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Liquid atomization is the process by which bulk liquids disintegrate 
into sprays. Several theories of liquid atomization mechanisms have 
been proposed to characterize the disintegration process. The liquid 
disintegration regime map can be used to characterize the process of 
converting bulk liquid into sprays. This map depicts the steps of liquid 
disintegration for a liquid atomization process and is a useful tool for 
understanding the fundamental physics of a given liquid atomization 
regime. However, a liquid disintegration regime map for a specific form 
of atomization, swirl effervescent atomization, is currently unavailable 
and is hypothesized in this research. Swirl effervescent atomization 
provides numerous benefits in the hybrid category, and it is critical to 
map the liquid disintegration regime for this type of liquid atomization. 
The initial step in mapping the liquid disintegration regime is to review 
the liquid disintegration mechanisms. This article reviews the liquid 
disintegration regimes of plain orifice, swirl, and effervescent 
atomization in relation to swirl effervescent atomization. 
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1. Introduction 
Liquid atomization plays a crucial role depending on the application requirements. In a liquid rocket engine, 
properly designed atomizers ensure efficient and stable combustion. Among the primary purpose of liquid 
atomization in this application are (i) to increase the surface area of liquid propellant for high combustion 
efficiency, (ii) to provide nonuniform distributions of mixture ratio and flow intensity, and (iii) to achieve 
prescribed distributions of atomization dispersity, mixture ratio, and flow intensity in the mixture-formation zone 
[1]. Liquid atomization is the process of disintegrating a bulk liquid into accumulated droplets. The disintegration 
process is initiated with the introduction of disturbances. The disturbances are in the form of either turbulence, 
inertial effects, or changes in velocity profile (flow relaxation or bursting effects) [2] which induce the formation 
of waves on the surface of liquid jets and sheets. If the conditions permit, the amplitudes of these waves may 
overgrow, resulting in instability and the further breakup of the liquid jets and sheets. 

Numerous spray/atomization mechanism theories have been developed to describe the disintegration 
process. Pressure atomization is one group of atomization mechanisms. The main characteristic of this group of 
atomization is the ejection of fluids with high velocity through a small discharge orifice. The energy for atomization 
is the potential energy and is subsequently transferred into kinetic energy within the discharge orifice. 
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Plain orifice atomization is one example of pressure atomization with a simple orifice design to produce a 
liquid jet. This type of atomizer has been used in many applications, including industrial spraying, inkjet printers, 
and diesel and rocket engine propulsion devices due to its inherent simplicity and practicality [3]. Another 
example of pressure atomization is swirl atomization. Swirl atomization produces a spray by applying swirling 
effects on the liquid through tangential inlets or swirling inserts. The swirling motion pushes the flow close to the 
wall to create a low-pressure zone along the centerline, resulting in the air flowing back to the nozzle and forming 
an air-cored vortex. The convergent section near the discharge orifice accelerates the flow before exiting the 
atomizer [4].  

Another group of atomization mechanisms is called pneumatic atomization. Pneumatic atomization is also 
known as twin-fluid atomization and is a type of liquid atomization that uses the movement of gas or vapour as 
the primary source of energy to produce spray [5]. Pneumatic atomization can be divided into (i) internal mixing 
and (ii) external mixing. Internal mixing has several advantages in practical applications, such as good atomization 
quality at low operating pressures, insensitivity to the changes of liquid viscosity, resistance to blockages of the 
discharge orifice, flexible control of spray characteristics, and low gas consumption rates compared to the 
external-mixing [6]. An example of internal mixing atomization is effervescent atomization. Effervescent 
atomization uses a small amount of air/gas injected into the mixing chamber and forms bulk liquid with dispersed 
bubbles. The bubbles expand as it discharges and shreds the bulk liquid into fine droplets [7].  

Liquid disintegration regime maps graphically depict how a continuous liquid stream fragments into droplets 
as key parameters vary. By charting non-dimensional numbers (e.g., Reynolds, Weber, Ohnesorge), these maps 
delineate distinct breakup stages—from dripping and Rayleigh instability to wind-induced and full atomization—
offering a clear visual framework for spray behaviour. Mapping an atomization regime is vital for atomizer design 
and process optimization. Such maps reveal the thresholds at which inertial, viscous, and aerodynamic forces 
dominate, enabling engineers to select operating conditions that yield desired droplet sizes, spray angles, and 
uniformity. Without regime maps, adapting atomization systems to application-specific requirements relies on 
costly trial and error. Theoretical studies of primary jet instability underpin these practical maps. Ibrahim [4] and 
Shinjo and Umemura [8] showed that analyzing the growth of surface perturbations and vortex dynamics in liquid 
jets not only elucidates core atomization mechanisms but also refines predictive models for droplet formation.  

Research has been conducted for swirl effervescent atomization on various parameters (gas core [9], breakup 
length [10]–[12], spray angle [12]–[16], discharge coefficient [17], and Sauter mean diameter [18]) but a broader 
picture, such as the liquid disintegration regime is still barely available. Hence, studies are required to construct 
a liquid disintegration regime map for swirl effervescent atomization. The first stage of the study is to review the 
related liquid disintegration regime of swirl effervescent atomization, which are plain orifice atomization, swirl 
atomization, and effervescent atomization. This will assist the understanding of liquid disintegration in swirl 
effervescent atomization.   

This article is organized as follows. Section 2 reviews the liquid disintegration regime of plain orifice 
atomization, which includes the jet stability curve and Ohnesorge plot. Section 3 comprises a review of the liquid 
disintegration regime of swirl atomization. Section 4 consists of a review of the liquid disintegration regime of 
effervescent atomization. Section 5 integrates this understanding and reports the hypothesis for the swirl 
effervescent disintegration regime. The conclusions of this review are reported in Section 6. 
 

