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a b s t r a c t

The objective of this experimental study was to collect and to interpret data in order to better understand
the oxygen mass transfer phenomena occurring in full-scale aeration tanks equipped with fine bubble
diffusers and slow speed mixers (inducing horizontal liquid flows). Bubble size, local depth and oxygen
mass transfer coefficient were measured in situ for a given air flow rate (1555 N m3 h−1) and for two
ccepted 30 December 2009
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different axial liquid velocities. The increase in the global oxygen transfer coefficient is of 29% when the
mean axial liquid velocity varies from 0 to 0.42 m s−1. The small influence of the liquid velocity on the
local bubble Sauter diameter (about −4%) cannot explain the increase in kLa20. This increase in kLa20 with
the axial liquid velocity is mainly due to the attenuation of the vertical liquid circulation induced by the
gas injection.

© 2010 Elsevier B.V. All rights reserved.

astewater treatment

. Introduction

Activated sludge systems are widely used in wastewater treat-
ent. In such processes, aeration can represent up to 70% of the

nergy expenditure of the all plant. In order to minimise this
onsumption and to improve the treatment efficiency, optimising
eration devices is essential.

To this aim, syntheses of measurements performed on full-scale
eration tanks pointed out the main parameters affecting oxy-
en transfer in clean water [1,2]. In addition, computational fluid
ynamics (CFD) is more and more used to interpret the obtained
esults [3–6]. However, no set of data including all the parameters
equired to understand and to simulate the phenomena (bubble
ize as input data; gas hold-up, axial liquid velocity and oxygen
ransfer coefficients as validation data) has ever been proposed for
ull-scale closed-loop aeration tanks.

In situ measurements (bubble size, axial liquid velocity, oxy-
en transfer coefficient, local depth) have therefore been performed
n full-scale plants, in order to obtain precise information on the

hysical phenomena occurring in closed-loop aeration tanks and to
ptimise their operation. The objective of this paper is to present
nd to analyse the obtained results.

∗ Corresponding author. Tel.: +33 1 40 96 60 32; fax: +33 1 40 96 61 99.
E-mail address: yannick.fayolle@cemagref.fr (Y. Fayolle).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.12.043
2. Materials and methods

Measurements have been performed on a full-scale aeration
tank. The development of the measurement methods is described
in detail in a previous paper [7].

2.1. Aeration tank

The studied basin was chosen as representative of close-loop
reactors with classical configuration and water depth. The aeration
tank is of annular type (volume of liquid [V] = 1493 m3; internal
diameter [Din] = 7.83 m; external diameter [Dout] = 20.25 m; water
depth [dw] = 5.45 m), and is equipped with six grids of 26 fine
bubble EDPM membrane diffusers (tubes of 0.8 m length) and
one large blades slow speed mixer (2.5 m diameter), mounted
at the bottom of the tank (Fig. 1). The tank was filled with tap
water.

Each grid of diffusers is divided into two zones of equal surface
with a different diffuser density (10 tubes in the zone near to the
inner diameter of the tank and 16 tubes in the zone near to the

outer diameter).

In the following, the grids of diffusers are designed by a number
corresponding to their location. As example, grid 2 corresponds to
the second grid in the direction of the liquid flow, indicated by the
arrow in Fig. 1.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yannick.fayolle@cemagref.fr
dx.doi.org/10.1016/j.cej.2009.12.043
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ular loop reactor.
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ical bubble having the same volume as the ellipsoid, as follows:

deq,i = 3

√
a2

i
.bi (2)
Fig. 1. Ann

.2. Axial liquid velocity measurement

The axial liquid velocities were determined with and without
eration using an electromagnetic flow-meter (corresponding to
ne point/m2 of section, [8]) on 35 points regularly distributed on
ne vertical section of the tank away from the bubble plume (Fig. 1).
he measurement section was orthogonal to the flow direction.

The mean velocity represents the arithmetic average of the local
elocities obtained on the 35 measurements points. The sampling
ime was fixed to 60 s, and allows determining the local liquid
elocity with a confidence interval of ±3%.

