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Abstract: Problem statement: The oxidation ditch system has been used to treat various types of 
wastewaters. Several types of aerators are used to supply the treatment process with oxygen. Among these 
devices, the disc aerator has certain advantages regarding foam generation over the brush and paddle type 
rotors, but the main disadvantages of this aerator is the limited oxygenation capacity. The main objectives 
of this study were to study the effects of various design parameters and system operation parameters on the 
oxygenation capacity of the system. Approach: A bench scale oxidation ditch system equipped with a disc 
aerator was used to gain better understanding of the phenomena of oxygen transfer and to study the effects 
of hole diameter, number of holes per disc, disc thickness, disc speed, immersion depth and number of 
discs on the oxygenation capacity of the system. The unsteady state method with sulphite oxidation was 
used to deoxygenate the water. The test involved chemical removal of dissolved oxygen from water 
followed by oxygenation. The power consumed was measured, the oxygen transfer coefficient was 
determined and both the oxygenation capacity and oxygenation efficiency were calculated. Results: The 
oxygen transfer coefficient was affected by the immersion depth, hole diameter, disc speed, disc thickness 
and number of discs, with the disc speed having the greatest effect. The results showed that three physical 
processes simultaneously contributed to oxygen transfer by the disc aerator: bubble aeration, eddy aeration 
and surface aeration. Conclusion: The use of sodium sulphite with cobalt chloride for deoxygenation of the 
water via the oxidation ditch was effective and the results were very consistent and repeatable. The aerator 
disc of 2.55 cm thickness, 1.92 cm diameter and 48 holes was found to achieve the highest oxygenation 
capacity. The system is anticipated to provide a broad range of oxygen transfer rates under actual 
conditions (23-164 mgO2/L-h) to meet varying process demands encountered in aerobic treatment systems.  
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INTRODUCTION 

 
 Wastewaters have been successfully treated using 
aerobic biological systems. (Pell and Worman, 2008; 
LaPara and Alleman, 1998; Groves et al., 1992; Fenlon 
and Mills, 1980). The main functions of any aeration 
device are to: (a) supply a sufficient quantity of oxygen 
to the liquid medium to maintain aerobic conditions, (b) 
circulate the liquid to keep solids in suspension and 
avoid settling, (c) distribute the oxygenated liquid 
throughout the liquid body to avoid anaerobic zones 
and (d) keep good contact between the microbial cells, 
nutrients and dissolved oxygen to ensure efficient 
biodegradation of the organic matter (Gresch et al., 
2010). From the viewpoint of the operators, the aeration 

process should be accomplished at the least cost per 
kilogram of waste treated. 
 The oxidation ditch system has been successfully 
used for wastewater treatment (Liu et al., 2009; Xie et 
al., 2006; Xia and Liu, 2003). The ditch essentially 
consists of a closed loop, open channel in which liquid 
circulation and oxygen input are maintained by a 
mechanical device. The disc aerator described by (Wu, 
1995; Gomolka and Gomolka, 1991; Ghaly and Kok, 
1986) is an alternative to the brush and paddle wheel 
rotors which are traditionally used in oxidation ditches 
(Moulick et al., 2002; Jones et al., 1971). It has certain 
advantages with regard to foam generation but the 
oxygenation capacity of an individual disc was reported 
to be limited and the use of a number of discs on the 
rotating shaft was suggested in order to allow for a 
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wider range of oxygenation capacities (Drews et al., 
1972). From the point of energy consumption, it would 
be more fruitful to try to improve the oxygenation 
capacity of a single disc aerator rather than merely use 
large numbers of discs. This can be achieved by better 
understanding of the mechanisms of oxygen transfer by 
the disc aerator and investigating the effects of various 
disc design parameters and system operation parameters 
on the oxygenation capacity of the disc.  
 The main objectives of this study were to: (a) 
investigate the effects of various disc design parameters 
(hole diameter, disc thickness and number of holes per 
disc) and system operational parameters (rotational 
speed, immersion depth and number of discs) on the 
oxygen transfer coefficient, (b) calculate the 
oxygenation capacity of the system and (c) understand 
the physical phenomena of oxygen transfer in the 
oxidation ditch.  
 
