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Abstract 

Theoretical and experimental studies were carried out with the aim of 
developing an improved aeration device. Many of the aeration devices 
currently in use contain fine pores, through which air is pumped to produce 
small bubbles in the diameter range of 2 to 3 mm in water, the objective 
being optimum performance in terms of mass transfer. Because of the very 
small pore size, these devices are often subject to clogging, consequent 
deterioration of efficiency and escalation of power requirements. The 
development of the new aeration device, named the SAF diffuser, is an 
attempt to generate bubbles of the optimum size range using relatively larger 
orifices so that the diffuser clogging and the energy requirements can be 
reduced. 

The SAF Diffuser comprises a vertical draft tube immersed in the water 
body to be aerated. A buoyancy: induced flow is created within the tube by 
injecting air through 0.5 mm diameter peripheral orifices located near the 
inlet end. The induced flow exerts a drag force on the bubbles that are being 
formed at the peripheral orifices. This drag force causes the bubble to detach, 
from the orifice before it grows to the normal size attained in stagnant water. 
Utilizing this concept, hole sbes that are larger than (about 15 times) those 
used in conventional fine pore diffusers are possible. For a given air flowrate, 
the induced velocity and hence the bubble size depends upon the tube 
dimensions. This dependence provides a novel technique to control the bubble 
size. 

Theoretical and experimental study of the air-water flow as well as the 
mass transfer characteristics of the device were undertaken. Simple methods of 
measuring the two phase flow parameters were developed. Through theoretical 
analysis and experimentation, non-dimensional correlations to predict the 
phase velocities within the device as well as the mass transfer characteristics 
of the device were developed. The studies showed that for medium depth 
applications, the device can operate with 10 to 20 percent higher aeration 
efficiencies than conventional designs. Even higher efficiencies are possible in 
the low depth applications typical in aquaculture. 
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Nomenclature 

A air-water interfacial area in the bubble column 
Ac air-water interfacial area in an elemental strip of the bubble column 
Aop cross sectional area of the tube inlet 
Ap cross sectional area of the tube 
ApI air-water interfacial area in the plume 
At air-water interfacial area in the tube 
B buoyancy flux 
C concentration of oxygen in water 
Ca added mass coefficient 
Cd drag coefficient 
Cs saturation concentration of oxygen in water 
Css saturation concentration of oxygen in water corresponding to 

standard atmosphere 
db bubble diameter at the time of detachment from the orifice 
dbc mean bubble diameter in an elemental strip of the bubble column 
Dc diameter of an elemental strip of the bubble column 
do orifice diameter 
Dop diameter of the tube inlet 

Dow 

Dp 
Dr 
Fb 
Fd 

Fi 
FIT 

Fm 
Fra 

Frw 

molecular diffusivity of oxygen in water 
diameter of the tube 
diameter ratio ::;: (Dp/Dop) 
buoyancy fQrce 
drag force 
inertia force 
surface tension force 
mass flux 
air flow Froude number:::: (Ja/(Le g)1/2) 
water flow Froude number = (Vw/(Le g)1/2) 
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FII submergence Froude number = (Ja/(HII g/h) 
f friction factor for developing air-water bubbly flow 
g gravitational acceleration 
Ga Galileo number = (gHIiB/lIw2) 
H depth of water 
H1' submergence ratio = (HII/Dp) 
HII diffuser submergence 
Ja superficial air velocity = (Qa/ Ap) 
J w superficial water velocity = (Qw/ Ap) 
K overall loss term 
Kb term representing the losses due to the lateral entry of air bubbles 

into the tube at the air inlet 
kc appropriate contraction loss coefficient at the bubble entrance region, 
Ke entrance loss term 
Kex expansion loss term 
Kf friction loss term 
KI liquid film coefficient 
KIa volumetric mass transfer coefficient 
KIA mass transfer coefficient 
KII secondary loss term 
Le effective tube length = (L2 + (Ll( Aop/ Ap)) 
L1' length ratio = (Le/Dp) 
L1 inlet tube length in the entrance region above the air inlet 
L2 tube length 
f, size of largest eddies 
N number of bubbles 
Nm number of modules 
Qa air flowrate corresponding to the pressure at the tube centre 
Qao air flowrate through one orifice 
Qall air flowrate corresponding to standard atmosphere 
Qw induced water flowrate 
Rew Reynolds number based on superficial water velocity = (JwDp/lIw) 
Stm modified Stanton number = (KIA)/(JaDp2) 
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s vertical distance of bubble centre from the orifice 

tr formation time of bubble or bubble residence time 

u velocity of large scale eddies 

Uc mean velocity in an elemental strip of the bubble column 

Va mean air velocity in the tube ;::: (J a/ a) 
Vao air velocity through one orifice 

V 0 water velocity in the tube inlet upstream of the orifices 

(orifice water velocity) 

Vr relative air velocity (slip velocity) 

Vw mean water velocity in the tube;::: (Jw/(l-a)) 
V volume of water 

Vb volume of bubble 

Vc volume of air in an elemental strip of the bubble column 

w average velocity of bubble during formation 

a mean void fraction of air in the tube 

ac mean void fraction of air in an elemental strip of the bubble column. 

1/w kinematic viscosity of water 

Pa density of air 

pc density of the air-water mixture in an elemental strip of the bubble 

column 

pm density of air-water mixture in the tube 

Pw denSity of water 

a surface tension 

T characteristic time constant 

vii 



Figure 

1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 

2.1 
2.2 
2.3 
2.4 

3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 
3.8 
3.9 
3.10 
3.11 
3.12 
3.13 
3.14 
3.15 
3.16 
3,17 
3.18 
3,19 

3.20 
3.21 
3.22 
3 .• 23 
3.24 
3.25 
3.26 
3,27 
3.28 
3.29 
3.30 
3.31 

LIST OF FIGURES 

Diffused .aeration - schematic 
Comparison of aeration efficiencies of diffusers 
Schematic of the performance of the SAF Diffuser 
The SAF Diffuser - cross section 
Bubble formation in stagnant water 
Bubble formation in flowing water 
The SAF Diffuser - some possible configurations 
The SAF Diffuser - some possible configurations 

Bubble formation - definition sketch 
Effect of orifice diameter on bubble size 
Effect of induced velocity on bubble size 
Definition sketch of the bubble column 

Details of experimental facility 
Arrangement for measurement of water flowrate 
Valve for measurement of void fraction 
Water flowrate versus air flowrate Designs A & B) 
Water flowrate versus air flowrate Designs C & D) 
Water flowrate versus air flowrate Designs E & FJ 
Water flowrate versus air flowrate Design G) 
Water flowrate versus air flowrate Designs H & I) 
VOi.d fract.io. n ver. sus air flowr .. ate De. Signs. A & .. B.) 
Void fraction versus air flowrate Designs C & D) 
Void fraction versus air flowrate Designs E & F) 
Void fraction versus air flowrate Design G) 
Void fraction versus air flowrate Designs It & I) 
Tube water velocity vs. air flowrate ~DeSignS A&B} 
Tube water vel.o.c. ity vs. air flow. rat. e DeS!.' gn. s C&D ... 
Tube water velocity vs. air flowrate Designs E&F 
Tube water velocit.y versus. a.ir. fl.o.wrate (De.sign G) 
Tube water velocity vs. air flowrate (Designs H&I) 
Comparison of ideal flow Froude number and 
experimental values 
Experimental correlation for Kfb 
Experimental correlation for Froude number 
Experimental correlation for void fraction 
Reynolds number versus air flowrate 
Reynolds number versus air flowrate 
Computed tube water velocity versus tube length 
Computed orifice water velocity versus tube length 
Computed void fraction versus tube length 
Computed water velocities and void fraction 
Computed air velocity versus tube length 
Computed relative air velocity versus tube length 
Computed orifice water velocity versus tube length 

viii 

... Page No. 

.. 2 

.. 5 

.. 7 

.. 8 

.. 9 

.10 

.12 

.14 

.20 

.22 

.32 

.43 

.46 

.47 

.49 

.49 

.50 

.50 

.51 

.52 

.52 

.53 

.53 

.54 

.55 

.55 

.57 

.57 

.58 

.59 

.60 

.61 

.62 

.64 

.64 

.65 

.65 

.66 

.66 

.68 

.68 

.70 



4.1 Inlet details of Diffuser studied .75 
4.2 Effect of number of modules on KIA !Dp = 9 em) .79 
4.3 Effect of number of modules on KIA Dp;:;: 7.5 cm~ .80 
4.4 Effect of number of modules on KIA .Dp ;:;: 5.8 em .81 
4.5 Effect of number of modules on KIA . .82 

4.6 
~~ ;:;: 9 em, Le ;:;: 6.92 cm) 

f ect of number of modules on KIA .83 
~~ ;:;: 9 cm, Le ;:;: 6.92cmk 

4.7 f ect of tube geometry on .. lA .85 
4.8 Effect of tube geometry on KIAm!:\x .86 
4.9 Effect of air flowrate on KIAmax .87 
4.10 Effect of area ratio on Klfmax .88 
4.11 Effect of area ratio on optimum tube length .89 
4.12 Effect of air flOwrate on KIA .91 
4.13 Effect of diffuser submergence on KIA .92 
4.14 Effect of diffuser submergence on KlA .93 
4.15 Effect of diffuser submergence on KIA .94 
4.16 Effect of diffuser submergence on KIA .95 
4.17 Effect of diffuser submergence on saturation 

concentration .97 
4.18 Effect of air flowrate on saturation concentration .98 
4.19 Correlation for Stanton number 100 
4.20 Correlatioll for Stalltoll number 101 
4.21 Range of application of correlatiolls 102 
4.22 Variation of KIAt and KIApI with tube length 104 
4.23 Comparison of KIf . 106 
4.24 Standard Oxygen Transfer Rate (SAF Diffuser) 107 
4.25 Air pressure upstream of diffuser (SAFl 109 
4.26 Comparison of air pressure upstream 0 diffuser 110 
4.27 Performance comparison in clean water 111 
4.28 Effect of diffuser submergellce Oll SAE of SAF 

Diffuser 112 
4.29 Effect of tube geometry on KIA (Water + Detergent) 114 
4.30 Comparison of KIA (Dp ;:;: 9 cm) U5 
4.31 Comparison of optimum tube .lengths 116 
4.32 Effect of air flowrate Oll KIA (Water + Detergent) 117 
4.33 Effect of diffuser submergence on KIA 

8Water + Detergellt) 118 
4.34 omparison of Klfmax 119 
4.35 Effect of llumber of modules (Water + Detergent) 121 

5.1 The SAF diffuser with extended inlet tube 
(rectangular) 131 

5.2 The SAF diffuser with extended inlet tube 
( circular) 132 

A;l The SAF diffuser - straight tube ... 138 
A.2 The SAF diffuser - composite tube ... 141 

ix 



Table 

3.1 

4.1 

List of Tables 

Details of tubes studied 

Effect of air temperature on KlA 

x 

... Page No. 

44 

90 



Chapter 1 

Introduction 

This thesis deals with the research undertaken for the development of a 
new aeration device named the SAF diffuser. As part of this research, the 
concept of the new aeration device was conceived, a simplified theoretical 
analysis and extensive experimental studies in respect of the hydrodynamics of 
the flow through the device and the mass transfer characteristics of the 
device were undertaken and experimental correlations to predict the 
performance characteristics of the device were developed. 

The primary application of the new device is for diffused aeration which 
forms a major energy consuming component in several water quality 
improvement processes pertaining to aquaculture, wastewater treatment and 
lake water quality enhancement. The purpose of aeration is to improve the 
dissolved oxygen content of water. Low dissolved oxygen concentration is a 
major factor limiting the production of fish and other species in intensive 
aquaculture operations. Aeration is currently the most effective means of, 
dissolved oxygen enhancement and represents the second largest component 
cost-wise next to feed cost, in aquaculture. Likewise, wastewater treatment is 
another example where aeration forms a major energy consuming component. 
From 50 to 90 per cent of the power requirement of a treatment plant lies 
with.in the aeration system (1). A. typical large wastewater facility like the 
Pig's Eye sewage treatment plant at St. Paul, Minnesota, requires at least 
five million dollars per year for electricity to operate aeration facilities. These 
examples illustrate the immense energy savings and benefits that can accrue 
from an improved aeration technology. 

Diffused aeration is the process of injecting air under pressure below the 
liquid surface to form bubbles (see figure 1.1). As the bubbles rise, oxygen 
diffuses from the bubble surface into the liquid. 

The devices producing the bubbles in diffused aeration systems are 
termed diffusers. For a given air flO. wrate, the size of the bubbles pro. duced 
by the diffuser depends on the size and the number of the orificeslpores in 
the diffuser. In general, for a given air flowrate through the onfice, the 
smaller the orifice, the smaller the bubble size. 

The aeration efficiency (mass of oxygen transferred per unit power 
input) of an aeration device depends on the bubble size, the bubble rise 
velocity, the mixing effected by the induced fiow and the energy required to 
compress the air to form bubbles. Barnhart (2) has shown that for an 
air-water system, maximum oxygen transfer is obtained with bubble diameters 
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on the order of 2.2 mm. Production of bubbles of this size is usually achieved 
uSing. .diffusers having very... small. pore s. izes. SUCh. diffusers are termed "Fine 
Bubble Diffusers", The fine bubble diffusers which produce small air bubbles 
(2-3 mm diameter) in water have very small pore sizes (<: 40 microns) (3). 
Because of the very small pore sizes involved, these devices are often subJCct 
to severe clogging and consequent deterioration of mass transfer efficiency and 
escalation of power requirements. One solution to this problem would be to 
produce small bubbles using larger orifices. With this objective in mind, the 
development of a new aeration device was undertaken. Before delving into the 
details of the new device, it is felt appropriate to provide a brief outline of 
the existing diffuaed aeration devices. 

Diffused aeration devices: 

Diffttaed aeration devices are clasaified as either fine or coarse bubble 
diffusers based on the size of the bubbles produced. The coarse bubble 
diffusers normally produce bubbles in the diameter range of 6-10 mm in clean 
water whereas the fine bubble diffusers produce bubbles in the diameter range 
of 2-5 mm in clean water (4). In m?st of these devic~s, the main pa~ameter 
that governs the bubble size IS the diameter of the oIlfice through whIch the 
air is injected, a smaller orifice being associated with a smaller bubble. 

The diffusers that are commercially available are usually classified by i 

the physical characteristics of the device as outlined below (5, 6): . 

ij .. 
. ~! 
111 

Fine pore diffusers 
Nonporous diffusers 
Other devices such as jet aerators, aspiring aerators and 
U-tube aerators 

These diffusers are briefly described below. 

Fine pore diffusers: 

These diffusers are made of ceramic, plastic or rubber material and are 
available in the form of plates, domes, discs and tubes. Basically the body of 
the diffuser comprises a network of interconnecting passage ways, a few 
microns in diameter, through which the compressed air flows. On account of 
the large number of pores, the air flowrate per pore would be very low. The 
low air :flowrate and the very fine pore size combined result in relatively 
small bubbles. These devices have the highest aeration efficiencies compared 
to other devices under water depths of 3 to 8 meters. The air supplied 
should be clean and free of dust particles to prevent air side clogging of the 
diffuser. In addition, these devices are also subject to exterior fouling due to 
the formation of biological slimes or inorganic precipitants. Fouling has been 
found to considerably reduce the aeration efficiencies of these devices after 
some use on account of the increased pressure drops and larger bubble sizes 
resulting from the nonuniformity of air flow through the clogged diffuser. 
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Cases have been reported where the diffuser clogging has increased the head 
loss across the ceramic diffuser from 15 cm to 46 em of water (5). In 
addition to the reduced aeration efficiency, clogging also increases maintenance 
costs. 

Nonporous diffusers: 

These diffusers are available in several types such as perforated pIPIng, 
spargers, slotted tubes, perforated hoses and static tubes. These devices have 
much larger orifices (typically 3 mm to 13 mm dia). On account of the large 
orifice size, these devices produce large bubbles and hence have lower aeration 
efficiencies. However, they are less subject to dogging problems and thus have 
lower maintenance costs. 

Other devices: 

These include jet and U-tube aerators and aspiring devices. Jet aeration 
combines liquid pumping with air diffusion (5). A pumping system recirculates 
the liquid in the aeration basin ejecting it with compressed air through a 
nozzle assembly. U.,.-tube aeration consists of a deep shaft that has central 
downcomer surrounded by an outer riser tube. Air is added to the influent 
water in the downcomer, the mixture travels to the bottom of the shaft and 
then back to the surface. Since the air-water mixture is subject to great 
depths, the high pressure produces very high oxygen transfer into the 
solution. The aspiring device comprises a hollow tube with an electric motor 
on one end and a propeller at the other. The pump draws air from the 
atmosphere and injects it under water at high velocity creating large scale 
turbulence and consequent diffusion of the air bubbles into the water. 

Figure 1.2 shows a comparison of the aeration efficiencies of the porous 
and non-porous diffusers. Comparison of the other devices in a similar 
manner is not productive due to their site-specific aeration efficiencies. 

Though the fine pore devices have the highest aeration efficiencies (when 
new) of all the devices in the water depth range of 3 to 8 meters, these 
devices have poor aeration efficiencies at low water depths. This is primarily 
due to the lowering of the contact time of the bubbles with water (on 
account of the low depth) and the pressure drop across the diffuser, whIch 
becomes a larger percent of the water depth. 
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The SAF Diffuser: 

As already mentioned, the aeration efficiency of an aeration device 
depends on the bubble size, the bubble rise velocity, the mixing effected by 
the induced flow and the energy input required to compress the air to 
produce the bubbles. In order to obtain high transfer efficiencies, it is 
essential to optimize the combined effect of these parameters. In the SAF 
diffuser design, this is achieved by controlling the geometric configuration of 
the device. 

