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Abstract

Oxygen transfer capacity has greatest influence on activated sludge performance. In
this study, experimental procedure is carried out to determine the effect of airflow rate and the
level of diffusers submergence, on the oxygen transfer rate of diffused air systems. In addition,
a number of readings were also collected from published papers. The data were selected to
cover various scales of plants and operating conditions. After sorting out, all data were treated
and then combined to the experimental readings in order to expand the applicability of the
results. Individual mathematical models to describe the effect of each parameter were also
derived. The results of the study showed that, increasing the airflow rate at fixed water depth
and diffusers submergence enlarge the oxygenation capacity of the system. The equation, which
controls this relationship, is linear. At diffusers submergence of 4.6 m, the slope of the equation
was 11.8. With reduce the depth of diffusers to about 0.4 m; the slope of equation was decrease
to 2.3. At constant airflow rate, the depth of diffusers has a significant effect on both of the
oxygenation capacity and oxygen transfer efficiency of the system. Exponentional form of
equation is shown to be efficient in expressing the relationship between the submergence and
the oxygenation capacity. At 0.4 m, diffusers submergence, the oxygen transfer efficiency was
1.8 whereas; this value is rising to about 11.5 at 4.6m submergence.

Keywords :Oxygen transfer capacity, diffused aeration, airflow rate, diffusers submergence, K; a

[I00000 00 DioOoeon dojim booo 000 Ooooor Cioo toor fooo 0o oo Oooo

000000 000l fiioio foooom
[000on 00 oo 4aco .o
(00001 0O000m 000 — 0o0o0n omo/cOoeon oo

L0000

0000 00 0000 0o 000 bol 00 0000 oo oot diboo 0o tiooor bobod Omnon breoon oo
(00 Uooo 0ooo 0o 00100l Lioonoon Ooioor 0o fitio 0o 0o 0007 oo 0o .00 Or 0boon 00o ooo 0o
000000 0T Dot 0o 0oo00r 0ogho fooomr fomo 0o dibor Oiodr Looo bobooor fo dioonoo
0O0O000n Ooom 00 0ooon Oooo Lo boo 000 0o 0o fodoooon Oofoooo Dotto oo fooomo
00 000 000 (i0O0n Doomooo Ooiooe oot 0o foioiton fr 0o boor 0oo O Dot oo Goeon Coo
B A 0 o o A A L A
00l 0hon 00 0000 Colo O 0oioon Oiodor 0o 0oom Dodog 00 -0 000000 0o Cood . 0oooeo
00000 00000 U0 0000 0odiooo boom doo Oooo 0ooo .oooo 00 oio0oooo doood Oooo 0o dooo 0obooom
000 00 U0 4.6 00 00000 U000 ©0000 0oo 0oiooi joom diodm 0ooo 0o 000 booooon Do ool too
0ol 0o .00 0.4 O 0I0O0o0I Cfoof io 2.3 00 0ior o ool bo 00 11.8 00000 0oor Oooooo
(00000 100 Ooooo (oot oooooto O fooooool Oiooo dooo [boooo 0o 0omo 0oo Cooon Ooo fdor Codoo
000 (000 0o 00O 00 0omnr Oioboooo oo bomoo Qoo 0o . 0oroioon Cooto booooo 0o booo dioo
0r 1.8 0i00 ooodo oo O bt o.4 00 0000 000 0000 00t .0ioow 000X Doo booo 00 Dioon 0o
.00 4.6 O 0000000 00000 000 11.5 O 00C0O 007 000om 0oo oodo- 000

