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Effect of Nozzle Design on Bubbly Jet Entrainment
and Oxygen Transfer Efficiency
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Abstract: This study investigates experimentally the effect of nozzle type, including diffusers with single- and multiple-orifices with differ-
ent diameters, on the hydrodynamics and mass transfer characteristics of air-water bubbly jets discharged at the bottom of a water tank. The
results revealed that for the same flow rates of air and water, the total area of the orifices independent of the number of ports controls the initial
momentum of the bubbly jets and the jet-to-plume length scale of the flow. An integral model was fitted to the experimental data in order to
obtain entrainment coefficients for each test and at different water depths, which confirmed that merged multiple bubbly jets can be analyzed
using an equivalent single jet integral model. This resulted in an entrainment relationship described as a function of the kinematic buoyancy
flux, bubble slip velocity, and distance from the source, which is similar to that available in the literature for bubble plumes, but with
different constants. Finally, the model proposed here is compared to previous models and applied to practical cases including mixing and
aeration of tanks and water bodies, indicating that gas transfer efficiency can be significantly enhanced by using multiple-orifice
arrangements. DOI: 10.1061/(ASCE)HY.1943-7900.0001493. © 2018 American Society of Civil Engineers.

Author keywords: Aeration; Bubbles; Entrainment; Jets; Plumes.

Introduction

Jet aeration occurs when a gas-liquid mixture is injected with
relatively high momentum in a liquid. These types of multiphase
flows are encountered in many engineering applications such as
artificial aeration and mixing in reactors, tanks, and water bodies
(Sun and Faeth 1986; Iguchi et al. 1997; Zhang and Zhu 2014;
Lima Neto 2012b, 2015). Contrastingly, bubble-plume aeration
occurs when a gas is released in a liquid with negligible initial
momentum (Milgram 1983; Seol et al. 2007; Lima Neto et al.
2008a, 2016). Compared to bubble-plume aeration, the injection
of gas-liquid mixtures in water has advantages such as production
of small bubbles without the need for porous diffusers (Lima Neto
et al. 2008b, c), which is beneficial for gas-liquid mass transfer
(Mueller et al. 2002). Moreover, gas injection into effluent diffusers
can also be an attractive alternative for artificial aeration of water
bodies (Lima Neto et al. 2007).

There is extensive literature on aeration systems for wastewater
treatment and water quality amelioration in rivers, lakes, and res-
ervoirs (Wüest et al. 1992; Mueller et al. 2002; Schierholz et al.
2006; Lima Neto et al. 2007; Pacheco and Lima Neto 2017). Never-
theless, most papers refer to bubble-plume aeration or horizontal/
angled injection of gas-liquid mixtures in confined environments.
The focus of this study is on the hydrodynamics and mass transfer
characteristics of jet aeration systems composed of air-water bubbly
jets injected vertically in stagnant water. Previous experimental
studies on this subject have been performed by Sun and Faeth

(1986), Kumar et al. (1989), Iguchi et al. (1997), and Lima Neto
et al. (2008b), in which the two-phase flow structure induced by the
bubbly jets was assessed for different flow conditions, tank geom-
etries, and nozzle diameters. However, these studies were limited
to single-orifice nozzles with relatively small diameters (up to
13.5 mm). Note that both multiple-orifice and larger nozzles are
also common in jet aeration systems (Mueller et al. 2002). In
the case of multiple orifices, the impact of merging jets on the flow
structure of bubbly jets is also a problem that needs to be tackled.
Past studies on single-phase jets, plumes, and bubble plumes have
shown that after the jets have fully merged, the jet group could be
considered as an equivalent single jet or plume (Freire et al. 2002;
Kaye and Linden 2004; Lai and Lee 2012).

The hydrodynamics of vertical air-water bubbly jets in stagnant
water has been investigated theoretically by using the integral ap-
proach of Lima Neto (2012b, 2015), which is based on the classical
bubble plume theory and the entrainment hypothesis (Milgram
1983; Wüest et al. 1992; Lima Neto 2012a). Nevertheless, Lima
Neto’s model has been validated for bubbly jets discharged through
single-orifice nozzles and with relatively high momentum at the
source. Moreover, this model considers constant entrainment coef-
ficients at different heights above the nozzle, and may not be
representative of the flow structure under two-layer stratified water
conditions, where the buoyancy flux changes at a density interface
(Lima Neto et al. 2016), or under relatively deep-water conditions,
where bubble size and slip velocity can vary significantly due
to compressibility and mass dissolution effects (Lima Neto and
Parente 2016).