.3. Oxygen transfer coefficient measurement

The oxygen transfer coefficient was determined according to the
on-steady state method integrated in the American and European
tandards [9,10]. The method consists of monitoring the dissolved
xygen concentration increase after the addition of sodium sulfite
n the presence of a catalyst (cobalt chloride).

For each measurement, the addition of sodium sulfite was per-
ormed without aeration. Appropriate mixing was provided by
uilt-in mixers to prevent settling of the sulfite powder and to allow
uniform distribution of the reactant.

The dissolved oxygen concentration was measured on 9 points
sing dissolved oxygen probes (YSI 57), located on 3 water depths
1, 3 and 5 m from the bottom of the tank), on 3 verticals (see Fig. 1).
he sampling frequency was set to 5 s. The oxygen transfer coeffi-
ient was then deduced from the obtained curves using a non-linear
egression analysis.

In the following, the oxygen transfer coefficient is expressed at
tandard conditions (20 ◦C, 1013 hPa) as follows:

La20 = kLaT × 1.02420−T (1)

here kLaT is the oxygen transfer coefficient at the temperature T
◦C), kLa20 is the oxygen transfer coefficient at 20 ◦C.

.4. Bubble size measurement

Bubble diameters were determined from images obtained by an
mmersed camera (Canon Powershot G6) inserted in a waterproof
lexiglas box located in the bubble plume (see Fig. 2). Lighting was

arried out by two 600 W spots mounted on the immersed struc-
ure, on both sides of the camera. The scale for the bubble size
etermination was obtained with the help of a ruler placed in front
f the lens. Only the sharp bubbles located in the plan of the ruler
re taken into account in the bubble size determination.
Fig. 2. Bubble size measurement tool.

The bubbles (Fig. 3) have an ellipsoid shape in clean water, and
an equivalent diameter, deq,i, is defined as the diameter of a spher-
Fig. 3. Typical picture obtained in the bubble plume.
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Table 1
Experimental conditions [QT = total air flow rate, Qsurf = surface air flow rate (air flow
rate divided by the area covered by the diffuser grids, see Ref. [2]) and Sp = surface
area of the perforated membranes].

Case QT (N m3 h−1) Qsurf (N m3 h−1 m−2) QT/SP (N m3 h−1 m−2) Mixing
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Table 2
Mean circulation velocities (UC mean) in one measurement section, without and with
aeration (the variation represents the variation of the mean axial liquid velocity
between QT = 0 N m3 h−1 and QT = 1555 N m3 h−1).

Whatever the experimental conditions, the DO concentration is
the same at different heights of the tank (1 and 5 m from the bottom
of the basin in the example of Figs. 5 and 6). Therefore the aera-
tion tank could be considered as a perfectly mixed reactor for the
liquid phase. The oxygen transfer coefficient deduced from these
1 1555 29 85 No
2 1555 29 85 Yes

here ai and bi are respectively the major and the minor axis of the
llipsoidal bubble i (m).

An image analysis software package (ImageJ, http://rsb.info.
ih.gov/ij/) was used to obtain the equivalent diameter of each
ubble.

The Sauter diameter (dS), required to determine the gas–liquid
nterfacial area, was calculated as follows:

S =
∑N

i=1d3
eq,i∑N

i=1d2
eq,i

(3)

here deq,i is the equivalent diameter of bubble i and N is the total
umber of bubbles.

The determination of the Sauter diameter requires size deter-
ination of a minimum of 100 bubbles [7].
Pictures were taken on two sections above two different grids

Fig. 1) with and without mixing (note that the measurement sec-
ions were not changed with the horizontal velocity to follow the
ubble plume). On each measurement sections, bubble sizes were
etermined on 9 points (3 vertical distances from the diffusers and
distances from the internal wall).

.5. Local depth measurement

On four vertical sections of the tank (orthogonal to the flow
irection and located in and out of the bubble plume, as indicated in
ig. 1), the local depth was measured using a magnetostrictive level
eter KTEK AT100, on 5 points on each section (1–5 m from the

xternal wall). The measuring apparatus consists in a float, which
ollows the movements of the free surface and slides along a sensing
ube.