Received 1°* Feb. 2005 Accepted 6thApril 2005

27



Al-Rafidain engineering Vo. 14 No. 1 2006

Introduction

Among the many complex design decisions to be made when designing an
activated sludge process or aerobic sludge stabilization, the sizing of aeration tanks and
aeration systems that have the greatest influence on the oxygen transfer efficiency and
the degree of dispersion, which ultimately determine the overall efficiency and
economics of the treatment process. Oxygen transfer is a function of mass transfer
across a gas liquid interface. Examination of diffused air aeration shows that the
oxygen is transferred at both time of bubble formation and after the bubble leaves the
diffuser. The bulk of transfer occurs after the bubble has left the diffuser as is evident
by linear increase in transfer efficiency versus depth. Both oxygen transfer and the
degree of mixing in the aeration tanks depend on certain hydrodynamic and
physiochemical factors. Factors affecting oxygen transfer rate (percent oxygen fed
through the diffuser and absorbed by the liquid) are; geometric characteristics of the
system, such as, tank dimensions, and aeration device parameters; size and location
and the system dynamic characteristics, of which most important is the air feed rate
[8].

Other factors such as surface tension that tend to break up larger bubble are
important, but the concept of smaller bubbles having larger interfacial area and better
efficiency remains.

In this paper the effect of each of these parameters on both of the oxygen
transfer capacity (OC) and oxygenation efficiency (E) (the amount of oxygen
transferred to the bulk solution of the system by passing one meter cubic of air
throughout the water) systems were studied.

Research Objectives
This research aim to achieve the following objectives:

1. To determine the effect of diffuser submergence, (h) on oxygen transfer
capacity (OC) of the system,

2. To evaluate the effect of diffuser air loading rate (D) on the on oxygen transfer
capacity (OC) of the system,

3. To determine the effect of these two parameters on the transfer efficiency of the
oxygen to the system,

4. To suggest some equations that control the effect of these parameters on both of
the oxygen transfer capacity and oxygenation efficiency of the system.

Oxygen Transfer

Oxygen transfer is described by values of the mass transfer coefficient and the
equilibrium concentration of oxygen in the liquid. The best-known explanation for the
mechanism of gas transfer to a liquid is given by the two-film theory. According to this
theorys, it is the presence of two films, one liquid and one gas, at the gas-liquid interface
which provides the resistance to the passage of gas molecules from the bulk of gas
phase to that of liquid phase.

For gases of high solubility in the liquid phase, e.g., absorption of SO, by water,
the major resistance to the absorption is that offered by the gas film. For gases of low
solubility in the liquid phase, e.g., absorption of oxygen by aqueous liquor, the
controlling resistance resides in the liquid film [7].
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The process of oxygen transfer from a gaseous to an aqueous phase occurs in

three steps [16]:

1. Saturation of the liquid surface between the two phases. This rate of oxygen
transfer is very rapid since the resistance of the gas film is negligible and thus this
step is never the controlling one.

2. Passage of the oxygen molecules through the liquid interface film by molecular
diffusion. At very low mixing levels, the rate of oxygen operation is controlled by
step 2. At higher turbulence levels, the interface film is broken up and the rate of
renewal of the film controls the absorption of the oxygen. Surface renewal rate is
frequently at which liquid with an oxygen concentration (C) (oxygen concentration
in the bulk of the liquid phase) replaces that from the interface with an oxygen
concentration equal to Cs (saturation concentration of oxygen).

3. Oxygen is transferred to the bulk of the liquid by diffusion and convection.

Oxygen Transfer coefficient

There are several methods of experimental determination of mass transfer

coefficients. The so-called clean water non-steady state method was selected in this
study. The unsteady state test or reaeration of deoxygenated clean water
(reoxygenation) is presently the most broadly accepted test procedure [8]. This method
involves (1) the initial deoxygenating of the clean water in the test aeration basin, (2)
recording of the oxygen concentration increase while aerating the previously
deoxygenated water. Because the value of oxygen transfer coefficient (Ki) is only
dependent on the hydrodynamic properties of the system it makes no difference to
aerate with air or with oxygen [8]. Relationships that describe the rate of water
oxygenating in step (2), and formulae for computing the oxygen mass transfer
coefficient are presented in the following.

dc A

—=K, —(C.-C ..(1
=K (0= 0 M
Where:

K; : oxygen transfer rate across the gas liquid film, (m/s)

C : oxygen concentration at time (t), (mg/L)

C; : the saturation concentration of oxygen in water and, (mg/L)
A : the interfacial area for transfer, (mz)

V :liquid volume, (m3)

t : the time, (sec)

dc/dt : the rate of change of the oxygen concentration.

