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� The effect of grid-screen on the mixing capacity of bubble plumes was tested.
� The grid-screen can reduce the vertical velocity of bubbles by 38%.
� Bubble concentration increased by 9% as the distance after grid-screen increased.
� The effect of grid-screen became negligible at a certain distance after the screen.
� Bubble size growth after the grid-screen is correlated with Reynolds number.
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A series of laboratory experiments was conducted to improve the entrainment and mixing capacity of
vertically discharged bubble plumes by employing a grid-screed with different openings and at different
distances from the nozzle. Bubble characteristics such as bubble size, bubble size distribution, bubble
concentration, and bubble velocity were measured using an accurate Refractive Bubble Index (RBI) probe
along the plume, before, and after the grid-screen. The effects of grid-screen openings and airflow dis-
charge on variations of bubble characteristics were examined. Experimental results showed that the size
of grid-screen and its distance from the nozzle decreased the vertical velocity of bubbles by an average of
38%. Dynamics of bubbles before and after the grid-screen was analyzed and a regime classification was
proposed based on variations of the normalized bubble velocity with the distance from the nozzle. It was
found that increasing the distance between the grid-screen and nozzle increased bubble concentration by
approximately 9% and reduced bubble size by 31%. At a certain distance from the nozzle, the effect of the
grid-screen became negligible and bubble velocity reached its initial value. This specific distance was
extracted for all tests and the results showed that such critical distance was correlated with the nozzle
Reynolds number. Empirical correlations were developed to estimate the effective mixing length after
the grid-screen. The proposed equations were found to be correlated with the bubble Reynolds number.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Multi-phase bubble plumes have been utilized in industrial
technologies, natural water reclamation, and water quality
improvement due to their capacity to induce buoyancy-driven
flows and promote aeration and mixing. They have been recog-
nized as an efficient method of enhancing air/oxygen transfer in
lakes, rivers, and wastewater treatment plants (Wüest et al.,
1992a; Simiano et al., 2006; Funaki et al., 2009; Paerl and Otten,
2013; Aoyama et al., 2016; Ibelings et al., 2016; Yang et al.,
2016). The advantages of bubble plumes over mechanical mixing
systems are the simplicity of design, affordability of construction,
and operation costs (Pacheco and Lima Neto, 2017; Lima and
Lima Neto, 2018). Bubble plumes have been utilized in many envi-
ronmental engineering problems such as oxygenation of the hypo-
limnion layer in lakes to reduce phosphorus release from
sediments, and inhibit algal growth (Soltero et al., 1994, Moura
et al., 2020). Other common applications of bubble plumes are in
oxygenation of sewage in wastewater treatment plants
(Schladow, 1992, 1993), in de-stratification of lakes and reservoirs
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(Lima Neto et al., 2016), in mixing of very hot or toxic liquids
(Aoyama et al., 2016), and in destratification of lakes and reservoirs
(Bormans et al., 2016). Moreover, air injection into effluent dif-
fusers can be also an attractive alternative for artificial aeration
of water bodies (Lima Neto et al., 2007).

Several mechanisms control the motion of bubbles in stagnant
ambient such as initial momentum due to airflow, nozzle size, ini-
tial buoyancy due to density difference between air and water, and
turbulent diffusion due to bubble motion (Lima Neto, 2012). Air is
released from porous diffusers, single circular nozzles or a cluster
of nozzles to form a bubbly jet/plume, resulting in bubbles with
different shapes, sizes, and velocities depending on the discharge
device and the initial airflow discharge. Hence, the initial flow con-
figurations such as nozzle size and airflow rate are indispensable to
understand, control, and simulate such jets/plumes (Yapa et al.,
1999; Socolofsky and Adams, 2002, 2003; McGinnis et al., 2004;
Singleton et al., 2007; Lima Neto et al., 2008a; Mantripragada
et al., 2021). A forced plume or a buoyant jet is formed when air
and water are injected through a nozzle in which both momentum
and buoyancy forces control the motion of bubbles (Lee and Chu,
2003; Lima Neto et al., 2008b). In bubbly jet-plumes, bubbles move
upward due to the density difference between air and water, and
bubble motion is augmented by the initial injection of air and
water. Extensive experimental and numerical studies have been
performed to understand bubble dynamics and different models
were proposed to predict bubble dynamics and mixing in bubbly
jets and plumes.

Experimental studies have shown that the geometry and initial
flow rates of air/water have significant importance in the
characteristics of bubble plumes (Rosso and Stenstrom, 2006;
Lima Neto et al., 2008a; Laupsien et al. 2017; Lai and Socolofsky,
2019; Liu et al., 2019). Table 1 shows a list of experimental
studies to explore the dynamics of bubble plumes for mixing
improvement by testing the controlling parameters such as nozzle
size, do, airflow rate, Qo, mean bubble diameter, db, and ambient
water depth, h.

Many research studies have demonstrated the effect of air injec-
tion on the hydrodynamics of bubbles in multiphase plumes and
have correlated the initial parameters such as nozzle size and air
discharge on variations of bubble centerline velocity (Milgram,
1983; Socolofsky and Adams, 2003, 2005; Bombardelli et al.,
2007; Lima Neto et al., 2008a, 2012; Wang et al., 2019; Besbes
et al., 2020; Bohne et al., 2020). Fisher and Honda (1979) indicated
that the centerline velocity of bubbles in momentum-driven bub-
ble plumes is a function of distance from the nozzle, x, and the ini-
tial momentum flux, Mo. In buoyancy-driven plumes (i.e., buoyant
plumes) the centerline velocity of the plume is a function of dis-
tance from the nozzle, x, and the initial buoyancy flux, Bo. Recent
studies have also confirmed the nonlinear correlation between
the centerline velocity of bubbles and the distance from the nozzle
in form of ub � x-1/3 (Bombardelli et al. 2007; Lai and Socolofsky,
2019). Bombardelli et al. (2007) provided a prediction model to
estimate bubble centerline velocity, us, by scaling the distance from
the nozzle, x, with a length scale, D, at which D = gQo/4pa2us3

where g is the acceleration due to gravity, a is the entrainment
coefficient, and us is the bubble slip velocity. It was found that
the normalized bubble velocity can be expressed as ub/us = 1.24
(x/D)-1/3.

The impact of bubble expansion as hydrostatic pressure
decreases and buoyancy variation were studied by Fannelop
(1980). The centerline velocity of bubbles and its variations along
with a relatively deep tank (i.e., h = 10 m) was measured and the
effect of air discharge, ranged between 300 L/min to 1326 L/min,
on bubble velocity was tested. It was found that the centerline
bubble velocity decreased with distance from the nozzle, x, and
the centerline velocity linearly decreased by 34% at a distance
2

9 m from the nozzle. A series of experimental investigations was
carried out to study the effects of plume configuration on model
blowout and broken gas pipelines (Milgram, 1983). Their labora-
tory experiments were carried out in a 3.66 m deep tank and bub-
ble plumes with different air discharges ranging between 12.1 L/
min and 140 L/min were tested. It was found that the centerline
velocity of bubbles decreased by approximately 45% at a distance
1.5 m from the nozzle and velocity variations along the vertical
axis became negligible afterwards.