This study investigates experimentally the influence of different
diffusers, including single- and multiple-orifice and large nozzles
on the two-phase flow structure of air-water bubbly jets in a still
water tank. The integral model of Lima Neto (2012b, 2015) is also
used as reference to estimate the entrainment coefficients for differ-
ent flow conditions and at different heights above the diffuser, in
order to obtain a comprehensive model that can be used for artificial
aeration and mixing for different nozzle designs. Model simula-
tions are also compared with previous integral models and the
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impact of nozzle type on the oxygen transfer efficiency is also
investigated.

Experimental Setup and Methods

The experiments were carried out in a square plexiglass tank, with a
width of 50 cm on the sides and a height of 100 cm, as shown
schematically in Fig. 1. The tank was filled with tap water up to
a height of 80 cm. A centrifugal pump of 2.0 hp withdrew water
from 5 cm below the water surface and then supplied a Venturi
injector with a throat diameter of ¼ in. (see details in Lima
Neto and Porto 2004) that incorporated air into a 1 in. -PVC
pipeline. The resulting gas-liquid mixture was then injected at the
base of the tank by using diffusers with different diameters (d) and
numbers of orifices (n) (Fig. 2): nozzle A, with n ¼ 1 and
d ¼ 30 mm; nozzle B, with n ¼ 1 and d ¼ 10 mm; nozzle C, with
n ¼ 4 and d ¼ 5 mm; and nozzle D, with n ¼ 8 and d ¼ 3.5 mm.
Note that the nozzles B–D had the same total area of the orifices.
The volumetric flow rates of water (Ql) and air (Qg) were measured
with rotameters. Different values of Ql were adjusted through a
globe valve. This resulted in different combinations of Ql and
Qg for each nozzle design, as summarized in Table 1. Note that
the gas flow rate was not independently controlled, as it was a result
of the combination of nozzle design and liquid flow rate.

An electromagnetic propeller anemometer (MiniWater20, Omni
Instruments, Dundee, UK) with relative error of 2% and detection
range of 2–500 cm=s was used to measure the mean axial water
velocity at distances z of 20, 35, and 50 cm from the nozzle exit,
and at different radial positions r from the bubbly jet centerline.

Images of the bubbles were also recorded by using a Nikon
D70s charge-coupled device (CCD) camera (Nikon, Tokyo) with
a resolution of 18 pixels=cm. Similar anemometers and cameras
were used by Lima Neto et al. (2008a, b, c).

The software ImageJ (Schneider et al. 2012) was used to process
the images of the bubbles. In order to minimize the error in esti-
mating bubble size, images with significant overlapping of large
bubbles were discarded. Twenty imagens with about 50–300 bub-
bles each were selected per experiment. The exposure area was
used to calculate the equivalent-sphere diameter of each bubble.
This allowed the computation of the bubble Sauter mean diameter
per each experiment.

The gas-liquid flow ratio, bubble size, and radial distribution of
axial water velocity at different heights were studied for each noz-
zle type and flow condition. Because of the detection limit of the
anemometer (>2 cm=s), only velocity measurements above 20% of
the centerline value were considered, which resulted in velocities
larger than 5 cm/s for all the tests. The impact of multiple-orifice
and nozzle diameter on the velocity profiles induced by bubbly jets
was then investigated considering both dimensional and nondimen-
sional frameworks. Gaussian distributions were also fitted to the
velocity data by minimizing the sum of the squares of the devia-
tions between measured and adjusted velocity profiles for each ex-
perimental condition. Following the same procedure, the integral
model of Lima Neto (2012b) was also fitted to the measured veloc-
ity profiles in order to adjust the entrainment coefficient for each
experiment.

The integral model of Lima Neto (2012b) is based on the
following equations that account for conservation of mass (1) and
momentum (2) along the bubbly jet:

dðπb2ucÞ
dz

¼ 2πbαuc ð1Þ

dðπb2u2cÞ
dz

¼ 2gQaHa

γðHa þHd − zÞð uc
1þλ2 þ usÞ

ð2Þ

in which uc = centerline water velocity of the bubbly jet; b = bubbly
jet radius where the axial water velocity u ¼ 0.37uc; z = vertical
distance from the nozzle exit; α = entrainment coefficient; γ =
momentum amplification factor due to turbulence; λ = spreading
ratio of the bubble core with respect to the surrounding water flow;
us = bubble slip velocity; Qa = volumetric air flow rate at atmos-
pheric pressure; Ha = atmospheric pressure head; and Hd =
pressure head at the nozzle exit.

