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Abstract 

In jet aeration system ,a liquid jet from a nozzle 

plunges into a pool of liquid and thereby entrains  

the surrounding air at its plunge point and 

spreads the air in the bulk of liquid in the form of 

swarm of bubbles. This study investigates the 

dependence of bubble size of the entrained air on 

the jet characteristics and the entrainment ratio. 

Hence, for entrainment ratio greater than one, the 

ratio of mean bubble diameter to jet nozzle 

diameter achieves a maximum value of 0.13. The 

average bubble size is in the range from 2mm to 

8mm diameter. Further, the smaller jets give 

higher oxygen transfer rates. 

 

Keywords: Jet aeration; Entrained bubbles; Air 

entrainment 

Nomenclature 

db     Bubble diameter, mm 

dbm    Mean bubble diameter, mm 

En     Entrainment ratio, Qa/Ql 

H       Maximum penetration depth of bubbles, m 

lj       Length of liquid jet, m 

kg      Gas-film mass transfer coefficient, m/s 

n       Bubble frequency, s-1 

N      Number of bubbles 

Qa     Air entrainment rate, m3/s 

Ql      Jet liquid flow rate,  m3/s 

tb       Bubble retention time, s 

U       Bubble rise velocity, m/s  

α       Fraction of oxygen absorbed 

 

I. INTRODUCTION 

Aeration is a process by which air is brought 

into contact with the liquid to enhance the oxygen 

mass transfer from air to liquid. Because of low 

solubility of oxygen in water the aim is to 

increase the interfacial area between air and liquid 

for high oxygen transfer to liquid. Aeration 

process is the requirement of fermentation and 

waste treatment processes. A number of aeration 

devices have been developed with the objective 

getting better oxygen transfer and better mixing. 

Some use air in the form of bubbles and some 

generate high interfacial area of liquid in contact 

with air. Jet aeration is a novel method for 

entraining air in a pool of liquid that can be used 

for mixing [1] and for mass transfer of oxygen [2] 

from entrained air to the liquid. Compared to 

aeration devices called air diffusers, the jet 

aeration is simple, does not require compressed 

air and dispenses the use diffusers which are 

prone to clogging. 

The mechanism of air entrainment by plunging 

jet is illustrated as follows. When a liquid jet 

impinges on the surface of liquid, a dent in the 

liquid at the plunge point around  the periphery of 

jet is formed [3]. The surface of jet has 

protuberances, deformations or interfacial 

roughness [4,5]. The dent formed by the plunging 

jet is closed by the surface deformations of the jet 

thus trapping the air which is entrained in the bulk 

liquid by the penetrating jet. The air so entrained 

is broken in the form of bubbles by the shearing 

action of the jet [4, 6]. Researchers have used a 

number of techniques to measure the bubble sizes 

such as laser [7], high speed video filming, [8], 

still photographs [9] &optical methods: 

transmission, reflection or depolarization [ 4]. 

Though the methods offer the actual 

measurements of bubble sizes, however, there are 

some limitations and problems. The photographic 

method gives information in two dimensions. 

Also the shape of larger bubbles is so ill defined 

that it is not possible to get an accurate equivalent 

diameter. The optical methods are applicable to 
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small bubbles. It can be assumed that sizes of 

bubbles in swarm follow normal distribution 

[9].The present study is  general and not highly 

precise in terms of measurement of bubble sizes  

as the as precise measurement of  bubble diameter 

is  not warranted here. 

With respect to air entrainment rates, mean 

bubble diameter, oxygen absorption and the 

bubble frequency have been studied for different 

nozzle diameters in the jet aeration system. 

 

II. EXPERIMENTAL APPARATUS 

AND METHODS 

Fig.1 shows the jet aeration system. It 

comprises of a tank containing one cubic meter of 

water and a nozzle is mounted above the tank.  

The water from the tank is pumped through a 

valve and an orifice meter to the nozzle and a jet 

is produced from the nozzle. The jet plunges into 

the water entraining the air in the pool. The liquid 

flow rate is measured by a calibrated orifice plate. 

To measure the amount of entrained air, the jet is 

concealed as shown in Fig.1.The air flow rate is 

measured by an anemometer at the entrance of 

duct. The surface area generated by the bubbles 

can be calculated if the oxygen transfer rate from 

entrained air to liquid (water) is known. To find 

the oxygen transfer rate a catalyzed sodium 

sulphite solution in water is used for the 

conditions under which the oxygen transfer is gas 

film controlled that is sodium sulphite 

concentration should be greater than 0.06 

kmol/m3 and cobaltous sulphate catalyst 

concentration should be less than 5 × 10-5 

kmol/m3 [10].  

 
Fig 1: Experimental Set up 

 

The Oxygen transfer rates for the sulphite 

system are obtained by measuring the rate of 

depletion of sulphite. The jets were produced 

from nozzles having diameters 12.7mm, 22.2mm, 

28.6mm and 38.1mm.  

 

III. RESULTS AND DISCUSSION 

An average bubble diameter is calculated 

roughly on the basis of following assumptions: 

1. Gas film mass transfer coefficient (kg) is the 

same for all bubbles in all parts of the liquid pool. 

2. The average retention time of the bubble is 

given by the time an average bubble would reach 

the surface vertically from the maximum depth of 

penetration of jet. 