Experimental studies on the aeration configuration of bubble
plumes have shown that the initial nozzle configuration has a neg-
ligible effect on variations of centerline bubble velocity (Lima Neto
et al., 2008a). Lima Neto (2012) developed an integral model to
predict bubble velocity variations and found that the centerline
velocity was invariant with water depth for x > 1.5 m. Beyond
the threshold distance, the centerline velocity of bubbles was
34% of the initial bubble velocity. Fraga et al. (2016) performed a
large-eddy simulation of bubble plumes. The numerical model
was validated with the experimental data of vertically released
bubble plumes (see Table 1). An adverse correlation was found
between bubble size and centerline velocity. It was found that
the slope of velocity decay decreased with increasing mean bubble
diameter. The numerical results indicated that the centerline bub-
ble velocity decreased far from the nozzle and it was independent
of the nozzle size.

Wang et al. (2019) developed a new theoretical study based on
diffusive spreading to describe the lateral spreading of bubble
plumes. The proposed theoretical study was validated with exper-
imental data. Bubble plume characteristics such as bubble mean
velocity, volume flux, momentum flux, and spreading rate of bub-
ble plumes were predicted for buoyancy-driven (i.e., pure plume)
and weak momentum-driven bubble plumes. The spreading rate
of the weak momentum-driven plumes was found to be smaller
than the classic buoyancy-driven pure plume. The dynamics of
weak momentum-driven bubble plumes indicated that the nor-
malized bubble velocity decreased with a distance from the nozzle
in form of ub/us � x-1/2.

Many studies have shown the effect of plume characteristics
such as nozzle diameter and airflow rate on bubble size and bubble
size distributions (Clift et al., 1978; Iguchi et al., 1989; Wüest et al.,
1992b; Swasn and Mores, 1993; Rensen and Roig, 2001; Bergmann
et al., 2004; García and García, 2006; Lima and Lima Neto, 2008;
Bryant et al., 2009; Ziegenhein and Lucas, 2017a,b; Lima and
Lima Neto, 2018; Niida and Watanabe, 2018). Laboratory experi-
ments indicated that bubble breakup occurs at a threshold Rey-
nolds number of Re = 8000. For Re > 8000, large bubbles break up
into smaller bubbles and produce a relatively uniform bubble size
distribution (Lima Neto et al., 2008b; Laupsien et al., 2021). It was
found that bubble velocity was independent of nozzle size, but
bubble size decreased by approximately 20% to 50% for bubble
plumes generated from porous air-stone instead of single circular
nozzles.

Recent laboratory experiments have confirmed the effect of
porous diffusers on altering the variations of centerline bubble
velocity with depth (Li et al., 2020). The numerical simulations
of Li et al. (2020) have revealed that bubble size distribution
ranged between 1 mm and 1.5 mm at the center of the plume
and bubble sizes increased from 1.5 mm to 2.5 mm along the
axis of the plume. Relatively larger bubbles (i.e., 2.5 mm < db < 3 -
mm) were observed on the boundary of the plume. The experi-
mental study of Ziegenhein and Lucas (2017)a,b showed an
adverse correlation between bubble size and airflow rate. It
was reported that bubble plumes with high flow rates generated
a more uniform bubble size distribution. The recent study of
Bohne et al. (2020) confirmed the adverse correlation between
bubble size and airflow rate.



Table 1
Experimental parameters and air flow discharges of bubbly jets and plumes from the literature.

No. Study Flow Tank Size

(m)
W � L � H

h do Qo db

(m) (mm) (L/min) (mm)

1 Asaeda and Imberger (1993) Bubble plume 1 � 1 � 0.75 0.38–0.6 24 0.00264–0.768 < 4
2 Rensen and Roig (2001) Bubble plume 0.15 � 0.15 � 0.67 0.465

0.465
0.465
0.65

Capillary tube 1.26

1.84
3.24
1.84

2.8

3
3.4
3

3 Bergmann et al. (2004) Bubble plume 0.4 � 0.4 � 0.7 0.7 Air stone 0.5, 1, 1.5 3
4 Roig and De Tournemine (2007) Bubbly jet 0.3 � 0.15 � 3.1 3.1 Capillary tube Qa = 0.4–5

Qw = 1–7

1.14–2.38

5 Seol et al. (2007) Bubble plume 0.38 � 0.38 � 0.8 0.6 Air stone 0.5

1
1.5

1.51

1.71
2.02

6 Lima Neto et al. (2008a) Bubble plume 1.2 � 1.2 � 0.8 0.76 1 � 6

1 � 3
4 � 1.5
9 � 1
Air stone

2, 3 8

7 Lima Neto et al. (2008b) Bubbly jet, Pure water jet 1.2 � 1.2 � 0.8 0.76 4, 6, 9, 13.5 Qa = 7.56–108

Qw = 12

1.14–2.38

8 Lima Neto et al. (2008d) Bubbly jet 1.8 � 1.2 � 0.8 0.76 6 Qa = 1, 3, 5

Qw = 3, 5, 7

1.8–3.4

9 Seol et al. (2009) Bubble plume 0.38 � 0.38 � 0.8 0.7 Air stone 0.1 1.2
10 Riboux et al. (2010) Bubble plume 0.15 � 0.15 � 1 1 0.1

0.2
0.33
0.4

Not reported 1.6

2.1
2.5
2.5

11 Bryant et al. (2009) Bubble plume 1 � 2 � 1.5 1.5 Air stone 0.5, 1, 1.5 2
12 Funaki et al. (2009) Bubble plume 1 � 1 � 1 1 127 Not reported 0.3–5.8
13 Fraga and Stoesser (2016) Bubble plume 2 � 1 � 1 1 Air stone 0.5, 1.5 1, 2, 4
14 Ziegenhein and Lucas, 2017 Bubble plume 0.05 � 0.25 � 0.6

0.05 � 0.1125 � 1.8

0.6

1.8

0.7–0.9 0.6

4.81

3–5

7–8
15 Alméras et al. (2017) Bubble plume 0.45 � 0.45 � 2 2 Capillary tube Not reported 2–3.6
16 Lima and Lima neto (2018) Bubbly jet 0.5 � 0.5 � 1 0.8 1 � 30

1 � 10
4 � 5
8 � 3.5

Qa = 1–9

Qw = 11–30

1.7–4.8

17 Niida and Watanabe (2018) Bubble plume 0.15 � 0.17 � 0.2 0.2 0.26

0.4
1.2
1.2
1.2

0.015

0.04
0.05
0.08
0.012

2

3.2
3.6
4.2
4.9

18 Lai and Socolofsky (2019) Bubble plume 1 � 1 � 1 1 Air stone 0.5, 1.5 1–4
19 Wang et al. (2019) Bubble plume 9.1 � 4.6 � 16.8 16.8 0.4 0.25

1.2

3.8

4.1
20 Besbes et al. (2020) Bubble plume 0.25 � 0.25 � 0.3 0.3 Sparger 850

2550
4250

4.55

4.87
4.88

21 This study Bubble plume 0.85 � 1.60 � 0.80 0.7 1, 3 4, 6, 8 6–14
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A novel Micro Structured Bubble Column reactor (MSBC) was
designed by using a wire mesh structure inserted in a pseudo-2D
bubble column reactor (Sujatha et al., 2015). Different bubbly flow
configurations passing through the wire mesh were tested by
employing visual observations. The experimental results identified
three different regimes named as bubble cutting, bubble cutting
followed by re-coalescence, and gas pocket formation. The superfi-
cial gas velocities for different mesh sizes ranged from 5 to 50 mm/
s. In addition to image analysis, an ultrafast X-ray tomography
3

technique was employed to study the effect of wire mesh on bub-
ble size reduction (Sujatha, 2016).