The design of the SAF diffuser is based on the air lift principle. The 
diffuser essentially uses a vertical composite draft tube immersed in the body 
of water to be aerated (see figures 1.3 and 1.4). The term "composite draft 
tube" is used to denote a tube whose cross sectional area varies along its 
length in a prescribed manner. A buoyancy induced water flow field is 
created inside the tube by injecting air through 0.5 mm to 1 mm diameter 
peripheral orifices located near the inlet end. The induced water velocity 
exerts a drag on the bubbles that are being formed at the peripheral orifices. 
This additional drag force causes the bubble to detach from the orifice much 
before it grows to the normal size which it would have otherwise attained in 
a stagnant water body. Figures 1.5 and 1.6 show a schematic of this process. 
Figure 1.5 shows the formation of a bubble in stagnant water. The main: 
forces acting on the bubble are those of buoyancy (a lifting force tending to 
detach the bubble), and surface tension and inertia (restraining forces which! 
oppose bubble detachment). The bubble size would be determined by the 
balance of these forces. In the case of bubble formation shown in figure 1.6, a 
vertical tube has been introduced at the outlet of the nozzle. The bubbles 
rise through the tube and fill it partly. Introduction of the bubbles into the 
tube causes a buoyancy induced flow through it. This induced flow exerts a 
drag force on the bubble forming at the nozzle. Thus in addition to the 
forces considered in the case of the bubble formation in stagnant water shown 
in figure 1.5, we have an additional drag force in the case of the bubble 
formation in the induced flow field shown in figure 1.6. On account of this 
drag force, the size of the bubble forming in the induced flow field would be 
smaller than the size of the bubble forming in stagnant water for the same 
air flowrate. For a given air flowrate, the induced water velocity at the 
nozzle and hence the bubble size would depend upon the tube dimensions. 
This dependence provides a unique way of controlling the bubble size. This is 
the basic idea behind the design of the SAF diffuser. The only difference 
between the schematic of figure 1.6 and the SAF diffuser is that in the SAF 
diffuser the orifices are provided on the periphery of the tube near the inlet 
end. The geometric proportions of the device and the size and the number of 
the peripheral orifices can be varied to achieve optimal operation in a variety 
of applications. 

Several geometric configuJ,'ations of the device are possible. For example, 
the device can be of circular planform or of rectangular planform (see figure 
1.7). The transition from the tube inlet (smaller cross section) to the main 
tube body (larger cross section) can be in the form of a sudden expansion or 
a gradual one. The size of the orifices can be varied from a few microns (fine 
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pores) to about 0.5 to 1 mm. or even higher values depending upon the water 
quality and the site specific :requirements. They can also be non~ircular. 
These orifices can be arranged along the periphery of the inlet tube or along 
the ch:cumference of a tube placed concentrically within the inlet tube (see 
figure 1.8). Also, in order to increase the rangeability of the device in respect 
of air £lowrate and to achieve uniformity of air flow, the peripheral orifices 
are arranged in modules, each module containing a particular number of holes 
(se. e figu. re 1.8). S. ince t. he perip.heral. or.ifices are· arranged in the vertical 
plane, it would be possible to accommodate more orifices for a given plan 
area of the diffuser than would be possible with conventional designs, with 
holes arranged in a horizontal plane. This results in reduced energy losses and 
increased rangeability for the device. 

A detailed experimental study to explore the feasibility of the concept 
of the SAF diffuser was undertaken. The main processes associated with the 
performance of the SAF diffuser are the following: 

• Creation of a buoyancy induced flow field in the tube ( for the 
sake of Simplicity the SAF diffuser is referred to as "tube" 
hereafter). . 

• Formation of air bubbles in the buoyancy induced flow field and 
coalescence/breakup of the bubbles as they rise through the tube. 

• Discharge of the air ..... water mixture from the tube into the water 
body outside thereby creating a plume. 

• Mass transfer from the air bubbles to the water as the bubbles rise 
through the tube and the plume. 

Considering an air~water system, the independent variables that affect 
the above mentioned processes are the following. 

• Air flow rate 

• Geometry and dimensions of the diffuser 

• Size, number and spacing of the peripheral orifices 

• Diffuser submergence below the water surface 

The effect of the above rarameters on the performance of the 
SAF diffuser was the main focus 0 this study. The theoretical considerations, 
the experimental studies and the results are presented in the following 
chapters. 
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Chapter 2 

Theoretical Considerations 
and Experimental Objectives 

As outlined in Chapter 1, the SAF diffuser envisages the control of the 
bubble size and the bubble rise velocities in a plume by generating bubbles in 
the buoyancy induced flow field inside a vertical composite draft tube. In 
order to design and optimize such a device, one should be able to predict the 
induced velocities and the mass transfer characteristics for a given geometry 
of the device and system characteristics. Since many of the physical processes 
involved in the functioning of the device are yet poorly understood, 
experimental studies were planned to understand and assess the effects of 
various hydrodynamic and geometric parameters that affect the performance of 
the device. Before that,· however, the following simplified analysis was 
undertaken to identify the significant dynamic and geometric parameters to be' '" 
considered in the experimental studies. 

2.1 BUBBLE SIZE.' 

The bubble size is controlled by the processes of bubble formation, 
coalescence and breakup. In addition, the effects of the pressure variation and 
the mass transfer during ascent of the bubble also need consideration. Here 
only the effect of the induced velocity on the bubble size at formation is 
analysed. The objective here is to get an idea of the magnitude of: the 
induced water velocities necessary to produce bubbles in the size range of 2 
to 3 mm. 

Bubble formation over a submerged orifice is influenced by several 
parameters such as the orifice size, shape and orientation, the gas flowrate 
through the orifice, the system pressure above the orifice, turbulence in the 
liquid column, physical properties of the liquid, velocity of the continuous 
phase and the volume of the gas chamber associated with the orifice,. 

With regard to the volume of the gas chamber, investigators have 
classified bubble formation as occurring under anyone of the following 
conditions (7, 8, 9): 

.) 1 Constant flow (this corresponds to very small gas chamber 
volume) 
Constant pressure (when the gas chamber volume is very large) 
Intermediate between (i) and (ii) 
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For a given air fLowrate and orifice diameter, the bubble size increases 
with the increase in the chamber volume. The bubble formation is affected by 
both the air pressure within the bubble and the air pressure in the chamber 
associated with the orifice at any instant during the bubble formation. 
Davidson and Schiller (7) assu:rne that either the pressure within the chamber 
is constant, which corresponds to the condition when the chamber volume is 
very large or that the gas fLowrate into the bubble is constant, which 
corresponds to the situation when the chamber volume is negligible. At 
intermediate values of the chamber volume, the pressure within the cha:rnber 
and the bubble and the gas fLowrate into the bubble varies. Hence the effect 
of the chamber volume on the bubble size needs consideration while sizing the 
plenum chamber which houses the peripheral orifices of the diffuser. 

Experimental results of Miyahara et al (10) for orifices of diameters 0.5 
mm and 1 mm with chamber volu:rnes of 130 cc have shown that the effect 
of the chamber volume disappeared when the number of orifices was more 
than 19. The result could be interpreted as a cut-off below 6.84 cc[orifice. 
Since the SAF diffuser is also contemplated to be designed with orifices in 
the size range of 0.5 to 1 m:rn in diameter, if the plenum chamber of the 
diffuser is provided with a volume per orifice much lower than that given 
above, the effect of the chamber volume on the bubble size can be neglected. 
Also, with a very small chamber volume per orifice, the bubble formation can 
be assumed to occur under nearly constant flow conditions. 

Many theoretical models have been have been proposed to describe 
bubble for:rnation. Most of them depended on a force balance at the moment 
of detachment of the bubble, assuming the bubble to be spherical (11, 12, 13, 
14). A similar analysis is presented here for air bubbles forming in water. 
Considering an isolated bubble forming in flowing water, the main forces 
acting on the bubble at the time of detachment can be grouped as lifting 
forces and restraining forces as describ~d below (see figure 2.1): 

Fi = Inertia Force 

F u = Surfa.ce Tension Force i 
Fb = Buoyancy Force 

Fd = Drag Force 
I 

I 

, , 

1- Vao 
-ifif-~ T AIR 

do 

-~, 

Fig. 2.1 Bubble formation - Definition sketch 
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Lifting forces: 

a) Buoyancy force (Fb): 

Fb = Pw g ~db3 (2.1) 

where 
P w = density of water 
g = gravitational acceleration 
db = bubble diameter at the time of detachment from the orifice 

b) Drag force (F d): 

C [V ds]2171"d2 Fd = d P w 0 ~ at: '2' 4' b (2.2) 

where 
Vo = water velocity in the tube across the orifices 
Cd = drag coefficient 
~ = rise velocity of the center of the bubble 

Several studies of bubble formation in water (13, 14) have shown that 
the contribution of the term * towards the drag force on the bubble during 
formation is small compared to the other forces. Hence, neglecting this term, 
the drag force can be expressed as 

Fd = Cd Pw ~2 i db2 (2.3) 

Restraining forces: 

a) Surface tension force (F 0-): 

F(T = 71" do ()" cos 'Y (2.4) 

where 
do = diameter of the orifice 
()" = surface tension 

'Y = contact angle 

b) Inertia force (Fi): 

Fi = (Pa Vb+ Pw VI) a (2.5) 
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where 
a = acceleration of the bubble 

VI = liquid volume associated with the bubble motion 

rob3 
= Ca T (2.6) 

Vb = bubble volume at the time of detachment 

Ca = added mass coefficient 

Pa = density of air 

While developing expressions for the inertia force associated with 
bubbles forming in stagnant water, Gaddis et al (13) assumed that the 
acceleration at the time of the bubble detachment can be expressed in terms 
of the mean bubble velocity during the bubble formation and the bubble 
fOrmation time. With this assumption, the expression for the acceleration 
becomes 

where 

a w =r .1' (2.7) 

w = average velocity of the bubble during the bubble formation, 

t1'= formation time of the bubble 

The mean velocity w can be expressed in terms of the vertical 
displacement s of the bubble center from the orifice as 

w == t (2.8) 

Several experimental studies (13, 14) on bubble formation in stagnant 
liquids have shown that the distance s can be expressed as s = Ks db where 
Ks is a constant. 

The bubble formation time tr is given by 

t1' - Vb 
-~ 

_ 7r db 3 (2.9) 
- 6 Qao 

Substituting for the distance s and the bubble formation time t1' in 
equation (2.8), 

w == 6Ks9ao 
'If' db2 

(2.10) 

Using the expressions for wand t1' in equations (2.7) and (2.5) and 
neglecting the gas momentum, the inertia term becomes 
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(2.11) 

where 

K. ~ 6Ca Ks pw 
':I. ~ 

'ff 

Thus the force balance at the time of bubble detachment gives, 

In the above equation, the surface tension force is constant for a given 
orifice diameter. If we assume that the water velocity is zero, the bubble 
detachment is gove. rned. by the .. buoy.ancy, surface tension and inertia forces. 
For extremely small air flowrates (Qao~ 0), the inertia force becomes very 
small compared to the other two forces and the bubble diameter is 
determined by the balance of the buoyancy and the surface tension forces. 
The force balance then becomes 

p w g ~ db 3 = 'ff do (J' cos 'Y 

db = [6 do (J' cos 'YJ 1/3 
Pw g 

(2.13) 

As the air flowrate is increased, the buoyancy and the inertia forces 
incr~ase while the surface tension force remains the same. At large air 
flowrates, the bubble detachment would then be governed by the balance 
between the buoyancy and the inertia forces. 

The present investigations envisage studies on orifices in the size range 
of 0.5 mm to 1 mm up to air flowrates of· about 5 ccls per orifice. A 
comparison of the forces at the time of detachment acting on a bubble 
forming over a 0.5 mm diameter orifice in stagnant water, under an air 
flowrate of 5 eels, computed from equations (2.1), (2.4) and (2.11) is shown 
below: 

Buoyancy (N) 

0.083087 

Surface tension (N) 

0.000114 

Inertia (N) 

0.082973 

The computations were done with Ca = 11/16 and Ks = 3/4 based on 
available literature (12, 13). Also in the computations, cos 'Y was assumed as 
unity. This would correspond to maximum surface tension force. 
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From the above comparison, it is seen tha.t the surface tension force is 
very small compared to the buoyancy and the inertia forces. Drag forces vary 
considerably and will be included. Hence, neglecting the surface tension term, 
the equation (2.12) can be written as 

(2.14) 

The air £Lowrate through the orifice can be e:xpressed in terms of the 
orifice diameter: 

Qao = i do 2 Vao (2.15) 

where 

do = diameter of the orifice 

Vao = air velocity through the Orifice 

In the equation (2.14), the drag coefficient is a function of the Reynolds 
number. Assuming the bubble to be spherical, the drag coefficient for the 
bubbl.es considered .. in this study, which fall in the Reynolds number range of 
250-1200 have values lying in the range 0.4 to 0.6. A mean value of 0.5 is ' 
assumed as an approximation in this analysis. Substituting this value in 
equation (2.14) and combining equations (2.14) and (2.15) and Simplifying, we 
get 

where 

(2.16) 

Frb = Froude number based on the bubble diameter and the 
induced water velocity 

= Vo 
[fCIb 

01 = 9 04 Ks 

02 - Cd 'If 
- 4 

= 0.38 (assuming Od=0.5) 
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It appears that equation (2.16) accounts for the effect .of the orifice 
diameter while predicting the bubbfe size. However by expressing Vao in 
terms of the air flowrate as given by .equation (2.15), we get an expression 
for the bubble size independent of the orifice diameter, or 

db ::;:: 01 {4/7r)_ao . 0'5 [ Q 2 JO.25 

gdb+C2 Vo2 
(2.17) 

Equations of the above form have been proposed by several researchers 
(13, 15, 16, 17) to predict the bubble size in stagnant water. The bubble size 
predicted by the above equation is independent of the orifice size. Hence the 
above equa.tion is only useful for predicting bubble sbles for large air flowrates 
where the bubble detachment is primarily ~overned b~ the fo.rces of buoyancy. 
and inertia. Several experimental results l14, 18) of bubble formation over 
orifices in the diameter range of 1 mm to 6 mm operating with air flows in 
the range of 1 to 10 cc{s have shown that in this range of air fiowrate, the 
bubble size is dependen on the orifice diameter, the bubble size increasing 
with the orifice diameter for a given air flowrate. In the present study, the 
air flowrates per orifice would be below about 5 eeLs and the orifice 
diameters will be in the range 0.5 mm to 1mm. Hence the equations of the 
above form need to be modified for application in the intermediate range of 
air flowrates where the air flowrate as well as the orifice diameters are ... 
important. 

Sada et al. (18) have developed an experimental correlation for air 
bubble formation in flowing water over an orifice placed parallel to the liquid 
flow. Their relationship is 

db _ 1 55 [ V ao 2 1 o· 2 

00 -. gdb+0.33Vo2J 
(2.18) 

Equation (2.18) is similar to equation (2.16) except for the exponent of 
the term on the right hand side of the equation. The correlation predicts the 
bubble size taking into account the effect of the orifice diameter, with the 

bubble diameter varying as doo. 2 when the Froude number (Frb) is large 
enough. The experimental results for orifices in the size range 0.8 mm to 3 
mm showed good agreement with the predicted values (18). 

Figure 2.2 shows the bubble sizes predicted by the equations (2.16) and 
(2.18) for orifice diameters of 0.5 mm, 1 mm and 2 mm In the air flowrate 
range of 1 to 10 eels. Equation (2.16) predicts the same bubble size for all 
the three orifices whereas the equation (2.18) predicts different bubble sizes 
for the three orifices, the bubble size for a given air flowrate increasing with 
the increase in the orifice diameter. The trend predicted by equation (2.18) 
was in agreement with the experimental observations (18). 
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Figure 2.3 shows the effect of the induced water velocity on the bubble 
size predicted by equatio. n (2.18) fo .. r a 0.5 mm diameter orifice. For a given 
air flowrate, as the water velocity is increased the bubble si~e decreases. 
Bubble diameter of 2.2 mm is achieved for an air flowrate of 1 cc/s with an 
induced water velocity of 50 cm/s. For an air flowrate of 3 cc/s, bubble sil1Jes 
less than of 3 mm are achieved with induced water velocities of about 80 
cm/s or more. 

Figure 2.3 also shows comparison of the bubble sizes for orifices of 
diameters 0.5 mm and 1 mm. The results indicate that the bubble sizes for 1 
mm diameter orifice are close to those of 0.5 mm diameter orifice though the 
associated induced velocities are higher. 

The above analysis brings out the following conclusions: 

• In the range of the orifice sil1Jes and the air flowrates proposed in 
the study, the bubble sbe at formation depends on the orifice 
diameter, the air flowrate per orifice and the induced water 
velocity. For a given orifice diameter, the bubble size can be 
decreased by decreasing the air flowrate per orifice as well as by 
increasing the induced water velocity. 

• The bubble size produced by 1 mm diameter orifice is slightly I 

larger than the bubble sil1Je produced by 0.5 mm diameter orifice., 

• The induced water velocity required for producing 2.2 mm diameter 
bubbles over a 0.5 mm diameter orifice, for an air flowrate of 1 
ccls through the orifice, would be about 50 em/s. 

Baving obtained an estimate of the required induced water velocity in 
the tube, the details of the flow in the tube are analysed next. 

2.2 FLOW CHARACTERISTICS IN THE TUBE 

2.2.1 Flow Velocity 

When the device is submerged in a homogeneous body of water without 
any air being injected into it, the weight of the water inside the tube is 
exactly balanced by the pressure exerted on it by the neighboring fluid 
outside the tube. Introduction of air modifies the hydrostatiC pressure 
distribution inside the tube because of the reduction in the density of the 
air-water mixture in the tube as compared to the water outside. As a 
consequence, the fluid inside the tube gains kinetic energy. 

Considerin~ the fluid as ideal, through an energy balance across the 
tube, the followmg chimney equation is obtained (see Appendix A): 
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where 

v [2a]O.5 
Frw = 4 L:g = (I-a) 

Frw = the tube Froude number based on water velocity 

V w = mean water velocity in the tube 

Le = effective tube length 

= L2 + [L1 (Aop/ Ap)] 

Aop = cross sectional area of the tube inlet 

Ap = cross sectional area of the tube 

a = mean void fraction of air in the tube 

(2.19) 

(2.20) 

The above analysis neglects the surface tension energy of the bubbles 
inside the tube and also all other energy exchanges within the tube. 

Taking into account the energy losses, equation (2.19) is modified as 
below: 

where 

V [2a] Qo5 

Frw = 4 L:g = (l-a)K 

K = overall loss coefficient 

= 1 + Ke + Kex + Kf + Kb + Ks 
Ke = entrance loss term 

= ke Dr~ (I-a) 

Kex = expansion loss term 

Kf = friction loss term 

= f (Le/Dp) (I-a) 

= f Lr (I-a) 

Kb = term representing the losses due to the lateral 
entry of air bubbles into the tube at the ail' inlet 
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t:;: ke Dr4/ (l-,a) 

f = friction factor for air-water bubbly flow 

lee = appropriate contraction loss coefficient at the 
bubble entr.ance region 

(2.26) 

Ks = coefficient of the secondary losses not considered by the 
above loss coefficients 

Dp = diameter of the tube 

Dop t:;: diameter of the tube inlet 

Lr == length ratio of the tube 

== Le/Dp (2.27) 

Dr == diameter ratio t:;: Dp/Dpp (2.28) 

There are terms in equations (2.21) - (2.26) that are not well known. 
Firs~, the. frictional pressu;e drop (represented by Kf) in bubbly flow through 
vertIcal pIpeS shows consIderable departUre from commonly used models of 
Lockhart and Martinelli (19) and .Armand (20). For.·. sma.11 liquid velocities 
a.nd air volumetric quality, the bubbly flow frictional pressure drops have 
been reported to be of the order of 10 - 20 times the corresponding single" 
phase flow values (21, 2.2, 23). Experim.ental studies .of Nakoryalcovet al .. (22) 
indicate that in the bubbly flow regime, the wall shear stress is .significantly 
affected by the void fraction distribution within the tube and that the high 
values of friction factors result from the high void fraction peaks near the 
wa.11. 

