
 

 

 

 

Abstract—In this paper, a lab-scale aerated vessel equipped 

with a surface aeration impeller was developed to examine 

standard aeration efficiency (SAE) and mixing time. The SAE 

and mixing specifications were investigated via variations in the 

operating parameters, such as rotor speed, impeller immersion 

depth and water height. Surface aeration was performed using 

a Rushton disk turbine. Results showed that variation of 

impeller immersion depth has a greater effect on SAE compare 

to changes in water level. Moreover, SAE increases with rotor 

speed up to about 150 to 200 rpm and then decrease. In addition, 

mixing time is reduced with increase in rotor speed. According 

to the Response surface methodology (RSM) statistical 

optimization, optimum values of 169 rpm, 25 mm and 30 cm 

were found for rotor speed, impeller immersion depth and 

water height respectively in the range of this study to achieve 

the maximum value of SAE. 

 
Index Terms—Mixing time, optimization, response surface 

methodology, standard aeration efficiency, surface aeration. 
 

I. INTRODUCTION 

At the beginning of the 20th century, activated sludge 

systems were developed into an economically viable 

secondary treatment method. In activated sludge systems, 

aeration is employed. The primary function of aeration 

process is to provide oxygen for the aerobic micro-organisms 

which convert the biodegradable fraction of the waste into 

simpler organic or inorganic compounds [1], [2]. As excess 

treatment obligations are imposed, considerations for energy 

demand and conservations also increases through wastewater 

treatment plants (WWTPs). Furthermore, it has been 

estimated that the aeration process consumes more than half 

of the whole power requirements in WWTPs [3]. Therefore, 

increase of the gas-liquid oxygen transfer is considerably 

favorable for convenient energy utilization in wastewater 

treatment processes [4], [5]. 

To date, various types of aerators, such as: spray nozzles, 

cascade aerators, bubble or diffused aerators and surface 

aerators are used in practice. However, surface aerators are 

more popular due to their ease of operation and comparative 

efficiency [3], [6]. Surface aerators are extensively used for 

the treatment of wastewater by biological oxidation. 

Meanwhile, in many cases, especially in wastewater 
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treatment by aerated lagoons or those processes deal with 

nitrogen removal, the fluid mixing must be improved; while 

power consumption and oxygenation are moderately 

controlled. In these cases achieving high aeration or oxygen 

mass transfer (   ) is not the last target, but the minimization 

of power consumption is very important [7], [8].  

The efficiency of surface aeration systems is evaluated in 

terms of their oxygen transfer rate and power consumption. 

Hence, the selection of a particular surface aeration system 

relies on its energy consumption coupled with the efficiency 

of its oxygen transfer rate [9], [10]. Therewith, it is necessary 

to study and analyze the relative performance of these 

aerators. 

There are several factors that influence the mixing, oxygen 

transfer and energy consumption. Some of these parameters 

are rotational speed, size and shape of the impeller, 

immersion depth of the impeller, the geometry of the tank and 

water height, as well as physical, chemical and biological 

characteristics of water [11]. In this study, some of the above 

mentioned parameters have been investigated and optimized. 

To the knowledge of the authors, there is limited 

information available in the literature regarding the statistical 

optimization of hydrodynamics and mass transfer in surface 

aerated processing systems. Statistical experimental design, 

including RSM is able to optimize all of the pertinent 

parameters, omitting restrictions of a single-factor 

optimization process. Thereby, this method provides visual 

interpretation of the functional relations between the 

response and experimental variables. RSM assists in 

evaluating the main factors in the construction of models to 

investigate the interaction among variables and in selecting 

the optimum values of favorable responses and variables [12]. 

In the recent years, RSM has been applied to analyze, 

optimize and evaluate interactive effects of independent 

factors in numerous chemical, biochemical and 

bioenvironmental processes [13], [14]. 

In order to achieve an efficient performance in WWTPs, 

aeration with low energy consumption, sufficient mixing 

conditions and favorable oxygen transfer rate are highly 

required. Therefore, the main objective of this study is to 

optimize rotor speed, impeller immersion depth and water 

height values by maximizing SAE using RSM. 
 