In the determination of the mass-transfer coefficient, the term (K;.V/A) is
usually rewritten as overall coefficient Kpa without attempting to separate the factors

K; and (V/A).
Where:
a = V_ The interfacial area per unit volume, m’/m’ .. (2)
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The difference (C,-C) between saturation value and actual concentration of
oxygen (C) in the body of the liquid phase is usually called oxygen deficit. Integration of
this equation (with C = Co at t = 0) leads to:

In (Cy-C)=-Ky 4.t +1In (Cs- Co) )

A plot of In (C,-C) against t resulted in a straight line with a slope of K,..S.

The overall reaeration constant Kypa can be obtained experimentally by aerating
water unsaturated with oxygen and observing the change in the dissolved oxygen deficit
versus time [1, 8]. Aeration efficiency of the system always expressed in term of oxygen
transfer capacity OC that represent the capability of system to transfer oxygen in
g/ms.h, then;

OC=Kia.Cs . (4)
Where:
OC : oxygen transfer capcity at 20C..

Experimental Work

The experimental work was designed to determine the correlations between
oxygen absorption efficiency and the hydraulic property of air-water mixture.
Reoxygenation may be accomplished by the addition of sodium sulfite and cobalt
catalyst, or by nitrogen stripping [1, 8, 16]. Since stripping with nitrogen gas is
impractical in large scale testing [1, 2, 4], sodium sulfite with cobalt is used almost
exclusively. Many papers have addressed problems associated with the use of cobalt as
catalyst, and the method used to measure DO [5, 7, 8, 16]. In this

paper, the oxygen transfer tests were conducted with a batch mode operation, using
potable water. The tests were carried out in tanks (0.55 x 0.35 x 0.38 m) and (1.0 x 0.5 x
1.0 m), (Length x Width x Depth), and system parameters were varied over a wide
range so that the results of the study could be used for a board range of study. The
experiments were divided into groups. In each group, the effect of diffuser air loading
(D) and, the diffuser submerge (h) on both of the oxygen transfer capacity (OC) and on
the oxygenation efficiency (E) were investigated. Prior to tests, the models were
drained, cleaned and filled with clean water. The liquid in the tank was changed after
every 3-5 runs to avoid salt accumulation [6, 16]. The air flowrate was measured with a
pre-calibrated meter. Dissolved oxygen and temperature were monitored as aeration
proceeds.

Oxygen was depleted from water by using sodium sulfite as a reducing agent.
The sodium sulfite (Na,SO;) was added to the model as a stock solution. The total
amount of (Na;SO;) required per run were calculated as:

NtlgSOg + % 02 > Na2SO4

The stoichiometric ratio is

Na SOy _126 _ 4
/20, 16
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This means that theoretically (7.9 ppm), of (Na,;SO3) are required to remove
(1ppm) dissolved oxygen. Based on the dissolved oxygen of the test tap water, the
approximate (Na;SO;) requirements were estimated. 10-30% excess was used
according to [8]. The amounts of (Na,SO;) were added to a separate basin containing
water. The sodium sulfite was maintained in suspension by mixing. Sufficient cobalt
chloride is added to provide a minimum Co'*? concentration of 1.5 ppm [5].

Dissolved oxygen determinations were made on samples collected at point
located near the side of basin. Because of the volume of basin is small, one sample
location was assumed to be representative the total basin volume [16]. In some runs, the
readings were conducted with another positions but no difference was noted.

The oxygen concentrations were read using a properly calibrated dissolved
meter type (EXTECH; model 407510).

