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Abstract  
Our work is being conducted with the aim to develop an effervescent atomizer for industrial burners that will 
generate a fine and stable spray in large turn-down ratio. The single-hole, plain orifice atomizer is powered with 
light heating oil and uses air as an atomizing medium in the “outside-in” gas injection configuration. Published 
design concepts of the effervescent atomizer are described. Based on the published results several design parameters 
are modified: size and number of aerator holes, their location and diameter of the mixing chamber. Influence of 
these parameters on spray performance is studied at atomizing pressures 0.1, 0.3 and 0.5 MPa and gas-to-liquid-ratio 
(GLR) of 2, 5 and 10%. 
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Introduction 
A method of atomization commonly referred to as 

„effervescent atomization” was developed in the late 
1980s by Lefebvre and co-workers [1]. Also some 
earlier works [2, 3] mention similar concepts. 
Effervescent atomizers can be categorized as twin-fluid 
atomizers with internal mixing. In the simplest form of 
the effervescent atomizer, a gas is injected directly at 
low velocity into a flowing liquid at some point 
upstream of the atomizer exit orifice in such a way to 
create a bubbly two-phase flow. As the liquid flows 
through the discharge orifice it is transformed by the gas 
bubbles into thin shreds and ligaments. When the gas 
bubbles emerge from the nozzle at sufficient pressure 
drop, they expand so rapidly that the surrounding liquid 
is shattered into droplets. 

Effervescent atomizers are becoming more and 
more commonplace in numerous engineering 
applications in which a liquid must be fragmented into 
droplets. Major advantage of effervescent atomizers is 
their relative insensitivity to fuel physical properties and 
ability to provide good atomization over a wide range of 
operating conditions even for less refined fuels. A 
possibility to vary both the operating pressure and also 
the ratio of flow rates of gas and liquid, GLR, leads to 
large atomizer turn-down ratios. As the atomizing gas is 
utilized by effervescent atomizer in relatively efficient 
manner, a good atomization can be achieved using very 
small flow rates of the gas. Another attractive feature is 
good atomization even when operating at low injection 
pressures. Furthermore the E-atomizers can have larger 
orifice than conventional atomizers which alleviates 
clogging problems and facilitates atomizer fabrication. 
It also predestinates this type of pneumatic atomizers for 
atomization of suspensions and slurries [4-8]. 

Despite of its inherent simplicity the effervescent 
atomizer gives possibility for wide variety of design 
configurations. Large amount of literature can be found 
to describe an influence of geometry of the liquid-air 

mixing system on performance of effervescent 
atomizers. It is shown that optimization of the atomizer 
design can improve the spray characteristics. Surprising 
diversity of design modifications can be seen in 
different papers. However it is not fully possible to 
generalize these results made for different effervescent 
atomizer concepts and for liquids of different physical 
properties (typically water). Moreover currently only 
SMD is often evaluated and other important spray 
parameters (spray cone angle, velocity profiles, 
entrainment number and mass flux) are neglected. The 
SMD varies with spray position and this feature is often 
neglected. In this study we bring an overview of design 
concepts investigated by different researchers together 
with specification and description of important 
geometric parameters. Our work is being conducted 
with the aim to develop an effervescent atomizer for 
industrial burners that will generate fine and stable 
spray in large turn-down ratio. The single-hole, plain 
orifice atomizer is powered with light heating oil and 
uses air as an atomizing medium in the “outside-in” gas 
injection configuration. Several design parameters are 
modified: size and number of aerator holes, their 
location and diameter of the mixing chamber. Influence 
of these parameters on the spray performance is studied 
at atomizing pressures 0.1, 0.3 and 0.5 MPa and GLR of 
2, 5 and 10%. A near nozzle spray visualization by 
digital camera illustrates the atomization process at 
different operation modes. 

 
Effervescent Atomizer Configurations 

Already in some early papers [9] a lot of different 
designs of effervescent atomizer appeared. We will 
attempt to make their basic classification here. To 
simplify our task we focus only on single-hole plain-
orifice atomizers. Design described in different works 
can thus be divided into three basic groups, see Fig. 1. 