Second, one of the effects of the lateral entry of the bubbles from the 
peripheral orifices into the tube is to cause a contraction of the water flow 
and an associated energy loss. The loss coefficient ke given in equation (2.26) 
would then depend on the void fraction and the void fraction distribution 
downstream of the peripheral orifices. 

In addition, there are other energy terms to be considere. d such as the 
surface tension energy of the bubbles, the energy associated with the 
expansion and oscillation of the bubbles during the bubble formation and 
bubble rise. These terms are grouped into a single term Ks. 

In an effort to develop a simplified expression for the three 
aforementioned losses, these losses are combined into a. single loss and a. 
combined loss term Kfb is defined as below. 

Kfb t:;: Kf + Kb + Ks (2.29) 
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Kf and Kb are given by equations (2.25) and (2.26) respectively. Both f 
(eq. 2.25) and kc (eq. 2.26) depend On the void fraction and the lateral void 
traction distribution 1e the void fraction distribution across the cross section 
of the pipe. Though it is recognized that the Reynold's stresses and the lift 
forces experienced by the bubbles are the significant mechanisms governing 
the lateral void fraction distribution, this phenomenon is as yet poorly 
understood (23, 24). In view of this, the limited available published results 
were studied with a view to identify the parameters to be considered for 
developing an empirical relationship for Kfb taking into account the lateral 
void fraction distribution. Experimental resu .. Its of Nakoryakov.et al (22) show 
that the lateral void fraction distribution depends on the mean void. fraction 
and the water velocity. Equation (2.19) already suggests a dependence of the 
water velocity on the mean void fraction. Taking into account this 
dependence and the parameters affecting Kr and Kb as shown in equations 
(2.25) and (2.26) and also assuming that the secondary losses would depend 
on the void fraction and the tube geometry, it is postulated that Kfb could 
be approximated by a functional relationship of the following form 

Kfb ;::: Kfb (c¥, Dr, Lr) (2,30) 

Above functional relationship would be established experimentally. 

2.2.2 Void Fraction 

In order to determine the water velocity using equation (2.21), an 
additional expression for the mean void fraction in the tube is required. The 
void fraction can be expressed as 

a 
_ Ja 
-~ 

J a = Yw+Vr (2.31) 

where 
Ja ;::: mean superficial air velocity in the tube 

= (Qa/Ap) 
Qa = air flowrate 
Ap ;::: cross sectional area of the tube 

Va ;::: mean velocity of air in the tube 

Vr = mean velocity of air relative to that of water 

(mean slip velocity) 
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In the above expression lor the void fraction, J a depends on the air 
:flowrate and the tube diameter. Oonsidering an air water system, the 
independent parameters that conceivably affect the term (Vw+Vr) are the 
superficial ai.l' velocity Ja., the tube dimensions, densities of ail' and water, 
and the gravitational acceleration. These parameters can be grouped on 
dimensional considerations to give a functional relationship of the following 
form: . 

a ;::: a ( ( ~ ), Dr, Lr, Ppw-Pa ) 
.('Leg w 

(2.32) 

Since Po. « Pw, term PTwPa would be practically a const.ant. Hence 

equation (2.32) can be written as 

where 

a ;::: a ( ( 2.L ), Dr, Lr ) 
.('Leg 

;::: a ( ( Fro., Dr, Lr ) 

(2.33) 

J Fra ~~ 

;::: t~b: Froude number based on the superficial air velocity 

Consider such a relationship for the case of homogeneous equilibrium 
flow within the tube. It is recognized that the actual flow within the tube 
would not be homogeneous equilibrium. Here the homogeneous eqUilibrium 
flow is considered only to examine the existence of the relationship of the 
form given by equation (2.33) for such flow. This approximation would mean 
zero slip velocity between water and air. Then we have 

Vr = 0 

Vw ;::: Va 

The void fraction in the tube then would be given by 

J =v! 
Substituting for a from equation (2.34) in equation (2.21), we get, 

_..:,...lJa......, = [ 2a ] 0·6 

a (L;g (l-a)K 
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On rearranging, 

a == (1/2//3 [Ja ]2/3 K1/3 (l-a//S 
~ 

(2.36) 

The above expression was derived on the assumption of ~ero slip 
between the water and the air phases. Merchuk (25) has shown through 
experimental studies that the void fraction in a two dimensional air lift 
reactor can be expressed in terms of the superficial air velocity by the 
following expression: 

(2.37) 

Merchuk (26) has also observed that the correlation for void fraction is 
affected by the system geometry. Merchuk's experimental correlation was 
obtained under conditions with slip velocities between the water and the air 
phases. These findin~ show. that the the functional relationship of the form 
given by equation (2.36) for the void fraction could exist even with slip 
velocities between the water and the air. 

The void fraction within the tube is an important parameter affecting 
the bubble coalescence. According to Radovcich and Moissis (27) the bubble, 
collision frequency increased extremely rapidly above void fractions of 25 per 
cent. Hence it was contemplated that the device would be designed with low 
void fractions ranging up to about 15 per cent. For such low void fractions, 

the term (1- a)l/s is. very nearly equal to .unity. Hence, neglecting this term, 
equation (2.36) reduces to the following form: 

a == 0.794 .[ J g .]2/3 K1/s 
~ 

(2.38) 

As shown by equations (2.21) through (2.26), the term K, representing 
the losses in the tube, depends on the tube geometry and the void fraction. 
Introducing this dependence into equation (2.38), we get 

a == a ( ( ~ ), Dr, Lr ) 
(Leg 

(2.39) 

Such a correlation would enable the determination of the mean void 
fraction in the tube from known values of the air flowrate and the 
parameters describing the tube geometry i.e. the length ratio, Lr and the 
diameter ratio, Dr. . 
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2,3 MASS TRANSFER 

The following parameters are commonly used for the performance 
evaluation of diffusers in respect of mass transfer (28): 

Mass Transfer Coefficient 
Standard Oxygen Transfer Rate 
Standard Aeration Efficiency 

These parameters are briefly discussed below: 

MIUIB Transfer Coefficient, KIA: 

The well known "Two Film" theory was proposed by Lewis and 
Whitman (29). According to this theory, there eJOsts a thin film of the gas 
and another of the liquid at the interrace between a gas and a turbulent 
liquid. The gas passes through these films by a slow rate of molecular 
diffusion. The resistance to gas transfer is controlled by the molecular 
diffusion process through these films. In the case of a gas of low solubility, 
like oxygen in water, the gas film offers very little resistance as compared to 
the liquid film and the controlling resistance occurs in the liquid film (30). 
The concentration of oxygen at the liquid film interface is in equilibrium with 
the gas phase and yields a saturation condition as defined by Henry's law 
(2). On the liquid side of the film, the gas concentration is assumed to be" 
uniform ( ie a well mixed liquid ). 

Lewis and Whitman (29) assumed a steady state transfer process across 
the film. Subsequently, several theories have been put forth to take into 
account the unsteady nature of the film (31, 32). 

Taking into account the resistance of the liquid film and neglecting the 
resistance of the gas film, the mass flux of oxygen across the interface can be 
expressed as 

where 
Fm 
Cs 

C 

Fm = Kl (Cs .... C ) 

= mass flux ( per unit area of interface ): (mass/(area.time)) 
= saturation concentration of oxygen in water: (mass/volume) 
= concentration of oxygen in water: (mass/volume) 

Kl = liquid film coefficient: (length/time) 

(2.40) 

The rate of mass transfer across the interface can be expressed by introducing 
the interfacial area A into equation (2.40). 

(2.41) 
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where 
mt :;::: rate of mass transfer across the interface: (mass/tiIne). 

The product KlA is termed the mass tram;fer coefficient: (volume/time) 

The above equation can be expressed in terms of concentration units as 
below 

where 

dC 1 dm KIA (C C) at:;:::V aT:;:::~ s~· 

:;::: KIa (Os ~ C) (2.42) 

v :;::: volume of the liquid in which the concentration, C, is 
determined 

KIa :;::: volumetric mass transfer coefficient 

:;::: ¥ : (l/time) (2.43) 

From equation (2.43), it is seen that for a given water volume,. KIa 
depends on the liquid film. coefficient Kl and the interfacial area A. 

Standard Oxygen Transfer Rate (SOTR): 

The SOTR is defined as the oxygen transfer rate (mass of oxygen per 
unit time dissolved in a volume of water) when the dissolved oxygen 
concentration is ~ero at all points in the water volume, water temperature is 

20°C and barometric pressure is 1 atro (28). From equation (2.41), we get 
SOTR as 

(2.44) 

Css :;::: dissolved oxygen saturation concentration at standard 
atmospheric pressure 

(KIA and Css are the values of the parameters at 20°C). 
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Standard Aeration Efficiency (SAE): 

SAE is the SOTR per unit power input. 

SAE ;::; SOTR / power input. (2.45) 

Developing a relationship for K1A: 

Neglecting the effects of changes in bubble volume due to bubble 
expansion, coalescence, breakup and· mass transfer and the change in air 
£lowrate due to the pressure variations, the interfacial area A can be 
approximated as below in terms of the air flowrate, the bubble diameter, and 
the bubble residence time. 

where 

Let N denote the number of bubbles in the water body at any instant. 

N ;::; Qatr/ «1'1/6) db S) (2.46) 

Qa ;::; air flowrate through the diffuser 

tr ;::; bubble residence time 

db ;::; equivalent bubble diameter at formation 

The interfacial area A would be given by 

A ;::; (number of bubbles) x (surface area of one bubble) 

;::; 6 Qa tr / db (2.47) 

In the case of conventional diffusers, excluding the mass transfer at the 
water surface, all of the mass transfer takes place in the plume and no mass 
transfer takes place inside the diffuser. However, incase of the SAF diffuser1 
the buoyancy induced flow has two parts; one part lying within the tube and 
the other, outside the tube. In the analysis that follow, the term bubble 
column is used to denote the entire buoyancy induced flow field including the 
part within the tube and the free shear flow outside. The term plume is used 
to denote the buoyancy induced free shear flow outside the tube. The mass 
transfer takes place within the tube as well as in the plume outside. Thus 
the overall mass transfer coefficient KIA can be expressed as the sum of two 
components as below. 

KIA ;::; KIA t+ KIApi 

;::; 6 KIt ~a trp + 6 KIp Qa trp 
bt CfbP (2.48) 
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where 

KIAt 
KIApl 
Klt 
Klp 

trt 

t rp 

dbt 

dbp 

:=: overall mass transfer coefficient 
:=: mass transfer coefficient applicable to the entire bubble 

column 
:=: mean KIA for the tube 
:=: mean KIA for the plume 
:=: mean li quid film coefficient for the tube 
:=: mean liquid film coefficient for the plume 
:=: mean bubble residence time in the tube 
:=: mean bubble residence time in the plume 
:=: mean bubble diameter in the tube 
:=: mean bubble diameter in the plume 

The means are weighted in terms of their influence upon KIA. 

The parameter planned to be investigated in detail in the proposed 
experimental study was the overall mass transfer coefficient KIA. Since masS 
transfer occurred within the tube as weHas in the plume, the effect of the 
length of the tube relative to that of the submergence needed to be 
considered in the study. 

In order to identify the appropriate non dimensional parameters that 
would influence KIA, the following analysis was undertaken. The analysis 
considers an air water system. The two parameters Kl and A are considered 
separately. In the analysis that follows, simple buoyant plume theory (single 
phase) is applied to the bubble column. The analysis neglects the effect of 
the tube on the plume flow characteristics. The limitations of such an 
analysis are recognized. It is assumed that the Boussinesq approximation is 
still appropriate since the difference in the densities of the air-water mixture 
in the plume and of the ambient water is very small. 

Parameters affecting the interfacial area A: 

Consider an elemental volUme/strip of the bubble column ata distance 
of Z £.orm the air inlet (see figure 2.4). Let the number of air bubbles i .. U this 
elemental strip be equal toN. Assuming the bubbles to be spherical, the 
volume of air in the elemental strip would be given by 

(2.49) 

where 
dbc :=: equivalent mean bubble diameter in the elemental strip 

This volume can also be expressed in terms of the void fraction as 
below 

Vc =ac (1f/4) Dc2 dZ (2.50) 
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where 
ac ;:::;: mean void fraction in the elemental strip 
Dc ;:::;: diameter of the elemental strip 

The interfacial area Au of all the bubbles in the elemental strip can be 
expressed as 

Ac ;:::;: N ?f dbc2 (2.51) 

From (2.48), (2.49) and (2.50), we get 

(2.52) 

In order to estimate the interfacial area using (2.52), we need 
expressions for the terms ac, Dc and dbc. These terms are considered one by 
one below. 

Consider the term au. This term represents the mean void fraction in 
the bubble column. Limited experimental results are available on the spatial 
variation of void fraction in bubble plumes. Some of the experimental results 
indicate that the void fraction profile follows Gaussian distribution (33, 34). 
Morton et al (35) have analysed the simple vertical round plume by making 
the simplifying assumption of uniform velocity profile within the plume. 
Results of their analysis are used here to make a qualitative assessment of 
the parameters that affect the inter{acial area in the bubble column. Their 
analysis gave the following expression for the axial density variation: 

where 

2/3 -5/3 pw - pc _ C B Z 
g Pw - ~ 

Pw ;:::;: density of ambient water 

Pc ;:::;: density of the air-water mixture in the bubble column 
B := initial specific buoyancy flux 

Z = axial distance from the source or virtual origin 

ce = entrainment coefficient 

C = constant 

The initial specific buoyancy flux is given by 

B = Qa g (Pw-Pa) / Pw 

Pa = density of air 
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The density of the air .... water mixture in the bubble column is given by 

Pc -= (l-~) Pw + ~ Pa (2.55) 

Since Pa « P w, the denaity of the air~water mixture can be written as 

(2.56) 

Assuming that the distance between the virtual plume origin and the 
air inlet is very small compared to Z and substituting for the buoyancy flux 
from equation (2.54) and the mixture density from equation (2.56) into 
equation (2.53), an expression for the void fraction in the strip is obtained as 
below: 

(2.57) 

or 

(2.58) 

where 

0 3 = constant containing the entrainment coefficient 

The above expression for ac can be expressed in terms of the superficial. 
air velocity in the tube as 

... « [J~;p 1'/, [~rl' (2.59) 

F 2/a [Z .. ]..-5/3 
IX dt· lJn 

. p 
(2.60) 

where 

F dt::::: tube FrQude number based on the superfi.cial air velocity 
and the tube diameter. . 

Now consider the term Dc. Dc hi the diameter of the air filled portion 
of the bubble column at distance of Z from the odgin. Morton et a1 (35) 
have shown that for simple plumes the width varies linearly with the distance 
from the virtual origin. Assuming a similar variation for the column diameter, 

Dc ::::: 04 Z (2.61) 

04 ::::: constant 
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Next consider the mean bubble size dbc. Neglecting the effects of the 
static pressure variations, the mean bubble 'size within the bubble column 
would be governed by the processes of bubble formation at the peripheral 
orifices and the bubble coalescence occurring as the bubbles :dse through the 
tube and plume outside. Fora given water quality and orifice con:fi8¥ration, 
these processes would depend on the air flowrate, void fraction, the distance 
of the strip from the origin, and th,e geometric configur, ation of the tube. 
Azbel (36) has shown, that the mean bubble size in mass, bubbling depends on 
the diffuser submergence and the void fraction. As seen from the equation 
(2.60), the void fraction depends on the tube Froude number Fdt a.nd the 
distance Z. Thus the mean bubble size should depend on the Froude number 
Fdt, the distance Za.nd the geometric parameters of the tube namely the 
diameter ratio D~ an, d the, length ratiO, ,Lr,' The, experimental results of Akita 
and Yoshida (37) also show the dependence of the mean bubble size in a 
bubble column on the Froude number based on the superficial ga.s velocity. 

Considering the above, from dimensional 
rela.tionship is assumed for the bubble size: 

considera.tions the following 

where 

[ Qa ] 1/2 a." b 
dbc IX ~. Lr Dr (2.62) 

Uc = mean velocity in the bubble column at distance of Z from 
the origin 

As shown below, equation (2.62) is equivalent to assuming a. functional 
relationship for the bubble .size in terms of the Froude nurober, distance from 
the origin and the tube geometry. 

The simple plum.e theory is again used here to express the mean 
velocity Uc in tenris of the distance Zfrom the origin. The mean velocity in 
a plume can be expressed in terms of the initial buoyancy flux and the 
distance fro:mthe origin (35): . ' 

Uc = C5 B 11s Z-l/s (2.63) 

where 

C5 = constant containing the entrainment coefficient 

Substituting for the buoyancy flux. in terms of the air flowrate from 
equation (2.54) into equation (2.63) and then substituting equation (2.63) into 
equation (2.62), 
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[. 2.L- fla [&J 1/6 L/' Dr b [wp. p 
(2.64) 

Thus it is seen that the equation (2.62) expresses the bubble aize in 
terms of the Froude number, the distance Z and the tube geometric 
parameters. 

Substituting fOf ac, Dc and dbc from equations (2.59), (2.61) and (2.62) 
into equation (2 .. 52), we get the following expression for the interfacial area 
Ac: 

(2.65) 

where 

Co :::;: constant 

Expressing the air fiowl'ate Qa in terms of the superficial air velocity 
J a, the a.bove expreSSion becomes 

- C Ja11s Dr/hI LaD b z· 1/6 dZ Ac - . 7 . . It 6 . .. r r 
g 

07 c:;: consta.nt 

Parameters affecting Kl: 

(2.66) 

The liquid film coefficient Kl depends on the bubble size as indicated in 
the experimental results of Barnha.rt (2), Motarjemi et a1 (38) and Akita and 
Yoshida (37), In... a.ddit.ion, Kl W.OUld also be. influenced by the Jiq. uid phase 
diffusivity, liquid density, kinematic viscosity of the liquid and the rise 
velocity of the bubbles (37). 

