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Abstract 
 
In the present study, four numbers of solid jet aeration units with varying 

number of openings from one to eight, shaped in rectangular shape having 

rounded ends, each aerator having a total opening area equal to 356.370 

mm2, were tested. Performances of models were studied a range of 

discharges (starting from 1.110 l/s to 4.690 l) and oxygenation parameters 

corresponding to each discharge on each aerator were studied. Highest value 

of efficiency of transfer of oxygen equal to 26.130 kgO2/kWhr was 

measured for aerator having singular opening corresponding to discharge 

equal to 1.110 l/s, however the extreme magnitude of oxygenation factor of 

0.0071 per second was calculated corresponding to aerator having eight 

number of openings at exit for a discharge equal to 4.690 l/s. At the end, 

multivariate nonlinear regression modeling was used with the experimental 

data to generate a forecasting model for oxygen transfer efficiency of aerator 

for different sets of input parameters. 
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1 Introduction 
 

Aeration is a major method in the process of treatment of waste water. 

Among many methods of aeration, aeration by a water plunging jet is 

considered much better method to achieve oxygen-transfer in comparison 

with traditional oxygenation systems [1-5] as large turbulence is produced 

into the pool as a result of striking of the high velocity jet of water into the 

pool. Surface Jet Aerators are simple systems which form a closed system, 

are easy in installation, design and operation without major difficulties. 

When a water jet having solid nature, after transiting through atmosphere, 

falls into a pool of water, a two region of liquid-gaseous phase is formed 

comprising of large air-water interface. In this biphasic region, forces of 

hydrodynamics and aerodynamics interact between incoming jets of water 

and air and as a result, facilitate a closed system by aerator design of the 

solid surface jet, it is safe to assume that perfect mixing of water and air 

takes place in the process [4]. The role of angle of jet and it‟s geometry on 

the performances of solid jet aerators were studied in past by many 

researchers [6]. Effect of these factors on aeration were also studied in detail 

by researchers [7-12] recently and as a result of these studies, it was found 

that aerators with rectangular openings having rounded edges demonstrated 

much better oxygenation performances in comparison with aerators having 

other shape of openings (viz., elliptical, circular, square or rectangular 

openings).  

 Previously, the researchers investigated and reported that jet velocity, 

angle of plunge, area of flow, geometry and jet numbers are factors of prime 

importance which dictate performance of an aerator. However, it was 

concluded recently [7, 10-12] that aerators with multiple rectangular shaped 

openings having rounded ends depict excellent oxygenation performance 

which is much better than conventional aerators. The objective of the current 

study is to analyse outcome of variation in openings number and area of flow 

of the aerator on the characteristics of oxygen transfer (which has been 

depicted expressed as standard coefficient of transfer of oxygen), the 

oxygenation efficiency with respect to jet power and generate empirical 

equation for forecasting oxygenation efficiency as a result of application of 

statistical modelling on experimental data. 

The paper discusses important equations required to measure different 

oxygenation parameters followed by detailed experimental set up and aerator 

models used in the study. Thereafter process of experimentation has been 

discussed and results of experimental study have been presented and 

analysed in detail leading to conclusion of the study. XL-STAT modelling 

tool was used to generate non-linear regression relation among various inputs 

and output of the experimental study. 

 

 



                                                                                                                  
 

 

 

 

 
An Experimental Study on Oxygenation Performance of Rectangular Shaped Solid 

Jet Aerator having Rounded Edges 2730 

 

2 Important Equations to Measure Oxygenation 
Performance of an Aeration Unit 
 

Since a “closed” system is expedited by mechanical surface jet aerators, 

perfect mixing of water in the pool and air entrainment is assumed [4, 8]. 

Volumetric coefficient of transfer of oxygen at temperature ‘T’ is given [13, 

14] by 

 
In Eq. 1, dissolved oxygen concentration (D.O.) has been denoted by Co 

during beginning of process of aeration and CT denotes dissolved oxygen 

concentration after the process is over in time t. The value of transfer factor 

(KLaT) of oxygen at temperature, T, can be obtained as per the Eq.1 by 

measuring D.O. concentration as well as aeration process time at beginning, 

at saturation point and at the end.It is a well known fact that D.O. 

concentration at saturation (Cs) as well as overall concentration of dissolved 

oxygen are dependent on temperature, this is necessary to normalise KLaT to 

some standard value of temperature so as to have a basis of comparison. 