The performance of Micro Structured Bubble Column on bubble
dynamics was investigated numerically (Jain et al., 2013). The
results of validated numerical model to simulate MSBC indicated
that the wire meshing is able to cut the bubbles, increases the
interfacial area of bubbles, and enhances the interface dynamics.
The effects of single layer and double layers of mesh on bubble
dynamics were tested by employing optical measurements and



Fig. 1. The schematic of experimental setup, image of bubbly plume passing
through a grid-screen, the components of an optoelectronic unit and Refractive
Bubble Instrument (RBI) optical probe tip.
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Particle Image Velocimetry (PIV) techniques (Chen et al., 2021). A
comparison between one and two layers of mesh with the bench-
mark tests indicated that the bubble size decreased by 22.7% and
29.7%, the gas hold up increased by 5.7% and 9.7%, and the interfa-
cial area increased by 34.8% and 43.5%, respectively.

The present study is motivated by the effect of porous air-stone
devices in reducing bubble size and increasing the contact area
between air and water in buoyancy-driven bubble plumes. The lar-
ger contact surface between air and water enhances the oxygen
transfer between air and water, which is beneficial in improving
effluent quality in wastewater treatment plants and can improve
the efficiency of aerators in natural water bodies (Mueller et al.,
2002a,b). Due to presence of small porous media in air-stone noz-
zles, such devices are more susceptible to clogging in wastewater
treatment tanks and require frequent backwash and maintenance.
To reduce the operation cost because of significant head losses in
porous nozzles and the maintenance costs due to clogging of air-
stones over time, a grid-screen is introduced which is installed at
fixed distances from a single circular nozzle.

In this study, two grid-screens with different opening dimen-
sions are tested and the grid-screens are installed at three different
distances from the nozzle. The variations of bubble size, bubble
concentration, and velocity along the vertical axis of the bubble
plumes are measured for different air discharges to understand
how air discharge and screen size affect bubble characteristics
and how far air bubbles remain intact after passing through a
grid-screen. To test the effects of controlling parameters such as
nozzle size, airflow rates, grid-screen openings, and the distance
between grid-screen and nozzle on the efficiency of bubble plume
after the grid-screen, the variations of bubble characteristics such
as size, velocity, and concentration with the design parameters
are examined.

1.1. Experimental setup

A series of laboratory experiments were conducted in the Mul-
tiphase Flow Research Laboratory (MFRL) at Lakehead University
to study the effects of air discharge and grid-screen on variations
of bubble characteristics. The experiments were performed in a
glass-walled tank of 1.60 m long, 0.85 m wide, and 0.80 m deep
as shown in Fig. 1. The tank was filled up with tap water at
20 �C ± 1 �C to a depth of 0.70 m. An air pipeline provided com-
pressed air with a pressure of P = 4 atm. Different airflow rates of
Qa = 4 L/min, 6 L/ min, and 8 L /min were selected for this study.
The airflow rates were measured with an accurate rotameter
(LZM series Zyia OEM, Zhejiang, China) with an accuracy of ± 4%.
Two different circular nozzles with the inner diameters of do = 1 -
mm and 3 mm were chosen and the nozzles were placed at the
center of the tank and at 100 mm above the bottom (see Fig. 1).
Standard grid-screens with sieve openings of ds = 0.841 mm (i.e.,
sieve number #20) and ds = 2.380 mm (i.e., sieve number #16)
were employed. The grid-screen was installed at three different
elevations from the nozzle, Xs = 0.14 m, 0.22 m, and 0.30 m.

Overall, 36 experiments were carried out to test the effects of
nozzle size, do, air discharge, Qa, grid-screen size, ds, and the dis-
tance between grid-screen and the nozzle, Xs (see Table 2). Bench-
mark tests (i.e., bubble plumes without a grid-screen) were
performed to evaluate the performance of grid-screens on bubble
size and velocity reduction. The optical probe was placed at the
centerline of the nozzle and measurements were taken in a vertical
axis from the nozzle to the water surface with an increment of
30 mm. The experimental parameters, bubble characteristics, and
the associated non-dimensional parameters are listed in Table 2.
The time averaged bubble velocity and concentration were
calculated from the analog voltage signals by the RBI software. In
Table 2, ub is the bubble velocity, da is the bubble size, Cb is the
4

concentration factor, and Re is the Reynolds number at the nozzle
in which Re = uodo/tair, where uo is the initial bubble velocity, do is
the nozzle diameter, and tair is the kinematic viscosity of air.

The experimental tests started with BP, which stands for Bubble
Plume, and the numbers after BP are the nozzle size in millimeter,
air discharge in L/min, and sieve number. For example, the test
BP1-4–20 belongs to a bubble plume with a nozzle diameter of
do = 1 mm, air discharge of Qa = 4 L/min, and the sieve number of
#20. In this study, bubble characteristics such as bubble size, bub-
ble velocity, and void fraction are measured.

A high-resolution camera (Prosilica GT 1910c CCD, Germany)
with a speed of 20 frames per second was placed perpendicular
to the tank with 1.4 m from the tank to capture images of bub-
ble plumes and break-up/coalescence of bubbles before and after
the grid-screen. A snapshot of bubble plume after the grid-
screen is shown in Fig. 1. The camera was fitted with either a
90-mm Kowa F 1.8 (Kowa, Japan) or an 18–55 mm AF-Sinkkor,
13.5–5.6 GII (Nikon, Japan) lens. A double-tip optical fiber probe
system (RBI instrumentation, Meylan, France) was used to mea-
sure bubble characteristics such as bubble size, bubble velocity,
and bubble concentration. A module emits infrared light via
two fiber-optic cables to the tips of the probe. The probes’ tips
are 15 mm long, 2.5 mm apart, and two sapphire crystals were
installed at the end of the probe tips (see Fig. 1). The emitted
light is refracted when the probe tip is in water and is reflected
in the module when the probe tip is in the air (i.e., inside a bub-
ble). The reflected light passes through a semi-transparent mir-
ror combined with a prism towards a photosensitive diode in
the module. The light transmission system enables the probe
to acquire voltage signals with a sampling rate of 1 MHz (RBI
User Manual, Meylan, France).



Table 2
Experimental parameters and bubble characteristics of vertically discharged bubble plumes passing through a sieve.

Test NO. Test. X do Qa Sieve No/size X/do ub (m/s) db Cb Re

symbol (mm) (mm) (L/min) No. (mm) (m/s) (mm) (%) (-)