The sampling time was fixed to 380 s. This sampling time allows
stimating the average local depth with a confidence interval of
5%.

. Results and discussion
Measurements were performed at one total air flow rate, with-
ut and with mixing. Table 1 presents the experimental conditions.

ig. 4. Mean horizontal velocities (integrated on the measurement verticals) versus
istance from internal wall, without ( ) and with aeration ( ).
QT (N m3 h−1) UC mean (m s−1) Variation (%)

0 0.48 –
1555 0.42 –13

3.1. Axial liquid velocities

Axial liquid velocities were measured in one section without
and with aeration. Fig. 4 presents the local axial liquid velocities
(UC) as a function of the distance from the internal wall (on the
measurement section). Each point corresponds to the average of
the 5 local velocities measured on 1 vertical.

Without aeration, the axial liquid velocity increases from 0.22 to
0.63 m s−1 from the internal wall to the external one. With aeration,
UC increases up to the distance of 2.2 m from the internal wall (from
0.30 to 0.52 m s−1), and decreases to 0.37 m s−1 on the other part of
the section.

Aeration induces head losses and therefore disturbs the liquid
flow. As the grids of diffusers are divided into two sections of differ-
ent diffuser density (Fig. 1), the deformation of the velocity field is
more important near to the external wall than to the internal one.

Table 2 presents the arithmetic average of the local velocities
obtained on the 35 measurement points.

Without aeration, the mean liquid circulation velocity is of
0.48 m s−1. This value is more important than the minimal velocity
recommended by Déronzier and Duchène [8] in order to opti-
mise aeration performances and to ensure the absence of settling
(0.35 m s−1).

The gas injection involves a decrease in the mean liquid circu-
lation velocity of 13%.

3.2. Influence of the axial liquid velocity on the global oxygen
transfer coefficient (kLa20)

Dissolved oxygen (DO) concentration evolutions versus time are
presented without and with mixing, respectively in Figs. 5 and 6.
Fig. 5. Dissolved oxygen concentration (CDO) versus time during reoxygenation (1 m
[ ] and 5 m [ ] from the bottom of the tank) without mixing (case 1). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
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Fig. 6. Dissolved oxygen concentration (CDO) versus time during reoxygenation (1m
[ ] and 5m [ ] from the bottom of the tank) with mixing (case 2). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

Table 3
Axial liquid velocity and oxygen transfer coefficient (the variation represents the
variation of the standard oxygen transfer coefficient between UC mean = 0 m s−1 and
UC mean = 0.42 m s−1).

Case UC mean (m s−1) kLa20 (h−1) Variation (%)
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The evolutions of MSDH as a function of the vertical distance
from the diffusers without and with mixing are presented in
Figs. 7 and 8. For any distance from the diffusers, MSDH does not
depend on the studied grid.

T
L

T
L

1 0 5.39 –
2 0.42 6.93 +29

urves is a global mass transfer coefficient that does not take into
ccount potential local variations in the parameters governing oxy-
en transfer such as observed by Giovannettone and Gulliver [11]
n a full-scale airlift reactor.

The deduced oxygen transfer coefficients obtained for the two
ets of experimental conditions are presented in Table 3. Apply-
ng a mean axial liquid velocity of 0.42 m s−1 enhances the oxygen
ransfer by 29%. This enhancement is in the lower range of those
btained on other sites (from 30% to 50%, [12]).

.3. Influence of the axial liquid velocity on the bubble size
.3.1. Local diameter
On each measurement section (Fig. 1), bubble sizes were deter-

ined on 9 points (for 3 vertical distances from the diffusers and 3
istances from the internal wall).

able 4
ocal Sauter diameter (in mm) as a function of the mean axial liquid velocity and of the m

UC mean (m s−1)

Horizontal distance from internal wall (m) 1

Vertical distance from diffusers (m) 3.42 4.8
2.17 4.3
0.92 4.1

able 5
ocal Sauter diameter (in mm) as a function of the mean axial liquid velocity and of the m

UC mean (m s−1)

Horizontal distance from internal wall (m) 1

Vertical distance from diffusers (m) 3.42 5.2
2.17 4.6
0.92 4.4
Fig. 7. Evolution of the MSDH with the vertical distance from the diffusers without
mixing.

