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Abstract

In wastewater treatment plants, an aeration system is considered as an
important unit in biological treatment for supplying oxygen needed by
microorganisms, providing dissolved oxygen distribution, and removing undesirable
dissolved gases produced by biomass. In diffused aeration system, oxygen can dissolve
into water through the bubble dispersion under water and the free water surface
contacting atmospheric air. The bubble dispersion normally contributes to a larger
proportion of overall oxygen transfer in comparison with water surface transfer. From
the literature reviews regarding gas dissolution from the free surface, more than 10 %
of overall mass transfer was contributed from free surface transfer. Therefore, the
atmospheric oxygen transfer in an aeration tank designated with a large free surface
area should be taken into consideration as well. However, in some situations, available
spaces for the aeration tank construction are limited so that the diffused aeration
process in such tanks can only rely on bubble dispersion. Therefore, it comes to an
idea to improve the oxygen transfer into the water by increasing the contact area
between air and water from the free surface transfer which is the main subject to study

in this dissertation.

The objective of this work is to study about the feasibility of oxygen transfer
improvement by an apparatus called air-water interface enhancer which was designed
for diffused aeration systems to increase the contact area between air and water along
the depth of the aeration tank. Its function is to receive the bubble plume from a
diffuser located under the apparatus, accumulate air, and generate the air-water
interface inside the apparatus (which referred to as the inner interface). This part can
increase the contact area between air and water, and extent contact time between air
and water through the air accumulation. The variables related to the study of upscaling
effect were also determined to achieve empirical models which can estimate
volumetric oxygen transfer coefficient and can be used as guidelines for designing the

aeration system.

The objective was accomplished by conducting experiments in a lab-scale

aeration tank and a pilot-scale aeration tank with adjustable water depth. In the lab-
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scale aeration tank, the experiment was carried out to determine the optimal
arrangement of the air-water interface enhancer which was chosen based upon the
volumetric oxygen transfer coefficient and the standard oxygen transfer efficiency.
Then the proportion of the oxygen transfer via different pathways and the enhancement
of the specific interfacial area were investigated to understand the role of the apparatus.
The effect of the diffuser submergence depth as well as the distance of the apparatus
above the air diffuser on the oxygen transfer was also determined. By including results
from the lab-scale aeration tank with the experiments in the pilot-scale aeration tank,
upscaling of the application of apparatus was determined and data analysis was
conducted by means of Solver function in the Microsoft Excel software to propose
empirical models for estimating volumetric oxygen transfer coefficient. Finally, the
horizontally additional installation of the apparatus was investigated for favorable
operating conditions and empirical model development for aeration process with

multiple aeration units.

The study on air-water interface enhancer for oxygen transfer improvement can

be concluded as follows :

e A ssingle layer of the air-water interface enhancer located near the water surface
was the optimal arrangement which could improve the oxygen transfer process.

e The air-water interface enhancer increased contact between air and water not
only by the presence of the inner interface but also by the air accumulation
inside the apparatus.

e The oxygen transfer enhancement by the assistance of the air-water interface
enhancer was possible in the deep aeration tank when the extent of air flow rate

was sufficiently high for providing good mixing condition.

e Two empirical models developed as guidelines for designing diffused aeration
system indicated that the air-water interface enhancer effectively improved the
oxygen transfer at high air flow rate. They were also established that the
effectiveness decreased with cross-sectional area of the aeration tank, but
increased with water depth, diffuser submergence depth, and distance of the

apparatus above the diffuser.
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e The oxygen transfer improvement was possible in a deep, large aeration tank
at high air flow rate when more than one aeration unit (an air diffuser equipped
with an air-water interface enhancer) was applied providing significantly high

degree of oxygen transfer performance, efficiency, and enhancement.

® The empirical models for aeration process with multiple aeration units were
also proposed as design guidelines. However, the additional experiments were

also recommended for more precise estimation.
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Chapter 1 - Introduction and literature reviews

1.1 Aeration System

In wastewater treatment plants, an aeration system is a crucial unit process in
biological operation. Its operation usually accounts up to 60-70 % of the total energy
consumption at the plant. The principal role of aeration is (1) to supply sufficient
amount of oxygen needed by respiration of microorganisms, (2) to ensure water
circulation, which consequently provides uniform dissolved oxygen distribution in
aeration tanks, and (3) to strip excess dissolved gases produced by biomass from

biological processes, such as carbon dioxide (CO>) and nitrogen (N>).

There are two main categories of aeration systems which are diffused aeration
system and mechanical aeration system. Diffused aeration is defined as oxygen
transfer by the injection of oxygen-enriched air by submerged diffusion system.
Oxygen transfer and mixing occurs as air bubbles rise to the surface from the porous
or nonporous diffusers located under water. Mechanical aeration, on the other hand, is
defined as water agitation and mixing by mechanical devices to cause the movement
of water surface allowing transfer of oxygen from atmospheric air to the water. Typical
mechanical aerators are, for example, horizontal surface impellers and vertical
submerged impellers. In this present dissertation, the diffused aeration system was the

main subject in the oxygen transfer enhancement.

Water in diffused aeration systems generally contacts oxygen in the gas phase
via two pathways causing the oxygen dissolution, bubble transfer and free surface
transfer. The former is the transfer through thin film of bubbles dispersing from bubble
distributors. The bubble plume ascends to water surface by buoyant forces and
consequently develops the latter oxygen transfer pathway. Oxygen from the
atmosphere dissolved into the water through the air-water interface situated on the free
water surface due to the turbulence induced by bubble motion and water circulation.
The bubble dispersion normally contributes to a larger proportion of overall oxygen

transfer in comparison with water surface transfer [1-4]. However, the free water



surface transfer in an aeration tank designated with a large water surface area should

be taken into consideration as well [5].

1.2 Free water surface oxygen transfer

In physics, a free surface is the surface of a fluid that is subject to zero parallel
shear stress, such as the interface between two homogeneous fluids [6], for example,
the water and the atmospheric air. In hydrodynamics, a free surface is defined as the
upper surface of a layer of liquid at which the pressure on the liquid is equal to the
external atmospheric pressure [7]. In the aeration process, the free surface of water can
allow molecules of oxygen from the atmosphere to transfer into the water.

There are many literatures concerning about gas transfer through the free
surface or surface transfer of the liquid (7able I). McWhirter and Hutter (1989)
discovered that bubble oxygen transfer, which increased with air flow rate, was 5-8
times higher than surface oxygen transfer for fine bubble system, and 2-3 times higher
for coarse bubble system [1]. Wilhelms and Martin (1992) reported that about one-
third of the total oxygen transfer came from the free surface transfer, and the rest
resulted from bubble transfer [2]. DeMoyer et al. (2003) indicated that the free surface
transfer coefficient in a deep aeration tank was 59-85 % of the bubble transfer
coefficient or about 40 % of the total volumetric oxygen transfer coefficient in
average [3]. Moreover, Shibata et al. (2016) estimated that the free surface transfer
was from 40 % up to 70 % of overall oxygen transfer in an aeration tank [5]. Schaub
and Pluschkell (2006) revealed by correlations that the ratio of mass transfer on the
free water surface to total mass transfer declined with air flow rate, 12-37 % for large
nozzle diameter and 16-47 % for small nozzle diameter [4]. These mentioned studies
suggested that the proportion of the free surface transfer is not too small to be
overlooked, especially in the aeration tanks with large free surface areas. However, in
some situations, available spaces for the aeration tank construction are limited so that
the diffused aeration process in such tanks can only rely on bubble transfer. Therefore,
it comes to an idea to improve the oxygen transfer into the water by increasing the

contact area between air and water from the free surface transfer.



Table 1 Literatures related to free surface transfer.

Free surface transfer to

References ‘ Diffuser Reactor Gas flow rate
total transfer ratio
Rectangular tank with a
0.11 ~0.17 Fine bubble diffuser 2.09 ~ 7.71 m*/min
McWhirter and Hutter surface area of 37.2 m?
(1989) [1] and 3.05 ~ 7.62 m water
0.25 ~0.33 Coarse bubble diffuser 3.55 ~ 11.39 m*/min
depth
Rectangular tank with
Wilhelms and Martin 23 cm diameter flexible
0.33 _ 13 m width, 2.6 m 18.9 LPM
(1992) [2] head diffuser
length, and 1.1 m depth
Coarse bubble diffuser Cylindrical tank with a
DeMoyer et al. (2003) ) )
3] 0.36 ~0.44 with bubble diameter of | diameter of 7.6 m and 51 and 78 m*/hr
3 ~6mm 9.6 m depth
. Vessel with a diameter
Schaub and Pluschkell 0.12 ~0.37 4 mm diameter nozzle
0of 0.63 mand 0.57 m 6 ~ 48 LPM
(2006) [4] 0.16 ~ 0.47 1 mm diameter nozzle depth
Porous polyurethane Rectangular tank with 5
Shibata et al. (2016)
0.40 ~ 0.70 with bubble diameter of | m width, 5 m length, and | 1.45 ~ 3.48 m*/min

[5]

1 mm

5 m depth




Moreover, there are groups of researchers focusing on the surface transfer
improvement in diffused aeration system by using an apparatus called liquid-film-
forming apparatus (Figure I), which consists of a cone-shaped capture part as a bubble
collector and an effluent part at the top of the cone [8—12]. They reported that the
apparatus could enhance the overall oxygen transfer efficiency 11 to 37 % depending on
water depth, water surface area, water volume, air flow rate, and diffuser type (also
referred as generated bubble size). Although these studies concerned mainly with the
improvement of oxygen transfer on the free water surface of the aeration tank,
Jamnongwong et al. (2016) also indicated that the bubble collection phenomenon within
the apparatus also had the role for oxygen transfer enhancement in terms of increasing

interfacial area and prolonging contact time between bubbles and water [12].

s

250

Top view

Effluent part ———

Caplure parf —,

300 300

Front view Unit: mm.

Figure I Liquid-film-forming apparatus (LFFA) [12].

1.3 Air-water interface enhancer

To emphasize on the oxygen transfer enhancement from water surface transfer,
the author proposed an apparatus called air-water interface enhancer in this study. This
apparatus was initially designed for oxygen transfer enhancement by increasing the
contact area between air and water along the depth of the aeration tank. The air-water
interface enhancer is made of plastic designed by a collaboration of Yamaguchi
University and Bubble Tank Co., Ltd, Japan (Figure 2). Figure 3 shows how the

apparatus works. Its function is to receive the bubble plume from a diffuser located



under the apparatus, accumulate air, and generate the air-water interface inside the
apparatus (hereafter referred to as the inner interface). This part can increase the
contact area between air and water, accounting for approximately 0.1 m?, and extent
contact time between air and water through the air accumulation. After the inner
interface is generated, the excess air is released through the tubes with 2.3 cm in
diameter on the top of the apparatus. The apparatus can be installed above one another

with the adjustable distance so that the additional inner interface can be expected.

7cm

Air accumulation Atmosphere

l « = = Air flow direction ’ Bubble plume

Figure 3 Illustrative representation of the working principle of air-water interface
enhancer.

The application feasibility of the air-water interface enhancer was discussed in
this dissertation by focusing the oxygen transfer performance and the oxygen transfer
efficiency. Moreover, factors related to the diffused aeration process, which contribute

to operating condition, are also examined in this study.