1 BP1-4 0 1 4 – – – 0.855 8.94 3.98 5661.71
2 BP1-6 0 1 6 – – – 0.96 10.57 4.74 8492.56
3 BP1-8 0 1 8 – – – 1.085 10.4 9.05 11323.42
4 BP3-4 0 3 4 – – – 0.76 9.22 3.67 1887.23
5 BP3-6 0 3 6 – – – 0.846 10.32 4.59 2830.85
6 BP3-8 0 3 8 – – – 1.12 13.64 5.85 33,970
7 BP1-4–16 14 1 4 16 2.38 3.50 0.734 7.63 4.02 5661.71
8 BP1-4–16 22 1 4 16 2.38 5.50 0.68 7.56 3.27 5661.71
9 BP1-4–16 30 1 4 16 2.38 7.50 0.66 7.43 2.89 5661.71
10 BP1-6–16 14 1 6 16 2.38 2.33 0.797 7.68 5.46 8492.56
11 BP1-6–16 22 1 6 16 2.38 3.67 0.73 7.24 4.37 8492.56
12 BP1-6–16 30 1 6 16 2.38 5.00 0.698 7.26 4.19 8492.56
13 BP3-4–16 14 3 4 16 2.38 3.50 0.688 6.82 3.94 1887.23
14 BP3-4–16 22 3 4 16 2.38 5.50 0.65 6.9 3.38 1887.23
15 BP3-4–16 30 3 4 16 2.38 7.50 0.62 6.8 3.36 1887.23
16 BP3-6–16 14 3 6 16 2.38 2.33 0.769 7.36 5.24 2830.85
17 BP3-6–16 22 3 6 16 2.38 3.67 0.727 7.12 4.63 2830.85
18 BP3-6–16 30 3 6 16 2.38 5.00 0.67 6.86 4.1 2830.85
19 BP1-4–20 14 1 4 20 0.841 3.50 0.676 7.42 2.64 5661.71
20 BP1-4–20 22 1 4 20 0.841 5.50 0.61 7.22 1.965 5661.71
21 BP1-4–20 30 1 4 20 0.841 7.50 0.54 6.45 1.64 5661.71
22 BP1-6–20 14 1 6 20 0.841 2.33 0.78 7.57 4.49 8492.56
23 BP1-6–20 22 1 6 20 0.841 3.67 0.73 7.56 3.99 8492.56
24 BP1-6–20 30 1 6 20 0.841 5.00 0.65 7.03 3.24 8492.56
25 BP1-8–20 14 1 8 20 0.841 1.75 0.89 7.63 7.01 11323.42
26 BP1-8–20 22 1 8 20 0.841 2.75 0.86 7.86 7.24 11323.42
27 BP1-8–20 30 1 8 20 0.841 3.75 0.78 7.34 6.34 11323.42
28 BP3-4–20 14 3 4 20 0.841 3.50 0.73 7.22 3.7 1887.23
29 BP3-4–20 22 3 4 20 0.841 5.50 0.58 6.65 1.86 1887.23
30 BP3-4–20 30 3 4 20 0.841 7.50 0.5 5.96 1.54 1887.23
31 BP3-6–20 14 3 6 20 0.841 2.33 0.81 7.67 5.03 2830.85
32 BP3-6–20 22 3 6 20 0.841 3.67 0.67 6.99 3.42 2830.85
33 BP3-6–20 30 3 6 20 0.841 5.00 0.62 6.84 3.22 2830.85
34 BP3-8–20 14 3 8 20 0.841 1.75 0.89 8.16 6.48 33,970
35 BP3-8–20 22 3 8 20 0.841 2.75 0.77 7.65 5.38 33,970
36 BP3-8–20 30 3 8 20 0.841 3.75 0.67 7.96 5.34 33,970
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The raw signals are directly amplified and detected through a
threshold technique method (ISO Lite Software, RBI Optical probe,
France) and the analog signals are converted to a two-state signal
corresponding to the phases of air and water as shown in Fig. 2.
Fig. 2 shows a sample of a two-stage voltage signal during 30 s of
data acquisition and a sketch of the phase identification. By analyz-
ing digital voltage signals, the double-tip optical fiber probe is cap-
able of measuring bubble size, void fraction (i.e., bubble
concentration), and bubble frequency. In addition, bubble veloci-
ties are calculated by cross-correlation of voltage signals from both
probe tips. The RBI double-tip optical fiber probe has been success-
fully employed in many studies. The accuracy and robustness of
the system have been verified in measuring bubble characteristics
in two-phase gas–liquid flows (Rensen and Roig, 2001; Boes and
Fig. 2. Time histories of the recorded voltage signals with a Refractive Bubble Instrument
phase identification from raw voltage signals.

5

Hager, 2003; Kiambi et al., 2003; Chaumat et al., 2005; Murzyn
et al., 2005; Lima Neto et al., 2008a,b,c). However, the RBI
double-tip optical fiber probe has limitation in size determination
of very oblong bubbles. A careful observation of the images in the
present study indicated that the bubbles were mostly semi-
spherical.

A number of research papers evaluated the performance of Dou-
ble Optical Probe over other measurement techniques such as Pas-
sive Acoustics, Inverted Funnel, and Image Analysis (Vazquez et al.,
2005; Kiambi et al., 2003). Vazquez et al. (2005) investigated the
performance of three measurement techniques for bubble size
determination in the quiescent water. The Passive Acoustic method
performed within an accuracy between 97% and 99% in comparison
with the Inverted Funnel method having an accuracy range
(RBI) optoelectronic unit: a) a sample of instantaneous voltage signals with time; b)
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between 88% and 96%. Furthermore, a comparison between Double
Optical Probe and Image Analysis indicated that the RBI Optical
Probe results were more accurate in bubble characteristics mea-
surements especially in highly unidirectional flows where the bub-
ble translations and rotations effects are minimized by the ambient
flow (Kiambi et al., 2003).
2. Results and discussions

Fig. 3 shows the time histories of the cumulative averages for
bubble velocity and bubble concentration for Tests No. 1 and No.
7 (i.e., bubble plumes with and without a grid-screen). A recording
time duration of 120 s was selected for all experiments to ensure
reaching suitable average values of bubble characteristics. The
black dashed lines show the time averaged bubble velocity and
concentration at 120 s from the beginning of measurements. The
red dashed lines show the ± 5% variations from the averaged bub-
ble velocity and concentration for 120 s of data. For bubble plumes
without a grid-screen, the averaged bubble velocity and concentra-
tion after 120 s duration of data were 0.791 m/s and 3.917%,
respectively. The cumulative average values of bubble velocity
and concentration for bubble plumes with a grid-screen indicated
that the bubble velocity and bubble concentration decreased by
12.5 % and 7.5%, respectively.

To ensure the repeatability of results, the test with Qa = 8 L/min,
do = 3 mm, and the test with Qa = 8 L/min, do = 1 mmwere repeated
three times. The bubble size and normalized bubble velocity had
the measurement uncertainty of + 1.5% and –2.5 %, respectively.
Moreover, the same method was applied to find the uncertainty
for boundary height and normalized bubble diameter between
regimes (III) and (IV) with the measurement uncertainty of + 3.4%
and –4.3 %, respectively.
Fig. 3. Time histories of the cumulative average of bubble velocity and bubble concentrat
the cumulative average of bubble velocity without a grid-screen (Test No. 1); b) variatio
Xs = 0.4 m (Test No. 7); c) variations of the cumulative average of bubble concentration w
concentration with a grid-screen for ds = 2.38 mm, Xs = 0.4 m (Test No. 7).
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2.1. Flow visualization

Fig. 4 shows the snapshot images of bubble plumes without a
grid-screen for different airflow discharges. The time interval
between each consecutive image is two seconds. As the airflow dis-
charge increased from 4 L/min to 8 L/min, a cloud of bubbles was
developed and large air pockets were formed due to the wake
effect behind the frontier air cloud, which reduces the rate of oxy-
gen transfer along the vertical axis of the plume.