Nomenclature 
a liquid jet radius 
D droplet diameter 
do discharge orifice diameter 
dp inlet port diameter 
Eb Bubble energy 
g Gravitational acceleration 
LBU Jet breakup length 
lp inlet port length 
lo discharge orifice length 
ṁG Gas mass flowrate 
ṁL Liquid mass flowrate 
Oh Ohnesorge number 
Pa Air pressure 
PG Gas pressure 
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PL Liquid pressure 
R Gas constant 
Re Reynolds number 
Recrit Critical Reynolds number 
T Temperature  
UL Jet velocity 
We Liquid Weber number 
WeG Gas Weber number 
SMD Sauter mean diameter 
σ Liquid surface tension 
ρL liquid density 
μL liquid viscosity 
ωr,max maximum pulsation 
ηo interface displacement 
ẋ quality or dryness 

   

2. Liquid Disintegration Regime of Plain Orifice Atomization 
The disintegration of liquid emanating from plain orifice atomizer is usually described using two methods: i. jet 
stability curve and ii. Ohnesorge plot. 

2.1 Jet Stability Curve 
Jet stability curve is a common way of describing the disintegration of cylindrical liquid jets. Jet stability curve is 
a plot of jet breakup length, LBU versus jet velocity, UL. Their relation can be expressed as: 
 

 
(1) 

 
where LBU = jet breakup length (mm), UL = jet velocity (mms-1), ωr, max = maximum pulsation (s-1), a = liquid jet 

radius (mm) and, ηo = interface displacement (mm). 
A typical liquid disintegration of cylindrical liquid jet described by Dumuochel et al. [19] involves five regimes 

which are (i) dripping regime, (ii) Rayleigh regime, (iii) first wind-induced, (iv) second wind-induced, and (v) 
atomization. Liu [2] categorizes “idealized” modes of liquid disintegration as (i) liquid dripping, (ii) liquid 
column/jet breakup, (iii) liquid ligament breakup, (iv) liquid sheet/film breakup, and (v) liquid free surface 
breakup.  

The dripping regime can be described by the condition where droplets discharge the atomizer without the 
formation of a continuous liquid column [19]. The resultant droplets, also known as hanging/pendant droplets, 
form under the influence of gravity [2], [20], [21].  Theoretically, whenever the gravity force on the liquid is higher 
than the surface tension force, liquid will be pulled away. The formation of drops by a dripping mechanism 
inevitably entails large drops and low flow rates [22]. The droplet diameter can be determined as: 

 

 
(2) 

 
where D = droplet diameter (m), do = discharge orifice diameter (m), σ = liquid surface tension (kgs-2), ρL = 

density (kgm-3) and, g = gravitational acceleration (ms-2). 
An analysis conducted by Rayleigh for an inviscid jet in a vacuum revealed that all disturbances on a jet with 

wavelengths greater than its circumference will grow [23]. The Rayleigh mechanism of breakup shows the average 
drop size is nearly twice the diameter of the undisturbed jet or the discharge orifice diameter [22] and can be 
written as: 
 

 (3) 
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Weber extended the analysis of Rayleigh for viscous liquids and derived the relation of droplet diameter as [24]: 
 

 
(4) 

 
Where We is the Weber number, and Re is the Reynolds number. The Weber number can be defined as in Eqn. (5), 
and the Reynolds number can be defined in Eqn. (6). 
 

 
(5) 

 

 
(6) 

 
The first wind-induced influence is the initiation of aerodynamic influence on the liquid. This is the regime 

where sinuous oscillations occur which result in droplet sizes comparable to the jet thickness [25]. This regime is 
characterised by the disintegration of a liquid jet subject to axisymmetric waves [24]. The increase in the jet 
velocity distorts the existing axisymmetric waves and forms asymmetric waves. Prior to the formation of the 
second wind-induced regime, air accelerates along the vicinity of convexities and decelerates along the vicinity of 
concavities. Hence, a low aerodynamic pressure develops in convexities, and high pressure develops in concavities 
of the liquid jet, which results in distortions of the initial wave from axisymmetric to asymmetric [24]. 

A fully developed spray characterised by spontaneous jet breakup into small droplets is known as an 
atomisation regime. This final regime can be described by rapid liquid disintegration with short or almost non-
existent breakup length. Reitz [26] defined the atomisation regime as a complete jet disruption at the nozzle exit 
which produces average drop diameters much less than the jet diameter. The jet stability curve depicted by 
Lefebvre and McDonell [22] associated with typical flow regions, i.e., laminar, transition and turbulent flows, is 
shown in Fig. 1. 
 

 

Fig. 1 Jet stability curve associated with typical flow region. From [21] 

No et al. [27] and Lim et al. [28] analysed factors affecting the critical Reynolds number in the jet stability 
curve. The critical Reynolds number is the minimum Reynolds number at which breakup length is no longer 
increased with jet velocity but starts to decrease (point B in Fig. 1). No et al. [27] proposed an empirical correlation 
for sharp-edged, re-entrant, and convergent inlet atomisers. The empirical correlation is: 
 

𝐷𝐷
𝑑𝑑𝑜𝑜

= 1.436 �1 + 3
We0.5

𝑅𝑅𝑅𝑅
�

1
6�

 

𝑊𝑊𝑊𝑊 =
𝜌𝜌𝐿𝐿𝑈𝑈𝐿𝐿2𝑑𝑑𝑜𝑜
𝜎𝜎𝐿𝐿

 

𝑅𝑅𝑅𝑅 =
𝜌𝜌𝐿𝐿𝑈𝑈𝐿𝐿𝑑𝑑𝑜𝑜
𝜇𝜇𝐿𝐿

 



89 Int. Journal of Integrated Engineering Vol. 17 No. 9 (2025) p. 85-116 

 

 

 
(7) 

 
where Oh = Ohnesorge number, lp = inlet port length and dp = discharge orifice length. It should be noted that the 
correlation is not valid for round-edged inlets. 
 
Lim et al. [28] proposed new empirical correlations for two groups of inlet ports which are (i) (i) sharp-edged and 
re-entrant inlets and (ii) round-edged and convergent inlets. The proposed empirical correlation is due to the 
dependence of the critical Reynolds number on the discharge orifice length-to-diameter ratio. The empirical 
correlations obtained are: 
 
For group 1 (sharp-edged and re-entrant inlet): 
 

 
(8) 

 
For group 2 (round-edged and convergent inlet): 
 

 
(9) 

 
where Pg and Pa are gas pressure and air pressure, respectively. 
 
