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ABSTRACT
Field surveys were carried out to investigate the surface jet flows and the resulting circulation patterns generated by diffused
aeration in a shallow lake. In conrast to previous studies, the experimental conditions included point-source bubble plumes
with very high air flow rates (100-400 L/min) relative to the shallow water depth (1.5 m). The results indicate that the
surface jet velocity can be described by linear profiles. The decay of this velocity with distance displayed a similar behaviour
to that reported in the literature, but the surface jet spread much faster under the present conditions. Combining our results
with published data allowed for the generation of dimensionless correlations for the velocity and depth of the surface jet. A
good agreement between the total circulation flow rates predicted by using the proposed correlations and integral modelling
was also obtained. Lastly, a simple returning flow model was proposed to describe the circulation flow patterns induced by
the bubble plumes. The results were also applied to assess the impact of circulation on vertical algae migration, which is

important for water quality management.
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INTRODUCTION

Bubble plumes generated by diffused aeration are widely used
for treating wastewater and ameliorating water quality problems
in lakes and reservoirs (Bombardelli et al., 2007; Socolofsky

et al., 2008; Lima Neto, 2012a,b; Lima Neto and Parente, 2016).
In addition to supplementing the dissolved oxygen levels and
reducing internal phosphorus loading in water bodies, bubble
plumes also generate water circulation patterns that can prevent
or destroy stratification (Wiiest et al., 1992; Singleton et al.,
2010; Lima Neto et al., 2016). The behaviour of these circulation
patterns must be well understood in order to promote positive
effects such as the elimination of undesired algae, as well as to
avoid negative effects such as resuspension of bottom sediments
and nutrients (Imteaz and Asaeda, 2000; Jungo et al., 2001).

The rational use of point-source (axisymmetric) bubble
plumes in the vicinity of water supply intakes has also been
proposed as a measure to minimize the local impacts of eutroph-
ication and reduce water treatment costs, particularly in the
Brazilian semiarid region, where thousands of eutrophic res-
ervoirs are used for human water supply (Campos et al., 2016).
Bubble plumes have also been proposed to minimize water
evaporation losses from reservoirs (Van Dijk and Van Vuuren,
2009; Helfer et al., 2011).

Several researchers have investigated the liquid flow induced
by axisymmetric bubble plumes in unstratified environments
(Milgram, 1983; Bombardelli et al., 2007; Lima Neto et al., 2008).
However, their studies focused on the rising plume hydrodynam-
ics, without giving details of the surface jet flow and circula-
tion patterns produced by the bubble plumes. To the authors’
knowledge, only Goossens (1979) has performed experimental
studies involving measurement of the circulation flows gener-
ated by axisymmetric bubble plumes, which is the focus of
the present investigation (see Fig. 1), while Wen and Torrest
(1987), Fannelop et al. (1991) and Riess and Fannelep (1998)
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have studied the flows generated by line-source or plane bubble
plumes. More recently, Brevik and Kristiansen (2002) have pro-
posed theories to describe the circulation flows induced by both
axisymmetric and plane bubble plumes.

The aims of the present paper are: (i) to investigate the
surface flows generated by axisymmetric bubble plumes with
relatively high air flow rates in a shallow lake, (ii) to propose a
method to describe the circulation patterns induced by the bub-
ble plumes, and (iii) to apply the results to assess the impact of
circulation on vertical algae migration.

METHODS

The experiments were performed in the Santo Anastacio Lake,
located in Fortaleza, Ceard, Brazil. This equatorial lake is very
shallow (water depth < 4 m) and presents negligible thermal
stratification (temperature difference < 1°C). The air injection
system consisted of a 10 HP compressor which provided atmos-
pheric air flow rates Q ranging from 115 to 450 L/min to a hose
that fed a point-source diffuser placed at the bottom of the lake
(water head of H = 1.5 m), approx. 30 m from the shore. The air
flow rates were measured with a rotameter (ECR, model 440).
The diffuser consisted of an array of 1” PVC pipes with a total of
160 holes of 1 mm, which was designed to promote high mix-
ing efficiency and prevent clogging, as suggested by Lima Neto
et al. (2008). The air flow rates per orifice were similar to those of
Lima Neto et al. (2008), in which bubbles with diameters rang-
ing from about 6 to 8 mm were formed. This agrees well with
the values of 6.6-8.1 mm estimated from the correlation given
by Lima Neto (2015). For such bubble sizes and the above air
flow rate/water depth conditions, the effect of gas-liquid mass
transfer on bubble plume hydrodynamics is expected to be
negligible (see Lima Neto and Parente, 2016). An electromag-
netic propeller anemometer (Omni Instruments, MiniWater20)
with an internal diameter of 22 mm was used to measure the
mean horizontal water velocity u in the surface flow induced by
the bubble plumes, as shown schematically in Fig. 1. The same
device has been used by Lima Neto et al. (2008) to measure
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the water velocity in vertical bubble plumes. The propeller
anemometer was mounted on a stem connected to a thoroughly
anchored boat.