Fig. 5 shows a comparison between the images from bubble
plumes with and without a grid-screen for Qa = 4 L/min and do = 1 -
mm. The grid-screen has an opening size of 0.841 mm and it was
located 0.14 m above the nozzle. Fig. 5a shows a snapshot image
of a bubble plume without a grid-screen and Fig. 5b shows the
snapshot image of the same bubble plume with a grid-screen. Five
close-up images were selected along the vertical axis of the bubble
plume to compare the effect of grid-screen on the shape and size of
the air pockets. As can be seen in the close-up images, the air pock-
ets in bubble plume with a grid-screen break up into a cluster of
smaller bubbles which the clusters of small bubbles increase the
air–water contact surfaces and, as a result, enhances the oxygen
transfer.
2.2. Time history data

Fig. 6 shows the effect of grid-screen on the time-history of
bubble concentration at the plume centerline and at x/do = 330,
where x is the distance from the nozzle to the point of measure-
ment. The dashed line in Fig. 6 shows the time averaged concentra-
tion for a period of three minutes. The nozzle diameter and air
discharges were 1 mm and 4 L/min, respectively. A comparison
between the bubble plume without a grid-screen (Fig. 6a) and
ion with and without a grid-screen for Qa = 4 L/min and at x/do = 330: a) variations of
ns of the cumulative average of bubble velocity with a grid-screen for ds = 2.38 mm,
ithout a grid-screen (Test No. 1); d) variations of the cumulative average of bubble



Fig. 4. Images of bubble plume variations with time for the plume tests without a grid-screen and for do = 1 mm. The time step between each image is two seconds: a)
Qa = 4 L/min, (Test No. 1); b) Qa = 6 L/min (Test No. 2); c) Qa = 8 L/min, (Test No. 3).

Fig. 5. Effect of grid-screen on bubble breakup at different distances from the nozzle for Qa = 4 L/min, do = 1 mm: a) bubble plume without a grid-screen; b) bubble plume
with a grid-screen, ds = 0.841 mm, Xs = 0.14 m.

Fig. 6. Time-histories of bubble concentration with and without a grid-screen for Qa = 4 L/min, do = 1 mm, ds = 2.38 and at x/do = 330: a) bubble plume without a grid-screen,
(Test No.1); b) bubble plume with a grid-screen located at Xs = 0.14 m, (Test No.7) ; c) bubble plume with a grid-screen located at Xs = 0.22 m, (Test No.8); d) bubble plume
with a grid-screen located at Xs = 0.30 m, (Test No.9).
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the plumes with grid-screens (Fig. 6b–d) indicated that the instal-
lation of a grid-screen increased the bubble concentration at the
plume centerline. The maximum difference between the time aver-
aged bubble concentration with and without a grid-screen
occurred for Xs = 0.30 m (see Fig. 6d) indicating 21% higher time-
averaged bubble concentration than the test without a grid-
screen. The grid-screen divides large air bubbles into smaller bub-
bles once they pass through a grid-screen. Consequently, the num-
ber of bubbles detected by the RBI probe increased and bubble
concentration increased accordingly. Furthermore, the time-
averaged bubble concentration was correlated with the distance
from the grid-screen, Xs. A comparison of bubble plumes with
and without a grid-screen indicated that the centerline time-
averaged bubble concentration increased from 10% to 18% as Xs

increased from 0.22 m to 0.30 m (see Fig. 6). The fluctuations of
bubble concentration were also calculated for plumes with and
without a grid-screen. The averaged concentration fluctuations
for plumes without a grid-screen was 31.5% of the average bubble
concentration. The grid-screen reduced concentration fluctuations
by 10% and the values of concentration fluctuations were indepen-
dent of Xs. Implementing a grid-screen in bubble plumes also
reduced the RMS values of bubble concentration from 1.04 to
0.64 for plumes without a grid-screen and with a grid-screen at
the elevation Xs = 0.22 m.

Fig. 7 shows the effects of grid-screen on the time history of
bubble velocity at the plume centerline and at x/do = 330. The
time-history of bubble velocity was recorded for 180 s and the
time-averaged bubble velocity, ubave, was calculated and shown
by the dotted lines in Fig. 7. The nozzle diameter and air discharge
were the same as the bubble plumes presented in Fig. 6. Fig. 7a
shows the time-history of bubble velocity for a bubble plume with-
out a grid-screen and Fig. 7b–d show the time-histories of bubble
velocities after passing through a grid-screen with different dis-
tances from the nozzle, Xs = 0.14 m, 0.22 m, 0.3 m, respectively.

The time-averaged bubble velocity predicted by Bombardelli
et al. (2007) was also included in the bubble plume test without
a grid-screen (see Fig. 7a) indicating a good correlation between
Fig. 7. Time-histories of bubble velocity with and without a grid-screen for Qa = 4 L/min
(Test No.1); b) bubble plume with a grid-screen located at Xs = 0.14 m, (Test No.7); c) bu
with a grid-screen located at Xs = 0.30 m, (Test No.9).
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the measured and predicted bubble velocity with only 2.2% differ-
ence. A comparison of the time-averaged bubble velocities after
the grid-screen indicated that the position of the screen decreased
the time-averaged bubble velocity by approximately 24%. The
velocity fluctuations were calculated for both cases of with and
without grid-screen. The Root-Mean-Square (RMS) values of bub-
ble velocity reduced from 0.116 to 0.076 for bubble plumes with-
out grid-screen and with a grid-screen at Xs = 0.3 m, respectively.
As shown in Fig. 7, the time-averaged bubble velocity decreased
by approximately 31% due to the presence of a grid-screen located
at Xs = 0.3 m. It was found that the bubble velocity fluctuations are
correlated with the distance between the grid-screen and the noz-
zle, Xs. The average velocity fluctuations for bubble plumes without
a grid-screen was 13.3% and it decreased to 8.6% in the presence of
a grid-screen at Xs = 0.14 m. Bubble velocity fluctuations increased
as the distance between grid-screen and nozzle increased to 9.5%
and 11.3% for Xs = 0.22 m and 0.3 m, respectively.

The experimental study of Lima Neto et al. (2008a) indicated
that the effect of nozzle size is negligible on variations of bubble
velocity. Our experimental results indicated that not only bubble
size decreased (i.e., bubble concentration increased) but also the
velocity of bubbles decreased after the presence of a grid-screen.
Bubble size, interfacial area, a, and bubble velocity influence the
rate of oxygen transfer from bubbles to the ambient water.
Mueller et al. (2002a,b) reported an equation derived from Fick’s
law to show the relationship between bubble characteristics and
oxygen transfer rate as:

dC
dt

¼ KLaðCs � CÞ ð1Þ

where C is dissolved oxygen (DO) concentration in the ambient
water; Cs is the saturation concentration of dissolved oxygen, and
KL is mass transfer coefficient or liquid film coefficient. The interfa-
cial area of bubbles is directly correlated with the number of bub-
bles, bubble size, and bubble velocity. The rate of oxygen transfer
increases as a result of bubble velocity reduction and increasing
the residence time of bubbles (Clift et al., 1978).
, do = 1 mm, ds = 2.38 mm and at x/do = 330: a) bubble plume without a grid-screen
bble plume with a grid-screen located at Xs = 0.22 m, (Test No.8); d) bubbly plume
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2.3. Bubble characteristics

To study the effect of grid-screen on oxygen transfer enhance-
ment, bubble size distribution on the plume axis and after the
grid-screen were measured with the RBI probe. The Probability
Density Function (PDF) of bubble size was calculated based on
the time-series of bubble size measurements with the RBI probe
to identify the most probable bubble size and its distribution for
different experiments. The bubble dimeters were measured for
120 s and different ranges of bubble sizes from 0.1 mm to 25 mm
were sorted after the measurements. The percentage of bubbles
in relatively narrow bonds of 0.1 mm thickness were calculated
based on the total number of bubbles to generate bubble size dis-
tribution curves.

