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Abstract

Water aeration is a major feature in many industrial applications, for example, hydraulic
turbines, fish farms, water treatment, and so on. A key consideration is the efficiency of
the aeration itself, that is, the effectiveness of the transfer of oxygen from air to water in
relation to the energy consumed by injection. In this chapter, several configurations of
the aerator are analyzed for overall efficiency optimization. Two different parameters are
investigated (the arrangement of aeration apertures and aperture diameters between 0.2
and 1.6 mm) using aerators with perforated metal plates and, for comparison, ceramic
and fritted (sintered) glass plates. For the arrangement of the apertures on the perforated
metal plates, bubble coalescence and contraction coefficients are measured. Each configu-
ration’s results (Kla, SOTR, SAE) are compared and analyzed.

Keywords: standard aeration efficiency, oxygen transfer, bubble column, aerator,
standard oxygen transfer rate, aeration optimization

1. Introduction

Oxygen transfer in water is a key component in environmental technologies, for example,
in wastewater treatment, by virtue of the efficiency of the transfer of oxygen and the total
costs of the air injection process, and water treatment itself is common in many indus-
trial applications, for example, in the chemical, hydraulic, and nuclear industries, for
which biphasic air-water flow characterization is required for each particular case. For
example, for water treatment, energy consumption is the highest for aeration processes,
as compressed air is an expensive working medium. The same behavior occurs in aeration
for biological purposes, for example in fish farming, or in water aeration downstream of
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hydraulic turbines, in which the design of the aeration systems (orifice diameter, configu-
ration, operating conditions, and location) may significantly improve the quality of tur-
bine aeration [1, 2]. The aerator design parameters are used to determine the best balance
between oxygen transfer (volume of air injected and size and shape of generated bubbles)
and energy consumption.

Aerators (spargers) can be made from porous ceramic or metallic materials, fritted (sintered)
glass, or plastic, each having specific features in emitting bubbles to increase the contact sur-
face between the gas and the liquid.

In literature, the volumetric mass transfer coefficient Kla was also obtained in situ, [3-6],
for different configurations. As the configuration and operating conditions are far from this
experiment, a direct comparison cannot be performed.

The main objective of this study is to optimize an aeration device, that is, to achieve the best
dissolved oxygen (DO) transfer versus minimized energy consumption for injection. The clas-
sical experiment of an ascending bubble column was used to compare many injection devices.
The aeration devices are mainly perforated metallic plates (MPs). Two parameters are stud-
ied: orifice size and arrangement. As a control, the active admission area is kept constant for
all configurations. The injection air flow rate is controlled and the main aeration parameters
(Kla and standard oxygen transfer rates [SOTR]) measured. Comparison of standard aeration
efficiency (SAE) is also recorded. The efficiency results are compared with two other aerators,
that is, a ceramic plate (CP) and a glass plate (GP). Finally, the optimized configuration in
terms of SAE (best compromise between dissolved oxygen transfer and energy consumption
for the air injection) is chosen.

2. Experimental setup to study the oxygen transfer of aerators

The setup [7] consists of a rectangular tank (Figure 1) with L = 0.3 m, & = 0.88 m, and hydro-
static load H = 0.8 m, filled with 79.2 1 of water. In the tank (1) the aerator (2) equipped with
interchangeable metallic plates (MPs) is immersed and tested. Upstream of it a flow-meter (3)
is connected for measuring the air flow rate through the aerator and a differential manometer
(5) for measuring the pressure drop across the aerator. The experimental setup is sized so
that the walls of the tank do not affect the mass transfer of the air bubble column to the water
(L = 6:D). With the peristaltic pump (6) the water is sampled in the middle of the tank, 2 cm
from the wall, avoiding the air bubbles in the DO measuring cell. The water passes through
the oximeter (7) and is then reintroduced into the system.

Five interchangeable perforated metallic plates with holes of 4 = 0.2, 0.3, 0.5, 0.9, 1.6, and
2.4 mm (Figures 2 and 3) are tested. To avoid bubble coalescence, the holes are located 10 d
apart, and to negate any influence of the contraction coefficient of the hole, its length is 5 d.
To increase the active emission area, and implicitly the interface area, the measurements are
repeated for a second series of MPs with orifices placed 7 d apart. For both series of tests, the
diameter of the MP is D = 44.8 mm. The aerator intake has a conical shape to ensure uniform
air repartition at the intakes of the aeration holes.
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Figure 1. Experimental setup (1-tank, 2—aerator, 3—flow-meter, 4-air compressor, 5-manometer, 6-peristaltic pump, 7-

oximeter, MP—interchangeable metallic plate).