Van de Sande and Smith [29] also proposed a correlation between the critical Reynolds number and the discharge 
orifice length-to-diameter ratio as: 
 

 
(10) 

 
The instability of the liquid jet associated with peculiarities observed in experimental work most probably 

arises from differences in the velocity profile and turbulence properties of the jet as it discharges from the nozzle. 
A numerical investigation conducted by Bravo et al. [30] revealed that transition to turbulence is significantly 
enhanced by the flow separation at the sharp corner of the nozzle inlet. Once the flow is transitioned to turbulence, 
the disintegration is quickly changed to turbulent atomisation, where the surface breakup occurs at the nozzle 
exit instead of axisymmetric instability wave developments. They also found that a more viscous liquid jet 
disintegrates more quickly and generates finer droplets with faster penetration speed. A similar phenomenon was 
observed by Khavkin [31] for swirl atomisers, and he stated that viscosity helps droplets to stretch. However, 
Khodayari [32] contrastingly observed that viscosity dampens the growth rates of instability and leads to a longer 
breakup length.  

Sallam et al. [33] studied the new measurement of breakup length for turbulent liquid jets in quiescent air 
with greater emphasis on conditions where small Reynolds numbers and aerodynamic effects were anticipated. 
They summarised available data from literature and gave the following correlation of the breakup length for 
common fluids, such as water and ethanol: 
 

; for We < 400 
(11) 

 
The correlation by Sallam et al. [33] in Eqn. 11 was numerically tested by Pan and Suga [34] for the accuracy 

with the We-Lb/do plot shown in Fig. 2. They set the mean values in Fig. 2 by averaging the instantaneous breakup 
length over a period of time during which the jets go through the distance of five times as long as the computational 
domain in the axis direction. They observed a reasonably good agreement for all the cases presented. 
 

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 218𝑂𝑂ℎ−0.338 �
𝑙𝑙𝑝𝑝
𝑑𝑑𝑝𝑝
�

0.086

 

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 175𝑂𝑂ℎ−0.33 �
𝑙𝑙𝑝𝑝
𝑑𝑑𝑝𝑝
�

0.15

�
𝑃𝑃𝐺𝐺
𝑃𝑃𝑎𝑎
�
−0.18

 

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 635𝑂𝑂ℎ−0.39 �
𝑙𝑙𝑝𝑝
𝑑𝑑𝑝𝑝
�
−0.28

�
𝑃𝑃𝐺𝐺
𝑃𝑃𝑎𝑎
�
−0.19

 

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 12000 �
𝑙𝑙𝑜𝑜
𝑑𝑑𝑜𝑜
�
−0.3

 

𝐿𝐿𝐵𝐵𝐵𝐵
𝑑𝑑𝑜𝑜

= 5𝑊𝑊𝑊𝑊0.5 



Int. Journal of Integrated Engineering Vol. 17 No. 9 (2025) p. 85-116 90 

 

 

 

Fig. 2 Comparison of breakup length of laminar jets at different Weber numbers. From [34] 

Etzold et al. [35] constructed a jet stability curve for their fabricated nozzle and compared their experimental 
results with the theory proposed by Sterling and Sleicher [36]. They found that their experimental results did not 
agree with results derived from existing models or with experimental data from literature. They attributed the 
cause of the discrepancies to the properties of the gas boundary layers around the liquid jets. At relatively small 
ambient Reynolds numbers, the ambient influences decrease, which causes an increase in jet length. Etzold [35] 
proposed a modification to the Sterling and Sleicher [36] theory and observed good agreement of the modified 
theory with their experimental data. The plot of the modified model and the experiment of Sterling and Sleicher 
[36] is shown in Fig. 3. 
 

 

Fig. 3 Plot by Etzold et al. [35] to fit their proposed modified model with the experimental works of Sterling and 
Sleicher [36] 
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Arai et al. [37] investigated plain orifice atomisers in diesel spray applications. They varied the ambient 
pressure to simulate elevated pressure and temperature in a diesel combustion chamber. They found that ambient 
pressure influence on the jet breakup length is enormous and essential. An increase of ambient pressure from 0.1 
MPa to 3.0 MPa resulted in a significant shortening of the jet breakup length.The jet stability curve flattens with 
the increase in ambient pressure. The effect of ambient pressure on the spray breakup length was also reported 
by He et al. [38], Fu and Yang [39], and Leroux et al. [40]. Leroux et al. [40] observed three conditions of a liquid 
jet disintegration subjected to three ambient pressures. In a state in which the value of the ambient pressure is 
lower than the atmospheric pressure (1 atm), the physical characteristics of the liquid jet become the significant 
factor for jet disintegration without the influence of the surrounding gas. However, this phenomenon differs when 
the ambient pressure is less than 1 atm, where the effect of aerodynamic forces becomes dominant. The third 
situation is when the ambient pressure is approximately equal to 1 atm. Both the effect of jet physical 
characteristics and aerodynamic forces take place in disintegrating the liquid jet.  

Yang et al. [41] found that the effect of gas density is more dominant in the atomisation of a viscoelastic jet. 
This was also discovered by Zhang and Shin [42] and Spangler et al. [43] for general jets. Spangler et al. [43] 
portrayed the findings in a plot of gas Weber number versus jet breakup length as shown in Fig. 4. The plot shows 
the variation of the jet stability curve with density ratio, ϵ, which is defined as: 

 

 
(12) 

Where ρL and ρG are liquid and gas density, respectively.  

 

Fig. 4 Jet stability curve proposed by Spangler et al. [43] 

2.2 Ohnesorge Plot 
Ohnesorge [44] illustrated liquid disintegration regimes for plain orifice atomisation into three sections. These 
sections depend on the liquid Reynolds number and a dimensionless number that contains only liquid properties 
(Ohnesorge number, Oh). The Ohnesorge’s liquid disintegration regime map for plain orifice atomisation is plotted 
as an Re-Oh plot, which is described below and shown in Fig. 5. 

• At low Reynolds numbers, disintegration of the liquid jet into large drops of uniform size occurred and 
was named the Rayleigh mechanism of breakup. 

• At intermediate Reynolds numbers, jet oscillations with respect to the jet axis are the source of the jet 
breakup. The magnitude of these oscillations increases with air resistance until the liquid jet completely 
disintegrates. A wide range of drop sizes is produced. 

• At high Reynolds numbers, atomisation is complete within a short distance from the discharge orifice. 
 