The mean horizontal water velocity u was measured at dif-
ferent distances r from the centreline (0.3-1.5 m) and at differ-
ent distances z from the water surface (0-0.85 m). This allowed
generating velocity profiles along the radial direction. Note that
the velocity u decreases from u_ (at the water surface) to zero
(at the stagnation line) (see Fig. 1). Hence, the depth of the sur-
face jet h  (i.e., the outflowing layer) for each specific distance
r could be obtained by gradually lowering the anemometer
until it displayed a null velocity. Therefore, if we assume that
the velocity profiles are linear, as one of the options suggested
by Brevik and Kristiansen (2002), the surface jet flow becomes
fully described by u (r) and h (7). The minimum distance of r
= 0.3 m was adopted here because the radius observed for the
fountains formed by the impingement of the vertical flow at the
water surface reached up to about 0.2 m, which was larger than
the values predicted by using the model of Friedl and Fannelop
(2000). Thus, we expect that at » = 0.3 m the vertical flow had
totally turned into the horizontal surface jet flow. On the other
hand, measurements for r > 1.5 m were not taken because the
surface jet velocities u approached the minimum velocities
that can be accurately measured by the anemometer (around
0.01 m/s).

Preliminary tests were conducted on 11 and 18 March 2014,
and the complete set of experiments was carried out on
4 April 2014. The results shown herein refer to the data of
4 April 2014, but the March data were also used to verify the
repeatability of the velocity measurements (deviations < 30%).
Both air and water temperatures were about 25-30°C and the
wind speed was lower than 3 m/s for all of the tests.

Dimensional analysis was conducted in order to normalize
the test results and make them applicable to other experimental
conditions. Therefore, assuming that air bubble plumes in water
are fully turbulent flows dominated by buoyancy forces, the fol-
lowing function can be used to express the general behaviour of
the maximum velocity u and depth of the surface jet h :

(u, h)=f(Q g Hr) 1

In the present study, we combined our data for strong bub-
ble plumes (i.e., for 0.03 < L/H < 0.06) with that of Goossens
(1979) for weaker bubble plumes (i.e., for L/H < 0.02), and
tested different combinations for the parameters in Eq. 1 to
obtain the dimensionless correlations that better described the
surface jet flow induced by axisymmetric bubble plumes. Note
that L is a length scale defined as L = Q¥° g"'*. A comparison of
the total water flow rates obtained by using the proposed cor-
relations with those estimated from the integral model of Lima
Neto (2012a) is also presented. Furthermore, the dimensionless
correlations for the surface jet flow are coupled with a simple
returning flow model, similar to that of Brevik and Kristiansen
(2002), in order to assess the impact of circulation on verti-
cal algae migration through the water column. This combined
model is implemented in Matlab (MathWorks).

RESULTS AND DISCUSSION

Figure 2 shows the profiles of mean horizontal water velocity at
the surface jet flow obtained in the present study for different
atmospheric air flow rates Q and distances r from the centre-
line. The filled circles represent experimental data while the
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Figure 1
Definition sketch of the surface water flow induced by an axisymmetric
bubble plume. Details of mean horizontal velocity measurements taken
with an anemometer are also shown.