MP 0.9

Figure 2. Tested metallic plates in operation.

In Table 1 the geometric characteristics of MPs, series 1 and 2, are presented. The last column
shows, in bold, the theoretical air-water interface area at the outlet of the bubble from the
injection aperture. The design of MP in the second series increases the air-water interfacial
area (a) at the bubbles outlet by up to 2.5 times (Table 1).

The initial radius (R ) of an air bubble at its detachment from the hole of an aerated system
immersed at a depth H is calculated from the balance of the Archimedean and superficial ten-

sion forces, neglecting the weight of the air in the bubble [8].

R - (%) Q0

0
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MP 0.5

Figure 3. Layout of holes for 7d arrangement for 0.1 and 0.5 mm hole diameter.
The interface area (a) of the first swarm of bubbles is considered spherical at the time of
detachment and is calculated with the relationship shown in Eq. (2). The active area of the

intake of the air into water is calculated with the relationship (3).

a=n-nR:. (2)

s = n-nd*/4 3)

The interface area (a) increases in the second series by up to 2.8 times (Table 2).
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d N R, s s’ a s
(mm) (mm) (mm?) (%) (mm?) B
S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2

2.4 — 4 — 2.38 — 18.1 — 1.1 — 285 — —
1.6 1.6 6 14 2.08 2.08 12.1 28.1 0.8 1.8 326 761 2.33
0.9 0.9 21 43 1.72 1.72 134 27.4 0.9 1.7 781 1599 2.05
0.5 0.5 61 151 1.41 1.41 12.0 29.6 0.8 1.9 1524 3772 2.47
0.3 0.3 177 414 1.19 1.19 12.5 29.3 0.8 1.9 3150 7367 2.34
0.2 0.2 385 951 1.04 1.04 12.1 29.9 0.8 1.9 5233 12,926 2.47

Table 1. Emission performance of the two series of metallic plates S1 and S2.

MP Vo D n, () € (%)
MP 1.6 0.25 2953 0.347
MP 0.9 0.26 4601 0.361
MP 0.5 0.27 8449 0.375
MP 0.3 0.28 15,905 0.389
MP 0.2 0.29 27,403 0.403
MP 0.1 0.3 42,468 0.417

Table 2. Void fraction for the second series of plates at Q =0.11/s.

For the theoretical evaluation of the interfacial area (a,) of all the bubbles in the system an
air flow rate Q = 0.1 I/s is injected in water. By measuring the contact time of air bubbles in

water (T) and the sudden shutdown of the air supply, the void volume from the system is
obtained: V=T - Q. The interfacial area of the all bubbles in the system is calculated using

relationship (4)

3TQ

a, = nb-Ab = R,

The average global void fraction is calculated using relationship (5)

. Vvuid
& = 7100.

(4)

()

The experimental results of the mass transfer of the two sets of plates are presented in the

next chapter.
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3. Volumetric mass transfer coefficient corresponding with energy
consumption

To obtain the oxygen transfer the following configurations are tested:

¢ series 1 of five metallic plates (MP 0.2, MP 0.3, MP 0.5, MP 0.9, and MP 1.6);
e series 2 of two metallic plates (MP 0.2 and MP 0.5);
* a ceramic plate (CP) with volume porosity in the range 45-50%; and

* a fritted (sintered) glass plate (GP) with porosity controlled in the range 0.25-0.315 um.

For all series of metallic plates, the following injected air flow rates are tested: Q = 180, 360,
480, 600, 720, 960, 1140 1/h. The results are then compared with the aeration performance of
the CP and GP.