There exists considerable differences in the variation afKl with bubble 
size reported jn various studies. The results of Barnhart (2) and Motarjemi 
(38) show that Kl teaches a maximum value for the bubble size of about 2.2 
mm whereas the results of Akita and Yoshida (37) show that in the bubble 
size range of 1 to 8 mm, Kl increases with the bubble diameter as db1./ 2 (db 
:;:: bubble dia.meter). The differences observed in these results appear to be 
mainly due to the differences in the flow field around the bubbles in these 
experiments. The experiments of Barnhart and Motarjemi were conducted 
with bubbles rising in neady stltgnant water with .low void fractions whereas 
the experimental results of Akita and Yoshida pertained to mass bUbbling in 
vertical bubble columns. 
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The surface renewal theory (39, 40) gives the following expression for 

(2.67) 

where 
Dow == molecular diffusivity of oxygen in water 
". == char.acteristictime constant 

". re.tJresents the average residence time for an element in the interfacial 
. region (40). When the surface. renewal is very quick, ". will be correspondingly 
small. ". would depend upon the characteristics of the flow around the bubble. 

Oonsidering a bubble in a turbulent flow field, let .1 be the size of the 
eddy causing the surface renewal. If we assume that the characteristic time 
constant can be approximated as the time scale of the boundary layer formed 
by the eddy, then r can be expressed as 

where 

1 
r 

ue == characteristic velocity of the eddy 
v == kinematic viscosity of the liquid 

(2.68) 

Azbel (36) has shown that Kl for mass transfer from bubbles in a 
bubble swarm can be expressed as 

Kl ~ D//2 //4 ... (l~p,1h 
- TT (£ v) if 4 (1~q/7a/14 

(2.69) 

where 
¢ == void fraction 
Dl == molecular diffusivHy of the gas in the liquid 
u == velocity of large scale eddies 
t == size of largest eddies. 

For low void fractions) the terms containing ¢ would be close to unity. 
Hence the above equation can be Simplified as . 

_ D11h U3/ 4 
Kl ~ - '* 7l" (lv)1f 4 

(2.70) 
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It can be seen that the time constant associated with expression (2.70) 
is identical to that given by expression (2.68). 

The sble of the largest eddies in the bubble column would be of the 
order of the column width and the eddy velocity would scale with the mean 
flow velocity. 

u 0( Ue (2.71) 

The mean velocity in a plume can be expressed by equation (2.63) in 
terms of the initial buoyancy flux and the distance from the origin (35). 

Ue := C5 B l/ s z~lls (2.72) 

Since the plume width varies linearly as the distance from the origin the 
eddy size can be expressed as 

(2.73) 

Substituting for u and l from equations (2.71), (2.72) and (2.73) into 
equation (2.70) and considering an air water system, we get 

where 
Klc = mean liquid film coefficient for the strip 
Dow = molecular diffusivity of oxygen in water 
Vw = kinematic viscosity of water 

(2.74) 

Substituting for the buoyancy flux in terms of the superficial air 
velocity in the tube, the above expression becomes 

K - C Dow1/2 gl/4 D 7/6 J 1/4 Z~1/2 
Ie - 9 If 4 . . p a 

Vw 

C9 := constant 

Functional relation for KIA: 

(2.75) 

Combining expressions (2.66) and (2.75) we get the following form of 
relationship for KlcAc. 

K A Do//2 gl/ 12 D 7/ 6 J 7/12 L· a Db ·Z_l/ S dZ 
Ie e ll( if 4 par r 

Vw 
(2.76) 
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To get the value of the K1A for the entire plume, integrate the above 
expression from the inlet to the water surface. 

11. 1/ JIB 
KIAIX Dowl!: .lL 12 0/16 Ja7/12 Lra Drb f z-1/s dz (2.77) 

lIw 0 

IX DO'll:?glI12 D/16 Ja1h2 Lrl!- DrbllB2/s (2.78) 

lIw • 

The above expression can be grouped into dimensionless variables as 
below 

or 

where 
Stm = modified Stanton number 

= Kl A 
JI!-Dp2 

Hr = submergence ratio 
= Hs/Dp 

Se ::;:: Schmidt number 
;;: (lIw/Dow) 

Ga ::;:: Galileo number 
::;:: Rslg 

1I£ 
Fs ::;:: submergence Froude number 

_ J a ..... ~ 

~ 
Lr ::;:: length ratio 

= (La/Dp) 
Dr ::;:: diameter ratio 

::;:: (Dp/Dop) 
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(2.80) 

(2.81) 

(2.82) 

(2.83) 

(2.84) 

(2.85) 

(2.86) 
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The proposed studies are planned for an air-water system only. Hence 
in this case, the Schmidt number will be a constant (Se ~ 500). Eliminating 
the Schmidt number, equation (2.80) can be written as 

S H 5/6 G ~1/8 F -5/12 LaD b twO( r a r r r (2.88) 

Considering the assumptions made in the theoretical considerations, a 
functional relationship exactly the same as the above cannot be expected from 
the experimental results. The experimental results can be expected to have 
the following functional form: 

Kl . A 2 = f1 ( Fa, Ga, II:r, Lr, Dr) 
JaDp 

(2.89) 

The above analysis thus indicates that the experimental results can be 
expressed non-dimensionally in terms of the Stanton number, the Froude 
number, the Galileo number, the submergence ratio and the parameters 
defining the tube geometry. 

The dependence of the mass transfer coefficient on the superficial gas 
velocity has been reported by several researchers. Yoshida and Akita (41) 
found the oxygen transfer coefficient in an aeration tower to be described in 
the form 

0'7 
KlA = C1 Jg (2.90) 

where 
Jg = the superficial gas velocity. 

Similar results have also been reported by Murphy et al (42), Blanco et 
al (43) and Hatch (44) with the exponents varying from 0.5 to 1-

Developing a correlation for the Stanton number in the form given by 
equation (2..89) was one of the objectives of the experimental study. 

Such a correlation can be used to estimate KlA for different diffuser 
submergences as well as tube dimensions. Also an estimate of KIAt can be 
obtained by substituting the value of the appropriate air fiowrate and the 
submergence ratio corresponding to the top of the tube in the correlation. 
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2.4 :EXPERIMENTAL OBJECTIVES 

Based on the theoretical considerations dealt with above, experimental 
studies in an air-water system were planned with the following objectives: 

a) To determine an expression for the unknown loss term Rfb in the 
form given by equationJ2.30) 

b) To evolve the empiric relationship for the void fraction in the 
tube given by equation (2.39) 

c) To study the effect of the following parameters on the mass 
transfer coefficient KIA of the SAF diffuser. 
- Number of orifices· 
- Tube geometry 
- Air flowrate 
- Diffuser submergence 

d) To evolve the correlation given by equation (2.89) for the mass 
transfer coefficient KIA 

e) To select an optimum configuration of the SAF diffuser and assess 
its performance characteristics in terms of the Standard Oxygen 
Transfer Rate and the Standard Aeration Efficiency. 
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3.1 OBJECTIVE 

Chapter 3 

Experimental Studies ~ I 
Air~Water Flow in the Tube 

The objective of these studies was to develop empirical correlations of 
the form given, by equations (2.30) and (2.39) which could be used to predict 
the mean phase velocities and the mean void fractions for a family of tubes 
over a wide range of air flowrates in the bubbling regime. 

3.2 THE EXPERIMENTAL FACILITY 

Figure (3.1) shows the details of the experimental facility (45). The 
facility essentlally comprised a large tank :filled with water at the center of 
which the tube under study was mounted. Air was injected into the tube;',. 
through peripheral orifices located near the inlet end. The air was drawn 
from the laboratory air supply through a piping system comprising an air 
filter, pressure regulator, surge chamber, rotameter, pressure and temperature 
indicators and needle valve. 

The studies were proposed on tubes of different diameters and lengths 
as shown in table 3.1. The tubes of diameters up to 1.6 em were studied in 
a tank of size 0.45 m x 0.45 m x 0.65 m (height). The larger tubes were 
studied in a tank of size 1.2 m x 1.2 m x 1.4 m (height). 

The experimental procedure essentially comprised adjusting the air 
£lowrate through the device using the rotameter and the needle valve and 
then measuring the mean water fLowrate and the mean void fraction of the 
induced flow through the device. The water depth up to the air inlet into the 
tube was kept at 0.5 m for all the tubes. Each tube was tested up to a 
maximum air flowrate which corresponded to about 1.4 to 3.6 ccls per orifice 
depending upon the design. The diameter of the peripheral orifices was 1 mm. 

The water temperature was maintained at 200 C (=I: 2° C). The temperature 

of air in the supply tube varied between 18° C and 22° C. 

Special arrangements were made for the measurements of the mean 
water flowrate through the tube and the mean void fraction in the tube. 
These arrangements are described below. 
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..,. ..,. 

Table 3.1 

Details of Tubes studied 

Note: 
Qam = Maximum air flowrate 
Nop = Number of peripheral orifices 
Orifice dia. = 1 mm 

Design Dop Dp ,. Le 
em em em 

Dr Lr Nop Qam/Nop 

-----------------------------------------------------------------------
A 1.1 1.1 1B.92 1.0 17.2 32 1.44 

B 1.1 1.1 26.54 1.0 24.13 32 1.63 

C 1.1 1.265 19.05 1.15 15.06 32 1.65 

D 1.1 1.265 26.5B 1.15 21.01 32 1. 65 

E 1.1 1.605 lB.49 1.46 11.50 32 1.65 

F 1.1 1.605 26.1 1.46 16.26 32 1.65 

G 5.17 5.17 29.B2 1.0 5.76 lOB 3.62 

H 5.79 5.19 25.0 1.12 4.31 lOB 3.62 

I 5.79 5.79 30.2 1.12 6.25 lOB 3.06 



Mean water fiowrate through the tube 

Figure (3.2) shows the arrangement for the measurement of the mean 
water flowrate. The arrangement consisted of an inner tank and an outer 
tank. The tube under study was mounted at the bottom of the inner tank. 
Air water mixture from the tube would discharge into the inner tank. Water 
from the inner tank would be pumped back into the main (outer) tank 
through a circulating pipe housing a flowmeter for measurement of the water 
flowrate. For each experimental condition, the valve in the circulating pipe 
would be throttled so as to maintain the same water level in the inner and 
the outer tanks and the corresponding water flowrate would be equal to the 
mean water flowrate through the tube. IIi order to ensure that the 
introduction of the inner tank did not alter the flow through the tube, 
pressures at two locations were measured in two of the tubes by operating 
the tubes in the outer tank without the inner tank and it was verified that 
the same pressures were obtained while measuring the flow through. the tubes 
by mounting them in the inner tank. 

Mean void fraction 

The volumetric mean void fraction in the tube was :measured using a 
quick shut-off valve. Figure (3.3) shows the details of the shut off valve. The 
valve consisted of a spring actuated rotating arm mounted over a fixed base .. 
The rotating arm was supported by a trigger. The outlet end of the tube, 
under study was connected air tight to a matching opening provided in the 
body of the fixed base. The air supply tube also passed through a hole 
provided in the body of the fixed base. With the rotating arm supported by 
the trigger, a portion of the air supply tube (in the immediate upstream 
vicinity of the location where it passed through the fixed base) is juxtaposed 
in the clearance between the rotating arm and a fixed solid block. The 
rotating arm was mounted in such a way that on releasing the trigger the 
arm would swing over the outlet end of the tube and close the tube, and at 
the same time press the air inlet tube against the solid block thereby 
simultaneously shutting off the air supply. The void fraction would be equal 
to the ratio of the volume of air entrapped inside the tube upon closure of 
the valve to the volume of the tube above the air inlet. 

Two such valves were used in the study, one for the smaller tubes up 
to 1.6 cm dia and the other for the larger tubes detailed in the table 3.1. 
The shut off time of the valve measured in air was in the range of 13 to 15 
milliseconds. -
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Mean velocities in the tube 

From the measured values of the the mean water flowrate Qw and the 
mean void fraction C¥, the mean water and air velocities were calculated using 
the relationships given below: 

Ap = cross sectional area of the tube 
:= (7r/4) Dp2 

Aop = cross sectional area of the tube inlet 
::;: ('ff/4) Dop2 

Jw = superficial water velocity 
= Qw/Ap 

V w := mean water velocity in the tube 
:= Jw/{l-a) 

Vo = mean water velocity in the tube inlet u/s of 
(termed as orifice water velocity in the text) 

= Qw/Aop 

Ja = superficial air velocity in the tube 
= Qa,/Ap 

Va := mean air velocity in the tube 
:= Ja/a 

3.3 EXPERlMENTAL RESULTS AND DISCUSSIONS 

(3.1) 

(3.2) 

the orifices 

(3.3). 

(3.4) 

(3.5) 

The experimental results are shown in Appendix B and figures 3.4 
through 3.18. 

Figures 3.4 through 3.8 show the water flowrates through the tubes. As 
the air flowrate was increased, the water flowrate increased, the rate of 
increase of the water flowrate decreasing with the increase in the air flowrate 
until the water fiowrate reached an asymptotic maximum. The experiments 
were stopped at this upper limit of the water flowrate. For all the cases, the 
tubes with larger diameter ratios were found to h~ve larger water flowrate for 
a given air flowrate. Also the water flowrate was higher for the longer tubes. 

The results of the void fraction measurements are shown in the figures 
3.9 through 3.13. The void fraction increased with the increase of the air 
£lowrate a.nd decreased with the increase of the diameter ratio. The void 
fraction decreased as the length of the tube was increased. 
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Figures 3.14 through 3.18 show the wMer velocities in the tube Vw, 
calculated from the measured water flowrates and void fractions using 
equations (3 . .1) and (3.2). The water velocity increased with the increase of 
the air flowrate and the tube length. For a given air £lowrate, the water 
velocity decreased as the diameter ratio was increased. 

Using the values of the water velocities in the tube, the Froude number 
defined by equation (2.21) was calculated for each experimental point. The 
ideal flow Froude number for each experimental point was also calculated 
from the experimental values of the void fraction using the ideal chimney 
equa.tio. n (equ. ation 2.U». Figu.re 3.19 shows the. compari.son o.f the ideal flow 
Froude number with the real £low values. The difference between the ideal 
chimney equation and the .experimental values arises out of the energy losses 
in the tube. 

As outlined in Ohapter 2, in order to incorporate the losses in the 
equation (2.21), an expression for the loss term Kfb was required. The 
experimental oat a. was used to calculate the loss . term Kfb using the 
equations (2.21) through (2.24) and equation (2.29) and an empirical 
functional relationship of the form (2.30) was established thl'Ough multiple 
regression. This yielded the following expression with a coefficient of 
determination r~ ;:::; 0.964 and a standard errOr of 0.22 (number of 
observations::;: 56; degrees of freedom = 51) (see figure 3.20): 

(3.6) 

Substitutin. g for Kfb from equation (3.6) into equation (2.21), we get 
the following relation for the tube Froude number Frw: 

Frw = VW 
(L";g 

;: [(l-a)(i~Ke+Kex+Kfb)] 0·5 (3.7) 

where 
Kfb = 0.354 a~O'026 (1_a)"o.724 Dr l'P69 trO.p61 

Equa.tion (3.7) expresses the water velocity in the tube in termJJ of the 
void fraction and the tube geometry. Figure 3.21 shows the plot of equation 
(3.7) alongwith the experimental data. 

The experimental data on void fraction was analyzed to evolve a 
fUnctional relationship of the form given by equation (2.39) for the mean void 
fraction in the tube. The analysis yielded the following empirical relation with 
a coefficient of determination r2::::0.997 and a standard error of 0.008 (number 
of observations t::: 56; degree of freedom = 52): 
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[ J JO.67 a ::::; 0.603 4 L:g Dl419 Lr O'f16 (3.8) 

Equation (3.8) and the experimental data are plotted in figure 3.22. 
Using the equations (3.7) and (3.8), the mean water velocities· and void 
fractions in the tube for given air fiowrate and tube dimensions can be 
deternlined. 

A detailed study of the bubble size in the tube and in the plume was 
not envisaged as part of this study. Based on a few video shots and visual 
observations, the bubbles in the tube were estimated to be in the size range 
of about 1.5 mm to 5, mm with the mean bubble sifl'e in the range of 2 to 3 
mm. 

From the figures 3.9 through 3.11, it is seen that the void fractions in 
the small tubes (designs A, B, 0, D, E and F) reached values as high as 40 
to 50 per cent, t.he smaller tubes being associated with larger void fractions. 
The flow in these tubes was in the bubbly flow regime for all these void 
fractions. For low void fractions the bubbles rose along the wall of the tube 
and as the void fraction increased, the bubbles gradually filled the central 
portions of the tube. In the larger tubes (designs 0, H and I) the void 
fractions were relatively low, reaching a ma.:ximum of about 18 per cent. The 
flow in these tubes was also in the bubbly flow regime. The bubbles in these 
tubes rose close to the tube walls for all the void fractions, giving rise to 
large void fraction peaks near the wall. 

The studies covered a Reynolds number range of 4000 to 36000 as 
shown in the figures 3.23 and 3.24. The Reynolds number is based on the 
superficial water velocity through the tube and is defined as below: 

(3.9) 

where 

71w ;:;:; kinematic, viscosity of water 

The correlations given by equations (3.6), (8.7) and (3.8) were used to 
analYfl'e the variations of the flow velocities and void fractions ina composite 
draft tube which was proposed to be used later for detailed CJ(:perimental 
studies of oxygen transfer in water. The tube had an inlet diameter of 5.8 
em. The main reaBons for selection of this tube si2;e were that first, it was a 
reason,able si2;e for many practical applications and se.cond, its ready 
availability. The results of the analysis are presented in figures 3.25 through 
3.30. 

Figure 3.25 shows the variation of the tube water velOcity with the 
tube lenqth for a given air flowrate. The tube water velocities increased with 
increase In the tube length and decreased with increase in the diameter ratio. 
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r the straight tube (Dr ~ 1), the induced water velocity in the tube was in 
the range of 55 to 75 cm/s. As the diameter ratio was increased, this 
velocity gradually decreased to reach values of 10 to 15 em/s for the 
diameter ratio of 2.07. Thus we see that for a given air fiowrate, increasing 
the diameter ratio resulted in the decrease of the· water velocity in the tube. 

Figure 3.26 shows the variation of the orifice water velocity with the 
tube length and the tube diameter. The orifice water velocities increased as 
the tube length was increased. However, as the tube diameter was increased, 
the orifice water velocity increased to reach a maximum and then decreased. 
This trend was the same for all the tube lengths. 

Figure 3.27 shows the variation of the void fraction in the tube with 
the tube length and the tube diameter. The void fraction decreased as the 
tube length or the tube diameter was increased. 