1.4 Diffuser submergence and tank geometry

When evaluating an aeration system, many factors can affect the oxygen
transfer performance and efficiency. For diffused air systems these factors include
diffuser type, diffuser placement, diffuser density, gas flow rate per diffuser or unit
area, tank geometry and diffuser submergence, wastewater and environmental
characteristics, etc [13]. These factors all have an important influence on the
performance of the system. However, the relationship between these factors and the
aeration performance and efficiency is not simple and may be difficult to understand.
Therefore, they must be thoroughly considered in effective design of the aeration
system. In this proposed dissertation, the diffuser submergence (as the position of the
air diffuser) and the tank geometry (as the water volume and the water depth) were

investigated together with the application of the air-water interface enhancer.

The submergence depth of diffusers can cause both positive and negative
effects on oxygen transfer process. Typically, the diffuser submergence leads to the
high hydrostatic pressure, which in turn, causes the high partial pressure of oxygen.
The hydrostatic pressure is based on the distance from the water surface to the air-
released point of the diffuser. The high partial pressure of oxygen allows the great
driving force for the gas absorption process. Moreover, the saturated concentration of
oxygen (and other gases contained in air) increases proportional to this pressure
growth. The position of the diffusers is assumed to be above the floor of the aeration
tank in conventional diffused aeration systems and should be near the floor of the
aeration tank, as this will result in the higher hydrostatic pressure. The distance of
bubble dispersion also causes long residence time of bubbles contacting with the water.

These mentioned conditions are beneficial to the oxygen transfer process.

Even though the submergence depth has a positive effect on oxygen transfer,
there are still some possible disadvantages. As the hydrostatic pressure created by the
depth of water above the diffusers increases, the discharge pressure required at the air
pumps for overcoming the pressure from water and driving air through the diffusers
also increases. Therefore, power consumption and energy cost are highly required [14].
Moreover, as mentioned earlier, not only does the saturated concentration of oxygen

increase due to the pressure rise, but the saturated concentrations of the other gases



generated in the process, such as CO> and N3, also enhance resulting in the competition
of the gas dissolution against oxygen. The supersaturation of these undesirable gases
can also damage the aeration system in the activated sludge process since these gases
may remain in the tank effluent and lead to partial solid flotation in the secondary

sedimentation tank.

In this study, the tank geometry is referred to the size of the aeration tank (or
the water volume) and the depth of the tank (or the water depth). The size of the tank
is used to estimate the distribution of oxygen, whereas the depth of the tank is
somewhat related to the diffuser submergence depth when the air diffuser is placed

adjacent to the floor of the aeration tank.

Several investigations have studied the impact of factors which are related to
the tank geometry, such as the liquid height, the liquid surface area, and the liquid
volume, on the gas dissolution process. These factors contribute to the gas transfer into
liquid phase in terms of volumetric mass transfer coefficient (k; a). Yoshida and Akita
(1965) reported that, in the column reactor, the k; a did not depend on the liquid height
from 90 to 350 cm. However, an increasing of horizontal dimension of the liquid could
improve the k;a [15]. The similar results were found in a study conducted by Kara et
al. (1983). They indicated the relationship between the k;a and the ratio of liquid
height to reactor diameter implying the k;a increased as whether decreasing liquid
height or increasing horizontal area of liquid [16]. Moreover, Bavarian et al. (1991)
mentioned that the changes in k;a by the liquid height also depended on superficial
velocity. At superficial velocity below 70 m/hr, increasing liquid height could decrease
k;a. However, the effect of liquid height on the k;a was not found when the
superficial velocity was over 70 m/hr [17]. Yet, Wu and Hsuin (1996) revealed the
contradictory results. The low liquid height showed less k; a values than those in high
liquid height due to short gas-liquid contact time in the reactor with low superficial air
velocity. Noted that liquid height is directly proportional to liquid volume when liquid
surface area is uniform [18]. Chang and Morsi (1992) reported that k;a values
decreased with increasing liquid volume. Additionally, when the liquid height
increased, the hydrostatic pressure on gas bubbles also increased which reduced the

gas bubble size [19]. The similar reports were also described in the literature by Leu



et al. (1998). The liquid height caused the difference in the liquid volume, the
hydrostatic pressure, and the rising distance of air bubbles. They revealed that
increasing liquid height up to 175 cm diminished k;a as liquid volume increased.
However, at the liquid height more than 175 cm, the k;a increased because of the
increment of both hydrostatic pressure and rising distance of air bubbles [20]. The
liquid physical properties also have some impact. Bando et al. (2003) found that the
effect of liquid height on the k;a depended on the viscosity of liquid. In case of low
viscous liquid or tap water, k;a increased with increasing liquid height. On the
contrary, in case of highly viscous liquid, k; a decreased with increasing liquid height

and became constant beyond a certain height [21].

1.5 Analytical oxygen transfer parameters

1.5.1 Volumetric oxygen transfer coefficient

To evaluate oxygen transfer performance, the standard parameter for testing is
the volumetric oxygen transfer coefficient (k;a), which its calculation method follows
the ASCE Standard for Measurement of Oxygen Transfer in Clean Water [22]. It is

the most common parameter used in the field of gas-liquid transfer research.

The volumetric oxygen transfer coefficient, k; a, is the product of the liquid
side mass transfer coefficient, k; and the interfacial area exposed to transfer in given
liquid volume or the specific interfacial area, a. However, the individual values of k;
and a are quite impossible to individually measure from experiments. Combining them
into one term as k; a is much easier to obtain as a measurable parameter in aeration

systems [13].

By assuming thoroughly mixed body of clean water at any instant of time, the
oxygen mass transfer rate, which is dependent upon the volumetric oxygen transfer
coefficient and the driving force due to the difference between saturated concentration

and dissolved concentration in bulk liquid, is often expressed as follows [13,22-24].

Equation 1 % =k;a(Cs—C)



where % is the oxygen accumulation rate, k;a is the volumetric oxygen
transfer coefficient, Cs is the saturated dissolved oxygen concentration, and C is the
dissolved oxygen concentration in water.

By rearranging Equation 1 and integrating within the proper limits, Equation 2
can be obtained.

Equation 2 In (Cs;zo) =kia-t

Cs—C¢

where C; is the initial dissolved oxygen concentration in water at time t = 0,

and C, is the dissolved oxygen concentration in water at time ¢.

By plotting a graph of Equation 2 where t and In (ﬂ) are indicated as x-

s—Ct
axis and y-axis, respectively. Hence, the slope of the graph can be estimated as the
k. a.
The change in temperature affects the diffusivity of oxygen and the liquid side
mass transfer coefficient [13]. Therefore, the obtained k; a is calibrated to the value at

a standard reference temperature of 20 °C.

Equation 3 kpaco) = kpaey X 1.02420-T)

where ka0 and kyaqy are the kya at 20 °C and the actual operating

temperature of T °C, respectively.

1.5.2 Standard oxygen transfer rate

The standard oxygen transfer rate (SOTR) is the mass of oxygen transferred

into a given volume of liquid per unit time at standard conditions.
Equation 4 SOTR = kLa(zo)Cs(zo)V
where SOTR is in [kg/s], Kpazgy is in [s1], Cs20) 18 the saturated

concentration of oxygen at 20 °C, in [kg/m?®], and V is the water volume, in [m?]. The

saturated concentration of oxygen at 20 °C is typically around 9.09 mg/L.



1.5.3 Standard oxygen transfer efficiency

The standard oxygen transfer efficiency (SOTE) is the ratio of the standard
oxygen which is actually transferred or dissolved into the liquid and the standard

oxygen supplied to the aeration system.

SOTR

Equation 5 SOTE = x 100

PgWo,lg

where SOTE is in [%], pg is the density of air under standard condition, in
[kg/m?], Wo, 1s the weight fraction of oxygen in air, in [kg O2/kg air], and Q is the
air flow rate, in [m?/s]. The density of air at 20 °C is 1.293 kg/m>, and the weight
fraction of oxygen in air is 0.2315 kg O2/kg air.

1.5.4 Standard aeration efficiency
The standard aeration efficiency (SAE) is the rate of oxygen transfer per unit
power input. It represents the efficiency in terms of energy consumption.
SOTR

Equation 6 SAE = — X 3600

where SAE is in [kg/kwh], and P is the power input of air pump, in [kW].

1.6 Thesis objectives

The key goal of this dissertation is to study about the feasibility and utility of
the air-water interface enhancer for effective improvement of oxygen transfer

performance and efficiency. To do so, the secondary objectives are to

(1) investigate for optimal arrangement of the air-water interface enhancer for

effective oxygen transfer improvement in the laboratory scale

(2) determine the role of the air-water interface enhancer on the improvement

of volumetric oxygen transfer coefficient and specific interfacial area

(3) study the effect of factors related to the diffused aeration process with the

application of the air-water interface enhancer

10



(4) propose the empirical models for determining volumetric oxygen transfer

coefficient as design guidelines

(5) investigate the effect of the additional aeration unit with the application of
air-water interface enhancer on oxygen transfer performance, efficiency, and

improvement.

1.7 Thesis overview

The present dissertation was to study the feasibility and utility of the proposed
air-water interface enhancer to improve the aeration transfer process. A series of
experiments (Chapter 2-5) were conducted to examine the application of the air-water
interface enhancer, understand the role of the air-water interface enhancer, develop
empirical models for the single apparatus application, and determine the effect of the

number of aeration unit.

In Chapter 2, the experiment was conducted to determine the optimal
arrangement of the air-water interface enhancer. The optimal arrangement was chosen
based upon the volumetric oxygen transfer coefficient and the standard oxygen transfer
efficiency. It was initially hypothesized that a greater number of apparatus installed in
the aeration system would lead to larger air-water interface, hence the better oxygen

transfer.

In Chapter 3, the experiment was conducted following the experiment in
Chapter 2 to determine the proportion of the oxygen transfer via different pathways,
which are bubble transfer, inner interface transfer, and free water surface transfer.
Moreover, the mathematical analysis was performed for specific interfacial area
calculation to determine the enhancement of the interfacial area from the air-water

interface enhancer.

In Chapter 4, as the optimal arrangement of the air-water interface enhancer
and its role were achieved from Chapter 2 and Chapter 3, this chapter was aimed for
the effect of the diffuser submergence depth as well as the distance of the air-water
interface enhancer above air diffuser. This experiment was designed to determine the

possibility to minimize the hydrostatic pressure in the system with the air-water
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interface enhancer. Moreover, the tank geometry was also studied for upscaling and
develop empirical models for estimating volumetric oxygen transfer coefficient in the

aeration system equipped with the proposed air-water interface enhancer.

From Chapter 2 to Chapter 4, the application of the air-water interface enhance
was merely investigated as a single aeration unit. In Chapter 5, the experiment,
therefore, was conducted for determining the effect of the number of the aeration unit
which was composed of an air diffuser and an air-water interface enhancer. This
experiment was aimed for favorable condition of oxygen transfer in terms of oxygen
transfer performance, oxygen transfer efficiency, and oxygen transfer enhancement by
the presence of the air-water interface enhancer. Moreover, the empirical models based
on models for single aeration unit from Chapter 4 were modified to the models for

multiple aeration units.