Equivalent local bubble diameters are presented in
Tables 4 and 5 for the two studied grids, the 9 sampling points and
the 2 operating conditions (without and with mixing).

For grid 2, without mixing, the local Sauter diameter ranges
from 4.1 to 5.3 mm for a vertical distance to diffusers from 0.92
to 3.42 m. For a mean axial liquid velocity about 0.42 m s−1, this
value is comprised between 4.0 and 4.8 mm.

The evolution of the local Sauter diameter is equivalent for
Grid 4.

For each grid and distance from the internal wall and whatever
the operating conditions, the local Sauter diameter increases with
the vertical distance from the grid of diffusers.

3.3.2. Mean Sauter diameter on a horizontal (MSDH)
The mean Sauter diameter on a horizontal (MSDH) is introduced

in order to investigate the evolution of the bubble diameter as a
function of the vertical distance from the grid of diffusers.
Fig. 8. Evolution of MSDH with the vertical distance from the diffusers with mixing.

easurement point for grid 2.

0 0.42

3 5 1 3 5

4.7 5.3 4.8 4.3 4.6
4.4 4.7 4.5 4.3 4.2
4.4 4.6 4.5 4.0 4.3

easurement point for grid 4.

0 0.42

3 5 1 3 5

4.6 4.8 4.6 4.6 4.6
4.7 4.4 4.2 4.5 4.4
4.4 4.4 4.1 4.3 4.3
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Table 6
Global Sauter diameter versus mean axial liquid velocity for the two studied grids.

UC mean (m s−1) GSD (mm)
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Grid 2 Grid 4

0 4.6 4.6
0.42 4.5 4.4

During the rise of the bubbles from 0.92 and 3.42 m from the
iffusers, MSDH increases from 4.4 to 5.0 mm without mixing, and
rom 4.2 to 4.6 mm with mixing.

This increase (+5.4%/m and +3.8%/m, respectively without and
ith mixing) is higher than the evolution due to the hydrostatic
ressure decrease (+3.1%/m), especially without mixing.

.3.3. Global Sauter diameter (GSD)
The Global Sauter diameter (GSD) is calculated from the equiv-

lent diameters resulting from the 9 measurement points on one
ection. This parameter is introduced in order to characterise the
ean bubble size and the influence of the mean axial liquid velocity

n it.
GSD values are presented for each operating conditions and for

he two measurements sections in Table 6.
The order of magnitude of the Global Sauter diameter is about

.5 mm. This value is higher than the one usually measured on pilot
cale (from 2.5 to 4.0 mm for EDPM membrane diffusers [13–15]
nd than the one used to simulate hydrodynamics and oxygen
ransfer in aeration tanks [4,16]. This order of magnitude of the
verage bubble size is the same as the one observed in bubble
olumns. Significantly lower values have been measured in a deep
irlift reactor [17].

Moreover, the Global Sauter diameter slightly decreases with
he axial liquid velocity (−4% between measurements without and
ith mixing).

.4. Influence of the axial liquid velocity on the local depth

Local depths were measured on each point without and with
eration. The results are expressed using the following ratio (RH):

H = H − H0

H
(4)

here H0 is the liquid depth without aeration and H is the mixture
epth with aeration (m), both measured at one point.

Non-negligible variations of the local depth were measured out

f the aerated zone, highlighting gradients of liquid dynamic pres-
ure due to mechanical mixing and to a non-uniformly distributed
ir injection system. For example on a section located out of the aer-
ted zone (see Fig. 9), the RH factor is comprised between −0.18%

ig. 9. RH measured on the section out of the bubble plume, without ( ) and with

ixing ( ).
Fig. 10. RH for sections corresponding to grids 1, 2 and 4, without mixing.

and −0.01% without mixing and between −0.36% and 0.13% with
mixing.

If the level increase due to aeration was uniform (such as in
bubble columns), RH would be an estimate of the gas hold-up.
On full-scale aeration tanks, RH is therefore only considered as a
qualitative indicator of the bubble dispersion into the liquid.