dashed lines represent fitted linear curves, which were adjusted
to the data with a coefficient of determination R? ranging from
0.94 to 0.99. This confirms that, for the sake of simplicity, the
surface jet flow induced by axisymmetric bubble plumes can be
described by linear velocity profiles. Note that the data shown
in Fig. 2 correspond to the maximum velocity of the surface jet
u,, its half value u /2 (which coincides with the depth-averaged
velocity of the surface jet u_ , assuming linear velocity pro-
files), and the null value of u that occurred at the stagnation
line (i.e., at z = h ) (see Fig. 1). It is clearly seen that both u_
and h  increase with Q. On the other hand, u_ decreases with
r while i increases. Similar behaviours have been reported by
Goossens (1979) and Brevik and Kristiansen (2002). Figure 3
also shows that the decay of u_ with r follows approximately a
power law of the type u_ ~ 7% in which a is a coefficient that
increases from about 0.6 to 0.9 as Q increases. These values of
a are within the range of 0.4-0.9 obtained experimentally by
Goossens (1979) and close to the value of 0.67 proposed in the
model of Brevik and Kristiansen (2002). Moreover, the spread-
ing of the surface jets follows approximately a linear curve of
the type h ~ Br, in which f8 increases from about 0.15 to 0.34
as Q increases. It is interesting to observe that these values of
are much higher than those (0.03-0.05) obtained by Goossens
(1979) and Brevik and Kristiansen (2002). This faster spreading
probably occurred because the axisymmetric bubble plumes
investigated in the present study were stronger (with L/H >
0.03) than those studied previously (with L/H < 0.02).
Dimensional analysis was carried out to normalize the
relevant bubble plume parameters and obtain general correla-
tions by combining our results with the lab and field data of
Goossens (1979). His study considered bubble diameters of
about 3-10 mm, water depths of 4-15 m, and atmospheric air
flow rates of 50-10 000 L/min. For such flow conditions, the
effect of gas-liquid mass transfer on bubble plume hydrody-
namics is estimated from Lima Neto and Parente (2016) to be
smaller than 10%. Therefore, neglecting this effect and assum-
ing that the above-mentioned bubble plumes were fully turbu-
lent/buoyancy-driven flows, the functional relationship given
by Eq. 1 can be used. Hence, the following dimensionless cor-
relations could be obtained by least-square fitting of the data:
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Figure 2
Profiles of mean horizontal water velocity at the surface jet flow for different atmospheric air flow rates Q and distances r from the centreline. The filled
circles represent experimental data while the dashed lines represent fitted linear curves.

_0.744 experimental data and the values predicted by using the correla-
u, _ 0.138 [ r j @) tions given by Eqs 2 and 3, which resulted in standard deviations
of 18% and 8%, respectively. This indicates that u /Uand h /L
can be described by the proposed functions of r/H and L/H.
Consistently, u_decreases with r but increases with both Q and
H, while h_ increases with the three parameters (r, Q and H). It is
h PN A N worthwhile to mention that the model of Brevik and Kristiansen
—=6.077+0.074/ | — — (3)  (2002) provided standard deviations of up to about 50%, as
H compared to our experimental data. Therefore, the proposed cor-
relations can be seen as a simplified method that can predict the
surface jet flow induced by axisymmetric bubble plumes under a

As mentioned earlier, L is a length scale defined as L =
: ' ' & wider range of flow conditions (i.e., for 0.01 < L/H < 0.06).

Q**¢g’'*, while U is a velocity scale defined as U = Q"°g*".
Figures 3(a) and 3(b) show comparisons between the
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Agreement between the water flow rates simulated by using the integral
model of Lima Neto (2012a) for the vertical flow at the water surface, and
those predicted from Eq. 4 for the horizontal flow after the turning region.
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Comparison between measured and predicted values of: (a) normalized
maximum velocity of the surface jet, and (b) normalized depth of the
surface jet.

The correlations given by Eqs 2 and 3 can also be used to
estimate the total water circulation flow rates induced by axisym-
metric bubble plumes through the following equation:

Q,=nrh u (4)

where: r_is a characteristic radius of the vertical plume at the
water surface, which can be taken as the starting value of r
for the surface jet flow. Note that the estimation of Q_ using
Eq. 4 assumes that there is no entrainment/detrainment in
the turning flow region (from the vertical upwards flow to the
radially outwards horizontal flow). In the present study, r, was
calculated from the integral model of Lima Neto (2012a) as
the radial distance from the vertical plume centreline where
the velocity is equal to 1/e of the maximum (centreline) value.
Figure 4 shows the agreement between the water flow rates
simulated by using the model of Lima Neto (2012a) for the
vertical flow at the water surface and those predicted from
the proposed equation (Eq. 4) for the horizontal flow after
the turning region (at 7 = r ). The simulations included water
depths H ranging from 2 to 50 m and atmospheric air flow
rates Q ranging from 50 to 200 000 L/min, which resulted in
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Figure 5
Velocity field simulated for a bubble plume with Q = 200 L/min and H =4
m (maximum velocity shown is 36 cm/s)

values of L/H varying from 0.01 to 0.06. For all the tests, large
bubbles of 8 mm diameter (common in coarse bubble aeration)
were used, so that the effect of mass transfer on bubble plume
hydrodynamics could be neglected. A good agreement between
the two methods can be seen in Fig. 4, resulting in standard
deviations of 22%. This suggests that the correlations proposed
herein can also be used to assess the circulation patterns gener-
ated by axisymmetric bubble plumes.