Oxygen transfer: Aeration is used to transfer oxygen 
to a biological treatment process. It is a gas-liquid 
mass-transfer process in which interphase diffusion 
occurs when a driving force is created by departure 
from equilibrium (Gresch et al., 2010; Pawar et al., 
2009). The driving force is a difference in activity 
between the two phases (gas and liquid) and is usually 
expressed in terms of a concentration or partial pressure 
difference (Pawar et al., 2009). However, the various 
mass transfer mechanisms that have been reported in 
the literature are based on Fick’s Law of diffusion: 
 

dc
N DA

dy

 
=  

 
  (1) 

 
Where: 
N = The time rate of mass transfer (gs-1) 
D = The diffusion coefficient (cm2s−1) 
A = The cross-sectional area through which 

diffusion occurs (cm2) 
dc

dy
 = The concentration gradient perpendicular to the 

cross-sectional area (gcm−4) 
 
 Two mechanisms have been suggested for 
explaining the mass transfer between the gas-liquid 
phases: the two film theory and the penetration theory. 
Assuming equilibrium at the gas-liquid interface, the 
mass transfer can be expressed as follows: 
 

G L E

dc dc dc
N D A D A D

dy dy dy

     
= = =     

     
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Where: 
DG  =  The diffusivity coefficient through the gas film 

(cm2s−1) 
DL = The diffusivity coefficient through the liquid film 

(cm2s−1) 
DE  = The eddy coefficient of diffusion from the gas to 

liquid film (cm−4s−1) 
dc

dy
 = The partial pressure gradient perpendicular to the 

cross-sectional area (gcm−4) 
 
The two film theory: The interface between two 
phases is modeled as a set of two stagnant films, one on 
the gas side and the other at the liquid side. Mass 
transfer then occurs by sequential molecular diffusion 
through the two films as shown in Fig. 1 (Haut and 
Halloin, 2003). With this concept, equation 2 can be 
written in terms of a gas and liquid films as follows: 
 

L S L G t GN K A(C C ) K A(P P )= − = −               (3) 

 
Where: 
N = The time rate of mass transfer (gs−1) 
KL  = The liquid film rate constant, defined as 

DL/YL(cms−1)  
KG = The gas film rate constant, defined as DS/YG 

(gPa−1cm−2s−1) 
C  = The concentration of solute in the liquid at the 

interface (gcm−3) 
CL  = The concentration of solute in the liquid (gcm−3) 
PG  = The partial pressure in the gas phase (gcm−3) 
P = The partial pressure at the interface (gcm−3) 
A = The cross-sectional area through which diffusion 

occurs (cm2) 

 
 For a sparingly soluble gas such as oxygen, the 
liquid film resistance controls the rate of mass transfer. 
The diffusion is assumed to occur only in a direction 
perpendicular to the interface and the two films are 
thought of as persisting regardless of how much 
turbulence is present in the gas and liquid (Echenfelder, 
1959; Wang, 1995).  
 
The penetration theory: It is postulated that the 
contact between phases occurs in a series of intermittent 
steps and   the    mass    transfer    rate    is  a function of 
the contact    time. Elements of fluid move periodically 
from the    turbulent   core   to the   phase   boundary, 
rest there    a   short   time      and     are   then   replaced 
by  other    elements   from   the    bulk   liquid  (Fig. 2). 
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Fig. 1: Schematic representation of gradients in the 
stagnant gas and liquid films during interphase 
mass transfer 

 

 
 

Fig. 2: Suggested mechanism of mass transfer across 
an interface via eddy surface renewal 

 
The mass transfer takes place exclusively by molecular 
diffusion during the period of contact in a direction 
perpendicular to the interface with regular frequency, 
i.e., the time that each element of fluid remains in 
contact with the phase boundary is constant 
(Nedeltchev et al., 2007). The rate of oxygen transfer 
(KL) was defined as follows (Miller, 1964; McCabe et 
al., 2004; Nedeltchev et al., 2007): 
  

L
L

e

D
K 2=

τ
 (4) 

where, te is the time of exposure of the eddy to air (s). 
 Dankwarts (1951) discovered that the displacement 
of fluid elements from a phase boundary is completely 
random and there is no dependence on the time of 
contact. He assumed the rate of displacement of liquid 
elements to be constant over the whole contact time and 
defined KL as follows: 
 

L LK D .r=  (5) 

 
where, r is the rate of surface renewal (sec−1). 
 However, neither the time of exposure of the eddy 
to the gas phase (te) nor the rate of surface renewal (r) 
can be easily calculated with accuracy (Ghaly and 
Edwards, 2011). 
 
Over-all volumetric mass transfer coefficient: In 
most types of gas transfer systems, it is not possible to 
measure the interfacial area of contact between gas and 
liquid. For this reason, use is made of the over-all 
volumetric mass transfer coefficient in which are 
combined the interfacial area per unit volume and the 
mass transfer coefficient (Ghaini et al., 2010). At 
steady state, when the oxygen concentration in the 
liquid phase remains relatively constant, the transfer 
rate is calculated by means of the following equation: 
 

L S LN K aV(C C )= −  (6) 

 
Where: 
V = The volume of the system (cm3) 
KLa = Tthe overall volumetric mass transfer 

coefficient based on the liquid phase (sec−1) 
 
 The objective of aeration and agitation 
management in a wastewater treatment system is to 
achieve a value of KLa such that the oxygen supply 
meets the oxygen demand of the microorganisms at a 
value of CL sufficient for the microorganisms to exist.  
 