The method of measuring dissolved oxygen (DO) in clean water, according to the standard
for measuring oxygen transfer in water [9], requires removing DO from water (using Na,SO,)
and then reoxygenating up to at least 90% of the saturation concentration value. To obtain
standard oxygen transfer rates (SOTR), the water in which testing takes place must be quali-
tatively equivalent to drinking water. Concentration of dissolved oxygen in time (C) is mea-
sured while maintaining constant air flow injected into the system. The measurements are
repeated for each of the air flow rates with the abovementioned plates. After each set of mea-
surements, the standard procedure is applied for the removal of DO from water and reoxy-
genation up to 90% of the saturation concentration value.

3.1. Processing of the experimental data

The following is an example of estimating the Kla and C_ parameters for the plate MP 1.6
operating at an injection air flow rate of Q = 360 1/h. The concentration of DO in time C = {(t)
is shown in the figure (Figure 4).

¢
B P . ® we s
-
i ‘.l“‘.'
8 o"“".
o
= i
B oo
E
o4 Q=360 I/h, tv=1775°C
-
2
1
0 o=
0o 100 200 30D 400 500 600
t{min]

Figure 4. C = {(t) and the inflection point detection.
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In the event of an inflection point (marked in red in Figure 4), it is allowed to truncate the
curve up to the concentration at ¢ = 1.5- C, where C, represents the concentration correspond-
ing to the inflection point. If the curve does not have an inflection point, the data can be trun-
cated to 20% of the C.

To obtain time delay, the remaining data are extrapolated through the intersection of the fit-
ted curve at the time axis (Figure 5). The primary data are corrected by shifting the curve to
the initial moment that the concentration of dissolved oxygen is zero—see Figures 5 and 6.

10

B 4

C [mgA]

| - i T T
0 10 20 30 t -[ml_l] &0 i L]

Figure 5. Extrapolation of experimental data to obtain the delay time, for MP 1.6, at Q = 360 1/h.

10
8 4
— 6 7
>
£ =
— Cs =9.58 mg/1
2 .l KLa = 0.0435 1/min
2+
O T T T T T
0 10 20 30 40 50 60
t [min]

Figure 6. Estimation of Kla and Cs parameters by non-linear regression for MP 1.6, at Q = 360 I/h.
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MP 1.6, Q=240 I/h

=
£
5 Cs = 9.38 mg/|
44 KLa = 0.0276 1/min
24
0 T T T
0 20 40 60
t [min]
i MP 1.6, Q=480 I/h
8
3
=
E Cs = 9.66 mg/I
) y Kla = 0.0522 1/min
2
0 - - T T
0 10 20 30 40
t [min]
MP 1.6, Q=720 I/h
10
a4
64
= Cs = 8.355 mg/I
g’ KLa = 0.09 1/min
o
24
0 : - - T
] 10

20 t [min] 30 40

MP 1.6, Q=960 I/h

C [mg/

Cs = 8.802mg/|
KlLa = 0.117 1/min

MP 1.6,Q=360 I/h

8-
—_— 6+
)
E Cs=9.58 mg/l
2 .l KLa = 0.0435 |/min
24
[ . r T
0 10 20 30 40 60
t [min]
” MP 1.6, Q=600 I/h
54
= 64
E Cs = 8.32 mg/|
o

KLa = 0.074 1/min

T T T T

o] 10 20 30 40 50
t [min]
- MP 1.6, Q=840 I/h
8
6
=
2 Cs = 8.659 mg/l
o KLa = 0.102 1/min
4
24
0 T T
0 10 20 30
t [min]
i MP 1.6, Q=1140 I/h
8 '_,_...-.——"'
64
) Cs = 8.769 mg/|
§ Kla = 0.142 1/min

Figure 7. Estimation of Kla and Cs parameters by non-linear regression for MP 1.6.
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The chart (Figure 5) is replotted with corrected data using the mathematical model described
by Eq. (6):

C=C—(C-Ce (6)
The Kla and C, parameters are obtained (Figure 6).

The procedure is repeated for all the test plates for the air flow rate range: Q = 96-1140 1/h.

Figures 7 and 8 show the graphs for Kla and C_ estimation of MP 0.5 and MP 1.6 at injected
air flow rates, Q =240+1140 1/h.