II. MATERIALS AND METHODS  

A. Reactor Configuration and Start-up  

The main components of the surface aerator are the tank 

and the impeller. The experiments were carried out in a 

square tank equipped with one Rushton disk turbine (six flat 

blade in symmetrical). Tank and impeller were constructed in 

glass and stainless steel, respectively. The experimental 
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set-up used in this investigation with geometrical 

specifications of the Rushton disk turbine is shown 

schematically in Fig. 1. The medium employed in the 

experiments was tap water at 20-22°C. In each experiment, 

water height, rotor speed and impeller immersion depth were 

adjusted at the desired values and then the experiments were 

conducted. The power, temperature, pH and dissolved 

oxygen (DO) values were measured and recorded during the 

tests, continuously.  
 

 (a) 

 
11- Speed controller  6- pH probe 1- Tank 

12- Computer 7- Temperature sensor 2- Motor 

13- Drain valve 8- Data logger 3- Rushton turbine 

14- A/C power 9- Camera 4- Level gauge 

 10- Power meter 5- DO probe 

 

(b) 
 

 

 

 

Tank Side Length:  

T = 60 cm 

 

D/T = 1/2.88 

W/D = 0.24 

L/D = 0.3 

D0/D = 0.75 

Fig. 1. Schematic and geometrical specifications of: (a) Experimental set-up 

(b) Rushton disk turbine.  

B. Mixing Time Measurement 

The mixing time was measured using the pH-response 

technique [15], [16]. The mixing time is defined as the time 

that the system requires to mix to a prescribed final state of 

mixture represented by the degree of homogeneity. The 

homogeneity is defined as: 

 

  (           ) (   )⁄          (1) 
 

where              (    and    are the initial and 

the final pH values). 

A pulse input of tracer (sodium hydroxide solution-2 M 

NaOH) was injected into the tank by a syringe in less than 1 

second. The tracer was injected at the top of the tank 2 cm 

under the liquid surface and opposite side of the pH electrode. 

The pH electrode was placed 5 cm from the tank bottom. The 

pH values were recorded continuously during the tests. Each 

mixing time experiment was repeated at least 3 times and 

their averages have been reported. Because the density of 

tracer solution and liquid was similar, the tracer solution 

followed the liquid flow streams and there were no errors due 

to tracer buoyancy.  

C. Power Consumption 

The impeller shaft was driven by a 0.25 kW electric motor. 

The motor was connected to an inverter (that had an output 

signal in mA) and then to a computer in order to adjust and 

record the impeller’s rotational speed. In the present research, 

the value of power was measured by an electrical 

measurement method using the accurate wattmeter. 

In the electrical motors there are always some power losses 

(in bearings, seals and the motor itself) which should be 

subtracted from the total power input to obtain the shaft 

delivery power [17]. The power available at the shaft or net 

delivered power to fluid (P) was computed from Eq. (2): 
 

        (2) 
 

where    and    are respectively input power of the motor in 

the absence of fluid and with fluid. 

D. Determination of Oxygen Mass Transfer Coefficient 

and Efficiency 

According to two-film theory, the rate of oxygen transfer 

and the volumetric oxygen transfer coefficient at T(°C) are 

given by Eq. (3) and (4): 
 

                 ⁄       (     ) 
 

(3) 

       [  (     )    (     )] 
 

(4) 
 

where    is the dissolved oxygen (DO) concentration in fluid 

at time t,    is DO concentration in fluid at time “0” and    is 

saturation concentration of oxygen.     was measured by 

allowing aeration to proceed until a constant value had been 

reached. The value of      can be corrected for a 

temperature other than the standard temperature of 20°C as 

      , by using the Vant-Hoff Arrhenius equation: 

            
(    ) (5)  

where θ (the temperature coefficient) is equal to 1.024 for 

pure water. 

Based on the obtained volumetric oxygen transfer 

coefficient, standard oxygen transfer rate (SOTR) is 

calculated using Eq. (6): 

                  (6)  

where V is the volume of water in the tank with aerator turned 

off and      is saturation concentration of oxygen at 20°C 

and 1 atm. 

SAE or rate of oxygen transfer per unit power input is an 

important factor to compare the operation and efficiency of 

different kind of aerators. SAE is computed from Eq. (7): 

              ⁄                           (7) 

The power may be expressed as delivered, brake, wire or 

total wire power. In this research delivered power (P) is 
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considered as power. 

The DO values were recorded continuously during the 

tests. All procedures of determining the mass transfer 

coefficient and efficiency were performed according to 

ASCE/EWRI 2-06 standard [18]. 