Figure 3.28 shows the variation of the tube water velocity, the orifice 
water velocity and the void fraction in the tube with the diameter ratio for a 
given tube length. From these results, it can be seen that increasing the 
diameter ratio has the advantage of increasing the orifice water velocity 
within a range of diameter ratios and at the same time decreasing the water 
velocity in the tube. Increase of the orifice water velocity reduces the bubble 
size for a given air fiowrate. The bubble rise velocity being the sum of the. 
water velocity and the velocity of the bubble relative to that of water, the 
decrease of the water velocity in the tube should have the beneficial effect of 
the decrease of the bubble rise velocity and hence higher bubble residence 
time and larger mass transfer. In addition, increasing the diameter ratio also 
decreases the void fraction. The decrease of the void fraction would decrease 
the bubble coalescence. Thus the composite draft tube provides the advantage 
of controlling the bubble size as well as the bubble rise velocities by 
controlling the tube geometry. 

The variation of the air velocities in the tube are shown in figure 3.29. 
The air velocity in the tube decreased as the tube diameter was increased. 
One of the reasons for this decrease would be the reduction in the water 
velocity in the tube with the increase of tube diameter as shown in figure 
3.25. 

Fi~ure 3.30 shows the mean relative velocity of air (the mean slip 
velocity) computed as the difference between the rise velocity of air shown in 
figure 3.29 and the water velocity shown in figure 3.25. Considerable 
differences in the variation of the slip velocity with the tube length for the 
different tubes are noticed. For the tube with diameter ratio Dr ~ 1, the slip 
velocity progressively decreased as the tube length was increased. As the 
diameter ratio increased, this variation became less steeper as shown in the 
figure. For the diameter ratio of 1.55, the slip velocity remained nearly 
constant for all the tube lengths. For the diameter ratio of 2.08, the slip 
velocity increased as the tube length was increased. The curves for all the 
diameter ratios, extrapolated to zero effective tube length, converged to a 
value close to 30 cm/s. 
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Since the m8Jdmum orifice water velocities were observed for the 
diameter ratios between 1.3 and 1.6, the effect of the air flowrate on the 
orifice water velocit~ fora diameter ratio of 1.55 was examined using 
equations (3.6), (3.7) and (3.8). Figure 3.31 shows the effect of the air 
flowrate on the orifice water velocity. As Can be seen from the figure, the 
induced velocity at the orifice increased with the increase of the air flowrate. 
Referring to the figure 2.3 (Chapter 2), for an air flowrate of 1ec/s per 
orifice, the induced water velocity required to produce a bubble of 2.2 mm 
diameter over a 0.5 mm diameter orifice would be about 50 cm/s. From 
figure 3.31 it is seen that for the air flowrate of SOD eels this velocity is 
achieved with an effective tube length of 8 em. If we provide 500 peripheral 
orifices, the air flowrate per orifice would be 1 cc/s and with an effective 
tube length of 8 cm, bubbles of 2.2 mm diameter could be produced. Let us 
assume that this size corresponds to the optimum for mass transfer. If we 
now decrease the number of the orifices to 250, the air flowrate per orifice 
would increase to 2 cc/s. This would in turn increase the bubble size, say to 
3.2 mm. To decrease the bubble size, the induced velocity has to be increased 
by increasing the tube length. Increase of the tube length would increase the 
tube water velocity and the rise velocity of the bubbles as shown in figures 
3.25 and 3.29. Thus the effects of increasing the tube length are the 
following: 

reduction in the bubble size resulting in variation of the mass 
transfer coefficient 
reduction in the bubble residence time resulting in a decrease of the 
mass transfer coefficient 

The balance between the above two effects would result in a new 
optimum tube length and an associated mass transfer coefficient. Thus, for a 
given air flowrate, as we change the number of the peripheral orifices, the 
optimum tube length and the corresponding mass transfer coefficient would 
vary. Adjusting the tube length and the number of the peripheral orifices for 
optimum performance is the basic principle of design of the SAF diffuser. 

3,4 MEASUREMENT ERRORS 

An estimate of the errors associated with the measurement of each 
parameter is given below. 

3.4.1 Water Flowrate 

The water flowrate through the larger tubes were measured with an 
orifice plate conforming to the ASME standards and the water flowrates 
through the smaller tubes were measured with a rotameter. The errors 
associated with these measurements are estimated below separately. 
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Orifice Plate: 

The water fiowl'ate through the orifice plate is given by the following 
equation (46): 

where 

Qw =;:; (P~ I h/1.2) / 'Y// '). (3,10) 

Qw ;;:;: water flowrate 
D = diameter of the pipe 
I :=;: meter constant 
hw :::: differenti al head aCrOSS the orifice 
'Yw :=;: specific weight of water 

The diameter of the pipe was measured with a vernier having a least count 
of 1/1000 th of an inch and rounded off to the nearest 1/100th of an inch. 
The error arising out of this rounqing would be 0.25 percent. The value of 
the specific weight of the water was taken from the standard tables and the 
associated error is not considered here. 

The error (95 per cent confidence limit) associated with the value of the 
Meter Constant I is 0.5 per cent (46). 

In order to estimate the error of the differential pressure measurements, 
these measurements were repeated six times for one of the experimental 
conditions, The standard deviation observed was 0,62 per cent of the mean. 
To get the 95 per cent confidence interval value, the standard deviation was 
multiplied by the corresponding student t value of 2,571 (degree of freedom "':"" 
5). This gave an error value of 1.59 per cent. 

From the above error estimates, the error associated with the fiowrate 
was estimated as below assuming that aU the errors esthnated above pertain 
to the 95 degree confidence leve1. 

_d~ji 
q;-

Rotameter: 

_ [ [2 dD] 2 [1 d. hw] 2 [dl] 2] 1/2 - JJ +2fu; +r . . w.· 
(3.11) 

= 0.014 (1.4 percent) 

gew ;::: 0.02 (from information supplied by the manufacturer) 

3.4.2 Air fiowrate 

g~a = 0.02 (from information supplied by the manufacturer) 
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3.4.3 Void Fraction 

The void fraction was calculated from the measured values of the length 
of the entrapped air column inside the tube upon the closure of the valve 
using the following equation 

where 

a = La I Le 

La = length of the air column entrapped inside the tube 

Le = effective length of the tube 

(3.12) 

The length of the air column was measured using a cathetometer having 
a least count of 0.1 mm. Assuming 0.05 mm as the errOr associated with this 
measurement, for the shortest length of the air column, the error works out 
to 0.55 per cent. On similar lines, the error in the determination of the 
effective tube length works out to 0.26 per cent. 

In addition to the errors associated with the measurement of the lengths 
of the air column and the tube, there would be errors arising from the 
non-uniformity in the closing time of the quick shut-off valve. To assess this 
error, the void fraction measurement was repeated seven times under the 
same experimental condition and the standard deviation was calculated. The 
value of the standard deviation obtained was 1.37 per cent of the mean. The 
value of the standard deviation observed was multiplied by the value of 
Student t corresponding to a degree of freedom of 6 to obtain the error 
corresponding to the 95 per cent confidence level. 'l'his gave an error estimate 
of 3.3 per cent. 

It is also possible that there might be a difference between the actual 
closing times of the air inlet and the water outlet of the tube by the rotating 
arm of the valve. This time delay would cause an error in the determination 
of the accumulated air volume. To estimate this error, it was assumed that 
the time delay would be 25 percent of the valve closure time. With this 
assumption, for the smallest tube, with the largest air flowrate for which it 
was tested, the error was calculated as 1.86 per cent. 

Combining all the above errors and assuming that each of the errors 
has a confidence limit of 95 per cent, the error in the void fraction is 
calculated as 

:::: 3.8 per cent. 
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3.5 CONCLUSIONS 

i) Despite the complex nature of the flow! the mean phase velocities 
and void fractions of the flow of air~water mlxture in the tube, in the 
bubbly flow regime, can be determined fairly accurately using the 
~perimenta1 correlations (3.6), (3.7) and (3.8) that have been developed in 
this study. 

ii) Analysis of flow using the above correlations in a tube, with an inlet 
diameter of 5.8 cm, proposed for the mass transfer studies indicated that for 
a,' nair flowr,ate of 500cc/s1 induced orifice water, v,elocities of 50 to 80 cmls 
could be achieved with tUDe lengths in the range of 8 to 35 cm. The orifice 
water velocities would be maximum at diameter ratios in the range of 1.3 to 
1.6. With 0.5 mm diameter peripheral orifices and air flowrate' of 1 eels per 
orifice, the effective tube' length required to produce bubbles of 2.2 mm 
diameter would be about 8 em. 

iii) The analysis also indicated the necessity of taking into account the 
effects of the number and the size of the peripheral orifices as well as the 
tube geometry while optimizing the device for an application. 
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Chapter 4 

Experimental Studies - II 

Mass Transfer Performance of the SAF Diffuser 

4.1 OBJECTIVE 

As outlined in Chapter 2, the objectives of these studies were the 
following: 

i) 

ii) 

iii) 

To study the effect of the following parameters on the mass 
transfer coefficient KIA of the SAF diffuser 

- Number of orifices 
- Tube geometry 
- Air flowrate 
- Diffuser submergence 

To evolve the correlation given by equation (2.89) for the mass 
transfer coefficient KlA 

To select an optimum configuration of the SAF diffuser and assess 
its performance characteristics in terms of Standard Oxygen 
Transfer Rate and Standard Aeration Efficiency. 

4.2 DIFFUSER DETAILS 

As mentioned in Chapter 3, the effect of the number of peripheral 
orifices is an important parameter to be considered while optimizing the 
device. In order to study this effect, the peripheral orifices were arranged in 
modules. Each module contained 144 orifices, 0.5 mm in diameter, arranged 
in four rows. The modules were constructed in such a way that they could 
be easily stacked one above the other concentrically. Three such modules were 
made for the study. The tube inlet diameter was 5.8 cm. Figure 4.1 shows 
details of the modules and the diffuser studied. 

The plenum chamber of each module had a volume of 225 cc. With 144 
holes per module, the chamber volume per orifice was 1.56 cc. This value was 
much less than the value of 6.8 cc per hole observed in the experiments of 
Miyahara et al (see Chapter 2) for the chamber volume to have any effect on 
the bubble size. Each module was provided with a separate air inlet, 7.1 mm 
in diameter. The air flow to each module was measured separately and 
adjusted to equal values. 
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Inlet details: 
Diameter of Orifices 
Number of Orifices 
per module 
Orifice spacing 

::::: 0.5 mm Dop ::::: 5.8 cm 

::::: 144 (4 rows x 36 orifices per row) 
;::: 5 mm (horizontal) 

W ::::: 4.6 em j B 
R := 12.5 mm 

3 mm (verti cal) 
::::: 1.5 cm j L1 ::::: 4.45 cm j L3 ;::: 8.25 em 

PERIPHERAL ORIFICES 
(0.5 rom DIA) !1 
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Fig. 4.1 Inlet details of Diffuser studied 
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With the three modules stacked one above the other, the distance L1 
from the centre of the orifices to the outlet end of the tube inlet was 4.45 
cm. Thus the effective tube length for any value of tube length L2 would be 

Le ;::: L2 + 4.45 (Dop2/Dp2) 

(all dimensions are in centimeters) 

4.3 THE EXPERlMENTAL FACILITY 

The studies were carried out in a cylindrical tank 1.02 m in diameter 
and 2.4 m in height. Local tap water was used for the studies. A. mixing 
pump was mounted on top of the tank for mixing the water with chemicals 
prior to the tests. The air supply system was the same as shown in figure 
3.1 (Chapter 3). The diffuser under study was mounted at the centre of the 
tank with the air inlet at a height of 0.27 m from the tank floor. A floating 
cover (having an air escape opening) was placed over the water surface in 
order to minimize the mass transfer from the atmosphere to the test water. 

The studies were conducted as per the test procedure given by the 
ASCE Standard for the Measurement of Oxygen Transfer in Clean Water, 
July 1984. The oxygen transfer measurements were done using a Dissolved 
Oxygen probe (YSI 5700) and a digital recorder (YSI 58). The measurements 
were carried out for different tube diameters varying from 5.8 cm to 12 cm 
and tube lengths up to 30 cm under submergences up to 1.86 m. The water 
temperature during the measurements was maintained at 20" C (:1:0.3" C). 
The air temperature in the air supply line varied between 17" C and 22" C. 

The experimental determination of the mass transfer coefficient involved 
the removal of the oxygen from the test water volume by adding sodium 
sulfite followed by reoxygenation to near the saturation level by aerating the 
water using the device under study. The experimental procedure is outlined 
below step wise: 

Mount the diffuser at the centre of the tank and fill the tank with 
tap water up to the desired level. 
Add the catalyst Cobalt Chloride (0.5 mg/l) and mix well with the 
water by operating the aeration system for about 30 minutes. 
Stop the air supply, add the deoxygenation chemical Sodium Sulfite 
(reagent quality), 90 mg/I, in a slurry form into the water and mix 
well by operating the mixing pump until the concentration 
uniformly falls to about 0.1 mg/I. 
Set the diffuser air supply to the desired value and record the 
oxygen concentration at regular intervals till about 98 per cent 
saturation was achieved 

The DO probe was calibrated before and after each experiment using 
the air-calibration technique (47). 
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In order to deterIr)Jne the number of locations at which the oxygen 
concentration was to be measured, few trial runs were made initially by 
measuring the DO concentration at two depths (one fourth and thr.ee fourth 
the depth), The mass transfer coefficient values obtained at these locations 
were practically the same, agreeing within 2 per cent. Hence fOf all the 
experiments the DO concentration was measured only at the centre of the 
tank at a distance of half the tank radius from the wall. 

4.4 DATA ANALYSIS 

The basic model used for the analysis of the test data is the one given 
by the equation (2.42) which is again xeproduced below: 

or 

where 

On integration the above equation gives 

In [g::80] ;:: - Kla t 

o ;:: Os - (OS"" 0 0) exp( .... KIa t) 

(4.1) 

(4.2) 

(4.3) 

Cs ;:: average dissolved oxygen (DO) concentration attained at 
infinite time 

KIa == volumetric mass transfer coefficient (l/time) 
Co - DO concentration at t::;::O, estimated from the model 
C - effective average DO concentration in the liquid phase at 

any time t . 

The model basically aSSUmes completely mixed liquid with uniform DO 
through-out the tank. 

The DO concentration versus time data obtained from the experiments 
was analysed using a non-linear regression routine of the ASCE (ASCE 87) 
to fit equation .(4.3) to the data. The program provides least square estimate 
of the parameters Kia, Os and Co. The value of KIa was multiplied by the 
voillme of water in the tank to obtain the value of KlA. The designs studied 
and the results are summarised in Appendix C. The experimental results are 
discussed below. 
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4.5 EXPERIMENTAL RESULTS AND DISCUSSIONS 

Effect of the number of peripheral orifices 

It was concluded in Chapter 3 that the number of peripheral orifices 
would affect the mass transfer coefficient as well as the dimensions of the 
diffuser for optimum performance. Hence this aspect was studied first. 

Figures 4.2, 4.3 and 4.4 show the effect of the number of peripheral 
orifices on the mass transfer coefficient. As explained under 4.2, the 
peripheral orifices were arranged in modules, each module containing 144 
holes, 0.5 mm in diameter, in four rows. The experiments were conducted by 
varying the number of the modules and thereby the number of peripheral 
orifices. One to three modules were studied. The results show that for all the 
tube diameters studied, as the number of peripheral orifices was increased, the 
value of the maximum mass transfer coefficient (KIAmax) increased and the 
effective tube length corresponding to the maximum value of the mass 
transfer coefficient decreased resulting in smaller tube length and larger mass 
transfer. The results shown in figure 4.2 correspond to an air flowrate Qas of 
500 cc/s through the tube having a diameter ratio of 1.55 (Dp= 9 cm, Dop= 
5.8 cm). From these results it is seen that the effective tube length 
corresponding to the maximum value of KIA decreased from about 40 cms 
with single module to 7 cms with three modules. With three modules, the 
number of the peripheral orifices would be 432 and the air flowrate per 
orifice would be about 1 cm/s. For this flowrate, the tube length worked out 
in Chapter 3 was 8 cm. The trend of variation of the optimum tube length 
and the mass transfer coefficient was as anticipated from the theoretical 
considerations. 

Figures 4.5 and 4.6 show the effect of the number of peripheral orifices 
on KIA for different air flowrates through the diffuser for a constant tube 
length. For each air flowrate, the value of KIA increased with increase in the 
number of the peripheral orifices/modules to reach a maximum which 
remained fairly constant over a range of number of modules/peripheral 
orifices. The number of peripheral orifices corresponding to the maXImum KIA 
value was greater at larger air flowrates. For example, from the figure 4.6 it 
can be seen that for the air flowrate of 83 cc/s, the maximum KIA was 
nearly reached with two modules whereas from figure 4.5 it is seen that for 
the air flowrate (Qas) of 500 cc/s, even with three modules the value of KIA 
was still increasing and the maximum KIA would be reached with about five 
modules though the corresponding increase in KIa was only marginal. The 
results indicate that the air flowrate per orifice should be kept at about 1 
cc/s or less for optimum performance in clean water applications. 

The above trend of variation of KIA with the number of peripheral 
orifices is a significant advantage of the SAF design. As seen from the 
experimental results shown in figures 4.5 and 4.6, the KIA is nearly constant 
when it reaches the manmum. Providing more orifices than that 
corresponding to the maximum KIA would ensure that the performance of the 
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device would not be affected even if some of the orifices were clogged. This 
enables us to account for the diffuser clogging in the diffuser design itself. 
Based on actual field experience on the extent of clogging for various 
applications, the diffuser clogging could be accounted for in the diffuser design 
stage by providing adequate number of additional orifices. Since the peripheral 
orifices are arranged in the vertical plane, it would be possible to 
accommodate more orifices for a given plan area of the diffuser than would 
be possible with conventional designs having holes arranged in a horizontal 
plane. This would result in much reduced energy losses and increased 
rangeability in addition to better performance in terms of diffuser clogging. 

Effect of tube geometry 

Figures 4.7 and 4.8 show the effect of tube geometry on mass transfer 
coefficient. For a given tube diameter Dp, the mass transfer coefficient varied 
with the tube length and peaked at a particular tube length. The tube length 
at which the mass transfer coefficient reached the maximum was not the 
same for all the tube diameters. As seen from figure 4.7, for the tube 
diameter of 5.8 centimetres, the maximum mass transfer was attained at an 
effective tube length of about 20 centimetres. As the tube diameter was 
increased, the effective tube length corresponding to the maximum mass 
transfer coefficient decreased. For the tube diameter of 7.5 centimetres, this 
length was about 6 centimetres. With further increase of the tube diameter, 
the tube length corresponding to the maximum mass transfer coefficient 
increased. From figures 4.7 and 4.8 it is seen that for a given diameter of 
the tube inlet, as the diameter of the tube was increased, the maximum mass 
transfer coefficient increased. 