MP 0.5, Q=180 I/h i MP 0.5, Q=360 I/h
10
8 8
6 Cs = 9.41 mg/I = ¥ Cs =9.38 mg/I .
= KLa = 0.032 1/min E’ KLa = 0.0658 1/min
£ =
o o
L 44
21 21
0 T T T T T
. ‘ i - 2 0 10 20 30 40 50 60
0 20 40 60 80 100 )
t [min] t[min]
- MP 0.5, Q=480 I/h i MP 0.5, Q=600 I’h
8 8
= Cs = 8.547 mg/|
6 Cs = 9.36 mg/| g 6 KLa = 0.12 1/min
= KLa = 0.091 1/min =
2 o
E
9]
4 4
21 5
0 i 0
0 10 20 30 40 50 i T 2'0 %
t [min] t [min]
50 MP 0.5, Q=720 I/h
8 4
= 61
>
E
[$)

Cs = 8.515 mg/I
KLa = 0.123 1/min

t [min]

Figure 8. Estimation of Kla and Cs parameters by non-linear regression for MP 0.5.
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Figure 9. Estimation through nonlinear regression of Kla and Cs parameters for Q = 360 1/h. (a) MP 0.2, series 1. (b) MP
0.3, series 1. (c) MP 0.5, series 1. (d) MP 0.9, series 1. (e) MP 1.6, series 1. (f) MP 0.2, series 2. (g) MP 0.5, series 2. (h) Ceramic
plates with volume porosity in the range 45+50%. (i) Glass plates with porosity controlled in the range 0.25+0.315 pum.
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The regression curves for the estimated parameters Kla and Cs for all nine tested plates at the
injection flow rate Q = 360 1/min are presented for comparison in Figure 9.

From the aeration point of view (dissolved oxygen transfer), an improvement is observed
between the first and second series of the MP, the second giving a better performance as the
interphase area is higher. However, the MP aeration characteristics Kla and Cs are lower com-
pared with CP and GP. GP provides the best aeration characteristics.

Krishna and van Baten [10] illustrate the influence of column diameter on Kla (Figure 10),
assuming that a homogeneous flow regime prevails (with dispersion consisting of 5 mm of
small-sized bubbles). In this study, the diameter of the aeration device is equal to the diameter
of the tank. A strong reduction of aeration characteristics is observed. The bubble column is
confined by the walls and the flow velocity induced in the ascending column produces an
increased velocity in the air column that tends to accelerate the bubbles in the central core,
reducing gas-liquid contact time.

In our study the water column is higher than the bubble column, L/D = 6.8, in order not to
have the water column constrained by confinement. For this reason, Kla is less than in the
Krishna experiment, for equivalent bubble diameters (MP 0.5) around 5 mm.

The initial theoretical ascending velocity of the bubbles can be calculated using;:

U = Q/A, where Q [m?¥s] is the air flow rate through the aerator and A [m?] is the emission
surface of the plate (active area). The hypothesis of the uniform initial ascending velocity is a
rough estimation, which is more realistic for MP (because of uniform orifice losses) but less so
for GP and CP. Krishna and van Baten [10, 11], obtained from CFD, using the effective area of
transfer, with large bubbles corresponding to 20 mm are represented in (Figure 11) by filled
circles, and the 5 mm sized bubbles, are represented by filled squares. The open circles relate

to experimentally determined values and U, is the transition velocity.

trans,

A decrease in the Kla coefficient is observed with an increasing bubble diameter, as transfer
performance is related to the interfacial area (for the same air flow rate). However, it is observed
that Kla is comparable for two experiments. The difference is explained by the limitation of the
bubble column size and the acceleration of the bubble column in Krishna’s experiment.

= 008
‘__-F o E.J._I{:l'lﬂl"l'l .l.'i
= oS g- O.=038m o
- |
= A D= 1.00m 4
g 0.04 F -
-E n.oa A m
e —
E / -
E A
o.02 b i
- g
3 T
& 001} ¥ W
£ & Bubbles
$ ooo b column
000 001 002 003 004 005

Superficlal gas wvalocity, LU/ [mis]

Figure 10.Influence of column diameter DT (by numerical simulations) on Kla coefficient for operation in the
homogeneous flow regime [10].
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Figure 11. Volumetric mass transfer coefficient as a function of U, from the homogeneous to the heterogeneous flow
regime, (a) our experiments, (b) Krishna experiment’s [9].

4.