𝜖𝜖 =
𝜌𝜌𝐿𝐿
𝜌𝜌𝐺𝐺

 



Int. Journal of Integrated Engineering Vol. 17 No. 9 (2025) p. 85-116 92 

 

 

 

Fig. 5 Regimes of liquid disintegration in plain orifice atomization by Ohnesorge [44] 

Ohnesorge number, Oh can be written as: 
 

 
(13) 

 
These liquid disintegration regimes proposed by Ohnesorge [44] have been corrected by Reitz [26] into four 

regimes, which include (i) the (i) Rayleigh mechanism, (ii) first wind induced, (iii) second wind induced, and (iv) 
atomisation. The liquid disintegration regimes map is shown in Fig. 6 with detailed descriptions of the map. 

Considering the Ohnesorge number between 0.001 and 0.01, the mechanism of liquid disintegration of Fig. 6 
can be described as follows: 

• At Reynolds numbers 10 to 100, the surface tension induces the disintegration of a liquid jet 
(Rayleigh regime {1}) symmetric, or varicose instability) into nearly identical droplet sizes. 

• At Reynolds numbers 1000 to 10000, aerodynamic forces influence the formation of drops 
(nonaxisymmetric Rayleigh breakup). These forces cause symmetric (first wind-induced regime 
{2}) and asymmetric (second wind-induced regime {3}, asymmetric or sinusoidal instability) wave 
growth of the gas–liquid interface that finally leads to jet disintegration. This is called an 
aerodynamic regime.  

• At a Reynolds number approaching 100000, the jet disintegrates almost immediately at the 
discharge orifice. This mode is called the atomisation regime {4}. The spontaneous disintegration 
could be explained with this statement: Ohnesorge number is a dimensionless number that 
contains only liquid properties (viscosity and surface tension) or, mathematically, 𝑂𝑂ℎ = 𝜇𝜇

𝜎𝜎
. A 

small Ohnesorge number represents either a decrease in viscosity or an increase in surface 
tension. According to Hilbing and Heister [45], an increase in surface tension led to a rapid 
growth of the wave formed on the surface of the jet from the unsteady inflow, which led to shorter 
breakup. 

𝑂𝑂ℎ =
√𝑊𝑊𝑊𝑊
𝑅𝑅𝑅𝑅
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Fig. 6 Regimes of liquid disintegration in plain orifice atomization by Reitz [26] 

Wang and Fang [46] examined the effect of discharge orifice shape variation on the liquid disintegration of plain 
orifice atomisation. They observed shifting of the boundary in the regimes of liquid disintegration by Ohnesorge 
[44], as shown in Fig. 7. It is shown in Fig. 7 that liquid jets discharging from triangular and square-shaped orifices 
move the boundary lines dividing different regimes to the left (lower Reynolds number). They also noticed the 
transition bridging the Rayleigh breakup regime and the wind effects-dominant regime is narrowed to some 
extent. A more interesting finding is that the wind-induced effect is introduced into the breakup process much 
faster for the triangular jets than for the other three shapes (circular, rectangular, and square). 
 

 

Fig. 7 Modified Ohnesorge [44] plain orifice liquid disintegration regime by Wang and Fang [46] for non-circular 
orifice 
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2.3 Summary on plain orifice atomization 
Generally, the plain orifice atomisation regime transitions from low-energy dripping to high-energy full 
atomisation as inertial and aerodynamic forces begin to dominate over surface tension. Initial breakup occurs 
through Rayleigh instability, leading to wind-induced disintegration and, eventually, chaotic turbulent 
atomisation. 

Modifications were made to the original jet stability curve, or Ohnesorge plot, for further understanding of 
the plain orifice atomisation. Sallam et al. [33] and Pan and Suga [34] replotted the jet stability curve of UL vs LBU 
into We vs LBU/do. Arai et al. [37] studied the jet stability curve at different ambient pressures. Spangler et al. [43] 
observed variation of the jet stability curve with the gas-liquid density ratio. Leorux et al. [40] observed 3 ambient 
pressure effects that could distinguish the jet stability curve into 3 types. Wang and Fang [46] portrayed the effect 
of a non-circular orifice on the transition between regimes. 

 

3. Liquid Disintegration Regime of Swirl Atomization 
Liquid disintegration of swirl atomisation as classified by Lefebvre and McDonell [22] involves five stages of 
development as shown in Fig. 8. The stages can be described as follows: 
 

• Dribble stage: liquid dribbles from the orifice. 
• Distorted pencil: liquid leaves as a thin distorted pencil.  
• Onion stage: a cone forms at the orifice but is contracted by surface tension forces into a closed bubble.  
• Tulip stage: the bubble opens into a hollow tulip shape terminating in a ragged edge, where the liquid 

disintegrates into large drops. 
• Fully developed spray: the curved surface straightens to form a conical sheet. As the sheet expands, its 

thickness diminishes, and it soon becomes unstable and disintegrates into ligaments and then drops in 
the form of a well-defined hollow-cone spray. 

 
The disintegration of liquid in swirl atomisation initially involves disintegration of the cylindrical liquid jet 

depicted by the dribble and ‘distorted pencil’ stages before the disintegration of the liquid sheet with expansion 
of the spray angle, which results in the initiation of the onion stage and ends with a fully developed spray. 

Fung et al. [47] conducted an analysis on the liquid disintegration by a nasal spray device. They experimentally 
observed that for a low-pressure spray (under 5 bar compression pressure), the spray development is in 
agreement with Lefebvre and McDonell [22], as shown in Fig. 9. Another example of spray structures discharged 
from a swirl atomiser, which has good agreement with Lefebvre and McDonell [22], was illustrated by Dafsari et 
al. [48], as shown in Fig. 10. 

 

Fig. 8 Stages of liquid disintegration in swirl atomisation. From Lefebvre and McDonell [22] 
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Fig. 9 Stages of liquid disintegration of a nasal spray device under 5 bar compression pressure. From Fung et al. 
[47] 

Laurila et al. [49] studied a large-scale pressure-swirl atomiser using large-eddy simulation. They focused on 
liquid atomization of a highly viscous liquid. Their simulations did not illustrate onion and tulip shapes as the near 
field spray patterns, but they observed an S-shaped liquid film spray formed at Re = 420. They concluded that the 
results may be caused by the nonuniform velocity distribution at the discharge orifice. Yao [21] has also conducted 
an analysis of highly viscous fluids emanating from swirl atomizers. They observed that the stages of liquid 
disintegration retracted back to earlier stage with the increase of viscosity (onion stage turns into distorted 
pencil). Similar observations were acquired by Park et al. [50]. This may be attributed to suppression in the 
increase of maximum disturbance growth rates by liquid viscosity as observed by Yan et al. [51]. Yao [52] also 
found that although an increase in viscosity produces similar spray patterns at early discharge (~290ms), further 
temporal evolution depicts otherwise as shown in Fig. 11. 