MATERIALS AND METHODS 
 
Experimental apparatus: A bench scale oxidation 
ditch system (Fig. 3) equipped with a disc aerator was 
set up to gain an understanding of the phenomenon of 
oxygen transfer and to study the effects of the disc 
design parameters and system operation parameters on 
the rate of oxygen transfer in deionized water. The 
equipment included the oxidation ditch and hood, 
aerator discs and rotating shaft, a motor and a speed 
controller. 
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Fig. 3: Schematic diagram of the oxidation ditch and associated apparatus 
 
 A race track type oxidation ditch was 
constructed of acrylic plastic (Fig. 4). The thickness 
and height of the ditch walls are 0.4 and 16.0 cm, 
respectively. The walls of the ditch were   glued onto a 
76×38 cm acrylic plate of 0.6cm thickness. 
 The inner and outer diameters of the circular part 
of the ditch were 15 and 30 cm, respectively. The 
length of the ditch side was 31.5 cm. This length was 
used to obtain a ditch area of 1000 cm2 and a volume of 
16 000 cm3. The aerator was covered with an acrylic 
hood to avoid loss of the ditch contents by splashing.  
 The aerator discs were fabricated of acrylic plastic. 
The diameter of the discs was 29 cm. Holes were 
drilled in the outer 7 cm, parallel to the disc axis. The 
independent variables considered in the design of the 
discs were: disc thickness, hole diameter and number of 
holes. Five levels of disc thickness (0.32, 0.64, 1.28, 
1.92 and 2.55 cm) and five levels of hole diameter 
(0.00, 0.32, 0.64, 1.28 and 1.29) were studied. A total 
of twenty five discs were fabricated. The number of 
holes drilled in the discs was such that all discs had the 
same perforated area (123 cm2 out of 660 cm2 or 19%). 
This resulted in 1536, 384, 96 and 43 holes per disc for 
the discs having 0.32, 0.64, 1.28 and 1.92 cm hole 
diameters, respectively.  
 The disc was mounted on a rotating shaft so that it 
was partially submerged in the ditch contents. The disc 
shaft was driven by an adjustable speed (0-500 rpm) 
electric motor (Steadi-Speed Stirrer No. 14-498A, 

Fisher Scientific, Montreal, Quebec, Canada). The 
motor shaft was attached to the disc shaft through a 
chuck assembly. The disc immersion depth was 
adjusted by lowering or raising both the drive and disc 
shafts to the required height using two pieces of 
Plexiglas of the same thickness (2.5 and 5.0 cm) under 
the bearings. A generator tachometer (Servo-Tek Model 
ST-9540-20, Fisher Scientific, Montreal, Quebec, 
Canada) was connected to the disc shaft by means of a 
Tygon tube to measure the speed of rotation. 
 A general purpose filtering funnel (Kimble 28950 
No 10-322E, Fisher Scientific, Montreal, Quebec, 
Canada) was used to gradually add sodium sulphite and 
cobalt chloride solutions to the ditch. The funnel was 
connected to the ditch by a Tygon tube. An impeller of 
31 cm length and 4.4 cm propeller diameter was 
connected to a stirring apparatus (Dyna-Mix Model 43, 
Fisher Scientific, Montreal, Quebec, Canada) with the 
propeller at the mid-depth of the ditch and used to 
circulate and mix the ditch contents during the 
deoxygenation process. Dissolved oxygen was 
measured by a polarographic electrode (Beckman 
39553 O2 Sensor) connected to a dissolved oxygen 
meter (Beckman Fieldlab Oxygen Analyzer Model 
1008, Fisher Scientific, Montreal, Quebec, Canada). 
The signal from the dissolved oxygen meter was 
recorded continuously on a servo recorder (Health 
Model Eu-20B, Fisher Scientific, Montreal, Quebec, 
Canada). Liquid temperature was measured by a 
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thermistor sensor (Beckman Model 39590, Fisher 
Scientific, Montreal, Quebec, Canada) and air 
temperature was measured by a mercury thermometer. 
The barometric pressure was measured by a mercury 
barometer (Fisher 2-383, Fisher Scientific, Montreal, 
Quebec, Canada). Power requirements were measured 
by a single element wattmeter (Crompton Parkinson 
No. 1672070, Tyco Electronics, Witham, Essex, UK). 
A Locam 16 mm High Speed Motion Picture Camera 
(500 frames per second) was used to film the movement 
of bubbles and eddies during the aeration process. 
 