Type A: In this configuration the liquid flows 
through a central tube. Gas is introduced into the liquid 
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by a set of small holes. This “outside-in” gas injection 
configuration enables large liquid flow area which 
prevents from clogging and thus it is also feasible for 
atomization of slurries. This probably the most frequent 
configuration has been studied in [3, 4, 7, 8, 10-21] and 
other papers. An option with switched inputs of the gas 
and liquid, an “inside-out” gas injection modification of 
the A-type is less frequent, it is described e.g. in [9]. 

Type B: Liquid flows through an annular port 
formed by atomizer body and aerator tube. Gas is 
introduced into the liquid by a set of small holes from 
the aerator side and/or from the aerator bottom. This 
“outside-in” modification is mentioned in works [9, 22-
27]. An “inside-out” gas injection modification of the 
B-type has not been found in the literature. 

Type C: Both the fluids enter separately into the 
mixing chamber. This configuration enables an 
independent control of the gas and liquid input velocity, 
direction and distribution. This version has been studied 
in [28, 29]. 

Usage of different inserts inside the mixing 
chamber can modify and improve mixing and internal 
two-phase flow [19, 27]. Input of the gas can be 
modified by changing the position of aeration holes, 
their size and directions. Disintegration of pure liquids 
may be enhanced using perforated plates in front of the 
discharge orifice. Application of the so called ligament-
control inserts can be found in works [24, 26]. Note that 
atomizers with annular discharge orifice [9, 30, 31] or 
multi-hole atomizers [11, 12, 19, 32] can have slightly 
different design and probably also other more 
complicated and sophisticated configurations could 
appear in the future. 

In our research we decided to use the A-type 
effervescent atomizer with “outside-in” gas injection 
configuration which seems to be the most promising for 
atomization of light heating oil and possible utilization 
for waste fuels in the future. 
 
Important Geometrical Parameters 

Internal geometry of the effervescent atomizer is 
described by dimensions of its mixing chamber and by 
size and shape of discharge orifice. Main parameters of 
the mixing chamber studied in the past are: 
• Size and number of aerator holes; investigated by 
[27, 33]. These values define a total area A through 
which gas penetrates into the liquid. Sometimes also a 
ratio of the final discharge orifice area to the total area 

of the aerator holes is used as an evaluated parameter 
[34, 35]. 
• Location of the aerator holes relative to the final 
discharge orifice [20, 27]. This parameter determines a 
development length of the two-phase mixture inside the 
atomizer. 
• Cross section area (given by its diameter in case of 
cylindrical shape) of mixing chamber modifies velocity 
and hence a character of the two-phase flow [36]; this 
parameter was studied in [27]. Mixing chamber with 
rectangular shape was described in [37]. The cross 
section area of the mixing chamber together with the 
distance of the last set of aerator holes relative to the 
exit orifice defines the volume of the mixing chamber. 
• Direction of aeration holes [27, 29, 33, 36]; it 
modifies the direction of input of the gas into the liquid. 
Tangentional direction leads to swirl motion of the 
mixture and it can improve mixing process; an 
inclination angle between liquid flow (aerator axis) and 
the aeration holes can also modify two-phase flow. 

Difference between the “inside-out” and “outside-
in” gas injection configuration has been studied in [27]. 
Discharge orifice geometry is determined by: 
• Orifice diameter [1, 4, 11, 20, 27, 28, 38]. 
• Convergence angle at the inlet of the discharge 
orifice [9]. 
• Length to diameter ratio [9]. 

Based on the analysis of the above mentioned 
research works, we have defined four important 
geometrical parameters to study in the present work: 
diameter and number of aerator holes, location of the 
aerator holes relative to the final discharge orifice and 
diameter of the mixing chamber. 
 
Experimental Facility 

Experimental equipment includes effervescent 
atomizer, cold test bench with fluid supply system and 
Phase/Doppler Particle Analyzer. Our single-hole, plain 
orifice atomizer of A type (Fig. 1) is powered with light 
heating oil and uses air as an atomizing medium in the 
“outside-in” gas injection configuration, see Fig. 2. It 
consists of a cylindrical body in which an aerator tube is 
inserted. The aerator is connected with an exit nozzle. 
The liquid (oil) enters the central orifice of the aerator 
from a side, while the air is injected into the liquid 
through a set of small holes in the aerator envelope. 
Both fluids form a two-phase mixture, flow downstream 
and exit the atomizer through a discharge orifice to the 
ambient atmosphere in the form of a spray. 