Water temperature was measured before and after each test, and the average
values were used in data analysis. It was not possible to conduct all tests at 20C as has

been recommended [1, 16], therefore, the values of K;a obtained had to be adjusted to
the standard temperature of 20C according to the equation:

KLa = KLa (20 X e(T'ZO) ves (5)

Where:
T: is the temperature (C); 6 = 1.024 [8]

The major shortage in this testing that it is carried out in small scale so, its
results mainly limit by the testing circumstances [8]. Accordingly, in this paper a large
amount of actual data were also collected from published papers [3, 6, 7, 11-15]. The
data is selected to cover various scales of plant and operating conditions (water depth
from 1.4 to 6.0 m, diffuser submergence ranged from 12 to 97 %, diffuser air loading
up to 360 m’® air/m’tank. hr) [3, 6, 7, 11-15]. After sorting out all data were treated and
analyzed to evaluate the effect of the selected parameters on both of the oxygen transfer
capacity the yield oxygen transfer rate. Individual mathematical models to describe the
effect of each parameter were also derived.

Results and discussion

In figure 1, the oxygen transfer capacity of the systems is represented as a
function of airflow rates at different ranges of operation conditions. As shows in the
figure, there is distinguish and direct proportional between the airflow rate and the
oxygenation capacity of the system under all conditions of operation.

These relationships can be good represented by the linear correlations, which exposed
in the figure. The slopes of the curves are increase with increasing the aerator
submerges. At 0.4 m submergence, the slope of the curve was 2.32 whereas this slope is
increases to about 11.8 at the 4.6 m submergence. Fig 2 shows the effect of airflow rates
on the oxygenation capacity of the system at different (h/H) values that represent the
ratios of aerator submerges to the depth of water in the tank. As noted in the figure,
this ratio plays a great rule on the oxygenation capacity of the system. Increasing the
ratio of submerges of the diffuser to water depth from about 0.12 to 0.96 (i.e. 8 times),
raise the slope of the curve to 31.2 (i.e. more than 10 times). However, this figure is a
modified form of figure 1 but it gives a conclusion
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to the necessity of setting the diffusers headers at the bottom of the tank to
achieve a maximum influence of airflow rate. In table 1, some of the experimental
results were also represented.

eh=4.6m [3,11,14,15]
mh=2.7m [6,13]
Ah=1.4m [12,13]
xh=0.7 m (E.W)
@h=0.5m [E.W]
+h=0.4 m [E.W]

140 |

y = 11.773x

y = 5.3905x
y = 4.1196x

OC, gr 02/m3. hr

y = 3.3884x
y = 3.0293x

y = 2.3164x

t t t t t t {
0 5 10 15 20 25 30 35

Air flow, m3 / m3 tank. hr

Fig (1): Effect of airflow rate (D) on oxygenation capacity (OC) of the system at various
levels of aerator submergence (h). E.W: experimental work

However, the effect of airflow rate on the oxygenation capacity can be explained
by the mechanism of exchange of the oxygen from the gas to liquid. During this phase,
the transfer is occurring by the processes of: bubble formation, release, and ascension.
This rate of oxygen transfer is dependent on the relative rate of ascent, bubble size,
partial pressure of oxygen, temperature, and driving force (the difference between the
liquid—film oxygen concentration in equilibrium with the gas bubble and the bulk-
liquid dissolved oxygen content). Additionally, the

120

: A @h /H =0.960
100 |

F sth /H =0.500

F ®
80 Ah/H =0.120
60 - N

y=5.3905x

oc, gr 0,/ m*. hr

40

: ///7

r A y=3.6263x
20 1
r y y=2.7039x

0 5 10 15 20 25 30 35
Air discharge, D, m3 / m3. hr

Fig (2): Effect of specific airflow rate (D) on oxygenation capacity (OC) of the system
under different (h/H) ratios. [6, 11-13]
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Table 1: results of some of the experimental work

diffusers . Oxygenation
Tank size Submerges Alrlillg;::'; t;:; (D) Capigity (00),
(h), m ) g02/m3.hr
Length, m | Width, m Depth, m 6 12
9 20
12.5 25
1.0 0.5 1.0 04 15 35
20 45
25 60
6 17
9 26
12.5 37
1.0 0.5 1.0 0.5 15 50
20 65
25 72
6 20
9 30
12.5 46
1.0 0.5 1.0 0.7 15 51
20 70
25 80

oxygen transfer is influenced by the dispersion and coalescence characteristics produced through
turbulent recirculation patterns existing in the basin.