Experimental design: Three independent disc design 
variables (disc thickness, hole diameter and number of 
holes) and three operational variables (disc immersion 
depth, disc rotational speed and number of discs) were 
considered for manipulation to maximize the oxygen 
transfer capacity of the system. However, a complete 
factorial experiment including all six factors was 
considered impractical. Therefore, five sets of 
experiments were carried out. 
 In the first set of experiments, the oxygen transfer 
coefficient (KLa) was determined at three immersion 
depths (2.5, 5.0 and 7.5 cm) and five disc speeds (50, 
100, 150, 200 and 250 rpm) using the disc of 0.64 cm 
thickness having 48 holes of 1.28 cm diameter.  
 In the second set of experiments, the effects of disc 
speed and hole diameter on KLa were studied. An 
immersion depth of 7.5 cm and a disc thickness of 0.64 
cm were maintained during all experiments. These 
values for immersion depth and disc thickness were 
chosen randomly. Five hole diameters (0.00, 0.32, 0.64, 
1.28, 1.92 cm) and five disc speeds (50, 100, 150, 200 
and 250 rpm) were used.  All of the discs have the same 
perforated area. 
 In the third set of experiments, the effects of disc 
speed and disc thickness on KLa were studied. Four 
discs of 0.64, 1.28, 1.92 and 2.55 cm thickness (all 
having equal perforated volumes of 85 cm3) and five 
disc speeds (50, 100, 150, 200 and 250 rpm) were used. 
An immersion depth of 7.5 cm was maintained 
throughout the experiments.  
 In the fourth set of experiments, an attempt was 
made to study the effects of using more than one aerator 
disc on the rotating shaft on KLa. Because of the limited 
width of the ditch (7.5 cm), it was only feasible to 
install a maximum of two discs spaced at 2.5 cm on the 
rotating shaft. This was done for two disc thicknesses 
(0.32 and 0.64 cm). An immersion depth of 7.5 cm was 
maintained during the experiments. KLa values were 
obtained for these two discs at five disc speeds (50, 
100, 150, 200 and 250 rpm) and the values were 

compared with those obtained when using single discs 
of the same thickness and double thickness.  
 In the fifth set of experiments, the oxygenation 
capacity of the optimum disc was determined at various 
speeds. The values of KLa were used to calculate the 
oxygenation capacity. The Oxygenation Capacity (OC) 
was defined in this study as the weight of oxygen per 
unit time (gO2/h) that could be introduced into a 
completely deoxygenated body of water at 20°C and 
101.3 kPa and it can be described by the following 
equation: 
 
OC = KLa CS V  (7) 
 
 The oxygenation efficiency was defined as the 
weight of oxygen that can be introduced into a 
completely deoxygenated body of water at 20°C and 
101.3 kPa per unit energy consumed (gO2/MJ). The 
power requirement of the system operating with the 
disc of 2.55 cm thickness, having 48 holes of 1.92 cm 
diameter and an immersion depth of 7.5 cm, was 
measured at 50, 100, 150, 200 and 250 rpm. The power 
input to the motor drive was measured with and without 
liquid in the ditch. The net power input was taken as the 
difference between these two measured power values.  
 
Experimental procedure: A number of experiments 
were performed to determine the values of the oxygen 
transfer coefficient (KLa) in the oxidation ditch under 
various conditions. During each experimental run, the 
ditch contents were aerated, deoxygenated and then 
reaerated. The unsteady state method with sulphite 
oxidation described by Ghaly and Kok (1988) was 
used. The test involves the chemical removal of 
dissolved oxygen from water by oxidation of sodium 
sulphite (with cobalt added as a catalyst). The chemical 
reaction is as follows: 
 
Na2SO3 + 0.5 O2 o 2C Cl

�������

Na2SO4 (8) 
 
 Theoretically, 7.9 mg L−1 sodium sulphite is 
needed for each mg L−1of DO. However, because it is 
necessary to mix the sodium sulphite throughout the 
aeration tank before the test starts, oxidation of some 
sulphite occurs during the mixing period. Therefore, the 
addition of approximately 1.5-2.0 times of the 
theoretical quantity of sodium sulphite has been 
suggested by Ghaly and Kok (1988) as being necessary 
to deoxygenate the basin. 
 Initially, the ditch was cleaned thoroughly with tap 
water and then flushed several times with deionized 
water before each run. Eleven litres of deionized water 
were then added to the ditch. The dissolved oxygen 
meter, recorder and aerator were started simultaneously 
and the liquid and air temperatures and barometric 
pressure were recorded. 
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Fig. 4: The oxygen concentration curve obtained during 

a typical experimental run 
 

 
 