The volume of the mixing chamber formed inside 
the aerator tube is given by a length downstream of the 
last row of air holes L1 and internal diameter of the 
aerator tube, D2. The exit orifice has a diameter D1 of 
2.5 mm and a length of 0.7 mm. There is a conical 
junction with the apical angle of 120° in front of the 
orifice. The length L1, internal diameter D2 together 
with the span length ∆L=L2-L1, diameter D3 and number 
of aeration holes n are varied in this study. 

The air and oil supplies are controlled separately. 
Operational conditions of the twin-fluid atomizer with 

Fig. 1. Simplified schemes of design configurations 
of the effervescent atomizer. 
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given geometry can be basically described by any two 
independent parameters. The air gauge pressure and 
GLR were chosen in our case. Experiments were 
performed for several air gauge pressures and GLR 
values. Temperature, gauge pressure and volumetric 
flow rates of both fluids were measured. The atomizer 
was studied in the vertical position of the main axis. 
Physical properties of the atomized liquid – light 
heating oil are documented in [36]. Description of our 
experimental facility and Dantec 1D Phase/Doppler 
Particle Analyser (P/DPA) used for drop size and 
velocity measurement can be found in [39]. 

 
Spray Structure 

As it has been shown in number of publications, 
droplet size and velocity significantly depend on the 
input pressure drop and on GLR [11, 17, 19, 33, 37, 39]. 
Results for atomizing pressure of 0.2MPa are 
documented in Fig. 3, top. Radial profiles of Sauter 
Mean Diameter D32 at the lowest GLR are almost flat 
with indistinctive local maximum in the atomizer axis. 
This shape of D32 profiles is also documented in [12, 
40], profiles with more distinct maximum in the 
atomizer axis were seen in [28]. 

An increase of GLR leads to a decrease of D32 in 
the entire radial profile but mainly in the atomizer axis. 
For GLR higher then 0.6% the profiles tend to be 
inversely bell-shaped with a minimum in the spray axis. 
This change of D32 profiles with GLR can be related to a 
character of internal two-phase flow which is bubbly in 
case of small GLR, changing to slug, annular and finally 
to dispersed with an increase of GLR. For more 
information see [36]. To characterize atomization 
quality by a single parameter we introduce a term of 
Integral Sauter Mean Diameter ID32, which represents a 
whole spray at certain cross section perpendicular to the 

axis of the nozzle exit orifice. Simplified equation for 
calculation of ID32 as derived in [6] reads: 
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where D30_i and D20_i are volumetric and surface 
diameters of droplets measured in position ri. An 
ensemble of n droplets is measured using P/DPA with 
droplet frequency fi. 

Resulting ID32 calculated from data measured in 
radial profiles of D32 150mm downstream the exit 
orifice are shown in Fig. 3, bottom. The ID32 decreases 
from 95µm at GLR 0.4% to 42µm at GLR 100% for 
pressure 0.2MPa. An increase of input gas pressure also 
leads to a finer spray. This dependence of atomization 

Fig. 2. Schematic layout of the research atomizer. 

Fig. 3. Radial profiles of D32 at p=0.2MPa and 
different GLR (top) and influence of pressure and 

GLR on ID32 (bottom). 

0.01MPa, 0.1%              0.02MPa, 0.3%             0.05MPa 1.0%              0.1MPa 5.0%             0.2MPa, 10.0% 
 

Fig. 4. Spray structure of effervescent atomizer at varying air gauge pressure and GLR. 
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performance on atomizer operation conditions is in 
general agreement with our earlier findings [17, 19] as 
well as with results of other investigators [1, 22, 33]. 

Near nozzle spray structure was visualized by a 
digital camera CANON EOS 300D using telephoto 
zoom lens CANON EF 100mm. Several different 
operation regimes at operation pressure and GLR 
varying are documented in Fig. 4. 