Figure 4.9 shows the variation of the maximum mass transfer coefficient 
with air flowrate for several outlet tube diameters. Figure 4.10 shows the 
performance comparison on the basis of the areal specific mass transfer 
coefficient Kif defined as the mass transfer coefficient per unit area of the 
diffuser. The figure shows the variation of the maximum areal specific mass 
transfer coefficient with area ratio for two values of air flux through the 
diffuser. It is seen that the maximum Kif is associated with a particular area 
ratio. Over the range of the air flowrates considered, the optimum area ratio 
was between about 1.5 and 3. 

Figure 4.11 shows the optimum effective tube length corresponding to 
the maximum KIA for different tube diameters. The optimum tube length is 
minimum in the area ratio range of 1.5 to 2.4. 

The variation of the mass transfer coefficient with a peak at an 
intermediate tube length can be explained by considering the effects of the 
tube length on the bubble size and the bubble residence time. Increase in the 
tube length increases the water velocity in the tube. An increase in the water 
velocity in the tube has the following effects: 

i) 

ii) 

A decrease in the bubble size resulting in a change of the mass 
transfer coefficient. 
A decrease in the bubble residence time. 
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The above two effects are additive resulting in the particular trend of 
variation of KIA with change in tube length observed in the experimental 
results. 

Effect of air fiowrate 

Figure 4.12 shows the effect of air fiowrate on the mass transfer 
coefficient. The mass transfer coefficient increased with increase in the air 
flowrate. The variation of the mass transfer coefficient with tube length was 
the same for both the air flowrates. These results show that the optimum 
geometry of the diffuser does not vary with the air flowrate. 

Effect of diffuser submergence 

Figures 4.13, 4.14 and 4.15 show the effect of diffuser submergence on 
the mass transfer coefficient for different air flowrates and tube lengths. As 
the diffuser submergence was increased, the mass transfer coefficient increased. 

Figure 4.16 shows the variation of the mass transfer coefficient with the 
tube length for three values of diffuser submergences. The results show that 
the optimum tube length as well as the trend of variation of the mass 
transfer coefficient with tube length does not vary with the diffuser 
submergence. 

Effect of air temperature 

As mentioned under 4.3, though the water temperature during the 
experiments was maintained at 20· 0, the air temperature varied between 
17° 0 and 22° O. In order to study the effect of this temperature variation on 
KIA, one set of experiments were repeated under different air temperatures 
keeping the water temperature at 20· O. These results are shown in the table 
4.1. It is seen from these results that the variation in the air temperature did 
not significantly affect the values of the mass transfer coefficient. 

Table 4.1 Effect of air temperature on KIA 

Experimental condition: Dp=9 cm, Hs=1.86 m, Qas=500 ccls 
Le==6.92 cm, Nm=3 

Air temperature (°0) 

17.1 
18.0 
20.3 
21.2 

90 

1084 
1079 
1084 
1089 
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Saturation concentration 

Figure 4.17 shows the variation of saturation concentration with the 
tube length and the diffuser submergence. The saturation concentration 
increased as the diffuser submergence was increased. This trend is normally 
expected as the increase in the diffuser submergence causes higher air 
pressureS within the bubble and hence higher values of the saturation 
concentration. The saturation concentration did not show any appreciable 
variation with change in the tube length. 

Figure 4.18 shows the effect of air fiowrate on the saturation 
concentration. The saturation concentration remained practically constant over 
the range of air fiowrates studied. 

Non...-dimensional correlation of the experimental data 

As outlined in chapter 2, the experimental data was correlated in terms 
of non-dimensional parameters as below: 

Stm :;:: f ( Fs) Ga, Ln Dr, Hr) 

The non-dimensional parameters appearing in the above correlation are 
explained below. 

where 

KIA = mass transfer coefficient (cms/s) 

Kl = the liquid film coefficient (cm/ s) 

A == air-water interfacial area (cm2) 

Dp == tube diameter (cm) 

Ja == superficial air velocity in the tube (cm/s) 

(4.4) 

Stm is a modified Stanton number. The number represents the ratio of 
the mass transfer rate per unit concentration difference and the air fiowrate 
through the device. 

Fs == Submergence Froude number 

== Ja/(gHs)l/2 (4.5) 

where 
Hs == the diffuser submergence (cm) 

g == gravitational acceleration (cm/s2) 

Ga = Galileo number 
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3 
= g Hs 

IIW 2 
(4.6) 

Tiw ::;:: kinematic viscosity 

The Galileo number represents the ratio of gravitational force to viscous 
force. 

Dr and Lr are geometric parameters of the tube. Hr is the submergence 
ratio. 

From figure 4.1 it is seen that the mass transfer coefficient does not 
vary monotonically with the tube length, As the tube length is increased, the 
mass transfer coefficient initially increases up to the optimum value and then 
decreases slightly with increase of the tube length. Hence two correlations 
were made, one for the range where the mass transfer coefficient increased 
with the tube length and the other for the range where the mass transfer 
coefficient decreased with the increase of the tube length. These correlations 
are given below. 

K1A decreasing with the increase in Lr (Upper range) 

-0'183 0'1475 -0'061 -0'031 0'162 
Stm ::;:: 0.00526 Fs Ga Dr Lr Hr (4.7) 

KlA increasing with the increase in Lr (Lower range) 

Stm 
-0'187 0'147 -0'0295 0'032 0'141 

::;:: 0.0055 Fs Ga Dr Lr Hr (4.8) 

The exponents of the terms in the two correlations are nearly the same 
except for the term Lr whose exponent has changed sign and the term Dr. 
These correlations are plotted in figures 4.19 and 4.20 alongwith the 
experimental values. The standard errOrS were 0.042 (number of observations 
::;:: 75; degrees of freedom ::;:: 69) and 0.065 (number of observations = 55; 
degrees of freedom = 49) for the first and the second regression respectively. 
The coefficients of determination r2 were 0.996 for the first regression and 
0.995 for the second regression. 

The range of applicability of the above two correlations depends on the 
diameter ratio. Figure 4.21 defines these ranges. 

The correlations show that the mass transfer effected by the device in 
an air water system depends on both the Galileo and the Froude numbers 
through their effects on the liquid film coefficient and the air~water 
interfacial area. 

The experimental results given by the above correlation (4.7) can be 
expressed in terms of the actual experimental parameters as below: 
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0'696 0'817 1'81 -0'031 
KIA IX Hs Ja Dp Le (4.9) 

0'696 0'817 0'176 -0'031 
IX Hs Qa Dp Le (4.10) 

The simple plume theory gave the following relationship for KIA 
~(equation 2.76): 

KIAIX Hs2/s Ja7/12 D//O 
The exponent of Hs given by the simple plume theory agrees well with 

the experimental values given by equation l4.9).The other two exponents do 
not match with the experimental values. 

Relationships (4.9) and (4.10) give the relative effects of the various 
parameters on the mass transfer coefficient which we have already seen from 
the experimental results. With sufficient number of the peripheral orifices, the 
effective tube lengths, larger than the optimum, do not significantly affect the 
mass transfer coefficient. 

The correlation ( 4.7) was used to estimate the mass transfer 
contributions of the plume and the tube. This estimation was done on the 
assumption that the mass transfer within the tube for a given diffuser 
submergence (Hs) and air flowrate (Qa) would be equal to the mass transfer 
in the bubble column for the same air flowrate and a submergence obtained 
with the water surface set at the elevation of the outlet end (top) of the 
tube. The value of KIAt, the mass transfer rate across the air-water interface 
lying within the tube, was obtained by substituting the value of diffuser 
submergence ratio corresponding to the top of the tube in the correlation 
(4.7). In this calculation, the volumetric air flowrate (Qa) through the tube 
corresponding to the system submergence (Hs) was used. The value of KIApl, 
the mass transfer rate within the plume outside the tube, was obtained by 
subtracting the value of KIAt from the value of the overall KIA. The 
calculation was done for a diffuser diameter of 9 centimeters under a 
submergence of 1.86 m and for tube lengths varying from 6 to 30 
centimetres. Figure 4.22 shows the results. These results show that as the 
tube length is increased, the mass transfer within the device increases whereas 
the mass transfer in the plume initially increases up to a maximum value 
and then decreases. The sum of these two variations result in the overall 
trend shown by the experimental results. With the optimum tube length, 
about 16 per cent of the total mass transfer occurred within the tube. The 
curves representing KIA and KIApl converge towards a value of about 800 
cc/sec at zero effective tube length. This would be the value of the KIA that 
would have been obtained without the tube. It can be seen from figure 4.22 
that at the optimum tube length about 36 per cent increase in the value of 
KIA has been achieved compared to the value obtained for zero tube length. 
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Performance comparison 

As part of. this research program, experiments were conducted to 
compare the mass transfer characteristics theSAF diffuser with those of a 
17.8 cm dia. porous stone diffuser. The comparison is made in respect of the 
following parameters. 

- Mass transfer coefficient 
- Standard Aeration Efficiency 

The SAF diffuser chosen had a tube diameter of 9cm whereas the 
porous stone diffuser had a diameter of 17.8cms. This meant that the porous 
stone diffuser had a plan area about 4 times that of the SAF design. Hence 
the comparison was made of the KIA per unit area of the diffuser for the 
same air flux (air flowrate per unit area) through both the devices. 

Figure 4.23 shows the comparison in respect of the mass transfer 
coefficient. It could be seen that the SAF design has nearly the same mass 
transfer coefficient per unit area as the porous stone for the same air flux. In 
this context, it may be noted that by increasing the number of the peripheral 
orifices, the KIA of the SAF diffuser can be further increased by about 5 
percent (see figure ,4.5). . 

The mass transfer coefficients and the saturation concentration values 
were used to calculate the Standard Oxygen Transfer Rate (SOTR) through 
the device for different air flowrates. Figure 4.24 shows the SOTR of the 
SAF diffuser for different air flowra.tes. 

The SOTR values were divided by the power input to obtain the 
Standard Aeration Efficiency. The input power was calculated from the 
measured air pressure upstream of the diffuser using the following 
relationship. 

where 

Delivered power :::: W~rl 

W :::: weight flowrate of air 

R == gas constant 

T 1 :::: absolute temperature before compression 

P 1 :::: absol ute pressure before compression 

P 2 :::: absolute pressure after compression 

K :::: (k-1)/k 
k :::: ratio of specific heats for air 
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The air pressures upstream of the SAF diffuser are shown in figure 4.25. 
As the air flowrate increased, the pressure upstream of the diffuser decreased. 
This decrease in pressure is due to the increase of the kinetic energy of water 
and consequent pressure drop within the tube as well as due to the density 
reduction of the liquid within the tube as a result of air injection. A 
comparison of the inlet air pressures upstream of the diffuser for the SAF 
diffuser and the porous stone diffuser is shown in figure 4.26. For a given air 
flux through the diffuser, the inlet air pressures of the SAF diffuser are much 
less than those of the porous stone diffuser. Also, with increase of the air 
flux, the upstream air pressure decreased in the case of the SAF diffuser and 
increased in the case of the porous stone diffuser. 

Fi,gure 4.27 shows comparison of the Standard Aeration Efficiencies 
(SOTR/delivered power) of the SAF and the porous stone diffusers operating 
in clean water. As could be seen from the results, the Standard Aeration 
Efficiencies of the SAF diffuser were about 10 to 20 per cent higher than 
those of the porous stone diffuser. 

While comparing the efficiencies it should be noted that the air inlet 
arrangements of the SAF and the porous stone diffusers have some 
differences. In the SAF design, it is envisioned that the total air flow would 
branch equally into the three modules through air inlet tubes connected on 
the upstream side to a larger manifold tube such that the diffuser energy loss 
would essentially be that occurring in the air inlet tubes and downstream ie 
the manifold losses are small in comparison to the losses in the diffuser. 
Hence the air pressure used in the calculation of the energy requirement was 
that in the air inlet tube (7.1 mm dia) which passed one third of the total 
air flowrate. The porous stone diffuser had only one air inlet, 7.5 mm dia. 
This is an important difference in the design of the two devices. 

As shown in the figure 4.23 the values of :KIA per unit area of the 
SAF and the porous stone diffusers are practically the same. The increased 
SAE values obtained with the SAF diffuser are due the low pressure losses 
associated with the device in comparison to the porous stone. Hence with 
higher diffuser sub mergences , the difference in the SAE values of the SAF 
and the porous stone diffusers would decrease and at sufficiently large 
submergences, the performance of the two devices would practically be the 
same. Thus the main advantage of the SAF diffuser in terms of the SAE is 
for low submergence applications. However, the SAF diffuser has additional 
advantage arising out of the large size orifices used. On account of the large 
size orifice (0.5 mm), the device is expected to be much less prone to 
clogging compared to the fine pore devices which have pore diameters of few 
microns. This would considerably decrease the maintenance costs. The extent 
of the savings can be quantified only after some field trials. Also, the SAF 
diffuser can be easily cleaned by increasing the inlet air pressure for short 
durations. The increased air flow would induce a high velocity air-water flow 
which would help cleaning of the tube. 

Figure 4.28 shows the variation of the SAE of the SAF diffuser with 
diffuser submergence. As the diffuser submergence was increased, the SAE 
decreased. This trend is the consequence of the variation with depth of the 
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two parameters gov.ernin~ the SAE namely., the KIA and the power input. As 
seen from equation (4.9), the value of KIA increased with the increase of 

o· 69. [P K ] submergence as HI! whereas the input power increased as (Pi) - 1 

(equation 4.11). The rate of increase of the power input with increase of the 
diffuser submergen. ce is more than that of the KlA and hence the reduction 
of the SAE with increase of the diffuser submergence. 

4.6 EFFECT OF SURFACTANT ON PERFORMANCE 
CHARACTERISTICS 

Few experimental studies were undertaken to assess the effect of 
surfactants on the mass transfer characteristics of the SAF diffuser. These 
studies were conducted by adding 7 mg/l of household detergent to the water 
at the beginning of the test as recommended in the ASCE Standard for the 
Measurement of Oxygen Transfer in Clean Water, July 1984. 

Figure 4.29 shows the effect of the tube geometry on the mass transfer 
coefficient. As seen with the experimental results obtained with clean water, 
the mass transfer coefficient for a given tube diameter increased initially as 
the effective tube length was increased, reached maximum value over a range 
of tube lengths and thereafter decreased with further increase of the tube 
length. The trend was the same for all the tube diameters though the 
effective tube length corresponding to the maximum mass transfer coefficient 
differed for different tube diameters. For a given tube diameter, the 
maximum mass transfer coefficient occurred at an effective tube length that 
was greater than the length obtained in clean water (see figures 4.7, 4,29 and 
4.30). Figure 4.31 shows a comparison of the optimum effective tube lengths 
for different tube diameters for performance in clean water and in water with 
detergent addition. These results indicate that the optimum tube length for a 
given tube diameter varies with the water quality. 

Figure 4.32 shows the effect of air flowrate on the mass transfer 
coefficient. As in the case of the clean water tests, the mass transfer 
coefficient increased with the increase in the air flowrate. The trend of 
variation of the mass transfer coefficient with effective tube length was the 
same for the two air flowrates studied. 

Figure 4.33 shows the effect of diffuser submergence on the mass 
transfer coefficient. The mass transfer coefficient increased as the diffuser 
submergence was increased. The trend of variation of the mass transfer 
coefficient with the effective tube length was the same for all the 
submergences. Results presented in figures 4.32 and 4.33 show that the 
optimum length ratio of the diffuser does not vary with the variations in the 
air flowrate and diffuser submergence. 

Figure 4.34 shows the variation of the maximum areal specific mass 
transfer coefficient with the diameter ratio. The trend is similar to the one 
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obtained in the studies with clean water though the magnitudes of the mass 
transfer coefficients are lower due to the effect of the surfactant. 

The ratio of the mass transfer coefficient in process water (water with 
detergent addition in this study) to that of the mass transfer coefficient in 
clean water of a new diffuser is usually expressed as an alpha factOr (5). The 
results presented in the figure 4.34 show an alpha value of about 0.92 for all 
the optimum tube configurations irrespective of the differences in the tube 
diameter. However, comparison of the variation of the KIA values given in 
figures 4.7 and 4.29 show that the alpha value of the SAF diffuser varies 
with the tube length (see also figure 4.30). Alpha increases as the effective 
tube length is increased, reaches a maJOmum and then decreases. This 
dependence of alpha on the effective tube length calls for taking into account 
the water quality while optimizing the device configuration for a particular 
application. The fact that the optimum tube length is greater for the diffuser 
performance in water with detergent addition indicates that the optimum 
bubble size in this case would probably be less than the size for performance 
in clean water. In such a case, it might be possible to improve the diffuser 
performance and at the same time decrease the optimum tube length by 
increasing the number of the peripheral orifices or the modules further. To 
examine this possibility, experiments were conducted by .varying the number 
of modules. The results of these studies are shown in figure 4.35. From the 
results it is seen that on increasing the number of modules from 1 to 3, the 
KIA increased linearly whereas in the results of clean water tests shown in 
figure 4.6, with three modules, KIA approached an asymptotic maJOmum. The 
clean water tests showed that increasing the number of modules increased the 
KIA up to a maximum value and at the same time decreased the effective 
tube length corresponding to the maximum KIA. In the case of clean water, 
the optimum effective tube length did not decrease any further after reaching 
an absolutely minimum value with two modules (see figure 4.2). Assuming a 
similar variation for the water with the detergent addition or the process 
water, it is prudent to expect that by increasing the number of the modules 
from three to a sufficiently higher value , say, four or five, the mass transfer 
coefficient would further increase and the optimum effective tube length would 
reach an absolute minimum value and would not change with water quality 
thereafter. This aspect needs further experimental verification. However, for 
tube lengths greater than the optimum, the variation of the mass transfer 
coefficient KIA with increase of the tube length is quite small in clean water 
(correlation 4.7). Hence the tube optimized for operation in process water 
would perform well in clean water as well. 