Chapter 2 Chapter 3
Pra-test of the air-water *| k;a determination via different
interface enhancer oxygen transfer pathways
Chapter 4

Study of air-water interface enhancer in

diffused aeration system

L 2

Chapter 5
Application of air-water interface enhancer in

diffused aeration system with two aeration units

Figure 4 Overview of present dissertation.
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Chapter 2 - Pre-test of the air-water interface enhancer

2.1 Introduction

The air-water interface enhancer was initially designed aiming to increase
contact area between air and water by the presence of water surface inside the
apparatus (inner interface) in diffused aeration systems. However, the appropriate use
of this apparatus was still unknown. Therefore, the experiment was necessary to clarify

that the proposed apparatus was effective in aeration process enhancement.
The objectives of this chapter were focusing to

(1) determine aeration performance and efficiency in terms of the volumetric
oxygen transfer coefficient (k;a) and the standard oxygen transfer efficiency (SOTE).

(2) find the optimal arrangement of the air-water interface enhancer by varying
the gap between apparatus and diffuser, the number of apparatus, and the gap between
apparatus.

(3) understand the mechanism of the arrangement of the air-water interface

enhancer.

2.2 Materials and method

2.2.1 Experimental setup

In general, as shown in Figure 5, the experiments were carried out in a 30-cm
width x 90-cm length x 55-cm height water tank (1) at the volume of 100 L of tap
water (water density; p,, = 997 kg/m?). A 3-cm in diameter x 30-cm long tubular air
stone diffuser (2), which can produce air bubbles with a diameter of approximately 3—
4 mm, was located at the bottom of the tank. An air pump (3) supplied gas phase of air
(gas density; pg =~ 1.198 kg/m?, and oxygen content; Oy, = 0.232) with an adjustable
flow rate by a rotameter (4). The set of the air-water interface enhancer (5) was
installed exactly above the diffuser. A DO meter with a response time of 30 s (Horiba

OM-51) (6) was used for measuring dissolved oxygen concentration and water

13



temperature, and its probe (7) was placed at the middle of water depth as the

represented point of average dissolved oxygen concentration in the aeration tank.
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Figure 5 Experimental setup in general.

The investigation for the optimal arrangement of the air-water interface
enhancer was varied by the number and the position of the apparatus, as shown in
Figure 6. Due to the size of the experimental tank, the apparatus can be installed up to
three layers with the minimum distance between each apparatus of 10 cm and the
minimum distance of the apparatus above the diffuser of 10 cm. In consequence, the
positions of the apparatus can be herein entitled as None, Bottom (B), Middle (M),
Top (T), Bottom-Middle (BM), Bottom-Top (BT), Middle-Top (Middle-Top), and
Bottom-Middle-Top (BMT). The air flow rates of 20 LPM and 100 LPM, which are
within the range of the typical operation of the rigid diffuser type [23], was also

observed.

I
(% i Al 4
Bottom : B Middle: M Top: T
J % Pr— i L
Bottom-Middle : BM Bottom-Top : BT Middle-Top : MT
[N | — = m—
None Bottom-Middle-Top : BMT

Figure 6 Experimental setups for determining the optimal arrangement.
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2.2.2 Testing methodology

The oxygen transfer tests were conducted in accordance with ASCE Standard
procedures for clean water [22]. The 100 mg/L of sodium sulfite solution with 1 mg/L
of cobalt chloride catalyst was used to reduce dissolved oxygen concentration of tap
water to nearly 0 mg/L at the start of each test. Then air was injected into the aeration
tank, and the dissolved oxygen concentration and the water temperature were recorded
continuously at an interval of 10 s for 20 to 30 min until the dissolved oxygen level in
the water reached approximately 90 % of the presumed saturated value [25]. Then the
volumetric oxygen transfer coefficient and the standard oxygen transfer efficient were

determined followed the procedure in 1.5 Analytical oxygen transfer parameters.

2.3 Results and discussion

Figure 7 shows the volumetric oxygen transfer coefficients obtained from the
different arrangements in Figure 6 at the air flow rates of 20 LPM and 100 LPM. It
can be seen that the higher air flow rate provided the higher oxygen transfer
performance because more bubbles were produced. Regarding the different
arrangements, the trends were quite similar in both air flow rates. Normally, oxygen
transfer performance in the diffused aeration mainly depends on bubble characteristics
(i.e., bubble size distribution) [26,27] and mixing condition [27,28]. However, the
oxygen transfer performance of some cases became worse when the apparatus was
applied because bubbles could not freely disperse throughout the aeration tank.

40

020 LPM
100 LPM

bt [F5)
= (=]
L

Volumetric Oxygen Transfer
Coefficient, k;a (hr!)
=

BMT

Figure 7 Comparison of volumetric oxygen transfer coefficient from different
experimental arrangements.
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Obviously, B, BM, BT, and BMT setups provided low volumetric oxygen
transfer coefficients because bubble dispersion was obstructed at the beginning of
bubble movement even though those cases had the inner interface from the air-water
interface enhancer. M and MT setups more or less provided better results when
compared to B, BM, BT, and BMT setups because there was more distance for bubble
dispersion from the diffuser before passing through the apparatus. The highest
volumetric oxygen transfer coefficient was obtained from Top setup, which can
enhance oxygen transfer performance beyond the conventional diffused aeration. This
is due to the maximum available depth for bubble dispersion, which allowed small
bubbles to freely disperse at the distance similar to the none-device setup, and the
assistance from the inner interface transfer in promoting the overall oxygen transfer.

Figure 8 shows the comparison of bubble dispersion from different
arrangements. It is also noticeable that the travelling distance of bubble plume released
directly from the diffuser (A in Figure 8) was shortened when the air-water interface
enhancer was installed. After the plume was released from the apparatus through the
tubes, the plume became narrow bubble currents with larger bubbles (B in Figure 8),
hence the poorer bubble scattering. Normally, large bubbles rise more rapidly than
small bubbles [29]. Therefore, the contact time between air and water decreases, which
in turn, lowering the oxygen dissolution. The apparatus obviously changed the flow
regime of bubbles from homogeneous regime into slug bubble regime (Figure 9) due
to the relatively high air flow rate and small diameter of the tubes [30]. Moreover,
when slug bubbles ascended from one apparatus through the following above one, the
bubble intensity was depleted as well as the water turbulence on the free water surface.
As a result, there was decrease of overall oxygen transfer even though the more

numbers of contact areas between gas phase and liquid phase were generated.
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Bottom-Middle : BM Bottom-Top : BT Middle-Top : MT

.
Bottom-Middle-Top : BMT

Figure 8 Comparison of bubble dispersion from different experimental
arrangements.

— Air-water interface enhancer

% Homogeneous regime

Figure 9 Bubble flow regimes before and after passing through the apparatus.

Figure 10 shows the standard oxygen transfer efficiency obtained from the
different arrangements in Figure 6 at the air flow rates of 20 LPM and 100 LPM.
Similar to the case of volumetric oxygen transfer coefficient, the highest SOTE was
obtained from Top setup, which can enhance the oxygen transfer efficiency beyond
the conventional diffused aeration. However, the contradiction was found when the air
flow rate was considered. The SOTE values at 20 LPM were higher than those at 100
LPM. This indicated that oxygen was effectively dissolved into water at lower air flow
rate whereas the excess amount of oxygen at higher air flow rate was lost to the

atmosphere when the air reached the water surface.
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Figure 10 Comparison of standard oxygen transfer efficiency from different
experimental arrangements.

2.4 Conclusion

From the results of the preliminary experiment, a single layer of the air-water
interface enhancer placed near the water surface was the best setup that could improve
oxygen transfer performance and efficiency. Due to the available distance for bubble
dispersion, bubbles could freely disperse, and the assistance from inner interface
transfer could promote the overall oxygen transfer process. Therefore, it should be
taken into consideration that the apparatus should be located where bubble transfer
provides the most effectiveness. It was also found that the volumetric oxygen transfer
coefficients of the air flow rate at 100 LPM were up to 3 times higher than those at 20
LPM. However, when comparing the SOTE, oxygen could be effectively transferred
at 20 LPM. The excess amount of oxygen at 100 LPM was lost to the atmosphere when

the air reached the water surface.

Finally, the mechanism of the air-water interface enhancer could imply that the
oxygen transfer process in this study depended on three sub-processes regarding to
oxygen transfer pathways which were bubble transfer, oxygen transfer inside the
apparatus, and oxygen transfer from atmosphere on water surface. Each process had
different significant proportion on the overall oxygen transfer which would be further

discussed in the next chapter.
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Chapter 3 - k; a determination via different oxygen transfer

pathways

3.1 Introduction

In previous chapter, the results indicated that it was possible to effectively
improve oxygen transfer performance and efficiency when the appropriate
arrangement of the air-water interface enhancer and air flow rate were applied.
However, its function in detail has to be more investigated. In this chapter, the author
conducted the experiment to clarify the role of the apparatus. In order to understand
the role of the apparatus, the overall oxygen transfer was divided corresponding to
pathways where the oxygen transfer occurred; from bubbles, from water surface inside
the apparatus (inner interface), and from free water surface (Figure 11). The aeration
processes, with and without the apparatus, were also compared to observe the effect of
the apparatus. Moreover, the mathematical analysis was performed in terms of the
specific interfacial area calculation to determine the enhancement of the interfacial

area from the air-water interface enhancer.

Free water
surface transfer

Figure 11 Diagram of oxygen transfer processes via different pathways.
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The objectives of this chapter were to

(1) understand the role of the air-water interface enhancer by determining
volumetric oxygen transfer coefficients from the pathways where oxygen transfer
occurred.

(2) clarify the role of the air-water interface enhancer on the interfacial area by
determining the experimental values of specific interfacial areas and compare them

with the measured values.

3.2 Materials and method

3.2.1 Experimental setup

In general, the experiments were carried out in the identical setup as in Chapter
2 (Figure 5). The arrangement of the air-water interface enhancer was decided by the
results from Chapter 2 which revealed that Top setup or a single layer of the apparatus
near the water surface was the optimal arrangement for oxygen transfer enhancement.
Therefore, this arrangement was set as the experimental setup for this investigation.

The determination for the effect of the air-water interface enhancer on
individual oxygen transfer pathways was tested by covering the interfaces where
oxygen transfer process occurs with 10-mm thick Styrofoam sheets to eliminate the
oxygen transfer [3,31] (Figure 12). For example, if the Styrofoam sheet is placed on
free water surface, the free water surface transfer is limited, likewise, if the Styrofoam
sheet is placed on water surface inside the apparatus, the inner interface transfer is
limited. The Styrofoam sheets were perforated to prevent gas accumulation in the
water by releasing excess air, which does not transfer into the water. As a result, the
oxygen transfers across the free water surface, the inner interface, and the bubble
transfer can be estimated individually.

Figure 12(a-1) and Figure 12(a-2) represent the experimental setups of
conventional diffused aeration, without and with Styrofoam sheet, respectively.
Figure 12(b-1) and Figure 12(b-2) represent the example of the experimental setups
equipped with the air-water interface enhancer, without and with Styrofoam sheets,

respectively. The air flow rate used for these tests was 20 LPM.
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Figure 12 Experimental setup with Styrofoam sheets.