The numerical solution of Eqs. (1) and (2) using the Runge-Kutta
fourth-order method gives centerline water velocities of the bubbly
jets for different heights, and the radial velocity profile is obtained by
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Fig. 1. Schematic of experimental setup.

(a) (b) (c) (d)

Fig. 2. Schematic of diffusers with different diameters (d) and numbers of orifices (n): (a) nozzle A, with n ¼ 1 and d ¼ 30 mm; (b) nozzle B, with
n ¼ 1 and d ¼ 10 mm; (c) nozzle C, with n ¼ 4 and d ¼ 5 mm; and (d) nozzle D, with n ¼ 8 and d ¼ 3.5 mm.
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applying a Gaussian distribution: u ¼ uc½expð−r2=b2Þ�, where r is
the radial distance from the bubbly jet centerline. The initial condi-
tions of water velocity (uo) and radius (bo) are given by Lima Neto
(2012b)

uo ¼
Ql;o

ð1 − ε0Þðπ d2
4
Þ ð3Þ

bo ¼ d ð4Þ
where Ql;o = volumetric flow rate of water at the nozzle exit;
d = nozzle diameter; and εo = air volume fraction given as

εo ¼
Qg;o

Qg;o þQl;o
ð5Þ

where Qg;o = volumetric flow rate of air at the nozzle exit.
Note that for the cases of multiple-orifice nozzles, a reference

diameter is needed to analyze the experimental results, normalize
the data, and run the integral model. This will be discussed in the
next section.

Assuming constant values of the spreading ratio of the bubble
core (λ ¼ 0.6), momentum amplification factor (γ ¼ 1.0), and bub-
ble slip velocity (us ¼ 0.23 m=s), as usually done in bubble plume
and bubbly jet studies (Lima Neto 2012a, b), the entrainment
coefficient (α) was adjusted by least squares fitting of the model
to the radial water velocity profiles measured at z ¼ 20, 35, and
50 cm.

The entrainment coefficients fitted for each experiment and
height above the nozzles were plotted as a function of dimension-
less parameters in order to find a general correlation that could be
used for both single- and multiple-orifice nozzles with different
diameters.

Finally, model simulations were performed to predict the in-
duced flow rates in tanks/water bodies and for comparison with
previous integral models. Moreover, the following equation given
by Lima Neto and Parente (2016) was used in combination with
Eqs. (1) and (2) to assess the axial variation of mass of gaseous
species transferred per bubble to the water:

dmi

dz
¼ −KLðHPi − CiÞ

πd2b
ð uc
1þλ2 þ usÞ

ð6Þ

in which mi = mass of each gaseous specie i (i.e., oxygen or
nitrogen); KL = liquid-side mass-transfer coefficient; H = Henry’s
constant; Pi = partial pressure of the gas at a given depth; Ci = bulk
aqueous-phase concentration; and db = bubble diameter.

Relationships forKL,H, Pi, and us were obtained fromWüest et al.
(1992). This allowed a comparison of the effect of different nozzle
types on the standard oxygen transfer efficiency (SOTE), which is
defined as the mass fraction of oxygen supplied that is actually
dissolved into the water (Mueller et al. 2002; Schierholz et al.
2006; Lima Neto et al. 2007).

Results and Discussion

Fig. 3 shows the gas-liquid flow ratio Qg;o=Ql;o obtained for each
experimental condition (Table 1). Overall, the values of Qg;o=Ql;o
obtained in this study ranged from about 0.1 to 0.4 and were similar
to those reported by Baylar and Ozkan (2006) and Baylar et al.
(2007). Comparing the results for Experiment 4 (nozzle A, with
a 30-mm diameter) and Experiment 7 (nozzle B, with a 10-mm
diameter), it is clearly seen that the smaller the orifice diameter,
the lower the values of Qg;o=Ql;o. The same trend has been ob-
served by comparing other pairs of experiments (e.g., 2 and 6, 3
and 12, 5 and 13). This occurred because smaller orifices produce
larger minor head losses and, consequently, less air incorporation
into the Venturi injector. On the other hand, the experiments with
the multiple-orifice nozzles C (4 × 5 mm) and D (8 × 3.5 mm) re-
sulted in similar values of Qg;o=Ql;o, but lower than those obtained
with the single-orifice nozzle B. This implies that minor head
losses at nozzles C and D were higher than those at nozzle B, even
though these three nozzles had the same total area of the orifices.