A detailed study of the variation of the surfactant concentration during 
the tests was not conducted. However, to get an idea of the variation of the 
detergent concentration, the surface tension of the test water was measured at 
the beginning, middle and end of one of the experimental runs. The surface 
tension increased from. 59 dynes. fcm at t. he be~inning of the e. xperiments to 64 
dynes/cm at the middle of the experiment after a time lapse of 1.5 hours 
from the beginning of the experiment) and urther to 65.5 dynes/em at the 
end of the experiment (after 3 hours from the start). This corresponded to a 
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time averaged surface tension of 63 dynes/em. Assuming that the surface 
tension varied linearly with the . detergent concentration, the mean detergent 
concentration worked out to about 4.75 mg/l. 

4,7 MEASUREMENT ERaOaS 

An estimate of the errors associated with the measurement of each 
parameter is given below. 

4.7.1 Ma.ss Transfer Coefficient, KIA 

The mass transfer coefficient KIA was determined from the values of 
the overall mass transfer coefficient KIa using the the following relationship. 

KIA:= Kla V (4.12) 

where 
V := volume of water in the test tank. 

The errors associated with KIA would be those arising out of the 
determination of KIa and V. 

KIa was determined by analysing the DO concentration versus time data 
using a non linear regression routine to fit equation (4.3) to the data. The 
program provides a least square estimate of the parameters KIa, CII and Co. 
Since the values of CII and Co are obtained from C through regression and 
since Kla depends on the values of the these concentrationdiffereoces, any 
systematic error in the concentration would not affect the values of KIa. The 
error in KIa would be that arising out of the regression. 

The standard error of the computed KIA varied between 0.2 and 0.8 
per cent. Mean of the standard error taken from twenty random sets of 
experiments gave a value of 0.45 per cent. Multiplying this value by the 
corresponding Student t value of 2.1, the error corresponding to 95 per cent 
confidence limit is obtained as 0.95 per cent, say 1 per cent. 

The error in the measurement of the diameter of the tank (Dt) is 
estimated as 0.2 per cent taking into account the least count of the scale 
used for the measurement and the human errors that could occur during such 
a measurement. Similarly the enor in the measurement of the water depth 
(H) in the tank for the minimum depth for which the experiment was done 
is estimated as 0.7 per cent. From these errors, the error in the volume 
measurement is obtained: 

dV _ [ [2 dDt] 2 [dH ] 2 ] 1/2 
'V - Dt + 11 (4.13) 

:= 0.8 per cent 
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Combining the errors in KIa and V we get the error in KIA (assuming 
that the error estimated for the volume measurement has also the 95 per 
cent confidence limit): 

d*~*A);:: [ (1)2 + (0.8)2 f/2 

;:: 1.28 pel' cent 

4.7.2 Saturation Concentration 

The error in the determination of the saturation concentration would 
comprise the error in the concentration measurement and the error associated 
with the regression of the experimental data. 

Based on the data given by the probe manufacturer, the measurement 
related uncertainty in the determination of the saturation concentration was 
estimated as 1.7 per cent. 

From twenty random experimental results, the regression error in the 
saturation concentration corresponding to the 95 per cent confidence limit was 
calculated as 0.26 per cent. 

Combining the above two errors, assuming that both the errors belong 
to the 95 per cent confidence level, the error in the saturation concentration 
is obtained as 

g~s = [ (1.7/ + (0.26)2 f/2 

= 1.72 per cent 

4.7.3 Standard Oxygen Transfer Rate (SOTR) 

The SOTR is given by, 

SOTR ::;: KIA Css (4.14) 

Hence the error in SOTR can be obtained by combining the errors in 
the values of KIA and Css. This gives 

~b~~TR) = [ (1.28)2 + (1.72)2 ] 1/2 

- 2.15 per cent 
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4,7.4 Standard Aeration Efficiency (SAE) 

The SAE is the ratio of the SOTR to the power input. The power 
input is determined by the air flowrate and the absolute pressure upstream of 
the diffuser. The measurement error of the pressure upstream of the diffuser 
is very small compared to the actual absolute pressure and hence is neglected. 
The error associated with the measurement of the air flowrate is 2 per cent. 
Hence the error in the SAE can be obtained by combining the errors 
associated with the SOTR and the air flowrate. 

;:: 2.94 per cent say 3 per cent 

4,8 CONCLUSIONS 

i) The number of peripheral orifices is an important parameter 
affecting the mass transfer coefficient KIA and also the optimum effective 
length of the tube. Increasing the number of peripheral orifices increased the 
RlA until it reached an asymptotic maximum and at the same time 
decreased the effective tube length for optimum performance. 

ii) The RIA increased with increase of the diffuser submergence Hs and 

the air flowrate Qa. KIA varied as Ht 69 and QaO· S2. The optimum tube 
geometry did not vary with either the diffuser submergence or the air 
flowrate. 

iii) The mass transfer coefficient per unit area of the diffuser (KIf) was 
found to be maximum for tubes with area ratios in the range of 1.5 to 3. 
The optimum tube lengths were found to be minimum for the area ratios in 
the range of 1.5 to 2.4. 

iv) The mass transfer coefficient associated with the operation of the 
device in clean water can be expressed in terms of a modified Stanton 
number, the submergence Froude number, the Galileo number, the 
submergence ratio and the. tube geometric parameters (Lr and Dr) using the 
correlations (4.7) and (4.8) over a wide range of air flowrates, diffuser 
submergences and tube geometries. 

v) An analysis using the above correlations showed that by introducing 
the tube, the mass transfer coefficient increased by about 36 per cent 
compared to the value obtained for zero tube length. 

vi) For given air flux through the device, the Standard Aeration 
Efficiencies of an optimum SAF diffuser configuration were about 10 to 20 
percent higher than those of the porous stone diffuser under a diffuser 
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submergence of 1.86 m. The increased efficiencies were due to the reduced 
pressures upstream of the SAF diffuser necessary to pump a given air 
flowrate as compared to those upstream of the porous stone diffuser. With 
increase of diffuser submergence, the difference in the SAE values of the SAF 
and the porous stone diffusers would decrease. Thus the main advantage of 
the SAF diffuser in terms of SAE is for low submergence applications. 

vii) The inlet air preSSure upstream of the SAF diffuser decreased with 
the increase of the air flowrate whereas in the case of the porous stone the 
air pressure increased with the air £1.owrate. This is a significant advantage of 
the SAF design which makes it relatively more efficient than other devices 
for low depth applications under large airflowrates. 

viii) The optimum effective length of the tube for operation in water 
with detergent addition was found to be greater than the value obtained in 
clean water. Thus the water quality needs consideration while optimizing the 
device for a particular application. The experimental results· indicate the 
possibility of achieving further reduction in the optimum tube lengths and 
increase in KIA by increasing the number of the peripheral orifices for 
operation in process water. In clean water, for tube lengths greater than the 
optimum, the variation of KIA with increase of the tube length is quite 

small, KIA decreasing as Le-O•032• Hence the tube optimized for operation in 
the process water would perform well in clean water as well. 

ix) The alpha factors for the optimum configUrations of tubes of 
different diameter ratios were the same (!'!! 0.92) irrespective of the differences 
in the tube diameters. 
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Chapter 5 

Overall Conclusions 

The main conclusions of this study are summarized below: 

5.1 The conceptual design of a new aeration device named the SAF Diffuser 
has been developed. The application of the new device is for diffused aeration 
which forms a major energy consuming component in several water quality 
improvement processes pertaining to aquaculture, wastewater treatment and 
lake water quality enhancement. 

5.2 The design of the SAF Diffuser is based on the air lift principle. The 
diffuser essentially comprises a vertical composite draft tube. A buoyancy 
induced water flow field is created inside the tube by injecting air through 
0.5 mm to 1 mm diameter peripheral orifices located near the inlet end. The. 
induced water velocity exerts a drag on the bubbles that are being formed at 
the peripheral orifices. This additional drag force causes the bubble to detach 
from the orifice much before it grows to the normal size which it would have 
otherwise attained in a stagnant water body. For a given air flowrate, the 
induced water velocity and hence the bubble size would depend upon the tube 
dimensions. This dependence provides a unique way of controlling the bubble 
size. 

5.3 Through simple theoretical considerations and extensive experimentation, 
empirical correlations were developed to predict the induced velocities and 
void fractions within the tube in the bubbly flow regime (equations (3.6), 
(3.7) and (3.8)). The results of these studies indicate the following: 

• The tube Froude number based on the induced water velocity and 
the tube length is a function of the mean void fraction and the 
energy losses in the tube. The energy losses depend on the tube 
geometry and the mean void fraction. Hence the tube Froude 
number can be expressed as a function of the mean void fraction 
and the parameters defining the tube geometry namely, the length 
ratio and the diameter ratio. This functional relationship is given 
by equations (3.6) and (3.7). 

• The void fraction in the tube depends on the tube Froude number 
based on the superficial air velocity and the geometry of the tube. 
Equation (3.8) expresses the mean void fraction in the tube in 
terms of the tube Froude number based on the superficial air 
velocity, the length ratio and the diameter ratio. 
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• Using the equations (3.6), (3.7) and ('3.8), the induced water 
velocities and the mean vOId fractions in the tube can be ·.calculated 
for given values of air flowrate and geometric parameters of the 
tube. 

5.4 Analysis of flow using the above correlations in a tube with an inlet 
diameter of 5.8 cm proposed for the mass transfer studies indicated that with 
an air flowrate of 500 cc/s, induced orifice water velocities of 50 to 80 em/s 
could be achieved with tube lengths in the range of 8 to 35 cm. The analysis 
also indicated that the oriflce velocities would be maximum at diameter ratios 
in the range of 1.3 to 1.6. 

5.5 According to Barnhart (2) the optimum bubble size for mass transfer in 
an air water system is on the order of 2.2 mm. Analysis of bubble formation 
in flowing water indicated that the bubble size would depend on the orifice 
diameter, the air flowrate through the orifice and the water velocity 
(equations (2.16) and (2.18)). Thus for a given orifice size, the bubble size at 
formation can be controlled by controlling the air flowrate through the orifice 
as well as the water velOCity. In the SAF Diffuser, both these parameters are 
controlled to achieve optimum performance. The air flowrate per orifice is 
controlled by changing the number of the peripheral orifices. The induced 
water velocity is controlled by changing the tube dimensions. 

5.6 The analysis of bubble formation showed that the induced water velocity· 
required to produce 2.2 mm diameter air bubbles over a 0.5 mm diameter 
orifice, for an air flowrate of 1 eels through the orifice, would be about 50 
em/so The flow analysis, mentioned under 5.4 above, indicated that orifice 
velocities of 50 to 80 cmls could be induced with reasonable tube lengths (8 
to 35 cm). The analysis prima facie indicated that the concept might be 
feasible. 

5.7 Having established the feasibility through the study of the induced flow 
in the tube, a detailed study of the mass transfer characteristics was 
undertaken. The effects of the number of the peripheral orifices, the tube 
geometry and the system submergence were the main focus of. the study. 

5.8 A theoretical analysis of mass transfer in the bubble column using the 
simple plume theory showed that the mass transfer characteristics of the 
device under varying air flowrates, diffuser submergences, and tube geometries 
could be expressed in non-dimensional form in terms of a modified Stanton 
number, the submergence Froude number, the Galileo number, the 
submergence ratio, and the length and the diameter ratios of the tube 
(equations (2.88) and (2.89). 

5.9 The theoretical analysis was followed by detailed experimental studies on 
mass transfer characteristics of the device. The main conclusions of these 
studies are the following. 

127 



• For a given air flowrate and diffuser submergence, the mass transfer 
characteristics of the device would be influenced by the number of 
the peripheral orifices, the length ratio and the diameter ratio of 
the tube. 

• For a given air flux, the mass transfer coefficient per unit area of 
the diffuser was found to be maximum for tubes with area ratio in 
the range of about 1.5 to 3. The optimum tube lengths were found 
to be minimum for area ratios in the range of 1.5 to 2.4 (figures 
4.10 and 4.11). 

• The optimum tube length was found to be dependent on the 
number of peripheral orifices. Increasing the number of peripheral 
orifices increased the KIA until it reached an asymptotic maximum 
and at the same time decreased the optimum tube length. The 
reason for this is the reduction in the air flowrate per orifice as the 
number of the orifices is increased. The induced velocity required to 
produce a given bubble size decreases as the air flowrate per orifice 
is decreased. Since the induced velocity decreases with the decrease 
of the tube length, the decrease of the required induced velocity 
results in the decrease of the required tube length. Thus the 
number of the peripheral orifices and the tube length can be 
combined for optimum performance for a given application. 

.• The KIA values increased with increase of the diffuser submergence 
0'69 0'82 

Hs and the air flowrate Qa. KIA varied as Hs and Qa . The 
exponent of Hs is close to the value of 2/3 obtained from 
theoretical analysis using simple plume theory. The exponent of Qa 
differed much from the theoretical value of 7/ 12. The optimum tube 
geometry did not vary with either the diffuser submergence or the 
air flowrate. 

• Analysis of the experimental data showed that as shown by the 
simplified theoretical study, the mass transfer coefficient associated 
with the operation of the device in dean water could be expressed 
in terms of the modified Stanton number, the submergence Froude 
number, the Galileo number and the tube geometric parameters (the 
length ratio and the diameter ratio) over a wide ran~e of air 
flowrates, diffuser submergences, and tube geometries lequations 
(4.7) and (4.8)). 

• The results showed that by the introduction of the tube, the mass 
transfer coefficient increased by about 36 per cent as compared to 
the value for zero tube length. 
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• 

• 

• 

For a given air flux through the device, the Standard Aeration 
Efficiencies of an optimum SAF diffuser configuration were 10 to 20 
per cent higher than those of a porous stone diffuser under a 
diffuser submergence of 1.86 m. The increased efficiencies were due 
to the reduced pressures upstream of the SAF diffuser necessary to 
pump a given air flowrate as compared to the corresponding 
pressure upstream of the porous stone diffuser. With an increase of 
the diffuser submergence, the difference in the SAE values of the 
SAF and the porous stone diffusers would decrease. Thus the main 
advantage of the SAF diffuser in terms of SAE is for low 
submergence applications. 

The inlet air pressure upstream of the SAF diffuser decreased with 
an increase of the air flowrate whereas in the case of the porous 
stone diffuser the air pressure increased with the air flowrate. This 
significant advantage of the SAF diffuser makes it relatively more 
efficient than other devices for low depth applications under large 
air flowrates. 

The optimum tube length was found to depend on the water 
quality. The optimum tube length for operation in water with 
detergent addition was found to be greater than the value obtained 
in clean water. The optimum KIA· values obtained in the water 
with detergent addition were about 92 per cent of the values 
obtained in clean water. The studies indicated the possibility of 
achieving further increase in the KIA and further reduction in the 
optimum tube length for operation in process water (in this case, 
water with detergent addition) by increasing the number of the 
peripheral orifices. 

Additional remarks: 

The diameter of the tube used in this study was 9 cm. For a practical 
application, many such tubes would have to be provided in an aeration tank. 
The number of the tubes required could be decreased by designing the tube 
(the inlet and the outlet) with a rectangular planform (see figure 1.7 (b)) 
rather than a circular planform. The rectangular planform has the advantage 
that by increasing the length of the planform, the rangeability of the device 
can be increased. Alternatively several of the circular inlet tubes can be 
attached to a common outlet tube which could be either circular or 
rectangular in planform. These configurations need further study. 

The results presented in Chapter 4 show that the Aeration Efficiency 
would increase with the decrease of the diffuser submergence. Hence placing 
the diffuser at higher elevations rather than close to the basin floor may 
result in increased Aeration Efficiencies provided the diffuser can still 
maintain the liquid as well-mixed. The reductions in the mixing and the 
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saturation concentration values would set an upper limit up to which the 
diffuser can be raised to achieve increase in the Aeration Efficiency. In the 
SAF diffuser, the length of the inlet tube can be increased to maintain the 
mixing and at the same time to raise the air inlet elevation. Figures 5.1 and 
5.2 show two configurations of the diffuser with several air inlets and a 
common extended inlet tube. Such a possibility needs further study. 

In addition to the increased SAE values associated with the device for 
low depth applications, the SAF diffuser can also result in considerably 
reduced maintenance costs on account of the relatively large orifice sizes. At 
this juncture it a reasonable surmise. Field studies are required to assess the 
performance of the device under actual site conditions. 

In the foregoing discussions, the performance of the device was 
compared only with that of a porous stone diffuser and it was concluded that 
the device is most suited for low depth applications from the point of view of 
the Aeration Efficiency values. While this is true, the Aeration Efficiency is 
not the only criteria for the diffuser selection for an application. Coarse 
bubble diffusers are used in many applications on account of their relatively 
clogging free operation despite their low Aeration Efficiencies. The concept of 
the SAF diffuser can be used for such applications to obtain a balanced 
performance in respect of the Aeration Efficiency as well as reduced diffuser 
clogging. 

With further developmental work, which should include laboratory as 
well as field studies of the several possible configurations, the concept could 
develop into a viable aeration technology. 
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Appendix A 

The Chimney Equation 

Consider the straight vertical tube shown in figure A.l. Applying energy 
equation between points 1 and 2, neglecting the energy losses in the tube, the 
surface tension energy of the bubbles and also the energy transfer from the 
air at the air inlet section, we get 

V 2 
P1 = P2 + Pm; + g Pm Le (A.l) 

or 

where 
Pi = pressure at 1 

p2 = pressure at 2 

Vm = velocity of the air-water mixture in the tube 

pm = density of the air-water mixture in the tube 

Le = tube length 

g = gravitational acceleration 

(A.2) 

Assuming that the pressure outside the plume is hydrostatic and its 
variations. in the plume are s.m. all (33), th. e. pressu. r.e. at. the p.oint 2 would be 
equal to the hydrostatic pressure. With this assumption, we get 

(A.3) 

where 
Pw = density of water 

Substituting for (Pi-P2) from equation (A.3) into equation (A.2), 

V 2 
Pm; = Le g (Pw - Pm) (AA) 

To express the mixture velocity V m in terms of the water velocity V w 
and the air velocity Va, consider the mass flux of the mixture at any cross 
section of the tube. 

pm Vm = Pw Vw (l-a) + Pa Va a (A.5) 
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Fig. A.l The SAF Diffuser - Straight Tube 
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where 
a ;:::: mean void fraction in the tube 

Equation (A.5) can be written as 

Vrn ;:::: (!w Vw (I-a) + Pa Va a 
pm Pm 

(A.6) 

The density of the mixture can be expressed in terms of the void 
fraction as below (33): 

Pm ;:::: (l-a) Pw +a Pa (A.7) 

Since Pa «< Pw, the above equation can be written as 

Pm ;:::: (I-a) Pw (A.S) 

Substituting for Pm from equation (A.S) into equation (A.6), 

V rn ;:::: V W + {!a Va a 
. Pw 

(A.9) 

Again, since Pa < < < PWI the above equation can be approximated as 

(A.IO) 

Substituting for V III from equation (A.I0), equation (A.4) becomes 

== g Le (p - Pm) 
w 

;:::: g Le a (A.ll) 

or 

Frw = Vw = 
(Leg 

[~ll/2 
(I-a) 

[Chimney Equation] (A.12) 

where 
F rw ;:::: the tube Froude number based on water velocity 

Now, considering the composite draft tube and taking into account the 
energy losses occurring in the tube, equation A.ll becomes 

(A.13) 

where 
Pl ;:::: pressure losses in the tube 

Expressions for the various energy losses occurring in the tube are 
derived in terms of the water velOcity V w in the tube: 
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Entrance 1088 

where 

The pressure loss at the bell:mouthed entrance is given by (48) 

Pe == ka Pw (Vo2/2) 

Vo =::: entrance water velocity at the tube inlet 

ke == entrance loss coefficient 

(A.14) 

Applying the continuity equation, Vo can be expressed in terms of Vw 
as below: 

where 

D 2 
Vo == ~ (1-a) Vw 

Dop 

Dp == diameter of the tube 

(A.15) 

Dop == diameter of the tube inlet (see figure A.2) 

Substituting for Vo from equation (A.15) into equation (A.14), we get 

2 

Pe == V2 (1-a) Pw Ke (A.16) 

where 
4 

Ke == ke (Dp/Dop)· (1...,.a) (A.17) 

The entrance bellroouth used in the studies had a radius equal to 0.6 
times the diameter of the tube inlet. For this ratio of the bellmouth radius 
to pipe diameter, ke = 0.01 (48). 