Hence, a standard temperature equal to 20
o
 C is chosen. KLaT can be 

converted to standard value as given in Eq.2 [15]. 

 
Where,  represents standard coefficient of oxygen transfer at 20

o
C 

(s
-1

); T denotes water temperature (
o
C); oxygen transfer coefficient at T

o
C is 

represented by  and  is a term whose value depends on temperature as 

follow: 

 = 1.024 for temperatures between 5
o
C and 25

o
C 

 = 1.028 for temperatures between 25
o
C and 35

o
C 

 = 1.031 for temperatures between 35
o
C and 45

o
C 

Eq. 3 represents power of jet at exit end corresponding to unit volume 

(P/V) expressed in kW/m
3
,  

 
In Eq. 3, water volume is denoted by V (m

3
);  represents water density 

in kg/m
3
; discharge is denoted by Q (m

3
/s) and  expresses jet velocity in 

m/s at the exit. 

Oxygen transfer efficiency (OTE) measures performance of oxygen 

transfer of an aerator which is expressed by Eq.4. 

 
In Eq. 4, OTE is expressed in kgO2/kWh; water volume is denoted by V 

(in litre) and  stands for mass rate of transfer of oxygen (mg/L/h) 

corresponding to temperature of 20
o
C and pressure of single atmospheric. 

Mass oxygen transfer rate is calculated as in Eq.5. 
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In above equation,  is agglomeration of oxygen at saturation in water 

corresponding to temperature of 20
o
C and pressure equal to one atmosphere. 

 

3 Program of Experimatation 
 

Detailed program of experimentation has been described under 

subsections as follows: 

 

3.1 Experimental Set-Up 
 

Fig.1 represents representational diagram of set up adopted for 

exploratory study. The experimentation set up was composed of cubical tank 

of water (1 m
3
), a 3 hp centrifugal pump, a valve to regulate flow, an 

Orificemeter to measure discharge, a device of plunging jet (Fig.2), a scale 

and a temperature meter. 

 
Figure1: Experimental Set up 

 

Tank of water was constructed of transparent perspex material which was 

connected with cast iron pipe used to recirculate water into the tank by a 3 hp 

centrifugal pump (Fig. 1). Requisite amount of water was refilled in the 

cubical tank up to a height equal to 600 mm and this depth was maintained 

for whole range of experimental process so as to maintain a constant length 

of jet equal to 150 mm in air. 

A flow regulating valve was used to vary the discharge which was 

measured by calibrated orificemeter. Temperature of water was measured by 

a digital temperature meter. Exit end of the pipe with fitted with aeration 

device (Fig. 2) which was located centrally above tank at an elevation of 150 

mm from the top surface of water in the container.  
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3.2 Aeration Device 
 

Aeration device chiefly consisted of a cylinder made from cast iron and 

aeration disc, four in number, of 10 mm thickness having one to eight  

number of openings with rectangular shape having rounded edged with a 

total area of flow equal to 356.37 mm
2
 which was nearly equal to 15% of the 

inner area of the pipe. The selection of area was based on our earlier study 

[10] in which two sets of area equal to 10% and 25% of area of pipe was 

selected and it was noticed that aeration efficiencies increase with decrease in 

area and after a certain percentage, the efficiencies start decreasing due to 

excess loss of head at exit end. This was also proved in some other studies [7, 

11]. A series of experiments were performed to obtain optimum jet area and 

it was found to be approximately 15% of the area of opening [11].  Cylinder 

of aeration device was made air tight and attached to exit end at its lower end 

which consisted of a disc holding device that contained rubber sealed 

aeration discs. Inner diameter of cylinder and diameter of disc was kept equal 

to inner diameter of circulation pipe i.e., 56 mm. 