3.2.2 Testing methodology

The oxygen transfer tests were conducted in accordance with ASCE Standard
procedures for clean water [22]. The 100 mg/L of sodium sulfite solution with 1 mg/L
of cobalt chloride catalyst was used to reduce dissolved oxygen concentration of tap
water to nearly 0 mg/L at the start of each test. Then air was injected into the aeration
tank, and the dissolved oxygen concentration and the water temperature were recorded
continuously at an interval of 10 s for 20 to 30 min until the dissolved oxygen level in
the water reached approximately 90 % of the presumed saturated value [25]. Then the
volumetric oxygen transfer coefficient was determined followed the procedure in

1.5 Analytical oxygen transfer parameters.

When conventional diffused aeration is operated, there are two primary
interfaces where oxygen can be transferred, a bubble-water interface from dispersed
bubbles (bubble transfer) and an air-water interface from the atmosphere on the free
water surface (free water surface transfer). Thus, the total volumetric oxygen transfer
coefficient can be assumed as the sum of volumetric oxygen transfer coefficients from

both contact interfaces as follows.
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Equation 7 kLaT = kLaB + kLaS

where k; ay is the total volumetric oxygen transfer coefficient, k; ap and k; ag
are the volumetric oxygen transfer coefficients for bubble transfer and free water
surface transfer, respectively.

In this study, the air-water interface enhancer was applied to generate the
additional air-water interface, namely inner interface. Therefore, the total volumetric
oxygen transfer coefficient, in this case, can be expressed as the sum of three

coefficients as follows.

Equation 8 kLaT = kLaB + kLaI + kLaS

where k;a; is the volumetric oxygen transfer coefficient for inner interface
transfer.

Moreover, Equation 8 can be derived into Equation 9 when the Styrofoam
sheet was placed on free water surface, or into Equation 10 when it was placed inside

the apparatus, or into Equation 11 when it was placed at both positions at the same

time.

Equation 9 kiar = kpag + ki a;
Equation 10 kiar =k ag + ki ag
Equation 11 ki ar = kyag

3.2.3 Mathematical analysis

In order to conduct mathematical analysis for determining the specific
interfacial area enhancement from the air-water interface enhancer, the experimental
values of specific interfacial areas were compared with the measured values.
Moreover, the value of liquid side mass transfer coefficient (k;) was also compared
with the values found from the literature reviews to validate the analysis. The overall

process is depicted as shown in Figure 13.
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Specific interfacial area (a) is defined as interfacial area which air contacts

water divided by water volume (Equation 12).

NIES

Equation 12 a=

where A is the interfacial area, V is the water volume.

The interfacial area depends on the characteristic of air contacting water. The
specific interfacial area of bubbles (ag), the specific interfacial area of inner interface
(a;), and the specific interfacial area of free surface (ag) are calculated from the surface
area of bubbles (Ag), the surface area of inner interface (4;), and the surface area of

free water surface (4g), respectively.

For the measured values of the specific interfacial area of inner interface
(a1 meq) and the specific interfacial area of free surface (as 104) can be determined by
measuring surface areas of inner interface and free water surface which then are

applied in Equation 12. The following Equation 13 and Equation 14 can be obtained.

. A
Equation 13 A1 mea = 7’

. As
Equation 14 Asmea =7,
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Figure 13 Overall process of the mathematical analysis for determining the specific interfacial area enhancement.



However, the surface area of bubbles dispersing in the aeration tank is
difficult to obtain. Theoretically, the ap value can be obtained by deriving

Equation 12 into Equation 15.

Equation 15 ag = d3(61£f£c;)

where & is the gas holdup or the proportion of air in the aeration system. The
amount of air contained in water during aeration process can be obtained by measuring
the change of water level. The change of water level resulted from air introduction into
water is not difficult to measure when the change of water level is significantly
apparent, and the fluctuation of the water surface caused by water turbulence is less
observed. Therefore, this measurement can be conducted in the diffused aeration
system which possesses small water surface area such as in the bubble columns.
However, the change of water level in the aeration tank with large free water surface
area is relatively small and almost impractical to obtain. Therefore, the author did
determine only the experimental values of the specific interfacial area of bubble

(ap,exp) Which could be obtained by the following procedure.

First of all, the terminal rising velocity of single bubbles was estimated.
Theoretically, the steady-state velocity of bubbles occurs when the buoyant force
equals to the drag force on the bubbles and can be obtained when the bubble diameter
is known. For the bubble diameter greater than 1.4 mm, the bubble terminal rising

velocity can possibly be determined by following Equation 16 [27,32,33].

201, gdp

dppr, 2

Equation 16 Ur =

where Uy is the terminal rising velocity of single bubbles, o; is the surface
tension of liquid, p; is the density of liquid, g is the gravitational constant
(g = 9.81 m/s?), dg is the equivalent bubble diameter. At standard condition with the
temperature of 20 °C, g, and p, of water are 7.2 x 102 kg/s*> and 997 kg/m’,

respectively.
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Next, the mass transfer coefficients were determined. There are two major
types of mass transfer coefficient categorized by the characteristic of mass transfer
pathways which are the bubble-water interface and the atmospheric air-water interface.
In case of the mass transfer coefficient for bubble-water interface or the bubble mass
transfer coefficient, it can be calculated by following Higbie’s penetration theory
[27,33-35].

DUT

Equation 17 kip=2|—

ndp

where k;p is the bubble mass transfer coefficient, D is the diffusion

coefficient. The diffusion coefficient of oxygen in water is approximately

2.01 x 10 m?/s at 20 °C [36,37].

Finally, the experimental value of the specific interfacial area of bubble
(apexp) Was calculated by the experimental value of k;ag and the value of k; g as

follows.

. kra
Equation 18 agexp = LB

kiLp

For the mass transfer coefficient for atmospheric air-water interface or the
surface mass transfer coefficient, it includes all water surface areas contacting the
atmospheric air. The extent of water surface mass transfer is generally controlled by
the turbulence near the water surface and will be highly enhanced in strong turbulence.
To estimate the surface mass transfer coefficient, the following Equation 19 was
used [34,38—40].

c(evy)025

5c05

Equation 19 ks =

where ks is the surface mass transfer coefficient, c is the small eddy model
(SEM) coefficient, ¢ is the turbulent energy dissipation rate on the water side close to
the free surface, v, is the kinematic viscosity, and Sc is Schmidt number (Sc¢ = v, /D).

At 20 °C, the kinematic viscosity of water is 1.004 x 10¢ m?%/s.
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The inner interface and the free water surface can be defined as the surface area
which contacts the atmospheric air, and its mass transfer is generally controlled by the
turbulence near the water surface. Therefore, the k; s was applied for determining both

experimental values of the specific interfacial area of inner interface (a;¢yp) and free

water surface (s exp) as shown in Equation 20 and Equation 21.

. kra
Equation 20 Apexp = =1
’ kis
. kras
Equation 21 Asexp = —
’ ki,s

Then the a; meq and agmeq values were compared with the a; .., and ag exp

values, respectively.

To determine the value of liquid side mass transfer coefficient (k;), the specific
interfacial area obtained from the aeration tank with the apparatus (a7 ) and the specific
interfacial area obtained from the aeration tank without the apparatus (a;) were

calculated from Equation 22 and Equation 23.

Equation 22 a;‘- = Agexp T Arexp T Asexp

Equation 23 ar = Agexp T Asexp

Then the value of liquid side mass transfer coefficient (k;) was calculated by

following Equation 24 and Equation 25, and was compared from the literature reviews.

+

Equation 24 k., = RLZT
ar

Equation 25 k, = %
ar

where ka7t and k a7 are the total oxygen transfer coefficients obtained from

the experiments with and without the air-water interface enhancer, respectively.

27



3.3 Results and discussion

3.3.1 Oxygen transfer coefficient

Table 2 shows the experimental results and the calculation results derived from
the experimental results. The X marks indicate that certain oxygen transfer pathways
were limited by covering Styrofoam sheets. Under the normal operating condition
without the air-water interface enhancer, the k; a; value of 10.69 hr'! can be observed
while the test conducted with Styrofoam sheets covering the free water surface
provided the k;ay value of 9.32 hr'!. In consequence, the k;ap and the k; ag values of
9.32 hr''and 1.37 hr'!, respectively, can be simply calculated. It can be noticed that the
oxygen transfer on the free water surface from the conventional aeration made up 12.8
% of the total oxygen transfer which nearly conform to the results from Zhu et al.
(2007) at 9.4 % [8], Imai and Zhu (2011) at 10.7 % [10], and Jamnongwong et al.
(2016) at 13 % [12]. When the apparatus was applied, the normal operating condition
provided the k,ar value of 12.61 hr'! indicating the improvement of oxygen transfer
beyond the test without the apparatus. The tests conducted with Styrofoam sheets
covering the free water surface and the inner interface inside the apparatus showed
lower k;arvalues. In this case, there were four possible equations, however, there
were only three variables needed to be solved. Therefore, the equations were grouped
into four conditions to determine k;ag, k;a;, and k;as from each group (7able 3). As
the results from the calculation, the average values of k;ag, k;a;, and k;ag could be
approximately obtained as 9.22 hr!, 1.94 hr'!, and 1.40 hr!, respectively, accounting
for 73.4 %, 15.4 %, and 11.2 % of the k;a; value.
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Table 2 Experiment and calculation results for k; a determination via different oxygen transfer pathways.

Experiment ‘
Oxygen transfer pathway Calculation result
result
Experiment
setups Bubble Inner interface | Free water surface kiar kiap kiay kias
-1 -1 -1 -1
transfer transfer transfer (hr™) (hr™) (hr™) (hr™)
Without v J v 10.69 9.32 1.37
apparatus N ) X 932 (=87.2%) (=12.8%)
v v v 12.61
) Y X 110 9.2 1.94 1.40
With apparatus
N X N 10.57 (=73.4%) (=15.4%) (=11.2%)
v X X 9.27

Note: V : available, - : unavailable, X : eliminated.




Table 3 Calculation for k; a on the experiments with the apparatus.

Equation Group ?ﬁ:f; gfr(‘lll) écerag

A (Equation 8) | 12.61 =k, ag + k a; + k;ag A,B,C 9.06 2.04 1.51
B (Equation 9) 11.10 = k,ap + k,a, A,B,D | 927 | 183 | 151
C (Equation 10) 10.57 = k;ag + k as A,C,D | 927 2.04 1.30
D (Equation 11) 9.27 = k,ap B,C,D | 927 | 183 | 1.30
Average 9.22 1.94 1.40

From Table 2, It can be seen that the pair of k; ap values calculated from the
tests without the apparatus and with the apparatus are somewhat identical (9.32 and
9.22 hr'') as well as the pair of the k,ag values (1.37 and 1.40 hr'!"). These results
indicated that the presence of the apparatus in this scale of experiment had no
distinctive effect on bubble transfer and free water surface transfer, but it had an effect
to raise the k,ay value, from 10.69 to 12.61 hr'!. Therefore, this increment certainly
came from the oxygen transfer at the inner interface inside the apparatus, representing

18 % enhancement beyond conventional diffused aeration.