Expansion loss 

The pressure loss occurring at the sudden expansion between the tube 
inlet and the tube can be expressed in terms of the water velocity in the 
tube as below: 

V2[D2 ]2 
Pex == Pm -t ~2 - 1 

Dop 

Substituting for Pm and V m from equations 
becomes 

2 

Pax = (1-a) Pw Vi Kex 
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(A.S) and (A.lO), equation (A.1S) 

(A.19) 
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where 

[ D 2 ] 2 
Kex;::: . ~2 ~ 1 

Dop 
2 2 

;::: (Dr ~ 1) 

Dr ;::: (Dp/Dop) 
;::: diameter ratio 

Friction loss 

(A.20) 

(A.21) 

The friction loss in the tube can be expressed in terms of .the mean 
water velocity in the tube (23). 

where 

J 2 
Pi ;::: Pw f (Le/Dp) + (A.22) 

f ;::: friction coefficient for the air-water bubbly flow in the tube 

Le ;::: effective tube length 

;::: L2 + [L1 (Aop/ Ap)] (A.23) 
Jw ;::: superfi cial water velocity in the tube 

;::: Vw (i-a) 
Ap ;::: cross sectional area of the tube 

Aop ;::: cross sectional area of the tube inlet 

(A.24) 

Substituting for Jw from equation (A.24), the expression (A.22) for the 
friction loss becomes 

Pr 
V 2 

;::: (i-a) Pw 2 Kr (A.25) 

where 
Kr ;::: f Lr (i-a) (A.26) 
Lr ;::: length ratio 

;::: (Le/Dp) (A.27) 

Loss due to the la.teral entry of the bubbles at the air inlet 

It is assumed that there would be a contraction loss at the air inlet 
section due to the lateral entry of the bubbles into the tube. This contraction 
loss can be expressed in terms of an appropriate contraction loss coefficient kc 
as 

2 
Pc ;::: kc Pw (Vom /2) (A.28) 
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where 
Vom :::: . velocity of water in the air-water flow region in the tube 

inlet 

Assuming the void fraction to be the same in the tube inlet and the 
tube, applying continuity equation we get 

~ 2 
Vom Dop :::: VwDp (A.29) 

Substituting for Yom from equation (A.29) into equation (A.28), 

V 2 
pc :::: (l-a) Pw --t Kb 

where 
4 

Kb :::: kc Dr j(l-a) (A. 30) 

Other losses 

In addition to the above losses, there are other secondary losses which 
are to be accounted for. These losses are dealt with in Chapter 2. It is 
assumed that all these losses can be expressed by a single loss coefficient Ks. 

Substituting for the pressure loss Pl in equation (4.13) in terms of the 
loss terms derived above, we get . 

where 
K = overall loss coefficient 

K = 1 + Ke + Kex + Kr + Kb +Ks 
Ke :::: entrance loss term 

= ke Dr4 (l-a) 
Kex = expansion loss term 

=. (D1'2..;. 1)2 

Kf = friction loss term 
= f (Le/Dp) (l--a) 
= f L1' (l-a) 

Kb = term representing the losses due to the lateral 
entry of air bubbles into the tube at the air inlet 

:::: kc Dr4j (l-a) 
f :::: friction factor for the air-water bubbly flow 

143 

(A.S1) 

(A.32) 



kc := appropriate contraction loss coefficient at the 
bubble entrance region 

Ks := coefficient of the secondary losses not considered by the 
above loss coefficients 

Dp := diameter of the tube 

Dop := diameter of the tube inlet 

Lr := length ratio of the tube 

:= Le/Dp 
Dr :=diameter ratio := Dp/Dop 
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APPENDIX B 

Experimental Results of Tube Flow Characteristics 
-------------------------------------------------

Dop Dp Le Qa Qw Vw 
(em) (em) (em) (eels) (eels) ex (em/s) 

------------------------------------------------------------
1.10 1.10 18.92 6.36 35.00 0.15 43.08 
1.10 1.10 18.92 14.93 42.00 0.24 58.30 
1.10 1.10 18.92 24.24 44.58 0.33 70.01 
1.10 1.10 18.92 33.55 45.83 0.40 80.38 
1.10 1.10 18.92 43.19 45.83 0.45 88.16 
1.10 1.10 26.54 6.73 39.30 0.14 48.20 
1.10 1.10 26.54 14.93 46.66 0.23 64.10 
1.10 1.10 26.54 24.24 50.01 0.32 77.39 
1.10 1.10 26.54 33.56 51.33 0.38 87.12 
1.10 1.10 26.54 43.19 52.00 0.44 97.7l. 
1.10 1.10 26.54 52.00 52.00 0.50 109.00 
1.10 1.27 26.58 6.73 46.20 0.11 41.31 
1.10 1.27 26.58 14.93 56.33 0.20 55.77 
1.10 1.27 26.58 24.24 61.17 0.26 65.90 
1.10 1.27 26.58 33.56 63.67 0.32 74.50 
1.10 1.27 26.58 43.19 65.00 0.38 82.75 
1.10 1.27 26.58 52.90 65.33 0.42 90.15 
1.10 1.27 19.05 6.73 41.00 0.11 36.60 
1.10 1.27 19.05 14.93 51.33 0.20 50.75 
1.10 1.27 19.05 24.24 55.50 0.27 60.69 
1.10 1.27 19.05 ", , 33.56 57.16 0.34 69.12 
1.10 1.27 19.05 4~.19 57.83 0.40 76.75 
1.10 1.27 19.05 52.90 57.83 0.45 83.95 
1.10 1.61 18.49 6.73 43.33 0.09 23.48 
1.10 1.61 18.49 14.93 56.33 0.16 33.05 
1.10 1.61 :"8.49 24.24 64.50 0.22 40.98 
1.10 1.61 18.49 33.56 67.04 0.27 45.33 
1.10 1.61 18.49 43.19 72.66 0.33 53.51 
1.10 1.61 18.49 52.90 74.33 0.37 58.47 
1.10 1.61 26.10 6.73 49.80 O.OS 26 .. 85 
1.10 1.61 26.10 14.93 64.50 0.15 37.29 
1.10 1. 61 26.10 24.24 71.S3 0.20 44.53 
1.10 1. 61 26.10 33.56 76.00 0.25 50.11 
1.10 1.61 26.10 43.19 7S.75 0.30 55.30 
1.10 1.61 26.10 52.90 80.33 0.34 60.40 
5.17 5.17 29.72 57.00 7S0.76 0.05 39.07 
5.17 5.17 29.72 122.50 962.91 O.OS 49.86 
5.17 5.17 29.72 190.00 1120.28 0.11 60.23 
5.17 5.17 29.72 256.67 1206.16 0.14 66.65 
5.17 5.17 29.72 323.33 1273.10 0.16 72.20 
5.17 5.17 29.72 391.66 1335.93 o .1S"· 77.61 

Contd .•.. 
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Dop Op Le Qa Qw Vw 

(cm) (em) (cm) (ce/s) (ce/s) a (cm/s) 

------------------------------------------------------------
5.17 5.79 25.00 122.50 1025.76 0.08 42.30 

5.17 5.79 25.00 190.00 1176.05 0.11 50.24 

5.17 5.79 25.00 256.67 1302.14 0.14 57.31 

5.17 5.79 25.00 323.33 1389.68 0.15 62.39 

5.17 5.79 25.00 391. 66 1447.46 0.18 66.64 

5.17 5.79 36.20 36.42 190.54 0.04 31.11 

5.17 5.79 36.20 57.00 893.94 0.04 35.37 

5.17 5.79 36.20 76.17 1032.23 0.05 41.40 

5.17 5.79 36.20 82.66 1037.18 0.06 41. 77 

5.17 5.79 36.20 105.83 1142.92 0.07 46.52 

5.17 5.79 36.20 156.33 1300.18 0.08 53.85 

5.17 5.79 36.20 203.33 1404.35 0.10 59.26 

5.17 5.79 36.20 256.66 1504.72 0.12 65.09 

5.17 5.79 36.20 330.00 1616.33 0.14 71.71 
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APPENDIX C 

Experimental Results of Mass Transfer studies 
---------------------------------------------

Qas ~ air flowrate corresponding to standard atmosphere 
Qa = air flowrate corresponding to pressure at tube centre 

Css = saturation concentration oorresponding to standard atmosphere 
Dop ;= 5.8 cm : Do = 0.5 mm: (Clean water) 

Dp I.e Hs Qas Qa Nm KIA Css 
(cm) (cm) (cm) (cc/s) (ec/s) (ee/s) (mg/l) 

---------~-----------~-----------------------------------------------
9.00 6.92 33.53 500 499.2 3 402.6 8.74 
9.00 6.92 64.01 500 485.0 3 544.8 8.B8 
9.00 6.92 49.99 500 491.4 3 484.6 B.81 
9.00 6.92 103.33 500 467.7 3 736,9 9.04 
9.00 6.92 155.45 500 446.6 3 946,1 9.16 
9.00 6.92 185.93 500 435.2 3 1084,1 9.39 
9.00. 6.92 33.53 250 249.6 3 215.4 8.81 
9.00 6.92 49.99 250 245.7 3 266.4 B.85 
9.00 6.92 103.33 250 233.9 3 401.7 9.04 
9.00 6.92 185.93 250 217.6 3 630.8 9.31 
9.00 6.92 33.53 165 164.8 3 152.0 8.80 
9.00 6.92 49.99 165 162.2 3 202.1 8.88 
9.00 6.92 103.33 165 154.3 3 302.0 9.02 
9.00 6.92 185.93 165 143.6 3 438.6 9.36 
9.00 6.92 33.53 83 82.9 3 85.9 8.81 
9.00 6.92 49.99 83 81.6 3 110.9 8.82 
9.00 6.92 103.33 83 77.6 3 163.1 9.02 
9.00 6.92 185.93 83 72.2 3 251.3 9.40 
9.00 6.92 18.29 500 506.7 3 257.6 8.75 
9.00 6.92 18.29 250 253.4 3 145.7 8.89 
9.00 6.92 \ 18.29 165 167.2 3 89 .• 8 8.85 
9.00 14.54 185.93 500 436.6 3 1049.6 9.34 
9.00 12.00 185.93 '500 436.1 3 1054.5 9.34 
9.00 9.46 185.93 500/ 435.6 3 1079.2 9.32 
9.00 24.70 185.93 500 438.5 3 1044.7 9.38 
9.00 17.08 185.93 500 437.0 3 1059.5 9.27 
9.00 9.46 185.93 500 435.6 3 1064.4 9.28 
9.00 6.92 185.93 500 435.2 3 1084.1 9.20 
9.00 6.92 185.93 500 435.2 3 1103.8 9.35 
9.00 9.46 185.93 250 217.8 3 606.1 9.47 
9.00 14.54 185.93 250 218.3 3 591.3 9.41 
9.00 19.62 185.9·3 250 218.8 3 596.3 9.47 
9.00 24.70 185.93 250 219.2 3 591.3 9.47 
9.00 32.32 185.93 250 219.9 3 586.4 9.44 
9.00 6.92 185.93 250 217.6 3 630.8 9.42 
9.00 6.92 185.93 165 143.6 3 440.5 9.36 
9.00. 6.92 185.93 83 72.2 3 252.3 9.40 

12.00 21.35 185.93 500 438.0 3 1153.1 9.31 
12.00 24.53 185.93 500 4.38.6 3 1123.5 9.37 
12.00 37.86 185.93 500 441.1 3 1079.2 9.39 
12.00 30.24 185.93 500 439.6 3 1118.6 9.35 
12.00 21.35 185.93 250 219.0 3 650.5 9.44 
12.00 21.35 185.93 165 144.5 3 463.2 9.35 

Contd •••• 
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Dp Le Hs Qas Qa Nrn KIA Css 
(ern) (ern) (em) (ee/s) (ee/s) (ee/s) (mg/I) 

---------------------------------------------------------------------
5.80 20.96 185.93 500 437.3 3 1000.3 9.33 
5.80 27.62 185.93 500 438.5 3 979.1 9.35 
5.80 35.71 185.93 500 440.0 3 960.9 9.28 
5.80 20.96 185.93 250 218.6 3 566.7 9.25 
5.80 20.96 185.93 165 144.3 3 394.2 9.25 
5.80 20.96 185.93 83 72.6 3 221.8 9.34 
7.50 5.77 185.93 500 434.9 3 1054.5 9.47 
7.50 15.52 185.93 500 436.7 3 1044.7 9.46 
7.50 20.60 185.93 500 437.6 3 1039.8 9.44 
7.50 25.68 185.93 500 438.6 3 1039.8 9.43 
7.50 28.30 185.93 500 439.0 3 1000.3 9.23 
7.50 23.52 185.93 500 438.2 3 1025.0 9.25 
7.50 15.93 185.93 500 436.8 3 1034.8 9.27 
7.50 10.85 185.93 500 435.8 3 1039.8 9.25 
7.50 7.34 185.93 500 435.2 3 1034.8 9.28 
7.50 5.77 185.93 250 217.4 3 606.1 9.44 . 
7.50 5.77 185.93 165 143.5 3 421.3 9.32 
9.00 24.70 103.33 500 471.5 3 697.6 8.99 
9.00 14.54 103.33 500 469.3 3 700.6 8.99 
9.00 19.62 103.33 500 470.4 3 703.7 8.96 
9.00 6.92 103.33 500 467.7 3 721.8 9.03 
9.00 6.92 103.33 500 467.7 3 736.9 9.03 
9.00 6.92 49.99 500 491.4 3 484.5 8.80 
9.00 14.54 49.99 500 493.2 3 459.5 8.83 
9.00 19.62 49.99 500 494.4 .3 454.2 8.84 
9.00 24.70 49.99 500 495.6 3 456.0 8.83 
9.00 32.32 49.99 500 497.4 3 446.1 8.82 
9.00 6.92 49.99 500 491.4 3 486.4 8.81 
9.00 9.46 49.99 500 492.0 3 477 .4 8.84 
9.00 24.70 185.93 ., 500 438.5 3 1025.0 9.34 
9.00 1.84 185.93 500, 434.2 3 980.6 9.39 
9.00 1.84 185.93 250 217 .1 3 571.6 9.43 
9.00 4.38 185.93 500 434.7 3 1025.0 9.44 

12.00 9.92 185.93 500 435.9 3 1069.3 9.40 
12.00 15.00 185.93 500 436.8 3 1128.5 9.38 
12.00 7.38 185.93 500 435.4 3 1015.1 9.31 

5.80 9.21 185.93 500 435.1 3 979.6 9.25 
5.80 11. 75 185.93 500 435.6 3 965.8 9.27 
5.80 6.99 185.93 500 434.7 3 975.7 9.37 
5.80 15.24 185.93 500 436.2 3 990.5 9.46 
9.00 1.84 103.33 500 466.6 3 655.3 9.25 
9.00 1.84 49.99 500 490.2 3 450.6 8.80 
9.00 1.84 33.53 500 498.0 3 340.0 8.78 
9.00 9.46 185.93 500 436.0 2 1015.1 9.43 
9.00 14.54 185.93 500 436.9 2 995.4 9.36 
9.00 19.62 185.93 500 437.9 2 980.6 9.36 
9.00 24.70 185.93 500 438.8 2 965.8 9.35 
9.00 1.84 185.93 500 434.6 2 911.6 9.36 
9.00 6.92 185.93 500 435.5 2 1044.7 9.42 
9.00 4.38 185.93 500 435.0 2 985.6 9.45 

Contd •••• 
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Dp Le Hs Qas Qa Nm KiA ess 
(em) (em) (em) (ee/s) (ee/s) (ee/s) (mg/i) 

~--------------------------------------------------------------------
9.00 l.4.54 185.93 500 436.9 1 828.4 9.39 
9.00 24.70 185.93 500 438.8 1 862.4 9.33 
9.00 32.32 185.93 500 440.2 1 891.9 9.36 
9.00 39.94 185.93 500 441. 7 1 911. 6 9.34 
9.00 9.46 185.93 500 436.0 1 813.1 9.37 
9.00 1.84 185.93 500 434.6 1 709.6 9.36 
7.50 28.29 185.93 500 439.5 1 818.0 9.27 
7.50 18.47 185.93 500 437.6 1 783.5 9.28 
7.50 33,,70 185.93 500 440.5 1 788.4 9.25 
7.50 10.85 185.93 500 436.2 1 763.8 9.24 
7.50 2.26 185.93 500"·' 434.7 1 709.6 9.24 
5.80 9.21 185.93 500 435.9 1 709.6 9.22 
5.80 14.92 185.93 500 437.0 1 737.2 9.26 
5.80 19.05 185.93 500 437.8 1 758.9 9.23 
5.80 27.31 185.93 500 439.3 1 763.8 9.24 
5.80 36.83 185.93 500 441.1 1 754.0 9.24 
5.80 43.82 185.93 500 442.4 1 744.1 9.26 

19.00 15.00 185.93 500 436.7 3 1250.0 9.33 
(Dop=12) 
19.00 48.26 185.93 500 443.3 3 1230.1 9.32 

(Dop=12) 
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