Fig. 5: Determination of KLa 
 
 When the oxygen saturation concentration (CS) was 
reached (the oxygen   concentration curve became flat), 
the   aerator   motor   was   switched off   and   13.8 mL 
of 0.10 M Na2SO3   solution (173.8 mg   of  sodium   
sulphite)   and 1.6 ml   of   0.01   M CoCl2·6H2O 
solution   (2.2   mg   of   cobalt  chloride)   were  added. 
These solutions were distributed throughout the 
oxidation ditch by the impeller. When the water was 
completely deoxygenated, the impeller was shut off and 
the disc aerator was started. The dissolved oxygen 
concentration (CL) then increased until it reached the 
saturation concentration (CS). During a typical 
experiment, CL remained at zero until the excess 
sodium sulphite had been oxidized, rose rapidly at the 
beginning and then slowly approached its saturation 
value again (Fig. 4). The overall volumetric oxygen 
transfer coefficient was then calculated according to the 
following equation: 
 

L S L

dc
K a(C C )

dt
= −  (9) 

 At a time t = 0, CL= 0 and the above equation on 
investigation yields the following equation:  
 

LK at
L SC C e−=  (10) 

 
 The values of (CS-CL) were plotted on semi-
logarithmic study against time resulting in a straight 
line with a slope equal to the negative value of KLa 
(Fig. 5). KLa values obtained under laboratory 
conditions were converted to their equivalent values at 
20°C and 101.3 kPa. Using the following equations: 
 

 ab
sp LP

at

P
C C

P
=  (11) 

 
20 T

L 20 L (T)K a K a (1.24) −=  (12) 

 
Where: 
CLp = The concentration of O2 in water at 

laboratory barometric pressure (mgL-1) 
Csp = The concentration of O2 in water at standard 

atmospheric pressure (mgL-1) 
Pab = The absolute laboratory barometric pressure 

(kPa) 
Pat = The standard atmospheric pressure (kPa) 
KLa(20) = The overall volumetric oxygen transfer 

coefficient at 20°C (min-1) 
KLa(T) = The overall volumetric oxygen transfer 

coefficient at atmospheric temperature (min-

1) 
T = The water temperature (°C) 
 
 Equation 11 was used to correct the value of Cs and 
equation 12 was used to correct the value of KLa. This 
left KLa exclusively a function of the design parameters 
of the disc aerator in the oxidation ditch.  
 

RESULTS 
 
Immersion depth experiments: The effect of 
immersion depth of KLa was studied at various levels of 
disc speed. The perforated disc of 0.64 cm thickness 
having 48 holes of 1.28 cm diameter and the non-
perforated disc of the same thickness were used. The 
effect of the immersion depth on KLa at various disc 
speeds is shown in Fig. 6. The effect of the disc speed on 
KLa at various immersion depths are shown in Fig. 7. 
 
Hole diameter experiments: The results of these 
experiments are shown in Fig. 8-9. The effect of the 
hole diameter on KLa at various disc speeds is sown in 
Fig. 8. The effect of the disc speed on KLa at various 
hole diameters is shown in Fig. 9. 
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Fig. 6: Effects of immersion depth on KLa of 0.64 cm thick discs at various disc speeds 
 

    
 

Fig. 7: Effects of disc speed on KLa of 0.64 cm thick discs at various immersion depths 
 

 
 
Fig. 8: Effect of hole diameter on the oxygen transfer 

coefficient at various disc speeds 
 
Number of  holes  experiments: The   results   of   
these      experiments     are      shown    in   Fig.   10-11. 
The effect of the number of holes per disc on KLa at 
various disc speeds is shown in Fig. 10. The effect of 
disc speed on KLa at various numbers of holes is shown 
in Fig. 11. 

 
 
Fig. 9: Effect of disc speed on the oxygen transfer 

coefficient at various hole diameters 
 

 
 
Fig. 10: Effect of number of holes on the oxygen 

transfer coefficient at various disc speeds 
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Table 1:  KLa, oxygenation capacity, specific oxygenation capacity, power requirements and oxygenation efficiency of the aeration system 
   Specific Power requirements   Oxygenation 
   oxygenation -------------------------------------------------------------- efficiency (gO2/MJ) 
 KLa Oxygenation  capacity No load load -------------Net------------- ------------------------- 
Speed (rpm) (min-1) capacity (gO2/h) (gO2/h) (Watts) (Watts)  (Watts) (%)* Net Gross 
50 0.180 1.090 0.099 54 63 9 14 33.6 4.8 
100 0.366 2.220 0.202 61 72 11 15 56.1 8.6 
150 0.640 3.890 0.354 67 81 14 17 77.2 13.3 
200 0.916 5.560 0.505 74 90 16 18 95.7 17.2 
250 1.230 7.470 0.679 80 99 19 19 109.2 21.0 
*Percent of total power with load. Disc thickness = 2.55cm Number of holes = 48 Hole diameter = 1.92 cm Immersion depth = 7.5 cm 
 

 
 

Fig. 11: Effect of disc speed on the oxygen transfer coefficient at various numbers of holes 
 

   
 
Fig. 12: Effect of disc speed on the oxygen transfer coefficient of single and double discs of various thicknesses 
 

 
 
Fig.13: Oxygenation capacity and power requirements 

of the disc aerator in deionized water 

Double disk experiments: The results of these 
experiments are shown in Fig. 12. 
 