3.3.2 Mathematical analysis

According to the experiment results, the total volumetric oxygen transfer
coefficient obtained from the aeration tank with apparatus (k,aF) was 12.61 hr'!, the
total volumetric oxygen transfer coefficient obtained from the aeration tank without
apparatus (k;ar) was 10.69 hr'!, the bubble transfer coefficient (k,ap) was 9.22-9.32
hr'!, the inner interface transfer coefficient (k,a;) was 1.94 hr'!, and the free water

surface transfer coefficient (k,ag) was 1.37—1.40 hr'.

The measured values of the specific interfacial area of inner interface (a; ,,e,) and
the specific interfacial area of free surface (as 104) Were determined by Equation 13 and

Equation 14. For this study, the volume of tested water was approximately 100 L and

the surface areas of the inner interface and the free water surface were approximately
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0.1 m? and 0.27 m?, respectively. As a result, the values of @; meq and g meq could

be achieved as 1 m™! and 2.7 m™".

To determine the experimental values of the specific interfacial area of inner
interface (@, .xp) and the specific interfacial area of free surface (dg exp), the surface
mass transfer coefficient (ks) was precedingly determined from Equation 19. The
SEM coefficient is generally known as a constant value which is defined as 0.21 [39]
whereas the turbulent energy dissipation is nearly fixed because the turbulence
generated on water surface by small bubbles is not considerable. In this study, the
generated bubbles had an average diameter approximately 3 mm. According to Lee
(2018) [34], the turbulent energy dissipation was about 8 x 102 m?/s® with the bubble
diameter ranged from 1 to 3.5 mm. Therefore, the k; s value was obtained, and the
values of a; .., and dg ., Were then achieved from Equation 20 and Equation 21 as

3.41 m! and 2.41-2.46 m™!, respectively.

It can be seen that the values of ag e, and dg 0y, Were somewhat equivalent.
Therefore, the calculated k; s might be reasonable to apply for the specific interfacial
area determination of the atmospheric air-water interface, especially for the free water
surface. However, the a; ., was about 3 times higher than the a; ,,¢4. This indicated
that the apparatus could enhance the air-water interfacial area not only by the
contacting surface area of water inside the apparatus or the inner interface but also by
the benefit from the air accumulation which increased air residence time in the aeration

process.

From Equation 16, Equation 17, and Equation 18, k, p was determined as
4.62 x 10* m/s when dg was 3 mm, and the ag,, value of 5.54-5.6 m™ could
be obtained. From Equation 22 and Equation 23, the specific interfacial areas in the
aeration tank with and without the air-water interface enhancer, af and a7, were
approximately 11.35-11.47 m™! and 7.95-8.06 m™!, respectively. This would lead to,
from Equation 24 and Equation 25, the k; value of 3.1-3.7 x 10* m/s which also

complied with the values from the other research works [41—-43].
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3.4 Conclusion

In this scale of experiment, it can be concluded that the main oxygen transfer
came from the bubble transfer process, accounting for more than 70 % of the total
oxygen transfer. The air-water interface enhancer, which was placed near the water
surface, can improve the oxygen transfer through the additional contact area between
air and water inside the apparatus (inner interface transfer), accounting for 15.4 % of
the total oxygen transfer or 18 % enhancement, while maintaining the maximum

performance of the bubble transfer and the free water surface transfer.

From mathematical analysis, it was found that the air-water interface enhancer
could improve the interfacial area between air and water, not only by the presence of
the inner interface but also by the air accumulation inside the apparatus which

increased the air residence time in the aeration process.
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Chapter 4 — Study of air-water interface enhancer in diffused

aeration system

4.1 Introduction

In previous chapters, it was found that a single layer of the air-water interface
enhancer was enough for oxygen transfer enhancement in the diffused aeration system.
The apparatus could improve the oxygen transfer performance up to 18 % due to the
presence of the inner interface. It was effective when placed near the water surface of
the 100-litre aeration tank. This apparatus position allowed the effective cooperation
of the oxygen transfer processes from different pathways. However, the position of the
air diffuser in the mentioned experiment was focused only on the bottom of the
aeration tank. It should be noted that as the submergence depth of the diffuser
increases, the energy required to drive air through the diffusers also increases.
Therefore, it will be beneficial in terms of energy consumption if the diffuser can be
placed farther above the floor of the aeration tank when the aeration system cooperates
with the air-water interface enhancer. Moreover, it is also necessary to determine about
upscaling in order to apply this apparatus in the actual aeration tank in the wastewater
treatment plant. Therefore, the tank geometry was chosen to study as the variable that
affected the oxygen transfer process in the aeration system with and without the
apparatus. In this study, the tank geometry was considered basically as the volume of
the aeration tank (or the water volume) and the depth of the aeration tank (or the water

depth).

In experimental sessions, there are a lot of variables related to oxygen transfer
which were separately investigated in each experiment. To integrate all factors to
determine the volumetric oxygen transfer coefficient, the knowledge of experimental
data analysis can be applied to develop the empirical models as design guidelines for
aeration systems equipped with the proposed air-water interface enhancer. The models
were developed by dimensionless parameters as correlations between volumetric

oxygen transfer coefficient and diffused aeration characteristics such as cross-sectional
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area of the aeration tank, water depth, diffuser submergence depth, distance of the

apparatus above the diffuser, and air flow rate.
The objectives of this chapter were to

(1) study the effect of the diffuser submergence depth and the position of the air-
water interface enhancer above the air diffuser on oxygen transfer process in different air
flow rates.

(2) study the effect of upscaling factors (water volume and water depth) on the
oxygen transfer process equipped with the air-water interface enhancer.

(3) develop the empirical models for determining volumetric oxygen transfer

coefficient as design guidelines for aeration systems.

4.2 Materials and method

4.2.1 Experimental setup

In general, the experiment was carried out in the similar setup as in Chapter 2
(Figure 5). For determining the effect of diffuser submergence depth and distance of
apparatus above diffuser, the position of the air diffuser and the position of the air-
water interface enhancer were varied. Figure 14 shows the variation of the installation
of the air-water interface enhancer and the air diffuser in the 100-litre aeration tank.
The position of diffuser was indicated as the diffuser submergence depth (h;) which
was the distance of the diffuser below the water surface. Whereas the position of the
apparatus was indicated by its distance above the diffuser (h,). It should be noted that
the variety of positions of the apparatus was limited by the position of the diffuser.

Figure 15 shows the experimental setup for determining the effect of the water
volume and the water depth. The air-water interface enhancer was installed near the
water surface above an air diffuser, which can generate approximately 3-4 mm in
diameter of bubbles in tap water (water density; p,, = 997 kg/m?). There were two
aeration tanks used. The first tank (hereafter referred as the lab-scale tank) has a
dimension of 30 cm wide by 90 cm long by 55 cm high. The water depth (H) in this
tank was set as 37 cm. The second tank (hereafter referred as the pilot-scale tank) has

a dimension of 80 cm wide by 80 cm long by 160 cm high. This tank was tested with
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tap water at three depths as 60, 80, and 120 cm. Three types of an air pump (17, 120,
and 215 W), which supplied air (air density; p, = 1.198 kg/m?, and oxygen content by
weight; Oy, = 0.232) and generated approximate air flow rates of 20, 100, and 200
LPM, were used. The liquid phase was tap water. A DO meter with a response time of
30 s (Horiba OM-51) was used for measuring dissolved oxygen concentration and
water temperature. The position of the DO probe was set in the middle of the water

depth (H/2).

Diffuser submergence depth (hz)

10 cm 20 cm 25c¢cm 30 cm

SRR

Without
apparatus
-

20 cm
.
=2
| &
ra—
&

Distance of apparatus above dif

25cm

i

30 cm
ﬂf;=

Figure 14 Experimental setups for determining the effect of diffuser submergence
depth and distance of apparatus above diffuser.
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Pilot-scale tank

Widtl

Figure 15 Experimental setup for determining the effect of the water volume and the
water depth.

4.2.2 Testing methodology

The oxygen transfer tests were conducted by nitrogen purging method [44].
The dissolved oxygen concentration was initially removed by nitrogen gas injected
into tested water in form of bubbles until the dissolved oxygen concentration of water
reached nearly 0 mg/L. Then the air was introduced, and the dissolved oxygen
concentration and the water temperature were recorded continuously at an interval of
10 s for 20 to 30 min until the oxygen level in the water reached approximately 90 %
of the presumed saturated value [25]. The volumetric oxygen transfer coefficient and
the standard oxygen transfer rate were determined followed the procedure in 7.5

Analytical oxygen transfer parameters.

4.2.3 Data analysis

The volumetric oxygen transfer coefficient can be modelled as a function of
variables which are tank geometry in terms of cross-sectional area of the aeration tank
and water depth, diffuser submergence depth, distance of the apparatus above the
diffuser, and air flow rate. In this study, the properties of the liquid related to the
oxygen transfer was also included as clean water at standard condition. These
properties are diffusivity of oxygen in water, water kinematic viscosity, water density,

and water surface tension. The model can be initially expressed as in Equation 26.

36



Equation 26 kia=f(A. H, hg, hy, Qg, D, vy, o1, 01)

where A is the cross-sectional area of the aeration tank, H is the water depth,
hg is the diffuser submergence depth, h, is the distance of the apparatus above the
diffuser, Q; is the air flow rate, D is the diffusion coefficient of oxygen in water, v;, is
the kinematic viscosity of water, p; is the density of water, and o;, is the surface
tension of water. At standard condition with the temperature of 20 °C, D is
approximately 2.01 x 10° m?/s [36,37], v, is 1.004 x 10° m%/s, p;, is 997 kg/m> and o,
is 7.2 x 102 kg/s?.

By using dimensional analysis [45—48], these relevant variables were rewritten
as dimensionless parameters which are Sherwood number (Sh), Froude number (Fr),

Weber number (We), and Reynolds number (Re).

In case of the aeration process without the air-water interface enhancer, the
dimensionless parameters were proposed as in Equation 27 to Equation 30. The
superficial velocity of air (U;; where U; = Q;/A.s) was used for the characteristic

velocity and the diffuser submergence depth (h;) was used for the characteristic

length.
Equation 27 Sh = kLa'.#
. Ug
Equation 28 Fr=——
quation T T
2.p .
Equation 29 We = %
L
Equation 30 Re = U‘;—'hd
L

The relationship of these parameters was expressed with constants as follows.

Equation 31 Sh=n-Frfi-WePz - RePs

In case of the aeration process with the air-water interface enhancer, the

dimensionless parameters were proposed as same as in the process without apparatus.
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However, the oxygen transfer in this condition not only relied on the diffuser
submergence depth (hy) but also depended on the distance of the apparatus above the
diffuser (h,) as well. Therefore, h, was additionally included as the characteristic
length in the analysis in the function of dimensionless parameters as shown in

Equation 32 to Equation 35.

Equation 32 Sh' = W
Equation 33 Fr' = \/%
2- -
Equation 34 We' = @
L
Equation 35 Re' = Uc;—ha
L

The relationship of all dimensionless parameters was then proposed with

constants as follows.
Equation 36 Sh-Sh' =n-Frf:r-Fr'B2-WePs - We'Bs - RePs - Re'Pe

The non-linear regression analysis was then conducted with the Solver function
in Microsoft Excel [49] by minimizing the value of the squared sum of the difference

between data and fit values by changing the coefficient n and all exponents £.