Fig. 8 shows the most probable bubble size and bubble size dis-
tribution for bubble plumes with a grid-screen and with an open-
ing size of 2.38 mm for two different air discharges of Qa = 4 and
6 L/min. The PDF of bubble sizes for a bubble plume without a
Fig. 8. Effects of grid-screen on the Probability Density Function (PDF) of bubble size in b
a) Qa = 4 L/min, do = 1 mm, without a grid-screen (Test No.1); b) Qa = 6 L/ min, do = 1 m
Xs = 0.14 m, (Test No.7); d) Qa = 6 L/ min, do = 1 mm, ds = 2.38 mm, Xs = 0.14 m, (Test No.
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grid-screen (see Fig. 8a and b) was also calculated for comparison.
The grid-screens were installed at Xs = 0.14 m and bubble size dis-
tributions were measured for a distance from the nozzle ranging
from 0.16 m to 0.5 m (i.e., 1.15 � x/Xs � 3.6). The magnitude of
the most probable bubble size provides an insight in uniformity
of bubble size after the grid-screen. In addition, the PDF data show
the effects of air discharge and grid-screen size on bubble size dis-
tribution at different distances from the nozzle. Each subplot
shows the probability of bubble size in percentage from the small-
est to the larges measured bubbles. A comparison of the calculated
PDF for bubble plume without and with a grid-screen
at � = 0.16 m (see Fig. 8a and c) indicated the repeatability of
the bubble size measurements since the measurement in Fig. 8c
was taken before the grid-screen. The most probable bubble size
was 6.1 mm ± 2 mm and the PDF of bubble size varied by ± 8.2%.

From the results presented in Fig. 8, it can be concluded that the
most probable bubble size after the grid-screen decreased as all
peak values of the PDF shifted toward the lower values of db. This
ubble plumes with different discharges, screen sizes, and distances from the nozzle:
m, without a grid-screen (Test No.2); c) Qa = 4 L/ min, do = 1 mm, ds = 2.38 mm,

10).
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indicates more uniform bubble size distribution and smaller bub-
ble diameters due to the placement of grid-screens. The peak val-
ues in probability curves increased after the grid-screen
indicating that the resulted bubbles became uniform. The distribu-
tions of bubble size before a grid-screen were in good agreement
with the observations of Lima Neto et al. (2008a). Their results
showed that by replacing a single nozzle with an air-stone, bubble
diameters decreased by approximately 50% and the size distribu-
tion curves became sharper that indicates the formation of rela-
tively uniform bubble size distribution. A comparison between
Fig. 8a and c shows that the most probable bubble size in bubble
plumes without a grid-screen decreased from 5 mm to 3.7 mm.
Due to installation of a grid-screen the peak probability range
increased from 2.5% � 5% to 4% � 7%. Experimental results indi-
cated that by installation of grid-screen not only bubble size
decreased but also more uniform bubbles were formed.

Fig. 8b and 8d show the effect of grid-screen in bubble plumes
with higher airflow rate. A comparison between Fig. 8a and b
shows the effect of airflow discharge on bubble size and its distri-
bution. As can be seen bubble size decreased by increasing airflow
rate and the peak bubble size for x = 0.3 m decreased by 19% as the
airflow discharge doubled. Our results on variations of the most
probable bubble size and bubble size distribution were consistent
with the recent studies in the literature (Ziegenhein and Lucas,
2017; Bohne et al., 2020). A comparison between bubble plumes
with and without grid-screen in higher air discharges (see Fig. 8c
and d) indicated that the peak probability of bubbles at x = 0.33 m
increased from 8% to approximately 15%.

Fig. 9 shows the effect of grid-screen on the total number of
bubbles, Nb, that were detected by the RBI probe at each point. In
order to compare the effect of grid-screen on bubble characteris-
Fig. 9. Effects of grid-screen on the total number of bubbles detected by the RBI
probe, Nb: a) Qa = 4 L/min, do = 1 mm, without a grid-screen (Test No.1) and
Xs = 0.14 m, (Test No.7); b) Qa = 6 L/ min, do = 1 mm, without a grid-screen (Test
No.2) and Xs = 0.14 m, (Test No.10).
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tics, two tests were shown based on the presence of grid-screen
placed at Xs = 0.14 m above the nozzle and the benchmark test
without a grid-screen. Fig. 9a shows the variations of the total
number of bubbles along the axis of the bubble plume for a con-
stant air discharge of Qa = 4 L/min. The number of bubbles
decreased almost linearly with normalized distance from the noz-
zle. As can be seen, the effect of grid-screen on the total number of
bubbles is insignificant for small air discharge and the total num-
ber of bubbles increased by approximately 6% in presence of a
grid-screen. Fig. 9b shows the variations of Nb with x/do for higher
air discharge of Qa = 6 L/min. As can be seen, the total number of
bubbles increased by approximately 30% in presence of a grid-
screen for relatively higher air discharge.

Due to constant air discharge of 4 L/min, a comparison between
the tests with and without a grid-screen indicated that by increas-
ing the elevation from the nozzle, the number of bubbles decreased
which indicated no significant variations between the number of
bubbles with and without grid-screen. However, by increasing
the air discharge to 6 L/min (see Fig. 9b), the number of bubbles
raised significantly after the grid-screen.

The effects of grid-screen on bubble characteristics of bubble
plumes are investigated by comparing the variations of bubble size
and bubble velocity along the vertical axis of the bubble plume.
The variations of bubble size along the vertical axis of the plume,
x, were measured in the centerline of the plume and the results
were plotted for bubble plumes with different airflow discharges
(see Fig. 10). Fig. 10a and b show the bubble size variations for
Qa = 4 L/min, and Fig. 10c,d and 10e-10f show the bubble size vari-
ations for Qa = 6 L/min and 8 L/min, respectively. The left and right
subplots in Fig. 10 show the bubble size variations for do = 1 mm
and 3 mm, respectively. The horizontal lines show the locations
of grid-screens at different levels of Xs = 0.14 m, 0.22 m, and
0.3 m. All data points for bubble plumes without a grid-screen
are shown by solid circle symbols. The white and grey symbols
represent the data for the grid-screen opening of ds = 2.38 mm
and 0.841 mm, respectively. The uncertainty overbars for measur-
ing bubble size are added in Fig. 10. Similar uncertainty ranges
with an average value of ± 1.5% were found for other tests.

A comparison between the bubble plumes with and without a
grid-screen indicated that the grid-screen significantly reduced
the bubble size after the grid-screen. It was found that the bubble
size reduction was independent of the screen size or the location of
grid-screen. The vertical variations of bubble size in bubble plumes
without a grid-screen show that the bubble diameter decreased
almost linearly with vertical distance from the nozzle with an aver-
age slope of d(db)/dx = �77.7. Fig. 10 shows that the grid-screens
decreased the averaged bubble size right above the grid-screen
by approximately 45 percent. However, the effect of nozzle size
on variations of bubble size was limited to ± 4.6 %. The effect of
grid-screen size on variations of bubble size became important in
bubble plume with the lowest Reynolds number, Re = 5662 (see
Fig. 10a). The average bubble size after the grid-screen with
ds = 2.38 mm was 7.5 mm and it decreased to 5 mm as the screen
openings decreased from 2.38 mm to 0.84 mm. Such bubble sizes
are useful for aeration and de-stratification of tropical reservoirs
(Sahoo and Luketina, 2006). In bubble plumes with higher Rey-
nolds number, the effect of screen opening became insignificant.
This is consistent with the results of Lima Neto et al. (2008b), in
which bubble breakup prevailed for Re > 8000, producing smaller
bubbles and a more uniform bubble size distribution.