Oxygenation capacity: The KLa, input power, 
oxygenation capacity, specific oxygenation capacity 
and oxygenation efficiency are listed in Table 1. The 
oxygenation capacity and power requirements are also 
presented graphically in Fig. 13. The oxygenation 
capacity was calculated from KLa using Eq. 5. The 
specific oxygenation capacity was determined by 
dividing the oxygenation capacity by the ditch volume. 
The oxygenation efficiency was calculated by dividing 
the oxygenation capacity by the power consume. 
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DISCUSSION 
 
Immersion depth: The immersion depth had a 
significant effect on KLa. Increasing the immersion depth 
increased KLa for both the perforated and non-perforated 
discs. Increasing the immersion depth from 2.5-5.0 cm 
increased KLa by 30-93% for the non-perforated disc and 
by 40-193% for the perforated one, depending on the 
rotational speed. A further increase in immersion depth 
from 5.0-7.5 cm nearly doubled these values. This 
increase in KLa was due to several factors. First, 
increasing the immersion depth increased the disc area 
passing through the liquid. About 32, 57 and 77% of the 
disc  area  were passing through the liquid for 2.5, 5.0 
and   7.5  cm  immersion  depths,  respectively  (Table 3). 
Second, increasing the immersion depth increased the 
number of holes passing through the liquid (Fig. 14). For 
immersion depths of 2.5, 5.0 and 7.5 cm there were 38, 
70 and 96 holes passing through the liquid per 
revolution respectively. Third, increasing the 
immersion depth increased the average residence time 
of the holes and therefore, presumably the residence 
time of the bubbles. Fourth, increasing the immersion 
depth increased the extent of the oxygenated and 
thoroughly mixed layer (Table 4).  
 
Table 2:  Percentage increase in KLa due to increase in immersion 

depth, at various disc speeds 
 Increase in immersion depth 
 ------------------------------------------------------------------- 
 (from 2.5-5.0 cm) (from 5.0-7.5 cm) 
 ------------------------------ ------------------------------ 
Speed Non-  Non- 
(rpm) perforated Perforated  perforated Perforated 
50 30 40 56 77 
100 92 85 108 150 
150 93 193 120 264 
200 61 134 92 213 
250 67 147 111 229 

 
Table 3: The effect of immersion depth on the disc area passing 

through the liquid, the number of holes per revolution and 
the thickness of the oxygenated layer 

 Disc area  Number 
Immersion passing     of holes Oxygenated 
depth through  per layer  
(cm) Liquid (cm2) (%) revolution (%) 
2.5 208 32 38 23 
5.0 377 57 70 46 
7.5 506 77 96 69 
 
Table 4:  Percentage increase in KLa due to the presence of holes, at 

various immersion depths and disc speeds.   
 Immersion depth (cm) 
 ----------------------------------------------------------- 
Speed (rpm) 2.5 5.0 7.5 
50 272 304 323 
100 335 320 424 
150 219 383 428 
200 157 271 317 
250 140 254 272 

 Cancino (2004) found that KLa increased as depth 
increased for a flat plate aerator up to an immersion 
depth of 235% of paddle height. Moulick et al. (2002) 
found the immersion depth of a paddle wheel aerator to 
have a significant effect on aeration. Al-Ahmady (2006) 
investigated the oxygen transfer capacity in a bench 
scale subsurface aerator and found that by increasing 
the water depth the average bubble residence time 
increased allowing more time for oxygen transfer to 
occur. As water depth rose from 0.5-4.6 m (820% 
increase) the oxygen transfer capacity rose from 18-170 
gO2/m

3hr (844% increase). Gillot et al. (2005) and 
Bayramoglu et al. (2000) developed models to 
determine oxygen transfer rates in diffused air aeration 
tanks and found the water depth to have significant 
effect on the oxygen transfer.  
 In this experiment the effect of disc speed on the 
KLa was also extensive. Increasing the disc speed 
increased KLa for both the perforated and non-
perforated discs. The rate of increase was dependent on 
the immersion depth; the greater the depth the more 
rapid was the increase in KLa. For all disc speeds 
however, the perforated disc had much higher KLa 
values compared to those of the non-perforated disc. 
Increasing the number of holes increased the number of 
bubbles passing through the liquid per unit time, 
although it decreased the average residence time.  
 Paolini (1986) performed a study on a Rotating 
Biological Contractor (RBC) aerator used in waste 
water treatment and found that as the disc speed 
increased from 3 rpm to 25 rpm (733% increase), KLa 
increased from 0.11-0.33 min−1 (200% increase). 
Moulick et al. (2002) obtained similar results when 
adjusting mixing speed in a paddle wheel aerator. 
Clarke et al. (2006) tested the effects of alkalinity on 
the oxygen transfer coefficient in a New Brunswick 
bioreactor and found that the effects of alkalinity were 
tied to the speed of the impeller. The addition of 
alkalinity increased KLa at speeds above 300 rpm and 
reduced KLa at speeds below 300 rpm. The authors 
concluded that alkalinity improved turbulence and thus 
oxygen transfer rate.  
 