4.3 Results and discussion

4.3.1 Effect of positions of the air diffuser and the air-water interface enhancer

Table 4, Table 5 and Table 6 represent the volumetric oxygen transfer
coefficients (k;a) at the air flow rates of 20, 100, and 200 LPM, respectively. These
tables show the similar trends for any tested air flow rate. The results indicated that
the more diffuser submergence depth, the more k; a obtained because the advantage
from the hydrostatic pressure and the distance of bubble dispersion caused the

beneficial effect for the bubble transfer process.
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Considering the effect of the air-water interface enhancer, when the distance
of the apparatus above the diffuser was less than the diffuser submergence depth, the
apparatus caused the decrease of the k;a compared to the aeration processes without
the apparatus. The apparatus can obstruct the bubble dispersion, especially when the
apparatus was close to the diffuser like the situation in this study that the distance of
the apparatus above the diffuser was 10 cm. Therefore, it could be said that the
decrease of the overall oxygen transfer process was caused by the decrease of the
oxygen transfer from the bubble transfer, and the oxygen transfer from the free water
surface and the enhancement from the inner interface were not enough to promote the

overall oxygen transfer process.

Considering the position of the air-water interface enhancer, the k; a increased
with the distance of the apparatus above the diffuser. Again, this was due to the

advantage from the distance of bubble dispersion.

When the diffuser submergence depth was deep enough, in the study at least
25 cm, the air-water interface enhancer could improve the k; a beyond the normal
aeration process when the apparatus was placed as far from the diffuser as the diffuser
submergence depth could provide. In another term, the apparatus was placed at the
water surface. This range allowed the bubble transfer process to have an effective role,
and the oxygen transfer from the free water surface and the inner interface also helped

promoting the overall oxygen transfer process.

In conclusion, it is suggested that, in order to apply the air-water interface
enhancer in the diffused aeration system, the air diffuser should be placed close to the
bottom of the aeration tank whereas the apparatus should be installed near the water
surface. Figure 16 shows the comparison of bubble dispersion from different

arrangements.
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Table 4 Volumetric oxygen transfer coefficients at the air flow rate of 20 LPM.

Diffuser submergence depth (h,)

10 cm 20 cm 25 cm 30 cm
Without
. apparatus 5.98 7.68 9.83 10.69
=5~
Ry
5 | 10cem 4.96 6.47 6.91
&5
=3
S & | 20cm 7.56 8.35
o o
g2
S 5 | 25¢cm 10.57
Z 5
30 cm 12.61

Table 5 Volumetric oxygen transfer coefficients at the air flow rate of 100 LPM.

Diffuser submergence depth (h,)

10 cm 20 cm 25 cm 30 cm
Without
. apparatus 16.03 23.56 26.99 28.67
£3
§ = [ 10cm 12.54 16.92 18.05
&5
] w2
2 € | 20em 19.91 26.64
o o
g2
S5 | 25cm 27.74
z4
30 cm 35.02
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Table 6 Volumetric oxygen transfer coefficients at the air flow rate of 200 LPM.

Diffuser submergence depth (h,)

10 cm 20 cm 25 cm 30 cm

Without 78171 41.47 47 .4 59.17

apparatus

10 cm 16.19 21.43 36.48

20 cm 42.80 46.56

25 cm 53.85

Distance of apparatus
above diffuser (h,)

30 cm 64.50

Diffuser submergence depth (hy)

10 cm 20 cm 30 cm

Without
ipparatu

~

By

v
—_

Figure 16 Comparison of bubble dispersion from different arrangements.
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4.3.2 Effect of the water volume and the water depth

Considering the air flow rate per water volume (Figure 17), the higher rate

provided the higher k; a. Moreover, it is obvious that the air-water interface enhancer

had the positive effect on the k; a at high flow rate. Leu et al. (1998) explained that

the k; a increases with the air flow rate because the interfacial mass transfer resistance

between the gas and liquid phases is reduced [20].
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Volumetric Oxygen Transfer Coefficient,
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Figure 17 Relationship of volumetric oxygen transfer coefficient and air flow rate

per water volume.

From Figure 18, the lab-scale tank (100 L) provided higher k; a than the pilot-

scale tank (384-768 L) due to the water volume. For the given air flow rate, the increase

of the water volume negatively affected the k; a because less amount of air supplied

per water volume was

70
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Figure 18 Relationship of volumetric oxygen transfer coefficient and water volume.
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Considering the effect of the air-water interface enhancer, there was a clearly
positive effect of the apparatus on the k;a when the air flow rate was 200 LPM.
Furthermore, in the lab-scale tank, the apparatus also enhanced the oxygen transfer
performance at any tested air flow rates. The scale of the aeration tank also affected
the turbulence of the water, which in turn, affected the mixing condition in the aeration
system. The turbulence of water or the mixing parameter is often considered as the
terms of the velocity gradient [13] which can be calculated by Equation 37.

Equation 37 G= |=
uv

where G is the velocity gradient, P is the power input from the air pump, u is
the dynamic viscosity of water (u = 8.9 x 10 kg/m.s). From Figure 19, as normal
aeration, the velocity gradients in the lab-scale tank were much higher than those in
the pilot-scale tank with any water volumes. Therefore, it could be implied that the
water turbulence in the lab-scale tank was stronger and could be overcome the
obstruction from the air-water interface enhancer which contributed to the reduction

of the water turbulence.

_-— 1001 .
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o AT68L .
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g
B 500
g
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& o
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- Y A

300

0

0 50 100 150 200 250
Air Flow Rate (LPM)

Figure 19 Velocity gradient of water in conventional condition.

Figure 20 shows the volumetric oxygen transfer coefficient regarding the
changes of water depth in the pilot-scale tank. Noted that the size of free water surface
was always fixed. The result shows the decreasing trends followed by the increasing

trends of the k; a when the water depth increased.
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The decrease of the k;a was due to the fact that the water volume increases
with the water depth, which consequently lead to less amount of air supplied per water
volume [19,20]. Whereas the increasing trends of k; a occurred because of water depth
leading to high hydrostatic pressure and long rising distance for bubbles which both
are highly beneficial to the oxygen transfer process [19,20]. From Figure 20, the
hydrostatic pressure and the rising distance of bubbles dominated the negative effect
of water volume on k;a in deep water.

In terms of the effect of the air-water interface enhancer, the apparatus seemed
unable to enhance the k; a at low air flow rate. When the air flow rate was higher, there
was potential to increase the k;a especially at high water depth. As a whole, it can be
suggested that the oxygen transfer enhancement by the assistance of the apparatus is

possible in the deep aeration tank at high air flow rate.

30

% O 20 LPM - Without Apparatus

'Lg 25 1 @ 20LPM- With Apparatus A

e

] O 100 LPM - Without Apparatus

% 20 4 M 100 LPM - With Apparatus

‘*g‘ - A 200 LPM - Without Apparatus

4 “E A 200 LPM - With Apparatus " A

HZ s o

g u

8 o A [ ]

% O

o 10

2 o

p=]

g

= 2 o

E)

> . [~ L
0 T T T T T T

0 0.2 0.4 0.6 0.8 1 1.2 L4

‘Water Depth (m)

Figure 20 Relationship of volumetric oxygen transfer coefficient and water depth in
pilot-scale tank.

From Figure 21, it can be seen that the SOTR values generally increased with
water volume. The SOTR itself is directly proportional to either k; a or water volume
since the saturated oxygen concentration in water at 20 °C is constant. It is noticeable
that even though the water volume of 100 L provided the greatest values of k;a
(Figure 18), it provided the lowest SOTR values among other water volumes. Similar
to the case of k; a, the effective use of the air-water interface enhancer was observed
when the air flow rate was high enough to overcome the obstruction from the apparatus

on water turbulence.
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Figure 21 Relationship of standard oxygen transfer rate and water volume.

4.3.3 Data analysis

By performing the Solver function in Microsoft Excel program [49], the
adjustable coefficient n and all exponents  could be obtained. In the process without
the air-water interface enhancer, the coefficient and exponents were approximately
determined as n = 0.78, B; =-0.41, f, =-0.17, and 83 = 1.41 with the error of £40 %
(Figure 22). The exponents were substituted, and each variable was rearranged and

separated. Equation 38, therefore, would be obtained.

1.0E+07
o
% o
= 1.06+06 - P
. +40% o o
& R
v
=
o 2 _AQD,
< ey 40%
&= 1.0E+05 e
1.0E+04 - . .
1.0E+04 1.0E+05 1.0E+06 1.0E+07
Sh

Figure 22 Correlation of the volumetric oxygen transfer coefficients to
dimensionless parameters for the process without the air-water interface enhancer.

45



Equation 38 kLa — nQ8.67A;SO.67hg.SH—1g0.21p20.170.£.17v21.41D

To more quickly determine k;a for design purposes, Equation 38 could be

simplified into the following equation.

‘ _ 06\67 n%S
Equation 39 k;a =561.15 x (Acs) .

where k,a is in [hr'!], Qg is in [m?/s], A, is in [m?], hy is in [m], and H is in
[m]. The coefficient of 561.15, which is in [(1/3600)(m!7)(s**)], includes the

previously determined n, g, and the property values, p;, g;, v;, and D, at 20 °C.

By performing the same method on the process with the air-water interface
enhancer, the coefficient n and all exponents f were approximately determined as
n= 1.7, p,=-0.61, B, =-0.79, B3 = 1.49, B, = -1.23, 5 = -0.19, and s = 2.59 with
the error of +40 % (Figure 23). The exponents were substituted, and each variable was

rearranged and separated. Equation 40, therefore, would be obtained.
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Figure 23 Correlation of the volumetric oxygen transfer coefficients to

dimensionless parameters for the process with the air-water interface enhancer.

Equation 40 kLCl — nO'SQ2'77A;SO'77h2'38h2'3 H—lg0.35p2.130.l‘—0.13vl71.2D

Again, for more quickly k;a determination for design purposes, Equation 40

could be simplified into the following equation.
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0.77 h2’38h3'3

Equation 41 k,a = 1143.32 x (E—G) -

where k;a isin [hr'!], Qg is in [m?/s], A, is in [m?], h, is in [m], hy is in [m],
and H is in [m]. The coefficient of 1143.32, which is in [(1/3600)(m**%)(s*?)],
includes the previously determined n, g, and the property values, p;, g;, v, and D, at

20 °C.

Figure 24 shows the validation of the proposed models in this study. It can be
seen that the trends of estimated k; a from the models are below the experimental data
at high values of k; a. The underestimated values of k; a are found at the experiment
conditions which were conducted in lab-scale at high flow rates. As discussed in
4.3.2 Effect of the water volume and the water depth, such scale of the tank can provide
strong turbulence, especially in high air flow rate conditions where the turbulence is
even stronger. Therefore, the probe of the DO meter was highly affected by the strong
turbulence of bubbles during aeration. Bubbles could disturb the precision of
measurement so that the probe might not be able to distinguish the difference between
oxygen from direct bubbles and oxygen dissolved in water. Moreover, the
configuration of the lab-scale tank does not proportional to the pilot-scale tank.
Therefore, it could be implied that these conditions might lead to some inaccuracy for

obtaining experimental results and, in consequence, for developing empirical models.
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Figure 24 Validation of proposed models for the aeration system in this study.