The effect of air discharge on variation of bubble size was stud-
ied by comparing the results presented in Fig. 10a, c, and e. The
effect of grid-screen on bubble size reduction was more pro-
nounced in bubble plumes with higher air discharge (i.e.,
Qa = 8 L/min). The bubble diameter ranged between 5.8 mm and
7.2 mm in bubble plume with Qa = 4 L/min and bubble sizes



Fig. 10. Variations of bubble size along the vertical axis of bubble plumes with different air discharges, Qa, nozzle diameters, do, and grid-screen sizes, ds, for a screen located
at Xs = 0.14 m, 0.22 m, and 0.30 m: a) Qa = 4 L/min, do = 1 mm, Re = 5661.71; b) Qa = 4 L/min, do = 3 mm, Re = 1887.23; c) Qa = 6 L/min, do = 1 mm, Re = 8492.56; d) Qa = 6 L/min,
do = 3 mm, Re = 2830.85; e) Qa = 8 L/min, do = 1 mm, Re = 11323.42; f) Qa = 8 L/min, do = 3 mm, Re = 33970.
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increased to a range between 6.7 mm and 8.4 mm by increasing air
discharge from 4 L/min to 6 L/min. The effect of grid-screen on
bubble size distribution was noticeable in relatively lower air dis-
charge (i.e., Qa = 4 L/min) and far from the nozzle (i.e., x/do = 550).
At x/do = 550, the average bubble size decreased by 32% as grid-
screen size, ds, reduced from 2.38 mm to 0.84 mm. The grid-
screens were located in three different elevations of Xs = 0.14 m,
0.22 m, and 0.33 m, as indicated by dashed and dotted lines in
11
Fig. 10. Bubble sizes in bubble plumes without a grid-screen
decreased linearly with the vertical distance from the nozzle
whereas bubble sizes in bubble plumes with a grid-screen were
constant along the plume axis. As can be seen in Fig. 10, the size
of bubbles in bubble plumes with and without a grid-screen
became similar far from the nozzle. This indicates that the effi-
ciency of grid-screens in reducing the bubble size is suitable at a
certain distance above the screen and a series of grid-screens



Fig. 11. Variations of the normalized bubble velocity with normalized vertical distance from the nozzle in bubble plumes with different air discharges, Qa, nozzle sizes, do, and
grid-screen sizes, ds. The grid-screen was located at Xs = 0.30 m: a) Qa = 4 L/min, do = 1 mm; b) Qa = 4 L/min, do = 3 mm; c) Qa = 6 L/min, do = 1 mm; d) Qa = 6 L/min, do = 3 mm;
e) Qa = 8 L/min, do = 1 mm; f) Qa = 8 L/min, do = 3 mm.
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Fig. 12. Snapshot images of bubbles before and after a grid-screen with ds = 0.841,
Xs = 0.22 m, do = 1 mm, and different air discharges: a) Qa = 4 L/min, (Test No. 20); b)
Qa = 6 L/min (Test No. 23); c) Qa = 8 L/min, (Test No. 26).

Fig. 13. Regime classification in bubble plumes passing through a grid-screen. The
classification is defined based on bubble velocity variations and distance from the
nozzle (Test No.7, BP1-4–16).

A. Behzadipour, A.H. Azimi and I.E. Lima Neto Chemical Engineering Science 253 (2022) 117545
may require for further improvement of oxygen transfer. Although
bubbles after a grid-screen eventually reached a relatively similar
size than that bubbles without a grid-screen; however, the magni-
tude of PDF (as shown in Fig. 8) indicated that the resultant bub-
bles are more uniform after the grid-screen. By employing the
linear bubble size reduction in bubble plumes without a grid-
screen, bubble size in bubble plumes with and without a grid-
screen reached the same sizes at x/do = 310 and 550 for Qa = 4 L/
min and 8 L/min, respectively.

Relatively large bubbles were measured before the grid-screens.
This indicates that the bubbles were accumulated under the grid-
screen and form forced bubble coalescence. As can be seen in
Fig. 10, by increasing the screen elevation, Xs, from 0.14 m to
0.30 m, the bubbles under the screen merged due to bubble veloc-
ity reduction. The forced bubble coalescence increased the bubble
size by approximately 19% of the bubble size in tests without a
grid-screen. This can be confirmed by the time-history of bubble
velocity as presented in Fig. 7. In bubble plumes with a grid-
screen size of ds = 0.841 mm and with different distances from
the nozzle, Xs, bubble diameters after the grid-screen decreased
from the benchmark test by approximately 22%.

To study the effect of grid-screen on bubble velocity, the verti-
cal variations of bubble velocity were plotted for bubble plumes
with different nozzle sizes and air discharges. The grid-screen size
has multiple effect on the averaged bubble velocity. The velocity of
bubbles reduced by reducing the bubble size due to smaller buoy-
ancy force and grid-screens with smaller screen size also reduce
the momentum flux of the carrier fluid, which can reduce the mean
and turbulence momentum transfer between air bubbles and the
carrier fluid. The experimental results on vertical variations of bub-
ble velocity with different grid-screen sizes and for the maximum
grid-screen elevation of Xs = 0.30 m are shown in Fig. 11. Fig. 11
shows the variations of bubble velocity, ub, normalized with the
averaged bubble velocity along the vertical axis, uave, with the nor-
malized vertical distance from the nozzle, x/h. The proposed model
for prediction of bubble velocity in bubble plumes by Bombardelli
et al. (2007) was added in Fig. 11e for comparison and validation of
the experimental data. As can be seen in Fig. 11, the centerline
velocity scales with x-1/3 in bubble plumes with relatively high
air discharges (Fisher and Honda, 1979; Lai and Socolofsky, 2019;
Bomabardelli et al., 2007).

Despite bubble size, the effect of grid-screen size on variations
of bubble velocity was significant. As can be seen in Fig. 11a–d,
by decreasing the grid-screen size from 2.38 mm to 0.841 mm nor-
malized bubble velocity decreased by 14% and 38% for nozzle size
do = 1 mm and 3 mm, respectively. Such variations showed that
increasing the nozzle size caused the air to move through the
water with a higher velocity and smaller bubble diameter, which
can improve the oxygen transfer after the grid-screen.

The accumulation of bubbles below the grid-screen increased
with increasing air discharge. The bubble size below the grid-
screen raised due to bubble coalescence and increased the aver-
aged bubble velocity in comparison with bubble velocity without
a grid-screen by 52%, 43%, and 23% for air discharges of 4 L/min,
6 L/min, and 8 L/min, respectively (see Fig. 11). Fig. 12 shows the
images of bubble coalescence before and after the grid-screen for
different air discharges. A comparison of bubble sizes for bubble
plumes before and after the grid-screen indicated that the accumu-
lation of bubbles occurred below the grid-screen while significant
bubble size reduction occurred after the grid-screen.

2.4. Regime classification

Detailed observations on variations of bubble velocity along the
vertical axis resolved four flow regimes. Fig. 13a shows the vertical
variations of normalized bubble velocity with normalized distance
13



Fig. 14. The correlation of boundary height between regimes (III) and (IV) and Nozzle Reynolds number for bubble plumes passing through a grid screen: a) ds = 2.38 mm; b)
ds = 0.841 mm.