Assuming linear velocity profiles, the following equations
can be used to describe the surface jet and the returning flow in
a 2D framework:

z
Forz<h —>u=u,|1l-— (5)
hW
z—h
Forz>h,— u=u,| —* (6)
H_ w
h
From continuity: u, =u, | —"— (7)

H-h

W
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Thus, the complete circulation flow model consists of Egs 2, 3, algae of v, =+3 mm/s (see Kromkamp and Walsby, 1990;

5, 6 and 7, which are solved using Matlab (MathWorks). In the Visser et al., 1997). The results of this superimposition are
present study, several simulations were performed to analyse the shown in Fig. 6 in the form of streamlines, which were gen-
circulation patterns induced in the water column. As an example,  erated using Matlab (MathWorks). Figure 6(a.I) shows the
Fig. 5 shows the velocity field simulated for a bubble plume with downward migration of algae for nutrients in the absence of
Q=200 L/min and H = 4 m. The stagnation line clearly indicates ambient flow, while Fig. 6 (a.II) shows the effect of artificial
the limit between the surface jet and the returning flow. circulation on this migration. It can be seen that circulation can
It is possible now to study the impact of circulation on prevent the algae from reaching the lake bottom nutrients and
algae migration by superimposition of the flow field given by also remove them from the vicinity of the bubble plume. On
Fig. 5 (for example) and a maximum vertical velocity of the the other hand, Fig. 6(b.I) shows the upward migration of algae
Or o -, O0r
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Figure 6
Vertical algae migration (v, = +3 mm/s) with or without the impact of artificial circulation for a bubble plume with Q = 200 L/min and H =4 m: (a.l)
downward migration for nutrients without circulation; (a.ll) downward migration for nutrients with circulation; (b.l) upward migration for light without
circulation; (b.Il) upward migration for light with circulation.
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for light in the absence of ambient flow, while Fig. 6(b.II) shows
the impact of circulation on this migration. It is seen that
circulation can drag the algae into the bubble plume and spread
them radially away from the site. Note that similar migration
patterns as those depicted in Figs 6(a.II) and 6(b.II) have been
observed for other values of Q, H and V. Therefore, it can be
inferred that artificial circulation can promote shortage of light
and/or nutrients in addition to displacement of algae from the
bubble plume surroundings (although not investigated here,
turbulence may also promote algal cell rupture). This suggests
that such devices can be used as a measure to reduce the nega-
tive effects of eutrophication, at least near the intakes for water
supply. It is important to observe, however, that the proper

air flow rate Q must be selected as a function of H and v, not
only to reduce the concentration of algae by means of the low-
est possible electricity cost, but also to avoid resuspension of
bottom sediments/nutrients, which may lead to water quality
deterioration.

CONCLUSIONS

The results obtained in the present investigation indicate that the
surface jet velocity can be described by linear profiles. The decay
of this velocity with radial distance showed similar behaviour

to that reported previously for weaker bubble plumes, but the
surface jet spread much faster under the present experimental
conditions. Combination of our data with that available in the
literature allowed for the generation of dimensionless correla-
tions for the velocity and depth of the surface jet as a function
of the radial distance, air flow rate, and head above the diffuser.
Consistently, the correlations indicate that the surface jet veloc-
ity decreases with an increase in radial distance but increases
with both the air flow rate and head above the diffuser, while the
depth of the surface jet increases with these three parameters.

A validation of the proposed correlations with the data for total
water flow rates obtained by using integral modelling was also
presented. Therefore, our simple approach can be used to assess
not only the surface jet flow but also the circulation flow pat-
terns induced by axisymmetric bubble plumes for a wide range
of flow conditions. Moreover, a simple returning flow model was
proposed to predict the circulation flow patterns induced by the
bubble plumes. Model simulations showed that circulation can
clearly prevent algae migration, in addition to displacing algae
away from the aeration site. This implies that bubble plumes can
be used not only to minimize the impacts of lake eutrophication
but also to potentially reduce algae concentrations at water sup-
ply intakes in reservoirs.
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