In an unsaturated liquid, the volume of a gas bubble rising toward the free surface can vary through the
effects of two opposing influences [2]. Because of the concentration difference between the bulk fluid and
liquid film surrounding the bubble, there is a continued exchange from the bubble to the liquid and this
dissolution process produces a decrease in mass of the bubble. At the same time, however, the decrease in
hydrostatic pressure experienced with the bubble ascension affects expansion.

In the batch operation, one fluid (the gas phase in this case) is continuously passed through a basin that
contains a uniform distribution of a second fluid (liquid phase). The liquid is retained within the reactor and is
assumed "well- mixed". The oxygen content in the gaseous in gaseous phase is dependent on both bubble
residence time and vertical position [4, 7].

Air flowrate influences on the system by means of different ways; the first one is the increasing the
flowrate of air per specific volume of water boosts
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the amount of bubble released in this volume which accordingly leads to increase the attached surface
area between the bubbles and water and then to raise the oxygen transfer rate. The second impact of this factor
may result due to the escalating of the agitation degree of the system, which actually leads to further break up
of large bubbles and to increase the transfer efficiency. The third influence of air flowrate may be explained by
the effect of enhance the mixing and then the bubbles pattern within the tank. At relatively slight air flowrate,
mild degree of turbulence in the water is produce, and the bubble columns took an almost direct path to the
surface. When airflow rate increased, current patterns developed that forced bubbles to take longer paths to the
surface. With the considerable amount of the air, strong downward bubble movement may be cause and then a
general increasing in bubble residence time is caused resulting a longer time of bubble-water contact. Similar
results also recorded by [7, 9, and, 10]

In figure 3, the oxygen transfer capacity is plotted as a function of aerator submergence, at different
airflow rates. As shown in the figure the factor has positive effects on oxygen transfer capacity. If the airflow
rate is kept constant, the oxygen transfer is directly proportional to the aerator submergence. This result can be
explained by the effect of the elongation of the path of bubbles due to increase aerator submerges. Other
researchers also record similar notes [9, 10, 13, and, 16].

450 — @ D=35.0m3/m3.hr
400 ,; >xD=25.0 m3/m3.hr
E AD=21.5m3/m3.hr
350 + ®D=15.0 m3/m3.hr
£ 300 é D= 12.5 m3/m3.hr
“e E mD=9.00 m3/m3.hr
= 250 f
ON C @D1=6.00 m3/m3.hr
200 -f
) o y=83.837e03392x
o C
o 180 F y=59.885¢0:3392x
100 f y=51.534¢0:339x
50 é y=35.93180.3392x
o £ y=129.944003392%
0 y=21.557¢g0:3392x
Submerges of aerator, h, (m) = 16.03003075x

Fig (3): Effect of the level of aerator submerges (h) on the oxygenation capacity (OC) of the
system at different specific air flowrate (D). [3, 6, 11-13]

However, figures 1, 3 can be used for the designer or engineer in estimating air requirements as well
as evaluating the optimum diffuser submergence. Typically, influent and

effluent BOD are known or assumed, and, after selection of clarifier and aeration tank loadings

, the oxygen transfer per day per unit volume of aeration tank
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become fixed and may be readily determined or estimated. A plot that expresses oxygen absorption at
various rates may be used directly in the determination of optimum depth as well as volumetric air requirement.

In figure 4, another parameter is tested i.e.: oxygen transfer efficiency (E) This parameter physically
represents the amount of oxygen transferred to the bulk solution by passing one meter cubic of air throughout
the water and can be mathematically expressed by dividing the oxygenation capacity of the system on
volumetric airflow rate passed through it.

e 0C(gro, | m*water .hr)

- D(m’ air | m*water.hr)

Where:
E: oxygenation efficiency of the system, (grO,/m’air).
The oxygenation efficiency parameter is very useful since it actually reflect how much gram of oxygen
will be transferred to the bulk solution and absorbed in it by passing one meter cubic of air, i.e. oxygen / air
ratio.