Table 1. Experimental conditions for the tests with different nozzle diameters (d) and number of orifices (n)

Experiment Nozzle d (mm) n Ql;o (L=min) Qg;o (L=min) Ro Mo (m4=s2) Bo (m4=s3) Lm (m)

1 A 30 1 12 1 9.20 × 103 6.13 × 10−5 1.96 × 10−3 1.56 × 10−2
2 A 30 1 16 3 1.34 × 104 1.19 × 10−4 2.62 × 10−3 2.23 × 10−2
3 A 30 1 18 4 1.56 × 104 1.56 × 10−4 2.94 × 10−3 2.57 × 10−2
4 A 30 1 20 6 1.84 × 104 2.04 × 10−4 3.27 × 10−3 2.99 × 10−2
5 A 30 1 22 9 2.19 × 104 2.68 × 10−4 3.60 × 10−3 3.49 × 10−2
6 B 10 1 16 2 3.82 × 104 1.02 × 10−3 2.62 × 10−3 1.11 × 10−1
7 B 10 1 20 4 5.09 × 104 1.70 × 10−3 3.27 × 10−3 1.46 × 10−1
8 B 10 1 25 6 6.58 × 104 2.74 × 10−3 4.09 × 10−3 1.87 × 10−1
9 C 5.0 4 11 1 1.27 × 104 4.67 × 10−4 1.80 × 10−3 7.49 × 10−2
10 C 5.0 4 19 3 2.33 × 104 1.48 × 10−3 3.11 × 10−3 1.35 × 10−1
11 C 5.0 4 25 4 3.08 × 104 2.56 × 10−3 4.09 × 10−3 1.78 × 10−1
12 D 3.5 8 18 2 1.52 × 104 1.30 × 10−3 2.94 × 10−3 1.26 × 10−1
13 D 3.5 8 22 3 1.89 × 104 1.98 × 10−3 3.60 × 10−3 1.57 × 10−1
14 D 3.5 8 30 5 2.65 × 104 3.79 × 10−3 4.91 × 10−3 2.18 × 10−1

Fig. 3. Gas-liquid flow ratio obtained for each nozzle type (A, B, C,
and D) and experimental condition.
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Baylar and Ozkan (2006) also found similar reductions in
Qg;o=Ql;o when longer pipes (resulting in higher friction head
losses) were used downstream for the Venturi tubes.

Bubble size distribution computed by using ImageJ followed
lognormal curves with mean Sauter diameters db ranging from
about 1.7–4.8 mm and decreasing from nozzles A to D, as illus-
trated in Fig. 4. The Reynolds numbers, Ro, were calculated at each
nozzle (or at each orifice, for the cases of multiple-orifice nozzles)
and varied from about 9,000 to 65,000 (Table 1). Note that
Ro ¼ 4Ql;o=ðπdlÞ, in which l is the kinematic viscosity of water.

The aforementioned bubble diameters are consistent with the con-
dition of Lima Neto et al. (2008b, c), in which Ro > 8,000 pro-
duced bubbles of about 1–4 mm in diameter. Moreover, the
bubble diameters were relatively close (−14 to þ42%) to those
obtained from the correlation of Lima Neto (2015), which is given
by db ¼ ð0.1þ 0.3 × 104εo=RoÞL, where L is a length scale
defined as L ¼ ðQg;o

2=gÞ1=5. Observe that for the previously men-
tioned range of bubble diameters (db ¼ 1.7–4.8 mm), the bubble
slip velocity (us) can be assumed constant and equal to 0.23 m=s
(Wüest et al. 1992; Lima Neto et al. 2016).

Typical radial distributions of axial water velocity (u) measured
at different heights (z) are shown in Fig. 5. Self-similar curves
resembling Gaussian profiles were observed for all these experi-
ments, as reported in previous single- and two-phase jet/plume
studies (Rajaratnam 1976; Milgram 1983; Sun and Faeth 1986;
Kumar et al. 1989; Iguchi et al. 1997; Lima Neto 2015). Table 2
shows the values of uc and b obtained by least squares fitting of
Gaussian distributions to the velocity profiles measured at different
heights, resulting in average deviations of up to 14%. Fig. 6 shows
examples of this curve fitting.