 

Fig. 10 Stages of liquid disintegration of swirl atomizer emanates alternative aviation fuel by Dafsari et al. [48]. 
*Image 1: high viscosity, low Re; Image 15: low viscosity, high Re. 
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Rhim and No [53] performed atomization of neat light oil and emulsified fuels via a swirl atomizer. They 
observed that the liquid disintegration of both liquids follows the stages of liquid disintegration in swirl 
atomization illustrated by Lefebvre and McDonell [22]. Specifically, the onion stage occurs below 0.2 MPa for neat 
light oil and emulsified fuel with the water content of 20%. The tulip stage occurs between 0.2 and 0.4 MPa for 
neat light oil, between 0.2 and 0.6 MPa for the emulsified fuel with the water content of 20%, and between 0.1 and 
0.8 MPa for the emulsified fuel with the water content of 40%, respectively. Rhim and No [53] also constructed a 
liquid disintegration regime map of swirl atomization as shown in Fig. 12. 

Kang et al. [54] conducted a review of swirl atomization in liquid rocket engine applications. They summarized 
the liquid disintegration of swirl atomization from the previous literature into seven stages include (i) dribbling, 
(ii) distorted pencil, (iii) onion shape, (iv) tulip shape, (v) wavy cone shape, (vi) perforated cone, and (vii) fully 
developed spray. They also found that if the liquid is in the form of a gel, the stages become (i) swirling jet, (ii) 
twisted ribbon, (iii) fluid web, and (iv) fully developed spray. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Temporal evolution of sprays from (a) ~290ms; to (b) ~470ms with different liquid viscosity. From [52] 
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Fig. 12 Liquid disintegration regime map of swirl atomization. From Rhim and No [53] 

Prakash et al. [55] related the stages of swirl spray disintegration to the Weber number. They observed that 
the dribbling stage remains until We = 161. At this value, the jet was observed to exhibit distorted pencil stage 
(Fig. 13a). A further increase in liquid Weber number (We = 250) turned the swirl jet to the onion stage (Fig. 13b). 
The significance of the swirling effect is observed with the initiation of a hollow cone prior to discharging the 
orifice. The inertial forces of the swirling liquid sheet are insufficient to overcome the surface tension forces. The 
disintegration of the expanding hollow cone is observed further downstream. The swirl jet exhibits the tulip stage 
at higher magnitudes of liquid Weber number (We = 664), as shown in Fig. 13c. The inertial force overcomes the 
surface tension to the extent that the hollow cone of the liquid sheet disintegrates before it is pulled back inwards, 
with growing waves formed on the sheet promoting the breakup. Fig. 13d shows the fully developed spray stage, 
which is generally observed at very high liquid Weber numbers where the dominant inertial forces are more 
significant compared to the surface tension forces. The hollow cone is fully developed, and aerodynamic forces 
dictate the breakup processes.  

Ghorbanian et al. [56] observed a new stage between the tulip and fully developed stage known as the wavy 
mode at P = 0.5 bar. The annular waves have a longitudinal direction with respect to the atomizer axes and are 
the major cause of the sheet disintegration. They also observed that by increasing the injection pressure, the wave 
frequency increases, short-length waves develop, and the breakup length decreases. Ramamurthi and Tharakan 
[57] figured out the swirl spray change from the tulip stage to fully developed spray is in the range of 
140<We<170. They plotted the disintegration regime of the tulip stage (tulip-shaped) and fully developed spray 
(cone-shaped) on a Re-We map, as shown in Fig. 14. 

The perforated stage for a swirl atomizer discharging a mixture of water and a polymer charge (a slightly non-
Newtonian liquid) was observed by Sindayihebura and Dumouchel [58], as shown in Fig. 15. The perforated stage 
of a swirl atomizer was also observed by Loustalan et al. [59] and Najafi et al. [60]. 

 



Int. Journal of Integrated Engineering Vol. 17 No. 9 (2025) p. 85-116 98 

 

 

 

Fig. 13 Disintegration stages of swirl spray with (a) We=161; (b) 250; (c) 664; and (d) >$664. From Prakash et al. 
[55] 

 

Fig. 14 Liquid disintegration regime map of tulip and fully developed spray (cone-shaped) by Ramamurthi and 
Tharakan [57] 
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Fig. 15 Perforated stage of conical liquid sheet. From Sindayihebura and Dumouchel [58] 

The results from the experimental investigation of Wang and Lefebvre [61], Jasuja [62], and Rashad et al. [63] 
were replotted in Fig. 16, Fig. 17, and Fig. 18, respectively, to illustrate part of the liquid disintegration regime of 
swirl atomization. Fig. 16 and Fig. 17 show that the influence of both the Ohnesorge number and Reynolds number 
on SMD are equally significant. At Ohnesorge number = 0.0055, SMD decreased with the increase of Reynolds 
number from 12500 to 3000 and reached the smallest SMD as it approaches Reynolds number = 30000. At 
Reynolds number = 12500, SMD spanned from the largest to the smallest with the increase of Ohnesorge number 
from 0.0055 to 0.0075. Fig. 18 shows that the largest SMD is found at Ohnesorge number > 0.0055 and Reynolds 
number < 20000. The smallest SMD is observed at 0.004 < Ohnesorge number < 0.0045 and 30000 < Reynolds 
number < 40000.  

Fig. 16 to Fig. 18 show that the disintegration regimes of swirl atomization follows the disintegration regime 
trends of plain orifice atomization. The contour plots closely resemble the Ohnesorge plot for plain orifice 
atomization. Considering the displayed contour plot as fully developed sprays regime (SMD < 200 microns), the 
distribution of SMD may be used to predict other disintegration regimes.   

