population balance model (CFD-PBM) method to
explore the performance of bubble generation based on the cur-
rent work.
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NOMENCLATURE

Abbreviations
3D :three-dimensional

CAD : computer aided design
CCD : charge coupled device
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CFD : computational fluid dynamics

CWT': clean water technology

ICEM : Integrated computer engineering and manufacturing
PBM : population balance model

PISO : pressure-implicit with splitting of operators

PIV :particle image velocimetry

PRESTO : pressure staggering option

QUICK : quadratic upstream interpolation for convective kinematics
RANS : Reynolds averaged Navier-Stokes

RNG : renormalization group

RSM : Reynolds stress model

SCDM : SpaceClaim direct modeler

SST  :shear stress transport

Notations

A :constant of proportional [-]

a,b  :model parameters [-]

d :hole diameter [m]

D, :internal diameter of cavity [m]

D,, :outer diameter of cavity [m]

D,, :inlet diameter for gas phase [m]

D, :inlet diameter for liquid phase [m]

D, :maximum stable bubble diameter [m]

D, :diameter of vortex chamber and straight pipe section [m]

Dy, :turbulent diffusion term in Reynolds Stress Model [kg/my/s’]
E;  :time-averaged strain rate [1/s]
F;  :production of system rotation term in Reynolds Stress Model

[kg/m/s’]

G,  :generation term of turbulent kinetic energy resulting from
the mean velocity gradient [kg/m/s’]

: generation term of specific dissipation rate [kg/m’/s’]

: total height [m]

: height of the vortex chamber [m]

: proportional coefficient (—) or turbulent kinetic energy [m?%/
]

: open hole number [-]

: pressure [Pa]

: stress production term in Reynolds Stress Model [kg/m/s’]

: Q criterion [1/5]

:liquid feed flow rate [m’/s]

:radial position [m]

:radius [m]

: spiral open hole scheme [-]

: time [s]

: velocity [m/s]

:liquid inlet velocity [m/s]

: space coordinate [m)]

: dissipation of turbulent kinetic energy due to turbulence [kg/
m/s’]

Y, :dissipation of specific dissipation rate due to turbulence [kg/

m’/s’]
Z  :axial position [m]
AP :pressure drop [Pa]

S

~ IO

Tz

5

KEEETO®T 00

Greek Letters
a  :inclination angle of the holes [°]

April, 2023

&  :turbulent dissipation rate [m’/s’]

&  :dissipation term in Reynolds Stress Model [kg/m/s’]
¢  :angle of hole arrangement [°]

M :viscosity [Pa-s]

M :turbulent viscosity [Pa-s]

p  :density [kg/m’]

o :surface tension [N/m]

0. :Prandtl number for turbulent kinetic energy k

0,  :Prandtl number for turbulent dissipation rate &

®  :specific dissipation rate [1/s]

@, :angular velocity [1/s]

£2; :mean rate-of-rotation tensor [1/s]

¢;  :pressure strain term in Reynolds Stress Model [kg/m/s’]
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