If one now calculates the jet-to-plume length scale Lm ¼
M3=4

0 =B1=2
0 for each experimental condition, in which Mo ¼

Ql;ouo and Bo ¼ Qg;ogðρl − ρgÞ=ρl are the kinematic fluxes of mo-
mentum and buoyancy at the source, and ρl and ρg are the liquid
and gas densities, respectively, values of z=Lm of 6–32 are obtained
for the tests with the large nozzle (A), while values of z=Lm of 1–6
are obtained for the tests with the smaller nozzles (B–D). Thus,
according to the jet-to-plume transition of z=Lm ∼ 5–10 defined

Fig. 4. Typical images of bubbles: (a) Experiment 2—nozzle A (db ¼ 4.3 mm); (b) Experiment 6—nozzle B (db ¼ 2.5 mm); (c) Experiment
10—nozzle C (db ¼ 2.2 mm); and (d) Experiment 12—nozzle D (db ¼ 1.7 mm). A length scale of 4 mm is also shown in panel (a) for comparison
purposes.

Fig. 5. Radial distribution of axial water velocity measured at different
heights: z ¼ 20, 35, and 50 cm (Experiment 8).
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by Lima Neto (2012b), all the tests with the large nozzle A can
be considered as bubble plumes (or buoyancy-dominated bubbly
jets), while the other tests can be considered as bubbly jets
(or momentum-dominated bubbly jets). Note that an equivalent
diameter based on the total area of the nozzles (including single-
and multiple-orifices) was used to estimate the water velocity at the
source (uo), which is needed to calculate Mo. Fig. 7 confirms that
experiments with similar ranges of z=Lm present similar dimen-
sionless velocity distributions, with a clear distinction between
a jet-like (z=Lm < 5) and a plume-like (z=Lm > 10) regime.
Fig. 7(b) also shows that the number of orifices did not affect sig-
nificantly the velocity magnitude and distribution in bubbly jets.
This may be attributed to the fact that the orifices were close
enough to each other (jet initial spacing < 3 cm) to merge the jets
below a relatively short distance from the source (z < 20 cm), so
that the velocity magnitudes and distributions (and Lm) depend
only on the total orifice area and not the number of ports. However,
the bubbly jets should behave as a group of individual jets for
z lower than about 3–4 jet initial spacing, i.e., z < 9–12 cm
(Lai and Lee 2012).

Fig. 8 shows the least squares fitting of the integral model to the
experimental data for different nozzle designs and at a particular
height. As already mentioned, constant values for the bubble
slip velocity (us ¼ 0.23 m=s), momentum amplification factor
(γ ¼ 1.0), and spreading ratio of the bubble core (λ ¼ 0.6) were
assumed (Lima Neto 2015). The integral model also fitted well with
the other experiment runs in this study, resulting in average devia-
tions between model predictions and experimental data of up to
19%. Similar deviations (<20%) were also obtained by comparing
the integral model results to the fitted Gaussian distributions sum-
marized in Table 2. Note that model simulations were insensitive to
λ. Overall, the adjusted values of the entrainment coefficient (α)
ranged from about 0.04 to 0.10, which are within the values re-
ported by Milgram (1983), Seol et al. (2007), and Lima Neto
(2012a, b, 2015). Again, it is seen as a very distinct behavior of
the tests with the large nozzle A (u=uo ∼ 80), while the tests with
the smaller nozzles B–D all produced very similar results
(u=uo ∼ 14). This reinforces the idea that, for fixed flow rates of
liquid and gas, the total area of the orifices independent of the num-
ber of ports can change the initial momentum of the bubbly jet and
the jet-to-plume length scale of the flow. Observe that the orifice
area is a design parameter, while the jet momentum flux is an
independent variable that can be controlled.