 

 

Fig. 16 Replot experimental results of Wang and Lefebvre [61] as illustration to part of liquid disintegration regime 
map for swirl atomization 
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Fig. 17 Replot experimental results of Jasuja [62] as illustration to part of liquid disintegration regime map for 
swirl atomization 

 

Fig. 18 Replot experimental results of Rashad et al. [63] as illustration to part of liquid disintegration regime map 
for swirl atomization 

The liquid disintegration regimes for the swirl atomizer have also been extended to the spray cone angle. Vijay 
et al. [64] summarized the regimes of spray cone angle in swirl atomization into two groups based on three 
references (Group 1: Halder et al. [65] and Lee et al. [66] and Group 2: Kim et al. [67]. Table 1 below describes the 
spray cone angle regimes of the swirl atomizer. 
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Table 1 Regimes of spray cone angle (Extracted from Vijay et al. [64]) 
Reference Regimes of spray cone 

angle 
Characteristics 

Halder et al. 
[65],  

Lee et al. [66] 

1 Narrow cone 
angle 

No air core 

2 Marginal rise 
cone angle 

Appearance of air core 

3 Constant cone 
angle 

Air core extension (or development) up to swirl 
chamber 

4 Step rise in cone 
angle 

Highly unstable air core 

5 Cone angle 
critical limit 

Completely developed air core 

Kim et al. [67] 1 Cone angle 
before breakup 

With reference to the orifice exit and breakup point 

2 Cone angle after 
breakup 

With respect to the breakup spot and the spatial size of 
droplet distribution 

3.1 Summary on Swirl Atomization 
Disintegration regimes of swirl atomization as observed by many researchers involve the dribble stage, distorted 
pencil, onion stage, tulip stage, and fully developed spray. However, viscosity may alter or impede the 
development of a regime. Analysis was conducted on a few researches by replotting their available data into a 
contour plot that represents the Ohnesorge plot. It was found that the trend resembles plain orifice atomization 
regimes. The distribution of SMD may be used to predict other disintegration regimes. Spray cone angle regimes 
also exist as reviewed by Vijay et al. [64].  

4. Liquid Disintegration Regime of Effervescent Atomization 
Effervescent atomization is a type of atomization which uses gas bubbles as the source for liquid disintegration. 
The mechanism of liquid disintegration in effervescent atomization was initiated with the discharge of air/gas 
bubble which explodes and shatters the liquid film into small droplets [68]–[70]. Gadgil and Raghunandan [71] 
observed three stages of disintegration of effervescent atomization namely (i) bubble formation and transport, 
(ii) bubble trapped inside a liquid jet, and (iii) bursting of bubble as shown in Fig. 19. The term “bursting of bubble” 
or “bubble bursting” referring to the explosion of bubble as the bubble exit the atomizer through the orifice. As 
the ambient pressure drops to atmospheric pressure, the energy carries by the bubble pushes the liquid film and 
initiates the bubble explosion or bursting. 

 

Fig. 19 Disintegration in effervescent atomization. (a) bubble formation and transport; (b) bubble trapped inside a 
liquid jet; and (c) bursting of bubble. From Gadgil and Raghunandan [71] 

Santangelo and Sojka [72] denoted that the spray structures of effervescent atomization consisted of two 
regimes: (i) the bubbly flow regime and (ii) the tree regime. The regimes change with gas-to-liquid ratio (GLR). 
GLR was reviewed by Ghaffar et al. [73], [74], as the dominant independent parameters for effervescent atomizer. 
Chen et al. [75] observed that GLR not only affecting the droplet mean diameter but also the droplet proportion 
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within similar mean diameter. Sovani et al. [7] explained that the bubbly flow regime occurs with a GLR less than 
0.02. Each gas bubble flowed consecutively through the discharge orifice and was surrounded by a liquid sheath. 
A liquid slug succeeded each bubble. After discharging from the orifice, the gas bubbles expanded rapidly, 
exploded, and shattered both the surrounding liquid sheath and, to some extent, the liquid slug into fine shreds. 
An illustration of this bubbly flow breakup mechanism is presented in Fig. 20. At GLRs greater than 0.05, the 
internal flow changed to the annular-flow regime. The central gas core, created by the coalescence of individual 
gas bubbles, expanded rapidly and broke up the annular sheath into a ring of ligaments. The near-nozzle structure 
in this regime resembled a tree with the annular liquid sheath forming a hollow trunk and the ligaments forming 
branches, as shown in Fig. 21. 

 

Fig. 20 Bubbly flow regime near orifice of effervescent atomization. From Santangelo and Sojka [72] 

 

Fig. 21 Tree regime near orifice spray structure. From Santangelo and Sojka [72] 

Zaremba et al. [76] analyzed effervescent atomization with different fluid injection configurations, which are: 
(i) outside-in-gas (OIG) and (ii) outside-in-liquid (OIL). Mlkvik et al. [77] described an OIG atomizer as an atomizer 
in which the creation of a two-phase flow is induced by the introduction of gas to the mixing chamber via a 
perforated aerator. The internal two-phase flow pattern for this type of atomizer is mainly affected by the pressure 
drop and the liquid and gas flow rates. The OIL atomizer uses a similar geometrical design to the OIG atomizer, 
but the inlet ports are switched. The air is introduced directly in the mixing chamber from the top, while the liquid 
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enters the atomizer through the perforated wall of the mixing chamber (the aerator in the OIG atomizer). The 
main difference between these configurations is the mixing mechanism of the flow components, as shown in Fig. 
22. Zaremba et al. [76] denoted that liquid disintegration in effervescent atomizer with OIG configuration 
experiences four spray conditions as seen in Fig. 23. Zaremba et al. [76] also portrayed differences of resultant 
sprays by OIG and OIL as shown in Fig. 24. 