Air flow influence on the aeration efficiency

The experimental data were post-processed following standard procedures [9] and reduced

to

the same temperature and pressure conditions (t =20°C and p,, =1 atm) in order to ascer-

tain the influence of hole size on the aeration efficiency.

As per the standard process the following steps was considered:

volumetric mass transfer coefficient, estimated by regression and corrected at 20°C
Kla,, = Kla- 6 [1/min] )

concentration of DO at the measuring point, at saturation, corrected at temperature 20°C,
at standard pressure 101 kPa, and relative humidity conditions are 100%

1
Ca = () ®)
standard oxygen transfer rate (SOTR)
SOTR = klay, - C_, -V [mg/min] )

standard oxygen transfer efficiency (SOTE)

SOTR
SOTE = - 10
W, ] (10)
standard aeration efficiency (SAE)
SOTR
SAE = =5~ [kgop/kWh] (11)
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The power consumed for the injection of air through the aerator
P = Q- (dp+pgH)/1000 [kW] (12)

Figure 12 shows the pressure losses measured for all MPs, CPs, and GPs. The injection losses
on MPs are 10 times inferior to the CPs and GPs. The losses decrease with increasing diameter
of the orifice but in a reduced report compared to CPs and GPs. The arrangement of the holes
plays a role, too, with the second series of MPs exhibiting smaller losses at the point of air
injection.

Aeration parameters compared with CPs and GPs from the two series of MPs are presented
in Figures 13-18. The ceramic plate has volume porosity in the range 45-50% and the fritted
(sintered) glass plate has a porosity which is controlled in the range 0.25-0.315 pm.

These experiments show that increases in the air flow rate lead to increased dissolved oxygen
transfer and Kla up to a certain value, after which Kla remains constant. Increasing the air
flow rate induces the losses of air admission increases. In such as way the maximum aeration
and minimum energy consumption is optimized, reflected by SAE (Figure 18).

Following this analysis, the MP gives the best results compared to the equivalent configura-
tions in CP or GP. The pressure losses are 10 times less important compared with the CP and
GP. Reducing the distance between the holes from 10 to 7 diameters, increasing the number of
holes for the same active surface, and thus reducing the bubble size lead to an increase in the
air-water contact surface and the retention time in water and thereby improves the transfer
of dissolved oxygen.

0.5
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04 / = _ ==

4 - =
038 ~ GP

=
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=
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i
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Figure 12. Pressure drop on the aerator variation for different types of plates (MP series 1, MP series 2, ceramic plate CP
and glass plate GP).
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Figure 13. Kla20 variation function of the air flow rate under standard conditions and comparison between the two MP

series (right side).
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Figure 14. Kla variation function of aerator pressure drop for MP and comparison with GP and CP.
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Figure 15. Standard oxygen transfer rate (oxygenation capacity) variation function of injected air flow rate.

Experimental 2D particle image velocimetry (PIV) measurements, with uniform background
lighting and laser-induced fluorescence (LIF) of the tracking particles, were performed in
order to characterize the air-water biphasic flow and the 2D bubble column rising velocity in
static water —see works by Murgan et al. [12]. For complete characterization of the flow, the
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Figure 16. Standard oxygen transfer rate variation function of the power consumed for the air injection through the

aerator.
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(right side).

velocity field induced by the column of bubbles and the bubbles features are simultaneously
determined using image processing technics. The bubbles features include: ascension veloc-

ity, diameter variation, interfacial area and shape factor.
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5. Conclusions

This chapter presents an experimental study for the global optimization of aeration in the
industrial configuration. For optimization two main parameters were considered: aeration
performance (dissolved oxygen transfer) and energy consumption for the air injection.

Was considered many injection devices: two series of metallic plates with different designs
(the arrangement of aeration holes, hole shapes, and diameter) and hole diameters between
0.2 and 2.4 mm, ceramic plates, and glass plates in an air bubble column in water. The inves-
tigations where performed for the following air flow rates: Q = 180, 360, 480, 600, 720, 960,
1140 1/h. The aeration performances were obtained, using the procedure of the standard
procedure ASCE 2-91/1993 (Kla and SOTR), and compared with other literature results. The
results are coherent for the tendencies and the differences were explained.

Based on these results and injection loss measurements, the SAE—standard aeration effi-
ciency —was calculated for all plates and global efficiency curves were plotted.