Based on the above assumptions, the average 

bubble diameter is given by the equation [11]: 
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Where H is the maximum penetration depth of 

bubbles in m, kg is gas-film mass transfer 

coefficient equal to 1.458 x 10-5 m/s and  is a 

fraction of oxygen in entrained air absorbed.  All 

variables on the right hand side of the equation 

are obtained by experimentation.  Hence average 

bubble diameter db can be calculated. 

Mean bubble diameter is defined as [11]: 

 

3

1

1

3















 

N

d
d

N

i bi

bm

 

(2) 

 

Where dbi is the bubble diameter in m, and N is 

number of bubbles. For air-tap water system, the 

mean bubble diameter is related to average bubble 

diameter by the equation [12] 
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Bubble frequency (n), bubble rise velocity (U ) 

and bubble retention time( tb ) for mean bubble 

diameter are given by following equations [13]: 

n =
6

π

Qa
dbm
3  (4) 

 

whereQa is air entrainment rate in  m3/s  
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Where g is gravitational acceleration 

U

h
tb 

 

(6) 

Fig. 2 show the relation of dbm ,  and n with 

air entrainment rates. 

In Fig. 5, the mean bubble retention time ( tb ) 

is plotted against mean bubble diameters ( dbm).  

These results are plotted for vertical jets from 

12.7mm, 22.2mm, 28.6mm & 38.1mm diameter 

nozzles. 

Fig. 2 shows that mean bubble diameter 

depends on jet diameter.  The mean bubble 

diameter increases with the increase of nozzle 

diameter.  With the increase of entrainment rates, 

the mean bubble diameter slightly increases and 

then decreases, thus giving a somewhat maximum 

mean bubble diameter for each nozzle diameter. 

Because of the apparent dependency of mean 

bubble diameter on nozzle diameter, the results 

are plotted in Fig. 6.   

 
 

Fig. 2. Relation of mean bubble diameter with air 

entrainment rate for various nozzle diameters. 
Here the ratio of mean bubble diameter to 

nozzle diameter (dbm / dn) is plotted against 

entrainments ratio (Qa / Q1).   The plot shows a 

maximum value of dbm/dn approximately as 

0.13. 

The calculated range of mean bubble diameter 

is from 1.5 mm to 6.6 mm. The range of average 

bubble diameter would be 1.9mm to 8.37 mm.  

The range of bubble size agrees well with that 

reported [4, 14, 15]. 

 

 
 

Fig 3. Relation of the fraction of the total 

entrained oxygen absorbed with air entrainment 

rate. 

 

 
Fig 4. Relation of the bubble frequency with air 

entrainment rate. 

 

Here the ratio of mean bubble diameter to 

nozzle diameter (dbm / dn) is plotted against 

entrainments ratio (Qa / Q1).   The plot shows a 

maximum value of dbm/dn approximately as 

0.13. 

The calculated range of mean bubble diameter 

is from 1.5 mm to 6.6 mm. The range of average 

bubble diameter would be 1.9mm to 8.37 mm.  

The range of bubble size agrees well with that 

reported [4, 14, 15]. 
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With the increase of air entrainment rate the 

percent oxygen absorption () increases in the 

manner shown in Fig. 3 for different jet 

diameters.  For entrainment rates less than 5 x 10-

3 m3 /s, and remains same for all jets except 

38.1mm diameter jet. From the data of Fig. 3 it 

can be calculated that for an air entrainment rate 

of 0.01 m3 /s, the oxygen transfer rates for 12.7 

mm jet and 22.2 mm jet are 3.9 kg O2 /h and 1.4 

kg O2 /h respectively. For a same air entrainment 

rate it infers that with the decrease of jet diameter 

the oxygen transfer will increase. The smaller jet 

produces smaller bubbles and enhances oxygen 

absorption efficiency due to increase in interfacial 

area per unit volume of air. From the trend of the 

curves in Fig. 3 it appears that as the entrainment 

rate will increase the curves will merge for all jets 

and the oxygen transfer will not depend on jet 

diameter. This aspect needs to investigate in 

future research. Another aspect is the relation of 

average bubble retention time with mean bubble 

diameter shown in Fig. 5.   

With the increase of bubble diameter the 

retention time decreases because the bubble rise 

velocity increases. The range of average bubble 

retention times is 1 to 9.5 seconds for the bubble 

size range 6.6mm to 1.5mm diameter 

respectively. 

 

 
Fig 5. Relation of mean bubble diameter with 

bubble retention time. 

 

With the increase of bubble diameter the 

retention time decreases because the bubble rise 

velocity increases. The range of average bubble 

retention times is 1 to 9.5 seconds for the bubble 

size range 6.6mm to 1.5mm diameter 

respectively. 

 
 

Fig 6: Relation of ratio of mean bubble diameter 

to nozzle diameter with entrainment ratio. 
 The larger jet diameters produce large bubbles 

with less retention time so the oxygen transfer is 

also less as compared to smaller jets.  

 

IV. CONCLUSION 

Mean bubble diameter in a jet aeration process 

increases with the increase of jet diameter.Ratio 

of mean bubble diameter to nozzle diameter 

relates to entrainment ratio for entrainment ratio 

greater than 1 it achieves a nearly maximum value 

of about 0.13 For the nozzle diameter range 12.7 

mm to 38.1 mm mean bubble diameter ranges 

from 1.5 to 6.6mm and the average bubble 

diameter ranges from 1.9 to 8.37mm and this falls 

in the range of other aeration system.Oxygen 

absorption efficiency in jet aeration can be 

increased by using small diameter jets with high 

velocities. 
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