E. Experimental Design 

The experimental design was carried out using 

Design-Expert 7.0 Software; Windows-compatible software 

prepares desirable design of experiments (DOE) for the 

recognition of essential factors that have a vital influence on 

the process and that use of RSM to distinguish optimal 

operational conditions. 

Empirical models expressing the experimental results were 

extended using data collected from the designed experiments 

and were produced using the least-squares method. A three 

variable distance-based experimental design, including one 

numerical factor (rotor speed) and two categorical factors 

(water height and immersion depth) was performed to 

optimize the parameters and involved a total number of 44 

experimental runs. Factor rotor speed was examined in the 

range between 50-300 rpm. Further, factors water height and 

immersion depth were defined at 4 and 6 categorical levels, 

respectively. The experimental range and the levels of the 

variables are shown in Table I. 

Using these data, sufficient information can be produced in 

a fit second-order polynomial called "quadratic”. Standard 

statistical software can calculate the actual fitness of the 

model. Using experimental design based on RSM, the 

optimum aeration condition having desirable oxygen transfer 

efficiency can be obtained with minimum number of 

experiments without requirement to study all possible 

combinations experimentally. 

 
TABLE I: EXPERIMENTAL RANGE AND LEVELS OF INDEPENDENT TEST 

VARIABLES 

Categorical factors Number of levels 

 1 2 3 4 5 6 

Impeller immersion 

depth (mm) 
12.5 25 37.5 50 70 90 

Water height (cm) 15 20 30 35   

Numerical factor Range of variation 

Rotor speed )rpm( 50-300 

 

III. RESULTS AND DISCUSSION 

A. Statistical Analysis 

Rotor speed, water height and immersion depth for a three- 

factor Distance-Based Design were varied to obtain the 

optimal values. Data collected from the stirred tank reactor 

were statistically analyzed to determine the considerable 

effects as well as the interactions. These models are 

remarkable at the p-value less than 0.05 at 95% confidence 

level. 

In order to analyze the results through the Design Expert 

Software, quadratic model fitting the experimental results 

were performed for SAE and mixing time. R
2
 and adjusted R

2
 

(R
2
adj) were found to be 0.97 and 0.90 for SAE and 0.97 and 

0.90 for mixing time; expressing that predicted and actual 

values for all responses were in agreement. 

B. Effect of Impeller Immersion Depth And Water Height 

on SAE 

Fig. 2 illustrates the average variation values of SAE with 

water height and immersion depth in three rotor speeds (100, 

200 and 300 rpm). 
 

 

Fig. 2. Average variation values of SAE through three rotor speeds. 

It is seen that variation in SAE due to changes of impeller 

immersion depth at a fixed water height level is greater than 

changes of water height at a constant impeller immersion 

depth. This is due to the direct correlation between power 

consumption and immersion depth of impeller, while at a 

fixed immersion depth level, water height variations caused 

less changes in power consumption and oxygen transfer rate. 

The variation of SAE with rotor speed in different 

immersion depth levels at an average level of water height 

and water height of 30 cm is illustrated in Fig. 3 (a) and (b). It 

is obvious that in most immersion depth levels, SAE 

increases with rotor speed up to about 150 to 200 rpm (based 

on immersion depth) and then decreases. In general, increase 

in rotor speed at the constant water height and constant 

immersion depth, increases both oxygen transfer rate and 

power consumption. In rotor speeds up to about 150 to 200 

rpm, oxygen transfer rate grows rapidly with the rotor speed 

increase causing SAE augmentation. However, at the rotor 

speeds over 200 rpm, oxygen transfer rate is not increased by 

the rotor speed due to high turbulence and excess water 

splashing. In addition energy consumption increases, thus 

SAE declines gradually over 200 rpm. 

SAE variation with water height for the lowest and highest 

rotor speed values (i.e. 50 and 300 rpm) at the immersion 

depth of 25mm is shown in Fig. 4. It can be observed that the 

overall trend of SAE variation in two rotor speeds is similar. 

It appears that the water height of 30 cm is an optimum level 

for surface aeration due to high SAE. Variations of SAE in 

Fig. 4 can be explained as follows. At constant rotor speed 

and impeller immersion depth, power consumption varies 

very little with changes in water height. Furthermore, the 

amount of water splashing and intake airflow rate to water is 

relatively constant with changes in water height. Therefore, 

in this condition SOTR changes are due to changes in the 

retention time and contact time of air bubbles with water.  
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(a) 

 
 

(b) 
 

 
Fig. 3. SAE variation with rotor speed at different impeller immersion depth: 
(a) At the average water height level; (b) At the water height level of 30 cm. 