Taking into account these parameters in an aerator design, and optimizing the total efficiency,
allows for an efficient deployment of aeration devices in industrial systems. As variations in
efficiencies for dissolved oxygen transfer, or losses, in different aeration devices can be greater
than a factor of 10, the findings of this optimization study are significant for achieving the best
design of aeration systems for hydraulic turbines and in water treatment and so on in regula-
tion to the specific needs and capacity of each application (available air flow rate, pressure of
injection, aeration need, etc.).

This study shows the importance of the optimization of the aerator device in terms of materi-
als, aperture arrangement, aperture shape, aperture dimension for the specific conditions of
each application (air flow rate, pressure gradient, emplacement of the aeration device), and
for the best global efficiency —best compromise between the energy needed for the injection
of the air and the quantity of dissolved oxygen obtained by the aeration process.

In the next step, these results and the detailed bubble flow morphology [12] will be used to
validate numerical simulations for dissolved air transfer, to realize the sparger optimization
by numerical calculations.

Acknowledgements

This works was performed in the frame of the project NUCLEU PN18240202, ctr. 24N/2018
ElectroEchipaMat, financed by the Ministry of Research and Innovation.

Appendices and nomenclature

A, [mm?] area of an air bubble considered spherical

a [mm?] interfacial area of the first swarm of bubbles



a, [mm’]
C [mg/1]
C, [mg/l]
C, Img/l]

C, [mg/l]

C,,, [mg/1]

CP
D [mm]
DO

d [mm]
dp [mwc]
GP

H [m]

g [m/s?]

Kla [1/min]
Kla,, [1/min]
Klat [1/min]
Q [m?/s]

Q, [m¥/s]
MP 0.1-2.4
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interfacial area of the all bubbles in the system
concentration of dissolved oxygen at the moment ¢
concentration of dissolved oxygen at the moment t =0

concentration of dissolved oxygen at saturation, at the surface, at working
temperature, at standard pressure of 1 atm, and relative humidity condi-
tions of 100%

concentration of dissolved oxygen at saturation (estimated by non-linear
regression) at working temperatures

concentration of dissolved oxygen at saturation, corrected at temperature
20°C, at standard pressure of 1 atm, and relative humidity conditions of
100% (C,, = 8.62 mg/1)

ceramic plate with volume porosity in the range 45-50%
diameter of the plate MP (D =44.8 mm)

dissolved oxygen

diameter of a hole in the plate MP

pressure drop on the aerator

fritted (sintered) glass plate with porosity controlled in the range
0.25-0.315 pum

hydrostatic head on aerator (H = 0.8 m)

gravity

volumetric mass transfer coefficient (estimated by regression)
Kla, corrected at temperature 20°C

Kla, volumetric mass transfer coefficient at the moment ¢

air flow rate injected through the MP

Q-273.15
(273.15+1)

air flow rate at standard conditions: Q =
interchangeable perforated metallic plates with circular holes of 0.1-2.4 mm
number of holes on an MP

v
number of bubbles in the system n = 7‘

b

the power consumed for the injection of air through the aerator
atmospheric pressure at the time of testing

standard atmospheric pressure (1 atm)

the initial air bubble radius

radius of the hole
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ts]
t, [°C]
t, [°C]
T's]

s [mm?]

s" [%]

SAE [kgO,/kWh]

SOTE [-]

SOTR [mg/min]

U [m/s]
V]

Author details
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time

air temperature at sampling time
water temperature at sampling time
air-water contact time

active area of intake of the air into the water (sum of the areas of all holes
from a an MP)

active area of intake of the air into the water from an MP
standard aeration efficiency

standard oxygen transfer efficiency

standard oxygen transfer rate

theoretical ascending velocity of the bubbles

water volume in the tank (V=721)

volume of an air bubble considered spherical

void volume from the system

mass flow rate of oxygen from the air stream (W, =0.2765 Q)
total pressure drop (including hydrostatic head), Ap, , = (Ap + H)og
void fraction

temperature correction factor

air-water surface tension coefficient

water density

empirical temperature correction factor (¢ = 1.024, unless another value is
proven experimentally)

P
pressure correction factor, Q = Fb
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