\  
 

Fig. 14: The effect of the immersion depth on the disc 
wet area and the number of holes passing 
through the liquid per revolution 
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(b) 

 
Fig. 15: Path of bubbles and formation of eddies by disc 

aerator. (a) Path of air bubbles at low speed (50 
rpm). (b) Formation of bubbles and eddies at 
high speed (250 rpm) 

 
Effect of hole diameter: The presence of holes as well 
as the diameter of these had a great effect on KLa. The 
presence of small holes of 0.32cm diameter increased 
the KLa value by 44-152 percent over that of the non-
perforated disc, depending on the rotational speed. A 
further increase in the hole diameter from 0.32-1.92 cm 
resulted in additional increases in KLa of 134-182 
percent. There were only slight differences amongst 
KLa values obtained for discs having holes of 1.28 and 
1.92 cm diameter.  
 Disc speed also extensively affected KLa. 
Increasing the disc sped increased KLa rapidly for both 
perforated and non-perforated discs. Increasing the disc 
speed from 50 to 250 rpm increased the KLa value by 
1161 percent for the non-perforated disc and by 1872 to 
2100 percent for the perforated discs, depending on the 
hole diameter.  
 
Effect of number of holes: In this experiment the two 
factors, disc thickness and number of holes per disc, 
were confounded (i.e. the two factors were not cross 
classified; all levels of each factor did not appear with 
each level of the other) since the perforated volume of 
each disc was the same. The effects of these two factors 
could therefore not be separated. The experiment was 
arranged in this manner so that for all discs, at equal 
rotational speed, equal quantities of air (in the holes) 
would be transferred below the liquid surface.  

 In this experiment the effect of the disc speed on 
KLa was profound. For all discs, increasing the disc 
speed increased KLa rapidly. Increasing the disc speed 
from 50-250 rpm increased the KLa value by 829-1014 
percent depending on the number of holes. 
 It should be noted that, except for the disc which 
had a 0.64 cm thickness (96 holes), the KLa achieved at 
a given rotational speed was relatively constant, 
irrespective of the disc thickness (and number of holes). 
These observations were interpreted as being due to two 
opposing effects: an increase in KLa due to an increase 
in the number of holes and a simultaneous decrease in 
KLa due to a decrease in disc thickness. Apparently, for 
most of the discs theses two effects practically 
cancelled each other.  
 
Double disc: For all aerator discs (single and double), 
increasing the disc speed increased the KLa rapidly. 
Increasing the disc speed from 50-250 rpm increased 
KLa by 583-1824 percent for single aerator discs and by 
1990-2456 percent for double aerator discs, depending 
on the disc thickness.  
 It should be noted that KLa values obtained from a 
double aerator disc of 0.32 cm thickness (two discs of 
0.32 cm thickness each, spaced at 2.5 cm and operating 
in parallel) were similar to those obtained with the 
single disc of 0.64 cm thickness over most of the speed 
range; it was however 19 percent greater at 250 rpm. 
For the double aerator disc of 0.64 cm thickness, at 
lower speeds (50-150 rpm) KLa values were lower than 
those of single discs of 1.28 cm thickness. At higher 
speeds, they were however considerably greater; up to 
46 percent at 250 rpm. 
 