 
 

There are three distinguishable zones in Fig. 4 that can be 

described as follows. Zone H=15-20cm: SOTR does not 

make significant changes, therefore SAE remains relatively 

constant. Zone H=20-30cm: Due to increase in retention time 

and contact time of air bubbles with water, SOTR and SAE 

increase. Zone H=30-35cm: the amount of air entering the 

water due to the high volume of water is insufficient, 

resulting in SOTR and SAE decrease. 

C. Effect of Different Immersion Depth and Rotor Speed 

Levels on Mixing Time 

Mixing time variation with rotor speed at different 

immersion depth levels is shown in Fig. 5. It is visible that at 

all immersion depth levels, the mixing time is significantly 

reduced with increase in rotor speed. This reduction is even 

more visible up to the rotor speeds about 240 rpm at all 

immersion depth levels. However, for rotor speeds over 240 

rpm increase in mixing time is observed at some immersion 

depth levels. This event mostly occurred at low immersion 

depth levels (i.e. less than 37.5 mm) coupling with high rotor 

speed values resulting in extra water splashing which was 

discussed in the previous section. As a result, water splashing 

causes rotor to consume most of the power to spatter the 

water instead of mixing the fluid . 

D. Determination of Optimum Conditions 

Depending on the objective of the process, the favorable 

location in the design environment could be a maximum, a 

minimum or a region where the response is stable over a 

range of possible values for certain factors. With multiplex 

responses, segments where requirements simultaneously 

meet the critical specifications are necessary to be found. In 

order to optimize the surface aeration process, oxygen 

transfer rate and power consumption should be considered. 

Thereby, it is economically important that SAE be 

maximized in surface aeration processes in WWTPs. In order 

to attain effective surface aeration coupling with sufficient 

mixing condition, other responses (i.e. mixing time) were 

kept in range. This selection of optimum conditions was due 

to the fact that in surface aeration processes, SAE is 

significantly effective on energy consumption and the final 

effluent quality in WWTPs, so it should be primarily 

optimized. Thus, one experimental condition was used for the 

validation of statistical design. According to the RSM 

statistical optimization, optimum values for rotor speed, 

impeller immersion depth and water height were found 

169rpm, 25 mm and 30 cm, respectively in the range of this 

study to achieve the maximum value of SAE. The results of 

analyses showed that the experimental values were in good 

agreement with the predicted values according to Table II. 

 

Fig. 4. SAE variation with different water height levels for two rotor speeds 
of 50 and 300 rpm at the impeller immersion depth of 25 mm. 

 
Fig. 5. Mixing time variation with rotor speed at different immersion depth. 

Moreover, the desirability of the process was found to be 

1.00, and the value is significantly relied on how nearly the 

lower and upper boundaries are set relative to the actual 

optimum. However, it should be mentioned that the 

expectation of the optimization is to find a good set of 

conditions that will meet the whole goals, not only get to a 
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desirability value of 1.00. 

 
TABLE II: OPTIMIZED PROCESS CONDITIONS

†
 AND THEIR RESULTS 

Case Target 
Actual 

Response 

Value 

Predicted 
Response 

Value 

Predicted 

Interval 

SAE(Kg/Kw.h) Maximize 5.40 5.10 4.36-5.85 

Mixing time (s) In range 29.00 29.62 23.99-35.49 

† Rotor speed = 169 rpm, Impeller immersion depth = 25.00 mm, Water 

height = 30.00 cm 

 

IV. CONCLUSION 

For the pilot scale surface aeration tank equipped with a 

Rushton disk turbine, the effects of rotor speed, water height 

and impeller immersion depth on the SAE and mixing time 

were investigated. Results showed that changes of impeller 

immersion depth at a constant water height level had a greater 

effect on SAE compared to the changes in water level at 

constant impeller immersion depth. For rotor speeds up to 

200 rpm, SAE increased with rotor speed and then decreased. 

In addition, mixing time was significantly reduced as rotor 

speed increased. The RSM was found to be a suitable tool for 

modeling, optimization and prediction of SAE and mixing 

time in surface aeration tanks. According to the RSM 

statistical optimization, optimum values for rotor speed, 

impeller immersion depth and water height were found 

169rpm, 25 mm and 30 cm. 
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