By applying these models, Figure 25 to Figure 29 show the volumetric oxygen

transfer coefficients at certain conditions in terms of air flow rate, cross-section area
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of the aeration tank, water depth, diffuser submergence depth, and distance of the
apparatus above the diffuser. It was found that the air-water interface enhancer could
effectively improve the oxygen transfer at high air flow rate. In terms of aeration tank
configurations, it was also established that the effectiveness of oxygen transfer
enhancement decreased with cross-sectional area of the aeration tank, whereas it
increased with water depth, diffuser submergence depth, and distance of the apparatus
above the diffuser. Finally, it should be noted that the application of these proposed
models is based on the limitation of air diffuser type, the range of air flow rate, and the
number of air distribution source. In this study, a tubular stone-type diffuser with 3 cm
in diameter and 30 cm long was used. Therefore, these models might not be applicable
with other diffuser types because of the influence of different diffuser on bubble
characteristic. Moreover, the models are limited for the air flow rate of 20 — 200 LPM.

And only one-point source of the air distributor.
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Figure 25 Volumetric oxygen transfer coefficients from proposed models following
various air flow rates. A.g =1 m?, H=1m, hy =H -0.1m, hy= h,.
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4.4 Conclusion

The diffuser submergence depth had the important role on the oxygen transfer
process due to the advantage from the hydrostatic pressure and the distance of bubble
dispersion leading to the beneficial effect for the bubble transfer process, whereas the
air-water interface enhancer should be installed as far from the diffuser as the diffuser
submergence depth could provide which allowed the effective role from the bubble
transfer process and the assistance from the free water surface and the inner interface.
However, the presence of the inner interface was not enough to improve the overall
oxygen transfer performance when the apparatus was placed too close to the air

diffuser.

In terms of upscaling factors or tank geometry, there was the compensation
between water volume and water depth affecting the k;a, and the negative effect of
water volume could be overcome by the increase of hydrostatic pressure and rising
distance of bubbles resulted from the water depth, whereas the oxygen transfer
enhancement by the assistance of the air-water interface enhancer was possible in the
deep aeration tank when the extent of air flow rate was sufficiently high to overcome

the obstruction from the apparatus on water turbulence.
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Regarding the experimental data, two empirical models for determining the
volumetric oxygen transfer coefficient could be developed, one for the conventional
aeration system and another for the aeration system with the air-water interface
enhancer. These models showed slightly underestimated trend to the experimental
results at high volumetric oxygen transfer coefficients. By applying the models, they
predicted that the apparatus effectively enhanced the oxygen transfer at high air flow
rate. It was also established that the effectiveness decreased with cross-sectional area
of the aeration tank, but increased with water depth, diffuser submergence depth, and

distance of the apparatus above the diffuser.
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Chapter 5 — Application of air-water interface enhancer in

diffused aeration system with two aeration units

5.1 Introduction

In previous chapters, the study was so far concentrated on only one-point
source of air distributor which can cause the limitation of the distribution of bubble
plume in the large scale of the aeration tank. The number of air diffusers and their
arrangement have an important influence on bubble dispersion and water circulation
in the aeration system, which in turn, affect the oxygen transfer performance and
efficiency. Therefore, the number of air diffuser was investigated in this chapter.
Moreover, the combination of the air diffuser and the air-water interface enhancer
installed near the water surface above the air diffuser, which was defined as the

aeration unit, was also investigated for oxygen transfer improvement.
The purposes of this chapter were to

(1) compare the effect of the number of the air diffuser on volumetric oxygen
transfer coefficient (k;a) and standard aeration efficiency (SAE’) between one aeration
unit and two aeration units.

(2) determine the favorable conditions for oxygen transfer considered by the
oxygen transfer performance, oxygen transfer efficiency, and oxygen transfer
enhancement by the presence of the air-water interface enhancer.

(3) develop empirical models for determining volumetric oxygen transfer

coefficient as design guidelines for the aeration tank with multiple aeration units.

5.2 Materials and method

5.2.1 Experimental setup
Figure 30 shows the experimental setup for determining the effect of the
number of aeration unit. The experiments were conducted in the pilot-scale tank which

has a dimension of 80 cm wide by 80 cm long by 160 cm high. The aeration process

was tested with tap water (water density; p,, = 997 kg/m?) at three depths as 60, 80,
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and 120 cm. The different number of aeration unit, one and two units, was observed.
The aeration unit is composed of an air diffuser which can generate approximately 3-
4 mm in diameter of bubbles in tap water, and an air-water interface enhancer installed
near the water surface above the air diffuser when its effect was investigated. Three
types of an air pump (17, 120, and 215 W), which supplied air (air density;
pg = 1.198 kg/m?, and oxygen content by weight; Oy, = 0.232) and generated
approximate air flow rates of 20, 100, and 200 LPM, were used. A DO meter with a
response time of 30 s (Horiba OM-51) was used for measuring dissolved oxygen
concentration and water temperature. The position of the DO probe was set in the

middle of the water depth (H/2).

Figure 30 Experimental setup for determining the effect of the number of aeration unit.

5.2.2 Testing methodology

The oxygen transfer tests were conducted by nitrogen purging method [44].
The dissolved oxygen concentration was initially removed by nitrogen gas injected
into tested water in form of bubbles until the dissolved oxygen concentration of water
reached nearly 0 mg/L. Then the air was introduced, and the dissolved oxygen
concentration and the water temperature were recorded continuously at an interval of
10 s for 20 to 30 min until the oxygen level in the water reached approximately 90 %
of the presumed saturated value [25]. The volumetric oxygen transfer coefficient and
the standard oxygen transfer rate were determined followed the procedure in

1.5 Analytical oxygen transfer parameters.
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5.2.3 Data analysis

The proposed empirical models from Chapter 4 (Equation 39 and Equation 41)
were used as basic equations for developing empirical models applied in the aeration
tank with multiple aeration units. To include the number of aeration unit (N) in
equations, the term of N% was additionally included as the coefficient of the basic
equations where « is the adjustable exponent. Therefore, Equation 39 could be derived
into Equation 42, and Equation 41, where the term of h, in this case is equal to hy
because the apparatus is placed at the water surface, could be derived into Equation 43.
These equations were expected to be applied for aeration processes with multiple
aeration units by utilizing the data obtained from the tests with one aeration unit and

two aeration units.

. Q¢ 0.67 h3'5
Equation 42 k;a=N*x561.15 x (A—) —
0.77 ,0.68
Equation 43 kpa = N%x 114332 x (26) " 2

The values of adjustable exponent a in both equations could be obtained by
performing non-linear regression analysis [49] from the experimental data of one
aeration unit and two aeration units. To do so, the variable N in Equation 42 and

Equation 43 was substituted corresponding to the number of the aeration unit.

In case of aeration tests without the air-water interface enhancer, equations for

one aeration unit and two aeration units could be obtained as followed.

Q¢ 0.67 ho.s

Equation 44 koa =1%x 561.15 x (A—) b
0.67 0.5

Equation 45 kia = 2% x 561.15 x (j—G) ’%

In case of aeration tests with the air-water interface enhancer, equations for one

aeration unit and two aeration units could be obtained as followed.

. Q¢ 0.77 hg.ss
Equation 46 koa=1%x1143.32 x (&) " 2
0.77 ,0.68

Equation 47 kpa=2%x1143.32 x (&) 2
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5.3 Results and discussion

5.3.1 Effect of the number of aeration unit

Figure 31 shows the results obtained from investigating the different number
of aeration unit on oxygen transfer process in the pilot-scale tank. The results provided
volumetric oxygen transfer coefficient and standard aeration efficiency for both
without and with apparatus conditions. The favorable conditions for oxygen transfer
were considered by three aspects, which are oxygen transfer performance in terms of
volumetric oxygen transfer coefficient (k;a), oxygen transfer efficiency in terms of
standard aeration efficiency (SAF), and oxygen transfer enhancement by the presence
of the air-water interface enhancer. The numerical data were classified into categorical
data based on available experimental results (7able 7) to indicate the most favorable
condition for the improvement of the oxygen transfer with the application of the air-

water interface enhancer.

1 Unit

= kLa, Without apparatus kLa, With apparatus
- - - SAE, Without apparatus —— SAE, With apparatus

Figure 31 Comparison results between one aeration unit and two aeration units.
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Table 7 Result categorization.

Air
NO. of | Water a Oxygen Oxygen Oxygen
oW
Condition | aeration | depth transfer transfer transfer
rate
unit (cm) performance | efficiency | enhancement
(LPM)
no
1 1 60 20 low high
enhancement
no
2 1 60 100 | intermediate low
enhancement
3 1 60 200 very high low very low
no
4 1 80 20 very low high
enhancement
no
5 1 80 100 low very low
enhancement
6 1 80 200 high very low high
no
7 1 120 20 low very high
enhancement
8 1 120 100 | intermediate | intermediate | intermediate
9 1 120 200 high intermediate low
no
10 2 60 20 low intermediate
enhancement
11 2 60 100 high intermediate very low
. no
12 2 60 200 high very low
enhancement
13 2 80 20 very low high low
14 2 80 100 | intermediate low intermediate
15 2 80 200 very high low very high
16 2 120 20 very low very high | intermediate
17 2 120 100 | intermediate high high
18 2 120 200 very high high very high
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From Figure 31, the k;a increased with air flow rate whereas the SAE
decreased with air flow rate except when the oxygen transfer enhancement from the
apparatus effectively occurred when two aeration units was operated at 200 LPM in
80 or 120 cm of water depth. Regarding the water depth, the SAE seemingly increased
with water depth unlike the k;a. The decrease of k;a before the increment was
observed when the water depth increased except the case of two aeration units with the
apparatus at 200 LPM of air flow rate where k;a apparently increased with water
depth. For oxygen transfer enhancement, the apparatus seemed to be positively
effective when the aeration process was operated at high air flow rate, in deep water,

or with two aeration units.

Regarding the number of the aeration unit, when the aeration process was
investigated without the air-water interface enhancer, most of k;a and SAE were
generally somewhat unchanged. However, they slightly decreased at 20 LPM of air
flow rate in any water depth and apparently decreased at 200 LPM in 60-cm-deep
water. The addition of air diffuser was expected to be beneficial for oxygen transfer in
terms of bubble dispersion when compared with using one diffuser, but practically,
there was a drawback from the reduction of air flow rate per unit of air diffuser due to
the same amount of air supplied. The deterioration of air flow rate causes the high
interfacial mass transfer resistance between the gas and liquid phases [20]. As the
result, the overall oxygen transfer process was deteriorated especially at low air flow
rate as such 20 LPM where bubble dispersion was very weak. Nevertheless, the
decrease of oxygen transfer at the air flow rate of 200 LPM in 60-cm-deep water was
possibly caused by the coalescence of bubbles. The additional air distribution source
not only promotes bubble dispersion, but also increases bubble collision rate. When
bubbles collide, they coalesce into larger bubbles which induce the depletion of
interfacial area and contact time, which in turn, weaken oxygen transfer process. The
high rates of bubble collision and bubble coalescence are possible in the turbulent

operation in such system with small volume of water and high air flow rate [50].