At very low GLR, about 0.1%, and low pressure 
0.01MPa the liquid forms continual film and ligaments 
at the nozzle exit, gas flows mainly through the central 
part of the exit orifice with higher velocity deforming 
the liquid surfaces and tearing the liquid into smaller 
fractions and finally into droplets. The liquid is 
additionally fragmented due to stretching of the 
ligaments and internal turbulent motion. Also shear 
stress due to still ambient air contributes to the 
disintegration. Atomization process proceeds through a 
relatively large distance from the nozzle exit. 

Increase of GLR enables easier and faster 
disintegration of liquid volumes and shortens the 
atomization distance. The gas overcomes forces of 
liquid surface tension by shear stress due to slip velocity 
between the gas and liquid phase and also by expansion 
of the pressurized gas volumes enveloped by liquid 
phase. At GLR of about 2% and higher there is no 
compact liquid volume observed; the spray already in 
close distance from the exit orifice contains a number of 
small particles. We assume that also at higher GLR a 
liquid core exists at the nozzle exit but it is not clearly 
visible due to the presence of a cloud of the small 
droplets surrounding this continuous liquid bulk. 

 
Influence of Atomizer Geometrical Parameters on 
Spray Performance 

Based on published results we have defined four 
geometrical parameters to study in this work: the 
diameter D3 and number of aerator holes n, location of 
the aerator holes relative to the final discharge orifice L1 
and diameter of the mixing chamber D2. Several 
atomizers were designed for this study; their dimensions 
can be seen in Table 1. Atomization properties of the 
atomizers were measured at air gauge pressures 0.1, 0.3 
and 0.5MPa at GLR 2, 5 and 10%. Only some results 
are processed in Table 2 due to the paper limitation.  

Atomizers E25-E28 were used to study the 
influence of the diameter of the mixing chamber D2. 
Mixing chamber diameter at given operation conditions 
(flow rates of the gas and liquid) influences a velocity of 
the internal flow of the two-phase mixture. The velocity 
increases with a decrease of the cross-section area of the 
chamber. At lower pressure and lower GLR the two-
phase mixture is bubbly or slug and moves with a lower 
velocity [36]. At higher pressure the mixture changes to 
annular. Data in Table 2 shows a higher influence of the 
mixing chamber diameter at lower pressure, where the 
smallest ID32 can be found for diameters between 8 and 
11mm. For higher pressure and GLR the dependence of 
ID32 on the chamber diameter almost disappears. We 
can conclude that the optimum diameter of the mixing 

chamber for our range of operation conditions is about 
10mm for the orifice diameter 2.5mm. 

 
Table 1. Atomizers under test. 
 

Atomizer 
L1 

(mm) 
∆L 

(mm) 
D2 

(mm) 
D3 

(mm) 
n 
(-) 

E21 90 30 5,5 0,7 60 
E22 85 30 5,5 1,0 30 
E23 85 25 5,5 1,3 18 
E24 90 25 5,5 1,5 13 
E25 85 30 5,5 1,0 30 
E26 85 30 8,0 1,0 30 
E27 85 25 11,0 1,0 30 
E28 85 40 14,0 1,0 30 
E29 75 0 14,0 1,0 8 
E30 55 0 14,0 1,0 8 
E31 35 0 14,0 1,0 8 
E32 65 10 14,0 1,0 24 
E33 50 10 14,0 1,0 24 
E34 35 10 14,0 1,0 24 
E35 65 20 14,0 1,0 40 
E36 45 20 14,0 1,0 40 
E37 35 20 14,0 1,0 40 
E38 35 40 14,0 1,0 80 

 
Table 2. Integral Sauter mean diameter [µm] in spray at 
different operation pressure and GLR. 
 

p (MPa) 0,1 0,3 0,3 0,3 0,5 
GLR (%) 5 2 5 10 5 

E25 5,5 95,4 87,9 83,5 75,6 78,3 
E26 8 87,8 85,8 81,5 76,6 78,2 
E27 11 88,9 84,6 80,6 75,2 77,6 
E28 

D2 
(mm) 