 
 

 

 

(a) (b) 

Fig. 22 Schematic of (a) OIG; and (b) OIL atomizer. From Mlkvik et al. [77] 

 

 

(a) (b) (c) (d) 

Fig. 23 Disintegration of effervescent atomizer with OIG configuration: (a) explosions of bubbles; (b) explosions of 
large bubbles; (c) partial disruption of the liquid stream; (d) no disruption of the liquid stream. From Zaremba 

et al. [76] 



Int. Journal of Integrated Engineering Vol. 17 No. 9 (2025) p. 85-116 104 

 

 

 

(a) (b) (c) (d) 

Fig. 24 Comparison of OIG and OIL sprays with the changes of GLR: (a) 0.025; (b) 0.05; (c) 0.1; and (d) 0.2. From 
Zaremba et al. [76] 

Zaremba et al. [78] illustrated liquid disintegration of effervescent spray into seven stages including: 1) 
Bubble discharge, 2) Expansion of bubble, 3) The radial expansion is nearly finished, 4) Initiation of the liquid 
breakup, 5) Radial deformation of the liquid due to the gas expansion is finished and the axial acceleration 
enhances the breakup in the core of the spray, 6) Formation of large droplets and ligaments, created by the first 
gas bubble expansion, are now accelerated by the following expanding gas bubble, and 7) Ligaments are elongated, 
accelerated, and consequently disrupted by the combination of the acceleration of the expanding gas and by the 
interaction with the ambient atmosphere. The illustration is shown in Fig. 25. 

 

 

Fig. 25 Illustration of disintegration stages of effervescent atomization. From Zaremba et al. [78] 
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Broniarz-Press et al. [79] conducted a study on the effect of rheological properties of the liquid towards 
effervescent atomization. They compared the resultant spray characteristics of water and a few mixtures of water, 
glycerol, and polyethylene oxide (PEO). The PEO solutions have different viscosity while maintaining a similar 
density to water. Acquired images portray similar disintegration to some stages of swirl atomization (dribble, 
distorted pencil, and fully developed spray), but with the addition of the following stages: the filaments with built-
in droplets, the filaments with built-in bubbles, satellite bubbles, and bubbles connected by filaments. The 
observed added stages are shown in Fig. 26. 

The disintegration of liquid in effervescent atomization is closely related to the breakup of bubbles. A study 
conducted by Cao and Macian-Juan [80] on the behaviour of bubbles in liquid jet breakup found that when the 
bubble radius becomes larger, the liquid jet velocity increases accordingly, and the cross section of the liquid jet 
becomes smaller. However, the larger bubbles take a longer time to break up. Gomez [81], Rahman et al. [82], 
Jagannathan et al. [83], Ghaemi [84], and Jobehdar [85] observed that the reduction of bubbles’ size upon 
discharging from an effervescent atomizer resulted in a gradual reduction of droplet size. Roesler and Lefebvre 
[69] stated that for a bubble to break up liquid jet into fine droplets, it must possess enough energy. The bubble 
energy can be defined as: 

 

 
(14) 

 
Linne et al. [86] classified disintegration regimes of effervescent atomization as mixed-mode breakup and 

rapid breakup. Mixed-mode breakup occurred at low liquid flowrates, characterized by the absence of jet 
spreading and rapid breakup, which is a common characteristic of effervescent sprays. Linne et al. [86] attributed 
that this behavior is probably caused by the failure of the flow to choke at the discharge orifice or because the 
value of Re is too low. Mixed-mode breakup involves the formation of large ligaments, which then further break 
up into droplets, even at very high GLR. The regimes of effervescent atomization proposed by Linne et al. [86] are 
shown in Fig. 27. 

 

 

(a) (b) (c) (d) (e) 

Fig. 26 Added stages of effervescent spray disintegration. (a) filaments with built-in droplets, (b-c) the filaments 
with built-in bubbles, (d) satellite bubbles, and (e) bubbles connected by filaments. From Broniarz-Press et al. 

[79]  

𝐸𝐸𝑏𝑏 = 𝑅𝑅𝑅𝑅(
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Fig. 27 Regimes of liquid disintegration in effervescent atomization. From Linne et al. [86]  

A liquid disintegration regime map for effervescent atomization was proposed by Lorcher et al. [87]. They 
proposed a modification of Ohnesorge’s liquid disintegration regimes map with the introduction of a critical mass 
flowrate plane, which turns the liquid disintegration regime map from two-dimensional to three-dimensional. To 
achieve critical flow conditions for this mixture, the individual phase flows cannot be varied independently from 
each other. Critical flow is only observed along a single curve in the described gray plane, as shown in Fig. 28. 
Details of the gray plane is shown in Fig. 29. The Reynolds numbers of liquid and gas with the constraint of the 
critical flow are given as: 

 

 
(15) 

 

 
(16) 

 

 

Fig. 28 Regimes of liquid disintegration in effervescent atomization. From Lörcher et al. [87]  

𝑅𝑅𝑅𝑅𝐿𝐿 =
𝑚̇𝑚𝐿𝐿,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (1 − 𝑥̇𝑥)𝑑𝑑𝑜𝑜

𝜇𝜇𝐿𝐿
 

𝑅𝑅𝑅𝑅𝐺𝐺 =
𝑚̇𝑚𝐿𝐿,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑥̇𝑥 ∙ 𝑑𝑑𝑜𝑜

𝜇𝜇𝐺𝐺
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Fig. 29 Details of gray plane in Fig. 29. From Lörcher et al. [87] 

Reynolds number is one of the most critical non-dimensional parameters in characterizing the liquid 
atomization. Reynolds number characterizes the primary atomization since primary atomization is initiated 
mainly by internal forces such as turbulence, inertial effects, or changes in velocity profile [2]. Stated before, 
effervescent atomization is classified as pneumatic atomization, i.e. an atomization that uses gas or vapour to 
assist the liquid atomization. Hence, affecting parameters to the effervescent atomization process dependent to 
both liquid and gas, i.e. liquid Reynolds number and gas Reynolds number.  

4.1 Summary on Effervescent Atomization 
Effervescent atomization introduces gas bubbles into the liquid upstream of the nozzle, shifting the breakup 
process into the interior of the nozzle. Liquid disintegration regimes of effervescent atomization comprise of 
bubbles trapped in liquid jet/sheet, bubble expansion, bubble bursting, formation of ligaments, and atomization. 
Bubble breakup is the primary source of disintegration regimes in effervescent. The size of bubbles inside the 
mixing chamber characterizes the resultant sprays discharging from the orifice. Reduction of bubble size resulted 
in a reduction of droplet size.  

GLR is another factor that could shape the disintegration regime of effervescent atomization. Increase in GLR 
changes the internal flow regime from bubbly flow to slug flow and finally annular flow. The characteristics of the 
producing sprays depend on the flow regime which changes with GLR. However, Linne et al. [87] found that at low 
liquid flowrates, the effect of GLR on liquid disintegration is less significant. 