In order to separate plume (nozzle A) and jet (nozzles B–D)
measurements, the fitted entrainment coefficients α are plotted
in Fig. 9(a) as a function of the local densimetric Froude number,
which is defined as F ¼ uc=ðg 0

cbÞ0.5, where g 0
c is the reduced grav-

ity at the jet or plume centerline. The general correlation given by
Jirka (2004) for the entrainment coefficient of single-phase jets and
plumes (α ¼ 0.055þ 0.6=F2) is also plotted for comparison.
Notably, there is a different behavior between the jet and plume
data. The correlation of Jirka (2004) overestimates the values of
α in the plume regime, probably because the tests conducted with
the large nozzle (A) presented larger bubbles that predominantly
occupied the central portion of the flow (Fig. 4), potentially reduc-
ing the entrainment from the edges of the plume. Note that similar
values within the range of α ¼ 0.03–0.12 were also reported by
Milgram (1983) and Seol et al. (2007) for bubble plumes. On
the other hand, the correlation of Jirka (2004) slightly underesti-
mates the values of α in the jet regime (smaller nozzles B–D),
which may be attributed to the additional entrainment into the
wakes of the bubbles, as suggested by Lima Neto et al. (2008b).

Hence, to generalize the integral model, curve fitting provided
the following functional relationship to describe the entrainment
coefficient α as a function of a nondimensional velocity, which
is given by the ratio of the bubble slip velocity us to a characteristic
velocity scale ðB=zÞ1=3:

α ¼ 0.18 exp

�
−1.7 us

ðBzÞ
1
3

�
þ 0.06 ð7Þ

in which B = kinematic flux of buoyancy defined as
B ¼ Qggðρl − ρgÞ=ρl. Fig. 9(b) shows the fit of Eq. (7) to the ex-
perimental data, which resulted in an average deviation in α of
11%. Error bars also indicate deviations of 5 and 7% obtained
by comparing repeatability tests for Experiments 6 and 14, respec-
tively. Note that Eq. (7) has the same form of the entrainment co-
efficient relationship proposed by Seol et al. (2007) for bubble
plumes. The only difference is the constant of 0.06, which is higher
than that obtained in the previous study (0.04). However, it is im-
portant to point out that the correlation of Seol et al. (2007) was
fitted to the experimental data of several studies ranging from
small- to large-scale bubble plumes, which exhibits a significant
scatter. But Eq. (7) presented a better fit to their own lab data, which

Table 2. Centerline velocity (uc) and jet/plume radius (b, for u ¼ 0.37uc)
obtained by fitting Gaussian distributions to the measured velocity profiles

Experiment z (cm) uc (cm=s) b (cm)

1 50 25 5.8
35 27 4.7
20 29 3.5

2 50 31 7.0
35 33 5.5
20 36 4.8

3 50 37 8.0
35 38 6.4
20 41 4.6

4 50 44 8.0
35 44 6.3
20 46 5.0

5 50 46 8.4
35 48 6.7
20 49 5.8

6 50 54 7.0
35 75 6.1
20 117 3.0

7 50 69 8.2
35 98 5.9
20 148 2.9

8 50 82 8.5
35 110 6.1
20 186 3.0

9 50 38 6.3
35 47 4.8
20 79 3.2

10 50 65 6.8
35 82 5.8
20 140 2.8

11 50 81 8.0
35 105 5.7
20 175 2.9

12 50 59 7.5
35 83 5.0
20 128 3.5

13 50 70 8.7
35 96 5.6
20 162 3.7

14 50 95 8.1
35 120 6.3
20 208 3.3
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was obtained through detailed particle image velocimetry (PIV)
measurements. This suggests that Eq. (7) is a good approximation
for both bubble plumes and bubbly jets.

Applications

The integral model and entrainment relationship proposed in this
study can be used to estimate the mixing patterns and mass transfer
characteristics in tanks and water bodies. For instance, consider a
jet aeration system composed of an air-water bubbly jet injected
vertically in stagnant water, with the following flow conditions:
Qg;o ¼ 60 L=min, Ql;o ¼ 120 L=min, and H ¼ 4 m. Then, if one
considers a diffuser (single- or multiple-orifice nozzle) with an equiv-
alent diameter d ¼ 30 mm, one can estimate the water flow induced
by the bubbly jet along the distance from the source. Fig. 10(a) shows
the results of this simulation in comparison with those obtained by
using the entrainment coefficient relationships of Seol et al. (2007)
and Lima Neto (2012b), and the constant value of α ¼ 0.077, as sug-
gested by Lima Neto (2015). It can be seen that this model predicts
total entrained fluid volume fluxes that are between 12% and 28%
higher than predictions using the other entrainment models. Similar
results were also obtained for other flow conditions. The advantage
is that this model and that of Seol et al. (2007) can also be used
for two-layer stratified water conditions and under the presence
of bubble dissolution, where B and us can change with z. On
the other hand, Fig. 10(b) shows a comparison of the SOTE reached
for different diffuser configurations, including single- and multiple-
orifice nozzles with the same total area of the orifices. Observe
that each diffuser configuration produced a different bubble
diameter by using the previously mentioned correlation of Lima Neto
(2015): (1) db ¼ 6.8 mm for a single-orifice nozzle of 30 mm;