..(6)

As well understand, this ratio is also depend on these parameters which control the normal
oxygenation capacity of the system, i.e. airflow rate and, aerator submergence. However, drawn this factor
directly with volumetric airflow rates give a definite horizontal line since the parameter itself is already
calculated by dividing the oxygenation capacity of the system to the volumetric airflow rate passed, see figure
4.

13 —
E h=2.7 6,13
12 e —————— - m ]
11 £ & mh=14m [12,13]
10 £ Xh =0.7m [E.W]
w e
5 9 £ e@h =0.5m [E.W]
g 8 é Ah=0.4m [E.W]
g 7 £ mh=4.6m [3,11,14,15]
c [ eo—eo
S 6 + °F
2 4 f === ==
X r . e
o 3 £ -] S
= [d el
2 £ = =
1+
0 + | | | t i
0 5 10 15 20 25 30 35
Air flow, m3 / m3 tank. hr

Fig (4): Effect of air flowrate (D) on the oxygenation efficiency of the system at different (h) values. E.W:

experimental work
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In figure 5, the oxygen efficiency (E) is drawn as a function of the aerator submergence. As shown in
the figure, increasing aerator submergence significantly increases the amount of oxygen transferred by the one
meter of air, i.e. oxygen / air ratio. At the small level of the aerator submergence, the ratio is low, with
escalating the depth the ratio is increase gradually. The correlation, which controls this relationship, is linear.
This curve and its kindliness can be explained by the effect of the aerator submergence on the actual
oxygenation capacity. With increasing the depth, the pattern bubbles released is increases and then its
probability to absorb in the bulk solution is raise. Some researchers [12] also record similar results.

9+ y = 2.142x + 1.5352
8 & R? = 0.9634

54 /
4+ 2 A

; A

34 A/

o F A

F A

Oxygenation efficiency, E
o N
>

0 S e g

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0

Aerator submergence, (h), m

Fig (5): Effect of aerator submergence (h) on the oxygenation efficiency (E), at various air flowrate (D). [3,

6, 11-15]

However, figure 5 is very useful in the calculation purpose since it can give the ratio of air that
translate to the solution and transformed to oxygen. In the design, the actual amount of needed oxygen is
known; from it and the curve, we can select the required depth of water and then the aerator submergence. After
that, calculate the required airflow rate that should be applied.

Conclusions:
1. At fixed water depth and aerator submergence, increasing airflow rate showed an increase in
percentage oxygen absorption and transfer capability for all tank depths and air rates tested.
2. The equation that controls the relationship between the airflow rates and oxygen transfer capacity is
linear. The slopes of the equations are varying depending on the level of aerator submergence. At the
depth of aerator ranging between (0.4 — 4.6 m), the slopes of the equations are (2.11 — 11.8)
respectively.
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Increasing the level of aerator submergence significantly increase the oxygen transfer capacity of the
system. This effect can be explained by the influence of increasing the bubbles paths and its detention
time in the tank.

The exponentional form of equation proved to be efficient in the expressing of the relationship
between the aerator submergence and the oxygen transfer capacity at different rates of air discharge.
At submergence of aerator of 4.6 m and, airflow rate of 6.0 m’air/m’tank.hr the oxygen transfer
capacity is 70 grO,/m’tank.hr. Increasing the

airflow rate to 35 m’air/m’tank.hr, with the fix aerator submergence, raise the oxygen transfer capacity
of the system to about 380 grO,/m’ tank.hr.

Increasing the depth of diffuser significantly increase the oxygen transfer efficiency of the system. The
equation, which controls this relationship, is linear. At 0.4 m submergence, the oxygen transfer
efficiency is 1.8 whereas; the transfer efficiency is rising to about 11.5 at a depth of diffuser equal to
4.6 m.
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