Visual observations: High speed movies were taken 
during an aeration test in order to gain a better 
understanding of the physical processes involved in the 
oxygen transfer. The films were analyzed frame-by-
frame on a photo optical data analyzer which gave a 
good picture of the liquid and air bubble movement. 
Three mechanisms are believed to have contributed 
simultaneously to the process of oxygen transfer. They 
are (a) bubble aeration, (b) eddy aeration and (c) 
surface aeration. 
 The holes of the disc had a great effect on the 
addition of bubbles and creation of turbulence in the 
liquid. The bubbles are formed when the disc enters the 
liquid and the latter replaces the air trapped in the holes. 
The bubbles are then detached from the disc and 
continue with the fluid as shown in Fig. 15. The oxygen 
transfer then occurs from the air bubbles into the liquid 
phase through the gas-liquid interface.  
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 The disc not only adds bubbles to the liquid but 
also serves as an agitator. The liquid is caught by the 
edges of the holes and eddies are formed. As the disc 
rotates and holes leave the liquid, a mass of eddies is 
brought above the surface of the liquid as shown in Fig. 
15. These eddies are considered as continually exposing 
fresh liquid surface to the air, then gliding swiftly away 
and mixing into the bulk of liquid. During the exposure 
of any portion of the liquid to air, transfer of oxygen 
occurs by molecular diffusion as described previously. 
The rate of production of fresh surface is a function of 
the disc rotational speed. Deglon et al. (1998) stated 
that intermediate and high frequency eddies are better 
able to cause bubble breakup. They found that spinning 
non-perforated discs tend to generate low frequency 
eddies and recommend the addition of grooves or cuts 
to the edges of the discs to improve bubble breakup. In 
this study, the larger hole diameter and higher speed 
created high frequency eddies with improved bubble 
breakup and higher oxygen transfer.  
 Oxygen transfer, from atmosphere to the liquid 
body, may also take place at the liquid surface in the 
ditch. The dissolved oxygen concentration of the 
surface layer will be higher than that of the bottom 
layer so that the oxygen will be transferred downwards. 
Eckenfelder (1959) found that surface aeration is the 
result of bubble breakup and the velocity gradients 
present at the liquid air interface. Ghaly and Edwards 
(2011) found that increasing the disc speed increased 
the water velocity at the surface layer and improved the 
oxygen transfer rate. 
 
Oxygenation capacity: The oxygenation capacity of 
the system was a function of KLa and was thus affected 
by the immersion depth, hole diameter, disc thickness 
and disc speed with the disc speed having the greatest 
effect. Increasing the disc speed from 50-250 rpm 
(400% increase) increased the oxygenation capacity by 
585%. 
 Thakre et al. (2008) assessed the effects of 
immersion depth on the oxygenation capacity and 
power consumption of paddle wheel aerators and found 
that increasing immersion depth allowed for a marginal 
increase in oxygenation capacity and a dramatic rise in 
power consumption. Thakre et al. (2009) tested the 
effects of immersion depth on the oxygenation capacity 
of curved blade aerators and found that as   immersion 
depth was increased from 4.8-7.2 cm (50% increase), 
the oxygen transfer coefficient (KLa) rose from 8.41-
10.93 h−1 (30% increase) and the power consumption 
almost doubled (from 69.9-136.0 W). Pasveer (1953) 
investigated the effect of immersion depth of a 42 cm 
diameter brush aerator on the oxygenation capacity and 

found that when the immersion depth was increased 
from 5-14 cm (180% increase), the oxygenation 
capacity rose from 147-391 g/hr m3 (166% increase).  
 Although the measurement of the power 
consumption of a model scale system is not necessarily 
meaningful, it was done for the sake of completeness. 
The results showed that the drive system of the aerator 
disc was rather inefficient; only about 14-19% of the 
input power was apparently consumed in the aeration 
process. This would not necessarily be the cause in a 
full-scale ditch in which an efficient aerator disc drive 
system would be installed. However, increasing the disc 
speed from 50-250 rpm (400% increase) increased the 
net power by 110% and the net oxygenation efficiency 
by 225%. 
 As is evident from the results, the system studied 
achieved a very high specific oxygenation capacity. 
However, as the specific oxygenation capacity of a 
system is increased, the allowable maximum oxygen 
demand of the medium can be increased to allow more 
concentrated waste to be treated. .  This then may result 
in a smaller ditch volume but higher energy 
requirements. Therefore, in the design of an aeration 
system these two evaluation factors may be traded off 
against each other to find the highest specific 
oxygenation capacity at the lowest total cost.  

 
CONCLUSION 

 
 The use of sodium sulphite with cobalt chloride for 
deoxygenation of the water via the oxidation ditch was 
effective and the results were very consistent and 
repeatable. The oxygen transfer coefficient was affected 
by the immersion depth, hole diameter, disc speed, disc 
thickness and number of discs with the disc speed 
having the greatest effect. The results showed that three 
physical processes simultaneously contributed to 
oxygen transfer by the disc aerator: bubble aeration, 
eddy aeration and surface aeration. The aerator disc of 
2.55 cm thickness, 1.92 cm diameter and 48 holes was 
found to be achieved the highest oxygenation capacity. 
The system is anticipated to provide a broad range of 
oxygen transfer rates under actual conditions (23-164 
mgO2/L-h) to meet varying process demands 
encountered in aerobic treatment systems. However, 
increasing the specific oxygenation capacity will 
increase the power requirement and these two factors 
may be traded off against each other to find the most 
effective oxygenation capacity with the lowest total cost.  
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