RH values obtained on the three sections located in the aerated
zone (close to grids 1, 2 and 4, see Fig. 1), without and with mixing,
are presented in Figs. 10 and 11.

Without mixing (Fig. 10), RH values vary from 0.12% to 0.48% on
grid 1, from 0.01% to 0.41% on grid 2 and from 0.18% to 0.52% on
grid 4.

This profile is not regular, with RH values more important near
to the internal wall. This may be due to the different diffuser density
(see Fig. 1). Considering a homogeneous distribution of the air flow
rate per diffuser, the difference in the diffuser density on a grid
induces a more important surface air flow rate near the internal
wall. The difference of density of water column, induced by the
surface air flow rate gradient, creates important spiral flows that
move the bubble plume towards the internal wall.

With mixing (Fig. 11), RH values increase with the distance from
the internal wall from −0.04% to 0.19% on grid 1, from 0.25% to 0.84%
on grid 2 and from 0.18% to 0.46% on grid 4. RH values are higher near
to the external wall. The horizontal flow seems to reduce the above
mentioned spiral flows, creating a RH profile more in agreement
with the diffuser density.

3.5. Discussion
Applying a mean axial liquid velocity of 0.42 m s−1 on a real scale
annular loop reactor (1500 m3) enhances the oxygen transfer coef-
ficient from 5.39 to 6.93 h−1 (+29%). Similar enhancements have
been attributed to:

Fig. 11. RH for sections corresponding to grids 1, 2 and 4, with mixing.
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The shearing effect due to the axial liquid velocity, inducing a
reduction in the size of the nascent bubbles [18,19];
the neutralisation of the vertical liquid circulation (“spiral flows”)
by the axial liquid flow. The spiral flows are produced at the edges
of the aerated zones by the bubble rise (drag effect) and increase
the bubble rising velocity. Neutralising them thus increases the
gas/liquid contact time [4,20].

The measured decrease in the Global Sauter diameter when
pplying the horizontal velocity is of 4%. The relatively small influ-
nce of the liquid velocity on the Sauter diameter could not explain
he increase in the global oxygen transfer coefficient when the
xial liquid velocity varies from 0 to 0.42 m s−1. The increase in
he oxygen transfer coefficient with the mean axial liquid velocity
s therefore mainly due to the partial neutralisation of the verti-
al liquid circulation induced by the gas injection, and thus to the
inked gas hold-up increase.

Moreover, computational fluid dynamics (CFD) is more and
ore used to optimise aeration systems [3,4,6]. However, these

tudies are facing a lack of bubble size measurements on full-scale
anks which is the dominating parameter of the oxygen transfer
henomena. The use of an arbitrary bubble diameter as input data
hus prevents from using the oxygen transfer coefficient as a vali-
ation criterion. The bubble size has a strong impact on the oxygen
ransfer coefficient by modifying:

the gas/liquid interfacial area (a) which is inversely proportional
to the bubble diameter;
the liquid phase oxygen transfer coefficient (kL): it depends on
the thickness of the boundary layer around the bubble and the
bubble size.

The work presented here will therefore be of high interest to
imulate more accurate oxygen transfer using CFD tools.

. Conclusions

A set of local data including all the required parameters to under-
tand and to simulate fluid dynamics and oxygen transfer has been
roposed for full-scale plants. Axial liquid velocities, oxygen trans-
er coefficients, bubble sizes and local depths have been determined
n situ on a full-scale aeration tank. The main conclusions are as
ollows.

The order of magnitude of bubble Sauter diameter of 4.5 mm has
een evaluated and seems to be not dependent on the studied grid.

Applying an axial liquid velocity causes an enhancement of the
xygen transfer coefficient (+29%). This enhancement is mainly due
o gas hold-up increase, as the influence of the axial liquid velocity

n the bubble Sauter diameter is slight (−4%).

Finally, this study contributes to a better comprehension of the
articular hydrodynamics and oxygen transfer phenomena in aer-
ted tanks and could be used in order to predict aeration capacity
sing computational fluid mechanics.

[

[
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