 

 
Figure 2: Aeration Device 

 

Detailed calculation of jet surface area for unit length, area of flow 

through aerator and nomenclature details of models of different aerators have 

been shown in Table 1. The length of opening of aerator has been shown by 

„L‟, „b‟ denotes width of opening of aeration disc, circular portion diameter 

of aerator opening has been denoted by „d‟ and „n‟ represents count of 

opening in the aeration disc. Ratio of length and width, rounded to one place 

of decimal, were taken as 2:1 to suit requirements of casting. Total flow area 

of each aerator (Af) and it‟s air-water interfacial area (As) per unit length of 

jet were evaluated as per the expressions given in the table. 
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Table 1: Configurations of Multiple Plunging Jets of present and past studies on RR 

Jets 

 
 

Plots (Fig 3 and Fig 4) between surface area per unit length of jet and it‟s 

total area of flow as calculated in above table concluded that the jet surface 

area per unit length increased for each set of aerators with rise in openings 

number of jets of each aerator. With the increase in surface area of jet per 

unit flow length, amount of air swept by plunging jet into pool increases and 

hence aeration also increases. However, with decrease in area of opening, 

exit end losses increase and hence there was a requirement of finding an 

optimum area of opening as we discussed in the previous section. This 

optimum area of opening was found to be 15% of the area of opening [11]. 

Also, for a given value of openings count, the total surface area of jet 

increased with the rise in total area of flow of the openings. 
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Figure 3:Jet surface area per unit jet length vs flow 

 

 
Figure 4: Jet surface area per unit flow length with no of jets 

 

3.3 Procedure of Experimentation 
 

Current work comprises of a number of experiments that were conducted 

over a set of four aerators with openings numbers ranging from one to eight 

(1, 2, 34, 8) of rectangular shape having rounded ends and a total flow area 

equal to 356.37 mm
2
. To obtain a steady length of jet equal to 150 mm for all 

aerators, level of water in the tank was kept 600 mm from bottom. 

Experiments were conducted over discharges having values ranging from 

1.11 l/s to 4.70 l/s corresponding to every model of aerator. To start the 

experiment, tap water was filled in the tank and modified azide method 

(Winkler‟s test) was used to measure oxygen content of water [11, 16]. After 

that, D.O. of water was reduced to zero by adding predetermined quantity of 

sodium sulphite (Na2SO3).Anhydrous cupric sulphate (CuSO4) was also 

added to speed up the chemical reaction [17, 18] in which it acted as catalyst. 

After the oxygen content of tank water was reduced to zero, aerator was 

started for a given time corresponding to a discharge and after that D.O.  
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content of tank water was again calculated using Winkler‟s test. 

Deoxygenation of water was done again before start of next set of 

measurement [19].  Temperature of water was determined before, at the end 

and during the experiment and average value of taken. Eq. 2 was used to 

calculate oxygen transfer factor and Eq. 4 was applied to measure efficiency 

of transfer of oxygen. The obtained values of these results were the obtained 

results were plotted vs kinetic jet power per unit volume (expressed as 

kW/m
3
) and compared with the results obtained in earlier study of authors 

[10].  

 

4 Results and Discussion 
 

The effect of discharge, area and multiplicity of openings of aerator on 

the transfer factor of oxygen (KLa(20)) and OTE are presented in Fig. 5. 

Variation of KLa(20) with kinetic jet power per unit volume (P/V) is shown in 

Fig. 5(a, c and e) whereas Fig. 5 (b, d and f) depict variation of OTE with jet 

power per unit volume for different aerator models. It is evident from the Fig. 

5 (a, c and f) that KLa(20) increases with augment in kinetic jet power for all 

aerator models and also rises with increase in number of openings in the 

aerator. This can be ascribed due to the fact that with increase in kinetic jet 

power and hence velocity of jet, momentum of jet increases and jets 

penetrate deep into the pool thereby transferring more oxygen. Also, with 

increase in number of openings keeping total area of openings constant, 

increases interfacial area of air-water that is responsible for sweeping more 

oxygen into the pool thereby increasing the mass of oxygen transferred into 

the pool. 