When the apparatus was applied, the increase of the number of aeration unit
could improve the oxygen transfer process, especially at the air flow rates of 100 and

200 LPM in the water depths of 80 and 120 cm. The additional air-water interface
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enhancer could increase the area of inner interface and the volume of air accumulation
inside the apparatus. However, it should be noted that the apparatus could not improve
the oxygen transfer by low air flow rate which could not overcome the obstruction of
the apparatus resulting in poor bubble dispersion as discussed in Chapter 2. Moreover,
the increase of hydrostatic pressure and rising distance of bubbles by means of the
increase of water depth could be beneficial to the whole oxygen transfer process as
discussed in Chapter 4. Therefore, in the conditions with high air flow rates (as 100
and 200 LPM) and deep water (as 80 and 120 cm), the improvement of oxygen transfer
could possibly be found.

From Table 7, the most favorable condition was Condition 18 (two aeration
units in 120-cm-deep water at 200 LPM of air flow rate). This condition provided
significantly high degree of oxygen transfer enhancement by the presence of the air-
water interface enhancer and high values of k; a and SAE as well. There were also
some conditions which should not be overlooked such as Conditions 8, 15, and 17.
Condition 8 provided intermediate degree of all aspects. Condition 15 provided very
high oxygen transfer performance and enhancement but low efficiency. Condition 17
provided high oxygen transfer efficiency and enhancement with acceptable oxygen

transfer performance.

On the contrary, there were some conditions that provided outstanding oxygen
transfer performance or efficiency. However, when considering all mentioned oxygen
transfer aspects, unacceptable extent was found. For example, in Condition 3, the air-
water interface enhancer could hardly improve oxygen transfer process despite high
oxygen transfer performance. Condition 7 provided distinctive efficiency but there was
no oxygen transfer improvement from the air-water interface enhancer. High oxygen
transfer efficiency was also found in Condition 16, however, oxygen transfer

performance was very low.

5.3.2 Empirical model development for multiple aeration units

By performing the Solver function in Microsoft Excel program [49], the

adjustable exponents a for the aeration tests in Equation 44 to Equation 47 could be

58



obtained. The exponents a were approximately determined as -0.0132 and 0.2228 for
the tests without and with the air-water interface enhancer, respectively, and the
relationship between estimated values and experimental values are shown in
Figure 32. Therefore, the exponents a in Equation 42 and Equation 43 could be
fulfilled into Equation 48 and Equation 49, respectively, which are expected to be
compatible for estimating the volumetric oxygen transfer coefficients in the aeration

process equipped with multiple aeration units.

30 30
° One aeration unit ’," * Two aeration units
25 25 1
= g
2@, 20 4 g— 20 1
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= =
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Figure 32 Validation of proposed models for one aeration unit and two aeration units
without and with apparatus.

For the aeration process without the air-water interface enhancer,

; —0.0132 Q6 \%67 nys
Equation 48 k a = N~00132 x 561.15 x (A—) ha”

cs H

For the aeration process with the air-water interface enhancer,

0.77 4,0.68
hg™”

Equation 49 koa = N°2228 x 1143.32 x (Q—G)

cs H

where k,a is in [hr'!], N is in [-], Qg is in [m?/s], A, is in [m?], hy is in [m],

and H is in [m].

Figure 33 shows the volumetric oxygen transfer coefficients calculated from

Equation 48 and Equation 49 from one aeration units up to four aeration units. The
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estimation was calculated based on the same scale of the pilot-scale aeration tank in
this study. However, the limitation of the models was found showing only decreasing
trend of estimated k;a with water depth because the term of water depth is a
denominator of the equations. It can be pointed out that these models do not reflect the
consistent results to the experimental data. However, it should be noted that the model
development is not based on only experimental data, but also based on theory. The
theory indicates that the term of specific interfacial area, a, is volume dependent
(a=A/V). It means that high water depth, which leads to high water volume,
contributes to less specific interfacial area and k; a as a whole. Moreover, it should be
noted that it was mere estimation from the empirical models developed from few
sources of data. These proposed models were limited by diffuser type (3-cm in
diameter x 30-cm long tubular stone type), air flow rate (20-200 LPM), surface area
of the aeration tank (80 cm x 80 cm), and water depth (60-120 cm) based on the
experiments. For more precise empirical models, the experiments regarding the size of
the aeration tank, the depth of water, and the number of the aeration unit should be

further conducted.

[
L=

b2
L
n

1 Unit 2 Units 3 Units 4 Units

b2
[=]
n

—
L=
L

Estimated kya values (hr)
s

L

o HFE B 3 B B 3 B
20 100 2004 20 100 200! 20 100 200 |20 100 200} 20 100 200¢ 20 100 200 (20 100 200{ 20 100 200! 320 100 200( 20 100 200} 10 100 200{ 20 100 200
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Figure 33 Estimated volumetric oxygen transfer coefficients from the proposed
empirical models up to four aeration units.

5.4 Conclusion

In this scale of experiment, the additional installation of the air diffuser

seemingly did not have obvious positive effect on the oxygen transfer but k;a and
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SAE values were somewhat unchanged in most conditions or decreased in some
conditions. The addition of air diffuser promoted bubble dispersion but the air flow
rate per air diffuser also decreased due to the same amount of air supplied, hence, the
deterioration of oxygen transfer at low air flow rate. Nevertheless, well distribution of
bubble plume also increased bubble collision rate which increased the possibility of
bubbles to collide and coalesce into larger bubbles. Therefore, both interfacial area and

contact time between air and water decreased causing poor oxygen transfer process.

In terms of the favorable conditions for the application of the air-water
interface enhancer, it should be considered by oxygen transfer performance, oxygen
transfer efficiency, and oxygen transfer enhancement simultaneously. The installation
of two aeration units at 200 LPM in 120 cm deep water provided significantly high
degree of oxygen transfer enhancement by the presence of the air-water interface
enhancer and high oxygen transfer performance and efficiency as well. This indicated
that the installation of air-water interface enhancer as two aeration units could improve
the oxygen transfer by increasing the area of inner interface and the volume of air
accumulation inside the apparatus in the conditions with high air flow rate and deep

water.

Regarding empirical models for determining the volumetric oxygen transfer
coefficients in the aeration process with multiple aeration units, two models were
developed, one for the aeration process without the apparatus and one for with the
apparatus. However, for precise empirical models, the experiments with the variety of
the size of the aeration tank, the depth of water, and the number of the aeration unit

should be further conducted to collect more experimental data for model development.
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Chapter 6 - Summary and recommendations

This work investigated the feasibility of the air-water interface enhancer for
effective application to improve the oxygen transfer performance and the oxygen
transfer efficiency. The distinct feature of this work is the concept of utilizing the free

surface area as the means of oxygen transfer improvement.

The effect of the arrangement of the air-water interface enhancer was
preliminarily investigated in terms of volumetric oxygen transfer coefficient and
standard oxygen transfer efficiency over the range of air flow rate in the lab-scale
aeration tank. It was found that a single layer of apparatus located near the water
surface was the optimal arrangement as the available distance between diffuser and
apparatus allowed bubble dispersion and the assistance of the apparatus promoted the

overall oxygen transfer process.

The assistance of the air-water interface enhancer was investigated in the
laboratory scale with optimal arrangement of the apparatus by determining the
volumetric oxygen transfer coefficient from different oxygen transfer pathways and
by determining the specific interfacial area enhancement. The results concluded that,
in this scale of the experiment, the apparatus could increase the oxygen transfer
through the inner interface transfer with 18 % enhancement and maintain the
maximum performance of bubble transfer and free water surface transfer. From the
specific interfacial area determination, the results revealed that the oxygen transfer
enhancement occurred not only by the presence of the inner interface but also by the
air accumulation inside the apparatus which increased the contact time between air and

water in the aeration process.

For the study on the factors related to the diffused aeration process, it was
found that the diffuser submergence depth had the important role on the oxygen
transfer process. The advantage from the hydrostatic pressure and the distance of
bubble dispersion provides the beneficial effect for the bubble transfer process. In this
study, even though the diffuser was installed near the floor of the aeration tank, the
air-water interface enhancer could not effectively improve the oxygen transfer

performance when the apparatus was placed too close to the diffuser causing the
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decrease of the oxygen transfer from the bubble transfer. Therefore, the apparatus
should be installed as far from the diffuser as the diffuser submergence depth could
provide to allow the effective role from the bubble transfer process and the assistance
from the apparatus. For the effect of the tank geometry, the water volume and the water
depth were investigated in both lab-scale and pilot scale aeration tank over the range
of air flow rate. There was the compensation between water volume and water depth
affecting the volumetric oxygen transfer coefficient, and the negative effect of water
volume could be overcome by the increase of the hydrostatic pressure and the rising
distance of bubbles resulted from the water depth. The oxygen transfer enhancement
by the presence of the air-water interface enhancer was observed in the deep aeration
process with high air flow rate. The results also revealed that the volumetric oxygen
transfer coefficient increased whereas the standard oxygen transfer efficiency

decreased with air flow rate per water volume.

By applying dimensionless parameters, two empirical models were developed
for determining the volumetric oxygen transfer coefficients in the conventional
aeration system and the aeration system with the air-water interface enhancer. These
models could be applied as design guidelines for diffused aeration systems equipped
with the proposed apparatus by deciding the extents of cross-sectional area of the
aeration tank, water depth, diffuser submergence depth, distance of the apparatus

above the diffuser, and air flow rate.

Finally, two sets of air diffuser and air-water interface enhancer could improve
the oxygen transfer by increasing the area of inner interface and the volume of air
accumulation inside the apparatus in the conditions with high air flow rate and deep
water. The favorable conditions for oxygen transfer was considered by oxygen transfer
performance, oxygen transfer efficiency, and oxygen transfer enhancement by the air-
water interface enhancer simultaneously. In this scale of study, the most favorable
condition was the installation with two aeration units in 120-cm-deep water at 200
LPM of air flow rate which provided significantly high degree of oxygen transfer
enhancement by the presence of the air-water interface enhancer and high oxygen
transfer performance and efficiency as well. Moreover, the empirical models for

aeration process with multiple aeration units were also proposed as design guidelines.
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However, the additional experiments were also recommended for more precise

estimation.

This study is based on air-water system. However, in actual application, the
liquid in the aeration system is different in terms of properties. The wastewater in the
activated sludge process contains suspended solids which affect oxygen transfer rate
or k;a. Some literatures indicated that this contamination can be expressed as alpha
factor (o — factor = k;a,qstewater/ KL Aclean water ), Which ranges between 0.8-1 at
the normal range of suspended solid of 1-3 g/L in the conventional aeration [51-53].
It is possible to apply alpha factor for estimating k;a in wastewater from the proposed
models. However, it should be noted that suspended solids may also cause possible
fouling inside the apparatus. Therefore, this issue requires further investigation on the
application of the air-water interface enhancer in the aeration process with actual
wastewater for precise effect of wastewater on k;a and the role of the apparatus.
Moreover, the apparatus was initially designed for multi-layer arrangement to increase
the air-water interface along the depth of the aeration tank. However, in this study,
there was a problem about the obstruction from the apparatus which caused the
deterioration of bubble dispersion. This was the major concern in the view of the
author because the apparatus could not work as well as initial expectation. Therefore,
these mentioned issues would lead to the study on apparatus modification aiming to
reduce the drawback of the apparatus on bubble flow characteristic. If the study on
apparatus modification is successful, further study on multi-layer arrangement in

deeper actual aeration tanks would be recommended.
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