(a) (b)

(c) (d)

Fig. 6. Fitting of Gaussian distributions to velocity profiles measured at z ¼ 20 cm: (a) Experiment 4 (nozzle A); (b) Experiment 7 (nozzle B);
(c) Experiment 10 (nozzle C); and (d) Experiment 13 (nozzle D).

(a)

(b)

Fig. 7. Normalized radial distributions of axial water velocity mea-
sured at z ¼ 35 cm: (a) bubble plume experiments with nozzle A
(z=Lm > 10); and (b) bubbly jet experiments with nozzles B–D
(z=Lm < 5).
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(a) (b)

(c) (d)

Fig. 8. Fitting of integral model to experimental data at z ¼ 50 cm: (a) Experiment 1 (nozzle A); (b) Experiment 6 (nozzle B); (c) Experiment 9
(nozzle C); and (d) Experiment 12 (nozzle D).

(b)

(a)

Fig. 9. Relationships for entrainment coefficient considering both jet
and plume regimes: (a) as a function of densimetric Froude number;
and (b) as a function of nondimensional velocity. In (a), correlation
of Jirka (2004) is also shown for comparison. In (b), correlation pro-
posed by Seol et al. (2007) and a curve fitted to their own data are also
shown. Error bars indicate typical variations in adjusted entrainment
coefficients.

(a)

(b)

Fig. 10. Model simulations for d ¼ 30 mm, H ¼ 4 m, Qg;o ¼
60 L=min, and Ql;o ¼ 120 L=min: (a) comparison of induced liquid
volume flux generated by using different models; and (b) comparison
of SOTE for different diffuser configurations, including single- and
multiple-orifice nozzles with same total area.
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(2) db ¼ 2.9 mm for a nozzle with eight orifices of 10.6 mm; and (3)
db ¼ 1.7 mm for a nozzle with 32 orifices of 5.3 mm. For such bub-
ble diameters, us ¼ 0.23 m=s andKL ¼ 4 × 10−4 m=s (Wüest et al.
1992). The impact of nozzle type on the oxygen transfer efficiency
can be clearly seen, with the values of SOTE ranging from about
4–15% for the different diffuser configurations.

Conclusions

This paper studied experimentally the impact of different diffusers,
including single- and multiple-orifice and large nozzles, on jet aera-
tion systems. The results indicate that the smaller the equivalent diam-
eter of the nozzles or the larger the number of orifices, the lower the
gas-liquid flow ratio incorporated by the Venturi injector and the
smaller the bubble diameters generated in the tank. On the other hand,
the total area of the orifices sets the characteristic momentum-to-
buoyancy length scale Lm, independent of the number of ports,
and the nondimensional height z=Lm determines the flow behavior
as either a jet (z=Lm < 5) or a plume (z=Lm > 10) for a given flow
condition. Hence, an equivalent diameter based on the total area of the
orifices was used to estimate thewater velocities at the nozzle exit and
fit an integral model to the experimental data, which confirmed that
merged multiple bubbly jets can be analyzed using an equivalent sin-
gle jet integral model. This resulted in entrainment coefficients α
ranging from 0.04 to 0.10, which could be described as a function
of dimensionless parameters based on the kinematic buoyancy flux,
bubble slip velocity. and distance from the source. Finally, this model
was compared to previous bubble plume and bubbly jet models, re-
sulting in deviations of up to about 30% of the total liquid volume
flux predicted by the other models. On the other hand, the oxygen
transfer efficiency increased by up to about 300% when a single-
orifice nozzle was replaced by multiple-orifice nozzles with same to-
tal area. This indicates that multiple-orifice diffusers can be used to
control the bubble size and improve the oxygen transfer efficiency
compared to that of an equivalent single-orifice diffuser, with the
same initial momentum and buoyancy fluxes.
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