5. Hypothesis for Liquid Disintegration Mechanism and Regimes of Swirl Effervescent 
Atomization 

Swirl effervescent atomization is a combination of swirl atomization and effervescent atomization. Combining 
different mechanisms of liquid atomization in a single atomizer has been reported to be advantageous for each 
respective atomization. Kushari and Pandey [88] stated that combining two or more atomization mechanisms into 
a single atomizer could overcome the drawbacks of co-atomization. Although this type of atomizer has been 
applied in the combustion chamber of turbomachine [89], wide usage of this type of atomization is hampered by 
the insufficient knowledge on the fundamental mechanism.   



Int. Journal of Integrated Engineering Vol. 17 No. 9 (2025) p. 85-116 108 

 

 

Whitlow et al. [90] have conducted a study in characterizing effervescent atomizer with wide spray angle. 
Although geometrically, the studied atomizer does not involve swirling elements in producing a wide spray angle, 
the study was included in the analysis considering the enlargement of the spray angle by the atomizer. The result 
from Whitlow et al. [90] were replotted as a contour plot shown in Fig. 30. The plot was based on the liquid 
disintegration regime proposed by Lorcher et al. [87] as in Fig. 29. By inspection of the plot, the gas Reynolds 
number has a more prominent effect on the SMD than the liquid Reynolds number. The finest SMD is found at the 
highest gas Reynolds number, although the liquid Reynolds number is at the smallest value. 

In contrast, the produced droplets tend to become coarser despite the increase in liquid Reynolds number. 
The contour plot visualizes a good resemblance with the liquid disintegration regime in Fig. 29 and may offer a 
good basis for hypothesizing the liquid disintegration regime of swirl effervescent atomization. The resemblance 
of the experimental result by Whitlow et al. [90] to the disintegration regime by Lorcher et al. [87] is strengthened 
with the replotting of the experimental result by Jedelsky and Jicha [91] as shown in Fig. 31. A similar trend is 
observed in Fig. 31, with gas Reynolds number remains the parameter in producing fine droplets regardless of the 
liquid Reynolds number. 

Another finding that might be used as a basis to hypothesize liquid disintegration regime of swirl effervescent 
atomization is the acquired spray profiles images of swirl effervescent atomizer observed by Lee et al. [92]. The 
spray profile images shown in Fig. 32 present the spray profile images with the increase in GLR. The value of GLR 
(in percentage) starts with 0% at the top left to 1.0% at the bottom right. The spray profiles also depict likeliness 
to having the liquid disintegration regimes of swirl atomization portrays by the enlargement of spray angle with 
GLR. GLR has also been reported to slightly affecting the enlargement of the spray angle for effervescent atomizer 
by Hammad et al. [93]. This may suggest that GLR is an important parameter for both effervescent and swirl 
effervescent atomization. In general, GLR is directly proportional to gas Reynolds number.   

Breakup length is also another parameter that may be used to hypothesize a disintegration regime. Typically, 
the spray angle and breakup length are the main characteristics of a swirl atomizer [94]. Breakup length is 
referred to as bubble bursting for effervescent-related atomizers. A study conducted by Ghaffar et al. [10] found 
that the length of a bubble bursting in swirl effervescent atomization is shorter compared to a bubble bursting of 
effervescent atomization observed by Gadgil and Raghunandan [71]. This was also observed by Lee et al. [92] in 
comparing the breakup length of two swirl effervescent atomizers with different spray angles. The occurrence of 
this phenomenon is due to the dependence of the liquid film on the liquid mass flowrate. Since the liquid mass 
flowrate was held at a constant value, the area of the liquid film remained unchanged. With the widening of the 
liquid film of the spray profile, the length of the liquid film tends to become shorter to maintain the liquid film's 
area. This has resulted in the spray having a shorter breakup length. This has also shown that the swirling element 
existed within the swirl effervescent atomization enhances the breakup of the liquid films. Fong et al. [95] showed 
that swirling not only modifies the transport of droplets in the spray cross-section but also enhances break-up 
and reduces the droplet mean diameter globally. 

The proof of the hypotheses will be achieved via future works involving various areas of investigation which 
include: 

• Characterizations of internal flow structures in the mixing chamber and discharge orifice. 
• Visualizations of the spatial and temporal evolution of resulting sprays. 
• Determination of significant factors affecting spray unsteadiness and possible solutions to reduce the 

unsteadiness. 
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Fig. 30 Replot experimental result by Whitlow et al. [90] as illustration to part of liquid disintegration regime map 
for effervescent atomization  

 

Fig. 31 Replot of experimental result by Jedelsky and Jicha [91] as illustration to part of liquid disintegration 
regime map for effervescent atomization  
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Fig. 32 Spray profile images of swirl effervescent atomizer. From Lee et al. [92]  

6. Conclusions 
This review has synthesized the liquid disintegration regimes of plain orifice, swirl, and effervescent atomizers, 
establishing a foundation to hypothesize the regime for swirl effervescent atomization. Plain orifice atomization 
progresses through regimes such as dripping, Rayleigh breakup, wind-induced instabilities, and fully developed 
sprays, commonly visualized via jet stability curves and Ohnesorge plots. Swirl atomization follows distinctive 
disintegration stages, i.e. dribble, distorted pencil, onion, tulip, and fully developed spray, where spray cone angle 
and SMD play critical roles. Effervescent atomization, driven by internal gas-liquid interactions, exhibits bubbly 
disintegration patterns, with GLR and bubble dynamics significantly shaping spray behaviour. 

By integrating these understandings, swirl effervescent atomization is hypothesized to exhibit a hybrid 
regime, governed predominantly by gas Reynolds number or GLR. Experimental replots indicate strong 
correlations between finer droplet formation and higher gas Reynolds number, regardless of liquid Reynolds 
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number values. Moreover, swirling motion is shown to reduce breakup length and enhance spray dispersion as in 
swirl atomization, reinforcing its synergistic effect with internal gas bursting mechanisms. 

Although promising, this hypothesis remains to be validated through future experimental and numerical 
investigations. These should explore internal flow fields, temporal spray evolution, and disintegration transitions 
under varying operating conditions. Ultimately, mapping the disintegration regime of swirl effervescent 
atomization not only enhances atomizer design flexibility but also unlocks its broader adoption in engineering 
applications where precise spray characteristics are critical. 
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