However, it was noticed that as total area of all openings is decreased 

(from RR/25 to RR/15 series), oxygen transfer first but further decrease in 

the area of opening reduces oxygen transfer significantly. This is because of 

the facts that decrease in total area of the opening increases velocity of the jet 

and hence increases momentum of the jet and due to deep penetration of jet 

into the pool, oxygen transfer also increases. On the other hand, reduction in 

total area of opening also reduces air-water interfacial area of the jet and 

hence less mass of oxygen is swept by plunging jet into the pool. Up to a 

certain limit, momentum transfer factor is more significant but after that 

certain limit, the role of air water interfacial area becomes significant and 

hence RR/10 series of aerators were found to transfer least oxygen into the 

pool as compared to RR/15 and RR/25 series of aerators. RR/15 series of 

aerators were found to depict highest oxygen transfer in the present study and 

highest value of KLa(20) was found to be equal to 3.33×10
-2

 s
-1

 for model 

number RR/15/8 at the kinetic jet power per unit volume equal to 0.678 

kW/m
3
.  
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Careful observation of Fig. 5 (b, d and e) show that Oxygenation 

efficiency of aerator diminishes with escalation in kinetic jet power per unit 

volume for all sets of aerators. However, the decrease in efficiency is 

moresignificant in RR/10 series of aerators than RR/15 and RR/25 series. 

This is due to fact that due to least area of opening, head loss by RR/10 series 

of aerators is highest and hence more head is lost by these aerators in the 

process. Oxygen transfer efficiency depends on area of openings, number of 

openings and velocity of jet [10]. Decrease in area of opening at a constant 

jet power, increases velocity of the jet which in turn increases momentum of 

the jet and jets penetrate deeper into the pool thereby imparting more mass of 

the oxygen in the deeper part of the pool and hence oxygen transfer 

efficiency increases with the decrease in total area of openings. However, 

decrease in area of openings also increases head loss at the exit end and 

hence more power is consumed by the jets that decreases oxygen transfer 

efficiency. The overall oxygen transfer efficiency is due to all these 

combined effect. Up to RR/15 series, the effect of jet penetration is more 

significant but beyond this area, losses become more significant and hence 

overall oxygen transfer efficiency decreases which are evident in RR/10 

series of aerator models.  

It is also noticed from Fig 5 and 6 that aerators having single openings 

show more oxygen transfer efficiency at lower jet power however at higher 

jet power, aerators having larger numbers of jet openings show higher OTE. 

It is due to the fact that, at smaller values of jet power, jets originating from 

aerators with smaller number of jet openings are thicker than jets from 

aerators having multiple openings and hence jets from aerators having less 

number of openings, being heavier, penetrate deeper into the pool by 

penetrating through liquid films and hence transfer more mass of oxygen and 

demonstrate more efficiency of transfer of oxygen than aerators having 

higher numbers of openings.  

Secondly, at higher discharge, all jets are able to enter up to more depth 

into the pool and hence role of interfacial area of air and water becomes more 

significant than penetration depth, which is nearly similar for all jets at 

higher discharge. Due to more area of interference of water with air, aerators 

having higher number of openings transfer more oxygen into the pool and 

demonstrate more oxygen transfer efficiencies compared to aerators with 

lesser count of openings.Highest value of efficiency of transfer of oxygen 

was found to be equal to 26.13 kg-O2/kWh for model number RR/15/1 at 

kinetic jet power per unit volume equal to 0.009 kW/m
3
. 
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Figure 5 (a): KLa(20) vs power per unit volume for RR/15, (b): OTE vs power per unit 

volume for RR/15, (c) KLa(20) vs power per unit volume for RR/25, (d): OTE vs 

power per unit volume for RR/25, (e): KLa(20) vs power per unit volume for RR/10, 

(f): OTE vs power per unit volume for RR/10 series aerator models 
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Figure 6 (a): KLa(20) vs P/V for single opening aerator models, (b): OTE vs P/V for 

single opening aerator models, (c) KLa(20) vs P/V for double opening aerator models, 

(d): OTE vs P/V for double opening aerator models, (e): KLa(20) vs P/V for aerators 

having four openings, (f): OTE vs P/V for aerators having four openings, (g): KLa(20) 

vs P/V for aerators having eight openings, (h) OTE vs P/V for aerators having eight 

openings 
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5 Statistical Modeling 
 

Nonlinear multivariate regression modelling tool of XL-STAT was used 

to predict the values of different outputs of oxygen-transfer efficiency and jet 

penetration depth based on the experimental data and forecasting equations 

were derived. Based on the observed data, mathematical modelling was done 

by selecting velocity, number of jets per model, surface area per unit length 

as input variable and oxygen-transfer efficiency as output variable and using 

non-linear regression analysis, generalised equation was obtained (Eq. 6) to 

predict oxygenation-efficiency of any model with rectangular shape having 

rounded edges with velocity, number of jets and jet surface area per nozzle as 

input variable.  