14 92,6 88,2 83,2 77,0 78,2 
E21 0,7 96,9 88,2 82,8 75,0 76,8 
E22 1,0 95,8 88,4 83,9 76,1 78,8 
E23 1,3 94,6 87,4 83,8 77,4 79,2 
E24 

D3 
(mm) 

1,5 94,2 91,2 86,8 77,0 78,7 
E30 8 96,0 93,7 87,3 80,9 82,6 
E33 24 94,6 91,4 85,9 81,5 83,6 
E36 40 89,1 86,0 84,5 76,5 80,0 
E38 

n 
(-) 

80 90,5 85,0 83,8 77,0 77,6 
E31 35 100,1 92,0 89,3 84,9 88,9 
E30 55 96,0 93,7 88,3 81,8 83,5 
E29 

L1 
(mm) 

75 91,5 88,5 86,0 79,9 81,9 
E34 35 96,8 90,7 87,9 81,9 83,0 
E33 50 94,6 91,4 87,2 82,8 84,9 
E32 

L1 
(mm) 

65 91,7 90,1 85,6 80,6 76,6 
E37 35 89,8 91,6 84,6 79,8 77,9 
E36 45 88,3 85,0 83,6 75,6 79,1 
E35 

L1 
(mm) 

65 93,3 85,6 83,5 77,7 79,4 
 

The diameter of aerator holes D3 was varied using 
atomizers E21-E24. The number of the aerator holes 
was also varied to keep the total aeration cross-section 
area constant. Table 2 documents that at pressure 
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0.1MPa and GLR 5%, the ID32 decreases with the 
enlargement of the diameter of aerator holes. Similar 
behaviour was seen also at regimes p=0.1MPa-GLR 2% 
and p=0.1MPa-GLR 10% (not documented here). At 
higher pressures 0.3 and 0.5MPa the ID32 shows 
opposite behaviour. Optimum design of the diameter of 
aerator holes hence depends on an assumed range of 
operation pressures. Generally, the influence of aerator 
holes diameter on the atomization performance is 
relatively small, compared to other factors. We 
recommend designing the aerator chamber with rather 
smaller diameter of aerator holes to acquire good results 
in larger range of operation conditions. 

Atomizers E30, E33, E36 and E38 were used to 
investigate the influence of the aeration cross-section 
area on the atomization process. The cross section area 
was modified by changing the number of aerator holes 
n. Table 2 shows that increase of aeration area leads to 
improvement of the ID32. This effect can be associated 
with a more homogeneous mixture in case of larger 
number of aeration holes. 

Location of aeration holes relative to the exit orifice 
is described by the length L1. This parameter was 
studied in atomizers E29-E31 with one line of aeration 
holes (each line with 8 holes), atomizers E32-E34 with 
three lines of aeration holes and atomizers E35-E37 
with five lines of aeration holes. Relatively strong 
dependence of the location of aeration holes on ID32 is 
seen in case of a single row of the aeration holes. The 
influence of location of aeration holes on the ID32 is 
reduced in case of 3 lines of aeration holes and almost 
disappears in case of 5 lines of aeration holes. In case of 
low number of aeration holes used and mainly in case of 
lower pressure and lower GLR an unsteady spray was 
observed. This phenomenon was more distinctive for 
larger distances L1. The effervescent spray unsteadiness 
is described in more detail in [41]. It would be useful to 
make a deeper study to evaluate also the influence of 
operation conditions on the spray unsteadiness. 
Comparison of results for all the atomizers E29-E37 
leads to conclusions that the best results are acquired 
with higher number of aeration holes. 

 
Conclusions 

Presented results document variation of droplet size 
characterized by Sauter mean diameter with position in 
the spray. It leads us to a definition of integral value of 
Sauter mean diameter for the description of the 
atomization performance by a single parameter. 
Evaluation of this parameter on a set of nozzles with 
modified design parameters results in several 
conclusions: influence of atomizer design on its 
performance is moderate. Optimum results can be 
acquired with mixing chamber diameter about 4-times 
exit orifice diameter, larger number of aeration holes 
and their smaller diameter leads to decrease of droplet 
size. Operation pressure and GLR significantly 
influence the droplet size. 
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