Fig. 15. The correlation of boundary height between regimes (III) and (IV) and Bubble Reynolds number for bubble plumes passing through a grid screen: a) ds = 2.38 mm; b)
ds = 0.841 mm.
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from the nozzle, x/h, for test BP-1–4–16 as a representative of other
tests to identify the proposed flow regimes. In this figure, bubble
velocities were normalized with the initial jet velocity, uo. The first
regime (Regime I) is formed near the nozzle and is defined when
14
bubble velocity is comparable with the initial jet velocity (i.e., ub/
uo � 1). As bubbles move up far from the nozzle, their velocities
increase due to positive buoyancy force (Regime II). As bubbles
passed the grid-screen, the screen openings break the boundary



Fig. 16. Effect of screen size on correlation of the normalized nozzle diameter at the
boundary of regimes (III) and (IV) with Reynolds number in bubble plumes with
different grid-screen elevations.
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of the bubbles and increase the number of bubbles as well (see
Fig. 9). Consequently, due to the larger contact area in break up
bubbles, the energy dissipation after the grid-screen increased sig-
nificantly. As a result of force imbalance after the grid-screen, bub-
ble velocity decreased until reached the equilibrium velocity. The
region of velocity decay after the grid-screen is labeled as Regime
III. The split bubbles merged due to bubble coalescence and
reached the equilibrium velocity in Regime IV. Fig. 13 shows the
snapshot images of bubbles at different flow regimes for Test
BP1-4–16.

The boundary between regimes three and four, X3-4, is defined
as a distance from the nozzle to the point that regime (IV) begins.
Experimental results indicated that at this distance, bubble veloc-
ities became approximately 85% of the initial bubble velocity. The
boundary between regimes three and four, X3-4, corresponds to the
time residence of bubbles. To improve oxygen transfer efficiency in
bubble plumes, a new grid-screen is required at X3-4. Fig. 14 shows
the effects of the distance between grid-screen and nozzle, Xs, and
initial Reynolds number Re, on variations of the boundary between
regime three and four, X3-4. Fig. 14 shows the capacity of grid-
screens to reduce bubble velocity in which such capacity increased
with increasing the initial Reynolds number.

The boundary between regimes three and four is affected by
nozzle size and air discharge. It is deduced that increasing air dis-
charge and decreasing nozzle diameter raise the height of the
regime (III). Two equations are proposed to predict the position
of the second layer of grid-screen. Eq. (2) is suitable for bubble
plumes with a grid-screen opening of ds = 2.38 mm and Eq. (3) is
suitable for the tests with a grid-screen opening of ds = 0.841 mm.
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� �
¼ 0:168ðRe0:32Þ ð2Þ

x3�4

xs

� �
¼ 0:1846ðRe0:32Þ ð3Þ

The coefficients of determination, R2, for Eqs. (2) and (3) are
0.91 and 0.93, respectively. The ± 10% variations of the empirical
correlations were also added to Fig. 13, indicating that almost all
data points are within ± 10% variations.

Fig. 15 shows the effect of distance between grid-screen and
nozzle, Xs, and bubble Reynolds number, Reb, on variations of the
boundary between regime three and four, X3-4. Bubble Reynolds
number is defined as the ratio of bubble inertial force to water
viscous force as Reb = qaubdb/lw, where ub is the bubble velocity,
db is the bubble diameter, qa is the air density, and lw is the
kinematic viscosity of water. As can be seen in Fig. 15a and b,
the distance between grid-screen and nozzle was increased, by
increasing the bubble Reynolds number. It was observed that
by decreasing the grid-screen size, the correlation slope
decreased and lead to higher values of distance between grid-
screen and nozzle. Two equations were proposed to predict the
boundary between two specified regimes (e.g., regimes three
and four). Eq. (4) is for grid-screen size of ds = 2.38 mm and
Eq. (5) is for grid-screen size of ds = 0.841 mm.

x3�4

xs

� �
¼ 0:23ðRebÞ ð4Þ

x3�4

xs

� �
¼ 0:1ðRebÞ ð5Þ

The coefficients of determination for Eq. (4) and 5) are 0.92 and
0.91, respectively. The ± 20 % variations of the empirical correla-
tions were also added to Fig. 15, indicating that almost all data
points are within ± 20 % variations. It should be noted that the
material type of grid-screens might slightly change the variation
of data.

Fig. 16 shows the variations of normalized bubble diameter at
the beginning of Regime IV with the initial Reynolds number, Re.
The results indicated that Reynolds number had negligible impact
on the normalized bubble size for the grid-screen with larger open-
ings, ds = 2.38 mm. On the other hand, for ds = 0.841 mm the nor-
malized bubble size increased by the initial Reynolds number. It
is deduced that small grid-screen caused the bubble plume to
reach the regime (IV) at the lower elevations and therefore, a sec-
ond layer of grid-screen will be beneficial for mixing improvement.
A non-linear equation was proposed to correlate the normalized
bubble diameter at the onset of regime (IV) with the initial Rey-
nolds number as:

db

dbo

� �
¼ 0:0149ðRe0:43Þ ð6Þ

The coefficient of determination of Eq. (6) is R2 = 0.92. The ± 10%
variations of the empirical correlations were also added to Fig. 16.
The variation curves indicated that almost all data points are
within ± 10% variations. Considering measurement uncertainties,
it was found that the proposed equation is suitable for prediction
of the onset of Regime IV with a reasonable accuracy.
3. Conclusions

A series of laboratory experiments was conducted to investigate
the effect of grid-screen and its location on the bubble properties in
a circular bubble plume. The RBI bubble probe was employed to
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investigate the effects of air discharge on variations of bubble
velocity and bubble size after the grid-screen. By installing a
grid-screen at 0.3 m above the nozzle, the time-averaged bubble
concentration increased by 18% and the time-averaged bubble
velocity decreased by approximately 31% in comparison with the
benchmark test without a grid-screen. The experimental observa-
tions indicated that the installation of a grid-screen not only
decrease the bubble sizes but also increase uniformity of bubble
size distribution. It was observed that the effect of grid-screen on
bubble size reduction was more significant in bubble plumes with
higher air discharge. Additionally, the experimental results showed
that bubble velocity after the grid-screen decreased as the screen
opening decreased.

The velocity of bubbles was measured along the centerline axis
of the bubble plumes. The results revealed that total bubble num-
bers after the grid-screen increased in tests with higher airflow
rates (i.e., 6 L/min). This indicated that the bubble diameter
decreased along the centerline axis of the plume and above the
nozzle. Our observations indicated that the bubble size decreased
right after the grid-screen. However, it gradually increased as it
moved towards the water surface. A regime classification was
introduced based on the variations of bubble velocity along the
axis of the plume. Bubble velocity was constant in the first regime
near the nozzle. The second regime was defined as the position
that bubble velocity increased with distance from the nozzle and
it ended at the position of grid-screen. The third regime started
from the grid-screen position to the depth where the bubble veloc-
ity became constant. Bubble velocity was constant in regime four
indicating that the effect of grid-screen was insignificant beyond
this depth. The distance from the nozzle to a point where bubble
velocity reached the equilibrium was defined as a length scale
and it was measured for all cases. It was found that the depth at
which the equilibrium velocity occurred is correlated with the
bubble Reynolds number. It was found that the normalized bubble
size is also correlated with the bubble Reynolds number. Empirical
equations were proposed to estimate bubble size and the location
of regime boundary, which can be used for designing grid-screen
layers and estimation of oxygen transfer after grid-screens.
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