 
The goodness of fit of the statistical model is as presented in Table 2. 

Table 2: Statistical parameters obtained 

 
The agreement diagram between predicted efficiency of oxygen transfer 

and observed oxygen-transfer efficiency as a result of experimentation is 

presented in Fig. 7.  By and large, the percentage error lies between ± 30%. 

 
Figure 7: Agreement diagram between observed and predicted OTE 

 

6   Comparison of Current Work with Past Studies 
 

Current work was compared by work done by various researchers and 

the author itself in the past and comparison was presented in tabular form. It 

is clear from Table 3 that the present study (model RR/15/1) produces 

highest oxygenation efficiency and is comparable with most of the studies. 

On the basis of above comparison, it is also concluded that aerator having 

rectangular openings with rounded edges having area of opening equal to 

356.37 mm
2
 are the most effective for efficient oxygen transfer. 
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Table 3: Comparison of works of different authors 

 
 

7 Conclusion 
 

Based on the observations of the present study, following conclusions 

were drawn for solid jet aerator having rectangular with rounded edge shaped 

nozzle with variable numbers of jet openings: 

 The efficiency of transfer of oxygen by aerator and standard 

oxygen transfer factor depend on velocity of jet, discharge, temperature and 

total surface area per unit length of jet. 

 It was observed that with the increase in discharge, the oxygen-

transfer efficiency decreases for all models irrespective of area and number 

of opening of aerator.However, it was also noticed that at kinetic jet power 

per unit volume less than 0.1 kW/m
3
, the aerator having less number of 

openings, demonstrated higher oxygen transfer efficiency. On the other hand, 

at discharge greater than 0.1 kW/m
3
, the aerator having more number of 

openings produced higher oxygen-transfer efficiency. 

 It was also noticed that the oxygen-transfer efficiency decreases 

with the increase in kinetic jet power per unit volume. However, at less 

power, the aerator having less number of openings produced higher oxygen  
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transfer efficiency. On the other hand, at higher jet power, the aerator having 

more number of openings demonstrated higher oxygen transfer efficiency. 

 With the decrease in flow area of jets, the oxygenation-efficiency 

first increases due to increment in velocity of jet and hence turmoil and then 

starts decreasing due to excessive head loss. 

 It was concluded that notwithstanding with number of openings 

from analysis of results that standard factor of transfer of oxygen increases 

with increment in discharge irrespective of opening numbers of device and 

flow area of jet.However, at lower kinetic jet power (less than 0.1 kW/m
3
) 

the aerator having less number of openings, produced more standard oxygen 

transfer co-efficient. Whereas, the aerators having more number of openings 

demonstrated higher value of standard oxygen-transfer factor at higher 

discharges (greater than 0.1 kW/m
3
). 

 The utmost value of standard oxygen-transfer co-efficient was 

found to be 3.33×10
-2

 s
-1

 for model number RR/15/8 at the discharge equal to 

4.69 litre/second and kinetic jet power per unit volume equal to 0.678 s
-1

. 

 The maximum oxygen-transfer efficiency of 26.13 kg-O2/kW-hr 

was obtained for model number RR/15/1 at the discharge equal to 1.11 

litre/sec and kinetic jet power per unit volume equal to 0.009 s
-1

. 

 Jets having single nozzle are suitable for low discharge while for 

higher discharge, jets with multiple nozzles should be preferred. 

 A comparison was made between present work and previous 

studies and it was found that the current study was better that most of the 

recent studies in terms of oxygen-transfer efficiency. 

 A relationship has been recommended to get optimum number of 

nozzle for an aerator model at a given velocity (v) and surface area of nozzle 

per unit length (S)  to get maximum oxygen-transfer efficiency (OTE) using 

XLSTAT (2015.1) software by applying non-linear regression-modelling 

programme. The validation is done by using training and testing data sets. 

Co-efficient of determination (R
2
) of data set was 0.83 and co-efficient of 

correlation (Cc)  was 0.88. 
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